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Abstract

Penetration of harmful substances, such as chloride ions, is a major contributor to durability
issues in concrete structures. Low permeability is critical for long-term performance,
prompting the assessment and classification of concrete based on its resistance to ionic
transport. However, the transport mechanisms are complicated and influenced by a range
of interdependent factors including binder type, mixture proportions, specimen age, and
curing conditions. There are two widely adopted test methods used for assessing chloride
ion permeability: the Rapid Chloride Permeability Test (RCPT) and the Surface Resistivity
Test (SRT), a non-destructive alternative. While RCPT is well-established, its long testing
time as well as its high costs and sensitivity to specimen preparation limit its practicality.
The SRT offers faster, more repeatable, and easier implementation. This state-of-the-art
review systematically compares RCPT and SRT results across studies, revealing a strong
inverse correlation with coefficients of determination (R2) from 0.85 to 0.95, as influenced by
compressive strength, testing age, water-to-cement ratio, and supplementary cementitious
material (SCM) type. Results showed that RCPT often has standard deviation (SD) values
exceeding 300 coulombs and coefficient of variation (COV) values up to 10%, while SRT
has lower variability (SD < 3 kΩ·cm and COV ≈ 5%). The review concludes that, with
appropriate calibration, the SRT can reliably classify concrete permeability, closely aligning
with RCPT results. However, research gaps remain regarding the applicability of existing
models to less conventional SCMs and concrete types. Future research should prioritize
the development of binder-specific correlations, validation using diffusion-based methods,
and exploration of alternative SCMs and curing regimens to expand SRT applicability.

Keywords: concrete; permeability; chloride ion penetration; regression; surface resistivity

1. Introduction
A comprehensive understanding of fluid transport mechanisms is crucial for evaluat-

ing serviceability and long-term durability of concrete. Infiltration of liquids into concrete
may cause various forms of deterioration that become more sever when these fluids contain
chlorides or other substances that promote corrosion [1–6]. Various experimental methods
are available to assess the extent and rate at which fluids penetrate concrete, each with
distinct advantages and limitations. However, not all of these methods are commonly used
in practice. This paper primarily focuses on two of the most widely used permeability
assessment techniques: the Rapid Chloride Permeability Test (RCPT) and the Surface
Resistivity Test (SRT).
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The RCPT is a widely adopted testing method for assessing the resistance of concrete
to chloride ion penetration and is referenced in multiple standards such as CSA/S413-
94 [7–12]. Its widespread use is primarily due to its simplicity and broad acceptance by
many state and provincial transportation agencies, and usefulness for quality control and
specification compliance. Despite its widespread use, the RCPT has several limitations.
One key limitation is the long duration required for data acquisition and results accuracy
significantly depends on the electrical conductivity of the concrete, which is influenced
by concrete pore structure and the conductivity of the ingredients used in concrete. For
instance, materials such as steel fibers or admixtures such as calcium nitrite, commonly
used as a corrosion inhibitor, can increase conductivity, thereby affecting the RCPT out-
come [8]. Additionally, the RCPT’s high voltage (60 V) causes heat generation known
as the Joule effect that alters pore structure and ion mobility, potentially overestimating
permeability [13–17]. For this reason, RCPT is generally more reliable for qualifying than
for disqualifying mixtures [8,18]. These limitations are amplified in mixtures with supple-
mentary cementitious materials (SCMs), which influence microstructure and conductivity,
affecting associated heat generation during the RCPT [8,19,20]. Moreover, RCPT mea-
sures ionic transport under an applied electrical field, dominated by hydroxyl ions (OH−),
rather than chloride ions alone [15,21–24]. SCMs may lower OH− concentrations, arti-
ficially reducing the measured charge passed and falsely suggesting improved chloride
resistance [25–27]. Therefore, RCPT may inaccurately reflect concrete’s true resistance to
chloride ion penetration, necessitating the exploration of alternative methods.

The SRT is an alternative to RCPT, which measures the electrical resistivity of concrete
to infer its permeability. The SRT offers several advantages over the RCPT, including
its non-destructive nature, faster execution time, and ease of application. Additionally,
since SRT operates at low voltages for short durations, it eliminates errors associated with
heat generation that often distort RCPT results [28]. More importantly, research indicates
that SRT results have lower variability compared to RCPT. However, the SRT does have
some limitations, such as sensitivity to environmental conditions, surface condition, and
moisture content. It is also less suitable for materials with low conductivity. Therefore, the
application of the SRT remains limited, primarily due to the lack of extensive research and
practical experience.

Given the long-established use of the RCPT and the advantages associated with the
SRT, it is worth exploring whether the SRT can reliably interpret concrete permeability and
correlate its results with the RCPT. While existing research suggests a correlation between
the two methods, the relationship is not yet fully understood, particularly regarding the
influence of factors such as strength, water-to-cementitious materials (w/cm) ratios, testing
age, and the incorporation of SCMs. Therefore, this paper aims to critically examine how
strength, w/cm ratio, testing age, and SCM type influence the relationship between these
two methods. By addressing this gap, the study seeks to assess the reliability of SRT as a
viable substitute for RCPT in evaluating chloride permeability.

2. Concrete Permeability
Permeability, the ease with which fluids or ions penetrate and move through concrete,

is a key factor in concrete durability. Harmful ions (e.g., chloride) from sources such as soil,
seawater, or de-icing salts can enter concrete via liquid penetration, leading to concrete
degradation and corrosion of steel reinforcement [29]. The resistance of concrete to such
penetration is controlled by its transport properties, which are influenced by microstructural
factors such as defects, the air void system, the pore structure of the cement paste (including
pore size, quantity, and connectivity), and the porosity of the interfacial transition zone
(ITZ) between paste and aggregates [30]. Although concrete typically has lower total
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porosity than plain hardened cement paste, the presence of ITZs and air voids introduces
additional pathways for fluid movement [31]. However, aggregates can reduce transport
rates by decreasing cement paste volume (dilution effect), increasing tortuosity around
particles, or introducing additional entrapped air voids that may sometimes limit the fluid
flow [32].

Due to the complexity and interdependence of these factors, predicting fluid transport
accurately is challenging, making experimental evaluation the most reliable assessment
method [30,33]. Fluid penetrates concrete mainly through three mechanisms: direct crack
flow, surface absorption, and diffusion through capillary pores [29]. These are influenced
by microstructure and external/environmental conditions such as surface treatments and
temperature. The presence of cracks can amplify fluid transport by several orders of mag-
nitude [32,34–37], severely compromising long-term durability of concrete structures [38].

2.1. Direct Penetration Through Cracks

Micro-cracks in concrete, ranging from 10 to 60 µm in width, often create pathways
that allow chloride ions and fluids to penetrate the concrete [30]. Studies have shown that
flow rate increases with both crack width and pressure gradient, although the influence
of pressure becomes more significant at extreme values [8,39–42]. Additionally, factors
such as crack morphology, material properties, characteristics of the ITZ, and the density
and distribution of micro-cracks play substantial roles in controlling permeability. While
the impact of micro-cracks on concrete permeability appears to be obvious, their exact
influence is difficult to isolate due to the heterogeneous nature of concrete.

Studies have shown conflicting results regarding the impact of cracks on permeability.
However, it is generally accepted that cracks smaller than 0.05 mm have minimal impact,
whereas wider cracks (>0.05 mm) significantly increase permeability, with direct penetration
becoming the dominant fluid transport mechanism [39–42]. Despite the rapid flow through
macro-cracks, absorption and diffusion mechanisms remain important, particularly in
scenarios where flow is periodically impeded due to self-healing phenomena [8,39–42].

2.2. Absorption

Absorption is the primary fluid transport mechanism in unsaturated concrete, where
water enters the concrete’s pore structure through a surface exposed to moisture due to
a moisture gradient, not pressure differences. This mechanism is particularly important
in structures such as pavement slabs, which typically lack hydraulic heads [8]. Concrete
absorption occurs in two stages: an initial (capillary) absorption, where water fills capillary
pores, followed by a slower secondary absorption, during which water fills entrained and
entrapped voids. The rate of initial absorption (initial sorptivity) is determined by the
permeability at partially dry state and is mainly controlled by the cement type and w/cm
ratio. However, secondary absorption is primarily determined by the permeability during
the water-saturated state, and its rate (secondary sorptivity) depends on the quality of
the air void system, so it can be effectively controlled through the use of air-entraining
admixtures [43,44].

Among the various factors affecting initial absorption, pore size plays a critical role.
The stage that reflects how easily water can move through the dry and coarse particles
is driven by capillary suction, negative pressure that develops within small-radius pores.
It is widely recognized that smaller pores generate higher capillary suction, while larger
pores exhibit lower suction potential [45]. Therefore, pores ranging from 50 nm to 2 µm
play a major role in this stage of absorption, while larger pores (>50 µm) have minimal
effect [43,46]. In addition to pore size, other factors such as pore connectivity, and the
properties of the infiltrating liquid such as its surface tension, viscosity, density, and contact



Buildings 2025, 15, 4216 4 of 38

angle, as well as the surrounding relative humidity, significantly affect the rate of initial
absorption [47,48].

Following the initial absorption period dominated by capillary action in small, con-
nected pores, the rate of water absorption decreases as coarser pores typically associated
with entrapped or entrained air) begin to control the transport mechanism. This transi-
tion marks the onset of secondary absorption, where capillary pores are completely filled
and water gradually penetrates the remaining air-filled voids. Figure 1 [29] schematically
illustrates this transition to provide a clearer understanding of the two absorption stages.

Figure 1. Illustration of water absorption showing the sequential filling of capillary pores (1–4) in
the initial absorption phase and the subsequent filling of entrained and entrapped air voids during
secondary absorption (5–8). (Adopted from [29]).

The complex interaction among these factors, coupled with the heterogeneous mi-
crostructure of concrete, makes it difficult to accurately predict the total volume of absorbed
water. However, experimental studies have shown that the depth of water penetration due
to capillary absorption is generally limited. In normal-strength concrete, absorption depths
typically range from 10 to 20 mm within 10 to 28 days. Under dry curing conditions, this
can increase to 40–50 mm, with maximum penetration depths reaching up to 70 mm in
extreme cases. These findings are also valid for low-strength concrete mixtures, according
to predictive models [48].

The temporal characteristics of absorption are also important in understanding mois-
ture transport in concrete. Traditionally, absorption was assumed to be proportional to
the square root of time (t0.5) as shown in Figure 1, a simplification widely adopted in
design codes and durability models [33]. However, more recent studies have shown this
assumption may not universally apply to cement-based materials. Due to the water sensi-
tivity and microstructural evolution of such materials, capillary absorption may follow the
t0.5 relationship only during the initial hours of exposure. Over time, typically within
several days, the process transitions to a slower, nearly linear regime. In certain concrete
types, long-term absorption is more accurately described by a t0.25 relationship [5,33,49,50].

2.3. Diffusion

While absorption is the dominant mechanism for initial chloride ion ingress at ex-
posed concrete surfaces, diffusion becomes the primary transport mechanism at greater
depths and in fully saturated concrete [51]. Diffusion plays a critical role in the long-term
deterioration of concrete, as it facilitates the inward movement of chloride ions toward
embedded reinforcement, eventually leading to corrosion. This process is driven by the
concentration gradient, which refers to the difference in chloride ion concentration between
the surface and the interior of the concrete element [52,53].
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Diffusion can occur under either non-steady-state conditions, where the diffusion rate
varies with time, or steady-state conditions, where the rate remains constant. In concrete,
diffusion is inherently nonlinear and time-dependent, requiring non-steady-state models
due to the heterogeneous and porous structure of concrete. Concrete consists of both liquid
and solid phases. The liquid phase, which forms an interconnected, liquid-filled pore
network, has high diffusivity and allows chloride ions to migrate much more easily and
rapidly. Diffusion through the solid phase is extremely slow and is typically considered
negligible. Chemical interactions within the concrete, such as chloride binding to hydration
products, the presence of other ions in the pore solution, and the continuously evolving
pore structure, further influence the rate of chloride transport over time [54–56].

Fick’s second law is commonly used to model non-steady-state chloride diffusion. It
states that the rate of change in concentration within a given volume is directly proportional
to the curvature of the concentration gradient at that location, assuming that the surface
chloride concentration and diffusion coefficient remain constant [57]. Equation (1) presents
Fick’s second law:

δC
δt

= Da
δ2C
δx2 (1)

where

Da = apparent diffusion coefficient (m2/s);
C = ion concentration at a distance x from the surface after time t (g/m3);
x = distance (m);
t = time (s).

Solving Equation (1) yields the ion concentration C at depth x and time t. However,
in concrete, both surface chloride concentration and diffusion coefficient vary over time
due to ongoing chloride binding reactions and microstructural changes. Also, the diffusion
coefficient decreases with lower relative pore humidity, greater concrete strength, and
reduced temperatures [58–60]. Water diffusion coefficient in concrete typically varies
widely, ranging from approximately 10−7 to 10−11 m2/s [59–61]. Therefore, the method
based on Fick’s second law for measuring concrete diffusion rate is not the most precise
or accurate approach [62–64]. Consequently, the diffusion coefficient derived from this
approach is referred to as the “apparent chloride ion diffusion,” reflecting the simplified
assumptions [65]. To obtain a more accurate estimate of chloride ingress in concrete,
researchers have suggested adjustments to the application of Fick’s second law to consider
the effects of chloride binding, time, porosity, tortuosity, and other factors [64–67]. For
instance, Fick’s first law is sometimes applied initially to determine the “effective diffusion
coefficient,” which represents the diffusion of free (unbound) chloride ions within the
concrete pore structure, excluding binding effects [67]. This effective diffusion coefficient
can then be incorporated into the more comprehensive models based on Fick’s second law
for better prediction of chloride ingress. Equation (2) presents Fick’s first law:

q = −De
dC
dx

(2)

where

q = ion flux, representing the amount of substance flowing through a unit area per unit
time (mol/m2.s);
De = effective diffusion coefficient (m2/s);
C = ion concentration (mol/m3);
x = position variable (m);
dC
dx = ion concentration gradient (g/m3/m).
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3. Chloride Ion Permeability Testing Methods
Concrete’s fluid transport properties can be evaluated through various test methods

including those that measure water absorption, ionic diffusivity, and electrical resistivity.
This section discusses these methods and explains why some are widely used while others
are less common.

3.1. Absorption-Based Tests

Absorption-based tests assess how quickly water penetrates the surface of concrete,
providing insight into the material’s near-surface durability. These tests should not be
confused with methods that measure the overall permeability of the concrete matrix [68].
Typically, Absorption-based tests involve exposing one surface of a concrete specimen to
water and tracking the amount of water absorbed over time by measuring the specimen’s
mass before and after exposure. The rate of mass gain indicates how fast water is absorbed
into the surface.

Among the most common testing methods is the initial surface absorption test (ISAT)
which is standardized under BS 1881-208 and typically used for on-site assessments, mea-
suring the rate of water absorption over short periods [69]. In this test, a small cap is sealed
to the concrete surface, and water is supplied under a controlled, low-pressure head. The
volume of water absorbed is recorded at defined intervals, often spanning 10, 30, and
60 min. The measured rate of absorption, normalized by surface area, provides an indica-
tion of how permeable the concrete surface is. Greater absorption rates typically suggest
greater vulnerability to chemical attacks, freeze–thaw cycling, and potential corrosion of
embedded steel reinforcement. It should be noted that the initial moisture content of the
concrete can significantly affect the results; therefore, some procedures such as vacuum
preconditioning are sometimes used to improve consistency.

An alternative approach, commonly known as water sorptivity testing, such as that
described in ASTM C1585, measures water absorption driven by capillary forces over longer
durations [70]. In these tests, a prepared specimen is conditioned to a stable moisture state,
and all surfaces except the test face are sealed. The exposed face is placed in shallow
water, and the specimen’s mass is monitored at regular intervals. Plotting the increase in
mass against the square root of time allows calculation of the sorptivity coefficient, which
reflects the material’s tendency to absorb water via capillary action. This approach is
particularly useful for comparing different concrete mixtures or assessing the effectiveness
of surface treatments, with lower sorptivity values indicating improved resistance to
moisture penetration.

Although both ISAT and sorptivity tests provide valuable information about water
ingress at the concrete surface, chloride ions primarily penetrate concrete and reach em-
bedded steel reinforcement through diffusion rather than absorption. Therefore, diffusion-
based tests are more suitable for evaluating chloride ion permeability, which is critical for
assessing corrosion risk to embedded reinforcement.

3.2. Diffusion-Based Tests

Diffusion-based tests are essentially designed to simulate diffusion of chloride ions
into concrete over time. However, methods relying on the natural diffusion process (true
diffusion-based tests) have seen limited practical application due to the lengthy durations
required (often several months) to allow ions to penetrate just 10 mm in mortar specimens
and for the natural diffusion process to reach the steady-state condition [71–73]. There-
fore, researchers have proposed several techniques to accelerate the test and diffusion
process such as reducing the thickness of the specimen, increasing the upstream chloride
concentration, or using an external current. While the first two techniques have not gained
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widespread acceptance, the use of an external current has been widely adopted [54,74].
These tests, known as migration-based tests, accelerate ion movement by applying an
external electrical potential difference across the specimen, forcing chloride ions to migrate
faster than under natural diffusion conditions.

3.2.1. True Diffusion-Based Tests

Common true diffusion-based tests include the salt ponding test [75], the apparent
chloride diffusion test [76], and the accelerated chloride penetration test [77]. These tests
are all based on the same fundamental concept of natural chloride diffusion. In these
tests, a diffusion cell is typically used, with one chamber containing a chloride solution
and the other free of chlorides. Chloride ions naturally migrate through the specimen
over time, and once a steady-state condition is reached, the measured chloride flux is
used to determine the diffusion coefficient. Because of the long duration required for this
steady state to develop, true diffusion-based tests are mainly used for research rather than
routine control.

3.2.2. Migration-Based Tests

Since the 1970s, many researchers have tried to develop a practical, rapid, inexpen-
sive, and reliable, test for evaluating the chloride ion permeability of concrete. Using an
external current to accelerate the diffusion process is a widely used approach to measure
ion diffusion [54]. However, the diffusion coefficient obtained from such migration-based
tests is different from that derived from true diffusion tests because the applied voltage
violates the steady-state assumptions of Fick’s first or second law used to determine the
natural diffusion coefficient [22]. Common migration-based tests include Rapid Chloride
Ion Penetration Test (RCPT, ASTM C1202) [78], Chloride Diffusion Coefficient from Mi-
gration Cell Experiments (NT Build 355) [79], Effective Diffusion Coefficient by Migration
(JSCE-G571) [80], and Chloride Migration Coefficient from Non-Steady State Migration
Experiments (NT Build 492) [81].

Among these, the last three have not gained widespread popularity. NT Build 355 [79]
offers acceptable accuracy but is highly time-consuming (>8 days). The JSCE-G571
method [80] requires 11 days or more, making it less suitable for rapid assessment needs.
The NT Build 492 [81] is faster (6 to 96 h), depending on the concrete quality and applied
voltage (10–60 V). However, because different voltage levels may be used for different
tests, the results are not directly comparable unless the tests are conducted under the same
voltage conditions. The RCPT, according to the ASTM C1202 [78], is the fastest and most
commonly used method.

The RCPT, also known as the coulomb test, was the first simplified and electrically
accelerated approach for evaluating the chloride ion permeability of concrete. It was
originally developed by Whiting [82–84] in 1981 to determine the diffusion coefficient of
concrete. Before that, the salt ponding test was the most common method for evaluating the
diffusion coefficient of concrete, but that test was both time-consuming and expensive [85].
Based on the method developed by whiting, ASTM published the first version of ASTM
C1202 [78] in 1991, which measures the total electrical charge (current) that passes through
a 51 mm slice of saturated concrete (with a 127 mm diameter) due to an applied electrical
gradient within the slice during testing. The measured current and time are integrated to
compute the total charge passed (coulombs), which is then used to classify the chloride
ion permeability of concrete. A greater total electrical charge passing through the concrete
specimen indicates that the concrete is more permeable. ASTM C1202 [78] categorizes
chloride ion penetration into five classes based on the total charge passed, as shown in
Table 1.
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Table 1. RCPT interpretation [78].

Chloride Ion Penetrability RCPT (Total Charge Passed)
(Coulombs)

High >4000
Moderate 2000–4000

Low 1000–2000
Very Low 100–1000
Negligible <100

According to ASTM C1202 [78], a 51 mm slice cut from a 102 by 203 mm cylinder
specimen is placed in a vacuum desiccator, evacuated to less than 6650 Pa for three hours,
then submerged in deionized water for one hour under vacuum, ad finally left in the
vacuum desiccator for an additional 18 h while the pump is off. Then, the specimen is
tested in a testing cell with one side exposed to a 3.0% sodium chloride (NaCl) solution
and the other side is exposed to a 0.3 N sodium hydroxide (NaOH) solution. A 60 V DC
power supply is applied, and the current is measured every 30 min for six hours. The total
charge passed (coulombs), a measure of the electrical conductance of the concrete (greater
electrical conductance indicates that the specimen is more permeable) during the period of
the test, is calculated as:

Qx = 900 × (I0 + 2I30 + 2I60 + · · ·+ 2I300 + 2I330 + I360) (3)

Qs = Qx ×
(

95
x

)2
(4)

where

Qx = total charge passed through a specimen with diameter of x (coulombs);
I0 = current immediately after voltage is applied (amperes);
It = current at time t after voltage is applied (amperes);
t = time (min);
Qs = adjusted total charge passed through a 95 mm diameter specimen (coulombs);
x = diameter of the actual specimen (mm).

Although the RCPT has been widely accepted and utilized for more than three decades,
there are still some important issues related to the RCPT. While its total duration, approxi-
mately 30 h including specimen conditioning, is shorter than that of true diffusion-based
chloride permeability tests, it is still relatively long compared to other electrical tests that
can be completed in less than an hour. Moreover, the RCPT may not attain a steady-state
condition as the high potential difference of 60 V is only applied for six hours and the total
charge passed is calculated during this limited period of time [8,86]. The high voltage (60 V)
used in the test also generates significant heat, particularly in highly conductive (permeable)
concrete specimens, which increases the specimen’s electrical conductivity [13,14]. This
elevated conductivity further accelerates current flow, leading to a self-perpetuating cycle
of rising conductivity, current, and temperature, all of which can distort the test results and
misleadingly suggest greater permeability [13,15–17].

Another issue is that the RCPT is mistakenly referred to as the “Rapid Chloride Perme-
ability Test,” which is somewhat misleading, as the test does not directly measure chloride
permeability in the conventional sense. Permeability refers to fluid flow through a porous
material under a pressure gradient, whereas the RCPT measures electrical conductance as
an indirect indicator of ionic movement within concrete under an applied electrical poten-
tial. Additionally, the total charge passed during testing is influenced by the movement of
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all ions present in the pore solution, not just chloride ions, with OH− ions typically being
the dominant charge carriers [8,15,21–24].

The use of SCMs may further distort accuracy of the RCPT results. Some studies have
reported that SCMs can artificially reduce the total charge passed, thereby appearing to
reduce permeability, while other studies have shown that the SCMs may artificially increase
the permeability [20,25–27,87]. This discrepancy is largely attributed to the different effects
SCMs have on pore structure and pore solution chemistry. For instance, SCMs can reduce
the total charge passed by reducing OH− concentrations in the pore solution but can also
increase the total charge passed by increasing concrete density, which raises heat generation,
conductivity, and consequently, the total charge passed [19,87,88]. In some cases, these
combined effects have led to an underestimation of SCM effectiveness in enhancing chloride
resistance by as much as a factor of two [8,20]. Therefore, the use of the RCPT as a sole
indicator of chloride permeability in concrete, especially for concrete mixtures containing
SCMs or chemical admixtures, may not be entirely accurate.

3.3. Electrical Resistivity Tests

The electrical resistivity of a material indicates its ability to impede the flow of electrical
current. It is the inverse of electrical conductivity and provides information about how
difficult it is for electricity to pass through the material. Research [89] has shown that there
is a statistically significant linear correlation between the probability of corrosion initiation
and electrical resistivity in concrete, highlighting its value as a non-destructive indicator of
durability. The resistivity of a concrete specimen can be calculated using Equation (5):

ρ = R × Kg (5)

where

ρ = specimen measured resistivity (Ω-cm);
R = electrical resistance (Ω); and
Kg = geometric factor (cm), which is a numerical multiplier that depends on the electrode
configuration used to measure the electrical resistivity.

The electrical resistance, R, is measured during testing or can be determined from
Ohm’s law using Equation (6):

R =
V
I

(6)

where

V = voltage (V);
I = current (amperes).

Concrete resistivity, the ability of a concrete specimen to resist the movement of ions
in an electric field, is not significantly affected by its geometry. A saturated concrete is
a porous solid with low conductivity, but its pore solution (such as water) has relatively
high conductivity due to the presence of ions that enable electrical charge to move through
the concrete. Therefore, the electrical properties of concrete (such as concrete resistivity)
are primarily determined by conductivity of the pore solution (type and quantity) and the
properties of pore structure. Since conductivity of the pore solution is relatively constant
across similar concrete mixtures, it can be removed from calculations when comparing
the resistivity of different concrete specimens. Consequently, concrete resistivity can be
exploited as a rapid method to evaluate the pore structure of concrete such as the size
and distribution of pores, their interconnectivity, and tortuosity [90]. Therefore, concrete
resistivity has the potential to be a reliable indicator of permeability since it is influenced by
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the pore structure properties of concrete, and pore structure is the main factor that affects
the permeability of concrete.

Previous research has reported an acceptable correlation between concrete resistivity
and chloride permeability [91–93]. Additionally, it has been shown that steel reinforcement
corrosion rate and concrete resistivity are also correlated, as the movement of ions between
anodes and cathodes on the surface of steel bars is a significant factor for corrosion rate [94].
Since greater permeability leads to less resistivity, increased chloride ion penetration, and
accelerated steel reinforcement corrosion rate, it is expected that the chloride diffusion
coefficient decreases as concrete resistivity increases. This inverse relationship has been
validated in several studies. The proportionality factor linking concrete resistivity and
the chloride diffusion coefficient is influenced by both free chloride transport and the
extent of chloride binding, which depends on the type and amount of cement used in the
mixture [95–97].

There are two common techniques used to measure the electrical resistivity of concrete
including the bulk resistivity test (BRT) and the surface resistivity test (SRT). The BRT
determines the electrical resistivity of concrete using plate electrodes on the two end faces
of a cylindrical specimen while the SRT uses a Wenner array on the surface of the specimen
to measure electrical resistivity of concrete [98].

3.3.1. Bulk Resistivity Test (BRT)

The BRT measures electrical resistivity through the entire volume of a concrete spec-
imen. In this method, a low-frequency alternating current is applied across two plate
electrodes attached to the end faces of a saturated cylindrical specimen. During the test,
the voltage difference between the electrodes is recorded. By substituting the applied cur-
rent (I), measured voltage (V), and the specimen’s geometric factor (Kg) into Equation (5),
the bulk resistivity is calculated and is typically expressed in Ω·cm. This value indicates
the concrete’s resistance to electrical flow, which is closely associated with its ability to
resist ionic transport such as chloride ion penetration. In the BRT, the geometric factor, Kg,
in Equation (5) is defined as the ratio A⁄L, where A is the specimen cross-sectional area
(cm2) and L is the specimen length (cm) [99].

Although BRT provides more precise and representative measurements of the con-
crete’s internal resistivity compared to SRTs, it is less practical for field applications. First,
the method is not non-destructive, as it requires extracting a cylindrical core, which may not
always be feasible in existing structures. Secondly, the testing procedure is time-consuming:
the specimen must be preconditioned and submerged in a simulated pore solution (such as
water) for at least six days before measurement. While the actual resistivity measurement
takes less than five minutes, the overall process exceeds six days, making the BRT even
slower than the RCPT in total testing time [100].

3.3.2. Surface Resistivity Test (SRT)

The SRT measures the electrical resistivity near the surface of a concrete specimen
rather than through its entire volume. Three primary electrode configurations are com-
monly used to assess surface resistivity: the Wenner array, dipole–dipole array, and Schlum-
berger array. Among these, the Wenner array is the most widely used in concrete appli-
cations. Therefore, the SRT for concrete typically employs a four-pin Wenner probe array
resistivity meter, which has four equally spaced surface contacts. This device applies a
25 V peak-to-peak and 13 Hz alternating trapezoidal voltage through the specimen via the
outer pair of contacts and measures the resulting voltage drop between the inner pair [101].
Over the past two decades, SRTs based on AASHTO TP 95 or AASHTO T 358 [98,102] have
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been widely performed by U.S. departments of transportation for testing permeability of
structural concrete and concrete pavements [103,104].

AASHTO T 358 [98] describes the SRT method, which involves applying an alternating
current potential difference through the outer pins (current electrodes) of a four-pin Wenner
probe array, generating current flow in the concrete. The resulting potential difference
between the two inner pins (potential electrodes) is then measured (Figure 2). The cur-
rent (I) used, resultant potential (V), and affected specimen area are used to determine the
concrete’s surface resistivity, which is expressed in Ω-cm. This value serves as an indicator
of the concrete’s electrical resistivity during the test and is associated with its resistance to
chloride ion penetration. It should be noted that the cylindrical specimen used in this test
must be kept wet throughout the testing process [98].

Figure 2. Surface resistivity test configuration.

The SRT offers several advantages over other permeability tests such as the BRT
and the RCPT. The SRT is considered a rapid test that substantially decreases specimen
preparation and test time compared to other permeability tests. Additionally, this test is
non-destructive and can be performed on in situ structures. The SRT also requires fewer
specimens for reasonable evaluation than other destructive permeability tests since the SRT
can be performed on the same specimens at different ages. This test can also be conducted
on cylindrical specimens before testing for strength properties [105]. Therefore, the SRT is
generally considered suitable for QC and QA testing.

Despite its usefulness, the SRT has several technical and practical limitations. First,
SRT provides only an indirect indication of concrete permeability and does not measure per-
meability directly. The test measures the electrical resistivity of the concrete surface, which
is influenced by the pore structure, moisture content, and ionic concentration. While higher
resistivity generally corresponds to lower permeability, SRT does not directly measure the
actual flow of fluids through the concrete. Additionally, the Wenner probe used in the SRT
is highly sensitive, meaning even slight movements during testing can lead to inaccurate
results. Accurate measurements require a steady hand and careful handling. Moreover,
all the probe pins must make proper contact with the concrete surface for the device to
provide correct readings. Minor surface irregularities can interfere with this contact and
affect the results. Consistency across multiple measurements also depends on placing the
probe in precisely the same location each time.

Other factors that substantially influence electrical resistivity measurements include
degree of saturation, testing temperature, and external coating type [106]. The selection
of the curing method, such as immersion in lime water, storage in a controlled-moist
environment, or curing in plastic molds at ambient temperature, can also significantly
affect the outcomes of the SRT. For example, immersion in water or lime solutions may
lead to the leaching of alkalis from the concrete’s pore solution, which can alter the pore
chemistry and affect resistivity readings. Therefore, the conditioning protocol should be
explicitly defined, and the test should be conducted under standardized procedures within
a controlled laboratory setting to ensure reliable and accurate measurements [107,108].
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AASHTO T 358 [98] presents five categories of chloride ion penetration based on SRT
results as shown in Table 2. It can be observed in Table 2 that greater surface resistivity
values indicate that the concrete specimen is less permeable. It should be noted that, in
practice, concrete resistivity is often expressed in Ω-m or kΩ-cm, with the latter being more
commonly used in the United States. For consistency, concrete resistivity will be reported
in kΩ-cm from this point forward.

Table 2. Surface resistivity test interpretation [98].

Chloride Ion Penetrability Surface Resistivity Test
kΩ-cm

High >4000
Moderate 2000–4000

Low 1000–2000
Very Low 100–1000
Negligible <100

4. Relationship Between the RCPT and the SRT
This section provides an overview of studies that have investigated the relationship

between results from the RCPT and the SRT. Since 2003, researchers have been studying
this topic, and the majority of their findings indicate a significant correlation between these
two permeability tests. Some of these studies have presented an equation to describe this
relationship, while others have not.

Several parameters may affect the relationship between the two tests, including
w/cm ratio, testing age, and type of SCMs used. The concrete industry currently uses
various types of SCMs, including silica fume, fly ash, natural pozzolans (such as pumicite
and tuff), ground granulated blast furnace slag (GGBFS), metakaolin, and rice husk ash
(RHA), among others. The inclusion of these SCMs generally improves the microstructure
of concrete, making it denser and thereby reducing its permeability [109–112]. According
to Song et al. [113], using silica fume in concrete leads to a finer pore structure with reduced
connectivity, improving impermeability. This reduction in permeability is mainly due to
densification of the cement matrix, refinement of pore size, and improved ITZ between
the aggregate and paste. This improvement stems from the pozzolanic reaction where
silica fume interacts with calcium hydroxide (CH) during hydration, producing additional
calcium silicate hydrate (CSH) and densifying the ITZ. Similarly, another study [114] found
that silica fume significantly reduces porosity, bleeding, and permeability of ultra-high-
performance concrete (UHPC) through the formation of calcium hydrate resulting from
the reaction of CH and silica fume. Additionally, Saha [115] observed that fly ash helps
reduce chloride ion penetration in concrete, primarily due to its ability to bind alkalis and
its impact on lowering the connectivity of pore spaces.

Overall, the observed increase in density in such concrete mixtures can be attributed to
the unique physical characteristics of the SCM particles or their chemical reactivity (pozzolanic
reaction). In general, pozzolanic reactions between SCMs and CH lead to additional CSH
formation, which fills voids in the matrix and reduces permeability [116,117]. It has been
shown that SCMs effectiveness in reducing concrete permeability depends on many factors,
such as the curing conditions and the type and amount of SCM used [109].

4.1. Overall Comparison

Over the past few decades, several studies have investigated the relationship be-
tween RCPT and SRT results for concrete mixtures containing different SCMs with varying
strength classes. Additionally, factors such as testing age (degree of hydration), w/cm ratio,
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and other variables have been examined for their influence on this relationship. Assum-
ing that the electrical conductivity of a concrete specimen remains constant during tests,
theoretical principles suggest that the relationship between the RCPT and the SRT should
follow a linear inverse pattern. That is, as SRT value increases (higher resistivity), RCPT
value decreases (lower electrical conductivity) and vice versa. This relationship can be
expressed as:

RCPT = a × SRT−1 (7)

where

RCPT = charge pass through the specimen using the RCPT (coulombs);
SRT = surface resistivity value using SRT (kΩ-cm);
a = a scaling factor based on material properties and test conditions.

However, the assumption of constant conductivity during testing is not always valid
in most practical applications of the RCPT. During the RCPT process, the temperature of
concrete specimen and its pore solution increases due to the high voltage (60 V) applied
over six hours, which causes Joule heating [13]. This rise in temperature increases the
electrical conductivity of the specimen over time, meaning that conductivity is not constant
throughout the testing period. As a result, the RCPT often yields greater charge passed
values, leading to an overestimation of the concrete’s actual permeability. Therefore, the
relationship between the RCPT and the SRT typically do not follow a perfect linear inverse
correlation and nonlinear behavior is observed when RCPT results are plotted against SRT
values [118].

To account for these temperature-induced deviations, many researchers have proposed
that the relationship between the RCPT and the SRT follows a power-law model, typically
expressed as:

RCPT = a × SRTb (8)

where

b = An exponent that defines the curvature of the relationship (negative and not equal
to −1).

In this relationship, the value of the exponent “b” varies depending on the concrete’s
density and conductivity. Generally, as conductivity increases, the temperature rise during
the RCPT becomes more significant, which further amplifies conductivity. Therefore, for
concrete with low permeability (low conductivity), the exponent tends to be closer to −1,
indicating a more linear inverse relationship. In contrast, for more permeable or conductive
mixtures, “b” becomes more negative, reflecting greater deviation from linearity due to
stronger temperature effects during the RCPT.

In response to the temperature-induced fluctuations in RCPT results, many researchers
have investigated different strategies to reduce this effect and achieve a more consistent,
linear relationship between the RCPT and the SRT. Some of the approaches include short-
ening the RCPT duration and focusing on initial conductivity readings as a better indicator
of permeability [13,16,24,119–121]. The ultimate goal of these modifications is to ensure
that RCPT measurements more accurately reflect the intrinsic chloride transport properties
of concrete, independent of test-induced thermal effects.

Julio-Betancourt and Hooton [13] found that if the temperature remains stable during
the RCPT, a linear correlation is expected between the conductivity and total charge passed
in the RCPT, with a very high correlation coefficient (R2 = 0.988). Therefore, they proposed
a simple alternative: a 1 min conductivity test using the same RCPT apparatus, which
could serve as a practical supplement and improvement to the current ASTM C1202
standard [13,78]. Additionally, McGrath and Hooton [119] proposed estimating the six-
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hour charge passed by analyzing data from just the first 30 min of the RCPT. Similarly,
another study [120] observed a strong correlation between the total charge passed measured
within the initial 1 to 10 min and the total charge after six hours. These findings highlight
that the electrical conductivity of a given concrete specimen generally remains stable unless
affected by temperature rise due to Joule heating. Other researchers have also confirmed
that early-stage current readings can reliably predict the total charge passed, highlighting
the potential for shorter testing alternatives [16,24,121].

Table 3 presents a summary of RCPT-SRT correlation data collected from a wide range
of studies since 2003, covering concrete mixtures with different strength levels, curing ages,
and types of SCMs [85,103,104,107,110,111,118,122–134]. Some regression equations were
developed by the authors using data reported in the original studies.

Table 3. Summary of RCPT-SRT correlation data [85,103,104,107,110,111,118,122–134].

Author(s) Year Equation R2
Compressive

Strength
(MPa)

Testing Age
(Days) w/c Raio

SCM Type
(Where

Applicable)

Mousavinezhad
et al. 2024 RCPT =

1757.1 × SRT−0.663 0.82 126.4 (average) 56
0.14 (ultra-high-

performance
concrete)

Varying (FA,
GGBFS, SF, and

Metakaolin)

Mousavinezhad
et al. 2023 RCPT =

154,500,000 × SRT−3.58 0.80 35.0 (average) 180 0.35 Varying (NP and
FA)

Newtson et al. 2021 RCPT =
1566.7 × SRT−0.478 - 35.0 (average) 28 0.35 Varying (NP and

FA)

El Dieb 2018 RCPT =
26,068 × SRT−1.097 0.9519 25–80 28 and 90 0.34–0.61 Ceramic Waste

Powder

Gudimettla and
Crawford 2016 RCPT =

335,260.8 × SRT−1.6 0.89 - 56 0.37–45 Varying (FA and
GGBFS)

Gudimettla and
Crawford 2016 RCPT =

250,744.8 × SRT−1.82 0.47 - 28 0.37–45 Varying (FA and
GGBFS)

Ramezanianpour
et al. 2014 RCPT =

89,912 × SRT−1.12 0.98 47.0 (average) 7, 28, and 91 0.35 and 0.45 Calcined Perlite

Spragg et al. 2013 RCPT =
20,700 × SRT−1.0 - - 7 and 91 - -

Ryan et al. 2013 RCPT =
209,093.9 × SRT−1.53 0.882 36.9 28 and 56 - -

Ryan et al. 2013 RCPT =
183,208 × SRT−1.524 0.841 36.9 56 - -

Ramezanianpour
et al. 2012 RCPT =

6454 × SRT−0.04 0.92 - 7, 28, 90, and 180 0.35, 0.4, and 0.5 Metakaolin

Tanesi and
Ardani 2012 RCPT =

98,441 × SRT−1.35 0.92 35.0 (average) 28 0.37–0.47 Varying (FA,
GGBFS)

Rupnow and
Icenogle 2011 RCPT =

29,647 × SRT−0.944 0.8922 - 56 0.35, 0.50, and
0.65

Varying (FA,
GGBFS, SF)

Rupnow and
Icenogle 2011 RCPT =

33,534 × SRT−1.074 0.87 - 56 (using 28 SRT
results)

0.35, 0.50, and
0.65

Varying (FA,
GGBFS, SF)

Rupnow and
Icenogle 2011 RCPT =

31,242 × SRT−0.962 0.8024 - 56 (using 14 SRT
results)

0.35, 0.50, and
0.65

Varying (FA,
GGBFS, SF)

Ramezanianpour
et al. 2011 RCPT =

50,219 × SRT−0.9728 0.8977 47.0 (average) 28–890 0.4, 0.45, 0.5, 0.55,
and 0.6

Varying (NPs,
RHA, SF, . . .)

Chini et al. 2003 RCPT =
10,442 × SRT−0.819 0.9481 23.4–58.6 28 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
16,351 × SRT−0.8754 0.9406 23.4 28 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
2156 × SRT−0.6463 0.7846 23.4 28 - FA

Chini et al. 2003 RCPT =
148,414 × SRT−1.1625 0.8653 23.4 28 - GGBFS

Chini et al. 2003 RCPT =
8402 × SRT−0.7869 0.948 27.6 28 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
9824 × SRT−0.8054 0.788 27.6 28 - FA

Chini et al. 2003 RCPT =
5989 × SRT−0.742 0.8314 27.6 28 - GGBFS
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Table 3. Cont.

Author(s) Year Equation R2
Compressive

Strength
(MPa)

Testing Age
(Days) w/c Raio

SCM Type
(Where

Applicable)

Chini et al. 2003 RCPT =
12,670 × SRT−0.8246 0.9544 31.0 28 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
7898 × SRT−0.7891 0.8731 31.0 28 - FA

Chini et al. 2003 RCPT =
5637 × SRT−0.7312 0.5458 31.0 28 - GGBFS

Chini et al. 2003 RCPT =
11,713 × SRT−0.8282 0.9306 37.9 28 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
11,713 × SRT−0.8288 0.9306 37.9 28 - FA

Chini et al. 2003 RCPT =
6718 × SRT−0.7532 0.8603 37.9 28 - GGBFS

Chini et al. 2003 RCPT =
12,816 × SRT−0.9194 0.9674 37.9 28 - SF

Chini et al. 2003 RCPT =
9152 × SRT−0.8073 0.9726 41.4 28 - Varying (FA,

SF)

Chini et al. 2003 RCPT =
20,808 × SRT−0.9047 0.8318 41.4 28 - FA

Chini et al. 2003 RCPT =
7737 × SRT−0.7843 0.9208 41.4 28 - SF

Chini et al. 2003 RCPT =
18,534 × SRT−0.8868 0.9591 44.8 28 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
1639 × SRT−0.5995 0.6412 58.6 28 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
19,457 × SRT−0.9057 0.9321 23.4–58.6 91 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
9847 × SRT−0.8161 0.8985 23.4 91 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
4156 × SRT−0.7055 0.8121 23.4 91 - FA

Chini et al. 2003 RCPT =
40,898 × SRT−1.0122 0.9193 23.4 91 - GGBFS

Chini et al. 2003 RCPT =
6639 × SRT−0.7591 0.686 27.6 91 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
6487 × SRT−0.7641 0.7279 27.6 91 - FA

Chini et al. 2003 RCPT =
3665 × SRT−0.6742 0.5837 27.6 91 - GGBFS

Chini et al. 2003 RCPT =
21,127 × SRT−0.9188 0.8749 31.0 91 - Varying (FA,

GGBFS)

Chini et al. 2003 RCPT =
18,811 × SRT−0.9043 0.8479 31.0 91 - FA

Chini et al. 2003 RCPT =
2931 × SRT−0.6414 0.4783 31.0 91 - GGBFS

Chini et al. 2003 RCPT =
41,237 × SRT−1.0061 0.8708 37.9 91 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
26,849 × SRT−0.9509 0.9115 37.9 91 - FA

Chini et al. 2003 RCPT =
51,594 × SRT−1.0357 0.8562 37.9 91 - GGBFS

Chini et al. 2003 RCPT =
77,888 × SRT−1.0832 0.9649 37.9 91 - SF

Chini et al. 2003 RCPT =
27,707 × SRT−0.9549 0.9583 41.4 91 - Varying (FA,

SF)
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Table 3. Cont.

Author(s) Year Equation R2
Compressive

Strength
(MPa)

Testing Age
(Days) w/c Raio

SCM Type
(Where

Applicable)

Chini et al. 2003 RCPT =
36,405 × SRT−0.9924 0.824 41.4 91 - FA

Chini et al. 2003 RCPT =
8679 × SRT−0.7735 0.8705 41.4 91 - SF

Chini et al. 2003 RCPT =
39,366 × SRT−1.0063 0.9787 44.8 91 - Varying (FA,

GGBFS, SF)

Chini et al. 2003 RCPT =
29,121 × SRT−0.9665 0.888 58.6 91 - Varying (FA,

GGBFS, SF)

The regression equations listed in Table 3 are plotted in Figure 3, providing a compre-
hensive comparison of the RCPT and the SRT results.

 

Figure 3. Correlation between RCPT and SRT results for concrete specimens with different strength
levels, ages, and SCMs [85,103,104,107,110,111,118,122–134].

A clear inverse correlation exists between RCPT and SRT values: as surface resistivity
increases, the total charge passed in the RCPT decreases, indicating lower ionic transport
and thus reduced permeability. This trend is consistent with the physics of ionic transport
in concrete, where greater resistivity corresponds to reduced ion mobility and lower perme-
ability. However, this relationship is inherently nonlinear, which is why power-law models
have been used by researchers, primarily due to temperature-induced variability in the
RCPT measurements [13,118].
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The shaded bands in Figure 3 represent the zones of “permeability classification
agreement” where both test methods, the RCPT and the SRT, led to the same permeability
classifications (e.g., negligible, very low, low, moderate, and high) as defined by ASTM
C1202 [78] for the RCPT and AASHTO T 358 [98] for SRT. Ideally, a reliable predictive
model should have the majority of RCPT-SRT curve fall within these zones. While many
points on the curves do fall within the agreement zones, some points clearly lie outside the
shaded area, revealing discrepancies in classification.

For instance, SRT values between 37 and 254 kΩ-cm are categorized as “very low”
permeability by AASHTO T 358 [98], while the corresponding predicted RCPT values based
on the proposed equations sometimes exceed 1000 coulombs, which ASTM C1202 [78]
categorizes as ‘low’ permeability. Similarly, SRT values between 12 and 21 kΩ-cm (clas-
sified as “moderate” permeability per AASHTO T 358 [98]) sometimes corresponded to
the predicted RCPT values between 1000 and 2000 coulombs, again pointing to “low”
permeability according to ASTM C1202 [78].

These inconsistencies highlight the limitations of current empirical equations in reliably
predicting RCPT values from SRT values. In some cases, these equations yield RCPT
values that assign concrete to a different permeability category than that indicated by
the corresponding SRT, resulting in misclassification through either overestimation or
underestimation of concrete permeability. This issue shows that while the RCPT and
the SRT may show strong numerical correlation (e.g., high R2 values), their alignment
in terms of permeability classification is not always accurate. This lack of consistency
can be attributed to several factors, including experimental differences (e.g., temperature
rise during the RCPT), variations in concrete composition, SCM combinations, curing
conditions, and the age at testing. For instance, some mixtures with resistivity values
around 40 kΩ-cm, which typically can be considered very low resistivity, have shown
unexpectedly high conductivity in the RCPT (charge passage exceeding 1000 coulombs).
This outcome is contradictory, as high resistivity and high conductivity should not coexist,
and is likely due to temperature-induced increases in conductivity during the RCPT.

Equation (9), proposed by Ramezanianpour et al. [118], stands out among the available
predictive models for its ability to capture a significant portion of the RCPT-SRT curve
within the shaded agreement zones, particularly across a broad range of SRT values.
Additionally, this model tends to be slightly conservative, overestimating RCPT values for
some SRT values, which minimizes the risk of underestimating permeability. This model
was developed from a study covering a wide range of influential variables, including
w/cm ratios (0.40 to 0.60), cement contents (250 to 515 kg/m3), SCMs (pumicite, tuff,
three types of metakaolin, silica fume, nano-silica, and RHA), and testing ages to ensure
broader applicability of the model. Based on this diverse dataset, the authors proposed the
following inverse power-law equation with R2 = 0.90:

SRT = 67, 998 × RCPT−1.028 (9)

However, to maintain consistency with the rest of this manuscript, Equation (9) will
be rewritten to solve for the RCPT value based on the given SRT value. By rearranging
Equation (9) to isolate the RCPT value, the modified version of the equation presented by
Ramezanianpour et al. [118] can be expressed as:

RCPT = 50, 219 × SRT−0.9728 (10)

Another important consideration is the variability in the two test methods. The RCPT
tends to have greater standard deviations (SD) and coefficients of variation (COV), often
exceeding 300 coulombs in SD and reaching up to 10% COV. However, the SRT shows
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much more consistent results, with SD typically less than 3 kΩ-cm and COV around
5.3% [100,101]. This lower variability of SRT makes SRT a more repeatable and efficient
option, reducing the likelihood of outlier results.

4.2. Effects of Compressive Strength

Researchers have also investigated the relationship between RCPT and SRT results
for concrete mixtures with different compressive strengths [104,123,131]. Figures 4 and 5
present a series of fitted equations that illustrate how compressive strength influences the
relationship between surface resistivity and charge passed at different ages. The results
indicate that while a general inverse power-law relationship exists between the RCPT and
the SRT, the strength of the concrete mixture can affect this relationship. However, this
effect is not consistent across ages, as is evident from a comparison of the RCPT-SRT curves,
showing the significant influence of age on the relationship between the two tests.

 

Figure 4. Correlation between RCPT and SRT results for concrete specimens with different strength
levels at 28 days [104,123,131].

 

Figure 5. Correlation between RCPT and SRT results for concrete specimens with different strength
levels at later ages (56, 91, and 180 days) [110,111,123].
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A comparison of Figures 4 and 5 reveals that, almost at all test ages and across all
strength levels, a great portion of the RCPT-SRT curves falls within the shaded agreement
zones for the “High” and “Very Low” permeability classes. However, a noticeable portion
of the curves falls outside the shaded zones for the “Negligible,” “Low,” and “Moderate”
permeability classes. This discrepancy is more pronounced in the 28-day tests, indicating
that at early ages the two test methods do not consistently lead to the same permeability
classifications for the “Negligible,” “Low,” and “Moderate” categories.

In the 28-day tests (Figure 4), the RCPT-SRT curve representing the 58.6-MPa concrete
(green curve) shows a notable deviation from the RCPT–SRT curves observed from other
strength levels. Specifically, this curve falls outside the “agreement zones,” in the low
and moderate permeability ranges. This distinct behavior of high-strength concrete may
be attributed to several microstructural factors in high-strength concrete mixtures: lower
w/cm ratios, higher matrix density, and reduced internal moisture content. These factors
may hinder ionic mobility and distort resistivity measurements, thereby affecting the
charge-passed results and reducing the predictive reliability of surface resistivity as a stand-
alone indicator of the charge passed for high-strength mixtures at early ages, especially in
the low and moderate permeability zones. In contrast, the 37.9- and 44.8-MPa mixtures
(blue and brown curves, respectively) show strong alignment with the RCPT–SRT curves
observed from other strength levels, with a great proportion of the curve falling within the
shaded “agreement zones.” This indicates that mid-strength concrete mixtures at 28 days
tend to provide more consistent relationships between RCPT and SRT interpretations
compared to their high strength counterparts.

At later ages (Figure 5), the correlation patterns shift, revealing that the relationship
between the RCPT and the SRT can be influenced by age. In the 91-day tests, the lowest-
strength mixtures, 23.4 and 27.6 MPa (purple taupe and teal curves, respectively), now
show the greatest deviation from the RCPT–SRT curves observed from other strength levels.
This contrasts with the earlier findings at 28 days, where the highest-strength mixtures
(58.6 MPa) showed the greatest deviation. This shift highlights the influence of prolonged
hydration and microstructural development, which affects ion transport differently across
strength levels.

Despite this shift, the 37.9- and 44.8-MPa mixtures (blue and dark red curves, re-
spectively) continue to show RCPT-SRT curves that fall well within the shaded agree-
ment zones in both Figures 4 and 5. This underscores the robustness of SRT for predict-
ing the RCPT-based classifications for concrete mixtures in the mid-strength range and
maturity level.

Overall, although no single RCPT-SRT curve dominates across all strength levels
and test ages, a few key patterns emerge. Mid-strength concrete mixtures (e.g., 37.9 and
44.8 MPa) tend to yield RCPT results that correspond well with permeability levels based on
SRT results. However, high-strength concrete mixtures (e.g., 58.6 MPa) show a significant
deviation at early ages, but later age testing tends to bring a greater portion of the RCPT-SRT
curve within the shaded agreement zones across most mixtures. These findings underscore
the importance of accounting for both compressive strength and specimen age when using
SRT to estimate the RCPT values and evaluate chloride ion penetrability. The specific effects
of age will be discussed in greater detail in the following section.

4.3. Effects of Age

Specimen age is a critical factor influencing the relationship between RCPT and
SRT results. As concrete cures and matures under suitable temperature and humid-
ity conditions, ongoing hydration and additional pozzolanic activity in mixtures with
SCMs lead to a denser microstructure, refined pore structure, and reduced pore connec-
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tivity [131,135]. These microstructural changes directly affect ionic transport, which is
central to both RCPT and SRT measurements. Therefore, the longer concrete is allowed
to cure, the more consistent and accurate the relationship between the RCPT and the SRT
becomes, as the concrete permeability stabilizes with age. Extended curing results in more
stable permeability characteristics, which are essential for reliable comparison between
these tests.

Figures 4 and 5 demonstrate the effects of age on RCPT-SRT relationships for different
compressive strength levels. A clear pattern emerges: a greater portion of the RCPT-SRT
curves fall within the shaded agreement zones at later ages than at 28 days. This suggests
that surface resistivity better reflects chloride permeability classifications determined by
the RCPT at later ages, when concrete has undergone more complete hydration. Several
researchers [110,111,123,131–134] also evaluated the RCPT–SRT relationship at different
ages (Figure 6). Their results show that a greater portion of the RCPT-SRT curve falls within
the agreement zones at the 91-day testing age compared to the 28-day tests. This aligns
with the general understanding that the RCPT–SRT relationship becomes more reliable
with testing age and highlights that specimen maturity significantly affects how well the
two tests yield the same permeability classifications.

 

Figure 6. Correlation between RCPT and SRT results for concrete specimens with different testing
ages [110,111,123,131–134].

In addition to same-age comparisons, researchers have explored whether SRT results
obtained at early ages (14 and 28 days) can be used to predict later-age (56-day) RCPT values.
One study [103] investigated this by establishing mathematical relationships between RCPT
results at 56 days and SRT results at 56, 28, and 14 days. These relationships were described
using inverse power-law equations:

RCPT = 29,647 × SRT−0.944 (R2 = 0.89) (11)

RCPT = 33,534 × SRT−1.074 (R2 = 0.87) (12)

RCPT = 31,242 × SRT−0.962 (R2 = 0.80) (13)

Equations (11)–(13) provide predictive models for estimating 56-day RCPT values
using SRT measurements taken at 56, 28, and 14 days, respectively. The corresponding
regression curves are presented in Figure 7. Interestingly, the curves based on 56-day and
14-day SRT data (Equations (11) and (13)) are nearly identical and fall closely within the
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shaded agreement zones, indicating that 14-day SRT measurements can predict 56-day
RCPT values with accuracy comparable to same-age (56-day) SRT data. In contrast, the
curve from Equation (12), which uses the 28-day SRT value to predict the 56-day RCPT
value, shows a greater portion of the RCPT-SRT curve falling outside the agreement zones.
This indicates that 28-day SRT measurements may be less reliable than both 14-day and
56-day SRT data for predicting 56-day RCPT values. This reduced reliability may be
attributed to transitional changes in the concrete’s pore structure or inherent variability in
test data at that intermediate stage. Therefore, based on this study, using 14-day SRT data
to estimate 56-day RCPT values is not only time-efficient (requiring shorter curing periods),
but may also produce predictions that align more closely with the agreement zones than
those based on 28-day data.

 

Figure 7. RCPT estimation based on 14-, 28-, and 56-day SRT results [103].

The R2 for Equation (13), which uses 14-day SRT data, is 10.1% less than that of
Equation (11), which uses 56-day data. This indicates that although 14-day SRT measure-
ments can effectively estimate 56-day RCPT values in terms of matching permeability
classifications, a slight reduction in correlation is observed when using earlier-age SRT data.
These findings suggest that while same-age testing (i.e., conducting both RCPT and SRT at
56 days) yields the strongest correlation (greatest R2), 14-day SRT measurements can still
provide reasonably reliable predictions of 56-day RCPT results, with only minor reductions
in predictive power. Consequently, based on this study, early-age SRT may represent a
time- and cost-efficient option for preliminary durability assessments, especially when
supported by validated predictive models.

In summary, the relationship between the RCPT and the SRT is strongly age-dependent.
As concrete matures, it develops more stable microstructural properties and reduced
permeability, which enhance the alignment between surface resistivity and charge-passed
results. These findings highlight the importance of accounting for both concrete age and
compressive strength when interpreting the RCPT-SRT relationships, and they support the
feasibility of time-efficient durability evaluations using early-age SRT, particularly when
backed by validated prediction models.

4.4. Effects of w/cm Ratio

Although no studies have explicitly investigated how w/cm ratio affects the relation-
ship between RCPT and SRT results, studies have demonstrated that variations in w/cm
ratio significantly influence the individual outcomes of both tests. Specifically, reducing the
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w/cm ratio leads to a denser and less porous cement paste microstructure, which reduces
ionic mobility. This change is consistently captured by both RCPT and SRT: lower w/cm
ratios result in lower total charge passed in the RCPT and greater surface resistivity in the
SRT, both indicating decreased permeability [103,124].

This behavior is attributed to the reduction in capillary pores and improved matrix
densification that occur as the w/cm ratio decreases. Since both RCPT and SRT are sensitive
to changes in the connectivity and size of pores, they effectively track this densification and
reflect similar permeability variations. Thus, while the relationship between the RCPT and
the SRT results has not been formally mapped against w/cm ratio variations, their mutual
response to decreasing w/cm suggests that they are aligned in capturing permeability
reductions associated with more compact microstructures. Studies on concrete mixtures
with a fixed w/cm ratio but varying cement content showed that mixtures with lower
cement content had lower permeability in both RCPT and SRT. Although the w/cm ratio
remained constant, the reduction in cement content effectively increased the concrete solid-
to-volume ratio, resulting in more resistive (i.e., less conductive) mixtures. This finding
highlights how permeability is influenced not only by the w/cm ratio directly but also by
the paste composition and volume, which can also be influenced by w/cm ratio [124].

When silica fume was used to replace part of the cement at a constant w/cm ratio,
both RCPT and SRT consistently detected a reduction in permeability. The pozzolanic
reaction of silica fume contributes to pore refinement and further decreases ionic transport,
demonstrating that even at a fixed w/cm ratio, the effectiveness of the binder system
(and the resulting microstructure) plays a key role, again, one that both tests capture
similarly [124].

In summary, while no research has directly analyzed the influence of w/cm ratio on
the RCPT–SRT relationship, both tests are similarly responsive to permeability changes
driven by reductions in w/cm ratio. Their consistent performance across various mixture
proportions, including those with modified binder content or SCMs, supports the conclu-
sion that the RCPT and the SRT can comparably reflect the influence of w/cm ratio on
concrete durability.

4.5. Effects of Fly Ash

Fly ash, a byproduct of coal combustion in power plants, has been one of the most
widely used SCMs in concrete since the 1930s. Several studies have shown that incorporat-
ing an optimized amount of fly ash into concrete generally results in reduced permeabil-
ity [111,136–142]. This improvement in impermeability can be attributed to two primary
mechanisms: (a) the filler and ball-bearing effect that results from the spherical shape
and fine particle size of fly ash, which help refine the pore structure and improve the
packing density of the cement paste and (b) the pozzolanic reaction where fly ash reacts
with CH produced during cement hydration and forms additional CSH gels at later ages.
These secondary gels fill capillary pores and densify the microstructure, blocking the path-
ways for water and ion penetration [136,143]. However, some studies have noted that
when fly ash is used in high amounts, typically exceeding 30% of cement replacement
by mass, it may have a negative impact on concrete permeability [136,140,141]. This may
result from the large number of fine fly ash particles introduced into the mixture, which
can disrupt particle packing density. Additionally, reduced early-age strength and de-
layed pozzolanic activity may hinder complete pore refinement in some cases, further
increasing permeability.

Various researchers have proposed empirical equations to describe the relationship
between RCPT and SRT results in concrete mixtures containing fly ash and to evaluate how
fly ash content influences this relationship [104,123,125]. Generally, while some SRT results
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may be slightly more conservative than RCPT results (especially in borderline cases), both
methods tend to assign the same permeability class, particularly for concrete falling into
the very low and high permeability categories [104]. Additionally, Bagheri et al. [126] and
Dhandapani et al. [127] further confirmed that electrical resistivity tests (conducted per the
Swedish National Testing and Research Institute method [144]) showed strong correlation
with RCPT results (per ASTM C1202 [78]) in capturing changes in permeability as the
fly ash content in concrete mixtures was varied. Figures 8 and 9 illustrate the observed
relationships between the RCPT and the SRT for fly ash concrete mixtures across different
compressive strength levels, tested at both 28 and 91 days, respectively [123].

 

Figure 8. Correlation between 28-day RCPT and SRT results for concrete specimens with fly ash [123].

 

Figure 9. Correlation between 91-day RCPT and SRT results for concrete specimens with fly ash [123].

As discussed in Section 4.3, the age of the specimen significantly influences the RCPT–
SRT relationship. The inclusion of fly ash does not alter this age dependency and mixtures
with fly ash followed the same trend of improved alignment with the agreement zones at
later ages. Specifically, the RCPT–SRT curve were more frequently found within the shaded
agreement zones at 91 days compared to 28 days in fly ash mixtures. This improvement can
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be attributed to the ongoing pozzolanic reactivity of fly ash and the resulting microstructural
refinement and stabilization over time [123].

Compressive strength levels also impacted the relationship between RCPT results
and SRT results in both age groups. The lowest compressive strength level (23.4 MPa)
showed markedly different behavior, while the greatest strength level (41.4 MPa) had the
greatest portion of the RCPT-SRT curve within the shaded agreement zones. This trend
is consistent with previous observations in Section 4.2, where mixtures with compressive
strengths of 37.9 and 44.8 MPa showed good alignment with the agreement zones at
both ages. Furthermore, the improvement in this alignment with increasing compressive
strength followed the same order across both test ages, with alignment steadily improved
as compressive strength increased from 23.4 to 41.4 MPa. This suggests that the effect of
compressive strength on the RCPT–SRT relationship is independent of specimen age, even
in concrete mixtures containing fly ash.

Gilan et al. [128] further demonstrated the reliability of SRT for evaluating the per-
meability of fly ash concrete mixtures by employing a hybrid machine learning approach
(support vector regression combined with particle swarm optimization). Their predictive
model successfully estimated RCPT values for concrete mixtures containing fly ash with
high accuracy and robustness, confirming the potential of SRT as a reliable alternative for
permeability assessment in such mixtures. Among the various empirical models developed
to correlate RCPT and SRT results, one of the most reliable is the equation proposed by
Tanesi and Ardani [104], which achieved a high R2 of 0.92. This strong correlation suggests
that SRT can effectively predict the permeability of concrete mixtures containing fly ash.
Equation (14) presents this relationship:

RCPT = 98,441 × SRT−1.35 (14)

Despite the strong correlation observed in several studies, some researchers have cau-
tioned against the exclusive use of SRT for permeability classification in concrete mixtures
with SCMs, such as fly ash. For instance, Thomas et al. [85] found that while RCPT results
for fly ash mixtures closely matched diffusion coefficients obtained from the salt ponding
test, which is a more direct measure of chloride ingress, SRT tended to underestimate
permeability in comparison. They highlighted that the electrical resistivity of concrete is
highly sensitive to the type of binder used, meaning that standard permeability classifi-
cations based on resistivity may not always be accurate across different binder systems.
Therefore, they recommended that the permeability classification thresholds for SRT be
revised and tailored to account for variations in binder composition, particularly in concrete
mixtures containing fly ash, to improve the reliability and consistency of surface-resistivity-
based evaluations.

4.6. Effects of GGBFS

GGBFS, which is a by-product of iron production during ore extraction in a blast-
furnace, has long been used as a SCM in concrete to improve its durability and long-term
performance. Due to its cementitious nature, GGBFS has been considered a viable alter-
native to cement, fly ash, and silica fume in concrete mixtures, particularly for enhancing
durability properties [110,145]. However, due to its distinct chemical composition and
slower reactivity, GGBFS typically requires greater cement replacement levels than fly
ash to achieve comparable durability improvements. Research suggests that at least 50%
cement replacement is often necessary to realize the full durability benefits of GGBFS in
concrete mixtures [146].

Despite its slow reaction rate, which necessitates extended curing, GGBFS offers
considerable long-term benefits. Studies using scanning electron microscopy and energy
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dispersive spectroscopy have shown that GGBFS particles are more angular than those of
portland cement and incorporating it into concrete improves particle packing and bonding,
resulting in a denser microstructure [147]. These changes promote the formation of CSH
and calcium aluminate silicate hydrate, which fill capillary pores and block ion pathways,
leading to reduced permeability and increased strength [148]. While moderate replacement
levels (up to 20–30%) have been found to improve both workability and strength, higher
dosages may delay early-age strength gain and increase susceptibility to surface scaling if
not adequately cured. However, when used appropriately, GGBFS significantly improves
concrete’s resistance to chloride ion penetration and contributes to a more refined pore
structure, supporting its effectiveness as a durable SCM [147,149–153].

The relationship between RCPT and SRT results in GGBFS mixtures has attracted
increasing research attention due to the complex electrochemical and microstructural
behavior introduced by this SCM. As shown in Figures 10 and 11, Chini et al. [123] proposed
empirical models to relate RCPT and SRT values across concrete mixtures with varying
compressive strengths. Similar to observations in fly ash mixtures, GGBFS mixtures also
showed a greater portion of the RCPT–SRT curves within the shaded agreement zones at
91 days compared to 28 days. This enhancement is attributed to the delayed pozzolanic
and latent hydraulic reactivity of GGBFS, which becomes more pronounced over extended
curing durations, leading to a denser pore structure and higher electrical resistivity [67,123].

 

Figure 10. Correlation between 28-day RCPT and SRT results for concrete specimens with GG-
BFS [123].

 

Figure 11. Correlation between 91-day RCPT and SRT results for concrete specimens with GG-
BFS [123].
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However, a different trend was observed when analyzing the influence of compressive
strength on the RCPT–SRT relationship in GGBFS-containing mixtures compared to fly
ash mixtures. Specifically, in GGBFS mixtures, the RCPT–SRT curve corresponding to the
lowest compressive strength (23.4 MPa) at 91 days showed the closest alignment with
the shaded agreement zones. In contrast, fly ash mixtures had the best alignment from
the highest strength mixtures. This contrasting behavior indicates that the influence of
compressive strength on the RCPT–SRT relationship is not universally consistent across all
SCMs. Instead, it appears to be significantly influenced by the specific binder chemistry,
hydration kinetics, and the time-dependent development of the microstructure, particularly
the formation and distribution of resistive phases such as CSH and secondary reactions.

When evaluating the RCPT–SRT relationship across various compressive strength
levels at both 28 and 91 days for GGBFS mixtures, no clear or consistent trend was observed.
This suggests that the relationship between compressive strength and electrical resistivity is
more complex in GGBFS-containing concrete mixtures and may be strongly influenced by
specimen age. The prolonged hydration and latent pozzolanic activity of GGBFS, combined
with its sensitivity to curing conditions, likely contribute to nonlinear microstructural
evolution over time. These factors may disrupt the expected relationship patterns by
altering pore connectivity and ionic mobility at different strength levels and ages.

Although the overall relationship between RCPT and SRT results for GGBFS-
containing concrete mixtures is generally acceptable, some studies have identified dis-
crepancies in permeability classification, particularly for 28-day specimens falling into
“low,” “moderate,” and “high” chloride ion permeability ranges based on SRT measure-
ments. Similar to findings for fly ash mixtures, surface resistivity tests for GGBFS mixtures
have been shown to either underestimate or overestimate permeability classifications when
compared to RCPT results, especially at early ages [85,123].

Chini et al. [123] and Thomas et al. [85] observed that SRT-based classifications fre-
quently diverged from those based on the RCPT and were often not aligned with diffusion
coefficients obtained from the salt ponding test, a more direct measure of chloride transport.
For example, Chini et al. [123] demonstrated that for 28-day specimens incorporating
GGBFS with a compressive strength of 23.4 MPa, SRT results tended to overestimate the
resistance to chloride ion penetration relative to the RCPT, indicating a possible misrepre-
sentation of actual permeability performance (Figure 10). These inconsistencies underscore
the influence of binder type and age on resistivity-based assessments and highlight the
need for more nuanced interpretation of SRT results in GGBFS mixtures. Additionally,
Thomas et al. [85] demonstrated that SRT results did not align well with diffusion coeffi-
cients derived from the salt ponding test, a direct and standardized measure of chloride
ingress. They concluded that the electrical resistivity of concrete is highly sensitive to
binder type and that permeability classifications based on resistivity alone may lack uni-
versal applicability across different SCMs. Consequently, they recommended that SRT
classification boundaries be recalibrated for specific binder types to better reflect actual
transport properties and improve the consistency of durability assessments.

4.7. Effects of Silica Fume

Silica fume is an ultrafine byproduct generated during the production of silicon and
ferrosilicon alloys. Composed primarily of amorphous silicon dioxide (SiO2), its particles
are extremely small, typically less than 1 µm in diameter, making it one of the most reactive
pozzolanic SCMs available [154]. Due to its high specific surface area and pozzolanic
activity, silica fume makes a significant contribution to microstructural densification. It
fills voids within the cement matrix and reacts with CH to form additional CSH, thereby
refining the pore structure and enhancing the overall impermeability and mechanical
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performance of concrete [155,156]. Although the inclusion of silica fume typically leads to
notable improvements in strength, durability, and resistance to chloride ion ingress, its use
is often limited to specialized concrete applications due to its greater cost relative to other
SCMs in North America [146,157].

Bagheri et al. [126] demonstrated a strong correlation between SRTs conducted accord-
ing to the Swedish National Testing and Research Institute protocol [144] and the RCPT
conducted per ASTM C1202 [78], for mixtures incorporating varying levels of silica fume.
Their findings indicated that both tests captured similar permeability trends in response to
changes in silica fume content, validating the potential of resistivity-based techniques for
performance evaluation. Researchers also have proposed different equations to compare the
results of RCPT and SRT for concrete mixtures with different compressive strengths and silica
fume contents, shown in Figures 12 and 13 [123,124]. As illustrated in Figures 12 and 13,
however, a substantial portion of the RCPT-SRT curve with surface resistivity values in the
12–37 kΩ-cm range (corresponding to “low” and “moderate” permeability classes per
AASHTO T 358) fell outside the shaded agreement zone, indicating differences between
predicted and measured RCPT values. This suggests that existing correlation models may
not accurately predict chloride permeability for concrete mixtures incorporating silica
fume, especially within low to moderate permeability ranges, where small differences in
microstructure can significantly affect ion transport behavior.

 

Figure 12. Correlation between 28-day RCPT and SRT results for concrete specimens with silica
fume [123].

 

Figure 13. Correlation between 91-day RCPT and SRT results for concrete specimens with silica
fume [123].

As discussed in Sections 4.2 and 4.3, the relationship between RCPT and SRT results
is generally influenced by specimen age and compressive strength. The presence of silica
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fume does not appear to alter this general dependency; however, the specific influence of
these variables on this relationship in silica fume mixtures was less consistent compared to
fly ash mixtures. The rapid early-age reactivity of silica fume, along with the pronounced
sensitivity of its performance to mixture-specific parameters such as w/cm ratio, silica fume
dosage, and curing regimen, may contribute to this variability. These factors can signifi-
cantly influence microstructural development and, consequently, the transport properties
of concrete. Previous studies have noted that although silica fume is widely recognized for
improving resistance to chloride ion penetration, the permeability-related performance of
concrete mixtures containing silica fume is highly dependent on mixture design and curing
practices [158,159].

4.8. Effects of Metakaolin

Metakaolin is a manufactured SCM obtained through controlled calcination of kaoli-
nite clay, typically at temperatures between 650 and 800 ◦C. It is composed primarily of
amorphous silica and alumina, which show high pozzolanic reactivity at ambient tem-
peratures. Since metakaolin is manufactured, its production can be tightly controlled to
produce a consistent, highly reactive SCM. Upon incorporation into concrete, metakaolin
reacts with CH to form additional CSH and alumina-containing phases, contributing to
increased matrix densification, reduced porosity, and enhanced durability [160–162].

Experimental studies have shown a strong exponential relationship between RCPT
and SRT results in concrete mixtures containing metakaolin. For instance, Gilan et al. [128]
applied a hybrid support vector regression–particle swarm optimization model and demon-
strated that RCPT values for metakaolin-containing concrete mixtures can be accurately
predicted using SRT measurements, with high predictive reliability and robustness. Addi-
tionally, findings by Ramezanianpour et al. [129] support this relationship. Equation (15)
presents the strongest empirical correlation identified in the literature for metakaolin-based
mixtures, achieving a high R2 of 0.92:

RCPT = 6454 × e−0.04SRT (15)

This exponential relationship differs in form from the equations typically derived
for mixtures containing other SCMs (e.g., fly ash, GGBFS). However, the high R2 value
underscores a strong and consistent inverse correlation between RCPT and SRT results for
metakaolin-based concrete mixtures. This suggests that the SRT can be a reliable predictor
for the RCPT in evaluating chloride ion penetrability in metakaolin-containing mixtures.

4.9. Effects of Other Pozzolans

Although the four SCMs discussed in the preceding sections (fly ash, ground GGBFS,
silica fume, and metakaolin) are among the most widely studied and utilized, there exists
a broader range of alternative pozzolanic materials that have demonstrated promise in
enhancing concrete durability and reducing chloride ion permeability. These alternative
SCMs, often regionally available or derived from industrial by-products or natural sources,
can also show strong correlations between RCPT and SRT results, indicating their viability
for use in performance-based durability assessments.

For instance, calcined crushed perlite rock, a natural pozzolanic material obtained
from expanded volcanic glass, has been investigated for its influence on the RCPT-SRT
relationship. According to a study by Ramezanianpour et al. [130], a strong power-law rela-
tionship was observed between RCPT and SRT results for concrete mixtures incorporating
calcined perlite, with a remarkably high R2 of 0.98. The best-fit empirical equation for this
relationship is given as:

RCPT = 89,912 × SRT−1.12 (16)
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This high R2 value suggests that the SRT can serve as a highly reliable predictor of
the RCPT-measured chloride ion penetrability in perlite-based concrete, similar to or even
exceeding the predictive accuracy observed for more conventional SCMs.

Beyond perlite, other alternative pozzolanic materials such as RHA, volcanic ash,
natural pozzolans, and thermally processed clays are increasingly being investigated for
their favorable environmental benefits and potential to enhance concrete performance.
However, the influence of these materials on the relationship between RCPT and SRT
results remains largely underexplored in the current literature. Limited experimental data
make it difficult to establish generalized predictive models or assess the robustness of the
SRT as an alternative to the RCPT for these SCMs. Future research should prioritize the
systematic evaluation of the RCPT–SRT relationships for these emerging SCMs to better
inform durability-based design, particularly in regions where conventional SCMs are scarce,
economically impractical, or environmentally unsustainable.

4.10. Critical Synthesis and Quantitative Evaluation of RCPT–SRT Relationships

A quantitative synthesis of the reviewed studies reveals several consistent trends in
the relationship between the RCPT and the SRT. While individual investigations have
employed different concrete types, SCMs, curing ages, and regression forms, a unified
interpretation can be derived from the collective data.

4.10.1. Overall Correlation Strength

Across the reviewed literature, the relationship between RCPT and SRT results exhibits a
strong inverse dependence, most often expressed by inverse power-law or exponential models.
Reported R2 commonly ranges from 0.80 to 0.98, with typical values between 0.85 and 0.95.
The model proposed by Ramezanianpour et al. (Equation (10), RCPT = 50,219 × SRT−0.9728)
achieved R2 = 0.90, while other studies, such as Tanesi and Ardani [104], reported R2 ≈ 0.92,
and perlite-based mixtures reached R2 ≈ 0.98. These results confirm that, under controlled
conditions, SRT can effectively reproduce RCPT trends across a wide range of mixtures and
test ages.

4.10.2. Model Exponent and Physical Interpretation

The exponent b in the power-law expression (RCPT = a × SRTb) generally falls between
−0.9 and −1.3. Exponents near −1 represent an almost ideal inverse proportionality
between electrical conductivity (RCPT) and resistivity (SRT), indicating stable temperature
and ion-migration conditions during testing. More negative exponents (b < −1.1) are
typically observed in highly conductive concrete mixtures or those containing SCMs that
intensify Joule-heating effects during RCPT, leading to nonlinear increases in current flow.
Therefore, these variations in b reflect both intrinsic microstructural differences and artifacts
of the RCPT procedure.

4.10.3. Statistical Variability and Repeatability

A comparative analysis of reported variability shows that the RCPT exhibits higher
scatter than the SRT. Standard deviations in RCPT results frequently exceed 300 coulombs
with coefficients of variation approaching 10%, whereas SRT data typically show standard
deviations below 3 kΩ·cm and COV values around 5%. The lower dispersion of SRT out-
comes confirms its greater repeatability and makes it more suitable for rapid quality control
and field assessments. Nevertheless, the higher sensitivity of RCPT to temperature and
pore-solution conductivity can result in classification mismatches. For example, mixtures
categorized as “very low” permeability by SRT occasionally yield RCPT charges slightly
above the 1000 coulombs limit that defines the “low” class.
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4.10.4. Influence of Age and Mixture Characteristics

The consistency of the RCPT–SRT correlation improves with increasing curing age.
At later testing ages (56, 91, and 180 days), a greater proportion of regression curves falls
within the permeability-class agreement zones shown in Figures 4–6, demonstrating that
both tests converge as microstructural refinement progresses. Early-age measurements
(14 or 28 days) yield lower but still acceptable correlation levels (R2 ≈ 0.80–0.87), suggesting
that early-age SRT results can provide useful estimates of later-age RCPT performance
when supported by calibrated models.

Binder composition also strongly affects the quality of correlation. Mixtures containing
silica fume, slag, or fly ash tend to show stronger inverse relationships (R2 > 0.90) due to
improved matrix densification, whereas high-strength or alkali-activated concrete mixtures
sometimes deviate because of altered pore chemistry and reduced moisture content. The
compiled data show systematic trends among SCM types: fly ash mixtures generally reduce
RCPT charge by about 30–50% over 56 days, GGBFS mixtures achieve 50–70% reductions
with corresponding increases in surface resistivity, and silica fume mixtures often exhibit
the most pronounced improvement, raising resistivity above 100 kΩ·cm and lowering
charge passed below 1000 coulombs. Metakaolin provides comparable gains but with
greater variability depending on dosage and curing regime. These distinctions confirm that
the RCPT–SRT relationship is not universal but binder-dependent. Accordingly, developing
SCM-specific calibration equations could enhance the precision of resistivity-based perme-
ability classifications and improve the reliability of using SRT as a rapid, nondestructive
alternative to RCPT for durability assessment.

4.10.5. Integrated Interpretation

Taken together, the quantitative evidence demonstrates that the SRT can serve as a re-
liable, faster, and more repeatable alternative to RCPT for classifying concrete permeability,
provided that mixture type, binder system, and age are properly accounted for. Across the
compiled studies, most of the data points fell within the same permeability-classification
zones for the two methods, confirming a high level of practical equivalence. However,
residual discrepancies, primarily in concrete mixtures with extreme SCM contents or mea-
sured at very early ages, underscore the need for binder-specific calibration and, where
possible, cross-validation with diffusion-based permeability tests. Overall, this quantitative
synthesis substantiates the strong empirical relationship between the two test methods
while clarifying its limitations and conditions of applicability.

5. Conclusions
This state-of-the-art review critically evaluated findings from a wide range of studies

investigating the relationship between the rapid chloride permeability test (RCPT) and
the surface resistivity test (SRT) results for concrete mixtures containing various supple-
mentary cementitious materials (SCMs) such as fly ash, ground granulated blast furnace
slag (GGBFS), silica fume, and metakaolin. By synthesizing multi-study datasets pub-
lished over the past two decades, this review identified both key trends and persistent
research gaps governing the RCPT–SRT relationship under different testing conditions and
mixture designs. While the SRT is increasingly favored for its speed, cost-efficiency, and
non-destructive nature, its reliability and accuracy as an alternative to the RCPT is highly
dependent on several factors such as testing age, water-to-cementitious materials (w/cm)
ratio, compressive strength, and the type and dosage of SCM used.

In most cases, a consistent inverse power-law or exponential relationship between the
RCPT and the SRT was observed. typically characterized by coefficients of determination
(R2) between 0.85 and 0.95 and exponents ranging from −0.9 to −1.3. These findings
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confirm the potential of the SRT for permeability classification. One of the most robust
relationships identified was:

RCPT = 50,219 × SRT−0.9728

which reflects a high degree of correlation and underscores the viability of using SRT results
as a predictive tool for estimating chloride ion permeability, particularly when calibration
is tailored to the specific binder system and testing conditions. Similar regression trends
have been observed across studies using both conventional and blended cement systems,
suggesting a broadly applicable inverse RCPT–SRT behavior despite variations in material
composition. Furthermore, SRT consistently exhibited lower data variability (standard
deviation < 3 kΩ·cm and coefficient of variation ≈ 5%) compared to RCPT (standard
deviation > 300 coulombs and coefficient of variation up to 10%), underscoring its better
repeatability and suitability for field applications.

However, the current research remains fragmented and somewhat limited in generality.
Although this review considered nearly all relevant studies published since 2003, most
studies have focused primarily on conventional SCMs, while alternative materials such
as rice husk ash (RHA), volcanic ash, natural pozzolans, and thermally treated clays have
received far less attention. Variations in mixture design, binder chemistry, and curing
further limit general applicability of the existing models. Therefore, achieving broader
generality and field implementation of SRT requires comprehensive data harmonization
across studies, climates, and binder systems. To address these gaps, future research should
focus on:

• Developing broader binder-specific correlation models that consider unique hydration
mechanisms and microstructural developments.

• Validating the SRT–RCPT relationships using diffusion-based tests such as salt ponding
method for improved accuracy.

• Investigating alternative SCMs to broaden applicability, especially in regions where
traditional SCMs are unavailable or unsustainable.

• Exploring composite SCM systems to better understand interactions between multiple
binders and their cumulative effect on resistivity and ion transport.

• Incorporating additional variables such as cement type, curing conditions, aggre-
gate properties, and broader concrete types (e.g., self-consolidating and ultra-high-
performance concrete) to build more comprehensive predictive models.

• Conducting multi-institutional and meta-analytical studies to refine predictive correla-
tions, reduce inter-laboratory variability, and support global standardization of SRT as
a performance-based durability assessment tool.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AASHTO American Association of State Highway Transportation Officials
BRT Bulk Resistivity Test
CH Calcium Hydroxide
CSH Calcium Silicate Hydrate



Buildings 2025, 15, 4216 32 of 38

COV Coefficients Of Variation
GGBFS Ground Granulated Blast Furnace Slag
ISAT Initial Surface Absorption Test
ITZ Interfacial Transition Zone
NaCl Sodium Chloride
NaOH Sodium Hydroxide
OH- Hydroxyl Ions
QC Quality Control
QA Quantity Assurance
RCPT Rapid Chloride Permeability Test
RHA Rice Husk Ash
SD Standard Deviations
SiO2 Silicon Dioxide
SCM Supplementary Cementitious Material
SRT Surface Resistivity Test
UHPC Ultra-High-Performance Concrete
w/cm Water-to-Cementitious Materials
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