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Abstract 

A performance-based approach is essential for evaluating the long-term durability and performance of concrete. 
Nondestructive methods, such as electrical resistivity measurements, offer significant advantages in this context due 
to their simplicity, speed, and cost-effectiveness. This study applied electrical resistivity as a tool to assess key perfor-
mance factors, including compressive strength and chloride transport properties, in concrete mixtures with and with-
out supplementary cementitious materials (SCMs). The results demonstrated strong correlations between electrical 
resistivity and the performance factors across all concrete mixtures, highlighting its potential as a reliable evalu-
ation method. While electrical resistivity shows promise for quantifying performance factors, challenges remain 
in addressing variability and measurement accuracy. Further investigations are recommended to refine the method 
and enhance its applicability in practical durability assessments.
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1  Introduction
The demand for reinforced concrete structures with 
a long service life is growing due to the need to offset 
increased initial costs and reduce environmental pol-
lution. Achieving such longevity requires securing the 
durability of concrete throughout its service life. How-
ever, traditional prescriptive methods, which primarily 
focus on achieving a minimum compressive strength, 
are insufficient for evaluating or designing concrete with 
high durability. This is because compressive strength is 
only indirectly related to durability performance (ACI 
318-19, 2019; Standard Specifications for Concrete 

Structures: Materials and Construction, 2007; Kessy 
et al., 2015). In other words, traditional concrete evalua-
tion methods, i.e., prescriptive methods relying on 28-day 
compressive strength, fail to evaluate the long-term dura-
bility of sustainable concrete incorporating SCMs, such 
as fly ash (FA) and ground granulated blast-furnace slag 
(GGBS). These materials undergo prolonged hydration 
and pozzolanic reactions, refining the pore structures 
and enhancing chloride resistance over time. However, 
existing methods inadequately evaluate such character-
istics. To address these limitations, performance-based 
approaches have gained attention as an alternative to 
prescriptive methods (Sangoju et  al., 2021). Unlike pre-
scriptive methods, performance-based approaches evalu-
ate durability using parameters that are directly related to 
the deterioration mechanisms of concrete in aggressive 
environments, such as diffusion or migration coefficients, 
porosity, and electrical resistivity. As these parameters 
allow for a more accurate and reliable assessment of 
concrete durability, performance-based approaches are 
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promising solutions for designing long-lasting structures, 
enabling optimized material selection and extended ser-
vice life for low-carbon concrete.

Among the various deterioration processes that occur 
over time, chloride-induced corrosion is one of the most 
critical concerns for reinforced concrete structures. This 
form of corrosion is primarily caused by exposure to 
deicing salts or seawater (Yamamoto et al., 2024; Zhang 
et al., 2023). Chlorides penetrate the concrete, eventually 
reaching the steel reinforcement. Corrosion begins once 
the chloride concentration exceeds the tolerated thresh-
old. Tuutti’s model divides the service life of a reinforced 
concrete structure into two phases: (1) the corrosion ini-
tiation phase, during which chloride ions are transported 
and depassivation of the steel occurs, and (2) the corro-
sion propagation phase, characterized by the accumula-
tion of corrosion products, cracking, and spalling of the 
concrete (Tuutti, 1982). While the propagation phase 
significantly impacts structural performance, the service 
life is typically defined by the end of the initiation phase, 
when depassivation occurs. This is because the propa-
gation phase is relatively short and the quantification of 
corrosion rates in reinforced concrete is more challeng-
ing compared to the chloride transport mechanisms in 
the initiation phase. As specified, many studies on con-
crete durability have focused on understanding chloride 
transport processes, as these are critical for predicting 
the initiation phase and thus estimating the service life of 
structures (Sun et al., 2024; Tong et al., 2023).

To address the challenges associated with chloride 
transport and durability evaluation, durability indicators 
derived from laboratory tests have been extensively stud-
ied as key parameters for performance-based approaches 
(ASTM C1202-19, 2019; NT Build 492, 1999). These indi-
cators, such as the migration coefficient obtained from 
chloride-accelerated tests, are essential for quantifying 
the transport properties and predicting the long-term 
durability of concrete. Effective durability assessment 
requires tests that are reliable, straightforward, and cost-
effective. However, many traditional durability tests, such 
as compressive strength tests, chloride diffusion tests, 
and freeze–thaw tests, are destructive. This makes them 
impractical for continuous monitoring or repeated meas-
urements over time. In addition, even when samples are 
fabricated from the same batch, discrepancies in test 
results can occur due to variability in sample preparation 
and testing conditions, resulting in scattered data. These 
limitations highlight the need for more reliable and effi-
cient nondestructive testing methods.

It is well-known that concrete electrical flux tests (i.e., 
rapid chloride penetration test, RCPT) are generally used 
to determine the chloride transport property of concrete. 
Conventional methods apply DC voltage to concrete 

samples to penetrate the chloride solution into concrete 
rapidly, but there are some disadvantages as follows: (1) 
DC voltage can cause corrosion of steel in reinforced 
concretes; (2) the samples are no longer available due to 
contamination of chloride; and (3) the measurement time 
is relatively long (at least 6 h). On the other hand, elec-
trical resistivity has emerged as one of the most attrac-
tive candidates for evaluating concrete performance and 
durability due to its ease of measurement and its link to 
concrete deterioration processes (Chidiac & Shafikhani, 
2020; Tibbetts et al., 2020). Electrical resistivity is deter-
mined by the connected pores within the pore network 
filled with chemical solutions. Aggressive agents dis-
solved in the pore solution move through these con-
nected pores, meaning that electrical resistivity is directly 
related to the resistance to chloride transport in concrete 
exposed to chloride environments. However, it is well-
known that electrical resistivity is affected by several 
factors, including temperature (Kim et al., 2019), binder 
type (McCarter et al., 2005), moisture content (Alaswad 
et  al., 2020), and experimental setup (Newlands et  al., 
2008). The use of supplementary cementitious materials 
(SCMs) further complicates the interpretation of resistiv-
ity values, as they alter the pore structure and chemistry 
(Cai et al., 2021; Huang et al., 2022). While previous stud-
ies have focused on qualitative methods—using resistiv-
ity ranges to classify concrete quality (McCarter et  al., 
2022)—applying a performance-based approach requires 
electrical resistivity to be treated as a quantified param-
eter. In this context, electrical resistivity must be related 
to established durability indicators, such as migration 
coefficients and compressive strength, to provide a reli-
able measure of concrete performance. To address the 
challenges in applying electrical resistivity as a durability 
indicator, a quantitative relationship between resistivity 
and key performance factors—such as migration coef-
ficients and compressive strength—needs to be estab-
lished. This relationship is essential for enhancing the 
applicability of electrical resistivity in performance-based 
approaches. However, limited studies have established 
quantitative relationships between electrical resistiv-
ity and key durability indicators, particularly in concrete 
incorporating SCMs.

This study addresses that gap by systematically meas-
uring and analyzing the long-term resistivity, compres-
sive strength, and chloride migration characteristics of 
SCM-based concretes. Our findings aim to enhance the 
performance-based durability assessment framework by 
providing reliable, non-destructive evaluation methods 
applicable to sustainable concrete materials. Specifically, 
the electrical resistivity responses of concrete, both with 
and without SCMs, were measured over a period of up 
to 365 days. These measurements were conducted prior 
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to determining the compressive strengths and migration 
coefficients. Based on the resistivity findings, quantita-
tive relationships between electrical resistivity and the 
performance factors were identified, providing a robust 
framework for utilizing resistivity as a reliable indica-
tor of concrete durability. Furthermore, performance 
approach using the electrical resistivity contributes to 
sustainability through lifecycle efficiency. By enabling 
repeated, non-destructive assessment, electrical resistiv-
ity testing reduces material waste and supports resource-
efficient design decisions. Ultimately, this promotes the 
broader use of SCM-based concretes, reducing carbon 
emissions while ensuring structural performance.

2 � Materials and Methods
2.1 � Mixtures and Samples
To prepare testing samples, three binders were used: PC 
to KS L 5201 (“KS L 5201:2016 Portland cement” 2016), 
GGBS to KS L 5210 (“KS L 5210:2017 Portland blast-
furnace slag cement” 2017), and FA to KS L 5405 (“KS L 
5405:2018 Fly ash” 2018). GGBS and FA replaced PC at 
ratios of 40% and 30%, respectively. Based on these pro-
portions, three mixture designs were developed with a 
water-to-binder ratio (w/b) of 0.4. The oxide composi-
tions and mixture designs are presented in Tables 1 and 
2. Crushed granite with a particle size of 4–20 mm was 
used as coarse aggregate, while fine aggregate with a par-
ticle size less than 4 mm was incorporated. Mixing was 
performed using a 0.1  m3 capacity concrete pan mixer, 
ensuring uniformity within each batch. A water-reducing 
admixture conforming to KS F 2560 (“KS F 2560:2019 

Chemical admixtures for concrete” 2019) was added to 
improve the workability of the mixtures.

Two types of samples were prepared for each mix-
ture: (1) cylinders (Ø 100 × 300 mm) for migration tests 
and electrical resistivity measurements and (2) cubes 
(100 × 100 × 100 mm) for compressive strength and resis-
tivity tests. Each type of sample was tested in triplicate. 
After casting, all samples were wrapped in polyethylene 
to prevent water evaporation from the concrete surface. 
After 24  h casting, the cube samples were demolded 
and cured in a water bath maintained at 20 ± 1  °C until 
testing. In contrast, the cylinders designated for the 
migration test were left in the molds during curing to 
minimize hydrate leaching and better simulate the con-
ditions of core samples in real structures. For the migra-
tion test, cylindrical specimens were sectioned from 
the central region using a water-cooled saw. Each cyl-
inder was cut into three specimens with dimensions 
of Ø 100  mm × 50  mm, and all tests were performed in 
triplicate.

2.2 � Compressive Strength
Compressive strength tests were conducted in accord-
ance with KS F 2405 (“KS F 2405:2010 Standard test 
method for compressive strength of concrete” 2010). 
For each mixture, three replicate samples were tested 
at curing ages of 28, 90, 180, and 365 days. Prior to the 
compressive strength tests, electrical resistance measure-
ments were performed as described in Sect. 2.4. All sam-
ples were cured in a water bath maintained at 20 ± 1  °C, 
as described in previous section.

Table 1  Mixture design used in the sample

PC Portland cement, GGBS ground granulated blast furnace slag, FA fly ash, WR water reducer

Mixture 
designation

PC (kg/m3) GGBS (kg/m3) FA (kg/m3) Aggregate (kg/
m3)

Sand (kg/m3) WR (l/m3) Slump (mm)

PC 460 – – 1012 700 1.84 140

40GGBS 270 180 – 1016 745 1.35 100

30FA 370 – 160 890 635 1.59 130

Table 2  Oxide compositions for binder types

Percentage 
composition by weight

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 P2O3 SO3 K2O Na2O

PC 20.68 4.83 3.17 63.95 2.53 – – 2.80 0.54 0.08

GGBS 51.00 27.40 4.60 3.40 1.40 1.60 0.30 0.70 1.00 0.20

FA 33.27 13.38 0.56 41.21 8.49 0.90 – 0.62 0.50 0.33
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2.3 � Chloride Analysis in Concrete
The migration coefficient is a critical input for transport-
related properties of concrete in predictive models 
assessing performance and durability in chloride envi-
ronments, as it is directly linked to diffusivity. The diffu-
sion coefficient is often determined using regression 
analysis methods based on the "erf" function and chlo-
ride profile data from laboratory or field samples (Tang 
et  al., 2012). Similarly, the migration coefficient 
(

Dnssm = RT
zFE • (xd−α

√
xd)

t

)

 , determined using the NT 
Build 492 method (NT Build 492, 1999), is widely 
employed in models such as Duracrete (Altmann et  al., 
2012), ClinConc (Tang 2008), and LIFE 365 (M.Ehlen, 
2014) to predict chloride transport in concrete. It is also 
specified in European codes as a key parameter for per-
formance-based evaluations. Building on these method-
ologies, this study determined the migration coefficients 
of concrete samples to assess their performance in chlo-
ride environments, following the performance-based 
testing approach outlined in NT Build 492 (NT Build 
492, 1999).

Prior to testing, the samples underwent vacuum satura-
tion as specified in the standard. After saturation, electri-
cal measurements were performed using an end-to-end 
electrode configuration. These measurements were con-
ducted at curing ages of 180, 270, and 365 days. The test 
procedures strictly adhered to the specifications outlined 
for determining the migration coefficient. Upon com-
pletion of the migration test, the migration coefficient 
was calculated based on the chloride penetration depth, 
which was measured using a colorimetric method (NT 
Build 492, 1999).

2.4 � Electrical Resistance Measurements
In this study, electrical resistivity measurement was 
employed as a nondestructive method to evaluate the 
performance and durability of concrete, particularly its 
relationship with compressive strength, migration coef-
ficients, and degree of saturation. This method is increas-
ingly used and has shown a good performance in concrete 
research to assess durability-related properties, such as 
pore structure, moisture content, and ion transport (Pol-
der, 2001). Its non-invasive nature makes it particularly 
valuable for performance-based evaluations. Electrical 
resistivity has been widely applied in previous studies; 
however, several challenges associated with this method 
have been noted. Factors such as concrete inhomogeneity, 
pore solution composition, geometrical effects, and tem-
perature variations significantly influence the results, mak-
ing interpretation complex (Kurumisawa & Nawa, 2016). 
Furthermore, discrepancies in experimental setups—such 
as contact media, electrode pressure, and measurement 

frequency—can result in resistance variations of up to 
threefold (Newlands et al., 2008). For instance, a literature 
review revealed that the frequency range used for deter-
mining bulk resistance varied widely, typically between 
50  Hz and 1  kHz (McCarter et  al., 2015). These issues 
highlight the importance of a well-controlled experimental 
setup to ensure accurate and reliable measurements.

To address these challenges, we designed our experimen-
tal setup to minimize variability and ensure consistency in 
measurements. Resistivity was measured using the end-
to-end method, which involved two stainless-steel plates 
and an LCR meter (HP 4263B, Manufacturer, City, State, 
Country). The LCR meter operated at a fixed frequency of 
1 kHz and an applied voltage of 350 mV, as recommended 
for achieving reliable bulk resistance measurements. To 
maintain proper contact between the electrodes and the 
concrete surfaces, wetted synthetic sponges saturated with 
a Ca(OH)₂ solution were placed between the plates and 
the sample (Newlands et al., 2008). In addition, a 2 kg mass 
was applied to the upper electrode to ensure uniform pres-
sure and reduce contact resistance variability. This carefully 
controlled setup ensured reliable and reproducible electri-
cal resistivity measurements, which were performed prior 
to migration and compressive strength tests. The configu-
ration of the end-to-end method is illustrated in Fig. 1, and 
the results were subsequently correlated with other perfor-
mance parameters to assess the durability characteristics of 
the concrete mixtures.

The measured electrical resistance was converted into 
electrical resistivity, which was independent of the geom-
etry of the sample:

Fig. 1  Experimental setup used for electrical resistance 
measurements



Page 5 of 14Kim et al. Int J Concr Struct Mater           (2025) 19:64 	

where ρ is the electrical resistivity (Ω·m), R is the electri-
cal resistance (Ω), A is the cross-sectional area (m2), and 
L is the thickness of the sample (m). Concrete is often 
characterized by its electrical resistivity, which serves 
as an indicator of its performance. While high electrical 
resistivity is generally associated with better durability 
and resistance to ionic transport, this measure is largely 
qualitative and requires additional context for compre-
hensive evaluation.

3 � Experimental Results
3.1 � Development of Compressive Strength
Although compressive strength is not a direct indicator 
of concrete durability (Alexander et al., 2008), it remains 
a critical reference parameter for quality control as speci-
fied in PD CEN 16563 (“PD CEN/TR 16563:2013 Prin-
ciples of the equivalent durability procedure” 2013). 
Traditionally, compressive strength at 28 days is the 
benchmark; however, with the advancement of cementi-
tious materials, performance evaluation often extends 
beyond this period to capture long-term durability and 
strength development. In this study, concrete exhibited 
rapid strength development during the first 28 days, fol-
lowed by a more gradual increase thereafter. For mixtures 
incorporating pozzolanic or latent hydraulic binders, 
such as FA and GGBS, compressive strength developed 
more slowly but continued to increase over extended cur-
ing periods. This is attributed to the ongoing pozzolanic 
and hydration reactions associated with these materials. 
Figure  2 illustrates the average compressive strengths 
measured over a 365-day curing period, with markers 
representing test data and error bars indicating ± 1 stand-
ard deviation. The results show a clear trend of increasing 

(1)ρ =
R • A
L

compressive strength with curing ages. The observed 
development of compressive strength is modeled using 
best-fit curves derived from the BS EN 1992-1-1:2004 
expression (“BS EN 1992-1-1:2004 + A1:2014 Eurocode 
2: Design of concrete structures—Part 1–1: General rules 
and rules for buildings” 2014), emphasizing the correla-
tion between curing duration and material strength:

where f (t) is the predicted compressive strength at age 
t (d), fref is the compressive strength at the reference age 
tref (= 28  days), and the exponent s is a constant that 
indicates the rate of strength development. The best-fit 
curves for each mix are plotted with solid lines in Fig. 2 
using the parameters listed in Table 3.

Compressive strengths of concrete samples contain-
ing SCMs were lower than those of PC concretes at an 
early age (less than 28-day curing). However, the strength 
increments from 28 to 365 days were significantly higher 
for GGBS concrete (46% for 40GGBS) and FA concrete 
(69% for 30FA) compared to PC concrete (44% for PC), 
primarily due to ongoing pozzolanic reactions (Hinrichs 
& Odler, 2015). The continuous strength increase in SCM 
concretes is attributed to the formation of an insoluble 
and dense calcium silicate hydrate (C–S–H) gel, which 
results from the reaction between siliceous oxides in 
SCMs and calcium hydroxide in the binder’s pore solu-
tion. This process not only refines the pore structure 
but also enhances the chloride-binding capacity of the 
concrete (Yuan et  al., 2009). As a result, the long-term 
development of compressive strength is a more reli-
able performance indicator for SCM concretes than the 
28-day compressive strength.

This observation aligns with the s parameter val-
ues derived from best-fit models, where higher s val-
ues indicate slower strength development rates. The 
estimated s values were 0.46 for PC concrete, 0.50 for 
40GGBS concrete, and 0.65 for 30FA concrete. These 
values confirm that concretes with SCMs exhibit slower, 
yet sustained, strength development over time. Regard-
ing the performance-based evaluation, the use of time-
dependent equations to estimate compressive strength is 
appropriate.

(2)f (t) = frefe
s
(

1−(tref/t)
0.5

)

MPa

Fig. 2  Plots of compressive strengths as a function of concrete age

Table 3  Coefficients for best-fit curves derived from Eq. (2) in 
Fig. 2

Label PC 40GGBS 30FA

fref(MPa) 64.88 53.93 50.00

s 0.46 0.50 0.65

R2 0.95 0.96 0.91
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3.2 � Migration Coefficients
In this study, the migration coefficients of all mixtures 
were determined based on NT Build 492 method (NT 
Build 492, 1999):

where Dnssm_measued is the measured migration coefficient 
(× 10–12 m2/s), U is absolute value of the applied voltage 
(V), T is average value of the initial and final temperature 
in the anolyte solution (°C), L is thickness of the speci-
men (mm), xd is average value of the penetration depths 
(mm), and ttest is test duration (hour).

Figure 3 presents the migration coefficients of all mix-
tures over time. The markers represent mean values, and 
the error bars indicate ± 1 standard deviation. Concrete 
samples with SCMs exhibited significantly lower migra-
tion coefficients than PC concrete, with reductions rang-
ing from 3.1 to 6.7 times. This enhanced resistance to 
chloride transport in SCM concretes is attributed to their 
finer pore structure and the continuous hydration reac-
tions of SCMs (Huang et  al., 2022). A general trend of 
decreasing migration coefficients with time was observed 
across all mixtures. The reductions in migration coeffi-
cients from 180 to 365 days were approximately 62% for 
GGBS concrete, 42% for FA concrete, and 30% for PC 
concrete.

These results highlight the durability advantages of 
SCM concretes in mitigating chloride transport. How-
ever, accurately capturing this phenomenon in com-
putational models remains challenging. For instance, 
the ClinConc model uses migration coefficients at 
180  days to estimate chloride profiles, assuming that 

(3)

Dnssm_measued =
0.0239× (273+ T )× L

(U − 2)× ttest

[

xd − 0.0238

√

(273+ T )× L× xd

U − 2

]

(×10 m2/s)

the coefficient remains constant after this period, with 
reductions in chloride transport attributed primarily to 
chloride binding (Tang 2008). Applying this assumption 
to SCM concretes may result in overestimated chloride 

profiles if aging effects, such as continued hydration and 
pore refinement, are not considered. Conversely, using 
field data with generic aging factors for SCM concretes 
can lead to underestimations, as these factors depend 
on a combination of chloride binding and the prolonged 
hydration processes unique to SCMs. This suggests the 
need for refined modeling approaches to better represent 
the long-term chloride transport behavior in SCM con-
cretes, particularly considering the evolving pore struc-
ture and binding capacity over time.

As described before, the migration coefficient is a criti-
cal parameter for evaluating the transport characteristics 
of concrete and is often used as a performance indicator 
for durability (Kara De Maeijer et  al., 2020). However, 
as demonstrated in the results for concrete containing 
SCMs, relying on migration coefficients measured at an 
early age (typically 28 days) can lead to ambiguous con-
clusions regarding long-term durability. To address this 
limitation, an aging factor should be determined to effec-
tively utilize the migration coefficient as a reliable per-
formance metric. The relationship between migration 
coefficients and time is modeled by the following equa-
tion, as shown in Fig.  3, with the corresponding coeffi-
cients provided in Table 4:

where Dnssm(t) is the predicted migration coefficient at 
age t (days), Dnssm,ref is the migration coefficient at the 
reference age (tref = 28 days), and the exponent n is a con-
stant that indicates the rate of reduction in the migration 
coefficient over time.

Migration coefficients at 28 days for each mixture were 
estimated from the literature (Breugel & Polder, 2009; 

(4)Dnssm(t) = Dnssm,ref

(

tref

t

)n

(m2/s)

Fig. 3  Plots of migration coefficients as a function of concrete age

Table 4  Coefficients for best-fit curves derived from Eq. (4) in 
Fig. 3

Label PC 40GGBS 30FA

Dnssm,ref(m
2/s) 14.13 5.95 14.23

n 0.29 0.31 0.83

R2 0.98 0.98 0.99
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Park et  al., 2016). For example, the coefficient for 30FA 
concrete was higher than those of other mixtures at 
28 days due to the slower hydration associated with FA. 
The aging factors, derived from the model, were calcu-
lated as 0.29 for PC, 0.31 for GGBS, and 0.83 for FA con-
cretes. A higher aging factor corresponds to a more rapid 
reduction in the migration coefficient over time, reflect-
ing the progressive refinement of the pore structure and 
continued hydration in SCM concretes. These findings 
demonstrate that aging factors effectively capture the 
long-term performance benefits of concrete containing 
SCMs, highlighting their ability to improve resistance to 
chloride ingress through sustained hydration processes.

3.3 � Electrical Resistivity
The electrical resistivities of the samples used for the 
compressive strength tests are shown in Fig.  4. As 
expected, the resistivity of PC concrete was generally 
lower than that of SCM concretes, except for 30FA sam-
ples at 28 days. At this early age, the electrical resistivity 
of PC concrete was 75.78 Ω·m, compared to 62.91 Ω·m 
for 30FA concrete. However, after approximately 39 days, 
the resistivity of 30FA concrete surpassed that of PC 
concrete. This change can be attributed to the refine-
ment of the pore structure and the reduction in leaching 
ions, such as Ca2⁺ and OH⁻, resulting from pozzolanic 
reactions during this period, which compensates for 
the initially higher ionic concentration in the pore solu-
tion (Wang & Aslani, 2020). It should be noted that dif-
ferences in the chemical composition of binders and 
the dissolution behavior of ions in concrete can lead to 
significant variations in the ionic concentration of the 
pore solution. In addition, the rate of pozzolanic reac-
tions and the amount of hydration products formed dif-
fer depending on the binder type, resulting in variations 

in the degree of pore structure refinement. Consequently, 
these factors simultaneously influence the resistivity of 
the concrete. This underscores the importance of consid-
ering both pore structure refinement and ion content in 
the pore solution when interpreting resistivity data as a 
performance indicator.

The resistivity of the pore solution was observed to sta-
bilize after 28  days in the NIST model, as illustrated in 
Fig. 5. The resistivity of the pore solution was estimated 
using another model (http://​ciks.​cbt.​nist.​gov/​pores​olnca​
lc.​html) (Bentz, 2007). The input data for this model 
included the degree of hydration and the mixture pro-
portions. The chemical compositions and mixture pro-
portions used in this study are provided in Tables 1 and 
2, respectively.

The degree of hydration at 28 days was estimated using 
a power law model based on the effective water-to-binder 
ratio (w/b) (L. Tang, 1996). For calculating the equiva-
lent w/b, efficiency factors of 0.6 and 0.4 were applied 
for 40GGBS and 30FA, respectively, as per BS EN 206 
(“BS EN 206 Concrete-Specification, performance, pro-
duction, and conformity” 2014). Notably, the impact of 
hydration on pore solution resistivity was relatively neg-
ligible after 28 days (Bu & Weiss, 2014).

As shown in Fig.  4, the rate of increase in electrical 
resistivity slows for PC and 40GGBS concretes during the 
testing period, while 30FA concrete exhibits a continuous 
increase in resistivity. At 365  days, in the classification 
of concrete by corrosion risk in marine environments, 
40GGBS and 30FA concretes fall within the moderate 
corrosion resistance range, whereas PC concrete is classi-
fied as having very low resistance (Table 5).

It is important to note that the values used in this clas-
sification were obtained from field tests, where the con-
crete samples were primarily unsaturated. Since electrical 

Fig. 4  Electrical resistivity responses of concrete types used 
in the compressive strength tests

Fig. 5  Pore solution resistivity variations as a function of concrete 
age (Bentz, 2007)

http://ciks.cbt.nist.gov/poresolncalc.html
http://ciks.cbt.nist.gov/poresolncalc.html
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resistivity is highly sensitive to the moisture content in 
concrete, this factor must be carefully accounted for to 
minimize errors in performance evaluation. Moisture 
content variations can significantly influence resistiv-
ity measurements, underscoring the need for controlled 
testing conditions when assessing the durability of con-
crete in marine or similar environments. However, 
compared to other traditional tests such as RCPT or 
compressive strength, electrical resistivity offers signifi-
cant advantages, including measurement time, repeat-
ability, and non-destructive measurement. Notably, the 
long-term resistivity trends in SCM concretes (30FA, 
40GGBS) demonstrated sustained increases beyond 
28  days due to continued hydration and pore refine-
ment, unlike PC concrete which plateaued. For instance, 
30FA concrete exhibited lower resistivity than PC at 
28 days but surpassed PC values after 39 days, maintain-
ing an upward trajectory through 365  days. These find-
ings confirm that SCMs significantly enhance long-term 
durability, as reflected in higher resistivity and improved 
corrosion resistance.

Figure  6 illustrates the electrical resistivity of con-
crete samples tested using the NT Build 492 method, 
along with a linear regression fit (NT Build 492, 1999). 

The resistivity trends closely mirror those observed in 
the compressive strength tests. Significant increases in 
resistivity were observed for 40GGBS and 30FA con-
cretes over the testing period, whereas PC concrete 
showed only marginal increases. Among the samples, 
30FA concrete exhibited the highest resistivity, fol-
lowed by 40GGBS concrete. It is noteworthy that the 
vacuum saturation procedure with a saturated Ca(OH)2 
solution, as employed in the NT Build 492 test, influ-
ences the electrical resistivity results.

To examine the effect of the saturation process on 
resistivity, comparisons were made between the resis-
tivity of samples saturated with a Ca(OH)2 solution 
and those tested prior to saturation at 365  days. The 
scatter plot in Fig.  7 shows the relationship between 
these conditions, along with an equality line. The data 
reveal that samples saturated with the Ca(OH)2 solu-
tion exhibited lower resistivity than unsaturated sam-
ples. This reduction, ranging from 10.0% to 22.8%, is 
attributed to the enhanced conductivity of the solu-
tion filling the micropores under high pressure during 
saturation (McCarter et al., 2015). These reductions are 
slightly higher than those reported in previous stud-
ies (Spiesz & Brouwers, 2012). The results suggest that 
concrete with higher inherent resistivity experiences 
a greater reduction in resistivity due to the saturation 
process. This behavior can be attributed to the satura-
tion of connected micropores, which are partially or 
fully unsaturated under normal conditions, with the 
conductive solution. Thus, the electrical resistivity of 
concrete is more closely related to chloride transport 
properties (as evidenced by migration test results) than 
to mechanical performance (compressive strength).

The relationship between electrical resistivity and 
curing age can be expressed using the following power 
equation:

where ρ(t) is the predicted electrical resistivity at age 
t (d), ρref is the electrical resistivity at the reference age 
tref (= 28  days), and the exponent m is a constant that 
indicates the increasing rate of the electrical resistivity. 
The electrical resistivity values at 28 days from the com-
pressive strength tests were used as reference values to 
predict the resistivity development for migration tests. 
Best-fitting curves were plotted as regression lines in 
Figs. 4 and 6. The m values were 0.23, 0.39, and 0.77 for 
PC, 40GGBS, and 30FA samples, respectively, in the com-
pressive strength tests, and 0.13, 0.33, and 0.74, respec-
tively, in the migration tests. While the estimated values 
for each mixture are similar due to the same reference 

(5)ρ(t) = ρref

(

t

tref

)m

�m

Table 5  Corrosion resistance clarification with concrete 
resistivity values for marine concrete (Balestra et al., 2019)

Corrosion resistance Resistivity (Ωm)

Very low  < 150

Low 150–200

Moderate 200–550

High 550–800

Very high  > 800

Fig. 6  Electrical resistivity of concrete used in the NT Build 492 test
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resistivity, the results indicate that the saturation pro-
cedure caused lower resistivity values in the migration 
tests. This highlights the impact of the testing process on 
electrical resistivity measurements and emphasizes the 
need for consistency when comparing data across differ-
ent methods.

4 � Discussion
4.1 � Determination of Formation Factor
The formation factor, a dimensionless value, was used in 
this study to evaluate concrete performance and dura-
bility over time. This factor in porous materials such as 
concrete indicates the formation of pore structures by 
eliminating the effect of the pore solution shown in Eq. 6. 
The development of the formation factor beyond 365 
days was calculated for all mixtures using the following 
equation:

where ρ is the measured electrical resistivity, ρf  is the 
resistivity of the pore solution, and F  is the formation 
factor at time t (days). Figure 8 illustrates the changes in 
the formation factor based on the data obtained from the 
compressive strength tests, as these results were compa-
rable to those from the migration tests. The formation 
factor increased continuously over time due to the refine-
ment of pores caused by ongoing hydration. Concrete 
samples containing SCMs exhibited higher formation 
factors, reflecting the development of tortuous and dis-
connected pore structures.

(6)F =
ρ

ρf

The rate of increase in the formation factor for FA 
concrete remained nearly constant throughout the 
experimental period, whereas the rate for other mix-
tures decreased over time. This trend highlights the 
sustained pozzolanic reaction in FA concrete, which 
continued to refine the pore structure even at later 
stages. The results suggest that the refinement of pores, 
driven by ongoing hydration (pozzolanic reactions and 
latent hydraulic properties), significantly reduces ionic 
mobility within the concrete, enhancing resistance to 
ion ingress (e.g., Cl⁻, CO2, and SO4

2⁻) in SCM-based 
concretes. The ranking of the concrete mixtures based 
on the formation factor at 365 days was as follows: FA40 
(5489), GGBS40 (1670), and PC40 (1253). These values 
indicate that FA concrete provides the highest resist-
ance to ionic transport among the tested mixtures. The 
formation factor is intrinsically linked to the resistivity 
of pore water, which is typically estimated using either 
high-pressure extraction methods or computational 
models. However, the extraction method is limited to 
early age concrete (less than 28  days), and modeling 
requires detailed chemical composition data for the 
cementitious materials. These limitations underscore 
the need for further research to enhance the practical 
applicability of electrical resistivity measurements.

Finally, it is essential to note the critical role of con-
crete resistivity in controlling corrosion initiation and 
propagation in reinforced concrete structures. The 
resistivity influences the movement of ions within the 
concrete, which governs the corrosion rate of embed-
ded steel after depassivation. A corrosion current is 

Fig. 7  Comparison of electrical resistivity outcomes of different concrete types before/after saturation
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generated between the anodic and cathodic areas of 
the steel in the electrochemical circuit, and higher con-
crete resistivity effectively reduces this current, thereby 
lowering the corrosion rate. This makes resistivity a key 
parameter in designing durable reinforced concrete 
structures.

4.2 � Electrical Resistivity as a Performance/Durability 
Factor

To establish electrical resistivity as a key indicator of con-
crete performance and durability, its relationship with 
performance factors such as compressive strength and 
migration coefficient was examined. These relationships 
were analyzed using the equations outlined in earlier 
sections.

Traditionally, compressive strength has been used to 
evaluate concrete performance, requiring destructive 
testing through sample crushing. However, electrical 
resistivity offers a non-destructive alternative for evalu-
ating or predicting compressive strength (Ferreira & 
Jalali, 2010; Lübeck et  al., 2012). Two types of models, 
such as empirical and theoretical models, are commonly 
used to describe the relationship between compressive 
strength and electrical resistivity. Empirical models rely 
on regression with time or w/b as independent vari-
ables. Theoretical models incorporate nucleation and 
growth mechanisms of hydration products to predict 

compressive strength. While these models have been 
verified for concrete up to 91 days, the evaluation period 
is often too short to capture the long-term behavior of 
SCM-based concretes.

The relationship between normalized electrical resistiv-
ity and compressive strength is shown in Fig. 9. Electrical 
resistivity was normalized to the pore solution resistivity at 
28 days using the equation:

Fig. 8  Scatter plot of formation factors as a function of concrete curing age

Fig. 9  Plots of compressive strength as a function of normalized 
resistivity
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where ρ is the measured electrical resistivity, ρf ,28 is the 
resistivity of the pore solution at 28 days, and Nρ is the 
normalized electrical resistivity. Equation (7) was derived 
from Eq.  (6) based on the observation that pore solu-
tion resistivity shows minimal variation after 28  days 
(as shown in Fig. 5), allowing the changes in normalized 
electrical resistivity to be primarily attributed to varia-
tions in the pore structure of concrete.

As expected, both compressive strength and normal-
ized resistivity increased for all mixtures. A linear rela-
tionship was observed up to 500 in normalized resistivity 
(corresponding to ~ 40 MPa, ~ 55 MPa, and 65  MPa for 
30FA, 40GGBS, and PC, respectively). This trend indi-
cates that hydration products related to early age strength 
development were forming. Beyond this range, the rate 
of increase slowed, with the 30FA mixture showing con-
tinuous improvement due to pore refinement driven by 
pozzolanic reactions. This relationship can be expressed 
using a following equation:

where f (x) is the compressive strength, fmax is the maxi-
mum compressive strength (= 365 days in this study),x is 
the normalized electrical resistivity ( Nρ) , and a and b are 
fitting coefficients.

The transport properties of concrete are critical for 
assessing its durability. The migration coefficient is a 
key parameter for quantifying transport behavior and is 
widely utilized in predictive models, such as Duracrete 
(Altmann et al., 2012), ClinConc (Tang 2008), and LIFE 
365 (M.Ehlen, 2014). However, determining the migra-
tion coefficient is labor-intensive and destructive. Elec-
trical resistivity, on the other hand, is directly related to 
the pore structure of concrete and offers a simpler, faster, 
and non-destructive alternative. Despite its convenience, 
quantifying electrical resistivity as a transport property 
remains challenging. Establishing a clear relationship 
between electrical resistivity and the migration coeffi-
cient is essential to enhance its practical application for 
concrete durability evaluation.

This study confirmed a strong correlation between 
electrical resistivity and the migration coefficient. Spe-
cifically, low electrical resistivity indicates low resistance 
to chloride ingress. The relationship between electri-
cal resistivity and the migration coefficient is shown in 
Fig. 10. To minimize the influence of pore fluid chemis-
try, all samples in the NT Build 492 test were saturated 
with a Ca(OH)2 solution, enabling a more reliable assess-
ment of the pore structure’s role in electrical resistivity. 

(7)Nρ =
ρ

ρf ,28

(8)f (t) = fmax

(

1− e−axb
)

(MPa)

According to Kurumisawa and Nawa (Kurumisawa & 
Nawa, 2016), the Nernst–Planck equation effectively 
describes the diffusion or migration flux of ions in porous 
materials, further supporting the theoretical basis for 
linking electrical resistivity to transport properties:

where Ji is the flux of the ionic species, Deff  is the effec-
tive diffusion coefficient, Ci is the concentration of the 
ionic species, zi is the valence number of the ionic spe-
cies, R is the gas constant, F  is Faraday’s constant, E is 
the electrical field, and x is the position of the medium. 
This equation can be simplified using two conditions: (1) 
no concentration gradient within a pore medium and (2) 
a large external potential. The flux is then converted into 
electrical resistivity as follows:

where ρ is the bulk electrical resistivity and a is a con-

stant  
(

= RT

z2i F
2Ci

)

.

The relationship between electrical resistivity and the 
migration coefficient can, in theory, be fitted with a single 
line regardless of the binder type, as described by Eq. 10. 
However, data scattering was observed in this study, 
which can be attributed to several factors. First, inconsist-
encies in reference values played a significant role. Elec-
trical resistivity values were derived from compressive 
strength tests, while migration coefficients were obtained 
from the literature at 28 days. Variations in experimental 

(9)Ji = Deff
∂Ci

∂x
+

ziF

RT
Deff Ci

∂E

∂x

(10)ρ =
1

Deff

RT

z2i F
2Ci

= a •
1

Deff

Fig. 10  Plots of migration coefficient as a function of electrical 
resistivity
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conditions and sources may have contributed to discrep-
ancies. Second, the gap between theoretical assump-
tions and experimental results introduced additional 
variability. Equation  10 assumes a uniform distribution 
of specific ions within the sample. However, during the 
NT Build 492 test, the expected “tsunami shape” of the 
chloride penetration front was not observed. Instead, 
nonlinear (S-shaped) chloride profiles were recorded, 
likely due to variations in pore structure and the move-
ment of other ions within the concrete. Finally, meas-
urement limitations contributed to the observed scatter. 
For migration coefficients, the color-change depths were 
manually measured after the NT Build 492 test, which 
introduced potential human error. Similarly, electrical 
resistivity measurements had an approximate tolerance 
range of ± 20%, further adding to the variability.

These factors underscore the challenges in establish-
ing a precise and unified relationship between electrical 
resistivity and migration coefficients. Addressing incon-
sistencies in reference values, refining measurement 
techniques, and further investigating ion dynamics and 
pore structure effects would help bridge the gap between 
theoretical models and experimental observations, 
improving the reliability of these correlations.

In this study, regression analyses performed and con-
firmed strong relationships between resistivity and 
performance factors. Nonetheless, future work should 
incorporate confidence intervals and sensitivity analyses 
to quantify uncertainty and evaluate robustness under 
varying field conditions. In addition, previous studies 
have reported that electrical resistance is sensitive to 
various external environmental influences, such as elec-
trode setup and ambient temperature (Chrisp et al., 2001; 
McCarter et al., 2005). To reduce errors due to these fac-
tors, one should consider applying a temperature correc-
tion to the activation energy and obtaining the formation 
coefficient experimentally or analytically based on the 
electrode arrangement.

On the other hand, the established correlation between 
resistivity and migration coefficients enables integration 
of resistivity measurements into predictive service-life 
models. For example, field resistivity data can inform 
inputs for Duracrete, LIFE-365 or ClincConc, allowing 
performance-based evaluation and maintenance plan-
ning. On-site resistivity measurements using handheld 
probes or embedded sensors could facilitate real-time 
durability monitoring. Threshold resistivity values could 
be implemented in specifications to guide acceptance cri-
teria for sustainable concretes.

5 � Conclusions
This study investigated the use of electrical resistivity as 
a performance and durability factor to evaluate compres-
sive strength and transport properties of concretes with 
different binder types. The results confirmed correla-
tions between electrical resistivity, compressive strength, 
and migration coefficients. Key findings are summarized 
below:

•	 The compressive strengths of PC40, GGBS40, and 
FA40 concretes were evaluated over time. Concrete 
containing pozzolanic materials or latent hydraulic 
binders exhibited slower but continuous strength 
development. Compressive strengths were modeled 
as a function of time and binder types, with the 
parameter values determined as 0.46, 0.50, and 0.65 
for PC40, GGBS40, and FA40 concretes, respec-
tively.

•	 SCM concretes demonstrated lower migration 
coefficients than PC concrete due to their finer 
pore structures resulting from continuous hydra-
tion. Between 180 and 365 days, the largest reduc-
tion (~ 60%) in migration coefficients was observed 
in FA concrete. Aging factors, which represent the 
degree of reduction in migration coefficients, were 
calculated as 0.38, 0.72, and 0.99 for PC, GGBS, and 
FA concretes, respectively.

•	 The formation factor, a dimensionless parameter for 
assessing durability, was evaluated. At 365 days, the 
formation factors were 1253, 1670, and 5489 for PC, 
GGBS, and FA concretes, respectively. Higher forma-
tion factors indicate better performance and durabil-
ity. Considering the chemical composition of con-
crete stabilizes after 28 days, these results underscore 
the enhanced durability of SCM concretes.

•	 Electrical resistivity was used to evaluate compres-
sive strengths and migration coefficients, and cor-
relations were confirmed. However, challenges 
remain due to the influence of various factors on 
electrical resistivity values. To improve the appli-
cability of this method, further investigations are 
necessary to quantify the electrical resistivity of 
the pore solution and reduce the tolerance range of 
electrical measurements.

In conclusion, while electrical resistivity offers sub-
stantial promise for performance-based assessment, 
limitations remain. It is clear that measurements are 
sensitive to moisture content, temperature, and pore 
solution chemistry. Furthermore, electrical resistiv-
ity primarily reflects ionic transport and may not cap-
ture other deterioration mechanism (e.g., freeze–thaw 
and carbonation). Thus, resistivity should complement, 
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not replace, other evaluation methods. Future research 
should focus on developing standardized correction 
protocols, refining pore solution modeling, and validat-
ing field applications through long-term monitoring.
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