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A B S T R A C T

Alkali-activated materials have emerged as a promising substitute for ordinary Portland cement 
(OPC) in various applications. This study explores the use of different monitoring techniques for 
assessing the long-term corrosion behavior of steel in alkali-activated mortars, which remains 
relatively understudied. Three types of alkali-activated mortars (AAMs) were prepared, based on 
fly ash, slag, or metakaolin as the precursor material. The corrosion of embedded steel was 
investigated under wetting and drying cycles with chloride-containing solution for up to one year. 
Two unconventional techniques were used to monitor corrosion: coupled multi-electrode array 
sensors (CMEA) to measure partial currents, and electrical resistance (ER) sensors to track 
thickness reduction. The ER sensors enabled evaluation of general corrosion rates over time, 
while CMEA provided insight into corrosion initiation and its spatiotemporal distribution. In 
addition, the corrosion damage on the embedded steel and sensors was evaluated using X-ray 
computed microtomography (microCT). Distinct corrosion patterns were observed depending on 
the precursor material: severe corrosion in metakaolin-based AAMs, localized pitting in slag- 
based AAMs, and moderate damage in fly ash-based AAMs. The study demonstrates the com
plementary value of CMEA and ER sensors and highlights the challenges of characterizing the 
long-term corrosion processes in these alternative binder systems

1. Introduction

Concrete, renowned as the most prevalent engineering material, owes its popularity to its cost-effectiveness and adaptability across 
various environmental settings. However, the primary component in concrete, ordinary Portland cement (OPC), has been contributing 
a significant 5–8 % of global anthropogenic CO2 emissions every year during its production [1,2]. This environmental concern has led 
to the exploration of alternative cementitious materials, such as blended cements, where OPC is partially replaced with supplementary 
cementitious materials (SCMs), and alkali-activated materials (AAMs), where alkali-activated aluminosilicate precursors serve as a 
complete substitute for OPC [3,4]. The sustainability of these materials is closely connected with the regional availability of SCMs (e.g. 
fly ash, slags, and calcined clays) and the optimal use of alkali activators (e.g. sodium hydroxide) [5]. While AAMs do not entirely 
replace OPC-based concretes, their extensive combinatorial possibilities offer tailored materials with advanced properties for specific 
applications [6–8].

Recent studies have investigated reinforced alkali-activated systems with recycled materials, showing promising mechanical and 
durability performance [9,10]. Additionally, research on fiber-modified recycled aggregate concrete has provided insights into its 
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mechanical behavior and damage evolution under various loading conditions [11,12]. However, the adoption of AAMs in reinforced 
concrete components introduces the possibility of steel corrosion, a primary contributor to reduced structural durability. In con
ventional OPC-based reinforced concrete structures, steel corrosion is primarily driven by concrete carbonation and the ingress of 
chloride ions [2]. The corrosion processes in steel exposed to solid cementitious materials, including AAMs, exhibit distinct charac
teristics. The porous structure of these materials localizes anodic and cathodic sites, affecting electrolyte and oxygen transport within 
the material [13,14]. Consequently, the assessment of corrosion rates in concrete must include information on the corrosion type, i.e., 
whether it is uniform across the surface or localized. Additionally, pore solutions in AAMs differ significantly from those in OPC-based 
concrete due to variations in their chemical composition, mineralogical, and redox properties [15,16]. These distinctions, particularly 
in high-Ca AAMs using blast furnace slags, can significantly impact the detection of steel corrosion processes within AAMs and make 
the interpretation of electrochemical parameters more difficult [15,17]. Nowadays, conventional electrochemical techniques are 
commonly employed to differentiate between the passive and active states of steel embedded in AAMs, and in certain cases also to 
assess the general corrosion rate [18–21]. On the other hand, information about the localization and dynamics of corrosion processes 
are rather limited. In our previous studies [22,23], electrochemical techniques applied in AAM mortars and pore solutions were 
combined with a detailed examination of the steel surface at the end of the experiments. A general correlation between the results 
obtained by the different methods was established, but it also revealed that conventional electrochemical techniques alone cannot 
capture the specific characteristics of localized corrosion.

The aforementioned observations have also been reported in the case of corrosion in OPC-based materials, especially in blended 
cements [14,24,25]. To overcome the deficiencies of conventional electrochemical techniques, various monitoring methods have been 
developed to facilitate the continuous evaluation of corrosion [26]. One of these methods employs electrical resistance (ER) sensors to 
quantify corrosion in terms of the reduction in the thickness of the sensors [27,28]. Its successful application in concrete [29] and 
bentonite [30] has showed its accuracy in evaluating cumulative corrosion damage on metals in porous materials. Another technique, 
using coupled multi-electrode arrays (CMEAs), represents an advancement of the electrochemical noise (EN) technique [31,32]. 
CMEAs enable the separate measurement of anodic (corrosion) and cathodic currents, thus permitting the corrosion pattern to be 
monitored and the corrosion rate assessed over time [33]. In addition to specific corrosion monitoring methods, various microscopic 
techniques and X-ray computed microtomography (microCT) have proven valuable for assessing actual corrosion damage on steel in 
concrete (including AAMs) and validating the results obtained through different corrosion monitoring techniques [22,29,34]. Due to 
the complementary benefits of individual techniques, a combination of conventional electrochemical methods, advanced techniques 
(ER and CMEA sensors), and visual assessment (microCT) has been successfully studied in our previous research on steel corrosion 
processes in specific blended cements [28,35]. It was established that corrosion in the blended cements initiated earlier than in the 
OPC; however, the later evolution of the corrosion rate was generally slower compared to the OPC. Moreover, corrosion in OPC was 
fairly localized, while in the blended cements it tended to be more uniformly distributed.

Based on our experience with OPC-based materials which showed that information on general corrosion rate and overall corrosion 
damage is insufficient for a comprehensive understanding of corrosion processes, a similar approach was used to upgrade our previous 
studies on AAMs. This paper aims to characterize the corrosion processes (initiation and propagation) in AAM mortars composed of 
steel slag, metakaolin, and fly ash, focusing on the assessment of corrosion rates and distinguishing between different corrosion types 
in time. To achieve this, two advanced corrosion monitoring techniques, CMEA and ER sensors, were employed. Additionally, visual 
inspection methods and X-ray computed microtomography (microCT) served as complementary tools to validate the results of long- 
term monitoring.

2. Materials and methods

2.1. Mortar mix-designs

The alkali-activated mortars (AAMs) employed in this investigation were formulated in accordance with the recipe by RILEM TC 
247-DTA [36–39], using three precursor materials: fly-ash (FA8), metakaolin (MK2), and steel slag (S3a-661). The chemical com
positions of all materials, determined by XRF or ICP-OES, along with their basic physical properties (d₅₀, BET surface area, and density), 
are provided in the first RILEM TC 247-DTA publication [36]. The exact same raw materials and original names (FA8, MK2, and 

Table 1 
Components of the mortar mix-designs [22].

Components [g] Mortars

FA8 MK2 S3a-661

Fly ash (V− 378/14) 455.9 - -
Slag (V− 138/15) - - 557.4
Metakaolin (V− 63/15) - 450.0 -
Water glass (V− 25/15) 168.5 - 22.4
Water glass (V− 502/14) - 372.0 -
NaOH (V− 44/15) - 37.8 33.4
NaOH solution 41.7 % (wt.) NaOH + 58.3 % (wt.) H2O 64.4 - -
Tap water 17.7 5.0 232.3
CEN Standard sand (EN 196–1) 1350.0 1350.0 1350.0
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S3a-661) of the RILEM TC 247-DTA mortar mixes and their designations were used in this paper. Mortar was selected over concrete 
due to specimen size limitations imposed by the CMEA and microCT techniques, which required a reduced cover thickness and the 
exclusion of coarse aggregates. Further details of the mix design for these mortars (Table 1) can be found in our previous publications 
[22,23].

2.2. Properties of the steels

In this study, various different specimens were prepared, each designed for the specific monitoring technique employed (Fig. 1). 
Due to the different sizes, geometry, and spatial arrangements of steel, these specimens featured different steel types and shapes, 
including the surface of two B 500B steel reinforcing bars (with diameters of Φ6 mm and Φ14 mm), a cross-section of the steel wire 
(diameter 0.50 mm) used for the coupled multi-electrode array (CMEA) sensors, and the surface of a steel sheet etched into the steel 
conductor of an electrical resistance (ER) sensor.

The chemical composition of all the steels was selected to resemble that of B 500B reinforcing steel, but some variations were 
detected through optical emission spectroscopy using a SpectroMAXx instrument (Spectro Ametek, UK, 2011), especially with respect 
to the concentration of carbon (C), as shown in Table 2. Additionally, microstructural differences were observed, which can be 
attributed to the distinct production processes used for the bars, wire, and sheet. The corrosion properties of steel are influenced by 
several microstructural factors, including the type of surface exposed (e.g. a cross-section vs. the outer surface), the size and shape of 
the steel components (e.g. fine or coarse granular structures [40]), and the presence of surface oxides. The corrosion is also influenced 
by the steel–concrete interface (SCI) [41,42], which is easier to control in CMEA sensors due to their smaller exposed area compared to 
steel bars.

Fig. 1. Configuration of specimens, showing: a) layout of the CMEA sensor before casting, b) specimen with CMEA sensor after casting, c) placement 
of ER sensors and steel reinforcing bars before casting, and d) specimen with ER sensor and steel reinforcing bars after casting. The figure illustrates 
the geometry and scale of the test specimens used for corrosion monitoring.
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2.3. Techniques

This section describes the operation of two unconventional methods for monitoring corrosion, specifically CMEA and ER sensors, 
which were used along with microCT visual assessment.

The CMEA sensor effectively simulates a larger steel surface by combining multiple steel electrodes into a coupled electrode array. 
The coupling currents between individual electrically connected electrodes can then be measured. This configuration allows moni
toring of the spatiotemporal corrosion pattern, including the distribution of anodic and cathodic currents over time. Each coupling 
current is measured using a zero-resistance ammeter (ZRA), ensuring that all sections of the specimen maintain the same electrical 
potential, with no external potentials or currents being imposed.

The use of an ER sensor represents a physical corrosion monitoring technique. These sensors are made of a steel sheet etched into a 
long and thin steel conductor shaped as a Wheatstone bridge, where two resistors are exposed to corrosion, and two resistors are 
protected and act as reference resistors. The Wheatstone bridge design is used to compensate the temperature, as well as any fluc
tuations in the electrical current. The working principle of the ER sensor is to measure the increase in electrical resistance as the cross- 
section is reduced due to corrosion [27]. The measured change in resistance can be converted directly into the average thickness 
reduction and the average corrosion rate across both exposed electrodes. More details on the calculation of thickness reduction and 
corrosion rates can be found in our previous study [43].

2.4. Specimens and exposure

For each of the three AAMs studied, three types of specimen were constructed (Fig. 1). The dimensions and geometries of these 
specimens were tailored to accommodate the characteristics of the corrosion tests, including the incorporation of embedded steel 
electrodes and/ or corrosion sensors. After casting, all mortar specimens were cured within sealed plastic foil for a period of 28 days. 
After curing, all specimens were exposed to alternating wet and dry cycles—initially in a 3.5 % NaCl solution for 10 weeks, then later 
transitioning to deionized water due to the accumulation of chloride on the specimen surface. This adjustment aimed to avoid 
extensive increases in surface chloride concentration and to allow more realistic chloride redistribution into the mortar during sub
sequent wetting and drying cycles.

2.4.1. Coupled multi-electrode array (CMEA) sensors
The first type of specimen was equipped with coupled multi-electrode array (CMEA) sensors (Chapter 2.3. Techniques), as illus

trated in Fig. 1a. In this study, the CMEA sensor was constructed using 25 carbon steel wire electrodes (Chapter 2.2. Properties of the 
steels), each having a diameter of 0.50 mm and a nominal individual electrode surface area of 0.196 mm2 (resulting in an overall 
surface area of 4.9 mm2 for 25 electrodes). The minimum distance between the electrodes was 0.5 mm (center-to-center distance of 
1 mm). These electrodes were organized in a grid of 5 by 5 and encapsulated within epoxy resin. Before casting in mortar, the CMEA 
sensors were abraded using P1200 grit emery paper, followed by ultrasonic cleaning in ethanol and subsequent drying to remove fine 
particles and grease from the exposed electrodes. The AAM cover above the CMEA sensor was 10 mm thick. Each week, the specimens 
were wetted with 1 mL NaCl solution (or deionized water) from the pool atop each specimen, which evaporated in approximately 24 h, 
allowing the specimens to dry for approximately 6 days in each cycle. Measurements spanned several weeks, i.e., 22–37 wet/ dry 
cycles, with most conducted over 30 weeks. The CMEA measurements were conducted using a custom-designed zero resistance 
ammeter which utilized resistors and power supplies capable of detecting a maximum current (I) of 250 μA. Measurements of the 
coupled currents were continuous, while the data acquisition frequency was set at 1 Hz. Prior to connecting each specimen, the in
ternal device offsets for each ammeter were determined and set to zero. The currents measured were presented as current densities (j), 
i.e., the amount of current flowing per unit area of the electrode’s surface.

The real-time current densities (jRT) were graphically presented as the real-time anodic (jcorr) and cathodic (jcath) current densities 
measured at a specific moment during the corrosion process. The anodic current densities (jcorr) represent the positive values of jRT 
measured and can also be referred to as the corrosion current density as they are directly associated with corrosion damage. The cathodic 
current densities (jcath) represent the negative values of jRT measured. The real-time corrosion rates (νcorr) were calculated from the anodic 
(corrosion) current densities (jcorr) according to Eq. 1 [44], using an atomic mass of steel (AM) of 55.1 g, a Faraday constant of F 
= 9.65 × 104 As, a valence of n = 2, and a steel density of ρ = 7.85 g/cm3. 

Table 2 
Chemical composition* of the various carbon steels used in this study.

Steel type Used for C* [wt%] P* [wt%] S* [wt%] Cu* [wt%] N* [wt%] Ceq* [wt%]

Reinforcing bar Φ14 mm Visual analysis 0.15 0.020 0.043 0.40 0.013 0.33
Reinforcing bar Φ6 mm Visual analysis 0.13 0.019 0.016 0.09 - -
Steel sheet ER sensor 0.07 0.011 0.013 0.10 0.009 0.14
Steel wire Φ0.5 mm CMEA sensor 0.87 0.041 0.009 0.02 - -

* According to the EN 10080:2005 standard for weldable reinforcing steel in concrete, the maximum allowable content [wt%] for individual elements is C 
≤ 0.24, S ≤ 0.055, P ≤ 0.055, N ≤ 0.014, and Cu ≤ 0.85. The carbon equivalent (Ceq), which is limited to Ceq ≤ 0.52, is calculated using the formula: Ceq 
= C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15.
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νcorr =
AM • jcorr

n • F • ρ (1) 

The average (local) anodic current density (jcorr-AVERAGE), also referred to as the average (local) corrosion current density, is calculated 
from the jcorr values measured on individual electrodes over the selected exposure time according to Eq. 2, where ttotal represents the 
total time for the interval being calculated, Δti is the time interval between the measurements i and i − 1, and m is the number of 
measurements. The maximum average anodic current density (jcorr-AVERAGE-max) is the average current density on the most anodic 
electrode over the selected exposure time. 

jcorr− AVERAGE =
1

ttotal

∑m

i=1
Δtijcorr− i (2) 

The average corrosion rate (νcorr-AVERAGE) is derived from jcorr-AVERAGE according to Eq. 1 (usingνcorr-AVERAGE instead of νcorr and jcorr- 

AVERAGE instead of jcorr). The average cathodic current density (jcath-AVERAGE) is calculated from the jcath measured on each individual 
electrode over the entire period of exposure.

The general anodic (corrosion) current density (jcorr-GENERAL) is the jcorr-AVERAGE averaged across all of the electrodes over the selected 
exposure time using Eq. 3, where n represents the number of electrodes (in this case n = 25); the general corrosion rate (νcorr-GENERAL) is 
derived from jcorr-GENERAL using Eq. 1 (usingνcorr-GENERAL instead of νcorr and jcorr-GENERAL instead of jcorr) and indicates the general 
corrosion rate over the entire surface of the CMEA sensor (all electrodes), producing a result comparable to those obtained from the 
electrochemical techniques usually used. 

jcorr− GENERAL =
1
n
∑n

i=1
jcorr− AVERAGE− i (3) 

The total corrosion damage depth (D) was calculated by integrating the corrosion rate (νcorr) over a period of time according to Eq. 4, 
or, in the case of the constant corrosion rate (νcorr), according to Eq. 5, where t0 is the starting time of the exposure and D(t) is the total 
corrosion damage at the selected time, t. 

Fig. 2. A CMEA sensor embedded in the FA8 (fly ash) alkali-activated mortar: a) continuous measurements of the ANODIC (positive, jcorr) and 
CATHODIC (negative, jcath) current densities (grey sections = wetting, white sections = drying), b) corrosion damage calculated from the CMEA 
anodic currents (DV) measured, c) corrosion damage measured from the microCT scans, and d) a microCT 3D image of the CMEA following the 
period of exposure.
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D(t) =
∫ t

t0
νcorr(τ)dτ (4) 

D(t) = νcorr(t − t0) (5) 

The spatial resolution of CMEA is determined by the electrode cross-section (lateral) and the accuracy of the ZRA device (depth). 
Assuming uniform corrosion across the electrode surface, the depth resolution can be estimated using Faraday’s law of electrolysis.

The total corrosion damage volume (DV) was calculated using Eq. 6. A simplified cylindrical geometry of the corrosion damage was 
assumed, where S = 0.196 mm2 is the surface of one electrode and D is the total corrosion damage depth.” 

DV = D • S (6) 

Visual analysis of the CMEA sensors embedded in the AAMs was performed before and after the exposure to wet/ dry cycles using X- 
ray computed microtomography (microCT). The scanning was conducted with a Zeiss Xradia microCT-400 device (Xradia, 2012) 
covered by a HE#1 proprietary filter, using a source voltage of 150 kV, a power of 10 W, and a CCD detector with a macro lens. The 
scanning settings were as follows: 8 s exposure time per image, 1601 images per scan, and 1 scan per specimen, resulting in a voxel 
resolution of 9 μm. The microCT data were processed using Avizo Inspect (FEI) and Dragonfly 3D World (Comet/ORS) software. Avizo 
was used to segment the greyscale images in binary images, while Dragonfly was used to subtract and quantify the total corrosion 
damage volume (DV), and to visualize the corrosion damage (e.g., Fig. 2). The following detailed procedure was employed to determine 
the corrosion damage volumes from the CT scans: Initially, the scans of both the undamaged CMEA specimen (before exposure) and the 
damaged CMEA specimen (after exposure) were interactively thresholded using Avizo to segment the metal electrodes from the rest of 
the specimen. Once the threshold value for the first specimen was determined, the same value was used for the other specimens, as the 
reconstructed greyscale images were normalized beforehand using Zeiss own reconstruction software. The binary images resulting 
from the thresholding were exported to Dragonfly. After segmentation, the undamaged electrodes were converted into multi-ROIs 
(regions of interest) using Dragonflies built-in tool, with each electrode treated as a separate entity. Subsequently, the segmented 
metal portion of the damaged CMEA specimen was subtracted from the non-damaged separated multi-ROI electrodes using binary 
subtraction tool, which isolated the volume of electrodes that had corroded over time (DV). The damaged volumes for each electrode 
were exported as CSV files.

2.4.2. Electrical resistance (ER) sensors and steel reinforcing bars
The second set of specimens (Fig. 1b), with dimensions of 360 × 135 × 40 mm, were equipped with electrical resistance (ER) 

sensors [27] (Chapter 2.3. Techniques) and two B 500B steel reinforcing bars with diameters of Φ6 mm and Φ14 mm (Chapter 2.2. 
Properties of the steels). The steel reinforcing bars were only used for visual assessment purposes. The specimens with embedded ER 
sensors and reinforcing steel bars were wetted with 100 mL of 3.5 % NaCl solution (or deionized water) from the pool atop each 
specimen and dried after 1 day, allowing the specimens to dry for approximately 6 days in each cycle. Each measurement protocol 
lasted several weeks, i.e., between 8 and 66 wet/ dry cycles. The measurements were performed both automatically and manually. The 
automatic measurements were continuous, providing a larger amount of data (1 measurement every 10 min), while the manual 
measurements were more discrete, with fewer data points collected over the course of the exposure (approximately 1 measurement 
each week). The electrical resistance of the ER sensors, and consequently their thicknesses, were measured either automatically 
(continuously, with 1 measurement every 10 min) or manually (approximately 1 measurement each week, conducted immediately 
after wetting the specimens).

Visual imaging of the ER sensors embedded in the AAMs was performed at the end of the exposure to wet/ dry cycles using X-ray 
computed microtomography (microCT). The scanning was carried out using a Zeiss Xradia microCT-400 device (Xradia, 2012) with 
the voxel resolution set at 30 μm. The other recording parameters were the same as those used for the CMEA scanning: 150 kV source 
voltage, 10 W power, 8 s exposure time per image, 1601 images per scan, and 1 scan per specimen. The microCT data were processed 
using Avizo Inspect (FEI).

Following the end of the exposure, the corrosion products and any mortar fragments adhered to the steel bars embedded in the 
mortar specimens were dissolved with a solution composed of concentrated HCl mixed with deionized water at a ratio of 50:50 (vol%) 
with 3 g/L C6H12N4 (hexamethylenetetramine). Subsequently, the corrosion damage on the steel bars was examined through visual 
inspection. Visual analysis was employed as a supplementary method to validate the findings from the corrosion measurements, aiding 
in the identification and assessment of the type and severity of corrosion.

3. Results

3.1. Coupled multi-electrode array (CMEA) sensors

The first type of specimen was equipped with a coupled multi-electrode array (CMEA) sensor for monitoring the spatiotemporal 
distribution of anodic and cathodic currents on 25 carbon steel wire electrodes in three types of AAM, based on fly ash (FA8), met
akaolin (MK2), or slag (S3a-661). The total exposure time was between 22 and 37 weeks (30 weeks for the majority of specimens).

3.1.1. CMEA measurements in fly ash-based AAM
Two parallel samples with CMEA sensors installed in the FA8 (fly ash-based) mortar showed very comparable results (Fig. 2 and 
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Supplementary Fig. 1). The anodic and cathodic currents, which were continuously measured on each individual electrode over 28 
weeks (cycles) of exposure, are presented in Fig. 2a as the real-time current densities (jRT) and real-time corrosion rates (νcorr) 
calculated from the real-time anodic (corrosion) current densities (jcorr). Corrosion was observed on only 3 electrodes, indicating 
localized corrosion (Fig. 2b). In both measurements, the average corrosion current densities (jcorr-AVERAGE) were found to be low (up to 
0.4 μA/cm²; electrodes B2 and C3, Fig. 2), corresponding to an average corrosion rate (νcorr-AVERAGE) of 4.6 μm/year. The initial 
(constant) deviations towards anodic behavior (indicating the initiation of corrosion) were recorded in cycle 11 (up to 6 μA/cm²), with 
larger deviations starting in cycle 20 (up to 15 μA/cm², Fig. 2a) and cycle 26 (up to 40 μA/cm²). The cathodic sites with very low 
average cathodic current densities (jcath-AVERAGE) were fairly evenly distributed across all of the electrodes (Fig. 2c). Therefore, very 
low but local anodic processes and more general cathodic processes were measured in this FA8 mortar. Furthermore, no anode 
electrode remained solely anodic throughout the entire exposure period—all electrodes transitioned to the cathodic region at some 
point. This pattern is especially noticeable in the last three weeks of exposure (W27-W29), where the electrodes (B2, D5) with the 
highest average corrosion current densities (jcorr-AVERAGE) simultaneously exhibited the most negative average cathodic current 
densities (jcath-AVERAGE; Fig. 3). This suggests that there is easy access to oxygen and other reactants during the final stages of exposure, 
most likely due to the formation of microcracks in the mortar cover.

A comparison of the corrosion damage calculated from the CMEA currents with the corrosion damage measured by microCT 
showed good agreement for one measurement (Supplementary Fig. 1b-d), while the anodic currents from the second measurement 
(Fig. 2b-d) do not entirely correspond with the microCT analysis for two of the electrodes (B2 and D5). It should be considered that the 
corrosion currents measured were very low, as was the corrosion damage measured with microCT. Any visible damaged features in the 
two electrodes (B2 and D5) were lower than 3-times the microCT scanning resolution, which is generally considered the cutoff size for 
accurate quantification of the results. In the case that corrosion damage occurs equally across the exposed electrode surface, the 
changes will likely not be visible at the microCT resolution given.

3.1.2. CMEA measurements in metakaolin-based AA
A CMEA sensor was also installed in two parallel specimens of the MK2 (metakaolin-based) mortar, showing comparable results for 

Fig. 3. A CMEA sensor embedded in the FA8 (fly ash) alkali-activated mortar: the average anodic current densities (jcorr-AVERAGE, red) and average 
cathodic current densities (jcath-AVERAGE) measured on individual electrodes over each one week cycle throughout the period of exposure. The scale 
was set to a minimum of 0.1 μA/cm², reflecting the widely accepted threshold for corrosion initiation in steel embedded in concrete [45,46].
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both measurements (Fig. 4, Supplementary Fig. 2). Localized corrosion was observed, but it occurred on more electrodes (6) than in the 
FA8 specimens (Fig. 4b). The average anodic (corrosion) current densities (jcorr-AVERAGE) over the entire exposure period was found to 
be low, reaching a maximum of 4.1 μA/cm² (electrode C4). The corresponding maximum νcorr-AVERAGE of 47 μm/year is higher than 
that measured in the FA8 mortar. Deviations towards anodic behavior (indicating the initiation of corrosion) were measured in the 
seventh wetting cycle (values of up to 9 μA/cm², Fig. 4a). Larger, very local deviations (up to 50 μA/cm²) started in cycle twelve, 
mostly on electrode B2. Towards the end of the exposure (cycles 26–29, up to 150 μA/cm²) the corrosion behavior represents a 
combination of localized and uniform corrosion, with the anodic activity beginning on one electrode and then spreading to the 
neighboring electrodes over the following weeks, while the initially active electrode remains anodic for an additional week or two. 
Unlike in the FA8 specimen, all of the electrodes were cathodic at least at some point during the exposure, as the lowest jcath-AVERAGE is 
0.1 μA/cm², while the most negative jcath-AVERAGE values were very localized on several individual electrodes, namely A4, B4, and B2 
(Fig. 4c). Although cathodic processes were also measured on most of the anodic electrodes (Fig. 5), up until Week 26 of the exposure 
the highest jcath-AVERAGE values are measured on different electrodes than those exhibiting the highest jcorr-AVERAGE. The most anodic 
electrode from Week 13 (B2) slowly fades and becomes the most cathodic electrode in Week 26. It could be assumed that, during 
anodic periods, voluminous corrosion products were formed, thus changing the steel-mortar interface (e.g. the development of cracks 
or crevices) and enabling access to oxygen.

A comparison of the corrosion damage calculated from the CMEA currents with the corrosion damage measured by microCT 
(Fig. 4b-d, Supplementary Fig. 2b-d) shows very good agreement in both measurements. The absence of high anodic currents until 
Week 26 (Fig. 5) on some of the most corroded electrodes C4 and C5 (Fig. 4d) suggests that the most severe corrosion damage on these 
electrodes occurred only during the last three weeks of exposure. The damage observed on the B2 electrode, however, is the result of 
longer term (W8-W26) anodic processes on this electrode.

3.1.3. CMEA measurements in slag-based AAM
Measurements on the CMEA sensors installed in two parallel specimens made of S3a-661 (slag-based) mortar were comparable in 

terms of the corrosion location and the current density values (Fig. 6, Supplementary Fig. 3). In both measurements, localized average 
anodic currents were observed, with 5 electrodes having a higher average anodic current density (jcorr-AVERAGE), similar to that seen in 

Fig. 4. A CMEA sensor embedded in the MK2 (metakaolin) alkali-activated mortar: a) continuous measurements of the ANODIC (positive, jcorr) and 
CATHODIC (negative, jcath) current densities (grey sections = wetting, white sections = drying), b) corrosion damage calculated from the CMEA 
anodic currents (DV) measured, c) corrosion damage measured from the microCT scans, and d) a microCT 3D image of the CMEA following the 
period of exposure.
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the MK2 specimens (Fig. 6). The average anodic current densities (jcorr-AVERAGE) measured throughout the entire period of exposure 
were low, being comparable to those of the MK2 specimens, with values of up to 4.0 μA/cm² (some jcorr-AVERAGE values in Supple
mentary Fig. 3 were slightly higher due to slight crevice corrosion), corresponding to a maximum νcorr-AVEARGE of 46 μm/year. In both 
measurements, initial deviations towards anodic behavior (up to 15 μA/cm², indicating the initiation of corrosion) were recorded as 
early as cycle 1, with similar levels then shown in each subsequent cycle. Larger deviations began after cycle 12, with higher deviations 
of up to 100 μA/cm². Cathodic sites were distributed across all the electrodes, with individual electrodes showing slightly more 
negative average cathodic current densities (jcath-AVERAGE), as shown in Fig. 6c. At the beginning of the exposure (Fig. 7), the most 
negative jcath-AVERAGE values were typically measured on the same as those exhibiting the highest jcorr-AVERAGE or on their neighboring 
electrodes. The most anodic electrode from Week 1 (A1) gradually becomes the most cathodic electrode (as with B2 in the MK2 
mortar), while electrodes C3, B2, and B5 change between anodic and cathodic behavior throughout the exposure.

A comparison of the corrosion damage calculated from the CMEA currents (volume in μm3) with the corrosion damage measured by 
microCT (Fig. 6b-d) showed good agreement in certain locations. However, on the electrodes with crevice corrosion, shown in Sup
plementary Fig. 3b-d, the numerical values of the actual damage observed by microCT were higher than those measured from the 
CMEA currents.

3.2. Electrical resistance (ER) sensors and steel reinforcing bars

The second set of specimens were equipped with electrical resistance (ER) sensors, with the reduction in their cross-section 
measured to reflect the extent of corrosion (Fig. 8). Two B 500B steel reinforcing bars with diameters of Φ6 mm and Φ14 mm were 
embedded in the same specimens merely for the purpose of visual assessment.

The results of the measurements from the ER sensors show that the best corrosion performance was exhibited by the steel in the S3a- 
661 (slag-based) mortar—one of the ER sensors showed no loss in thickness during its 66 weeks of exposure to wet/ dry conditions, 
while the other one only started to corrode towards the end of the exposure, when it experienced an instant loss in thickness after 4 

Fig. 5. A CMEA sensor embedded in the MK2 (metakaolin) alkali-activated mortar: average anodic current densities (jcorr-AVERAGE, red) and average 
cathodic current densities (jcath-AVERAGE) measured on individual electrodes over each one week cycle throughout the period of exposure. The scale 
was set to a minimum of 0.1 μA/cm², reflecting the widely accepted threshold for corrosion initiation in steel embedded in concrete [45,46].
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weeks of mild thinning (Fig. 8a). This result is supported by the microCT image, which shows no visible damage on the first ER sensor 
and only very local corrosion damage on the second sensor (Fig. 8b). To a certain extent, the ER sensor measurements align with the 
actual damage to the reinforcement (Fig. 8c). However, the reinforcement exhibits more severe corrosion damage than that observed 
on the ER sensors, with dense pitting and some areas showing a significant depth of damage. This discrepancy indicates that the ER 
sensor and reinforcement might be exhibiting different corrosion rates, which could be influenced by differences in the steel properties 
[47,48].

The most aggressive corrosive environment for the ER sensor was in the MK2 (metakaolin-based) mortar. Rapid thinning was 
observed on both of the ER sensors (Fig. 8a), with them becoming completely corroded in either 9 or 20 weeks, indicating the 
extremely localized corrosion damage. MicroCT imaging (Fig. 8b) confirmed this finding, revealing severe corrosion damage at 
multiple points on the sensor, appearing as pitting corrosion. This extensive sensor damage corresponds to the condition of the 
reinforcement bars (Fig. 8c), where the local corrosion damage is deep and sparsely distributed. Additionally, a reduction in the bar 
diameter was measured, indicating general corrosion around the locally damaged areas.

The thinning of the ER sensors measured in the FA8 (fly ash-based) mortar was uniform up to Week 62 or 35, after which a sudden 
drop in thickness was measured (Fig. 8a). This sudden change aligns well with observations of the microCT images of the ER sensors 
(Fig. 8b), which show damage across the entire surface, but also show more severe localized corrosion damage. The actual damage to 
the reinforcement can be well correlated with the ER sensor measurements, which show a mixed pattern of corrosion damage (Fig. 8c). 
Some regions exhibit isolated patches of minor local corrosion, while others showing more general corrosion.

4. Discussion

4.1. Coupled multi-electrode array (CMEA) sensors

A comparative analysis of the CMEA measurements in the FA8, MK2, and S3a-661 mortars confirmed the capability of this 
technique to monitor corrosion behavior and its dynamic electrochemical activity, including corrosion initiation, propagation, and 
current distribution (Fig. 2a, Fig. 4a, and Fig. 6a). MicroCT scans of the CMEA sensors confirmed good spatial agreement with the 

Fig. 6. A CMEA sensor embedded in S3a-661 (slag) alkali-activated mortar: a) continuous measurements of the ANODIC (positive, jcorr) and 
CATHODIC (negative, jcath) current densities (grey sections = wetting, white sections = drying), b) corrosion damage calculated from the CMEA 
anodic currents (DV), c) corrosion damage measured from the microCT scans, and d) a microCT 3D image of the CMEA following the period 
of exposure.
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estimated corrosion damage (Fig. 2b-d, Fig. 4b-d, and Fig. 6b-d). Certain discrepancies noted at low damage levels probably originated 
from the microCT resolution.

When using conventional electrochemical techniques, specific parameters (e.g., current, polarization resistance) are typically 
estimated over the entire surface of the working electrode. A similar methodology can be applied to CMEA measurements to enable 
comparison with other techniques. Fig. 9a shows the general anodic (corrosion) current densities (jcorr-GENERAL) calculated for each 
week of exposure, where the total anodic current was divided by the total surface area of all 25 electrodes. It can be seen that the 
general current densities in MK2 and S3a-661 mortars increased after week 10. Thereafter, the general current density in S3a-661 
mortar remained relatively stable, but showed distinct fluctuations. (i.e., large variations between weekly values). In contrast, the 
average current density in MK2 mortar increased significantly after week 25. The lowest general current density was observed in the 
FA8 mortar, although a continuous increase over time was observed.

The highest local corrosion rates for each week were obtained by identifying the most anodic electrode during that week (jcorr- 

AVERAGE-max) and calculating its corrosion rate (Fig. 9b). Localized corrosion rates were approximately one order of magnitude higher 
than the general rates. While the overall trends remained mostly similar, fluctuations in localized rates were particularly noticeable in 
the S3a-661 mortar.

To assess the localization of the corrosion processes from the CMEA measurements, the corrosion localization index (CLI, Eq. 7) was 
introduced [35]. This is defined as the ratio of the maximum average anodic current density (jcorr-AVERAGE-max) to the general anodic 
(corrosion) current density (jcorr-GENERAL). An index value of 1 indicates uniform distribution of general corrosion across all of the 
electrodes, while a ratio of 25 signifies highly localized corrosion, where only one electrode corroded. The distribution of CLI values in 
the individual AAMs throughout the whole period of exposure is presented in Table 3. 

CLI =
jcorr− AVEARGE− max

jcorr− GENERAL
(7) 

The estimated CLI showed more general corrosion for FA8 mortar compared to MK2 and S3a-661 (up to 13), becoming more local 
only in the last 3 weeks of exposure (CLI 19). The CMEA sensor in MK2 mortar experienced rather local corrosion (a CLI of up to 23.4) 

Fig. 7. A CMEA sensor embedded in S3a-661 (slag) alkali-activated mortar: the average anodic current densities (jcorr-AVERAGE, red) and average 
cathodic current densities (jcath-AVERAGE) measured on individual electrodes over each one week cycle of the period of exposure. The scale was set to 
a minimum of 0.1 μA/cm², reflecting the widely accepted threshold for corrosion initiation in steel embedded in concrete [45,46].
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in the earlier period but became more general toward the end of the exposure (CLI 12). The most localized corrosion, both at the 
beginning and later in the exposure period, was observed in the S3a-661 mortar (CLI 20.6). However, indications of more general 
corrosion also appeared over time (CLI 13–14), as shown in Table 3.

The observed fluctuations in corrosion current densities, particularly in the later stages of exposure (Figs. 2a, 4a and 6a), are 
attributed to changes in oxygen availability and conductivity during wet–dry cycles, further intensified by the progressive accumu
lation of chlorides [26,27]. In all of the mortars the anodic current was limited to a few electrodes, while the cathodic current was more 
widely distributed across the electrodes. A common feature is also the dynamic nature of the anodic activity—an electrode may act as 
an anode for several cycles before its activity diminishes or even shifts to cathodic behavior, while another electrode becomes anodic. 
Initially, these anodic shifts occurred over periods of 5–10 weeks, but the transitions accelerated over time. With a longer exposure, 
these transitions are expected to occur more rapidly, what may finally lead to fairly general corrosion damage across all of the 
electrodes. These transitions between anodic and cathodic states were observed in all three mortars, particularly during the later stages 
of exposure. This suggests that the passive film on the electrodes deteriorated, while cracks formed (whether due to corrosion products 
or mortar degradation), thus accelerating the transport processes.

Fig. 8. a) Thickness reduction of the ER sensors embedded in different AAMs, b) microCT scans of the corresponding ER sensors with the red regions 
indicating perforating corrosion, and c) steel bars embedded in the same AAM specimens (the parts with the most severe typical damage 
are presented).
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4.2. Electrical resistance (ER) sensors and steel reinforcing bars

The results confirmed the use of ER sensors as an effective method for corrosion monitoring also in AAM mortars. The sensors 
reliably detected corrosion initiation and assessed the general corrosion rate. It was revealed that the typical exponential behavior of 
the corrosion rate over time indicates the growth of one or more pits [49]. Although, in this sense, differentiation between general and 
localized corrosion can be made, this is not possible until the ER sensor undergoes a significant reduction in its cross-section.

It is evident that the corrosion rate of one of the sensors in the FA8 mortar (FA8_1) was fairly constant, while this was not entirely 
true for the FA8_2 sensor (Fig. 8a). It can therefore be concluded that the corrosion of FA8_1 was predominantly general, whereas with 
FA8_2 localized corrosion was also present. The corrosion rate in the MK2 mortar increased exponentially in both ER sensors, and a 
significant shift appeared just after either 9 or 19 weeks after the start of the exposure (Fig. 8a). Such responses in the ER sensors 
indicated intense localized corrosion (MK2_1 corroded more severely than MK2_2). In the S3a-661 mortar, one sensor (S3a-661_1) 
showed no corrosion throughout the whole period of exposure, whereas S3a-661_2 started to corrode in the latter stages of the 
exposure (after 42 weeks; Fig. 8a). Although the general corrosion rate was mild, a major shift developed in a very short time. Based on 
these responses, it can be concluded that, in the S3a-661 mortar, only one or very few pits were generated in a very short time, in a 
mainly passive environment. A similar process might have occurred on the S3a-661_2 sensor as well, but the exposure duration was 
likely too short to affect the electrical resistance of the sensor. In all cases, the microCT scans of the ER sensors were in agreement with 
the measurements.

The reinforcement embedded in the AAM mortars showed a mixed pattern of corrosion damage, with some areas exhibiting in
dividual pits and others more general corrosion (Fig. 8c). The actual damage on the reinforcement can be roughly correlated to the ER 
sensor measurements, although some differences could also be observed. These differences could be attributed to the predominantly 
localized corrosion, which cannot be measured by ER sensors during the initiation phase. Estimated parameters of the damage on 
specific reinforcements are presented in Table 4. In the FA8 (fly ash) mortar the reinforcement exhibited mild general corrosion, in 
combination with minor localized corrosion. The MK2 (metakaolin) mortar represents the worst corrosion environment in terms of 
both aspects, exhibiting the highest general corrosion and significant localized corrosion, as well as the largest areas either heavily 
(depths >0.5 mm) or mildly corroded. The S3a-661 (slag) mortar exhibited the best resistance to general corrosion, but the 

Fig. 9. a) General corrosion (anodic) current densities (jcorr-GENERAL) and calculated general corrosion rates (νcorr-GENERAL) across all 25 electrodes, 
averaged for each week; (b) the highest local (anodic) current densities (jcorr-AVERAGE-max) and calculated highest local corrosion rates (νcorr-AVERAGE- 

max), averaged for each week.

Table 3 
Corrosion Localization Index (CLI) distribution at 3-week intervals over the entire exposure period.
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reinforcement suffered from rather deep pits.

4.3. Comparison of results

Although some differences were observed between the implemented techniques, the results were largely compatible and provided a 
comprehensive picture of the corrosion processes. The ER sensors offered reliable data on general corrosion rates over time. Dis
crepancies between the estimated cumulative corrosion damage measured by ER sensor and the actual damage observed in rebars 
embedded in AAM mortars were primarily attributed to localized corrosion. Unlike ER sensors, which are relatively insensitive to 
pitting corrosion until the pit dimensions significantly affect the sensor’s cross-section, the CMEA technique was capable of detecting 
corrosion initiation and the spatial distribution of anodic and cathodic sites, making it more suitable for monitoring localized 
corrosion. In addition to the differing characteristics of the ER and CMEA techniques, which undoubtedly contributed to some vari
ability in the results, the disparity in experimental duration (66 weeks vs. 29 weeks) likely introduced further differences. Never
theless, both sets of results clearly demonstrated the evolving nature of the corrosion processes—not only in terms of general corrosion 
rates but also with respect to the type of corrosion observed—thus making direct comparison through extrapolation questionable.

One possible source of the discrepancies between the results is the difference in surface conditions between the CMEA and the ER 
sensors (polished and etched surfaces) compared to the reinforcement (as-received surface conditions with an oxide layer). It was 
found that the steel microstructure can affect not only the initiation of corrosion but to some extent, the corrosion rate [47,48]. Ac
cording to our previous study [23], these differences can be even more pronounced when comparing the corrosion in pore solutions 
and solid mortars, with the effect being more evident in an AAM environment than in OPC materials. However, the main differences 
are likely related to the steel–concrete interface (SCI), which is also influenced by surface conditions. While the SCI has been shown to 
play a key role in the initiation and evolution of corrosion processes in cementitious materials [41,42,50], it remains largely unstudied 
in AAM mortars. In any case, due to inherent differences in structure and dimensions, working electrodes and corrosion sensors used in 
tests can never fully replicate the conditions of real reinforcing steel, and such discrepancies cannot be entirely avoided.

As mentioned in the Introduction, several studies on steel corrosion in AAMs have been published [18–21], but they typically do not 
address the relationship between electrochemical parameters and the specific corrosion characteristics (type and evolution) [18,19]
discussed in this study. However, our findings suggest that the complexity of the problem, particularly the non-stationary spatio
temporal nature of the corrosion processes, may be even greater in AAMs than in conventional cementitious materials. As a result, 
wider generalization of the obtained results was not possible. Nevertheless, these findings could serve as a foundation for future 
research, focusing on the spatiotemporal characteristics of corrosion in closer relation to the structural and chemical properties of 
individual AAMs. To address this, narrowing the selection of AAM mortars and prolonging the exposure period could be a reasonable 
approach for future studies.

5. Conclusions

The findings of this study provide valuable insights into the corrosion behavior of steel embedded in various alkali-activated 
mortars (AAMs) based on fly ash (FA8), metakaolin (MK2), and slag (S3a-661). Two advanced corrosion monitoring techniques, 
coupled multi-electrode array (CMEA) and electrical resistance (ER) sensors, were employed for long-term monitoring. The results 
obtained from these techniques were complemented by a damage assessment using X-ray computed microtomography (microCT) 
imaging. The following conclusions were drawn: 

- In the fly ash-based AAM mortar (FA8), mild general corrosion was found with pitting corrosion in certain areas. The metakaolin- 
based AAM mortar (MK2) induced the worst corrosion damage, which consisted of intensive general corrosion as well as significant 
localized corrosion. In the slag-based AAM mortar (S3a-661) only minor overall corrosion was observed; however, some deep pits 
were detected, indicating the highest maximum local corrosion rate.

- In addition to indicating the initiation time, the measurements with ER sensors provided reliable information on general corrosion 
rates over time. Based on the evolution of these corrosion rates, the type of corrosion (local vs. general) was also determined.

Table 4 
Estimation of the corrosion damage on steel rebars (Φ14) exposed to different AAM mortars for up to 67 weeks.
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- The CMEA method effectively measured corrosion initiation and spatiotemporal distribution of the anodic and cathodic sites. In all 
of the mortars, the anodic (corrosion) current was limited to a few electrodes, while the cathodic current was more widely 
distributed among the electrodes. The highest corrosion rate, as well as the highest cumulative amount of corrosion damage, was 
detected in the metakaolin-based AAM mortar (MK2). Intensive localized corrosion processes were also observed in the slag-based 
AAM mortar (S3a-661), while the CMEA measurements in the fly ash-based AAM mortar (FA8) indicated moderate corrosion 
activity.

Based on the compatible results obtained using advanced techniques (CMEA and ER sensors), this study provided valuable insights 
into steel corrosion in selected alkali-activated materials (AAMs). The findings highlight the complexity of corrosion processes, 
particularly their dynamic behavior over time and space. Differences in corrosion mechanisms between various AAM systems appear to 
be even more pronounced than those observed in blended cements, indicating that corrosion behavior cannot be generalized across all 
AAMs. Future research should therefore closely link the temporal and spatial characteristics of corrosion processes to the specific 
structural and chemical properties of each AAM formulation. A long-term experimental approach is also considered essential to fully 
capture the evolving nature of corrosion in these systems.
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Glossary

AAM: alkali-activated material/mortar
CLI: corrosion localization index
CMEA sensor: coupled multi-electrode array sensor
D: total corrosion damage depth
DV: total corrosion damage volume
EN: electrochemical noise
ER sensor: electrical resistance sensor
FA: fly-ash
FA8: fly-ash based AAM
jcath: real-time cathodic current density
jcath-AVERAGE: average cathodic current density
jcorr: real-time anodic current density
jcorr-AVERAGE: average (local) anodic current density
jcorr-AVERAGE-max: maximum average anodic current density
jcorr-GENERAL: general anodic (corrosion) current density
jRT: real-time current density
microCT: X-ray computed microtomography
MK: metakaolin
MK2: metakaolin based AAM
νcorr: real-time corrosion rate
νcorr-AVERAGE: average corrosion rate
νcorr-AVERAGE-max: highest average (local) corrosion rate
νcorr-GENERAL: general corrosion rate
OPC: ordinary Portland cement
S3a-661: steel slag based AAM
SCM: supplementary cementitious material
ZRA: zero-resistance ammeter
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