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A B S T R A C T   

Innovative solutions are needed to improve the durability of concrete structures in marine environment. 
Bacteria-based agents (BAS) and crystalline admixtures (CA) are explored as healing agents to enhance chloride 
resistance and prevent corrosion. Healing of 100 μm and 300 μm wide cracks was investigated, in combination 
with two conditioning methods. Either the samples were subjected to wet/dry cycles for 3 months before 
exposure (“healed”), or they were directly exposed to artificial seawater after crack creation (“unhealed”). After 
12 months of submersion, BAS reduced chloride ingress even in the presence of cracks but showed limitations in 
preventing corrosion in cracked samples. In contrast, the CA series demonstrated a reduction in chloride ingress 
in both uncracked and cracked concrete and effectively prevented reinforcement corrosion in healed samples and 
samples with cracks of 100 μm. This highlights the potential of customized self-healing solutions to improve 
concrete durability in marine environments.   

1. Introduction 

The durability of concrete structures in marine environments has 
always been a major concern. The combination of chloride and sulfate 
ions in seawater can trigger various degradation mechanisms (Alex
ander et al., 2013), such as the formation of concrete cracks and rein
forcement corrosion, which can undermine the structural integrity of 
marine structures such as offshore installations, piers, bridges, and 
tunnels (Cappellesso et al., 2023a). Researchers and experts have 
emphasized the profound impact of seawater on concrete durability 
(Maes, 2015; Kušter Marić et al., 2020; Santhanam and Otieno, 2016; De 
Weerdt et al., 2014). However, the complex interplay of environmental 
factors further complicates this scenario. Concrete structures in marine 
environments are susceptible to deterioration mechanisms depending on 
exposure zones. Airborne chlorides instigate chloride-induced corro
sion, predominantly observed in atmospheric environments. 
Conversely, in splash or tidal zones, processes such as diffusion, sorp
tion, and permeation exert notable influences. In fully submerged con
ditions, impermeability becomes paramount, given the pivotal roles of 

factors such as permeation and diffusion. Seawater contains various ions 
and compounds that can react with concrete components under certain 
conditions. For instance, magnesium ions (Mg2⁺) in seawater can react 
with calcium hydroxide (Ca(OH)₂) in concrete to form brucite (Mg 
(OH)₂). Similarly, calcium ions (Ca2⁺) can react with carbonate ions 
(CO₃2⁻) in seawater to form aragonite (CaCO₃). Seawater salinity varies 
(Yi et al., 2020), but chloride ions are prevalent, in addition to sulfates 
coming from MgSO4 (Biczok, 1967; Mehta et al., 1999). Deterioration 
also depends on multiple environmental factors. Seawater can react with 
concrete resulting in a double layer of gypsum and brucite. Dissolved 
CO2 in seawater can form a layer of aragonite acting as a temporary 
barrier to seawater ingress (De Weerdt et al., 2014). The combination of 
gypsum with calcium aluminates can create ettringite, mitigating con
crete damage (Mehta, 1991). Yet, this is influenced by chloride binding 
which can reduce ettringite formation by reducing the availability of 
calcium aluminates (Verbeck, 1975). 

The diffusion of chlorides initially decreases when there is a higher 
amount of sulfate present (Wu et al., 2020). This is because the reaction 
products related to sulfate attack, such as gypsum and ettringite, are 
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more voluminous and obstruct the pore network (Ramezanianpour 
et al., 2021). However, in the final stage, the diffusion of chlorides in the 
presence of sulfates increases again because the continued growth of the 
expansive reaction products, caused by sulfate attack, leads to crack 
formation. Studies have confirmed that when there is a combined 
sulfate-chloride attack, the damage is aggravated because the cracking 
process becomes increasingly severe and opens paths for chloride ion 
penetration (Zhao et al., 2020). According to Kušter Marić et al. (Kušter 
Marić et al., 2020), cracks larger than 100 μm can significantly decrease 
the time for depassivation, regardless of the thickness of the cover zone. 
Corrosion caused by marine exposure is worsened in case of wider cracks 
varying from 250 to 500 μm, according to Montes et al. (2004). Otieno 
et al. (2016) found that thick concrete covers can prevent corrosion in 
narrow cracks. However, for wider crack widths of 400–700 μm, the 
cover thickness has little effect. Lopez-Calvo et al. (2018) observed that 
the risk of corrosion increased with increasing crack width in a simu
lated marine tidal condition, but this risk can be reduced by increasing 
the cover thickness. Du et al. (2020) discovered that it takes 700 days to 
initiate corrosion in cracked samples with a crack width of 100 μm, 
while this was reduced to 460 days for cracks of 300 μm. Lv et al. (2021) 
found that even cracks around 50 μm wide become rich in chloride ions, 
leading to small additional cracks in the surrounding matrix. 

Self-healing technologies have emerged as a promising solution to 
combat this degradation and extend the service life of marine concrete 
structures (Cappellesso et al., 2023a). Self-healing is gaining traction as 
a solution to the challenges of sustainable infrastructure (Li and Herbert, 
2012; De Belie et al., 2019). This approach involves incorporating 
healing agents into concrete to give the matrix self-repair capabilities, 
reducing the impact of cracks, and preventing corrosion (Palin et al., 
2017; Cappellesso et al., 2023b; Erşan et al., 2018), making it ideal for 
concrete structures in marine environments. Academic research often 
focuses on the effects of one single aggressive agent, but only a few 
studies have examined the impact of combined attacks (Lv et al., 2021; 
Zhang et al., 2023; Wu et al., 2023; Khan et al., 2021a, 2021b; Zhan 
et al., 2022) on self-healing concrete. Studies were conducted to inves
tigate the self-healing capacity of UHPC made with different types of 
cement (CEM I and CEM III) with crystalline admixture (CA), along with 
specific nano-additions (alumina nanofibers and cellulose nanocrystals 
and nanofibrils) (Cuenca et al., 2021a, 2021b; Lo Monte and Ferrara, 
2020). The concrete was exposed to natural geothermal water contain
ing chlorides and sulfates, with tests performed in permanent immersion 
and wet/dry cycles up to six months. Results showed that UHPC made 
with CEM III showed better self-healing performance than UHPC with 
CEM I, although the differences were less significant upon multiple 
re-cracking and for longer exposure times. Xue (2022a) found that the 
type of CA used in concrete exposed to seawater affects its self-healing 
performance. Seawater reduces chloride ingress due to brucite precipi
tation in cracks (Xue, 2022b). He et al. (2020) incorporated a 
non-commercial CA into mortar exposed to seawater and achieved 
complete healing of cracks up to 350 μm, while exposure to freshwater 
only resulted in healing of cracks up to 240 μm. Brucite and calcium 
carbonate were identified as healing products in the cracks (He et al., 
2020). When using bacteria-based self-healing concrete, it is important 
to select bacteria that can survive in seawater. Palin et al. (2017) 
developed a bacteria-based self-healing cementitious composite for 
low-temperature (8 ◦C) marine environments. The agent can heal 95% 
of 400 μm wide cracks and 93% of 600 μm wide cracks (Palin et al., 
2017). Khan et al. (2021a) used spores of Sporosarcina halophila bacteria, 
calcium lactate, and expanded perlite aggregate as the carrier in mortar 
exposed to submerged and tidal marine environments for 90 days. 
Bacteria, water, and oxygen led to aragonite and brucite formation, 
resulting in 50% crack closure for cracks up to 800 μm (Khan et al., 
2021a). In a similar study the same authors. Khan et al. (2021b) 
considered another type of bacteria, Halobacillus halophilus, which lead 
to aragonite and brucite formation improving by 17% the autonomous 
healing of concrete under both submerged and tidal marine conditions. 

Zhan et al. (2022) prepared pastes with Bacillus mucilaginosus bacteria to 
be tested under simulated marine condition considering 500 μm-wide 
cracks. The authors identified healing products in the crack by μCT, 
showing no uniform distribution but rather a range of healing ratios 
between 50% and 95% depending on the section analysed (Zhan et al., 
2022). Most studies focus on mesoscale analysis, involving experiments 
with pastes or mortar. However, there is a noticeable gap in the litera
ture regarding macroscale analysis, which involves concrete samples. 

This paper presents a new approach to the use of self-healing con
crete in marine environments. It examines the effectiveness of two 
commercial healing agents - a bacteria-based (BAS) and a crystalline 
admixture agent (CA) - in pre-cracked concrete specimens with two 
different crack widths (100 μm and 300 μm). These specimens were 
exposed to simulated marine conditions for one year, which included 
most common salts found in seawater to make the results more realistic. 
Unlike most literature on the subject, this study prioritizes durability 
over visual examination of crack closure. Chloride penetration, mass 
change, corrosion, and microanalysis were performed to obtain more 
accurate results. By investigating the impacts of sulfate and chloride ion 
ingress, along with other degradation factors, this research provides 
valuable insights into the durability of self-healing concrete in chal
lenging marine environments. 

2. Materials and methods 

2.1. Materials 

The applied cement type was Portland cement CEM I 52.5 N. The 
company Holcim Group provided the chemical composition presented in 
Table 1. The fine aggregate used was a sand with grading between 0 and 
4 mm, where the estimated fineness modulus amounted to 2.92. For the 
coarse aggregates rounded gravel was used with a grading between 2 
and 8 mm. A pure limestone filler was considered with 0.99 g of CaCO3 
for every gram of limestone filler. The particle size distributions of fine 
and coarse aggregates together with the limestone filler are shown in 
Figure S1 (Supplementary material). A liquid superplasticizer was used 
(MasterGlenium 27, Master Builders Solutions) that has a density of 
1.05 g/cm3, a pH of 7, and a solid content of 20%. 

The crystalline admixture (CA), named Penetron ADMIX, was pro
vided by Penetron, Italy. It is a commercially available agent with 
waterproofing features combined with a self-healing ability defined as 
permeability-reducing admixture for hydrostatic conditions (PRAH) by 
ACI 212 (2016). The composition consists primarily of Portland cement 
and chemicals (65–80%), along with CTS-15-1 (10–30%) and CTS-15-2 
(5–10%). Additionally, it includes calcium magnesium hydroxide 
(1.5–6%), calcium magnesium hydroxide oxide (1.5–6%), and calcium 
hydroxide (1.0–2%). The compounds CTS-15-1 and CTS-15-2 are kept as 
a trade secret. The suggested dosage for concrete compositions is be
tween 0.8 and 1% of the cement weight. In this research 0.8% of the 
cement weight was used. The product is applied as an admixture, and it 
is added to the dry materials during concrete mixing. Related to the 
physical properties, the density of the CA is 2.73 kg/dm3. It has a grey 
powder appearance, is odorless and has a pH of 10–13 for a 10% solution 
in water. Bacteria embedded into polylactic acid capsules were used as a 
bacteria-based healing agent (BAS) to provide the concrete with self- 
healing properties. It is a commercial product supplied by Green- 
Basilisk B.V., the Netherlands. The composition includes PLA at 
50–80%, bacterial spores at 0.1–2%, nutrients such as calcium lactate at 
10.5–43%, and moisture at 1–5%. The healing agent is available in 
powder form and is composed of bacterial spores (Bacillus cohnii) and 
calcium lactate as a calcium source (Mors and Jonkers, 2020; He et al., 
2023; Rossi et al., 2022; Rodríguez et al., 2020). Both are pelletized 
through extrusion of the calcium source and the bacterial spores, fol
lowed by grinding of the extrudate. The capsules have a particle size 
distribution between 0.1 and 1.0 mm with a density of 1200 kg/m3. The 
pellets are manufactured from a PLA derivate matrix, bacterial spores 
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with limestone powder, nutrients and water (Rodríguez et al., 2020; 
Basilisk-Contracting, 2019). The bacteria-based concrete, depending on 
the dosage of the healing agent, can heal cracks up to 0.8 mm under 
laboratory conditions (Mors and Jonkers, 2020). The recommended 
healing agent dosage is 5–15 kg/m3 of concrete. This study investigates 
a dosage of 10 kg/m3. 

2.2. Concrete mix properties and sample preparation 

Table 2 contains information on the composition of the concrete mix, 
including its properties in both the fresh and hardened state. This table 
compares the reference concrete (REF) with concrete that contains 
either the crystalline admixture (CA) or the bacteria-based healing agent 
(BAS). Standardized procedures provided by EN 12350-7 (EN 12350-7, 
2019) were followed to determine air content, and guidelines specified 
in EN 12350-6 (EUROPEAN COMMITTEE FOR STANDARDIZATION, 
2019) were used to assess fresh density. The flow behavior of the con
crete was evaluated according to EN 12350-5 (EN 12350-5, 2019). The 
observed increase in flow of BAS compared to REF, as recorded in Ta
bles 2 and is likely due to BAS’s distinct physical and chemical charac
teristics, such as particle size distribution and surface morphology, as 
well as possible additives or modifications that enhance its flowability. 
Additionally, environmental factors like humidity and temperature 
during testing may have differentially impacted the flow behavior of 
BAS and REF, warranting further investigation into their physico
chemical properties and rheological behavior. The compressive strength 
was determined from three 150 mm cubes in accordance with EN 
12390-3 (EN 12390, 2019). 

For the mixing procedure, the dry materials were added to the mixer 
and mixed for 1 min, then the water with the superplasticizer was added, 
and mixing was continued for three more minutes. The healing agents 
were added together with the dry materials. The preparation of rein
forced prismatic specimens (60 x 60 x 220) mm3, reinforcement details 
see below) was performed using a planetary mixer with a 50 L capacity 
and rotating pan (Eirich, Germany). The concrete was poured into the 
molds in two layers, each vibrated on a vibration table for 10 s. After 
casting, the specimens were stored in an air-conditioned room (at 20 ±
2 ◦C and ≥95% relative humidity) for 24 h. Subsequently, samples were 
demolded and placed in the same curing room until cracks were created. 

Three-point bending was utilized to induce cracking at 28 days. In 
this study, notches were not used. Crack widths were controlled using a 
Linear Variable Differential Transformer (LVDT) positioned at the 

bottom of the specimens, fixed on metal plates, which were attached to 
the sample at a distance of 35 mm from the middle (Figure S2 - Sup
plementary material). A Walter-bai testing machine with capacity of 15 
kN was used to control the load with the LVDT at a constant rate of 
0.0007 mm/s. The study included two intended crack widths, namely 
100 μm and 300 μm, the width of the final crack before unloading was 
290 μm and 480 μm, respectively. 

Two types of reinforcement were considered, one for the submerged 
condition with a focus on the ingress of aggressive agents in the con
crete, and another specifically to monitor corrosion. The reinforcement 
used for the experiments focusing on measuring the ingress of aggres
siveness consisted of two smooth copper-coated steel wires of 2 mm in 
diameter placed at the bottom of the formwork, each spaced 10 mm 
from the respective sides and bottom of the mold. The prisms were sawn 
after crack creation, reducing their length from 220 mm to 80 mm, 
keeping the crack in the middle. The outer parts with the length of 70 
mm which were sawn off were used as uncracked reference specimens. 
For the corrosion monitoring one smooth reinforcement steel bar with a 
diameter of 5.6 mm was centrally positioned 20 mm away from the 
bottom surface. Following the creation of cracks, the samples were 
sawn, reducing their length from 220 mm to 50 mm, while keeping the 
crack in the middle. The portions removed from the sides during sawing 
were utilized as uncracked specimens after they were sawn to the same 
dimension as the cracked samples. 

The experiment to measure the ingress of aggressive agents consisted 
of ten uncracked samples, ten samples with cracks of 100 μm in width 
and ten samples with cracks of 300 μm in width. In case of the corrosion 
experiment, each series involved the analysis of three uncracked sam
ples, four samples with a crack width of 100 μm, and four samples with a 
crack width of 300 μm. 

The healing regime consisted of three months of a cyclic wet-dry 
condition (4 days wet/3 days dry) using demineralized water. The 
samples subjected to the healing regime had the exposed edges of the 
reinforcement bars sealed with white silicone before the beginning of 
the healing process. This sealing acted as a protective measure to pre
vent corrosion of the reinforcement from the sides of the samples during 
the healing regime. However, it is worth noting that water ingress from 
the cracks could still have a preliminary influence on the corrosion of the 
reinforcement, although this is an inherent challenge even in real-world 
scenarios. In the case of unhealed samples, to guarantee the same age at 
the beginning of the experiment, they were placed in a standard labo
ratory condition (20 ◦C, 60% RH) for the equivalent time of the healing 
regime. 

Related to the sample preparation before exposure, the samples used 
for the experiments focusing on measuring the ingress of aggressive 
agents were coated with an epoxy resin, named Episol® Designtop SF, 
used to prevent contact between the samples’ sides and the aggressive 
environment. Two layers were applied considering a minimal interval of 
4 h between them. Only the surface where the crack was located was left 
uncoated, i.e., five out of six sides were coated for the prisms. The un
cracked samples used as a control were coated in the same way as the 
cracked samples. However, the samples used for mass control (test 
described in Section 2.4) were kept uncoated to guarantee the attack 
from all surfaces. For the mass control test, ten samples were prepared 
per each series. 

The sample preparation for the corrosion experiment was conducted 
following the methodology outlined in the Erşan et al. (2018) study. To 
prepare the samples for the corrosion experiment, a 15 mm wide 
aluminum butyl tape was applied to the lateral surfaces at the lower part 
of the sample that would be in contact with seawater, where the crack 

Table 1 
Chemical composition of the cement CEM I 52.5 N. (LOI: loss on ignition @1000 ◦C).  

Composition CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 Cl− ion content LOI Insoluble residue 

Result (%) 64.3 18.3 5.2 4.0 1.4 0.32 0.43 3.5 0.06 2.3 0.4  

Table 2 
Concrete mix composition and properties in fresh and hardened state.  

Materials [kg/m3] REF CA BAS 

CEM I 52.5 N 340.0 339.7 337.1 
Sand 0–4 mm 748.1 747.6 741.8 
Gravel 2–8 mm 1038.3 1037.6 1029.5 
Limestone filler 58.4 58.4 57.9 
Crystalline admixture – 2.7 – 
Bacteria-based agent – – 10.0 
Water 170.0 169.9 168.5 
Superplasticizer 2.2 2.2 2.2 
Fresh Properties 
Density [kg/m3] 2387.5 2350.0 2343.8 
Air content [%] 2.8 2.0 2.5 
Flow [mm] 540 520 560 
Hardened properties at 28 days 
Compressive strength [MPa] μ: 54.4 

CV: 1.2% 
μ: 60.4 
CV: 2.7% 

μ: 61.6 
CV: 0.7%  
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was located. This procedure was performed to seal the edges of the 
surface in contact with the marine solution, allowing for unidirectional 
ingress. The aluminum butyl tape was employed to also cover one 
exposed end of the reinforcement bars at the smaller side surface of the 
sample. At the opposite end of the reinforcement, an insulated copper 
wire was connected to create an electrical connection between the steel 
rebar and the data logging system. The wire was protected with 
non-conductive tape. Furthermore, a 5 mm thick sheet of colorless 
plastic material was attached to all side surfaces using superglue. To 
ensure thorough protection, the corners of the samples were taped off, 
and silicone was applied to the edges of the top and bottom surfaces to 
prevent solution absorption from the sides. These preparations were 
crucial for safeguarding the samples against corrosion on the side sur
faces. Only the bottom surface, in contact with the seawater solution, 
and the top cast surface remained unprotected. The exposed top surface 
allowed to control drying of the samples, preventing them from 
becoming fully saturated. A schematic drawing in Fig. 1 is presented to 
provide a clearer understanding of the sample preparation process. 

2.3. Laboratory-scale simulation of marine environments 

Samples for measuring the ingress of aggressive agents were 
completely submerged in an artificial seawater solution for one year. For 
this condition, a ratio of 80 between the exposed concrete surface area 
(cm2) and the volume of the solution (dm3) was considered (NT Build 
443, 1995). The specimens were immersed in the test solution, with no 
replacement of the solution taking place. To ensure the stability of the 
testing environment, both pH and sulfate concentration were regularly 
monitored. Specifically, the pH of the solutions was carefully controlled 
over time and maintained within the range of 7.8–8.5. This was achieved 
by regular pH measurements using a calibrated pH meter. The results 
indicated that no adjustments were necessary to keep the pH within this 
range, suggesting that the solution composition remained stable 
throughout the experiment. Moreover, the ratio between the volume of 

the solution and the surface area of the specimens was sufficiently large. 
This ensured that the solution’s properties did not undergo significant 
changes during the experiment. 

In contrast, samples for corrosion measurements were placed on 
spacers and artificial seawater solution was added until the level was 5 
± 3 mm above the bottom of the samples. This resulted in an absorption- 
based transport mechanism, and the seawater was renewed every two 
weeks to maintain stable salt concentrations throughout the corrosion 
experiment. For samples with cracks, they were positioned with the 
crack in the bottom cast surface facing downward. The equivalent sur
face was used for uncracked samples. The samples were pre-saturated 
through submersion in demineralized water for two days before being 
brought into contact with the seawater solution. The containers with 
solution were kept in an air-conditioned room (20 ◦C, 60% RH). The 
composition of the solution is prescribed in ASTM D1141-98 (ASTM 
D1141 − 98, 2021) and shown in Table 3. Demineralized water was used 
to prepare the solutions. 

Fig. 1. Scheme of the sample preparation for the corrosion experiment in marine environment.  

Table 3 
Artificial seawater (ASTM D1141 − 98, 2021).  

Compound Concentration [g/L] 

NaCl 24.53 
MgCl2 5.2 
Na2SO4 4.09 
CaCl2 1.16 
KCl 0.695 
NaHCO3 0.201 
KBr 0.101 
H3BO3 0.027 
SrCl2 0.025 
NaF 0.003  
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2.4. Test methods related to aggressive agent ingress 

2.4.1. Crack width and crack closure analysis 
Microscopic images were taken to evaluate the crack width and crack 

closure obtained for each series. The measurements were executed with 
a stereomicroscope, Leica S8 APO, with DFC 295 camera. The crack 
width was measured in up to six predetermined places taken along the 
crack length with five measurements per location on the surface of the 
specimens in contact with the seawater solutions. In this way, at least 20 
measurements were taken per sample. For the healed series the self- 
healing efficiency (SE) in percentage was calculated considering the 
measurements before and after application of the healing regime, using 
Equation (1). CW represents the average crack width per specimen (i) 
either at the time zero (t0) right after crack creation, or after healing 
(thealed). 

SE [%] =
CWt0

i − CWthealed
i

CWt0
i

× 100% Equation 1  

2.4.2. Chloride penetration tests 
In this research, to detect chloride penetration, silver nitrate spray

ing was used after 1, 3, 6 and 12 months of exposure in the marine so
lution. Additionally, the chloride ion content was evaluated through 
titration after 3 and 12 months. The titration after 3 months of exposure 
was conducted on both cracked and uncracked samples, by analyzing 
the total chloride content. After 12 months of exposure, only uncracked 
samples were considered. Additionally, free chloride analysis was con
ducted. On the day of the analysis, three separate samples were tested 
for chloride ingress through the color change boundary condition, while 
the chloride content analysis was performed for one concrete sample. To 
determine the ingress depth of chlorides into the concrete, the fractured 
sample halves were split perpendicular to the crack surface and un
cracked samples followed the same procedure. A solution of 0.1 mol/L 
silver nitrate was sprayed on the specimens, which made the chloride- 
contaminated area appear lighter. Nine measurements were taken for 
uncracked concrete, with the first measurement starting 10 mm from the 
specimen’s side, and a 10 mm gap between each measurement. For 
cracked specimens, measurements were taken every 5 mm in the central 
zone of 40 mm that contained the crack, and every 10 mm in the two 
outer zones of 30 mm. Chloride ingress was measured for a total of 
thirteen points in cracked samples. 

The acid-soluble chloride titration was used to calculate the total 
chloride content and the water-soluble chloride titration was used to 
calculate the free chloride content. In summary, subtracting the free 
chloride content from the total chloride content allows to determine the 
bound chloride content, which represents the ability to bind chloride 
ions to hydration products. In the context of chloride-induced corrosion, 
a higher chloride binding capacity is desirable, primarily to reduce the 
presence of free chlorides that could initiate the corrosion process. 
Following the removal of samples from their respective environmental 
conditions, the samples were stored for one week in an air-conditioned 
room (20 ◦C, 60% RH) to ensure they were dry. Utilizing an automatic 
apparatus equipped with a 10 mm diameter diamond drill, powder was 
collected from the surface in layers defined according to the recom
mendations outlined in the EN 12390-11 (EN 12390-11, 2010) standard. 
This equipment allows for precise depth control at 1-mm intervals and 
defines the grinding area. In uncracked samples, the powders originated 
from the surface in contact with the salt solution. The powders extracted 
from the cracked specimens were collected perpendicular to the crack 
wall at two different heights: 15 mm and 40 mm away from the exposure 
surface. The powders were extracted up to a depth corresponding to the 
color change boundary observed in each concrete series. Table 4 pre
sents the depth of each layer for the powder extraction procedure. 
Depending on the specific series, some required the extraction of pow
ders up to layer 8, while others necessitated reaching layer 9 or even 
layer 11. It is worth noting that in all cases a minimum of eight layers 

was considered in the analysis. 
For the acid-soluble chloride titration (total chloride content) pro

cedure, the resulting powders underwent a drying process at 105 ◦C for 
48 h. Subsequently, precisely 2 ± 0.001g of each powder/layer was 
measured in a 150 ml glass beaker. Following this, 5 ml of a 0.3 mol 
nitric acid solution and 40 ml of demineralized water were added. The 
solutions underwent stirring and were heated on a hot plate until 
reaching the boiling point. After cooling, filtration was carried out, and 
the solutions were diluted with demineralized water to a final volume of 
100 mL. From these 100 mL solutions, 10 mL was pipetted and subjected 
to chloride concentration analysis using an automated titration equip
ment, the 862 Compact Titrosampler from Metrohm®. The equipment 
made use of 0.01 mol/L silver nitrate as the titration solution. The test 
solution comprised: 10 mL extract, 10 mL demineralized water, and 40 
mL nitric acid (0.3 mol/L). For the water-soluble chloride titration (free 
chloride content) procedure, 2.5 ± 0.01g of each powder was mixed 
with 50 mL of demineralized water in plastic containers. The mixtures 
were vigorously stirred, and the containers were closed. After approxi
mately 24 h, almost all the powders had settled at the bottom of the 
beakers. From the upper layer of the solution, 5 mL was extracted using a 
pipette. This 5 mL of extract was then combined with 15 mL of deionized 
water and 40 mL of nitric acid (0.3 mol/L), preparing the solutions for 
testing in the same automatic titration apparatus. To estimate the con
crete’s free chloride contents as a function of penetration depth, a factor 
of 0.8 was applied to the measured water-soluble chloride contents, as 
suggested by Yuan (2009). Finally, the chloride content (Ct) can be 
related to the weight % of the concrete according to Equation (2) (Maes, 
2015; Gruyaert, 2011). 

Ct[wt.%concrete] =
10 • 35.45 • 0.01 • Vol

(
AgNO3

)

M
.100 Equation 2 

In this equation the dilution factor is denoted as 10, the atomic mass 
of chlorides is specified as 35.45 g/mol, the concentration of the titra
tion solution is set at 0.01 mol/L, Vol

(
AgNO3

)
represents the volume of 

AgNO3 in mL, and M is the corresponding mass of the powder in kg. To 
adjust the chloride content in wt.% concrete to wt.% binder, Equation 
(3) was applied. 

Ct[wt.% binder] =
Ct(wt.%concrete) • Density(concrete)

Binder content
.100

Equation 3 

Based on the chloride profiles obtained for each sample, the surface 
concentration Cs (wt.% binder) and the effective chloride transport co
efficient De (m2/s) were determined. This involved fitting Equation (4) 
to the measured chloride contents through a non-linear regression 
analysis. Notably, the first point of the profile, originating from the 
initial layer with a thickness of 1 mm, was excluded during this analysis. 

C(x, t)=Cs − (Cs − C0). erf
(

x
2.

̅̅̅̅̅̅̅̅
De.t

√

)

Equation 4 

Table 4 
Depth of each layer for the powder extraction procedure.  

Layer Depth in each layer Accumulated 

Layer 0 1 mm (discard) 1 mm 
Layer 1 2 mm 3 mm 
Layer 2 2 mm 5 mm 
Layer 3 2 mm 7 mm 
Layer 4 3 mm 10 mm 
Layer 5 3 mm 13 mm 
Layer 6 3 mm 16 mm 
Layer 7 4 mm 20 mm 
Layer 8 5 mm 25 mm 
Layer 9 5 mm 30 mm 
Layer 10 5 mm 35 mm 
Layer 11 5 mm 40 mm  
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C(x,t) represents the chloride concentration at depth x and time t, C0 

denotes the initial chloride concentration, and erf(.) signifies the error 
function. 

2.4.3. Mass change tests 
To assess the impact in the concrete samples of artificial seawater a 

series of uncracked concrete cubes with a side length of 50 mm were 
subjected to periodic weight measurements during exposure. These re
sults serve to estimate the concrete’s permeability when being exposed 
to marine conditions and potential chemical reactions that can induce 
mass changes over time. The mass changes were assessed for uncoated 
concrete cubes. To ensure accurate measurements, any excess moisture 
on the specimen’s surface was meticulously removed using a pre-wetted 
cloth. A scale with 0.001 g of precision was used to verify the mass 
changes over time. The initial mass measurements were taken after one 
week of immersion in the seawater solutions. Subsequent measurements 
were conducted at 1, 3, 6, 9, and 12 months. 

2.4.4. Microanalysis 
In addition, microanalysis was conducted on thin sections prepared 

after one year of exposure, following the procedure described in Cap
pellesso et al. (2023b). This analysis aimed to verify the healing products 
in the cracks and the effects of seawater on the surface of the concrete in 
the different tested series. The thin sections were analysed by light mi
croscopy with cross polarized light (XPL). Another method used for 
microanalysis was Scanning Electron Microscopy (SEM) combined with 
Energy-Dispersive X-ray spectroscopy (EDX). This technique was used to 
verify the effect of the exposure condition on the concrete matrix and the 
healing products. A Jeol JSM-7600F Field Emission Scanning Electron 
Microscope equipped with AZtecEnergy software for EDX was used. 
Only cracked specimens were considered. In order to analyze the 
morphology of the products formed on the crack wall, fractured samples 
were analysed by secondary electrons (SEI). All the samples were coated 
with a platinum film with a thickness of 4 nm. 

2.5. Corrosion experiment and test methods considered 

The corrosion methodology used was based on the half-cell potential 
method. This is an electrochemical technique used to evaluate the 
corrosion potential and corrosion behavior of concrete in contact with 
corrosive environments, being seawater in this case. It involves setting 
up an electrochemical cell with a working electrode (the reinforcement 
bar in the concrete sample) and a reference electrode, measuring the 
potential difference between them. 

To monitor the electrochemical corrosion potential over time, a data 
logging system recorded the rebar’s potential relative to a saturated 
calomel reference electrode (SCE) for all specimens for 360 days. To 
ensure consistency, the samples were arranged in three separate boxes, 
categorized by concrete type (REF, BAS, and CA). A reference electrode 
was positioned centrally, and the samples were arranged in a circular 
pattern around it to maintain an equal distance from every sample to the 
electrode. During this exposure period, the samples remained uncovered 
in a climate room (20 ◦C, 60% RH). Each box was connected to a central 
module via equally long insulated copper wires to prevent variations in 
cable resistance during automatic potential measurements. The modules 
used were NI 9205 C Series modules from National Instruments, offering 
32 available channels, each with programmable input ranges of ±200 
mV, ±1 V, ±5 V, and ±10 V. The connected software was programmed 
to measure the potential of each individual sample every minute, and 
the daily average was used for plotting the data. As corrosion begins to 
affect the reinforcement, the breakdown of the passive layer causes an 
increase in potential difference measured between the electrode and the 
sample. 

The final corrosion potential was then assessed after one year to 
determine the state of the reinforcement, with more negative values 
indicating a higher likelihood of corrosion, as outlined in ASTM C876-15 

(ASTM C876-15, 2016). Potentials less negative than − 126 mV indicate 
a 10% chance of corrosion, while those between − 126 mV and − 276 mV 
suggest approximately a 50% probability. Potentials more negative than 
− 276 mV indicate a high 90% probability of corrosion. Note that the 
standard refers to potential differences derived from a standard 
hydrogen electrode (SHE). To ensure accurate interpretation of the re
sults, a conversion was performed, considering the calomel electrode 
used in the experimental setup that has a potential (mV vs. SHE) of 
+244. 

It is important to recognize that this isolated analysis may not always 
fully elucidate the actual corrosion status of the rebar (Almashakbeh 
et al., 2022). Therefore, a comparison in conjunction with other obser
vations was made to validate the actual corrosion situation. Upon 
completion of the exposure period, the samples were extracted from 
their corrosive environment and subjected to a splitting test in the di
rection of the rebar to facilitate removal of the reinforcement bar. The 
rebars were carefully separated from the concrete samples for further 
analysis. The rebars were manually removed with the assistance of a 
hammer, and any corrosion products were dissolved using a chemical 
cleaning solution (Van Belleghem, 2018). The condition of the rebars 
before and after cleaning was documented through photographs. The 
cleaning solution, composed of HCl and H2O in a 1:1 ratio with 3 g/L of 
urotropine (hexamethylenetetramine), was used to fully immerse the 
reinforcement bars for a duration of 24 h. Subsequently, the bars were 
dried with paper, and their mass and length were measured. By 
considering the density, diameter, and length of the reinforcement, the 
initial mass was determined and compared with the mass after the 
cleaning process. This comparison provided insight into the gravimetric 
mass loss and allowed to correlate it with the level of corrosion within 
the reinforcement bars. Furthermore, at least one sample from each 
series underwent analysis using SEM in conjunction with EDX point 
analysis. This analysis aimed to determine the actual surface composi
tion of the steel rebar in terms of FexOy and Fe (wt.%). Subsequently, the 
surface composition of the exposed steel rebars was examined. Re
ductions in FexOy content (wt.%) were used to distinguish the degree of 
corrosion in rebars taken from different series, following a method 
similar to that conducted by Erşan et al. (2018). 

2.6. Overview of the experimental program 

Fig. 2 provides an overview of the experimental program, detailing 
each step involved in the preparation, testing, and exposure of concrete 
specimens. This comprehensive chart illustrates the process, beginning 
with the preparation of different concrete mixes, followed by the prep
aration of specimens, number of samples and the method used for 
inducing cracks. It further delineates the specific preparations for eval
uating the ingress of aggressive agents and monitoring corrosion, 
including details on reinforcement placement. Additionally, the figure 
outlines the conditions under which the specimens were exposed to 
artificial seawater, the healing regime applied, and the storage condi
tions for unhealed samples. This visual representation ensures a clear 
understanding of the methodology employed in the study. 

3. Results and discussion 

3.1. Analysis of the cracks 

The series are described according to the specific concrete type: 
reference concrete (REF), concrete containing bacteria healing agent 
(BAS), or crystalline admixture (CA). A letter is added to indicate 
whether the samples were pre-conditioned in the unhealed (u) or healed 
(h) condition. Additionally, the presence of a crack is noted with a 
number: 1 for a 100 μm crack width or 3 for a 300 μm crack width. If 
there is no number present, it indicates an uncracked sample. Fig. 3 il
lustrates the crack widths observed in the analysed series for the 
intended crack widths of 100 μm and 300 μm. Narrow cracks showed 
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low variability, reaching values near 100 μm, while larger cracks 
exhibited higher variability, ranging on average from 250 to 300 μm. 

Fig. 4 is divided based on the specific timeframes where the self- 
healing efficiency (SE) for all the series was verified by microscopic 
image analysis. In this case, the SE estimation considered the initial 
crack width specific to each series. Overall, it is evident that series with 
initial crack widths of 100 μm generally exhibited higher SE compared 
to those with 300 μm widths. Notably, the healed series achieved the 
highest SE values for the 300 μm cracks, with BASh3 reaching 97% of SE 
compared to 88% for BASu3. In the case of CA, CAh3 reached a SE of 
93%, whereas CAu3 showed a lower SE of 79%. However, for series with 
100 μm crack widths, the SE values for unhealed and healed series were 
similar. The REF series exhibited the most significant crack closure after 

Fig. 2. Overview of the experimental program.  

Fig. 3. Initial crack widths of different series.  

Fig. 4. Self-healing efficiency related to the initial crack width for all the series 
considered in the marine environment healed (h) and unhealed (u) samples 
until 12 months. 

V.G. Cappellesso et al.                                                                                                                                                                                                                         



Developments in the Built Environment 19 (2024) 100486

8

one month in seawater, surpassing BAS and CA. This can be attributed to 
a stronger chemical interaction with seawater, leading to the formation 
of a brucite or aragonite layer that contributed to visible crack closure 
(Alexander et al., 2013). This chemical interaction is likely attributed to 
the increased availability of Ca(OH)2 in the REF matrix, which might be 
associated with its higher permeability. A similar behavior was observed 
for BASu, with a more evident crack closure observed after one month in 
seawater. Series with BAS and CA, which underwent the healing regime, 
displayed more pronounced crack closure after the healing process but 
less closure upon submerging the samples in artificial seawater. 

Fig. 5 presents the relationship between crack width and self-healing 
efficiency by microscopic image analysis. The x-axis represents the 
initial crack width, while the y-axis shows the self-healing efficiency 
after 12 months of submersion in a simulated marine environment 
(seawater). The data points indicate that self-healing efficiency tends to 
be higher for smaller crack widths and decreases as the crack width 
increases. REF samples generally show lower self-healing efficiency 
compared to CA and BAS samples. Among the healed samples, the BASh 
series consistently achieves the highest self-healing efficiency, followed 
by the CAh series. The REFh samples exhibit the lowest self-healing ef
ficiency among the healed samples. Unhealed samples (REFu, BASu, 
CAu) demonstrate significantly lower self-healing efficiencies across all 
crack widths compared to their healed equivalents, highlighting the 
efficiency of allowing specimens to heal before subjecting them to ma
rine conditions. 

3.2. Chloride penetration 

Chloride penetration was assessed through two methods: the color 
change boundary method, through spraying silver nitrate, and the 
chemical analysis method via titration to determine chloride content. 
Fig. 6 illustrates chloride ingress through the color change boundary for 
the uncracked samples. In this analysis, BAS and CA were examined at 
four different ages (1, 3, 6, and 12 months). Evidently, the unhealed 
series displayed significantly higher chloride ingress compared to the 
series subjected to the healing regime. For instance, REFh managed to 
reduce chloride ingress by 86% when compared to the REFu series after 
12 months exposure. Similar trends were observed for the BAS and CA 
healing agents, which achieved reductions of 82% and 85% in chloride 

ingress, respectively, in the healed series compared to the unhealed 
series. Notably, both healing agents (BAS and CA) outperformed their 
respective reference series. This difference is more evident for the un
healed series. For the healed series, the time in contact with water 
contributed to densification of the matrix by improving the cement 
hydration process, aiding to lower the permeability of the concrete. In 
this case, all the series, including the reference concrete (REFh), 
benefited from the healing regime due to the autogenous healing ex
pected in the cementitious matrix (Hearn, 1998). The healing products 
densified the pore structure upon contact with seawater. This was ach
ieved through the formation of healing products within the pores, 
leading to reduced permeability (Palin et al., 2017; Rossi et al., 2022; 
Oliveira et al., 2022; Cappellesso et al., 2022). While no clear differences 
were observed in the first month, the improvements in relation to REFu 
became increasingly evident after the third month, and particularly 
pronounced after one year. 

To better evaluate the performance of each healing agent, it is crucial 
to analyze chloride ingress through cracks in the samples. Fig. 7 focuses 
on the healed and unhealed series of BAS and CA, comparing them to the 
REF series with an initial crack width of 100 μm. The healed samples 
demonstrated a reduction in chloride ingress compared to the unhealed 
samples. For instance, in the healed series, CAh1 (Fig. 7 (c)) managed to 
achieve 32% reduction in chloride ingress compared to REFh1 after 12 
months exposure to a marine environment. In a study by Xue (2022a), 
the behavior of concrete with CA exposed to seawater in wet-dry cycles 
was investigated. The findings indicated that the formation of brucite 
within the cracks, because of the interaction with seawater, effectively 
reduced chloride ingress into those cracks. On the other hand, the BASh1 
series (Fig. 7 (b)) exhibited an interesting behavior, with higher chloride 
ingress until the first 3 months of exposure, which then significantly 
decreased and approached levels similar to uncracked samples after 6 
months, maintaining this behavior after one year of exposure. This 
peculiar behavior was primarily observed in the healed series. The 
complexity of artificial seawater, including its salt compositions, may 
have influenced the chemical interactions, potentially affecting the 
visually observed color change boundary. However, if seawater inter
action was the sole reason, one would expect a similar behavior in the 
unhealed samples, which was not the case. This suggests that, in addi
tion to the salt composition, bacterial activity encouraged by the healing 
regime may have played a significant role. The bacteria-based healing 
agent produces CaCO3 as a healing product, and an excess of CO3

2− ions 
could trigger a false positive result with the silver nitrate indicator 
(Pontes et al., 2021). Specifically, silver ions (Ag+) can react with CO3

2−

to form Ag2CO3 (silver carbonate), resulting in a whitish color change. 
Another factor that may have contributed to the observed differences 

is the greater crack depth in the BAS series, resulting from the testing Fig. 5. Relationship between initial crack width and self-healing efficiency at 
12 months of exposure. 

Fig. 6. Chloride ingress for the uncracked samples subjected to the marine 
environment. The error bars represent the standard deviation (n = 3). 
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Fig. 7. Evolution of the chloride ingress for the series with crack width of 100 μm subjected to the marine environment (a) REFh1, (b) BASh1, (c) CAh1, (d) REFu1, 
(e) BASu1, and (f) CAu1. The error bars represent the standard deviation (n = 3). 

Fig. 8. Evolution of the chloride ingress for the series with crack width of 300 μm subjected to the marine environment (a) REFh3, (b) BASh3, (c) CAh3, (d) REFu3, 
(e) BASu3, and (f) CAu3. The error bars represent the standard deviation (n = 3). 
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method involving prisms cracked through a three-point bending test. 
Furthermore, in addition to bacterial activity, it is important to note that 
the BAS healing agent consists of up to 80% PLA (Green-Basilisk, 2018). 
PLA is a polar polymer with functional groups in its structure that can 
interact with ions (Constant-Mandiola et al., 2021). When PLA is 
exposed to an ionic environment, such as a solution containing salts or 
electrolytes, it can undergo hydrolysis and degradation due to in
teractions between ions and polymer chains. This degradation process 
results in the breakdown of PLA into water and carbon dioxide (Feng 
et al., 2021). The presence of carbon dioxide could contribute to the 
previously mentioned false positive results. The specific ions present in 
the environment, as well as their concentrations, can influence the rate 
and extent of PLA degradation. For instance, the presence of alkaline or 
alkaline earth metal ions like sodium, potassium, calcium, or magne
sium ions can accelerate hydrolysis and degradation reactions. Addi
tionally, the pH of the solution plays a role in PLA degradation in an 
ionic environment. Higher pH values, indicating an alkaline or basic 
environment, can increase the rate of hydrolysis and thus accelerate PLA 
degradation (Tsuji and Nakahara, 2002). It is worth noting that the pH 
of the solutions was carefully controlled over time and maintained 
within the range of 7.8–8.5. Nevertheless, despite these factors, BASh1 
still achieved an impressive 68% reduction in chloride ingress compared 
to the REF1 series after 12 months in a marine environment. 

Turning to the unhealed series, CAu1 (Fig. 7(f)) managed to reduce 
chloride ingress by 35% compared to REFu1 after 12 months. In 
contrast, BASu1 (Fig. 7(e)) resulted in a reduction of 23% in chloride 
ingress compared to REFu1. The differences in chloride ingress pro
gression observed across all series, in healed and unhealed conditions, 
can be attributed to variations in crack characteristics, including width, 
depth, and tortuosity. Additionally, expansive reaction products like 
brucite, ettringite, and calcite may initially fill cracks and pores, serving 
as a barrier against further chloride ingress. However, over a longer term 
the sulfate and magnesium ion in chloride solution can lead to the 
decalcification of C–S–H compounds resulting in an increase in overall 
porosity, contributing to further degradation (Ramezanianpour et al., 
2021). 

Fig. 8 displays the results for series with larger initial crack widths. 
Like previous observations, the BASh3 series exhibited higher chloride 
ingress until the third month. The explanation for this behavior is similar 
as was described before. Nonetheless, despite this initial trend, BASh3 
managed to achieve an 19% reduction in chloride ingress compared to 
REFh3 over the course of 12 months. On the other hand, the CAh3 series 
displayed a consistent behavior from the beginning of the exposure 
period, maintaining its performance until the 12-month mark, ulti
mately reducing chloride ingress by 38% compared to REFh3. In 
contrast, the unhealed series naturally exhibited higher chloride ingress 
due to their reduced contact with water. After 12 months, CAu3 
demonstrated a 19% reduction in chloride ingress compared to REFu3, 
while BASu3 achieved a 16% reduction. 

To estimate the chloride content, chemical titration analyses were 
conducted. The total chloride content relative to the binder for both 
uncracked REF, BAS, and CA series was verified, both in healed and 
unhealed conditions after three months of exposure to a marine envi
ronment. Figure S3 (Supplementary material) presents the graphics 
related to those series analysed. The healed series exhibited consistent 
behavior with minimal variations, maintaining the total chloride con
tent below 0.5 wt% of the binder. Conversely, in the case of unhealed 
samples, the chloride content is significantly higher, reaching values 
between 2.5 and 3.0 wt% of the binder. BASu and CAu demonstrated 
higher diffusion coefficients (D) of 1.31x10− 11 m2/s and 1.12x10− 11 

m2/s, respectively, compared to REFu with a value of 7.11x10− 12 m2/s. 
Nevertheless, all three series demonstrated a comparable behavior, 
characterized by an equivalent total chloride concentration. In a chlo
ride environment, CA has previously shown promising results in 
reducing chloride ingress (Cappellesso et al., 2022; Roig-Flores et al., 
2015, 2016; Azarsa et al., 2019). Another study has also demonstrated 

evidence of chloride reduction when using a bacteria-based healing 
agent (Rossi et al., 2022; Tambunan et al., 2019). However, the effec
tiveness of bacteria-based healing agents can vary based on factors such 
as the type of bacteria used and the resulting porosity (Munyao et al., 
2020). Rossi et al. (2022) observed the formation of a CaCO3 layer on the 
surface, contributing to chloride ingress reduction and a lower pore 
volume when using this healing agent. Nevertheless, it is important to 
note that there are no previous results for concrete with these agents in a 
marine environment. Therefore, the reasons for chloride ingress may 
differ. The combination of salts, particularly sulfate and chloride salts, 
can influence the aggressiveness. Studies have shown that exposure to 
magnesium sulfate and sodium chloride combinations can lead to 
enhanced chloride ingress due to possible cracks caused by sulfate attack 
(De Weerdt et al., 2019). However, in marine concrete with lower sulfate 
concentrations, as found in seawater (around 30 mmol/l), the impact of 
sulfates on chloride ingress is generally limited. Studies conducted on 
marine-exposed concretes in Norway and Denmark have shown that, in 
these conditions, there is typically only an enrichment of sulfur near the 
surface of the concrete, with no or limited signs of damage (De Weerdt 
et al., 2019). Chemical interactions, such as sulfate reducing chloride 
binding capacity (Maes, 2015; Hirao et al., 2005), may also play a role. 
The blocking mechanism may involve multiple factors, including 
chemical interactions with artificial seawater. In addition, the formation 
of brucite and aragonite crystals, typical in marine environments 
(Alexander et al., 2013), can contribute to crack closure and act as a 
barrier against ingress. 

After three months exposure, chloride ingress from the crack wall 
onwards was evaluated for cracked concrete at two depths, specifically 
at 15 mm and 40 mm depth. Fig. 9 presents the total chloride profiles for 
cracks with a width of 100 μm. As previously reported, the healed series 
(Fig. 9(a) and (c)) exhibited superior behavior compared to the unhealed 
series (Fig. 9(b) and (d)). The estimation of the diffusion coefficient (D) 
considered the diffusion mechanism from the crack wall onwards. In the 
healed series, chloride ingress at a depth of 40 mm was negligible, with 
values like the initial chloride levels measured in the concrete matrix. 
This suggests that narrow cracks were capable of healing completely, 
preventing chloride ingress at this depth. At a depth of 15 mm, the series 
containing BASh1 and CAh1 healing agents achieved lower chloride 
content and correspondingly lower D values, 2.22x10− 12 m2/s and 
5.21x10− 12 m2/s, respectively, versus 9.67x10− 12 m2/s for REFh1. In 
contrast, in the case of unhealed series, chloride ingress could not be 
prevented at 40 mm depth. Among these unhealed series, CAu1 
exhibited the lowest D value of 1.85x10− 12 m2/s compared to BASu1 
with a D value of 8.33x10− 12 m2/s at 40 mm depth. At 15 mm depth, the 
unhealed series showed similar D values for REFu1 and BASu1, with 
values of 1.31x10− 11 m2/s and 1.37x10− 11 m2/s, respectively. However, 
in this case, CAu1 had the highest D value of 3.24x10− 11 m2/s. It is 
worth noting that at 15 mm depth, the influence of chloride ingress from 
the top surface may also play a role, as ingress can occur from both 
directions, (top surface and crack wall). For this reason, the study con
ducted at a depth of 40 mm provides more robust conclusions about the 
performance of the healing agents. 

In the case of larger cracks, there is a notable increase in chloride 
content, particularly for the unhealed series (Fig. 10(b) and (d)). How
ever, like for the narrow cracks, the healed series with 300 μm wide 
cracks showed insignificant chloride ingress at a depth of 40 mm 
((Fig. 10(c)). There was only a small increase in chloride content near 
the crack wall. For this reason, it was not possible to fit the Fick’s law 
model to predict the D value for these series. At a depth of 15 mm 
((Fig. 10(a)), BASh3 once again exhibited the lowest D value when 
compared to CAh3 and REFh3, with CAh3 having the highest diffusion 
coefficient. In the unhealed specimens, chloride ingress at 15 mm depth 
followed a similar trend across all the series (Fig. 10(b)), possibly due to 
the influence of chloride diffusion from the top surface. At a depth of 40 
mm (Fig. 10(d)), BASu3 displayed higher chloride content, while CAu3 
exhibited a behavior like that of REFu3. 
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Fig. 9. Chloride profile for the 100 μm cracked REF, BAS and CA series subjected to marine environmental condition at 3 months (a) healed series at 15 mm depth (c) 
at 40 mm depth, (b) unhealed samples at 15 mm depth and (d) at 40 mm depth. 
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Fig. 10. Chloride profile for the 300 μm cracked REF, BAS and CA series subjected to marine environment at 3 months (a) healed series at 15 mm depth (c) at 40 mm 
depth, (b) unhealed samples at 15 mm depth and (d) at 40 mm depth. 
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After 12 months exposing the samples to the marine environment, a 
new chemical analysis was conducted, specifically on the uncracked 
samples (Fig. 11). During this process, the quantification of the free 
chloride content aimed to verify the binding capacity of the concrete 

series containing healing agents. Free chloride content in concrete refers 
to the concentration of chloride ions in the pore solution that remain 
unbound chemically. In contrast, total chloride content includes both 
free chloride ions and those chemically bound within the cementitious 

Fig. 11. Chloride profile for the uncracked REF, BAS and CA series subjected to marine environmental condition at 12 months (a) total chloride and (b) free chloride 
profile for healed series, and (c) total chloride and (d) free chloride profile for unhealed series. 
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matrix. Both data sets exhibit a consistent trend, indicating uniform 
chloride binding across various depths. However, it is important to note 
that the estimation of free chloride relies on the model proposed by Yuan 
(2009). Variations in hydration products and differences in curing time 
and healing time can introduce variability. This estimation offers valu
able insights into how healing agents may interact with chloride binding 
and their potential role in reducing corrosion initiation in real-world 
conditions. In the healed series, the D value for total chloride content 
was lower for BASh than for CAh and REFh, measuring 1.11x10− 12 m2/s. 
The D value for free chloride content exhibited the same tendency, 
showing the lowest value of 9.13x10− 13 m2/s. It is worth mentioning 
that the chloride ingress can be influenced by other factors. For example, 
concrete carbonation can lead to the formation of calcium carbonate, 
which may reduce concrete permeability and slow down chloride 
ingress. However, carbonation can also compromise the stability of 
Friedel’s salt, leading to increased free chloride content and potentially 
accelerated chloride ingress (Backus and McPolin, 2016). On the other 
hand, an elevated concentration of chloride ions in the outer layers may 
indicate a stronger binding effect, limiting the penetration of chloride 
ions into deeper layers that will be further discussed in Fig. 12. The 
carbonates formed due to the activity of BAS may have contributed to 
influence the binding capacity and porosity of the matrix in the outer 
layers, resulting in higher chloride content up to a depth of 10 mm. 
Notably, there was a decrease to lower values, likely due to porosity 
blocking or the binding capacity. In the case of CAh, its behavior closely 
mirrored that of REFh, with a gradual reduction in the D value for CAh. 
The behavior of the unhealed samples concerning both total and free 
chloride content also followed a similar trend, indicating comparable 
binding capacity among the series. 

To determine the bound chloride levels within each tested series, one 
can subtract the free chlorides from the total chloride content. To better 
differentiate between the series, the data was normalized using the 
minimum-maximum normalization method. This resulted in a common 
scale for comparison across different types of concrete. Fig. 12 presents a 
comparison between the BAS and CA series under both unhealed and 
healed conditions. From Fig. 12(a), the healed series showed no signif
icant difference in bound chloride when introducing the healing agents. 
Fig. 12(b) shows that this difference is more pronounced for the un
healed samples. A slight reduction in the binding capacity was noticed 
when introducing the healing agents compared to the REFu series. The 
significance of understanding cementitious materials’ capacity to bind 
chlorides becomes evident in managing the initiation of chloride- 
induced corrosion in reinforced concrete structures (Mangat and 

Ojedokun, 2020). This importance stems from the fact that only free 
chloride ions have the potential to initiate the corrosion process. Delving 
into the composition of hydrated phases reveals its crucial role in 
determining chloride binding capacity. The presence of chloride-binding 
compounds, such as C–S–H and monocarbonate, plays a pivotal role in 
reducing the availability of free chloride ions within the concrete matrix 
(Costa and Appleton, 1999). Additionally, C3A and C4AF phases have 
been identified as being responsible for chemically binding chloride 
ions. Interestingly, an increase in sulfate content in cement tends to 
diminish the chloride binding capacity due to the stronger affinity of 
sulfates for C3A compared to chlorides. The physical binding, on the 
other hand, depends on the quantity of hydration products, especially 
the C–S–H content within the concrete (Sumranwanich and Tangterm
sirikul, 2004). 

3.3. Mass change 

Fig. 13 presents the evolution of mass changes over 12 months for 
BAS and CA concrete in comparison to REF, considering both the series 
subjected to the weekly wet-dry cycles for three months before exposure, 
named healed (h), and the series subjected directly to a marine envi
ronment, named unhealed (u). Notably, the healed series, owing to the 
reduced permeability resulting from the healing regime, exhibited 
minimal mass changes over time, with no significant differences when 
considering the scale of mass change. However, when examining the 
behavior closely, the CA series followed a similar trend to REFh, while 
BASh initially experienced mass loss, which peaked at three months 
before gradually experiencing a mass increase. In contrast, the unhealed 
samples (Fig. 13(b)) displayed an opposite trend, with mass gain 
observed over time in all series. This can be attributed to the formation 
of reaction products. Among these, CAu demonstrated the least variation 
less than 1.0%, aligning with expectations as this healing agent is 
designed to contribute to waterproofing the concrete matrix by 
obstructing pores and capillaries with healing products (Oliveira et al., 
2022). CA also altered the pore structure of the matrix, increasing mi
cropores and potentially interrupting pore connectivity (Cappellesso, 
2024). Furthermore, the interaction with seawater influenced the 
behavior of concrete containing healing agents. BASu exhibited a mass 
change like REFu until the seventh month, after which it showed a more 
significant change in the twelfth month, 2.9% and 2.7%, respectively. 
Unlike isolated sulfate attack, seawater interactions involve a complex 
interplay of salts, which can delay concrete degradation due to the 
presence of several ions (De Weerdt et al., 2019). In summary, these 

Fig. 12. Bound chloride profile for the uncracked REF, BAS and CA series subjected to marine environmental condition at 12 months (a) healed and (b) un
healed series. 
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observations highlight the intricate dynamics of concrete exposed to 
artificial seawater in the presence of healing agents, shedding light on 
both healing-related effects and the influence of the marine environment 
on concrete mass changes. 

3.4. Microstructural analysis after exposure to marine environment 

The microstructural analysis played a crucial role in elucidating the 
products formed in the BAS and CA series after a year of exposure. Thin 
sections of the cracked samples were examined by XPL. Interestingly, in 
the series subjected to a healing regime, there was no clear presence of a 
brucite or aragonite layer on the surface. In contrast, the series exposed 
directly to the marine environment without a healing regime showed the 
presence of a protective layer on the surface (Fig. 14). This protective 
layer also played a role in sealing the cracks in the case of the samples 
with cracks, similar as observed in literature (Ramezanianpour et al., 
2021; Mohammed et al., 2003). It is worth noting that when analyzing 
the products formed within the cracks, findings are consistent with 
findings reported in existing literature (Danner et al., 2019). In the 
uncracked samples, the analysis revealed a different crystal formation 
according to the series. In XPL images, brucite usually presents as 
colorless or very pale in color, characterized by its low birefringence (δ). 
Ettringite, on the other hand, appears predominantly grey (δ = 0.008), 
while in carbonate crystals display a bright yellow color (δ = 0.150) 
being defined as aragonite due to the contact with marine solutions 
reported in literature. Observing Fig. 14, it becomes apparent that REFu 
displayed a combination of brucite and ettringite beneath a clearly 
defined aragonite layer. Likewise, in the case of CAu, an aragonite layer 
was present, although less prominently, and beneath it, brucite was the 
dominant mineral, with no discernible ettringite formation. In contrast, 
BASu exhibited a brucite layer with no apparent evidence of aragonite or 
ettringite formation. 

In the unhealed cracked samples, a similar analysis was performed, 
but with a focus on the crystals formed at the crack mouth and deeper 
within the crack (Figure S4 - Supplementary material). In all three series, 
the crystal formations on the top surface and within the first few milli
meters deeper into the crack exhibited the same pattern as reported in 
Fig. 14. This layer effectively closed the crack mouth, with the protective 
layer primarily composed of brucite in the case of BASu3 and CAu3, and 
with more evidence of ettringite and aragonite in the case of REFu3. 
When observing the crystals formed a few millimeters below this pro
tective layer, ettringite emerged as the main crystal formation across all 
three series. The crystals of secondary ettringite exhibited a grey to dark 
color, consistent with previous reports, and displayed specific needle or 
fibrous features. When examining the entire crack, REFu3 was limited to 
forming ettringite close to the surface and below the protective layer, 
with only a few occurrences of ettringite formation in the crack wall. In 

Fig. 13. Changes in mass for REF, BAS and CA concrete under marine envi
ronment: (a) the series subjected to the weekly wet-dry cycles for three months 
before exposure, named healed and (b) the series subjected directly to a marine 
environment, named unhealed. (n = 10). 

Fig. 14. Evidence of a protective layer formed by brucite, ettringite and aragonite at the concrete surfaces by XPL images of the uncracked REFu, BASu and CAu 
series after 12 months in marine environment. The scale bars represent 100 μm. 
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Fig. 15. Evidence of ettringite formation by XPL images deeper in the crack of (a) BASu3 and (b) CAu3 after 12 months in marine environment. The scale bars 
represent 100 μm. 

Fig. 16. EDX mapping analysis on the crack wall of the BASh3 samples after 12 months under marine environment with brucite and sodium carbonate crystals. The 
scale bars in the SE images represent 10 μm, and in the mapping images 50 μm. 
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contrast, BASu3 and CAu3 demonstrated more significant blockage of 
the crack filled with ettringite. Fig. 15 depicts the fibrous secondary 
ettringite formed within the cracks of BASu3 and CAu3, with the edges 
of the cracks highlighted by red lines. 

In addition, the examination of the inner portions of the cracks 
involved a combined approach of SEM and EDX analysis to identify the 
crystalline structures present. In the case of REFh3 (Figure S5 - Sup
plementary material), the analysis revealed the presence of aragonite, a 
finding supported by both the chemical composition and crystal 
morphology. Aragonite, a less stable phase of calcite that forms under 
specific exposure conditions (Han et al., 2005), possesses a chemical 
composition primarily consisting of Ca, O, and C. This composition is 
supported by the EDX developed in the REFh3 sample, revealing that it 
comprises 42% Ca, 40% O, and 16% C. The needle-shaped morphology 
observed further corroborates the indication of this unstable calcite 
phase (Chen and Xiang, 2009). The formation of aragonite is a 
commonly observed phenomenon in concrete exposed to seawater 
(Alexander et al., 2013). It is anticipated that beneath the aragonite 
layer, a layer of brucite exists and was already evidenced in the previous 
section. They act as a barrier against further damage, which is in line 
with findings from Mohammed et al. (2003), who reported the presence 
of ettringite, calcite, and brucite inside cracks when subjected to a ma
rine environment. Furthermore, the research conducted by Danner et al. 
(2019) corroborated these observations. Their work indicated the for
mation of calcite in the outer part of the crack, followed by a brucite 
layer, with ettringite primarily observed in the deeper regions of the 
crack. 

In contrast, BASh3 exhibited primarily the formation of brucite (Mg 
(OH)2) (Figure S6 - Supplementary material) and the potential presence 
of crystals, such as sodium carbonate (Fig. 16 and Figure S7 - Supple
mentary material). These crystalline precipitates were primarily 
observed in the BAS series after exposure. This phenomenon is likely 
attributed to the hydrolysis of PLA (which is 50–80 wt% of the bacterial 
pellets) in combination with the activation of bacteria, which may 
release CO2. This release of CO2 could contribute to an increased carbon 
content within the concrete matrix, serving as a source for the reactions 
that lead to the formation of sodium carbonate. In contrast, Palin et al. 
(2015), who studied a similar healing agent, only documented the for
mation of brucite in the inner regions of the cracks, which was associ
ated with the presence of magnesium ions in the seawater, but they did 
not notice any interaction with the sodium. Furthermore, Khan et al. 
(2021a) conducted a study that verified the presence of aragonite, 
alongside brucite formation, in mortar containing spores of Sporosarcina 
halophila bacteria, calcium lactate, and expanded perlite aggregate as 
the carrier, after 90 days of exposure. It is worth noting that the shape of 
the crystals formed in concrete can be influenced by various factors, 
including the environmental conditions and the specific bacterial spe
cies used. Bacteria, such as Bacillus subtilis and Bacillus megaterium, have 
been found to play a significant role in the formation of crystals in 
concrete. These bacteria can produce exopolysaccharides and amino 
acids that influence the mineralogy and morphology of calcium car
bonate crystals (Zhou et al., 2014; Braissant et al., 2003). The addition of 
nutrients, such as calcium sources, can further affect the shape of the 
crystals formed (Nasser et al., 2022). 

In the CAh3 series after exposure, mainly ettringite was identified 
(6CaO.Al2O3.3SO3.32H2O) and brucite was found on the crack walls 
(Figure S8 and S.9 - Supplementary material). This aligns with findings 
by Xue (2022b), who confirmed the presence of brucite within cracks in 
concrete containing CA exposed to seawater. Additionally, He et al. 
(2020), observed the formation of calcium carbonate alongside brucite 
as healing product within cracks when a CA was used. 

In the unhealed series, specifically in the case of REFu3, the pre
dominant crystals found were aragonite, accompanied with brucite 
within the crack walls. Notably, a distinct layer of aragonite encased a 
layer of brucite, a phenomenon commonly observed in seawater due to 
elevated levels of dissolved CO2 (Skalny et al., 1999). This layered 

structure serves as an additional barrier mechanism within the material. 
In the case of BASu3, a distinct pattern of crystal formation emerged 
(Fig. 17), characterized by layers composed primarily of oxygen (48.4 
wt%) and calcium (44.0 wt%). These layers also contained trace 
amounts of carbon (5.9 wt%), silica (0.6 wt%), and a smaller quantity of 
magnesium (0.5 wt%). This composition strongly suggests the pre
dominant formation of calcium carbonate. Notably, the laminar shape of 
these crystals was particularly evident in the BASu series. Additionally, 
the analysis revealed the presence of ettringite and brucite, clustered 
around these laminar calcium carbonate crystals (Figure S10 - Supple
mentary material). 

In the CAu3 series, the analysis indicated the presence of brucite 
(Figure S11 – Supplementary material). Furthermore, both ettringite 
and calcium carbonate formations were identified. Interestingly, this 
crystal formation closely resembled what was observed in the healed 
series. 

3.5. Corrosion monitoring in the self-healing concrete 

The corrosion potential versus time has been plotted for each series, 
starting from the moment samples were brought in contact with 
seawater, all the way through 360 days of monitoring. In Fig. 18 the 
uncracked samples are presented with the grey area denoting the 
threshold defined in Section 2.5. This area represents an intermediate 
probability of corrosion initiation. Above this threshold (above − 126 
mV), the probability is low, while below it (below − 276 mV), the 
probability for corrosion initiation is high. It is worth noting that for 
some samples, the corrosion potential falls within the range indicating 
an intermediate probability of corrosion in the initial period. This 
occurrence is linked to the preconditioning of each series. During the 
healing regime, the healed series were in contact with water, but the 
edges of the rebars were protected with a sealant, as outlined in the 
methodology. This ensured that the uncracked healed series began with 
initial potential values indicating a low risk of corrosion initiation. 
However, the unhealed series were stored with the rebars exposed to a 
climate-controlled room (20 ◦C, 60% RH). Over time, the humidity in 
the room appears to have caused some corrosion at the rebar edges while 
the samples awaited the same aging period to enter the marine envi
ronment, along with the healed samples. Prior to the samples being 
exposed to the marine environment, the edges of the rebars were sanded, 
and they were protected in accordance with the sample preparation. 
This corrosion is evident from the more negative initial values observed. 

Fig. 17. SEM image on the crack wall of the BASu3 sample after 12 months in 
marine environment with laminar calcium carbonate formation. The scale bars 
in the SE images represent 10 μm. 
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During the experiment, the rebars seemed to reactivate the passivation 
stage, with the values returning to a low probability of corrosion. Pro
tecting the rebar edges at that stage may have limited corrosion by 
blocking access to oxygen and water. This could lead to repassivation, 
restoring structural integrity by stabilizing the pore solution and pro
moting realkalization of the outer zone. Additionally, upon removal of 
the rebars from the samples, corrosion was only evident in the REF se
ries. Consequently, the initiation period was not clearly observable for 
any of the uncracked series. It is possible that for a more extended 

exposure period, corrosion initiation might become evident later. As an 
interesting reference, Du et al. (2020) conducted experiments 
mimicking marine exposure using cracked concrete beams and a con
crete cover of 25 mm. They found that it took 700 days to induce 
corrosion in cracks with a width of 100 μm, whereas for cracks of 300 
μm, this time was reduced to 460 days. Uncracked samples were not 
included in their experiment, but it is likely that they would require even 
longer exposure periods. Note that in the current study the used concrete 
cover was 20 mm. 

Fig. 18. Evolution of the Open Circuit Potential individual values measured against a saturated calomel electrode in the reinforcement of different uncracked series, 
healed and unhealed, tested in marine environment (a) REFh, (b) REFu, (c) BASh, (d) BASu, (e) CAh and (f) CAu. Considering three samples per series named from 1 
to 3. 
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Figure S12 (Supplementary material) presents the results for the 
series with 100 μm wide cracks. Among these series, only REFu1 and 
CAh1 showed a corrosion potential in the low probability range for 
corrosion initiation. BASu1, on the other hand, had one sample indi
cating corrosion initiation after 22 days of exposure, signified by a drop 
in potential, but the other BASu1 samples were very similar to the CAh1 
behavior. CAu1 samples started in the intermediate probability zone and 
reached values indicative of a high probability of corrosion around 12 
days of exposure. Another CAu1 sample exhibited a similar drop in 
potential after 117 days of exposure. REFh1 showed corrosion initiation 
between 58 and 74 days for some samples, followed by a passivation 
period, and later, a continuous decrease in corrosion potential after 257 
days. BASh1 demonstrated a similar pattern to REFh1, with corrosion 
initiation observed in two samples at 58 and 74 days. It is important to 
note that relying on only one method of measurement cannot provide a 
comprehensive understanding of corrosion propagation. Further dis
cussion will elucidate these findings in next sections. 

In the case of larger cracks (Figure S13 - Supplementary material), all 
series reached a high probability of corrosion, typically after 60–70 
days. Larger cracks inherently carry a higher risk of corrosion. Kušter 
Marić et al. (Kušter Marić et al., 2020) found that cracks larger than 100 
μm significantly reduce depassivation time, regardless of the cover 
thickness. Montes et al. (2004) observed that increasing crack widths 
from 250 μm to 500 μm exacerbates corrosion due to marine exposure. 
Otieno et al. (2016) noted that cover thickness can prevent corrosion in 
narrow cracks, but it has only a limited effect on wider cracks (400 μm 
and 700 μm). Lopez-Calvo et al. (2018) showed that corrosion potential 
increases with crack width in a simulated marine tidal condition. In the 
context of this thesis, the healing agents were unable to prevent corro
sion in cracks measuring 300 μm. However, in the case of narrow cracks, 
specifically 100 μm wide, CAh demonstrated the capability to protect 
the reinforcement against corrosion. 

3.6. In-depth examination of reinforcement: visual, gravimetric, and 
chemical analysis 

The visual examination of rebars involved identifying corroded areas 
(Fig. 19). Among the uncracked samples, only the REF series displayed 
corrosion pits at the bottom part of the rebar, being the first location of 
contact with the solution, with more significant corrosion observed in 
the unhealed series. In contrast, samples with healing agents did not 
show any sign of corrosion at the reinforcement for the uncracked 
samples. The indication of corrosion in the uncracked samples was due 
to the presence of chloride ingress, which was confirmed by spraying 

silver nitrate on the samples after the 360-day exposure to the marine 
environment. For the narrow-cracked samples, only CAh1 effectively 
prevented corrosion of the reinforcement, while BASh1 failed to do so, 
showing heavy corrosion pits even within the narrow cracks. Of the 
healed specimens, the REFh series performed the worst in terms of visual 
damage caused to the rebars due to contact with the simulated seawater. 
When examining samples with larger cracks across all series, corrosion 
pits were typically observed, with the corrosion often being more severe 
in the crack areas. However, in some series, corrosion initiated at the 
edges or bottom of the rebar. This suggests that the healing products 
formed were unable to prevent chloride ingress leading to subsequent 
corrosion of the reinforcement and caused some flaws in the homoge
neity of the concrete protecting the rebar. In the case of narrow cracks, 
only CAh1 proved effective in restricting chloride ingress and prevent
ing corrosion of the reinforcement. In the unhealed cracked series, 
regardless of the crack size, corrosion pits were observed. As cracks 
serve as pathways for aggressive substances, it becomes evident that 
without the application of a healing regime, healing agents cannot 
prevent the corrosion of the reinforcement. 

Fig. 20 illustrates the gravimetric analysis, quantifying the mass loss 
of the reinforcement for all the series under consideration. Notably, the 
uncracked samples exhibited less mass loss when compared to the 
cracked samples. Among the cracked samples, there is not a discernible 
trend of mass loss directly correlated with the crack width. However, it is 
more evident that the CAh series displayed lower mass loss compared to 
the other healed series. Conversely, both REFh and REFu exhibited the 
highest mass loss when compared to the concrete containing the healing 
agents. A statistical analysis was carried out to evaluate the impact of 
cracked concrete at 100 and 300 μm, pre-conditioning (healed vs un
healed) and three types of concrete (REF, BAS, and CA). The Test of 
Normality showed normality of the data with a level of significance of 
5% and a p-value greater than 5% for all data groups, except for BAS 300 
μm which had a p-value of 1.0%. ANOVA tests were performed to 
determine the equality of means with a significance level of 5%. For 
unhealed 100 μm (p-value = 40.2%) and 300 μm (p-value = 53.2%), and 
for healed 300 μm (p-value = 48.2%), equality of means was assumed. 
However, for healed 100 μm, ANOVA testing showed a difference in 
means with a significance level of 5% and a p-value of 0.9%. Based on a 
Tukey test with a significance level of 5%, REF was found to be signif
icantly different from the others for healed 100 μm, with p-values of 
0.9% and 4.0% for the differences between CA-REF and BAS-REF, 
respectively (no statistical difference for BAS-CA with a p-value of 
41.7%). 

The initial focus of the EDX analysis was on the surface of an 

Fig. 19. Representative photographs of the series subjected to the corrosion experiment in marine environment. The red markers indicate where the crack inter
sected the rebar. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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unexposed steel rebar, aiming to determine its precise composition in 
terms of FexOy and Fe (wt.%). Subsequently, the surface compositions of 
the exposed steel rebars were analysed, as exemplified in Fig. 21. For 
each series, a minimum of two spots, each containing ten EDX points, 
were examined to quantify the elements present in the corroded area. 
Reductions in the FexOy content (wt.%) served as indicators to define the 
level of corrosion among rebars obtained from different batches. In the 
case of an unexposed rebar, its surface composition comprised 70.9% Fe, 
10.4% O, and 14.1% C, which are primary elements in most steel alloys. 
The quantification of the corroded area for each concrete type is pre
sented in Fig. 22. The unexposed rebar provides a baseline for com
parison with the studied series. Importantly, as corrosion progressed, the 
Fe content on the corroded rebar’s surface decreased. Concurrently, 

other metals present in the rebar alloy, such as copper, chromium, and 
aluminum, became detectable due to the degradation of the passive 
layer (Erşan et al., 2018). The EDX mapping in Fig. 21 serves as an 
illustrative example of how seawater can affect the rebar, revealing the 
presence of chloride and sulfur in the crack area, which contribute to the 
initiation of the corrosion process. In Fig. 22, the quantification reveals 
distinct trends among the different series. In the case of unhealed sam
ples, REFu exhibits the most significant decrease in Fe content at 27.7%. 
In contrast, when healing agents are introduced, BASu and CAu expe
rience minor reductions of 19.4% and 12.2%, respectively, compared to 
the unexposed rebar. However, for the healed series, a different pattern 
emerges. The impact on Fe content is more pronounced in the presence 
of the CAh healing agent, displaying a reduction of 22.3% compared to 

Fig. 20. Mass loss for the series subjected to the corrosion experiment (a) healed series and (b) unhealed series. The error bars represent the standard deviation (n =
2 for the uncracked series and n = 3 for the cracked series). 

Fig. 21. Illustration of data collection via EDX point analyses in a corroded area, incorporating two locations with a minimum of 10 data points each, alongside EDX 
mapping in the crack region. The scale bars represent 500 μm. 
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the unexposed rebar. This is followed by BASh with a 19.8% decrease 
and REFh with a 15.2% decrease. These findings suggest that the healing 
regime employed in the series containing healing agents affects the 
depassivation layer of the reinforcement, leading to a decrease in Fe 
content. Additionally, the healed series exhibit an increase in the weight 
of oxygen (O). Specifically, BASh shows the highest increase at 17.6%, 
followed by CAh with a 16.3% increase and REFh with a 13.0% increase. 
On the other hand, the unhealed series generally experience lower in
creases in O content, except for BACu, which observes a substantial 
15.3% increase compared to the unexposed rebar. Meanwhile, CAu has a 
10.2% increase, and REFu has an 11.2% increase in O content. 

4. Conclusions 

A thorough assessment of two healing agents was conducted (a 
bacteria-based healing agent (BAS) and a crystalline admixture (CA)), 
with a primary focus on how they perform when used in concrete 
exposed to a marine environment. Concrete samples were immersed in 
artificial seawater in accordance with ASTM D1141-98 (2021). The re
sults revealed that these healing agents can significantly reduce the 
chloride ingress rates. Consequently, they have the potential to enhance 
the overall resilience of concrete when exposed to the challenging ma
rine environment. 

After 12 months of exposure, the BAS improved the concrete matrix, 
reducing chloride ingress by 43% in uncracked, unhealed samples 
compared to the reference series without healing agent. The chloride 
ingress was reduced by 23% at the location of the crack in case of narrow 
cracks (100 μm) and by 16% in case of large cracks (300 μm). In healed 
samples chloride ingress was reduced by 68% at the location of the crack 
in case of narrow cracks, but for large cracks, this value decreased to 
19%. The BAS series had the highest mass gain after 12 months of 
exposure for the unhealed uncracked series and the highest mass loss for 
the healed samples. In unhealed samples, a brucite layer sealed the crack 
mouth, and notable ettringite formation in the initial millimeters of the 
crack effectively blocked it. This phenomenon was less prominent in the 
healed samples. In the healed samples, evidence of sodium carbonate 
crystals was noticed on the crack walls by SEM analysis. In contrast, in 
the unhealed samples, distinct laminar crystals of calcium carbonate in 
combination with ettringite were found. The BAS could not avoid 
corrosion of the reinforcement in cracked concrete regardless of the 
crack width, being able to avoid corrosion only in uncracked samples. 

In the CA series the concrete matrix was improved, resulting in a 

significant reduction of chloride ingress by 31% in uncracked and un
healed samples compared to the reference series after 12 months of 
exposure. At the same exposure time, chloride ingress was reduced in 
healed samples, showing a 32% decrease in narrow cracks and a 38% 
decrease in large cracks at the crack location. In unhealed narrow and 
wide cracks, chloride ingress was reduced by 35% and 19% respectively 
when compared to reference samples without healing agent. The CA 
series did not show any significant changes in mass over time. In un
healed samples, a layer of mainly brucite and less pronounced aragonite 
sealed the crack mouth, and ettringite formation was noticed in the 
initial millimeters and deeper in the crack. This phenomenon was not 
observed in the healed samples. SEM analysis revealed the presence of 
ettringite and brucite formation on the crack wall of the healed and 
unhealed samples. The CA healing agent effectively prevented rein
forcement corrosion in uncracked samples and in samples with narrow 
healed cracks. However, in the unhealed series and in samples with large 
cracks, regardless of the healing regime, corrosion was evident. 

In conclusion, the choice of a healing agent for marine environments 
demands careful consideration, depending on the specific application 
and crack conditions. The BAS and CA healing agent have been found to 
be effective in marine environments, as long as the concrete is uncracked 
or has narrow cracks. However, while BAS is unable to prevent corro
sion, CA could prevent reinforcement corrosion in healed samples and 
samples with narrow cracks. Although there are challenges with certain 
healing agents, their overall contribution to enhancing concrete dura
bility and reducing chloride ingress was significant. This highlights the 
importance of tailored solutions to address the unique demands of ma
rine environments. 
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