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ABSTRACT 
 

Permeability is an important property to consider when designing concrete for long 

service lives but unfortunately requires long-term testing to be accurately measured. 

Short-term test methods to estimate permeability such as rapid chloride permeability 

(RCP), bulk resistivity (BR), and surface resistivity (SR) have therefore been developed. 

In this study, three short-term test methods are performed, and the results compared, RCP 

testing is performed using accelerated curing to determine whether testing can be 

shortened, and the effects of SCMs on results are examined. It was observed that all three 

test methods had strong positive correlations with one another. RCP testing performed on 

specimens subjected to an accelerated-curing regime for 28 days had a strong positive 

correlation with specimens that were cured in standard conditions for 91 days. The 

addition of SCMs improves concrete permeability; the beneficial effect of SCMs 

increases with the maturity of the concrete.  
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1. INTRODUCTION 

1.1. Background 

The leading cause of premature reinforced concrete infrastructure deterioration in North 

America is the corrosion of embedded reinforcing steel. Volumetric expansion of 

concrete-embedded reinforcing steel from corrosion leads to the generation of internal 

stresses due to the existence of insufficient free volume within the concrete to 

accommodate the corrosion products (that is, rust). Once the magnitude of the stresses 

caused by the steel expansion exceeds the strength of the surrounding concrete, cracks 

and/or spalls develop and contribute to premature failure of structural concrete members.  

Corrosion of embedded reinforcing steel in concrete is commonly caused by a local 

destabilization of the protective passive layer that surrounds the steel that has resulted 

from an excessive chloride ion concentration. Concentrations of chloride ions sufficient 

for corrosion of steel typically reach the depth of rebar by diffusion – a lengthy process 

in quality concrete (Poulsen and Mejlbro 2006). Since chloride ingress by diffusion is 

slow and therefore an impractical method of reasonably assessing proposed concrete 

mixes, shorter-term test methods have been developed to estimate the permeability and 

future performance of concrete (Stanish et al. 2001). 

 

1.2. Objectives 

The three main objectives of this study all focus on evaluating how to best predict future 

performance of concrete and its ability to resist chloride ingress with relatively short-term 

testing. They are: 
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1. Assess and compare three current methods of short-term concrete permeability 

estimation and demonstrate whether meaningful relationships exist between 

measurements from the Rapid Chloride Permeability Test (RCPT) and either the 

Bulk Resistivity (BR) Test or the Surface Resistivity (SR) Test, the latter using 

the Wenner Four-Electrode method.  

2. Demonstrate whether 91-day standard-cured RCPT results may be reasonably 

estimated by testing accelerated-cured specimens of the same concrete mix at 28-

days.  

3. Examine the results of testing standard-cured specimens using the RCPT, BR, and 

SR methods over time to demonstrate whether supplementary cementing materials 

(SCMs) have significant impact on the results, as well as whether the collected 

test data fit a power-law relationship such as those used to model chloride ingress.  

  

2. LITERATURE REVIEW 

2.1. Introduction to Chloride Ion Penetration in Concrete 

As the protection of reinforcing steel from the penetration of corrosion-causing chlorides 

is critical to the design and construction of long-lasting structural concrete infrastructure, 

so too is an understanding of how chlorides penetrate concrete. Engineers and researchers 

must understand and evaluate what steps can be taken to decrease concrete permeability, 

and what methods are available to test a concrete material for its ability to resist chloride 

penetration.  

Chloride ion concentrations that are detrimental to long-term performance of the 

reinforced concrete structures within which they exist can come from one of two sources: 
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1) chlorides that were incorporated in the concrete at the time of mixing, or 2) chlorides 

that exist in the service environment that have penetrated the hardened concrete (Poulsen 

and Mejlbro 2006). Chlorides incorporated into the concrete at the time of mixing may 

come from aggregates, mixing water, or from admixtures (Poulsen and Mejlbro 2006). As 

the understanding of the effects of excess chlorides on reinforcing steel corrosion has 

progressed, limits have been placed on the allowable internal chloride concentrations of 

new reinforced concrete. Since current quality practices cap the allowable chloride 

concentration at the time of mixing, attempting to prohibit environmental chlorides from 

reaching the depth of embedded rebar is the method now used to achieve extended service 

lives in harsh environmental conditions (Shahroodi 2010). Minimizing chloride ingress 

and slowing the rate at which it occurs is achieved by designing and constructing concrete 

materials with low permeability (Shahroodi 2010). 

Permeability is one of a number of concrete properties that enables modeling of expected 

long-term performance. Techniques employed to design high quality concrete materials 

such as using a low w/cm ratio, controlling water content, using SCMs and/or chemical 

admixtures, following good construction practices, and allowing for proper curing also 

are techniques employed to generate low-permeability concrete  (Stanish et al. 2001). A 

combination of the size, tortuosity, and connectivity of the internal concrete pore structure 

will be what determines its overall permeability.  
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2.2. Chloride Transport Mechanisms 

External chlorides are usually introduced into the concrete system by exposure to salt-

water marine environments or de-icing salts and through one of three mechanisms 

(FHWA 2018).  

 

2.2.1. Transport Mechanisms 1 & 2: Absorption and Pressure 

A concrete surface that is exposed to the environment will often undergo cyclical wetting 

and drying cycles. When water that contains environmental chlorides encounters a dry 

concrete surface, the chloride solution is sucked into the concrete capillary pore structure 

via the mechanism of absorption (Stanish et al. 2001). The convection zone depth, within 

which wetting and drying occurs and to the bottom of which chlorides penetrate a concrete 

material via absorption is typically shallow – much more shallow than the depth to 

reinforcing steel – unless the concrete quality is poor, reinforcing cover is small, or cracks 

exist (Martin-Pérez 1999; Aldea et al. 1999). Chloride ingress may also result if a 

hydraulic head is applied to one of the concrete faces by a chloride-rich solution, though 

such a situation is unusual on common structures (Stanish et al. 2001). 

 

2.2.2. Transport Mechanism 3: Diffusion 

Penetration of chloride ions into concrete by absorption and/or hydrostatic pressures do 

not typically result in chlorides reaching the depth of embedded rebar; for chlorides to 

reach rebar, the transport mechanism of diffusion is usually required to take place (Stanish 

et al. 2001). Provided the concentration of external chlorides is greater than the 

concentration of chlorides within the concrete, the chloride ions will, over time, penetrate 
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the concrete to increasing depths by way of diffusion (Poulsen and Mejlbro 2006). 

Diffusion is therefore the most important transport mechanism to consider when 

examining and estimating the penetration of chloride ions into concrete. Like any 

diffusion process, provided a steady-state condition has been reached, the diffusion of 

chlorides in concrete is controlled by Fick’s First Law of Diffusion: 

 (1) 

in which F is the flux of chloride ions, D is the diffusion coefficient, C is the concentration 

of chloride ions, and x is a depth position. It’s known, however, that the concentration of 

chloride ions in a concrete member with a face exposed to a chloride-saturated surface is 

ever-changing, as is the rate of diffusion. “A portion of the chloride ions reacts with the 

concrete matrix becoming either chemically or physically bound, and this binding reduces 

the rate of diffusion” (Stanish et al. 2001). This phenomenon is particularly important to 

consider when assessing the concrete undergoing diffusion that has not yet reached a 

steady state (Stanish et al. 2001). Under non-steady-state conditions Fick’s Second Law 

of Diffusion governs and this is represented in Equation 3 and Figure 2.2.1. 

   (2) 

A standard mathematical solution to Fick’s Second Law is often used to model chloride 

ingress in concrete and considers the variable chloride ion concentrations; the solution is 

often written as: 

(3) 

in which Cx is the chloride concentration at depth x and time t, C0 is the chloride content 

at the surface, x is the depth, t is the time, Da is the apparent diffusion coefficient, and erf 

is the error function.  
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Figure 2.2.1 - Fick’s Second Law of Diffusion (Poulsen and Mejlbro, 2006) 

 

2.3. Measurement of Permeability 

2.3.1. Long-Term Diffusion Measurement Tests 

The diffusivity of a concrete material can be measured by performing any of several 

immersion or ponding tests and measuring chloride concentrations at varying depths 

(Bagheri and Zanganeh 2012) The problem with these immersion and/or ponding test 

methods is that, although they allow for the ability to estimate rates of chloride diffusion 

in concrete, they are quite time consuming, and therefore also quite costly (Bagheri and 

Zanganeh 2012). 

Two common tests used to estimate the performance of a concrete material in resisting 

chloride ingress by experimental determination of a diffusion coefficient are AASHTO 

T259: Standard Method of Test for Resistance of Concrete to Chloride Ion Penetration 

(the salt ponding test) and ASTM C1556: Standard Test Method for Determining the 
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Apparent Chloride Diffusion Coefficient of Cementitious Mixtures by Bulk Diffusion 

(Stanish et al. 2001). Both tests expose one face of a prismatic concrete specimen to a 

concentrated saltwater solution for a determined duration before sampling and testing 

chloride concentrations at progressive depths to generate a chloride profile from which 

the diffusion coefficient can be estimated (ASTM 2011). 

The salt ponding test has several shortcomings. For one, the specimens are dry when 

introduced to the saltwater solution resulting in the solution being absorbed into the 

ponded surface (Stanish et al. 2001). Second, since the face opposite the ponding is 

exposed to a 50% relative humidity environment, vapour transmission from the wet to 

relatively dry front, referred to as wicking, occurs (Stanish et al. 2001). Both mechanisms 

can result in overestimation of the rate of diffusion, particularly in low-quality concretes. 

Third, the saltwater ponding test uses sample slices that are 0.5” thick to determine the 

chloride profile, resulting in an analysis that is relatively crude. Finally, if a high-quality 

concrete is being examined, the test may need to run for a period much longer than 90 

days in order to allow for enough chlorides to penetrate the concrete for a meaningful 

analysis to be performed (Stanish et al. 2001). 

The bulk diffusion test improves upon the salt ponding test by eliminating the obvious 

shortcomings mentioned in the preceding paragraph. The initial sorption and wicking are 

eliminated by sealing all faces but the saltwater-exposed face and pre-saturating the 

specimen in limewater (ASTM 2011). The test is made more precise by employing a lathe 

or mill to grind the specimen in depth increments of the order of 0.5 mm to determine the 

chloride profile (Stanish et al. 2001). Although these are significant improvements on the 

chloride profile data collection technique of the salt ponding test, high-quality concretes 
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may still need to be left exposed to the saltwater solution for a period of many months 

before meaningful analysis can be completed to determine the chloride profile and 

therefore the diffusion coefficient (Stanish et al. 2001). 

 

2.3.2. Rapid Chloride Permeability Test Theory and Shortfalls 

The rapid chloride permeability test (RCPT) method, ASTM C1202: Standard Test 

Method for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration, 

is widely used to provide a relatively quick indication of a concrete’s resistance to chloride 

penetration. (Bagheri and Zanganeh 2012). The test measures the electrical current that 

passes through a 2-in. thick, 3.75-in. diameter saturated specimen over a 6-hour period 

(ASTM 2019). During the test, one end of the specimen is immersed in a 3.0% NaCl and 

the other in a 0.3 N NaOH solution while a 60 V dc potential difference is maintained 

(ASTM 2019). Figure 2.3.1. presents a schematic of the test setup. “The total charge 

passed, in coulombs, has been found to be related to the resistance of the specimen to 

chloride ion penetration.” (ASTM 2019). 
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Figure 2.3.1 - Schematic diagram of RCP apparatus (Shahroodi 2010) 

 

Though the test is widely used due to its short-term duration and its convenience, the 

RCPT is rightly criticized when used as a measure of concrete permeability. The electrical 

resistance of saturated concrete is dependant primarily on pore structure and pore solution 

composition whereas the chloride resistance of saturated concrete is dependant primarily 

on pore structure and cement hydrate composition (Poulsen and Mejlbro 2006). The 

cement composition, presence of SCMs or admixtures, and aggregate properties can all 

effect the chemistry and conductivity of the pore solution and therefore affect RCP test 

results; these factors, however, may not have an equally significant effect on the chloride 

permeability resistance of the concrete. A change to the concrete pore solution that results 

from adjustments to one or more of cement composition, SCM content, or presence of 

admixtures has little to do with the ability of chloride ions to penetrate the concrete, unless 
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changes to the pore structure also result (Shi 2003). It has been demonstrated that the pore 

system ionic concentration is reduced in mixes containing SCMs, particularly silica fume 

(Bagheri and Zanganeh 2012). Lower pore system ionic concentrations that result in lower 

RCPT readings do not necessarily correlate with a lower permeability concrete (Shi 2003). 

Another source of criticism of the RCPT is that it measures the total movement of ions 

between cells, not just chloride ions (Shahroodi 2010). In addition to issues with pore 

solution composition skewing RCPT results, temperature increases that may occur during 

testing of lower quality concretes increase the rate at which charge passes through the 

concrete, making it seem more conductive and therefore more permeable than it really is 

(Stanish at al. 2001).  

RCPT results have been demonstrated to contain a great degree of variability. Two 

different laboratories, both properly performing one (1) test on the same material, are 

expected to have results that differ by up to 51% (ASTM 2011). The expected difference 

is reduced by 9% to up to 42% if each laboratory tests three (3) specimens and takes an 

average (ASTM 2011). 

The RCPT can somewhat reliably be used to determine if the quality of a mix is too poor 

for a proposed application, as it represents a worst-case situation (FHWA 2018). Due to 

its numerous limitations however, the rapid chloride permeability test alone does not 

provide a precise indication of a concrete material’s ability to resist chloride ingress.  

 

2.3.3. Resistivity Test Theory and Shortfalls 

A simple, quick way to estimate the chloride ion permeability of a concrete material is to 

measure its electrical resistivity. Much like the RCPT, measured electrical resistivity or 
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conductivity values are dependant on pore solution and the movement of total ions, not 

just chloride ions. Resistivity tests, therefore, share many of the same drawbacks as the 

RCPT.  

The bulk resistivity test is performed by placing a concrete between two plates and passing 

a current through the specimen, as shown in Figure 2.3.2.  

 
Figure 2.3.2 – Schematic Diagram of Bulk Resistivity Apparatus (Shahroodi 2010) 

 

The bulk electrical resistivity, ρ,  of a cylindrical concrete specimen with length L and 

surface area A can be calculated from the following equation:(3) 

(3) 

where I is the current passed through the specimen and V is the voltage (Saguees 1996). 

An alternative measurement of resistivity is performed by using a Wenner four-point array 

to apply a current and measure the potential between points on a concrete surface, as 

shown in Figure 2.3.3.  
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Figure 2.3.3 - Schematic Diagram of Surface Resistivity Apparatus (AASHTO 2015) 

 

The surface resistivity is measured using the following formula: 

(4) 

where ρ is the resistivity, a is the distance between probes, V is the voltage, I is the current 

passed through the specimen, and K is a cell constant correction. Saguees concluded in 

1996 that the resistivity of a standard concrete test cylinder could be quickly determined 

using a four-point Wenner array probe with the application of a cell constant correction, 

K. “The value of K was computed as a function of the dimensions of the tested cylinder, 

the measurement configuration type, and the inter-probe distance a.” (Saguees 1996) For 

a standard 4”x8” cylinder, the value of K is 1.95.  

Although many agencies include RCPT in their specifications as a means of indirectly 

assessing a concrete material’s permeability for qualification or acceptance, RCPT results 

have been shown to contain higher levels of variability than results measured with 
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resistivity testing methods (Turner-Fairbank Highway Research Center 2012). 

Measurement of resistivity, both bulk and surface, can be quickly and non-destructively 

performed. The RCPT takes 6 hours to run; resistivity can be completed in only 2 minutes 

and the testing is non-destructive, meaning the same test specimen can be measured at 

various ages (FHWA 2010). Unlike the RCPT, resistivity can be measured at low 

voltages, avoiding error resulting from heating of the concrete (Streicher and Alexander 

1995). 

 

3. LABORATORY RESEARCH PROCEDURES 

3.1. Selected Mix Properties 

A Portland cement concrete mix with a water to cementing materials ratio (w/cm) of 0.40 

and a total cementing materials (cement plus SCMs) content of 400 kg/m3 was selected 

to conduct the current study. Each mix contained a 20-mm gravel and a natural sand from 

a common source; the coarse and fine aggregates were proportioned at a 60:40 ratio by 

mass. Chemical admixtures were not included in the current study. The baseline mix, Mix 

#1, contained only Type GU cement, without any SCMs. Each of the other ten (10) mixes 

contained one or more of Class F fly ash (FA), ground granulated blast furnace slag 

(GGBFS), and/or silica fume (SF). A complete list of the mixes and the cementing 

materials proportions is presented in Table 3.1.1. 
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Table 3.1.1 - Cementing Materials Proportions by Mix 

Mix ID 1 2 3 4 5 6 7 8 9 10 11 

Cement 
(%) 

100 80 60 40 76 96 92 80 60 40 76 

FA (%) - 20 40 60 20 - - - - - - 

GGBFS 
(%) 

- - - - - - - 20 40 60 20 

SF (%) - - - - 4 4 8 - - - 4 

 
3.2. Sample Preparation & Curing 

Each of the eleven (11) concrete mixes was batched in a controlled laboratory setting 

using a portable power-driven drum mixer, in accordance with standard test method CSA 

A23.2-2C: Making concrete mixes in the laboratory. From each lab-prepared mix, eight 

(8) test specimens were cast in accordance with standard test method CSA A23.2-3C: 

Making and curing concrete compression and flexural test specimens. The test specimens 

were cured from the time of demoulding at 24 hours until the time of testing in one of the 

following two ways: 

1. Standard-cured in a ≥95% relative-humidity, 23°±2°C moist room for 28, 56, or 

91 days, in accordance with standard test method CSA A23.2-3C: Making and 

curing concrete compression and flexural test specimens. 

2. Accelerated-cured: 7-days in a ≥95% relative-humidity, 23°±2°C moist room, 

followed by 21-days in a 38°C curing tank, in accordance with the accelerated test 

procedure in standard test method ASTM C1202: Standard Test Method for 

Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration. 
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3.3. Test Methods 

To determine how to best predict future performance of concrete by its ability to resist 

chloride ingress, the following three tests were performed on specimens cast from each 

of the eleven (11) concrete mixes: 

 Rapid Chloride Permeability, in accordance with standard test method ASTM 

C1202: Standard Test Method for Electrical Indication of Concrete’s Ability to 

Resist Chloride Ion Penetration. 

 Bulk Resistivity, in accordance with standard test method ASTM C1876: Standard 

Test Method for Bulk Electrical Resistivity or Bulk Conductivity of Concrete. 

 Surface Resistivity, in accordance with standard test method AASHTO T 358: 

Standard Method of Test for Surface Resistivity Indication of Concrete’s Ability 

to Resist Chloride Ion Penetration.  

Each of the three tests were performed on specimens from each mix cured in one of 4 

ways: 

 For 28 days, under accelerated curing conditions 

 For 28 days, under standard curing conditions 

 For 56 days, under standard curing conditions 

 For 91 days, under standard curing conditions 

Test data was compiled and analyzed. The data and a discussion of the results follow in 

Section 4. 
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4. TEST RESULTS & DISCUSSION 

4.1. Comparison and Correlation of Three Test Methods 

The results of 91-day standard-cured testing performed using each of the three test 

methods included in the study – Rapid Chloride Permeability, Bulk Resistivity, and 

Surface Resistivity – are presented in Table 4.1.1.  

Table 4.1.1 - Complete Test Results for 91-day Standard-Cured Specimens 

Mix ID RCPT Result (C) BR Result (kΩcm) SR Result (kΩcm) 

1 3290 5.91 5.18 

2 623 21.31 19.79 

3 276 43.95 50.41 

4 349 39.07 45.23 

5 543 39.05 36.97 

6 2087 12.83 15.59 

7 1292 16.36 15.44 

8 1046 20.40 16.36 

9 558 35.06 35.08 

10 771 26.17 24.87 

11 817 23.67 18.41 

 

The graphical presentation of the data, in Figure 4.1.1. clearly depicts that the rapid 

chloride permeability results are inversely related to both the bulk resistivity and the 

surface resistivity results. The measured inverse relationship is expected, due to the 

inverse nature of the properties being measured. 
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Figure 4.1.1 - RCP, BR, and SR Test Results: 91-Day Standard-Cured 

 

Each of the three (3) test methods used to examine concrete permeability measurements 

in the current study categorizes test results into one of five classifications – high, 

moderate, low, very low, or negligible permeability. (AASHTO 2015; ASTM 2019) Table 

4.1.2. presents the ranges of results that fall into each classification for each test. 
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Table 4.1.2 - Classification of Permeability Measurements by Test Method 

Classification 
RCP 
(C) 

Bulk Resistivity 
(kΩcm) 

Surface Resistivity 
(kΩcm) 

High > 4000 < 5 < 12 

Moderate 2000 – 4000 5 – 10 12 – 21 

Low 1000 – 2000 10 – 20 21 – 37 

Very Low 100 – 1000 20 – 200 37 – 254 

Negligible < 100 > 200 > 254  

 
The results of concrete permeability classification from testing using the three test 

methods are presented in Tables 4.1.3 to 4.1.6, which follow: 

Table 4.1.3 - Results from Three Test Methods – 28-Days Accelerated Curing 

Test Method 1 2 3 4 5 6 7 8 9 10 11 

RCP M VL VL VL VL M L VL VL VL VL 

Bulk M VL VL VL VL L L VL VL VL VL 

Surface H L VL VL VL L L VL L L M 

H = High, M = Moderate, L = Low, VL = Very Low, N = Negligible 

Table 4.1.4 - Results from Three Test Methods – 28-Days Standard Curing 

Test Method 1 2 3 4 5 6 7 8 9 10 11 

RCP M M L L L M M L L L L 

Bulk M M L L L L L L VL L L 

Surface H H M M M H M M L M M 

H = High, M = Moderate, L = Low, VL = Very Low, N = Negligible 

Table 4.1.5 - Results from Three Test Methods – 56-Days Standard Curing 

Test Method 1 2 3 4 5 6 7 8 9 10 11 

RCP M L VL VL VL M L L VL VL L 

Bulk M L VL VL VL L L L VL VL L 

Surface H M L M L M M M L L M 

H = High, M = Moderate, L = Low, VL = Very Low, N = Negligible 
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Table 4.1.6 - Results from Three Test Methods – 91-Days Standard Curing 

Test Method 1 2 3 4 5 6 7 8 9 10 11 

RCP M VL VL VL VL M L L VL VL VL 

Bulk M VL VL VL VL L L L VL VL L 

Surface H M VL VL VL M M M L L M 

H = High, M = Moderate, L = Low, VL = Very Low, N = Negligible 

Comparison of the results of permeability classification in accordance the ranges provided 

in the standard test documents shows that although the RCP and BR tests result in the 

same classification in 37 of 44 tests, the classification resulting from the SR test is 

different from at least one of the others in 31 tests. The classification from the SR test 

method consistently suggests a higher-permeability, lower-quality concrete.   

Figure 4.1.2 presents the relationship between the surface resistivity, measured using a 

Wenner four-point array, and the bulk resistivity data collected in the current study. There 

was observed to be a strong positive linear correlation between the two measurements.   

Figure 4.1.2 - Surface Resistivity vs. Bulk Resistivity 
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Figure 4.1.3 presents the relationship between the rapid chloride permeability test and the 

bulk resistivity test data collected in the current study. There was observed to be a strong 

negative power-law relationship correlation between the two measurements. 

Figure 4.1.3 - Rapid Chloride Permeability vs. Bulk Resistivity 
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Figure 4.1.4 - Rapid Chloride Permeability vs. Surface Resistivity 
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varying supplementary cementing materials contents, using both 28-day accelerated 

curing and 91-day standard curing procedures. 

Figure 4.2.1 - Rapid Chloride Permeability: 91-day Standard vs. 28-day Accelerated 
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ASTM E178: Standard Practice for Dealing With Outlying Observations and with its 

elimination from the data set, the expected error is significantly reduced to an average of 

10.53% with a standard deviation of 9.66%. (ASTM 2016) 

Table 4.2.1 - 28-day Accelerated vs. 91-day Standard Curing RCPT Results 

Mix ID 

28-Day 
Accelerated 

Curing Result 
(C) 

91-Day 
Standard 

Curing Result 
(C) 

Difference 
(C) 

Error (%) 

1 3257 3290 33 1.01 

2 604 624 20 3.16 

3 218 276 58 26.78 

4 168 349 181 107.63 

5 460 543 83 17.90 

6 2035 2087 52 2.60 

7 1081 1292 211 19.58 

8 886 1046 160 18.00 

9 522 558 36 6.80 

10 691 771 80 11.56 

11 836 817 -19 -2.17 

 

The rapid chloride permeability test result from testing an accelerated-cured specimen at 

28-days was measured to be less than the result from testing a standard-cured specimen 

at 91-days for ten (10) of the eleven (11) mixes in the current study. An estimate of the 

91-day standard-cured RCPT result determined by testing a 28-day accelerated-cured 

specimen may therefore underestimate the charge passed and therefore overestimate the 

quality of the concrete and its ability to resist chloride penetration. Although the data 

collected in the current study show a strong positive correlation, if 91-day RCPT 

estimation is to be performed using 28-day accelerated-cured results, it would be prudent 
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to first undergo significant further data collection and analysis so that expected errors 

could be better predicted.  

 

4.3. Impact of SCMs and Power Law Data Fitting 

The data collected from each of the three (3) test methods was analyzed to determine 

whether a power-law relationship existed between the results of testing standard cured 

specimens and the test ages, using the following generic formula: 

 (4) 

where Dt is the test measurement at time t, D28 is the test measurement at 28-days, and the 

m-value is a constant.  

Tables 4.3.1 to 4.3.3 present the results of calculations performed to determine the average 

constant, “m” for each mix and each of the three (3) test methods using the test results 

from the standard-cured specimens at 28-days, 56-days, and 91-days. The data sets 

collected from all three (3) test methods were observed to have a strong correlation, when 

analyzed for a power-law relationship.  
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Table 4.3.1 - RCPT Results for Standard-Cured Specimens over Time 

Mix ID 28-Day (C) 56-Day (C) 91-Day (C) m R2 

1 3989 3465 3290 0.158 0.974 

2 2058 1106 623 1.031 0.994 

3 1122 513 276 1.199 0.998 

4 1488 797 349 1.277 0.968 

5 1741 820 543 0.975 0.996 

6 2734 2366 2087 0.232 0.996 

7 2052 1465 1292 0.379 0.976 

8 1512 1107 1046 0.293 0.925 

9 1009 747 558 0.512 0.992 

10 1203 961 771 0.385 0.991 

11 1498 1049 817 0.514 1.000 

 
Table 4.3.2 - Bulk Resistivity Results for Standard-Cured Specimens over Time 

Mix ID 
28-Day 
(kΩcm) 

56-Day 
(kΩcm) 

91-Day 
(kΩcm) 

m R2 

1 5.04 5.47 5.91 -0.138 0.992 

2 7.69 13.77 21.31 -0.868 0.999 

3 15.13 27.67 43.95 -0.910 0.999 

4 12.79 22.03 39.07 -0.971 0.987 

5 18.35 25.65 39.05 -0.663 0.989 

6 11.17 12.29 12.83 -0.115 0.986 

7 14.34 15.91 16.36 -0.106 0.953 

8 15.63 16.80 20.40 -0.243 0.877 

9 23.91 25.69 35.06 -0.356 0.812 

10 13.88 20.99 26.17 -0.530 0.995 

11 18.21 18.46 23.67 -0.251 0.702 
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Table 4.3.3 – Surface Resistivity Results for Standard-Cured Specimens over Time 

Mix ID 
28-Day 
(kΩcm) 

56-Day 
(kΩcm) 

91-Day 
(kΩcm) 

m R2 

1 4.67 4.46 5.18 -0.110 0.364 

2 7.90 12.82 19.79 -0.791 0.995 

3 14.67 25.74 50.41 -1.081 0.977 

4 12.87 20.15 45.23 -1.126 0.931 

5 18.26 33.44 36.97 -0.559 0.918 

6 11.69 12.36 15.59 -0.268 0.977 

7 14.46 15.18 15.44 -0.054 0.971 

8 15.23 16.26 16.36 -0.056 0.887 

9 22.21 28.31 35.08 -0.393 0.995 

10 18.67 21.44 24.87 -0.250 0.985 

11 13.23 17.49 18.41 -0.263 0.925 

 

The magnitude of the “m” constant was measured to be greatest for mixes containing class 

“F” fly ash (FA), for all three (3) test methods. The change in permeability over time 

between 28-days and 91-days is therefore expected to be greatest in mixes that contain 

FA. As the replacement level of cement with FA was increased, the magnitude of the “m” 

constant was also measured to increase.   

The magnitude of the “m” constant was measured to be least for the mix that contained 

only Type GU cement. The change in permeability over time between 28-days and 91-

days is therefore expected to be least in mixes that do not contain SCMs.  

The magnitude of the “m” constant was measured to be greater than the cement-only mix 

but less than the FA mixes for mixes containing ground granulated blast furnace slag 
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(GBBFS) and/or silica fume (SF). As the replacement level of cement with GBBFS or SF 

was increased, the magnitude of the “m” constant also was also measured to increase.   

It was observed that as the replacement level of cement with FA or GGBFS increased 

from 0% to 40% or with SF increased from 0% to 8%, the rapid chloride permeability test 

results decreased, and both the bulk and surface resistivity test results increased, 

indicating a less permeable concrete. Increasing replacement levels of FA or GGBFS from 

40% to 60% of the total cementing materials resulted in a slight reversal of the 

permeability improvement. Creation of ternary blends by adding 4% SF to the 20% FA 

or GBBFS mixes resulted in decreased rapid chloride permeability test results and 

increased bulk and surface resistivity test results. The observed trends indicate that the 

addition of SCMs to a concrete mix, up to a certain replacement level, results in a less 

permeable, higher quality concrete. Figures 4.3.1 to 4.3.2 present the results of RCP 

testing performed on mixes containing FA, GBBFS, and SF over time and show the effect 

of changes in cementing materials replacement levels.  
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Figure 4.3.1 – RCP Results for Mixes Containing Fly Ash over Time  

Figure 4.3.2 - RCP Results for Mixes Containing Slag over Time 
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Figure 4.3.3 - RCP Results for Mixes Containing Silica Fume over Time 

 

Figures 4.3.4 to 4.3.6 present the results of RCPT, bulk resistivity testing, and surface 

resistivity testing performed on specimens cured under different conditions. As expected, 
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Figure 4.3.4 - RCPT Results Under Different Curing Conditions 
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Figure 4.3.5 - Bulk Resistivity Test Results Under Different Curing Conditions 

 

 
Figure 4.3.6 – Surface Resistivity Test Results Under Different Curing Conditions 
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5. CONCLUSION 

The data collected in the current study suggests that the categorization of concretes into 

different permeability classifications, defined in their respective test methods, is 

reasonably well correlated between all three test methods. A strong positive linear 

correlation was measured between the bulk resistivity test data and the surface resistivity 

test data. A strong negative power-law correlation was measured between the rapid 

chloride permeability test data and both the BR and SR test data.  

It was observed that estimating a 91-day standard-cured RCP test result by testing a 28-

day accelerated-cured specimen of the same concrete typically results in a lower charge 

passed, indicating a less permeable concrete. The positive correlation between the two 

data sets however, was measured to be strong.  

The data sets resulting from testing performed using the RCPT, the BR test, and the SR 

measured using a four-point Wenner array test all correlated well with a power-law data 

distribution.  

The effect of the inclusion of Class “F” Fly Ash (FA) in a mix on concrete permeability 

over time was measured to be greater than cement-only, ground granulated blast furnace 

slag (GBBFS), and silica fume (SF). The effect of both GBBFS and SF on concrete 

permeability over time were measured to be greater than cement-only. Greater 

replacement levels of cement with SCMs resulted in greater changes in permeability over 

time. 

An increase in replacement levels of cement with SCMs, to a certain level, resulted in a 

decrease in charge passed in the RCPT, indicating a lower permeability. An increase in 
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replacement levels of cement with SCMs, to a certain level, resulted in an increase in both 

bulk resistivity and surface resistivity, measured using a four-point Wenner array test.  

The volume of data collected in this study is limited and it is therefore recommended that 

further data collection be performed to verify the observed correlations. The scope of the 

study for future data collection may be expanded to include analysis of the effects of such 

variables as admixtures and varying w/cm ratios. 

The three tests examined in this study are not without their flaws, as was discussed in the 

literature review section. They are, however, able to provide insight into the expected 

performance of concretes and their abilities to resist chloride ion ingress. When analyzing 

or comparing results from one or more of the short-term tests included in this study, it is 

important that the user fully understands what is directly being measured and what 

variables may affect the measurements, as well as the complete limitations of each test 

method. Depending on the situation for which an assessment is required, it’s possible that 

none of the three short-term tests examined in this study would be appropriate and an 

altogether different, perhaps longer-term, chloride ion penetration measurement test may 

need to be performed in order to achieve the desired outcome.   
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