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Abstract: Test samples were examined using a specific crystalline admixture, 
AR glass fibre and three types of cements with percentages of blast furnace 
slag (BFS) of 55%, 35% and 0%. Test specimens were loaded under 
compression until 90% of their failure load, in order to generate a network of 
micro-cracks. These samples were subsequently immersed in lime water to 
trigger the self-healing mechanism, followed by various tests at 28, 56 and 84 
days. As BFS content ratio was increased to 55%, there was a noticeable 
increase in mechanical recovery and permeation reduction properties, 
indicating good self-healing. 
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1 Introduction 

1.1 Concrete technology 

Concrete is a material with a long history of being used as a building material; its 
importance continually requires more research to solve the almost unavoidable issue of 
cracking in reinforced concrete. Research has focused on a scientific approach to the 
casual observations of self-healing cracks in concrete (Yoon, 2012; Gilford et al., 2014; 
Lee and Ryou, 2014; Ma et al., 2014; Yildirim et al., 2014). Repairing cracks in 
mechanically loaded reinforced concrete elements has been a long-time goal. The 
conventional repair methods either physically block water off by applying a 
waterproofing material with crack-bridging abilities or by injecting low viscosity resins 
into the cracks. By contrast, self-healing concretes (SHC) can waterproof the entire 
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concrete structure – as well as cracks – by applying a crystalline waterproofing admixture 
(Mori et al., 1996). 

Dry (1994) was the first one to propose the intentional introduction of self-healing 
properties in concrete. This researcher began working on a self-sealing concrete that 
could be improved with the addition of hollow polypropylene fibres filled with methyl 
methacrylate adhesive as the healing agent. Crack propagation would then make the 
fibres break down and release the adhesive, thus healing the crack. Subsequent research 
about self-healing properties in cementitious materials suggested a focus on autonomous 
healing approaches with capsule and vascular-based self-healing (which react through 
contact with a second component present in the cementitious matrix or with a second 
component provided by additional capsules) (Tittelboom and Belie, 2013). However, 
autogenic healing proved to be a far more practical approach because it is based on 
improving the natural healing mechanism of the concrete and uses generic material 
components that could otherwise also be present even when not specifically designed for 
self-healing (Rooij et al., 2013). 

1.2 Self-healing 

The self-healing phenomenon, which is largely attributed to the dissolution and 
redeposition of hydrates, should be differentiated from improved autogenous healing, 
which is due to the continuing hydration of unhydrated material with CaCO3 nucleation 
and subsequent crystal growth. There are two major differences: 

a the self-healing effect is observed in a system closed to CO2, where carbonation of 
the dissolved Ca(OH)2 is not possible 

b the condition under which the self-healing effect becomes significant occurs after 
extensive micro-cracking, usually caused by drying and/or mechanical loading 
during the service life of a concrete structure. 

Both are water exposure dependent, while continued hydration may continue under 
stagnant conditions (Hearn, 1998). Also, several researchers have recently observed the 
formation of cementitious products such as ettringite (Aft), monosulfate (AFm) and 
CaCO3 in the cracks and Ca(OH)2 crystals in the air voids of cracked concrete. It was 
hypothesised that these hydration products had been leached and recrystallised in water 
that had flowed through the cracks (Ahn and Kishi, 2009). 

Self-compacting concrete (SCC) is one of the latest achievements in concrete 
technology. However, in comparison to conventional concretes, SCCs shows much 
higher levels of thermal and autogenous shrinkage; these high strength SCCs are far more 
likely to crack at an early age than normal strength concretes. Theses cracks have a 
dangerous effect of accelerating the ingress of aggressive agents, such as chlorides or 
carbon dioxide (Toutanji et al., 2007; Medeiros and Helene, 2008; Medeiros et al., 2009a, 
2012; Maes et al., 2014). 

Investigations into the self-healing properties of SCCs subjected to mechanical 
loading led to the development of further hydration processes for unhydrated 
cementitious particles when exposed to water (Şahmaran et al., 2008). In subsequent 
investigations about the self-healing capabilities of cementitious composites 
incorporating different supplementary cementitious materials (SCM), a more evident  
self-healing product was observed from mixtures incorporating blast furnace slag (BFS) 
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(Qian et al., 2009; Şahmaran et al., 2013). Moreover, the large surface area of BFS 
provides more nucleating sites, as well as OH– ions and alkalis for the pore fluid when 
BFS is hydrated (Li and Zhao, 2003). The hydration products from Portland-slag cements 
are the same as the ones from Portland cement, except that smaller quantities of calcium 
hydroxide (Ca(OH)2) are found at higher slag contents. The lower Ca(OH)2 content and 
the finer pore structure of BFS concrete could therefore contribute to its greater chemical 
resistance (Belie et al., 1996). Furthermore, cements with additions (BFS or pozzolan, for 
example) generally produce a denser cementitious matrix, hindering the entry of 
aggressive substances into the concrete (Gesoğlu and Özbay, 2007; Hoppe Filho et al., 
2013; Medeiros et al., 2013; Medeiros-Junior et al., 2015; Balestra et al., 2016;  
Medeiros-Junior and Lima, 2016). 

Moreover, chemical and mineral additives can significantly affect the formation of  
re-hydration products. Ahn and Kishi (2010) found that high alumina silicate materials 
and other chemical additives significantly affected the chemical stability and the rate of 
crack self-healing. There was no loss of re-crystallisation products, which were primarily 
composed by fibrous phases from the crystalline admixture (Cat-X) and calcite. This 
indicates that these fibrous phases play an important role in crack bridging (Ahn and 
Kishi, 2010). While most healing agents are chemically-based, the possible application of 
bacteria spores as self-healing agents has also been considered (Wiktor and Jonkers, 
2011). 

1.3 Crystalline admixture 

Cat-X is a synthetic cementitious material classified as a hydrophilic waterproofing and 
as a permeability-reducing admixture for hydrostatic (PRAH) conditions (ACI 
Committee 212.3R, 2010). Thus, ACI Committee 212.3R (2010) classifies the product as 
an admixture for reducing permeability in hydrostatic conditions. According to 
Sisomphon et al. (2013), Cat-X is a synthetic cementitious material, composed by very 
fine treated silica and other active chemicals. Some chemical components react with 
calcium hydroxide to form crystalline products which disconnect pores and also fill 
cracks in the cementitious composites. The crystalline products can only occur when 
sufficient moisture is present (Sisomphon et al., 2012). Cat-X has many physical and 
chemical properties that are surprisingly similar to those of clay minerals. Described as 
re-activated cement it is considered as spherical shell-like crystals due to the large 
number of polar groups. For stereometric reasons these crystals have a positive charge in 
the outside and a negative charge towards their centre. This Cat-X structure makes the 
high cations exchange capacity versatile and easily achieved. Cat-X has been extensively 
studied for the suppression and control of alkali-aggregate reactions (AAR) in concrete 
through the alkali discharge resulting from its chelating function (Kuramoto et al., 1992, 
1996, 2000). This water stopping technique was used to improve the impermeability 
property of the concrete and to decrease the migration of radionuclides (137 Cesium) 
during the treatment, storage and disposal of low level radioactive waste in Japan. It was 
also used for waterproofing the bridges and tunnels of the Japan Railways Shinkansen 
bullet train lines (Maki and Ohnuma, 1992). 

The effect of water exposure conditions plays an important role in self-healing 
efficiency and in the type of healing products formed. The exposure conditions of wet/dry 
cycles shows that, in an optimal mechanical recovery, a mixture of calcium carbonate 
(CaCO3), calcium silicate hydrate (C-S-H) and Aft is considered as major internal crack 
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healing products. Continuous water exposure leads to the formation of CaCO3 on the 
crack mouth, which is preferable in terms of water tightness, however, this formation 
decreases the recovery speed of mechanical properties (Sisomphon et al., 2013). 

Therefore, multiple cracking with relatively small crack widths (in comparison to 
ordinary cracked concrete) generally results in increasing the resistance of this material to 
the ingress of fluids and gases (Sivaraja and Kandasamy, 2009; Mechtcherine and 
Lieboldt, 2011). The proposed self-healing mechanisms have the added advantage that a 
second healing action may occur and will be easily implemented into concrete structures 
that are not easily accessible for maintenance and repair, such as underground structures, 
bridges and dams. Although the initial costs will be higher, the maintenance costs can be 
reduced, and the service life of the structures may be extended as damage is immediately 
repaired (Tittelboom et al., 2011). 

Thus, the aim of this paper is to test the self-healing capabilities of concrete 
specimens with three different types of Brazilian Portland cements. Those cements have 
different BFS contents and are widely used in Brazil. Several laboratory tests were 
applied to investigate the mechanical recovery and decreased permeability of the 
samples. So, this article aims to contribute for developing a SCC with self-healing 
capabilities that enables the design of more durable concrete structures subjected to water 
exposure. 

2 Experimental program 

In this program, the experiments performed on hardened concrete were grouped into tests 
to determine the mechanical properties and into tests to determinate permeation 
properties. Concrete specimens for self-healing tests were loaded up to 90% of their 
compressive strength at 28 days of age 1( ).t′  Mechanical properties (compressive strength 
and ultrasonic pulse velocity – UPV) was determined at 28 days immediately after  
pre-loading (t1). Then, when the samples were 56 (t2) and 84 (t3) days old – after 28 and 
56 days of lime water curing after pre-loading, respectively – those tests were executed 
again. Three specimens were used for each age. Permeation properties were also 
determined at intervals (t1, t2) by using water sorptivity and rapid chloride permeability 
(RCPT) tests. 

2.1 Material properties 

Three types of Brazilian commercial cements with distinct percentages of BFS (BFS) 
ranging from 0% until 55% were used: CPIIIRS cement (slag content about 55%) (NBR 
5735, 1991; NBR 5737, 1992) is equivalent to ASTM Type IS (MS)  
blast-furnace slag cement. CPIIE cement (slag content about 35%) (NBR 11578, 1997) is 
equivalent to ASTM Type I (SM) slag-modified Portland cement. CPV cement (slag 
content = 0%) (NBR 5733, 1991) is equivalent to ASTM type III high early-strength 
Portland cement. A specific Cat-X (Cat-X) was used in this study at a rate of 2.5% by 
weight of cement content. Cat-X is a powder that is mixed together with cement and that 
have the same fineness of cement. The chemical composition and physical properties of 
the three cements and of Cat-X are presented in Table 1. 
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A mixture of aggregates was performed in order to provide a graduated particle size 
distribution and, therefore, a denser and less permeable concrete microstructure. 
Regarding the fine aggregates, natural quartz sand (70%) and crushed stone artificial sand 
(30%) with a maximum aggregate size of 4.8 mm were used. Both of the fine aggregates 
had water absorption of 0.2%, powder content respectively of 1.3 and 11.7%, and specific 
gravity of 2.64 and 2.68, respectively. Regarding the coarse aggregates, sources of 
crushed stone with a maximum aggregate size of 9.5 mm (30%) and 25.0 mm (70%) 
were used. Both coarse aggregates had powder content of 0.8%, water absorption of 0.7% 
and 0.5%, and specific gravity of 2.66 and 2.69, respectively. 

A polycarboxylic superplasticizer (SP) with specific gravity of 1.20, pH of 4.0 and 
solid content of 40%, together with a polycarboxylate ether superplasticizer (PCE) with 
specific gravity of 1.05, pH of 4.5 and solid content of 30%, was used in all concrete 
mixtures. These two superplasticizers are commonly used together in constructions in 
Brazil, therefore, this paper tries to simulate real conditions. Both SP and PCE reduce 
surface tension between concrete components and improve the dispersion of cement 
particles. They also provide an improvement in cohesion and workability of the concrete, 
thus reducing water demand. 
Table 1 Chemical composition and physical properties of cements and Cat-X 

Properties CPIIIRS CPIIE CPV Cat-X 
CaO (%) 56.84 56.19 63.33 30.9 
SiO2 (%) 24.01 21.05 19.48 20.3 
Al2O3 (%) 7.85 5.41 5.14 1.7 
Fe2O3 (%) 2.35 2.33 2.99 4.3 
MgO (%) 2.48 5.41 5.14 19.4 
SO3 (%) 1.7 2.85 2.95 1.0 
K2O (%) 0.5 0.72 0.67 0.15 
Na2O (%) 0.1 0.09 0.09 5.0 
Loss on ignition (%) 2.72 4.73 3.41 - 
Insoluble residue (%) 0.81 1.2 0.49 - 
Specific gravity (g/cm3) 2.98 3.03 3.14 2.03 
Blaine fineness (cm2/g) 4615 4450 4855 - 

A viscosity modifying admixture (VMA) with specific gravity of 1.08, pH of 7.7 and 
solid content of 30% was added to avoid any segregation or bleeding in the mixtures. 
Ductile alkali-resistant (AR) type glass fibres were added to enhance the cementitious 
matrix in all SCC mixtures. Glass fibres also help to restrict the opening of the crack 
during loading, therefore facilitating self-healing. 

2.2 SCC mix design, preparation and casting 

Six SCC mixtures were prepared with proportions summarised in Table 2 for all three 
types of cements, with and without the addition of the Cat-X. Total cement content and 
water/cement ratio (w/c) of 0.5 (by mass) were kept constant. Cat-X was not considered 
as a binder. 
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Table 2 SCC mix design (kg/m3) 

Ingredients Quantities Note 
Cement 392.0 kg CPIIIRS/CPIIE/CPV 
Water 196.0 kg w/c ratio = 0.5 
Crystalline admixture 9.8 kg 2.5% of cement content 
Quartz sand 573.3 kg 70% of fine aggregate 
Crushed stone sand 245.7 kg 30% of fine aggregate 
Crushed stone 9.5 mm 651.0 kg 70% of coarse aggregate 
Crushed stone 25 mm 279.0 kg 30% of coarse aggregate 
SP superplasticizer 2.35 kg 0.6% of cement content 
PCE superplasticizer 3.92 kg 1.0% of cement content 
Viscosity modifier 1.96 kg 0.5% of cement content 
AR glass fibre 0.90 kg Alkali-resistant 12 mm 

After mixing, slump flow, J-ring and L-box tests were executed on the fresh concrete in 
order to determine slump flow diameter and natural air content (Table 3). Visual 
inspection of fresh concrete did not detect any segregation or bleeding in any of the 
mixtures during the tests. Slump flow diameters of all mixtures were in the range of  
680–780 mm, and J-ring and L-box tests confirmed the filling and passing abilities of the 
SCCs. According to Table 3, mixtures with Cat-X had slightly reduced workability. 
Electrosteric dispersion and stabilisation employing optimal concentrations of PCE and 
VMA, along with appropriate mixing procedures, contributed to producing a satisfactory 
SCC mix with fibres that displayed high deformability, high flow rate, and high  
self-consolidation in the fresh state and strain-hardening performance in the hardened 
state (Kong et al., 2003). 
Table 3 Definition of mixtures and SCC fresh properties 

Code Cement used Slump flow diameters 
(mm) Natural air content (%) 

Mix 1 CPIIIRS 760 0.8 
Mix 2 CPIIIRS + Cat-X 700 0.7 
Mix 3 CPIIE 780 0.7 
Mix 4 CPIIE + Cat-X 730 0.7 
Mix 5 CPV 720 0.7 
Mix 6 CPV + Cat-X 680 0.8 

From each concrete mixture, Ø100 × 200 mm cylinder test specimens were prepared for 
the mechanical and permeation tests, according to recommendations from test standards 
(NBR 12655, 2006; ASTM C1585, 2004; ASTM C1202, 2012). All specimens were cast 
in a single layer without any compaction. At 24 hours, specimens were removed from the 
moulds and stored in lime-saturated water at 23 ± 2° C for 28 days. 
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2.3 Compressive strength 

The application of mechanical stress leads to cracking, which in turn adversely affects 
transport properties. Some studies show that stress induced cracking leads to a surge in 
fluid flow and there exists a threshold value for both the applied stress and for the 
resultant crack width associated with fluid permeability in concrete (Hoseinia et al., 
2009). Crack intensity increases with increasing loads and it is at the maximum near 
failure. It was determined that load-induced micro-cracks result in an increase of 
permeability and in loss of compressive strength when pre-loads exceed approximately 
70% of the ultimate strength (Shi, 2004). Şahmaran et al. (2008) found that when test 
specimens were pre-loaded to 90% of their ultimate strength and then subjected to 30 
additional days of water curing, a reduction in compressive strength loss indicated 
substantial healing. 

Thus, in this paper, after 28 days of moist curing, the compressive strength of each 
mixture was determined according to (NBR 5739, 1992), and the remaining specimens 
were pre-loaded to 90% of their corresponding compressive strength during a period of  
2 minutes. It is noteworthy that the size of the micro-cracks was less than 0.11 mm, thus 
the micro-cracks were not visible for the naked eye in the surface of the concrete 
specimens. Immediately after pre-loading the compressive strength test was performed in 
some specimens (t1). Some other pre-loaded specimens were then further stored in lime 
saturated water at 23 ± 2°C for additional 28 days and 56 days, when this test was 
performed again (t2, t3). 

2.4 Sorptivity test 

The sorptivity test method is used to determine the absorption rate of water in concrete by 
measuring the increase in the mass of a pre-dried specimen as a function of time when 
only one surface of the specimen is exposed to water. The procedure suggested by ASTM 
C1585 (2004) was followed. Cylindrical specimens were sawed into 50 mm thick slices, 
and the middle slices from each specimen were used. The specimens were previously 
dried in oven at 50 ± 5°C during three days. Only one surface of the specimen was 
allowed to be in contact with water at a depth of 3 to 5 mm. The sides of the specimen 
were sealed with a silicone coating to assure one-directional flow through the specimen. 
The test was applied at ages t1 and t2, so after preloading. 

2.5 Rapid chloride permeability test 

The rapid chloride permeability test (RCPT) is a measurement of the concrete’s 
resistivity, which is an indirect measurement of chloride penetrability (Medeiros et al., 
2009b; ASTM C1202, 2012). In this test a 50 mm thick, 100 mm diameter, water 
saturated concrete test specimen was subjected to a 60 V DC voltage during 6 h, 
according to the ASTM C1202 (2012) standard. One end of the specimen was in contact 
with a 0.3 M NaOH solution, while the other end was in contact with a 3.0% NaCl 
solution. The charge passing through the concrete sample was monitored during the test. 
The test was applied after preloading at age’s t1 and t2. 
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3 Results 

3.1 Compressive strength and ultrasound pulse velocity 

Figure 1 presents the compressive strength of concrete specimens at 1t′  (28 days of age, 
before preloading), t1 (28 days, immediately after preloading), t2 (56 days, after 
preloading and 28 additional days in lime saturated water) and t3 (84 days, after 
preloading and 56 additional days in lime saturated water). Table 4 shows the ultrasound 
pulse velocity after preloading. 

Figure 1 Compressive strength results - cracking and healing effect of cracks, (a) mix 1  
(b) mix 2 (c) mix 3 (d) mix 4 (e) mix 5 (f) mix 6 (see online version for colours) 
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Table 4 Ultrasound pulse velocity results (m/s) 

Code t1 t2 t3 

Mix 1 4,413 4,646 4,580 
Mix 2 4,514 4,540 4,560 
Mix 3 4,247 4,843 4,714 
Mix 4 4,566 4,665 4,799 
Mix 5 4,679 4,494 4,549 
Mix 6 4,,565 4,492 4,545 

3.2 Sorptivity test 

Results of the water ingress rate through fissured specimens (F) at age t1 and through 
fissured concrete specimens at 28 days and cicatrised (FC) (i.e., self-healed by immersion 
in lime water) at age t2 are shown in Figure 2. Table 5 presents the water absorption rates 
for all concrete mixtures. 

According to results, self-healing can reduce the water absorption of cracked 
specimens. 

Figure 2 Water absorption, (a) mix 1 and 2 (b) mix 3 and 4 (c) mix 5 and 6 
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Table 5 Water absorption rates (WA, in mm/s1/2) of fissured (F) and ‘fissured and cicatrised’ 
(FC) specimens 

Code (F) specimens at t1  
WA 

(FC) specimens at t2  
WA Reduction (%) 

Mix 1 0.0041 0.0025 39.0 
Mix 2 0.0033 0.0023 30.3 
Mix 3 0.0057 0.0036 36.8 
Mix 4 0.0044 0.0038 13.6 
Mix 5 0.0057 0.0036 36.8 
Mix 6 0.0044 0.0038 13.6 

3.3 Rapid chloride permeability test 

Figure 3 presents the total charge passed during the 6 hour period. This amount, 
determined in Coulombs, is related to the concrete’s ability of resisting chloride ion 
penetration through the fissured (F) specimens at t1 days and through the fissured and 
cicatrised (FC) specimens at t2 days. 

According to Figure 3, samples with lower contents of BFS have a higher 
permeability to chloride. This means that using SCM such as BFS may have a significant 
effect on the permeability of the concrete as measured by the RCPT. While the active 
component in the cement (Portland clinker) is a hydraulic binder, BFS (a residue from the 
steel industry) also has latent hydraulic properties. According to other studies (Kong  
et al., 2003) this means that the hydration reaction with water must be activated by 
substances such as Ca(OH)2, e.g., from clinker hydration. However, it is known that 
currently used SCMs such as BFS react more slowly when compared with cement. Also, 
Figure 3 shows that the self-healing effect contributed for reducing the load passing by 
the specimens. 

Figure 3 RCPT results 
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4 Discussion 

4.1 Compressive strength – effects of Cat-X 

Under the 90% preloading conditions (t1), and as BFS content ratio was increased to 
55%, there was a noticeable increase in the mechanical recovery and permeation 
reduction properties due to the Cat-X addition, particularly regarding compressive 
strength. Cat-X enhanced the compressive strength of the unhealed fissured specimens at 
t1 by 12.6% on CPIIIRS [Figure 1(a) to Figure 1(b)], by 6.0% on CPIIE [Figure 1(c) to 
Figure 1(d)] and by 2.0% on CPV [Figure 1(e) to Figure 1(f)]. Therefore, it appears that 
unhealed fissured specimens with addition of BFS and Cat-X are less affected by 
mechanical loads. Because these fissured specimens were tested immediately after the 
release of the preloading (t1), they had no time to undergo any crack healing. 

When the effect of self-healing is considered (i.e., t2 and t3), Cat-X also enhanced the 
compressive strength of FC specimens, but at a lower intensity by 5.6% on CPIIIRS, 
5.5% on CPIIE and 3.6% on CPV at t2, and 4.3% on CPIIIRS, 5.5% on CPIIE and 2.0% 
on CPV at t3. According to Table 4, the effect of Cat-X was less clear in the UPV. This is 
probably related with the following hypothesis discussed by Shi (2004): concrete 
permeability depends on the pore structure, while some other properties of the concrete 
(electrical conductivity, resistivity, and, for this case, ultrasonic pulse) are determined by 
both pore structure and by the chemistry of the pore solution. Thus, according to Table 4, 
UPV should not be used individually as an indication of concrete performance but, in 
conjunction with other tests (compressive strength and sorptivity tests, for example). 
Although Cat-X affects other properties of the concrete, no tendency for UPV results was 
found. However, UPV can be used as a quality control indicator when concretes have the 
same components and mixing proportions. Further studies are required to confirm this 
trend. 

4.2 Compressive strength – effects of self-healing 

According to Figure 1, compressive strength is reduced at 28 days ( 1t′  and t1) after 
preloading. However, resistance increases after the period in lime saturated water (t2 and 
t3), indicating a self-healing effect for all samples. The results of the compressive strength 
recovery can be attributed to the self-healing of pre-existing micro-cracks due to the 
hydration of the anhydrous particles of the cement and, particularly, by the activating 
effect of the Cat-X on the surfaces of these cracks. This is determined as a percentage 
gain of mechanical properties. Figure 4 shows the percentage reduction in compressive 
strength immediately after applying the pre-loading ( 1t′  and t1) and also the percentage 
recovery due to self-healing in lime saturated water at time intervals t1 to t3. 

According to Figure 4, as BFS incorporation level increased up to 55%, the 
compressive strength recovery was more visible (CPIIIRS > CPIIE > CPV). This is 
explained by the fact that, in SCC mixtures with BFS, the unhydrated BFS material 
available for further hydration was also greater. Therefore, it appears that BFS 
significantly influences the self-healing of the mechanically preloaded specimens. Even 
after 56 days, moist curing is critical to long-term self-healing. The C-S-H gels formed 
through the activation of BFS reactions developed a good bond within the micro-cracks. 
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Figure 4 Reduction and recovery (%) of compressive strength (see online version for colours) 
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Results of this paper were similar to results found in other studies (Sahmaran et al., 2008; 
Sisomphon et al., 2013). For example, Sahmaran et al. (2008) also studied the  
self-healing of mechanically-loaded self-consolidating concretes. The same type, curing 
period and size of specimens were used in this study. However, Sahmaran et al. (2008) 
used fly ash instead of BFS and the Cat-X was not used. The investigated properties were 
the same studied in this article: compressive strength; sorptivity test; and rapid chloride 
permeability. Sahmaran et al. (2008) found an initial difference of 27% in compressive 
strength of cracked concrete compared to concrete without micro-cracks. This difference 
decreases to 7% after 30 days of self-healing. According to Figures 1 and 4, internal 
cracking due to mechanical loading initially reduced the compressive strength from 
3%~19% when preloaded with up to 90% of ultimate compressive strength (depending 
on the type of cement); a recovery of compressive strength was also observed between 
4%~30% due to self-healing effects. Therefore, it can be said that this experiment was 
successfully reproduced. 

4.3 Sorptivity test 

Water absorption rate reduced because of Cat-X’s effect, at t1 it was 24.2%, 29.5% and 
29.5% on CPIIIRS, CPIIE, and CPV, respectively. Thus, Cat-X improved the water 
absorption of the unhealed fissured specimens. 

According to Table 5, self-healing reduced water absorption between 13.6% and 
39.0%. Considering only the compressive strength results, samples with higher 
concentrations of BFS had better results in absorption, indicating the beneficial effect of 
this addition. Thus, the healing time in lime-saturated water is essential to improve the 
water absorption of cracked concrete. According to Sahmaran et al. (2008), ongoing 
chemical reactions between the Cat-X and cement by-products could be driven by those 
saturation conditions resulting in reduced volumes of permeable voids. 

According to results of water absorption (samples with Cat-X), as BFS amount 
increases to 55% (as shown in Figure 2), a significant decrease of the accumulated 
quantity of water absorbed with the square root of time is observed. Specimens healed 
without Cat-X show a higher recovery percentage (Table 5). This means that Cat-X had 
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no good effect on the absorption of the healed specimens, although the water absorption 
rate was reduced due to Cat-X’s effect on fissured (F) concrete. 

4.4 RCPT 

Cat-X’s effect on RCPT is between 2.4% and 8.4% (see Figure 3). The effect of  
self-healing is expressive, as shown in Figure 5. 

Figure 5 Reduction of RCPT due to self-healing (see online version for colours) 
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Figure 5 shows a greater reduction in chloride permeability for the sample with CPV 
(Mix 5 and Mix 6). Although this result apparently induces that cements without BFS had 
better performances, it must be taken into consideration that this cement also provided 
higher values of charge passing through concrete samples during the test, as shown in 
Figure 3. This may explain the reason why a greater reduction was found for cement 
without BFS. 

According to Figures 4 to 5 and Table 5, the effects of self-healing are more visible 
on the permeation properties when compared with the mechanical properties. As shown 
in other studies (Tittelboom et al., 2012), the recovery of compressive strength and 
permeation properties can be related with the progressive filling of cracks by the newly 
formed C-S-H gels due to their self-healing effects. Therefore, according to all tests 
performed in this study, such as the recovery of mechanical properties and 
watertightness, interesting self-healing values were obtained in all of the used specimens. 
The following mechanisms must be considered for a robust autogenic self-healing 
concrete: 

a a mechanism for continuous hydration using cement composed by large amounts of 
BFS 

b a mechanism of chemical healing with a dosage of Cat-X to cause a cementitious 
recrystallisation effect in the concrete cracks 

c a mechanism of crack restriction with the addition of ductile type AR glass fibres in 
order to enhance the cementitious matrix. 
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4.5 Practical relevance of the study 

In Brazil, it is common to use cement with different percentages of BFS. The study of 
self-healing in SCC is challenging and the research performed in this paper contributes to 
the subject. 

In order to systematically design a self-healing technology improving the crack  
self-healing with alternative binders such as BFS, a Cat-X is recommended. Predicting 
the physical, chemical, and microbiological phenomena is important for developing 
techniques that can assure long-term durability for concrete structures when subjected to 
continuous water exposure. 

This study contributes to the development of this technology and the results showed 
significant progress, encouraging the use of self-healing concrete. This fact also 
contributes to the sustainability of concrete technology. 

5 Conclusions 

This study investigated the self-healing behaviour of SCCs incorporating SCMs. 
Preloading the concrete caused a loss in its ultimate compressive strength. Internal 
cracking, due to mechanical loading, initially reduced the compressive strength from 
3%~19% when pre-loaded until up to 90% of ultimate compressive strength. However, a 
recovery of compressive strength was also observed between 4%~30% due to  
self-healing effects. 

More evident self-healing was observed from BFS mixes and from mixes containing 
a Cat-X. This happened because the high volume of BFS, a hydraulic latent material, had 
a significant amount of unhydrated particles available in its microstructures, thus 
contributing to the self-healing effect of the pre-existing cracks activated by the Cat-X. 
Also, Cat-X modified slag cement and slag-modified concretes benefited from prolonged 
lime water curing, showing more significant reductions in water absorption rates than 
control mixes. Plus, the Cat-X was effective in improving the mechanical and permeation 
properties of the SCC stressed by mechanical loads. 
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