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Chapter 1. Introduction 

This Master thesis describes a project performed from November 2013 until January 2015, at 

the Institute of Concrete Science and Technology (ICITECH) at the Universitat Politècnica 

de València, Spain. 

1.1 Research background 

The search for smart self-healing materials is justified by the increasing sustainability and security 

requirements of structures. The appearance of small cracks or defects in concrete is unavoidable 

due to its heterogeneous nature. Shrinkage, thermal effects or freeze/thaw cycles are examples of 

external actions that could originate small defects. These do not necessarily cause a risk of 

collapse for the structure, but do certainly accelerate its degradation process and diminish its 

service life. That degradation of the properties could force an increasing of the maintenance 

operations or the reparation/rehabilitation of the structure. 

1.2 Objectives of this research 

The three main aims of this research are to develop a state of the art on self-healing concrete, to 

set up a methodology in order to characterize the self-healing properties of a concrete with respect 
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to its permeability, and to evaluate the effects of crystalline admixtures as a healing agent on the 

properties of concrete under different conditions.  

The goals of this research are: 

 To prepare a state of the art on self-healing concrete 

 To establish a methodology to evaluate self-healing based on permeability. 

 To discern the effect of crystalline admixtures on the self-healing capability of concrete. 

 To compare autogenous healing and self-healing by crystalline admixtures under 

different exposures. 

 To detect and quantify any limits on effectiveness regarding the initial damage. 

1.3 Outline of the document 

This document is organized in five chapters: 

 Chapter 1 is the current introductory chapter. 

 Chapter 2 reports the state of the art on self-healing and includes a discussion on the 

different methodologies. 

 Chapter 3 describes the experimental phase, which includes the specific objectives, 

experimental program and methodology used in this research in order to evaluate self-

healing. 

 Chapter 4 presents the outcome of the experimental phase and a discussion on the results. 

 Chapter 5 summarizes the obtained results and provide ideas for further research. 
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Chapter 2. State of the Art 

2.1 Introduction to self-healing 

Self-healing is the process of recovery of lost or diminished properties after suffering some 

damage or degradation and with little to no external help. This process is well-known in bones 

and trees healing, which are able to repair damage and recover their strength. A self-healing 

material is that which presents self-healing capabilities. 

Self-healing materials would extend the service life of structures built with them, lowering 

maintenance costs and avoiding complicated repairs, thus increasing the sustainability of the 

material itself. In the case of concrete, self-healing has been focused on the sealing of cracks and 

the associated recovery of properties. 

The popularity of self-healing concrete has increased recently; it is a mechanism that has been 

known for years, however. Neville (1986) already talked about the autogenous healing of 

concrete, and Fernández Cánovas (1994) gave the phenomena the name of cicatrization. What is 

more, it has been registered that water reservoirs and historical lime and lime-pozzolana mortars 

have a self-healing capability due to their composition (ter Heide, 2005; Nijland, et al., 2007). 
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2.2 Mechanisms of self-healing in concrete 

There are two main types of mechanisms of self-healing in concrete: autogenous healing and 

autonomous healing (van Tittelboom, et al., 2013). 

Autogenous healing of small cracks in concrete is a natural process, intrinsic to the properties of 

the material itself. It is mainly caused by continuing hydration of cement and calcium carbonate 

precipitation, though other processes could also help it. This capability and the methods to 

increasing it will be explained in section 2.3. 

Autonomous healing is an engineered healing process in order to improve the self-healing 

properties of a concrete element. There are different strategies of designing autonomous healing 

methods, which will be explained in section 2.4. 

The available literature uses several nomenclatures regarding the self-healing phenomenon, such 

as self-healing, self-sealing, self-repairing, or self-closing, depending on the type of properties 

recovered or other factors, which are summarized in Table 2-1. 

Reference Criteria Nomenclature 

(Hearn, 1998) 
Boundary 

conditions 

 Continuing hydration: will proceed as long as water is available. It 

does not depend on flow. 

 Self-sealing: caused by the interaction between microstructure and 

the permeating fluid (swelling, chemical interaction, osmotic pressure, 

physical clogging…). It takes place in systems closed to CO2. 

 Autogenous healing: white crystals fill cracks from the reaction of 

calcium hydrogen carbonate from water and calcium hydroxide from 

concrete or the carbonation of calcium hydroxide. Does not take place 

in systems without CO2.  

 (Schlangen, 

et al., 2006) 

Type of 

mechanisms 

 Self-tightening: the crack is blocked with small particles from the 

crack faces or small parts present in fluids that flow through the crack.  

 Self-healing: a chemical reaction takes place connecting the two 

crack surfaces. 

(Igarashi, et 

al., 2009) 

Type of 

process and 

design 

 Natural healing: cracks naturally clogged in humid environments. 

 Autonomic healing: cracks clogged in concrete with special 

material design, such as using supplementary cementing materials. 

 Activated repairing: cracks are clogged by devices embedded in  

concrete or the purpose of autonomically repairing cracks . 

 Autogenous healing: autonomic healing + natural healing. 

 Engineered healing/repairing: autonomic healing + activated 

repairing. 

 Self-healing/repairing: the whole phenomenon of clogging cracks 

without human intervention.  

Table 2-1 - Self-healing related phenomena. 
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Despite this wide range of nomenclature, there is a certain consensus on using the term 

autogenous healing for natural intrinsic healing (including continuing hydration and carbonation) 

and the term autonomous healing for specific tailored designs. Self-sealing would be the 

nomenclature for a superficial blocking by contaminants, however, because of the difficulty of 

distinguishing the healing effect in depth, most of the times it is not differenced in the literature 

from pure self-healing. This nomenclature will be used hereinafter. 

2.3 Autogenous healing 

2.3.1 Principles of autogenous healing 

Autogenous healing has been known for years, but there has been no clear consensus about its 

causes. An evidence of that is the lack of a clear differentiation of the chemical processes (which 

could be mostly caused from either continuing hydration or carbonation) in the literature and the 

predominance of carbonation models (Hearn, 1998). 

Hearn and Morley (1997) summarized the different mechanisms that were thought caused self-

healing in concrete in the literature: 

1. Air in the matrix, due to: 

a) Incomplete saturation of the test specimen. 

b) Dissolution of air under pressure, into permeating water. 

2. Swelling of the matrix. 

3. Chemical interaction of water and the matrix: 

a) Continued hydration of residual clinker. 

b) Dissolution of soluble alkalis, such as Na+, K+ and Ca2+ and crystallization along 

the flow path. 

c) Carbonation of dissolved Ca(OH)2. 

4. Osmotic pressure, due to ions concentration gradients. 

5. Physical clogging caused by downstream movement of loose particles in the matrix. 

Hearn and Morley experimented with concrete specimens in order to determine d’Arcy’s 

coefficient by the flow of water through saturated concrete. They analyzed the cause of water 

flow reduction for 26-years old concrete specimens by measuring its permeability. Permeability 

remained almost constant for virgin specimens, while oven-dried and saturated specimens 

experienced a decrease of the water flow with the time, which was considered as an indicator of 

the autogenous healing behavior. In their testing setup the osmotic effect was negligible in 

comparison to the decrease of permeability. They affirmed that continued hydration of residual 

clinker was important for young and poorly cured specimens, while carbonation of dissolved 

Ca(OH)2 was more notable when high concentrations of CO2 are available. They stated that even 
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when hydration is complete, the dissolution process could be the cause for the reduction of water 

flow. In their study they concluded that the dissolution and deposition of alkalis (Na+, K+, Mg+2 

and Ca2+) was the most important cause for self-healing by comparing the concentrations of the 

inflow and outflow water by means of atomic absorption (Hearn & Morley, 1997). The 

incomplete saturation and dissolution of air were concluded as no relevant for self-sealing.  

Afterwards, the four main possible causes for autogenous healing were classified by ter Heide 

(2005). This is the most extended classification, and does not include osmotic pressure, deposition 

or crystallization (Fig. 2-1): 

a. Calcium carbonate formation: calcium hydroxide (portlandite) in the concrete matrix 

can react with water, and if it contains carbon dioxide, calcium carbonate is formed as a 

precipitate filling the crack. 

b. Sedimentation of external particles : particles of dust or concrete from the matrix itself 

could be transported by the flow and block the crack. 

c. Delayed hydration: unhydrated cement particles in contact with water hydrate forming 

byproducts that would fill cracks. 

d. Matrix swelling: increase of volume caused by the saturation of the matrix could close 

the crack. 

 
Fig. 2-1 - Possible causes for autogenous healing: (a) carbonation, (b) sedimentation of particles, (c) 

delayed hydration and (d) swelling of the matrix (ter Heide, 2005). 

2.3.2 About continuing hydration effect on autogenous healing 

Continuing hydration1 effect on self-healing has not received as much attention as carbonation, 

but its contribution could be of considerable importance as the permeability of concrete decreases 

with the curing time. According to Hearn and Morley (1997) the permeability drop between the 

initial permeability of young paste and a well-hydrated system caused by hydration can be of four 

orders of magnitude. In old or saturated specimens, it is expected that almost complete hydration 

has occurred, so the autogenous healing caused by these mechanisms would be small. 

                                                 
1 Also named, continued hydration, delayed hydration, further hydration or secondary hydration  in the 

literature 

a.                         b.                              c.                         d. 
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In conventional concrete with water/cement ratio around 0.4, about 30% of cement particles 

remain unhydrated, even though, theoretically, that ratio is enough for complete hydration (van 

Breugel, 2007). That percentage is increased with coarser cements and higher amounts of cement. 

After cracking and being in contact with water (which could be from rain or exposure humidity) 

those particles hydrate forming byproducts that would fill cracks and pores, therefore, they could 

cause autogenous healing. This process will increase as the water/cement ratio is diminished, as 

there would remain a higher amount of unhydrated particles. 

There are two main differences between the conditions for the chemical reactions in the hydration 

of cement bulk paste and in a hydration to fill a crack in a specimen, which could change the 

mineralogy of products (Huang, 2014). First, the water/binder ratio is much higher in cracks with 

access to external water than in the cement paste, thus there is more water available for the 

reaction. Second, the free space is much larger in cracked specimens than in the paste. 

The healing capability of an Ordinary Portland Cement (OPC) concrete depending on its initial 

degree of hydration has been studied for early age cracks with initial openings of 20, 50, 100 and 

150 μm by Schlangen, et al. (2006). This study was based on the recovery of mechanical 

properties by using three-points-bending tests on prismatic specimens, which were kept under 

water. They concluded that if the degree of hydration of the specimens is higher at the moment 

of cracking, i.e. if the specimen is older; the strength regain is less (see Fig. 2-2).  

 
Fig. 2-2 – Influence of compressive strength and age of pre-cracking on healing (Schlangen, et al., 2006). 

From that group of researchers, ter Heide (2005) did microscope observations of the products 

formed inside the crack, resulting in a needle-like network, which was probably ettringite. When 

re-loading the healed specimens, the cracks occurred mostly by the old-crack path, breaking the 

needle network (Fig. 2-3). 
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Fig. 2-3 – Needle-like network formed in a crack after healing (left) and broken after reloading (right). 

(ter Heide, 2005). 

There are few studies about the self-healing produced by continuing hydration, as it is necessary 

to avoid the interaction with other processes, such as carbonation. In one of those studies the self-

healing behavior of micro-cracks by continuing hydration in Portland cement pastes has been 

characterized (Huang, et al., 2013; Huang, 2014). In order to avoid the effect of the carbonation 

process the specimens were immersed in a sealed container, thus preventing the entrance of CO2 

in the water. The healing condition was the partial immersion of specimens; therefore the capillary 

action caused the absorption of water into cracks. In this study, artificial cracks (with a gap of 30 

μm) were used for the characterization of the chemical precipitates while natural cracks (crack 

width around 10 μm) were employed for the quantification by back-scattered electron (BSE) 

image analysis. Fig. 2-4 shows the two series: series I for artificial cracks and series II for natural 

cracks. 

 
Fig. 2-4 – Artificial cracks for characterization (Series I) and natural cracks for image analysis (Series 

II) (Huang, et al., 2013). 

In this process, two types of products were formed in the artificial cracks: gel-like and crystal-

like products, the first formed mainly by hydrated calcium silicates (C-S-H) and the latter mostly 

formed by calcium hydroxide (CH). The main minerals of the reaction products in the artificial 

cracks (in the conditions of Fig. 2-4) were portlandite (78% of mass percentage for specimens 

under water and 80% under Ca(OH)2 solution) and C-S-H gels (15% of mass percentage for 

specimens under water and 17% under Ca(OH)2 solution). The rest of product was identified as 
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calcite. These compounds were produced when the cracked paste was cured in water and in 

Ca(OH)2 solution, meaning that the initial concentrations of Ca2+ and OH- had not notable 

influence in the healing processes. 

The quantification of healing by further hydration was performed by analyzing the BSE images 

and measuring the filling area of the natural cracks (Huang, 2014). Different values for the filling 

fraction of cracks were obtained for the pre-cracking ages and time of healing, with better results 

for younger cracks and higher healing time. The highest values of filling fraction (for 10 μm 

cracks) were around 50% after 200 hours of exposure to the conditions of partial immersion. 

Despite of the influence of continuing hydration on self-healing, several authors agree to affirm 

that the effect of continuing hydration on autogenous healing is not as important as carbonation 

(Edvardsen, 1999; Joos, 2001).  

2.3.3 About carbonation effect on autogenous healing 

Carbonation is thought to be the most important process for autogenous healing, at least in older 

elements, in which cement particles are almost completely hydrated. It has been noticed for years 

in structures in water contact, such as water tanks. Carbonation is produced in concrete when 

water dissolves and transports the soluble compounds out of the concrete matrix. In concrete, the 

compound of higher solubility is portlandite, Ca(OH)2, which dissolves in water. When calcium 

ions contact with carbon dioxide contained in water, they would form calcium carbonate. Fig. 2-5 

shows a summary of the compounds in a water tank with a crack in a wall and the carbonation 

process (Edvardsen, 1996). 

 
Fig. 2-5 – Carbonation process in a crack produced in a water tank (Edvardsen, 1999). 

Carbonation process affects all the compounds in the hydrated cement matrix: the calcium 

hydroxide, and when that element becomes depleted, the carbonation of hydrated calcium silicates  
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(C-S-H gels) starts, forming silica gel, which is a high porosity material and promote even further 

carbonation (Neville, 2011). The reaction of carbonation of C-S-H gels, has been taken from 

Morandeau, et al. (2014). These authors affirm that the exact stoichiometric coefficients of this 

reaction are not clearly defined. For instance, the amount of water inside the silica gel SHt is 

unknown, as well as the exact kind of calcium carbonate which it forms (calcite, vaterite or 

aragonite). 

𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2 ↔ 𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 

(𝐶𝑎𝑂)𝑥 (𝑆𝑖𝑂2)𝑦 . 𝑧𝐻2𝑂 + 𝑥𝐶𝑂2 ↔ 𝑥𝐶𝑎𝐶𝑂3 + 𝑦𝑆𝑖𝑂2. 𝑡𝐻2𝑂 + (𝑧 − 𝑦𝑡)𝐻2𝑂 

In most studies the carbonation process is mostly referred to the calcium hydroxide carbonation 

and it will be the referred reaction in this work. The process can be divided in two phases: 

1) Dissolution of ions: 

a. Dissolution of calcium hydroxide in the water.  

𝐶𝑎(𝑂𝐻)2 ↔ 𝐶𝑎2+ + 2𝑂𝐻− 

b. Dissolution of carbon dioxide from the environment in the water at high pH. 

𝐶𝑂2 + 𝐻2𝑂 ↔ 𝐶𝑂3
2− + 2𝐻+ 

2) Reaction of calcium and carbon ions at high pH (Joos, 2001): 

𝐶𝑎2+ + 𝐶𝑂3
2− ↔ 𝐶𝑎𝐶𝑂3 

Edvardsen (1999) studied profoundly the autogenous healing by analyzing the water permeability 

of cracked concrete specimens for different static crack widths and water pressure. She obtained 

higher initial flows for larger cracks and higher pressure, as it was expectable, but the test 

presented a high dispersion due to the nature of the test setup.  

She obtained two behaviors, the surface-controlled phase and the diffusion-controlled phase, as 

shown in Fig. 2-6. The first phase would be controlled by the presence of ions in the surface of 

the crack, while the second would start as calcium carbonate layer does not allow direct contact 

of calcium ions with water, so the process depends on the diffusion of ions from the concrete to 

the crack. Autogenous healing mostly took place in the first 5-7 days of water immersion (phase 

1 in Fig. 2-6). The study also concluded that precipitation of calcium carbonate was the main 

cause for autogenous healing by using X-ray diffraction of the healing products, as the main 

product detected as healing filling fraction was calcite (see Fig. 2-7). 
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Fig. 2-6 – Healing rate for different crack widths and water pressures (Edvardsen, 1999). 

 
 

Fig. 2-7 – Crack of 0.2 mm filled by calcite (left) and X-ray diffraction of healing products showing the 

predominance of calcite (right) (Edvardsen, 1996). 

2.3.3.1 Self-healing by carbonation in historical mortars 

Though Portland cement was introduced in late 18th century constructions, lime and lime-

pozzolana mortars have been used for years as binder. Their composition is based in calcium 

oxide and calcium carbonates; therefore, they could give a hint about the self-healing reactions 

based on carbonation.  

In fact, the self-healing process in historical lime and lime-pozzolana mortars from the 18th, 19th 

and 20th centuries, demonstrates the importance of the carbonation process in autogenous healing. 

In contrast to Ordinary Portland Cement, those lime mortars showed the filling of small 

microcracks (< 70 μm). The more important chemical reactions in this case were thought to be 

the alkali-aggregate reactions and the crystallization of water-soluble salts (Nijland, et al., 2007). 

Fig. 2-8 (left) shows a lime-fired clay pozzolana mortar from 1814, with a composition similar to 

medieval mortars. This mortar presented large portlandite crystals formed inside a void, which 

were formed in wet conditions that prevented carbonation, and it is thought to be an arrested self-

healing process. Fig. 2-8 (right) shows a 19th century masonry mortar from a quay wall, which 

had cracks due to frost action. Its cracks were filled by calcium carbonate, which was thought to 



Study of the Feasibility of Self-Healing Concrete with and without Crystalline Admixtures 

12 

be in calcite form. Even for not completely immersed masonry structures, healing by leaching of 

calcite has been registered, such as in an old bridge from 1728 at Amsterdam (Nijland, et al., 

2007; Lubelli, et al., 2011). 

  
Fig. 2-8 - Microphotograph showing large portlandite crystals in air void in early 19th century lime (left) 

and a crack filled completely by calcite (right) (Nijland, et al., 2007). 

2.3.4 Limits of autogenous healing in traditional concrete 

The main causes proposed in the literature for autogenous healing in concrete have been explained 

in the sections above. The causes are not completely clear and there are still grounds for research. 

Autogenous healing in traditional concrete has limits of effectiveness: it is not a reliable 

phenomenon in which an engineer could trust when projecting a concrete structure. 

In the research by Edvardsen (1996; 1999) several factors were analyzed and the related findings 

are summarized in Table 2-2. Self-healing was analyzed by measuring water permeability of 

cracked concrete specimens before and after water immersion. The main water flow reduction 

was produced in the first 200 hours (approx. 8 days). 

Factor Studied Ranges Self-healing Conclusions 

Crack width 0.10, 0.20 and 0.30 mm 

The most important parameter: smaller 

cracks heal better, but 0.3 mm cracks 

can heal by carbonation. 

Water pressure head 

at testing 

Variable between 2.5-20 m of 

water 

Great influence: lower pressures, better 

healing rates. 

Hardness of water 

Soft water (70 mg CaCO3/l), 

Hard water (480 mg CaCO3/l) 

and distilled water 
Lesser influence. 

Type of cement OPC, slag and SR cement 

Type of aggregate Granite, limestone and basalt 

Type of filler Limestone dust and fly ash 

Crack motion Dormant crack / Active crack 
Both are able to heal, but active cracks 

take longer time. 

Substances in water 
Microcement, silica fume and 

bentonite 

Only general conclusions: bentonite 

seems to be problematic. The particles 

block the cracks. 

Crack branching Different skin reinforcement 
Produces a reduction of crack width, 

thus of water flow. 

Table 2-2 - Summary of the findings by Edvardsen (1996; 1999). 
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With a similar idea, Aldea, et al. (2000) studied the self-healing effect of a normal strength 

concrete, water/cement ratio of 0.45 by means of permeability of cracked specimens. In their 

research, the average induced crack widths range from 14 to 350 μm. The permeability setup was 

fixed and the healing exposure was water soaking. Fig. 2-9 shows the reduction of the 

permeability coefficient of a specimen at different times, with complete healing around 15 days 

after the first test. They also studied autogenous healing by means of signal transmission, which 

showed an improvement after 100 days of water flow; however the results were not as clear as by 

permeability.  

 
Fig. 2-9 – Permeability coefficient as function of time, initial crack width 205 microns (Aldea, et al., 

2000). 

Later on, ter Heide (2005) studied early age cracks and some of the conditions to achieve self-

healing. She analyzed autogenous healing for cracks generated at 20, 24, 48 and 72 hours and 

compared the effect of healing time (from 2 to 12 weeks), crack widths (20, 50, 100 and 150 μm), 

relative humidity (60%, 95% and 100% or water immersion). This research used prismatic mortar 

specimens, pre-cracked by means of three-points bending test, and measured the strength recovery 

after healing. Fig. 2-10 shows an example of the obtained curves in this research, showing an 

increase of the strength after healing during 2 weeks, specially on stiffness terms. With this 

criteria, a crack healing of 100% means that the healed strength equals the strength of uncracked 

specimens.  

 
Fig. 2-10 – Strength recovery of healed, unhealed and uncracked specimens (ter Heide, 2005). 
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In the results of ter Heide (2005), it is concluded that larger initial crack widths reach lower 

strength recoveries. She did few tests for analyzing the effect of quantity of water, and thought 

affirms more studies are needed, it was registered a better response for specimens stored under 

water immersion in comparison to those in humidity chambers at 95% or 60% of relative 

humidity. In regards to the healing time, between one and two months of water immersion the 

strength recovery is stabilized, but the behaviour needed further investigation. 

A few years later, Zhong & Yao (2008) analyzed the effect of damage degree on autogenous 

healing in normal strength concrete by means of ultrasonic pulse measurements and mechanical 

properties. Their research show that there is a damage threshold for high strength concrete and 

normal strength concrete. If the damage is lower than the threshold, the self-healing ratio is 

increased for higher damage degree; on the contrary the self-healing ratio is decreased with the 

increase in damage degree. They also concluded that the damage threshold for normal strength 

concrete is higher than that for high strength concrete. That threshold was obtained when 

comparing the strength recovery measured by the mechanical compressive strength before and 

after the healing with the degree of damage, whose results are represented in Fig. 2-11 for normal 

concrete. This study leaded to the idea that very small cracks could be more difficult to heal than 

moderately large cracks.  

 
Fig. 2-11 – Relation between Damage and increment ratio of strength, for normal strength concrete 

(Zhong & Yao, 2008). 

Fagerlund & Hassanzadeh (2010) investigated the amount and type of precipitations in the crack 

after long-term exposure in three types of water, three types of exposure and also the effect of 

crack-healing on the ingress of chloride ions in cracks of different width. Only one type of 

concrete was analyzed, which had a water/cement ratio of 0.40 and 440 kg/m3 of cement. 

Specimens were pre-cracked at 14 days and placed in different baths for 375-385 days. Two levels 

of crack width were studied, 0.2 and 0.4 mm and their results showed that cracks of 0.2 mm can 

heal but an opening of 0.4 mm was too large for complete healing. They analyzed three types of 

water exposure: permanent and complete immersion, cyclic (1 week immersed in water / 1 week 

in lab air) and one-sided capillary suction (immersed few millimeters in water) in three types of 
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water (sea from the west-coasat of Sweden, brackish from south Baltic Sea, or tap water). Their 

results by means of visual observation of cracks show that permanent immersion in sea water 

presents better results, and the sealing of the mouth of the crack avoids the internal healing of 

crack.  

Li, et al. (2011) studied the influences of particle size and mixing content of coarse cement, 

analyzing self-healing by non-destructive testing by comparing ultrasonic head wave amplitude 

before and after healing. After healing during 42 days in a standard moist chamber, they tested 

the specimens to compressive strength and ultrasonic tests. They registered a recovery of strength 

up to 16% and even higher recoveries for the non-destructive testing. They noticed a damage 

threshold, similar to that from Zhong & Yao (2008), which is shown in Fig. 2-12. Their results 

show that for equal mixing content of coarse cement, self-healing ratio increases with the diameter 

of cement.  

 
Fig. 2-12 – Relationship of the head wave amplitude for damaged and healed specimens (left) and 

relationship between damaged degree and increase rate of strength (right) (Li, et al., 2011). 

Zhou, et al. (2011) studied the effect of sand ratio (sand/aggregates), as it affects the size particles 

distribution and the density of concrete. For low values of sand ratio, concrete would have got 

more gravel content, but for higher ratios concrete strength would be smaller. In this research, the 

optimal sand ratio was obtained in which the self-healing ability of concrete was the highest (33% 

of recovery). 

Van Tittelboom, et al. (2012) analyzed the composition of concrete mix in the autogenous healing 

by continuing hydration or carbonation. They analyzed the effect on permeability of cracked 

specimens due to an increasing of the water/binder ratio from 0.4 to 0.5. They pre-cracked the 

specimens by means of splitting test to levels between 50 and 250 μm. The age of pre-cracking 

was fixed at 55 days and the healing exposure was 71 dayas of wet/dry cycles for the microscopic 

and strength tests in order to activate the carbonation process; while for the calorimetric and water 

permeability tests, the specimens were exposed 71 days to water immersion, in which the only 

expected mechanism was continuing hydration. Their microscopic measurements showed that 

calcite was the main precipitate in cracks. Their results did not showed any difference between 



Study of the Feasibility of Self-Healing Concrete with and without Crystalline Admixtures 

16 

the two ratios on autogenous healing. They compared the global healing capability depending on 

the closing rate of the crack width observed visually. In their research, 0.15-0.2 mm cracks 

achieved more healing rates than 0.1-0.15 cracks. They concluded that cracks larger than 0.2 mm 

were unlikely to achieve complete closing of the crack, while cracks under 0.1 mm seal 

completely by 75% of the time by autogenous healing under the designed conditions.  

Gagné & Argouges (2012) investigated the autogenous healing of mortars by means of air-flow 

permeability through pre-cracked specimens. They analyzed three mix designs, with water/binder 

ratios of 0.35, 0.45 and 0.60 and three crack categories 50±15, 105±15 and 220±35 μm. Cracks 

were generated at the age of 28 days and 6 months and after the damage, were stored for healing 

at 23ºC and 100% of relative humidity for 5 months.  

Their results show that effective crack opening decreases for all cases and the velocity of healing 

is higher in the first month, while at 3/5 months healing is still active but at notably lower rates. 

Autogenous healing was registered more effective for smaller cracks. Moreover, early age cracks 

(1 month) healed only slightly better than those pre-cracked at older ages (6 months). That could 

be caused by an almost complete hydration of specimens pre-cracked at 1 month. It was expected 

that early age cracks had higher amount of anhydrous cement for continuing hydration, but lower 

amount of calcium hydroxide available for carbonation for early ages; while old age cracks, would 

show the opposite behavior. The same research did not discerned clear effect of water/cement 

ratio on self-healing. The reaction products were composed mostly of calcium carbonate, which 

blocked the crack. That obstruction of the crack slowed the reaction, as the diffusion of CO2 

became more difficult. 

2.3.5 Strategies to enhance autogenous healing 

It is clear that autogenous healing in traditional concrete has got a limited effect. That is the reason 

why there are different strategies in order to enhance it by changing its composition: 

a. Increasing cement content or reducing water/cement ratio, in order to have more 

anhydrous cement in the matrix. 

b. Introducing pozzolanas (such as blast furnace slag or fly ash) that react with calcium 

hydroxide and have a delayed reaction, thus being more probable that it remains a reaction 

capability when a crack appears. 

c. Restricting crack width, which can be done in two different ways: 

i. Introducing fiber reinforcement that restricts crack width, or the use of Strain-

Hardening Cementitious Composites or Engineered Cementitious Composites, 

which have got smaller crack widths. 
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ii. Introducing compressive strength, which ties both sides of the crack, using 

specific devises for generating the strength or using memory shape materials, 

which have an effect similar to prestressed concrete. 

The following sections analyze the studies made for enhancing autogenous healing by using these 

types of strategies. 

2.3.5.1 Increasing cement content to high strength concrete  

Increasing cement content is a potential method to improve autogenous healing as the amount of 

unhydrated particles is increased. Nevertheless, as mentioned above, van Tittelboom et al. (2012) 

analyzed the effect of increasing the water/binder ratio from 0.4 to 0.5, and their results did not 

showed any difference between the two ratios on autogenous healing. In the same direction, the 

results by Gagné and Argouges (2012) show that there is not a clear effect of water/cement ratio 

on self-healing in humid environment comparing ratios of 0.35, 0.45 and 0.60. On the contrary, 

Qian, et al. (2009) reported better healing behavior for concrete with much higher contents of 

cement when comparing water/binder ratios of 0.30 to 0.60, with different addition contents.  

High performance concrete could have different behavior regarding to self-healing, mostly due to 

the much higher amount of unhydrated particles. There are several authors that analyze the 

autogenous healing in those types of mixtures.  

Already in the mid-90s, Jacobsen et al. investigated the autogenous healing behavior of high 

performance concrete after being damaged by freeze/thaw cycles. They used with water/binder 

ratio of 0.4 with silica fume contents between 0 and 5% by the weight of cement. After the pre-

cracking process, concrete beams were exposed 2-3 months under water immersion, and 

afterwards they were measured by regained resonance frequency. Resonance frequency values 

after deterioration were around 47-87% of initial frequency and after self-healing 85-99% of 

initial frequency. However, healing only implied a minor recovery of lost compressive strength 

on frost deterioration, since from the 22-29% of strength loss, only 4-5% was recovered, while 

the dynamic modulus was almost the initial (Jacobsen, et al., 1995; Jacobsen & Sellevold, 1996).  

In their study, they obtained that main healing products were identified as C-S-H, which were 

observed bridging cracks after self-healing but not after damaging (Jacobsen, et al., 1995). 

Portlandite and ettringite were observed locally, as well. They measured crack size which was 

between 1-10 μm after damaging and presenting a partial closure after self-healing for cracks 

smaller than 5 μm while larger cracks (10 μm), hardly presented any healing. This poor filling of 

cracks was thought to be the reason for the low recovery on compressive strength. They also 

noticed that concrete with silica fume had smaller healing results (which could be done by the 

consumption of portlandite), but their results were not conclusive because of the different damage 

rates of each specimen and the presence of portlandite in the healing products. 
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Later on, Reinhardt and Jooss (2003) studied for high strength concrete (w/c ratio of 0.37, cement 

360 kg/m3, microsilica 40 kg/m3) for different crack widths and temperatures of water at the 

healing exposure. They compared the reduction of water flow through concrete cracked 

specimens for crack widths of categories of 0.05, 0.10 and 0.20 mm and studied water 

temperatures of 20, 50 and 80ºC. Their results show a better response for smaller cracks and 

higher temperature of water, with the main decrease of permeability around the first 100 hours in 

the smaller cracks for the higher temperature, that is approximately 4 days (see Fig. 2-13). 

 
Fig. 2-13 – Decrease of normalized flow rate for different crack widths and water temperature at healing 

(Reinhardt & Jooss, 2003). 

Granger et al. (2005) analyzed the healing properties of ultra-high performance concrete (W/C 

ratio close to 0.2 and with Silica Fume) using three-points bending tests and non-destructive 

testing (acoustic emissions and resonance frequency). They pre-cracked the prismatic specimens 

to crack openings of approximately 30 μm with residual cracks between 5 μm and 15 μm and they 

were stored to heal. They noticed a regain of stiffness at the reloading stage compared with the 

pre-cracking curve, which depended on the time of healing (1, 3 or 6 weeks) and the exposure 

(air or water immersion). This results show no regain of stiffness when specimens were stored in 

air, while those stored in water for more than 3 weeks showed self-healing behavior, with stiffness 

tending towards initial stiffness, almost being equal to that of the non-cracked concrete. In fact, 

their results show the average regain of stiffness when specimens were healed immersed in water, 

as the healing time was increased (Fig. 2-14). However, their results show that there is no recovery 

of the peak load under reloading after self-healing. 

 
Fig. 2-14 – Reloading curves for different times cured in water and in air. (Granger, et al., 2005). 
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More recently, Fukuda, et al. (2013) have analyzed the self-healing behavior of 2-years old high 

performance concrete under marine environments by means of X-ray computed tomography. 

They showed the healing in depth of the concrete specimens, but only up to a certain depth. They 

took images each 24 μm from the surface (END-1 or END-2) to the interior of the specimen, 

achieving data for almost 3 mm depth. Their results show that for crack widths of 0.10 mm (END-

1) there is a significant sealing (around 85% of sealing of the crack) while 0.25 mm cracks (END-

2) barely heal during the 49 days of exposure (23%). This confirms the dependence on the initial 

crack width for the self-healing mechanisms and this effect was registered in a volume near the 

surface of the specimen (see Fig. 2-15). 

 

 
Fig. 2-15 – Comparison between the self-healing effect on 0.1 mm (top) and 0.25 mm (bottom) cracks 

before and after exposure to seawater (left and right, respectively). (Fukuda, et al., 2013). 

2.3.5.2 Adding pozzolanas 

Pozzolanas are mineral products that react with portlandite (calcium hydroxide) and in general 

have a delayed reaction, thus being more probable that it remains a reaction capability when a 

crack appears in concrete. These minerals react slower compared to cement, thus more unreacted 

material was available in the pre-cracking and healing moments. Nevertheless, pozzolanas 

consume portlandite, which could decrease the capability of carbonation for the matrix. Some of 

the pozzolanas used in concrete are silica fume, fly ash and blast furnace slag.  



Study of the Feasibility of Self-Healing Concrete with and without Crystalline Admixtures 

20 

In this section, the studies have been gathered depending on the type of property they have focused 

on: mechanical properties, durability properties or crack closure. 

a) Mechanical properties  

According to Schlangen, et al. (2006), the differences of healing process for mechanical properties 

by using a Blast Furnace Slag Cement (BFSC) and an Ordinary Portland Cement (OPC) are not 

notable, and in any case, with slightly better results for OPC. In this study, the concrete mix is 

changed from CEM III (BFSC) to the same amount of CEM I 52.5 R (OPC). Three-point bending 

test was used for pre-cracking the specimens to crack widths of 50 μm (before unloading), and 

also to analyze the strength regain after healing. The results for the age of pre-cracking of 1 day 

are shown in Fig. 2-16, where it can be seen that BFSC has got significantly lower strength when 

pre-cracking, in comparison to OPC specimens. When reloading these specimens, they recover 

their whole initial strength, with better results when using OPC. When pre-cracking at the age of 

15 days (Fig. 2-17) the strength recoveries are significantly lower than when pre-cracking at 1 

day, thus remarking the significance of the hydration degree in autogenous healing. At 15 days, 

there are hardly any differences between BFSC and OPC in pre-cracking or in reloading. 

 
Fig. 2-16 – Flexural stress versus crack opening for pre-cracking age of 1 day and reloading after self-

healing, for BFSC and PC concrete (Schlangen, et al., 2006). 

 
Fig. 2-17 - Flexural stress versus crack opening for pre-cracking age of 15 days and reloading after self-

healing, for BFSC and PC concrete (Schlangen, et al., 2006). 

In a similar direction, van Tittelboom, et al. (2012) reported that based on the recovery of 

mechanical properties, mixes with OPC, BFS or FA showed poor healing capabilities. Other 

authors have noticed a more positive effect from using pozzolana as autogenous healing 

enhancers, such as Termkhajornkit, et al. (2009), who registered a recovery of compressive 
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strength when using a 25% of Fly Ash, and also an improvement for durability properties, after 

letting the fly ash react up to the age of 91 days. 

Zhou, et al. (2011) analyzed the influence of slag and fly ash content on self-healing by means of 

compressive strength recovery and SEM observations, both before and after self-healing. Their 

compared for the contents of slag and fly ash of 20%, 30%, 40%. Their results show that the self-

healing ability of concrete was maximized when the mixing content of slag and fly ash were 30% 

and 40% respectively, but only with percentages of recovery of compressive strength around 5-

6% of the initial strength.  

In the same direction, Na (2013) analyzed the effect of fly ash blended cement with different 

cement replacement ratios (10%, 20%, and 30% by volume) and three types of cement, comparing 

with OPC samples (named N sample). They used high early strength and low heat Portland 

cement. Specimens were exposed during 13 weeks to CO2, in order to provoke the damage. They 

analyzed the properties of compressive strength, bending strength and dynamic modulus of 

elasticity for virgin specimens (no cracking), just after deterioration (relative damage of 60%), 

healing in water immersion at 20ºC for 1 week and healing in water immersion at 40ºC for 4 

weeks. The results show a notable recovery of all the properties after deterioration for most cases, 

with higher degree of healing in mortar samples with fly ash (20 and 30% of replacement). Curing 

1 week at 20ºC was not enough for any significant recovery of most properties, while specimens 

under water immersion at 40ºC for 4 weeks achieved the highest healing degrees.  

b) Durability properties 

Van Tittelboom, et al. (2012), analyzed the effect on self healing produced by Blast Furnace Slag 

and Fly Ash. Cracks up to 200 μm could close completely due to CaCO3 precipitation with higher 

efficiency for CEM I mixes, but for larger cracks there were not significant differences. That was 

thought to be caused by the higher amount of portlandite, since as more Ca(OH)2 is available, 

more Ca(OH)2 can react with CO2 from the air to precipitate as CaCO3 crystals. From both the 

water permeability test and the calorimetric measurements, a decrease in the W/B ratio of the 

CEM I mixes from 0.5 to 0.4 and the presence of BFS and FA improved the autogenous crack 

healing efficiency due to further hydration.  

Termkhajornkit, et al. (2009) studied the self-healing capability of fly ash systems to recover 

properties on cement paste, which was damaged by shrinkage. Most of shrinkage cracks occur 

before 28 days, and fly ash hydrates mostly after that time, thus it was expected to show a healing 

capability because of it reaction as pozzolana. When using a 25% of Fly Ash, they registered a 

recovery of compressive strength, but also a reduction of porosity and chloride diffusion  

coefficient (which was not significant at 28 days but was notable after 91 days) after letting the 

fly ash react up to the age of 91 days. They also compared the effect of on the carbonation 
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coefficient in the FA mortar samples FAX, FA20 and FAY and the carbonation depth in mortar 

with 30% of FA with two curing conditions. Results show that the carbonation depth after curing 

in water 20ºC for 1 week was almost the same than for after deterioration, while specimens cured 

in water at 40ºC for 4 weeks had carbonation depth lower than 1 mm, being even lower than for 

the case of virgin specimens. Their results (Fig. 2-18) show that FA specimens with lower w/c 

had lower carbonation coefficient and better self-healing performance when healing under water 

immersion for 4 weeks at 40ºC. 

  
Fig. 2-18 - Change of carbonation coefficient for fly ash mortar samples with different water to cement 

ratio, exposed to CO2 for 13 weeks (left) and change of carbonation depth for specimens with 30% of fly 
ash after different curing cases (righ) (Na, 2013). 

Yildirim, et al. (2014) studied the influence of hydrated lime on self-healing of engineered 

cementitious composites with high content of fly ash. Three different mixtures were analyzed 

with hydrated lime contents of 0%, 2.5%, and 5.0%. Resonant frequency and rapid chloride 

permeability tests were used to measure the deterioration. Their results show that the addition of 

hydrated lime enhanced the healing effect. Also the XRD patterns of self-healing products in the 

different mixtures show that for specimens without additional lime the most of the precipitates 

are SiO2 while for specimens with 5% of additional lime the precipitates had significantly higher 

amount of calcite (CaCO3), but also presenting silica. 

Zhang, et al. (2014) compared the three ECC mix proportions with different volume of fly ash 

after healing 30 days under water immersion. Healing behavior was investigated by sorptivity 

and rapid chloride penetration tests. Sorptivity test results indicates that specimens with the 

highest investigated fly ash/cement ratio (4.0 by weight) may have the highest self-healing 

behavior, however this is not evident for the intermediate contents comparing with reference mix. 

Nevertheless, virgin specimens exposed to the same healing conditions, also experienced a high 

decrease of the charge passed in the chloride penetration tests, thus influencing the measure of 

self-healing, as most of the recovery produced also was produced in the un-cracked specimens 

exposed to the test. The observed self-healing products were mostly calcium carbonate, with few 

silica content. 
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c) Crack closing 

Jaroenratanapirom and Sahamitmongkol (2011) compared the visual closure behavior of several 

mineral additions: silica fume (SF), fly ash (FA), limestone powder (LP) and reference OPC in 

the same study, hence it can give a hint about their effectiveness. They also compared these 

additions with expansive agents and crystalline admixtures, but this will be further explained in 

section 2.4.3.2 as they are considered a type of autonomous healing. These authors analyzed the 

effect of pre-cracking age (3 and 28 days) and the effect of the crack opening (< 0.05 mm, 0.1-

0.2 mm and 0.2-0.3 mm). Their results show that most types of mortars showed healing processes 

with different optimal conditions of pre-cracking age and crack width, even for OPC. Silica Fume 

had the best behaviors for older pre-cracks, and notably good for early cracks of 0.1-0.2 mm. 

Limestone powder had good results only for early and larger cracks. Nevertheless, Fly Ash was 

found to be ineffective to improve self-healing for most cases. 

Olivier, et al. (2013) studied the self-healing effect in mortar with blast furnace slag cement with 

a 50% of replacement compared with Portlant cement (CEMI 52.5N), when exposed 28 days and 

42 days to underwater conditions. They compared optical 2D and 3D measures with tomography 

in order to evaluate the phenomenon, showing that OPC heals better for less than 25 days, but for 

longer healing times, BFS behaves better, mostly because of its delayed reaction. After 1 week of 

water exposure, more than 20% of the crack was sealed, and after 2 weeks, crack was not visible.  

In fact, Sahmaran, et al. (2013) compared the self-healing enhancement by using type F and C 

Fly ashes2 and Slag, in reference to the behavior of OPC. The fiber-reinforced concrete specimens 

were pre-cracked and exposed to three healing conditions: continuous wet, continuous air, and 

freeze–thaw cycle, for 2 months. Their results show that, although samples with fly ash had more 

unhydrated cementitious materials (so an expected higher capacity for self-healing), more self-

healing precipitates were observed from the mixture incorporating slag, composed by calcite and 

C-S-H gels, in general, but for slag specimens, only calcite.  

Huang, et al. (2014) investigated the enhancement on autogenous healing by replacing 66% of 

cement by blast furnace slag in pastes and activating it with a saturated calcium hydroxide solution 

has been investigated. In this case, the products were C-S-H gels (which represented the higher 

fraction), ettringite (whose presence was also important), hydrogarnet and OH-hydrotalcite. The 

amounts of ettringite showed the leaching and recrystallization of SO4
-2 ions. The results 

suggested that unreacted blast furnace slag in the matrix contributes to self-healing of microcracks 

when activated by Ca(OH)2 solution. Fig. 2-19 shows the filling products inside cracks in 

comparison with the original limits of the crack.  

                                                 
2 Class F Fly Ash contains less than 20% lime (CaO) while Class C Fly Ash generally contains more than 

20% lime. 
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Huang, et al. (2014) used two main methods to compare the behavior, the filling fraction of micro-

cracks (with openings up to 30 μm) or the air permeability. Both tests show a better behavior for 

slag cement paste when cured in Ca(OH)2, but it is noted more significantly according to the 

filling fraction (Fig. 2-20) than by air permeability, which could be caused by the permeability 

coefficient of the filling material. 

 
Fig. 2-19 – Morphology of products formed in gaps observed perpendicularly to slice surfaces. Healing 

starts at the age of 28 days of the specimens and healing time is 220 hours (Huang, et al., 2014). 

  
Fig. 2-20 – Comparison between the self-healing behavior of blast furnace slag and ordinary portland 

cement by measuring filling fraction of cracks (left) or by air permeability (right) (Huang, 2014). 

2.3.5.3 Restricting crack width 

Other way to improve the self-healing behavior of concrete elements is to restrict crack width, as 

smaller cracks heal better and in shorter time. There are two main methods to restrict crack width 

that have been analyzed in order to achieve self-healing: the use of fiber reinforced concrete and 

the application of compressive strength. 

2.3.5.3.1 Fiber-Reinforced Concrete: SHCC+ECC 

The use of fiber-reinforced concrete in order to improve autogenous healing is centered in two 

main types of concrete, which are subtypes of high performance fiber reinforced cementitious 

composites (HPFRCC): Strain-Hardening Cementitious Composites (SHCC) and Engineered 

Cementitious Composites (ECC). These materials have high volume of fibers, which permit the 
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tensional distribution and a ductile behavior, thus presenting multiple cracking with very small 

cracks (< 0.05-0.07 mm). Moreover, not only they act as crack restrictions, but they also produce 

bridging of cracks, which could be precipitation nuclei with different capabilities depending on 

the fiber composition. Therefore, they were thought as a type of concrete of a high self-healing 

potential.  

The results from Lawler, et al. (2003) show the relation between water flow rate and displacement 

in fiber-reinforced mortar specimens depending on the type of reinforcement. These results are 

significant to the healing studies since the measure of water flow for cracked specimens is the 

methodology of the highest focus in this document. In that research, Lawler, et al. compared the 

behavior for three types of fiber (long steel, short steel and polyvinyl) combined in different 

percentages. Their results demonstrate the effect of the fibers type and volume on the flow rate 

on cracked specimens, since higher volume of fibers and the combination of macro steel fibers 

and PVA fibers (both added at 0.5% by volume) achieved the lowest water flows (Fig. 2-21). 

 
Fig. 2-21 - Direct measurement of permeability for cracked concrete specimens (Lawler, et al., 2003). 

In this direction, Desmettre and Charron compared the behavior of normal strength concrete (w/c 

ratio of 0.6) and fiber-reinforced concrete (with silica fume, w/b = 0.43), showing that autogenous 

healing overcame the crack propagation effect in fiber-reinforced concrete the, which did not 

occurred in normal strength concrete (Desmettre, 2011; Desmettre & Charron, 2012). Fig. 2-22 

shows the different evolution of permeability-measured healing for the two types of concrete, 

proving the benefits of FRC in order to achieve better durability on concrete structures due to the 

thinner and rougher cracks. 
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Fig. 2-22 – Evolution of permeability-measured self-healing under constant loading (LP2) and cyclic 

loading (LP3) for NSC and FRC specimens (Desmettre & Charron, 2012). 

In the Japanese group from Tohoku University the focus was made in which type of fiber 

enhanced more effectively the self-healing phenomena. Homma, et al. (2009) compared 

polyethylene (PE), steel cord (SC) fibers and a composition of both types. Their results showed a 

better behavior or polyethylene fibers, as they bridged the cracks more efficiently and 

crystallization products were attached easily to the fibers. In fact, the mean thickness of the 

precipitates was higher when using PE fibers, and lowest with SC fibers. The precipitates formed 

inside the crack were mostly calcium carbonate.  

Later, they compared the performance of two types of polyvinyl alcohol (PVA-I and PVA-II), 

ethylene vinyl alcohol (EVOH), polyacetal (POM) and two polypropylene (PP and C-PP) fibers 

with similar procedures (Nishiwaki, et al., 2012). When measuring the permeability of pre-

cracked specimens, those with PP and EVOH fibers did not present a permeability decrease after 

healing under water, while the rest of types of fibers (including C-PP) had a significant decrease. 

However, the only type of fiber that allowed a recovery of permeability coefficient values to that 

of uncracked specimens, were PVA fibers. By 14 days of healing exposure 0.3 mm cracks were 

visually closed, except for the PP fibers. However, permeability tests showed that most of the 

specimens were reacting even at 20-30 days of exposure.  

 
Fig. 2-23 –Methodology followed to measure the thickness of the precipitates (Nishiwaki, et al., 2012). 
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They also measured the thickness of the crystal precipitates in the different types of fibers, in one 

concrete surface, in order to measure their potential healing effect, as shown in Fig. 2-23, 

achieving better results for PVA fibers. This is thought to be caused by their higher polarity 

strength owing to the OH radical, thus enhancing the precipitation of CaCO3 (Nishiwaki, et al., 

2014). When comparing the recovery ratio of watertightness (lower values mean higher 

permeability reduction), it can be seen that SC and PE fibers had higher dispersion, EVOH had 

the worst ratios, while PVA had the best (see Fig. 2-24). They also compared the recovery of 

energy absorption from first loading and loading after self-healing, which was calculated as the 

area under the tensile-elongation curve up to a fixed elongation. Their results were similar in the 

case of PVA fibers, with recoveries around 80-110%, but for the combination of SC+PE the 

results were quite good (around 80-105%) despite the fact that their cracks were not healed. 

 
Fig. 2-24 – Relationship between maximum crack width and the recovery ratio  (Nishiwaki, et al., 2014). 

In a related research, Snoeck & de Belie (2012) analyzed the self-healing properties of 

cementitious composites reinforced with flax and cottonised flax in order to compare with PVA 

fibers. According to their results, the self-healing of cracks after exposing specimens to wet/dry 

cycles, was independent of the fiber type: cracks smaller than 0.03 mm healed completely but 

cracks around 0.15 mm only partly healed.  

The group of V. Li in Michigan studied the enhanced autogenous healing properties for ECC 

containing Fly Ash and PVA fibers pre-cracked at the age of 6 months, under five different 

healing exposures (Ying-zi, et al., 2005; Yang, et al., 2011). CR1 and CR2 were two exposures 

consisting on cycles of water immersion and drying, CR4 was water immersion, and finally CR3 

and CR5 were two regimes with different moist conditions. Neither CR3 nor CR5 got significant 

healing measuring by resonant frequency, confirming the need of direct contact with water. 

Because of that, only CR4 was compared in terms of recovery of tensile stiffness to the two 

exposures with cycles (Yang, et al., 2011). Their results show that for small preload tensile strain, 

the three exposures achieved recoveries higher than 80%, and cycles around 100%, while for 

moderately damaged specimens the differences between these exposures were not as clear. After 
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20 days of exposure, the achieved recoveries of resonant frequency were around 87-100% for the 

exposure CR1 while 77-90% for CR2. Their results showed that self-healing is possible and 

healed cracks could be of an enough strength (see Fig. 2-25). However when testing to tensile 

load and comparing the pre-cracking curve with re-loading after healing, their final stiffness were 

hardly recovered (Yang, et al., 2009). The maximum load was generally recovered but this could 

be caused by the ECC behavior, with high volumes of fibers.  

  
Fig. 2-25 – New crack paths and old healed cracks (with white precipitates) (Yang, et al., 2009). 

Later, they also divided the resonant frequency (RF) recovery ratios depending on the crack width 

of a single crack, before conditioning and after healing with wet-dry cycles. Crack with openings 

under 0.05 mm heal completely while cracks larger than 0.15 mm showed no recovery regarding 

to the RF measurements (Yang, et al., 2009).  

Later on, Herbert & Li (2013) analyzed if ECC was able to heal under real conditions. In their 

study, concrete specimens were exposed to environmental conditions in Ann Arbor in Michigan 

for 12 months, being exposed to a range of temperatures of -11.7 to 32.8ºC. They concluded that 

specimens under a natural exposure could heal; and also that cyclic loading could deteriorate the 

stiffness recovery, but specimens were still able to heal a certain percentage of the damage.  

Qian, et al (2009) analyzed the self-healing behavior of SHCC (similar to the ECC, with fly ash 

and PVA fibers) incorporating blast furnace slag and limestone powder, in a relatively high 

water/binder ratio (0.31 to 0.60). Their results show that water curing had always better results 

than air curing, with recoveries of the deflection capacity about 65-105% in the case of water 

curing and 40-60% for the latter. The smaller crack widths and low water/binder ratio enhanced 

the self-healing reactions. In their study, cracks up to 30 μm width were completely healed, but 

cracks with relatively large width (around 60 μm) showed only partial healing, as shown in Fig. 

2-26. This suggests that small crack widths are preferable, since less healing products are needed 

to fill the crack and it is easier for the products to grow and bridge the crack. 
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Fig. 2-26 – Partial crack healing after water curing (Qian, et al., 2009). 

Recently, in the same direction, Ma, et al. (2014) analyzed the autogenous healing of medium-

early-strength ECC for different pre-damage levels and different exposures. According to their 

results, faster self-healing occurred in the healing condition of water/air cycle but the higher 

stiffness recovery was achieved combining cycles with different moist contents. Also increasing 

the pre-loading damage worsened the healing results. The self-healing product were a mixed 

system consisting of C-S-H and CaCO3 with predominance of calcite.  

Kim, et al. (2014) compared the mechanical behavior of HPSFRC mainly with very small cracks 

(20 μm) with the standard curve (averaged from at least three specimens) for two exposures: in 

water or air. Their results show that healing in water could increase stiffness and load recovery in 

comparison to healing in air (Fig. 2-27). Stiffness at reloading were lower than original stiffness, 

but it was slightly improved for specimens healed 14 days underwater. The maximum load for 

specimens healed in water was even higher than for the standard curve. Smaller cracks (< 50 μm) 

healed completely while medium cracks (around 0.2 mm) remained opened after 28 days of water 

immersion. 

 
Fig. 2-27 - Tensile stress–strain curve of HPFRCCs after 14 days of healing (Kim, et al., 2014). 
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2.3.5.3.2 Application of compressive strength 

Ter Heide (2005) studied early age cracks and the effect of applying a compressive strength while 

healing, as it could bring the two crack faces closer. Three-point bending test was used for pre-

cracking the specimens to crack widths of 50 μm (before unloading), and also to analyze the 

strength regain after healing. The main healing parameter studied was the compressive stress 

applied during healing, by means of a special device designed for this purpose. Her results show 

that the application of a compressive strength during the healing time improved autogenous 

healing (Fig. 2-28).  

 
Fig. 2-28 - Influence of compressive strength on healing (ter Heide, 2005). 

Parant, et al. (2007) measured a quasi-total recovery of initial stiffness under service load and in 

the presence of chloride water. The specimens they studied were multiscale fiber-reinforced 

cement composites (MSFRCC) and were exposed to wet/dry of a chloride solution cycles for 210 

days, combining a creep set up with a corrosion inducing storage. They created micro-cracks to 

the specimens by bending stress and applied fatigue cycles to degrade the bond fiber-matrix. They 

stored their specimens in four types of environment: highly exposed to corrosion, exposed to 

flexural creep stress, a combination of both damages and reference exposure, at laboratory 

conditions. All groups had higher maximum load than reference specimens did and, in the case 

of the combination of both damages, even the same initial stiffness was reached. The gain of 

flexural strength is explained here by the positive effect of some fatigue cycles at moderate rate 

of loading. Micro-cracks were partially or even completely closed.  

Also Desmettre (2011) measured the self-healing behavior after 6 days of constant loading, time 

in which, self-healing had reduced water penetration by 50% and 70% in the NSC and FRC 

specimens, respectively. She also quantified the stress enhancement needed to reach the initial 

permeability coefficient for both types of concrete, which was 20-35 MPa for the NSC tie 

specimens, whereas 40-60 MPa was required for the FRC tie specimens. 
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Instead of applying compressive strength as an external action, the use of shape memory materials  

(SMM) has been analyzed to this purpose. Shape memory materials have the property of 

recovering a shape that was stored in their “memory” under certain conditions. The concept of 

the use of SMM in order to improve autogenous healing is, to add them in a concept similar to 

prestressed bars: to apply the activator when a crack appears, thus initiating the shrinkage of the 

SMM which compresses the specimen. 

Jefferson, et al. (2010) used shrinkable polymer tendons, pre-oriented in cementitious beams to 

this purpose. The tendons were activated thermally thus putting the specimens into a state of axial 

compression (Fig. 2-29); they proved their capability for closing macro-cracks and enhancing 

autogenous healing. The effective applied compressive stress was between 1.5 and 2 MPa. They 

also compared the curing effect and obtained that the combined effect of heating and increasing 

curing from four days to eight improves the strength of the mortar by approximately 25%.  

 
Fig. 2-29 – Concept of shape memory tendons (Jefferson, et al., 2010). 

2.3.6 Summary of autogenous healing 

Some ideas that have been seen through this section about autogenous healing are: 

 It is mostly due to carbonation, though continuing hydration can also affect it. 

 High dependence on: age of pre-cracking, crack width and exposure. 

 Low dependence on: water/cement ratio and cement content (for traditional dosages of 

concrete), type of aggregates and type of filler. 

 It heal cracks up to 0.05 or up to 0.3 mm depending on the studies. Smaller cracks seem 

to heal more completely than wide cracks for a specified time but there is a threshold, a 

critical damage that has to be reached. 

 Younger concretes in general heal better than older elements due to the lower degree of 

hydration. 

 The presence of water is essential for all mentioned mechanisms not being enough a high 

relative humidity (as 95%) for autogenous healing. Dry concrete does not heal. The time 

in water after damage; the longer the storage time, the more effective the healing. 

 Water immersion or wet/dry cycles are the best exposures.  

 Most part of the reaction takes place in the first two weeks of exposure. 
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As it has been explained, different mixture compositions could enhance autogenous healing 

properties. Despite the lack of consensus for most methods, it can be said that: 

a. Increasing cement content will not necessarily lead to an increase of autogenous healing, 

but high performance concretes in general are thought to have better healing response. 

b. Different traditional mineral products can affect in different ways. In general, and always 

comparing with OPC: 

i. Blast Furnace Slag has lower autogenous healing effect for some authors, and 

higher for others when the content is around 30-50% by the weight of cement. 

ii. Fly Ash, some authors say they can improve the autogenous healing effect in 

contents about 15-25% by cement weight, while others needed 30-40%. 

iii.  Silica fume and limestone powder, have been registered as potential enhancers 

as well. 

c. Restricting crack width is the most effective way to enhance autogenous healing. 

This variability and difficulty to guarantee the autogenous healing effect inspired the design of 

new engineered healing methods. 

2.4 Autonomous healing 

2.4.1 Types and classification 

Due to the lack of feasibility for autogenous healing, several methods for achieving an engineered 

self-healing have been designed, which are generally named as “autonomous healing” methods. 

In general, they are composed of a healing agent that reacts with a catalyst, which can be part of 

the concrete matrix or an additional product. The way of introducing the healing agent and the 

catalyst also determines different methodologies. The known options up to the date are displayed 

in Fig. 2-30. 

 
Fig. 2-30 – Types of the three compounds: healing agent, catalyst and introduction method . 
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tubes or vascular 
systems)
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Whatever the autonomous healing method, in general four features are needed: 1) detection of the 

damage, 2) reaction of the agent with the catalyst, 3) transport of the reaction products, and 4) 

filling of the damage. That is, the healing method must detect the crack when it appears and 

activate the healing mechanisms, transporting the filling materials to the damaged area. 

The healing agent can be introduced as an additional product to the mix process without an 

encapsulation or protection or can remain inside a capsule until the healing activates it. The main 

disadvantage of not encapsulating a product is possibility of the consumption of healing potential 

during mixing or hydration, which will not be available in hypothetical future healing processes. 

The types of encapsulation can be gathered in two groups: disperse capsules (mostly 

microcapsules) and located capsules (mostly glass tubes). The first group is thought to be added 

to the concrete matrix and is a good method for unpredictable or dispersed cracking; while the 

second needs to be placed in a specific location in a similar way to reinforcement bars, thus being 

optimal for predictable cracks. These methods need a physical breakage or an increase of the 

porosity to be activated. 

This section has been organized depending on the healing agent and the introduction method 

inside concrete matrix.  

2.4.2 Cement as healing agent 

2.4.2.1 Concepts 

Cement as healing agent is the continuing hydration effect, having water as the catalyst, which 

has been explained in Section 2.3. The amount of unhydrated cement stored in order to react at 

the moment of cracking is an important parameter in order to improve the recovery of properties.  

2.4.2.2 Without encapsulation (autogenous healing) 

The addition of cement without encapsulation is the ordinary autogenous healing by continuing 

hydration. 

2.4.2.3 Encapsulation of the catalyst (water) 

To the knowledge of the author, there are no studies based on the encapsulation of cement. The 

encapsulation of the catalyst (water) has been of a wide interest, though. Water is fundamental 

for the hydration of cement. It reacts and goes out of cement matrix because of the 

physicochemical processes that take place. Two main types of encapsulation of water have been 

investigated: superabsorbent polymers and natural fibers. 

2.4.2.3.1 Superabsorbent polymers 

Superabsorbent polymers (SAP) are polymers, generally made of polyacrylic acid cross-linked, 

also known as hydrogels or water crystals. SAP are hydrophilic, thus they have a high affinity 
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with water. They have the capability of absorbing huge volumes of water and aqueous solutions, 

but this capability decreases dramatically when water presents dissolved ions. With pure water, 

SAP could absorb 100 grams by each gram of SAP, meaning an increase of volume of 100 times 

the initial volume. In contrast, this absorption could decrease up to 20 grams for impure water. 

SAP (Imperial College London, 2012). 

SAP are used as shrinkage compensators in concrete. When introduced in the concrete matrix 

they absorb water during the mixing process and releasing it slowly afterwards, while the concrete 

is drying. This process applied to the design of self-healing concrete is (see also Fig. 2-31): 

i. SAPs are introduced during mixing of concrete 

ii. Concrete suffers a crack in a random location 

iii. SAPs enter in contact with humidity and environmental water, and are filled with it 

iv. SAPs expand and fill pores and parts of the crack, blocking the entrance of contaminants 

v. The slow leaching of water enhances the autogenous healing by continuing hydration or 

carbonation 

The influence of SAPs on the strength of concrete is of a major concern, as they could decrease 

it just by their addition or because of the frequent additional water that is needed in order to 

maintain the workability. 

 
Fig. 2-31 – Mechanism of superabsorbent polymers (Imperial College London, 2012). 

Kim & Schlangen (2011) studied this effect in PVA fiber-reinforced mortars with different 

contents of SAPs. They pre-cracked the specimens at the age of 7 and 28 days and compared the 

load recovery after 28 days of healing in four exposures: air, water immersion and two types of 

wet/dry cycles. Their results showed that only water immersion (W) and one of the types of cycles 

(C) achieved strength improvements after the self-healing process (Fig. 2-32). Reference 

specimens, without SAPs, (G1) achieved recoveries underwater but negative recoveries under 

wet/dry exposure, while SAPs specimens (G2 and G3 with increasing contents) achieved notable 

results in the wet/dry exposure. This indicates the water-pocket effect and the need of direct 

contact with water when using SAPs. 
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Fig. 2-32 – Development of strength recovery ratio with curing condition with pre-cracking time of 7 

days: C cured at cycles, W water immersion, A air conditions (Kim & Schlangen, 2011). 

Recent studies (Snoeck, et al., 2013; 2014) compared the self-healing efficiency of adding SAPs 

to a PVA fiber-reinforced mortar with fly ash. They studied small cracks, around 50 μm with 

wet/dry cyces (w/d) and exposures with different rates of relative humidity (90% and 60%). Their 

results show that specimens with SAPs achieved higher recoveries for mechanical properties, 

being around 80-90% while reference specimens only achieved recoveries around 40-50% (Fig. 

2-33). Reference specimens achieved the lower recoveries for flexural strength, while specimens 

1B with the higher content of SAPs got the best recovery rates. The healing products were mainly 

calcium carbonate but also hydration by-products. 

 
Fig. 2-33 - First crack strength (black lines with square symbols) and recovery of properties (bars) for 

different exposures: wet/dry (w/d), >90% of relative humidity (90) and 60% of RH (60)  (Snoeck, et al., 
2013). 

2.4.2.3.2 Natural fibers 

In a similar strategy, the use of porous natural fibers (coconut and sisal) as water reservoirs have 

been studied by Toledo Filho, et al. (2005). Specimens were pre-cracked by free and restrained 

shrinkage and were stored 40 days under water immersion at 22ºC afterwards. Specimens with 

sisal fibers achieved complete healing of cracks under 0.3 mm while coconut fibers only achieved 

a reduction from 0.2 mm to 0.05 mm width, but the process is quicker in the specimens with 

coconut fibers, as it can be seen in Fig. 2-34. 
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Fig. 2-34 – Evolution of crack width for specimens without natural fibers (left) and with sisal and coconut 

fibers (right) (Toledo Filho, et al., 2005). 

2.4.2.3.3 Other methods for water encapsulation 

Qian, et al. (2010) compared that behaviors with mixtures incorporating nanoclay, which was 

introduced as an additional water supplier, and comparing the exposures of water immersion, air 

conditions, carbon dioxide cured and wet/dry cycles. They studied the percentage of final cracks 

that occurred at new locations, instead of re-opening old cracks that should be healed. Their results 

for mixtures with nanoclay show that the only exposure that had no healing at all was curing at 

air conditions, demonstrating the need of the water for healing. According to their results, the 

older the pre-cracking time the higher healing of cracks was produced. It is worth noticing that 

the addition of nanoclay as internal water supply had no discernible effect to achieve healing 

effects for air-cured specimens. 

2.4.3 Chemical powder or solution as healing agent 

2.4.3.1 Concepts 

The healing agent can be a different product from any of the matrix compounds. In this group, 

several types of healing agent can be found, such as mineral powder with chemical actives or 

different types of adhesives, but they should have a good compatibility with ordinary concrete 

matrix compounds. Those agents can be added with or without encapsulation to protect them until 

the moment they are required to act.  

2.4.3.2 Without encapsulation (self-healing admixtures) 

In the group of chemical products able to produce self-healing without encapsulation, there are 

two types of concrete admixtures: crystalline admixtures and expansive admixtures. The 

disadvantages of these products is the possibility of consumption of the healing capability before 

a crack occurrence, as they are not encapsulated. They are thought to store a certain capability in 

order to heal older age cracks, but their performance is still being studied.  
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2.4.3.2.1 Crystalline Admixtures 

Crystalline admixtures (CA) are a special type of permeability reducer admixtures (PRAs) as 

reported by the ACI Committee 212 (2010). In contrast to water-repellent or hydrophobic  

products, these materials are hydrophilic, and this makes them react easily with water. According 

to that report, when this reaction takes place, it forms water insoluble pore/crack blocking 

precipitates that increase the density of Calcium Silicate Hydrate (C-S-H) and the resistance to 

water penetration. The matrix component that would reacts is the tricalcium silicate (C3S) and 

water presence would also be needed. On the contrary, other studies indicate that CA react with 

portlandite instead of tricalcium silicate (Sisomphon, et al., 2012).  

In general, these products are formed by active chemicals contained in cement and sand, which 

form modified C-S-H, depending on the crystalline promoter, and a precipitate formed from 

calcium and water molecules. Crystalline deposits become part of the matrix, unlike hydrophobic 

materials, thus being able to resist pressures as high as 14 bars.  

The general reaction described in the ACI report is:  

3𝐶𝑎𝑂𝑆𝑖𝑂2 + 𝑴𝒙𝑹𝒙 + 𝐻2𝑂 → 𝐶𝑎𝑥 𝑆𝑖𝑥𝑂𝑥𝑅(𝐻2𝑂)𝑥 + 𝑀𝑥 𝐶𝑎𝑅𝑥(𝐻2𝑂)𝑥 

(tricalcium silicate + crystalline promoter + water  modified calcium silicate hydrate + pore-

blocking precipitate) 

When comparing the other types of PRAs with CA to improve permeability (see Fig. 2-35), CA 

showed to be more effective than colloidal silica and pore-blocking admixtures (ACI Committee 

212, 2010). Their possibilities as durability enhancers were also demonstrated by (Yodmalai, 

2011), but their effect as self-healing agents need further development. 

 
Fig. 2-35 - Comparison of the effectiveness reducing permeability between di fferent PRAs (ACI 

Committee 212, 2010). 

The studies from Jaroenratanapirom & Sahamitmongkol (2011) compared the visual closure for 

different additions and admixtures, including crystalline admixtures. CA showed their best results 

for visual closure of cracks for small and early age cracks (< 0.1 mm and 3 days) but they were 

ineffective for larger cracks (around 0.3 mm) in comparison to OPC mortars.  
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Similar results were achieved by Sisomphon, et al. (2012), who obtained the as limits of the self-

healing capability of crystalline admixture for cracks widths of 150 microns (for 30 days of water 

immersion), as it can be seen in Fig. 2-36.  

Later on, the effect of adding CA in a dosage of 1% by the weight of cement on the strength 

recovery of ultra-high performance concrete was studied by Ferrara, et al. (2014). They stored the 

pre-cracked specimens in wet/dry cycles simulating real Italian climate during 4 weeks. The initial 

pre-cracks were 130 and 270 μm. Reference specimens were healed up to 70% while concrete 

with CA achieved recoveries around 80% of crack width, thus the addition of CA improved a 

14% the self-healing properties of concrete. 

This work studies the behavior of crystalline admixtures without encapsulation for the self-

healing of concrete specimens. 

2.4.3.2.2 Expansive Admixtures 

This type of admixtures are used as shrinkage compensators and they are usually designed as EA 

or as CSA as they are usually composed of calcium sulfoaluminates. They contain calcium 

hydroxide Ca(OH)2 and anhydrite CaSO4, thus the by-products of the healing reaction are highly 

compatible with the concrete matrix. However, this process could take place at long term, 

producing additional stress that could damage concrete because of the secondary formation of 

ettringite. 

In the visual closure studies by Jaroenratanapirom & Sahamitmongkol (2011), they included 

expansive admixtures. EA showed good behavior for early age and larger cracks (0.1-0.3 mm), 

but they did not stand out in other situations. 

Sisomphon, et al. (2011; 2012) compared the visual closing of mortar specimens incorporating 

two CSA expansive admixtures, a CA admixture and a combination of an expansive admixture 

and a crystalline admixture. They pre-cracked the specimens at the age of 28 days and the chosen 

healing exposure was water immersion. The methodologies used to quantify self-healing were 

crack closing and decrease of the permeability of cracked specimens. Their results showed that 

the combination of both agents (10% of CSA and 1.5% of CA by the weight of cement) was the 

optimal mixture for achieving better healing results (Fig. 2-36). They also obtained that for 

specimens without admixtures only cracks up to 0.1 mm are able to heal within 28 days of water 

immersion. On the contrary, specimens with these admixtures could heal cracks up to 0.4 mm 

within 28 days. 
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Fig. 2-36 – Crack width reduction for each mix group (Sisomphon & Copuroglu, 2011). 

Later on, Sisomphon, et al. (2013) compared the recovery of flexural stiffness and flexural 

strength for those mixtures in four healing conditions: water immersion in tap water, water 

immersion in tap water with replacements every 12 hours, wet/dry cycles combining water 

immersion and drying, 12 hours each cycle and indoor air. The pre-cracking age was 28 days 

again and the healing time 28 days, as well. Their results showed that specimens under wet/dry 

cycles achieved the highest recoveries of flexural stiffness and flexural strength, with similar 

results for reference concrete and those with the admixtures, while specimens at indoor air 

achieved the lowest. In the case of the recovery of flexural stiffness, results after healing were 

always lower than virgin stiffness, while regarding the recovery of strength, groups under wet/dry 

cycles achieved higher final values. With small differences, the mixture with the combination of 

both admixtures achieved better results than the rest of mixtures. 

Ahn & Kishi, (2010) designed a self-healing agent combining three terms: the expansion term 

given by expansive admixtures (hauyne, anhydrite and free lime), the swelling term given by 

geopolymers (silica and alumina) and the precipitated term given by chemical agents (including 

several carbonates: NaHCO3, Na2CO3 y Li2CO3). They looked for a more effective healing 

promoter with the use of the three compounds. They pre-cracked their specimens to crack widths 

between 0.1 and 0.3 mm. They concluded that the addition of expansive admixtures was not 

enough to seal cracks, and that adding the rest of the compounds stabilized and quickened the 

healing process. With the optimal combination, concrete heals notably 0.15 mm cracks in 3 days 

and 0.2 mm cracks in 7 days with a complete healing after healing for 28 days under water 

immersion. The healing products formed by this agent were mostly fibrous C-A-H phases 



Study of the Feasibility of Self-Healing Concrete with and without Crystalline Admixtures 

40 

(hydrogarnet) and calcite (Fig. 2-37). Fibrous phases were formed by the chemical agents and had 

a great role for bridging cracks. 

 
Fig. 2-37 – Self-healing products in a crack, including C-A-H and CaCO3 (Ahn & Kishi, 2010). 

2.4.3.3 Located encapsulation 

A different point of view is the introduction of fragile capsules in located positions. These 

capsules would be activated by cracking in specific locations. 

Dry started these designs in the early-mid 90s. She used a design that needed external action, in 

which methyl methacrylate was used as healing agent, which polymerizes by the action of heat, 

filling cracks and reducing permeability (Dry, 1994). She also experimented with a passive design 

that did not require external action. In this case, a three-compound system was used, with methyl 

methacrylate and one of the initiator in one glass tube and the other initiator inside the contiguous 

glass tube. When cracks appeared in concrete, glass were broken mechanically, thus releasing the 

two products, which reacted and filled the cracks. In only one hour, the products set and permit a 

recovery of strength (Dry & McMillan, 1996). Later, she experimented these systems in true scale 

models of a bridge deck (Fig. 2-38). The experimental results confirmed the feasibility of this 

system in order to heal cracks autonomously (Dry, 2000).  

 
Fig. 2-38 – Glass tubes in a bridge deck  (Dry, 2000). 

Later, this system with glass tubes containing fast air curing superglue of low viscosity has been 

combined with strain-hardening fiber-reinforced concrete in order to verify its behavior under 

cyclic loading (Li, et al., 1998). The elastic modulus was found to regain its original value in a 

repeated loading, supporting this concept for achieving self-healing concrete.  
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Other authors tried similar designs, embedding ethyl cyanoacrylate in hollow fibers of diameter 

of 4 mm and 20 cm length (Sun, et al., 2011). They studied cracks of different widths, but only 

achieved strength recoveries up to 20%. 

Tittelboom, et al. (2011) compared the behavior of glass and ceramic tubes with a two-compound 

system with methyl methacrylate. The pre-cracked up to 0.3 mm mortar cylinders, which 

contained the tubes inside their matrix, as shown in Fig. 2-39. When the healing agents reacted 

and filled cracks, the achieved permeability was similar to that of virgin specimens, which is an 

indicator of the good behavior of this method. Their results show a better behavior for ceramic 

tubes in comparison to glass tubes. 

 
Fig. 2-39 – Mortar cylinders with embedded tubes (van Tittelboom, et al., 2011). 

Later they embedded ceramic tubes with a polyurethane pre-polymer and a catalyzer in mortar 

prisms, which were then embedded in concrete beams. In this way, mortar prisms were a capsule 

protecting the self-healing encapsulated agent (van Tittelboom, et al., 2012). The load-crack width 

graphs showed the recovery of mechanical properties that were achieved due to the healing 

mechanism. Reference specimens did not recover stiffness or load, while self-healed specimens 

recovered both, with an almost 100% of recovery (see Fig. 2-40).  

  
Fig. 2-40 – Load-crack width curves for virgin and healed specimens (van Tittelboom, et al., 2012). 
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Lastly, Sze Dai, et al. (2011) tested glass tubes with an adhesive in order to design a self-healing 

beam, a self-healing column and a self-healing slab (Fig. 2-41). They tied the tubes to the 

reinforcement bars of the structure and achieved recoveries of 84% of flexural strength in the 

bream, 70% in the column (which was lower due to the different direction of the flow) and 99% 

of strength recovery for the slab, which was tested to multiple impacts. 

 

 
Fig. 2-41 – Self-healing beam, column and slab (Sze Dai, et al., 2011). 

2.4.3.4 Dispersed encapsulation 

The introduction of dispersed capsules is a better approach to deal with random and disperse 

cracking than located encapsulation. The three methods for the introduction of dispersed capsules 

with chemical healing agents are: microcapsules, impregnated natural fibers and impregnated 

porous aggregates. 

2.4.3.4.1 Microcapsules 

The method of using microcapsules as carriers of the self-healing agent was developed by White, 

et al. (2001) in order to design self-healing polymers (Fig. 2-42). This idea is being extrapolated 

to other types of materials, such as cementitious materials. In this case, the healing agent is stored 

in microcapsules and the catalyzer can be in the material matrix or in different microcapsules. In 

this way, when a random crack appears and intersects a microcapsule, it breaks releasing its 

healing agent (and catalyzer if that is the case) and activating the reaction that would fill the crack 

by capillary action.  
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Fig. 2-42 – Process of breakage of a microcapsule (left) and release of healing agent and a broken 

microcapsule (right) (White, et al., 2001). 

Going back to concrete, Yang, et al. (2011) tested mortar with microcapsules (5-40 µm) with oil 

core and silica gel shell, using methylmethacrylate monomer as healing agent and tri-ethylborane 

as catalyst. The microcapsules were added in a 1.5% by the weight of cement. The self-healing 

process was verified by permeability measurements and mechanically using fatigue tests, 

demonstrating that self-healing mortar (SHM in Fig. 2-43) achieved lower permeability 

coefficient than control specimens. When comparing the fatigue results, specimens with 

microcapsules resisted more cycles but at a lower load. 

 
Fig. 2-43 – Permeability coefficients of cement mortar composite at 3-days and 30-day curing ages, after 

being loaded under 80% of ultimate compressive strength and subsequently set aside for 24 hours  (Yang, 
et al., 2011). 

The same year Pelletier, et al. (2011) experimented with polyurethane microcapsules (40-800 μm 

size) containing a sodium silicate solution. This healing agent would react with calcium hydroxide 

of concrete matrix forming C-S-H gels that would heal cracks. The final flexural load in the self-

healing specimens was 26% of the original value, and only up to 14% in reference specimens.  

Dong, et al. (2013) studied custom-designed prismatic fragile polymeric microcapsules with 

sodium silicate powder. They analyzed the recovery of stiffness and compared specimens cured 

in air with those cured under water immersion. Their results show that specimens with 

microcapsules recovered more stiffness, especially for contents of 6.9% of volume of the mixture 

and sized 3*12*2 mm, reaching a top value of 45% of stiffness recovery. 
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Zhang, et al. (2013) used urea-formaldehyde resin microcapsules with a dissolved epoxy resin. 

They achieved higher healing rates when increasing the content of microcapsules for permeability  

and strength (Fig. 2-44). The healing percentage increased with the size of microcapsules, as well.   

 
Fig. 2-44 – Strength recovery (left) and permeability healing (right) for different microcapsule contents 

and sizes (Zhang, et al., 2013). 

2.4.3.4.2 Porous aggregates 

In a similar concept to microcapsules, porous lightweight aggregates have been also impregnated 

with healing agents in order to counteract dispersed and random damage. Sisomphon, et al. (2011) 

used 2-4 mm sized porous clay aggregates that were impregnated with sodium fluorophosphate 

as healing agent. The aggregates were covered with a layer of cement paste. This time, the 

damaging agent was the carbonation front, which increased the porosity of the protecting cement 

layer allowing the release of the healing agent (see Fig. 2-45). The healing products were similar 

to apatite and were able to seal small pores, which was measured by the capillary absorption.  

 

 
Fig. 2-45 – Self-healing process using impregnated porous aggregates (Sisomphon, et al., 2011). 
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2.4.3.4.3 Natural fibers 

Another strategy to achieve dispersed capsules is the use of porous fibers or natural fibers. This 

was already suggested by Cánovas, et al. (1992) with the use of impregnated sisal fibers in 

concrete. The healing agents were colophony, tannin or other natural agents, and specimens were 

stored under water to let the agents act, achieving permeability decreases and durability 

improvements. Nevertheless, this method needs further development in order to avoid the 

degradation and treatment of natural fibers and obtaining an effective releasing of the agents. 

2.4.4 Bacteria as healing agent 

2.4.4.1 Concepts 

One of the newest healing agents to achieve self-healing concrete is bacteria, in a type of concrete 

usually named bacterial concrete or bioconcrete. Not every type of bacteria is suitable for this 

purpose. The main characteristics of these microorganisms should be the endurance to alkaline 

exposures (i.e. concrete) and the capability of precipitating crystals, which is frequently calcium 

carbonate (Schlegel, 2003). In order to survive to aggressive exposures, it is recommended the 

use of bacteria that are able to adopt an endospore form, a high-strength survival form intrinsic to 

some species. Bacteria in endospore form are dormant and when the exposure is favorable to their 

development, that is, contains nutrients and water, bacteria wake up. Bacteria are able to live 

decades, even centuries in the endospore form (Schlangen, et al., 2010). Some of the species that 

accomplish the requirements are sporosarcina pasteurii, bacillus sphaericus, bacillus cohnii and 

bacillus subtilis.  

According to Hammes & Verstraete (2002) the process of calcium carbonate precipitation by 

bacteria depends on four factors: calcium concentration (as a nutrient for bacteria), dissolved 

inorganic carbon concentration, pH and available precipitation nuclei. 

Relating to self-healing, there are two types of reactions that have been investigated to achieve 

the precipitation of calcium carbonate by the metabolism of this type of bacteria, urea-based and 

non-urea based. Few studies have been performed regarding the precipitation of silica instead of 

calcium carbonate (Ghosh, et al., 2009), and they are in an earlier stage of development. 

2.4.4.1.1 Urea-based 

Urea hydrolysis in calcium-rich environments makes bacteria produce calcium carbonate 

(Siddique & Chahal, 2011). This happens by the urease enzyme production, which catalyzes urea 

to carbon dioxide (CO2) and ammonium (NH4), thus increasing pH and stimulating the carbonate 

precipitation. The reaction process is the following (van Tittelboom, et al., 2010): 

𝐶𝑂(𝑁𝐻2)2 + 𝐻2𝑂 → 𝑁𝐻2𝐶𝑂𝑂𝐻 + 𝑁𝐻3 

𝑁𝐻2𝐶𝑂𝑂𝐻 + 𝐻2𝑂 → 𝑁𝐻3 + 𝐻2𝐶𝑂3 
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𝐻2𝐶𝑂3 ↔ 𝐻𝐶𝑂3
− + 𝐻+ 

2𝑁𝐻3 + 2𝐻2𝑂 ↔ 2𝑁𝐻4
+ + 2𝑂𝐻− 

𝐻𝐶𝑂3
− + 𝐻+ + 2𝑁𝐻4

+ + 2𝑂𝐻− ↔ 𝐶𝑂3
2− + 2𝑁𝐻4

+ + 2𝐻2𝑂 

In this process, celular walls are negative charged, attracting cations (such as Ca+2), that would 

react with the carbonate ions (CO3
-2) forming calcium carbonate. These points also act as 

precipitation nuclei. This urea-based process is a high-efficience process, as it allows the 

precipitation of high amounts of CaCO3 in few times (Whiffin, 2004).  

The main disavantage of this method is the decrease of pH (increasing corrosion problems), which 

is due to the ammonia production (Jonkers, et al., 2010). This is the main reason for the search of 

different bacterial reactions that precipitate suitable healing products. 

2.4.4.1.2 Non-urea-based 

Jonkers (2011) used bacteria of different metabolism and calcium lactate as nutrient. In that 

design, not only bacteria produce calcium carbonate, they also produced carbon dioxide, which 

would be trapped inside concrete and available to produce even more calcium carbonates, thus 

being more efficient than the ordinary carbonation reaction of concrete. The reaction that took 

place in that calcium carbonate precipitation due to bacteria was: 

𝐶𝑎(𝐶3𝐻5𝑂2)2 + 7𝑂2 → 𝐶𝑎𝐶𝑂3 + 5𝐶𝑂2 + 5𝐻2𝑂 

Jonkers also suggested that the higher consumption of oxygen by these bacteria reduces the 

possible corrosion of reinforcement bars. 

The first studies about self-healing bacterial concrete were with bacteria not encapsulated, but 

later the need of further life and space motivated the research of encapsulation methods.  

2.4.4.2 Without encapsulation 

Jonkers & Schlangen (2007) published their design for achieving self-healing concrete with 

bacillus cohnii (Fig. 2-46 left), taking advantage of their capability of endospore formation. The 

bacterial solution was added to concrete in the mixing water. They activated the dormant bacteria 

curing the specimens with a solution containing the nutrients of the bacteria, which in this case 

was sodium citrate. Their results showed a 10% decrease of compressive strength of mortar, but 

bacteria were able to precipitate calcite crystals of 100 μm size (see (Fig. 2-46 right), thus being 

potential crack sealers (Jonkers & Schlangen, 2008). Later they improved the design, 

incorporating the nutrients in the mixing water and concluded that bacteria could live only around 

4 months due to the continuing decrease of porosity of concrete matrix (produced by continuing 

hydration), thus limiting the space for bacteria to live (Jonkers, et al., 2010; 2011). 
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Fig. 2-46 – Endospore formation from bacillus cohnii (left, (Jonkers & Schlangen, 2007)) and final 

calcite precipitates (Jonkers, et al., 2010). 

2.4.4.3 Located encapsulation 

In a similar way to the introduction of chemicals inside fragile glass tubes, bacteria can be 

immobilized and encapsulated in tubes. Wang, et al. (2012) introduced bacteria with the nutrients 

in sol-gel and in polyurethane (see Fig. 2-47). They compared the results in mortars with the two 

types of encapsulates with the same specimens but with dead bacteria, in order to isolate the effect 

due to the microbiological activity. According to their results, bacteria in sol-gel precipitated more 

calcium carbonate, while specimens with polyurethane tubes achieve the higher strength 

recoveries (50-80%). 

 
Fig. 2-47 – Glass tubes with bacterial solution are added to mortar disks analogously to steel 

reinforcement (Wang, et al., 2012). 

2.4.4.4 Dispersed encapsulation 

In order to encapsulate bacteria in a dispersed method, Jonkers (2011) used lightweight aggregates 

impregnated with the bacterial solution and nutrients. In this way, bacteria are protected and 

remain available more years, being hypothesized that more than 50 years, which is a usual value 

of service life for concrete structures. Jonkers used as reference specimens mortars with bacteria 

but without nutrients, in order to distinguish the effect due to the metabolism of bacteria. All 

specimens were pre-cracked at the age of 56 days and cured in water for 24 hours. Self-healing 

was increased as it can be seen in the crystal formations of Fig. 2-48. After 6 months, bacteria 

were still alive. 
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Fig. 2-48 – Control and Bacterial specimens before and after healing (Jonkers, 2011). 

Wiktor & Jonkers (2011) quantified the healing effects in prismatic mortar specimens with 

reinforcement. They generated crack widths between 0.05 and 1 mm that were cured under water 

immersion in order to activate the healing processes. In this case, they used a bacteria similar to 

bacillus alkalinitrilicus. They results showed that for 20 days of healing there was not any 

difference between control and bacterial specimens, but at 40, 70 and 100 days of exposure 

bacterial concrete had better healing performance. 

Wang, et al. (2012) immobilized bacillus sphaericus bacteria, urea and yeast in diatomitic earth. 

This bacterial earth was added to mortar specimens, in different dosages (Fig. 2-49). The method 

proved to be useful in order to protect bacteria, producing less aggressive pH surroundings for the 

microorganisms. They achieved complete healing of cracks between 0.15 and 0.17, but with 

different effectiveness depending on the bacterial concentration and the healing exposure. They 

achieved higher reductions of the capillary water uptake in bacterial specimens, being reduced 

50-70% from the reference specimens. The healing products were calcium carbonate with urea 

and calcium nitrate crystals. 

 
Fig. 2-49 – Different dosages of bacteria and nutrients in diatomitic earth (to right more proportion of 

earth) (Wang, et al., 2012). 

New lines of research are looking for a bacterial encapsulation but are still in early stages. 
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2.4.5 Summary of autonomous healing 

Some of the conclusions from all the different designs explained in this section for achieving 

autonomous healing are:  

 There is a wide range of tailored designs for autonomous healing in concrete, with 

different grades of development.  

 Crystalline and expansive admixtures are the only commercially available product and 

have a good compatibility with concrete. Their effectiveness is limited but synergies 

(such as the combination of both agents) and their behavior under different exposures and 

mix designs can be studied. 

 Adhesives have lower compatibility with concrete, but need shorter times for reacting, 

mostly around 1 day in order to seal small-range cracks. 

 Bacteria are promising healing agents, but more studies should be done regarding to their 

life expectancy inside concrete and their encapsulation possibilities. 

 The different designs usually need an activator or catalyst, which can be introduced inside 

the composition of concrete or can be provided by the external environment, such as by 

the entrance of water. 

 Encapsulation of water by using SAP or natural fibers can promote further autogenous 

healing due to their effect as water pockets. 

 Encapsulation techniques are important to protect healing agents until the required 

moment, but many types are still in development. The capsule must resist the casting or 

pouring of concrete, but has to be activated when it is required, for example by cracking.  

 Located encapsulation has higher healing capability because of the larger interior 

volumes, but requires crack prediction. Dispersed encapsulation answers to dispersed 

cracks, so it is more effective for random cracking, but the damage has to hit the capsules. 

2.5 Discussion 

This chapter has presented different methodologies for achieving self-healing concrete from two 

main points of view: enhancing the natural properties of concrete and using specific new designs. 

Both ways have been mainly focused on healing service cracks (up to 0.3 mm), and the most 

effective range is often for cracks in the range of the micrometers. Hence, at this stage of 

development, self-healing should not be considered as a method to repair critically damaged 

structures. Instead, self-healing is best used in a preventive manner, to increase the service life 

(and reduce the maintenance costs) of a structure. 

Enhancing the intrinsic autogenous healing of concrete is the most immediate way to achieve self-

healing. From the literature, it can be thought that carbonation is the main process that causes 
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autogenous healing. However, this process can increases the corrosion problems of steel 

reinforcement due to a decrease of the pH inside concrete matrix and the depassivation of the 

reinforcement. This makes carbonation undesirable in most concrete elements even if it improves 

autogenous healing. Because of that, autogenous healing by continuing hydration would be a more 

beneficial process, though it is not likely to happen in a complete absence of carbonation for 

ordinary structures.  

The composition of concrete seems of a minor effect for this type of healing, but some mix designs 

containing pozzolanas may have higher autogenous healing due to their delayed reaction. 

Reducing crack width by the use of fiber-reinforced concrete with high volumes of fibers is a 

reliable method to achieve tighter cracks, which would improve notably the natural healing 

processes. This type of concrete also presents higher durability, thus is a potential concrete to 

synergize with healing in order to improve service life of structures.  

The autonomous healing designs to achieve self-healing (such as the use of microcapsules, 

bacteria or admixtures) can improve or give different healing properties depending on the specific 

type. The main challenge with this group is to protect healing agents inside concrete and activate 

them only in the required moment. With this purpose, several encapsulation techniques are still 

being developed, either for bacteria or for chemical solutions. However, the encapsulation adds 

the difficulty of resisting the casting process of concrete, which needs to be guaranteed before 

using them in construction. Located encapsulation can partially avoid that problem, as the tubes 

or capsules are placed before pouring the concrete, in a similar way to reinforcement. In any way, 

both types have to resist the concrete impact in the moment of pouring while being activated by 

cracking (or other type of damages) in the concrete element.  

Because of the encapsulation difficulties, different groups have studied the use of admixtures with 

designed activation (such as crystalline admixtures), superabsorbent polymers and impregnated 

porous fibers or aggregates. These latter designs present a more mature status concerning their 

addition into concrete, hence they could penetrate earlier in the construction industry. Table 2-3 

shows a summary of the advantages and disadvantages of the methods explained in this chapter. 

It is also of a great importance that there is no standard methodology in order to evaluate the self-

healing properties of a material, not even for a specific type of material, in this case, mortar and 

concrete specimens. Three main groups have been described in this chapter: permeability and 

other durability-related tests, mechanical tests and physical closure of cracks. The differences of 

methodologies and concrete/mortars composition difficult the comparisons between the reported 

studies and it is not easy to reach clear conclusions, as the testing methodology may influence 

them.  
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Group Type Advantages Disadvantages 

Cement healing 

agent 

Autogenous healing Natural process. 
Low capability. 

Low reliability. 

Encapsulation of 

water 

Good compatibility of 

healing products. 

SAP and porous fibers. 

Inconclusive capability. 

Inconclusive reliability. 

Chemical 

healing agents 

None encapsulation: 

Admixtures 

(CA&CSA) 

Easy to add. 

Good compatibility. 

Availability of 

commercial products 

Activation. 

Low knowledge. 

Inconclusive capability. 

Inconclusive reliability. 

Disperse 

microencapsulation 

Selection of designed 

healing agents. 

Resistance of microcapsules 

when casting and pouring. 

Activation when cracking. 

Still in development. 

Located capsules 
Selection of designed 

healing agents. 

Resistance when pouring and 

activation when cracking. 

Viscosity of releasing agents. 

Biological 

healing agents 

None encapsulation: 

bacterial solution 

Easy to add. 

Compatible byproducts. 

Low life expectancy of 

bacteria. 

Disperse 

microencapsulation 

Compatible byproducts. 

Protection of bacteria.  

Resistance of microcapsules 

when casting and pouring. 

Activation when cracking. 

Still in development. 

Located capsules 
Compatible byproducts. 

Protection of bacteria. 

Resistance when pouring and 

activation when cracking. 

Viscosity of releasing agents. 

Table 2-3 – Summary of advantages and disadvantages of each specific design for self-healing concrete. 
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Chapter 3. Experimental phase 

3.1 Specific objectives 

The specific objectives of the experimental phase are a natural extension of the studies described 

in Chapter 2. The specific objectives are: 

 To establish an experimental methodology in order to evaluate autogenous healing and 

self-healing by permeability measurements. 

 To compare autogenous healing with autonomous healing in concrete with crystalline 

admixtures. 

 To evaluate the influence of initial damage on self-healing, depending on initial crack 

width. 

 To compare the effect of changing water/cement ratio and cement content, with usual 

values in traditional types of concrete. 

 To discern the effectiveness of both types of healing under six different environmental 

exposures, which would help to identify the optimal types of structures for these products. 
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3.2 Program of the campaign 

The experimental phase was divided in two campaigns, one of them performed during late 2013 

and the second during 2014. Both campaigns followed the same methodology, only with minor 

changes. In the first campaign, the evolution of crack width was analyzed only in half specimens, 

as permeability was considered the main objective. In the second campaign, all specimens were 

analyzed by permeability and crack width. One combination or group was repeated in order to 

represent a link connection between both campaigns. These campaigns were also used to compare 

methodologies and other parameters that have been included in different research done by this 

research group (Roig-Flores, et al., n.d.). 

The first campaign was designed to determine the influence of four environmental conditions in 

the autogenous and autonomous healing processes for small cracks (up to 0.25 mm). The four 

environmental conditions were set to represent usual conditions depending on the environmental 

water presence: water immersion at 15ºC (WI_15), water contact (WC), humidity chamber (HC), 

and air exposure (AE). The two first exposures had direct contact with water while the others only 

with moisture in different percentages. 

The second campaign evaluated the influence of the quality of concrete, extended the crack range 

up to medium cracks (up to 0.40 mm), and added two new exposures: water immersion at 30ºC 

(WI_30) and wet/dry cycles (WD). The exposure of WI_15 was the link group between both 

campaigns.  

The following parameters were fixed parameters in the whole research: 

 Type of crystalline admixture and content. 

 Pre-cracking age of 2 days and healing time of 42 days. 

 The rest of mix design parameters, including aggregates and type of cement. 

 Type of water used during all the experimental campaign: tap water. 

The following parameters were the variables of interest in this research: 

1) First campaign: 

 Dosage of Crystalline Admixture: 0% (control concrete specimens, CC) and 4% by the 

weight of cement (crystalline admixture concrete specimens, CAC). 

 Initial crack width: between 0.05 and 0.25 mm. 

 Exposures: AE, HC, WI_15 and WC. 

2) Second campaign: 

 Water/Cement and cement content: 0.45 with 350 kg/m3 of cement and 0.60 with 275 

kg/m3 of cement content. 
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 Dosage of crystalline admixture: 0% for control concrete specimens, CC and 4% by the 

weight of cement for crystalline admixture concrete specimens, CAC. 

 Initial crack width: between 0.05 and 0.40 mm. 

 Exposures: WI_15, WI_30 and W/D. 

Fig. 3-1 represents altogether the parameters of both campaigns and indicates the number of tested 

specimens for each combination. 

 

Fig. 3-1 - Experimental program. 
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3.3 Materials 

3.3.1 Cement 

The cement used was CEM II/A-L 42.5 R from Elite Cementos S. L. This type of cement has a 

content of limestone powder of 6-20% and rapid acquisition of strength, since the pre-cracking 

stage was performed at early age of concrete. 

3.3.2 Water 

The type of water could affect the healing processes due to its composition. Tap water was used 

as mixing water in this experimental research due to it is the more likely to be used in the 

construction stages. The pH of used tap water was measured with pH indicator strips and the 

results were comprised around seven. 

3.3.3 Aggregates and limestone powder 

Aggregates’ size can affect the results obtained in studies about self-healing properties, as they 

affect, for example, the transport properties. In this way, when using too large aggregates, the 

transport of healing agents from the cementitious matrix to the crack might be impossible when 

maximum size of aggregates is huge.  

In this study, it was decided to work with coarse aggregate, in order to have situation closer to 

real constructions. The coarse aggregates were crushed aggregates of the categories (dmin/Dmax) 

7/12 and 4/7. The fine aggregate was natural sand. The different compounds are shown in Fig. 

3-2. 

In order to adequate the aggregates ’size curve to a more continuous it was decided to add 

limestone powder, due to the lack of fine materials of the laboratory sand. To this purpose, it was 

decided to add 50 kg/m3 in the casting groups without the mineral admixture, and lower quantities 

when using them. In any case, the amount of powder fraction is maintained significantly under 

the limit established by the Spanish Code for concrete EHE (175 kg/m3), even considering the 

maximum possible amount of lime addition inside cement. 
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Fig. 3-2 – Main compounds used for casting concrete. 

3.3.4 Superplastizer 

Superplastizer ViscoCrete-5720 from Sika was added in order to achieve desired workability. In 

this case, the target was a result in slump test around 14 cm, which is a fluid consistency.  

3.3.5 Fibers 

It was decided in this study to work with fiber-reinforced concrete. Since the focus of the project 

was to study the healing effects on pre-cracked specimens, fibers could provide an effective action 

both in controlling crack width during the pre-cracking process as well as in keeping fixed its 

value afterwards. The quantity of steel fiber was fixed at 40 kg/m3 (0.51% by volume) according 

to the criterion of making the crack opening easily controllable while avoiding excessive 

branching of cracks. It was decided to work with steel fibers due to their better performance for 

structural uses and avoiding interaction of precipitation of crystals with high polarity fibers (such 

as PVA). 

Fibers were Dramix® RC 65/35 BN from Bekaert, 35 mm length and 0.55 mm diameter (Fig. 

3-3).  
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7/12 Coarse Aggregate 
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Fig. 3-3 – Steel fibers (Dramix® RC 65/35 BN) used in this research. 

3.3.6 Crystalline admixtures 

Crystalline admixtures (CA) are a type of permeability reducer admixture for concrete according 

to the American Concrete Institute, in their Committee 212. A summary of the achieved 

information about CA was explained in Chapter 2. These products are thought to react when in 

contact with cement matrix and water, but also it is capable of storing a latent capability. This 

capability is which allows to activate self-healing mechanisms when a damage occurs in concrete. 

Physically is often a grew powder, with particle size around 40-150 µm and a density between 

1200-1400 kg/m3. Its aspect is of a finer cement, as it can be seen in Fig. 3-4. Depending on the 

type of admixture, it can resist from 40-50 up to 140 water-meter column of pressure. It is usually 

added in a dosage of 1-2% by the weight of cement and has certain effect as water reducing 

admixture (between 5-10%). Recommended water/cement ratio is 0.45 or lower. It is able to seal 

cracks up to 0.40 mm and the by-products of the reaction form integral part of concrete, producing 

an impermeable concrete. In this way, it protects from corrosion and avoids the entrance of 

contaminants. It should be remarked that it is not a toxic product, so it can be used for fresh water 

reservoirs in the same way as cement. 

 
Fig. 3-4 – Aspect of cement and crystalline admixtures used in this research. 
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3.4 Methodology 

3.4.1 Mix design 

Two types of concrete were cast, with water/cement ratio of 0.45 and 0.60. A dosage of 4% by 

the weight of cement of crystalline admixture in powder form was introduced in the CA Concrete 

whose behavior was compared with control specimens (without crystalline admixture). The four 

mix designs are shown in Table 3-1. 

The group with water/cement ratio of 0.45 are expected to present higher amount of unhydrated 

cement particles, thus presenting a higher amount of autogenous healing due to continuing 

hydration.  

 W/C=0.45 W/C=0.60 

Material (kg/m3) Control CA Concrete Control CA Concrete 

Cement II/A-L 42.5 R 350 350 275 275 

Water 157.5 157.5 165 165 

Gravel (4-12 mm) 950 959 908 915 

Natural sand 899 875 987 967 

Fibers, Dramix 65/35 40 40 40 40 

Limestone powder 50 36 50 39 

Crystalline Admixture - 14 - 11 

Average Slump (cm) 13 16 15 14 

Average Compressive Strength (MPa) 55 61 38 41 

Table 3-1 - Mix design of control and CA concrete for water/cement ratios of 0.40 and 0.60. 

The criterion chosen for making concrete mixes with and without crystalline admixture is to 

maintain constant the sum of limestone powder and crystalline admixture, due to their similar 

effect on concrete workability since they increase the powder fraction. In fact, they would both 

act as densifiers of the paste matrix phase. The chosen percentage of crystalline admixture has 

been 4% by the weight of cement.  

Superplasticizer, ViscoCrete 5720, dosage was adjusted in each different group in order to get 

similar slump (140 mm ± 20 mm). 

In order to calculate the percentages of each aggregate, it has been used the Bolomey method, 

with parameters a = 17 and maximum size 12 for both designs. This is the reason for having 

slightly different values for each group. For all cases the values of the adjustment are around 3, 

which are enough good (< 4). 

The concrete mixer used for casting concrete was a planetary mixer Betonmass ST 150 CD, with 

maximum capacity of 150 liters (see Fig. 3-5) and the molds were cylindrical steel standard molds.  
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Fig. 3-5 –Planetary mixer used for casting concrete (left) and cylindrical molds (right) . 

After casting the specimens, they were let curing in the mold for 24 hours and after that they were 

kept in humidity chamber at standard conditions (20ºC and 95% of relative humidity) until the 

time of pre-cracking. 

3.4.2 Control tests: slump and compressive strength 

For each batch, three Φ150 x 300 mm cylindrical specimens were cast according to UNE-EN 

12390-2 to determine the compressive strength at 28 days, as per UNE EN 12390-3. All batches 

were also characterized by their workability with slump test as per UNE EN 12350-2:2009 (Fig. 

3-6). These control tests were performed with the objective of verifying the homogeneity of 

specimens of different batches but belonging to a same mix group (either control or CA) and in 

order to compare the results between the two mix groups (control and CA).  

  
Fig. 3-6 - Slump test following UNE EN 12350-2:2009. 

After averaging the results of all batches for each group (see Fig. 3-7, Table 3-2 and Table 3-3), 

it was observed that CA concrete had a significantly better compressive strength, about 15% 

higher than control concrete in the case of water/cement ratio of 0.45 and 8% higher for the group 

with water/cement ratio of 0.60.  
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With reference to the slump test results, differences are slightly lower, since the average results 

are around 13-16 cm for the four groups, which are within the acceptable tolerance limits of slump 

tests according to the standards. 

  
Fig. 3-7 – Average and standard deviation for compressive strength (bars) and slump test (points) for 

both campaigns. 

1st CAMPAIGN 

W/C Mix 

Slump 

Test 

(cm) 

Slump Test 

Deviation 

(cm) 

Average 

Compression 

Strength 

(MPa) 

Deviation 

Compression 

Strength 

(MPa) 

0.45 

Control 12,86 3,13 52,88 5,14 

CA 

Concrete 
14,83 3,66 60,56 2,95 

Table 3-2 – Average and standard deviation for compressive strength and slump test for the 1 st campaign. 

2nd CAMPAIGN 

W/C Mix 

Slump 

Test 

(cm) 

Slump Test 

Deviation 

(cm) 

Average 

Compression 

Strength 

(MPa) 

Deviation 

Compression 

Strength 

(MPa) 

0.45 

Control 13,00 3,61 54,49 5,92 

CA 

Concrete 
15,50 1,73 62,41 3,22 

0.60 

Control 14,50 0,71 38,33 1,48 

CA 

Concrete 
14,00 2,16 40,73 0,91 

Table 3-3 - Average and standard deviation for compressive strength and slump test for the 2 nd campaign. 

3.4.3 Self-healing methodology 

The methodology used in this research has also been used in other works by this group (Roig-

Flores, 2013; Roig-Flores, et al., n.d.). It is based on the permeability tests reported in the literature 

(such as from Edvardsen (1999) or Sisomphon, et al. (2012)) and the standard permeability test 

for uncracked concrete specimens. 
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The methodology used in this research to evaluate the effects of self-healing consists of five stages 

(Fig. 3-8): first, casting of the specimens; second, creation of controlled damage in the specimens; 

third, measurement of certain properties, such as permeability or crack geometrical parameters; 

fourth, simulation of the conditions or environmental exposure needed to achieve better healing 

results and, fifth, evaluation of the recovery of the same property measured in the third stage. 

More specifically the path that specimens follow in the experimental campaign is displayed in 

Fig. 3-9.  

 
Fig. 3-8 – Methodology procedure. 

 

 

 
Fig. 3-9 – Scheme of each step of the process. 

The size and shape of the concrete specimens was determined by the permeability-based healing 

test, which conditioned the pre-cracking process together with the available equipment.  
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3.4.3.1 Creation of a damage: pre-cracking process 

Each cylindrical specimen with dimensions of Φ150x300 mm was cut in half using a circular saw 

for concrete. In this way, the specimens’ size for the permeability test was Φ150x150 mm. The 

edge faces of each Φ150x150 mm cylinder were then polished in order to eliminate mortar layers 

(in the bottom surface in contact with the molds) and asperities (in the top free surface of the 

specimen as cast). Fig. 3-10 shows the differences of surface before and after polishing. This 

process will allow discerning if a crack hits and breaks an aggregate or if it passes through cement 

paste. 

  
Fig. 3-10 – Irregular surface before polishing with the circular saw (left) and final aspect (right) . 

The specimens were pre-cracked at the age of 2 days, inducing controlled damage, by means of a 

splitting test (Fig. 3-11): this was meant as the width of the diameter crack, which was set to reach 

a target value, controlled by a calibration ruler. The measure of the crack width with the 

calibration ruler while performing the splitting test has been meant as good enough for the purpose 

of the campaign. As a matter of fact, though it is an approximate way to measure the crack width, 

it is also very simple and allows a larger amount of specimens to be cracked in a reasonable time. 

The calibration ruler has an inherent dispersion due to the human factor but is a good method to 

obtain crack widths within a range of 0-0.3 mm. 

  
Fig. 3-11 – Pre-cracking process and pre-cracked specimen by splitting test. 

Once cracked, lateral cracks are sealed by using an epoxy resin (Sikadur 31-CF and 31-EF). A 

ring of the crack of one circular surface is sealed as well due to the features of the permeability 
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test. Fig. 3-12 shows specimens with those areas already sealed. It should be noted that resin does 

not enter significantly inside the crack, since it is only placed externally. 

  
Fig. 3-12 –Sealing of lateral cracks and upper ring with epoxy resin. 

3.4.3.2 Evaluation of properties: permeability test 

One of the main objectives of crack healing is to improve durability of concrete structures. Visual 

closing of cracks does not necessarily imply an improvement of durability. Therefore, 

permeability-based studies of self-healing are of a great importance. There are two main groups 

of tests for measuring permeability of materials: for high permeability and for almost 

impermeable elements. Cracked concrete specimens belong to the first category, while virgin and 

complete healed specimens would belong to the latter. As the main purpose is to verify the process 

of healing, it was decided to work with a method based on high permeability tests (Darcy’s Law). 

In this way, it will not be possible to discern between different ranges inside impermeable 

specimens. On the contrary, it would be possible to measure with the same test cracked and healed 

specimens and identify the healing process. 

A method based on the permeability test described in UNE-EN 12390-8 was employed in this 

study, but measuring the water flow instead of the water depth penetration. To guarantee the 

impermeability of the specimen lateral surface, the zones of the lateral surface which were in 

contact with the machine loading platens during the pre-crack splitting tests were sealed with the 

epoxy resin. A diagram of the test is shown in Fig. 3-13.  

 
Fig. 3-13 – Diagram of the permeability test for cracked specimens. 
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Water flow is measured by weighting the amount of water passing through the specimen in the 

fixed time. The recipient used for collecting water is an ordinary bucket. 

The parameters of the test are: 

 Head water pressure equal to 2.00 bars. In practice, the initial pressure is set equal to 2.05 

bars and as pressure decreases due to water flow, the permeabilimeter turns on again 

when a pressure of 1.95 bars is reached, recovering the 2.05 bars pressure. Therefore, 

water pressure is always kept between 1.95 and 2.05 bars.  

 The quantity of water passing through the crack was measured during a 5 minutes testing 

time for small range cracks and 1 minute for medium range cracks due to the capacity 

limits of the recipients.  

Following this method, water passes through the interior of the specimen by the crack and it was 

experimentally confirmed that, as it was expected, small cracks had smaller water flow while 

larger cracks presented higher water flows (see Fig. 3-14). In this way, if a crack closes after the 

healing process, the water flow should have diminished. The permeabilimeter used in the test and 

the different parts it consists of it are shown in Fig. 3-15. 

  
Fig. 3-14 – Inferior part of an specimen during the permeability test showing water flow for a small crack 

(left) and a large crack (right). 

 
Fig. 3-15 - Permeabilimeter (a) and its parts: manometer (b), sealing ring (c), auxiliary structure (d), 

prepared specimen (e). 
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3.4.3.3 Evaluation of properties: study of crack geometrical parameters  

In addition to permeability tests, crack width was also measured to support the measurements. An 

optical microscope and a crack width ruler were used to this purpose (see Fig. 3-16) The 

photography software Adobe Photoshop CS6 was the tool chosen to measure the parameter. The 

pictures were taken before and after the healing exposure in order to evaluate autogenous and 

self-healing. Before taking pictures, all the specimens were cleaned with compressed air.  

  
Fig. 3-16 – Optical microscope connected (left) and crack width ruler (right). 

The measurement of crack width was also performed with the purpose of seeking a correlation 

with the water flow measured in the permeability tests. Water permeability is considered the 

reference value in order to compare the different methods for quantifying self-healing, since the 

main objective of closing a crack is to avoid the entrance of liquids, contaminants and aggressive 

agents.  

With reference to the measure of the crack width, the average width wavg was calculated averaging 

fixed width measurements, taken at prescribed positions along the crack, thus decreasing the 

uncertainty of the measurement itself. Each concrete specimen has got two cracks (top and 

bottom), denoted according to the orientation of the same specimen in the permeability test, and 

the water contact exposure. The research group has already studied other combinations measuring 

a representative geometrical parameter, and the measure of average crack width was one of the 

most reliable measures while being more time-effective (Roig-Flores, et al., n.d.). because of that 

this work only shows the results for averaged crack width. 

These photographs, taken with the optical microscope, would also make possible a visual 

comparison of crack evolution and the formation of precipitates. 

3.4.3.4 Exposure simulation 

To analyze the activation of autogenous healing and crystalline admixtures is of a major 

importance the environmental exposure. CA are expected to behave with different rates of 
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effectiveness under different conditions, mainly depending on the available content of 

environmental water, analogously to what has been reported for autogenous healing. 

Six environmental exposures were studied in order to determine the effect of humidity on the self-

healing capability of the tested specimens, comparing the reference concrete with the crystalline 

admixture concrete (Fig. 3-17).  

a. AE (Air Exposure): storage of the specimens in normal laboratory conditions inside a 

room without exterior influences, 17±1ºC and 40±5% of relative humidity. 

b. HC (Humidity chamber): storage of the specimens inside a standard humidity chamber at 

20ºC and 95±5% relative humidity.  

c. WC (Water contact): a layer of water with a head pressure of 2 cm-water on the top crack, 

and storage in humidity chamber at 20ºC and 95±5% relative humidity. Additional water 

was supplied when necessary in order to maintain the 2 cm water layer.  

d. WD (Wet/dry cycles): water immersion at 15-16ºC during three days and a half and air 

exposure during three days and a half, without renewing water. 

e. WI_15 (Water immersion): continuous immersion in tap water at laboratory conditions 

without renewing the water during the healing period (temperature of water, 15-16ºC) 

f. WI_30 (Water immersion): continuous immersion in tap water at laboratory conditions 

without renewing the water during the healing period (temperature of water, 30ºC) 

(a)

  

(b)

 

(c)

 

(d) 

 

(e)

 

(f) 

 

Fig. 3-17 - Six exposures: air exposure (a), humidty chamber (b), water contact (c) wet/dry cycles (d), 

water immersion at 15ºC (e) and water immersion at 30ºC (f) . 
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With these six environmental conditions, it is intended to discern if the self-healing will be 

powerful enough for constructions in several types of environments as above, including those 

without direct contact with water and those elements in contact with it, either having a small 

amount of water in contact or totally immersed. Each type of healing exposure has been designed 

with the objective of simulating real conditions: 

a. AE concrete elements without direct contact with water and average humidity levels 

b. HC simulates concrete elements without direct contact with water but constructed in a 

high humidity environment 

c. WC simulates situations with a face directly exposed to water with a very low pressure 

and the other unexposed to it, such as buried walls under the water table 

d. WD simulates structures periodically immersed in water and periodically exposed to a 

normal humidity environment 

e. WI_15 simulates underwater concrete elements 

f. WI_30 simulates underwater concrete elements in a warm water condition or an 

accelerated version of WI_15 

The specimens immersed in water during the healing period, were divided in two different water 

recipients, in order to avoid interferences between control concrete and concrete with crystalline 

admixtures. The immersed specimens were placed on two 3 cm wide wood strips ensuring a 

separation between specimens of at least 5 cm between the cracked faces and 1 cm between the 

lateral surfaces, in order to let the water act in the whole specimen. 

The setup for the 2 centimeters water contact environment is shown in Fig. 3-18. The equivalent 

pressure of those 2 cm of water is 1.96*10-3 bars or 0.2 kPa, without pressure in lateral faces of 

the specimen. In this group, water remains in the upper PVC ring and enters inside the specimen 

through the crack and does not exit from it because of the lower sheets of insulation material and 

wood. The parameters that conditioned this design were two: the system should not add an extra 

day, thus most of adhesive-based products were not suitable; and it should not be permanent, and 

be easily removable, as parallel studies from the group required to do intermediate permeability 

tests. After specimens were prepared in the described setup, they were stored inside humidity 

chamber at 20ºC and 95% of relative humidity to minimize water evaporation. 
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Fig. 3-18 - Setup of the 2 cm water head exposure. 

For immersed specimens (either at 15ºC or 30ºC) and in water contact it was necessary to add 

extra water each 2/3 days in order to maintain the same water level. 
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Chapter 4. Results and discussion 

4.1 Introduction 

This chapter presents the results of the experimental campaigns (Section 4.2) and a discussion on 

the effect of each objective parameter in the self-healing properties of tested concrete (Section 

4.3). 

4.2 Presentation of results 

4.2.1 Structure of results and parameters 

The output results from both campaigns are the initial and final values for water flow and crack 

width. All of these results can be found in the Appendix, and they are presented as shown in the 

example of Table 4-1. Empty values represent unmeasured values for those specimens that were 

only tested to permeability. 
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1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 HC 

1 302 0,11 293 0,04 

2 2733 0,18 1710 0,15 

3 93 0,16 141 0,11 

4 1645 0,15 1257 0,15 

5 541  96  

6 243  176  

7 172  161  

8 145  173  

Table 4-1 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for control 

specimens with w/c of 0.45 under the humidity chamber exposure. 

Self-healing was analyzed from the measures of permeability and crack width before and after 

the healing process.  

As indicated in Chapter 2, the name “healing rate” is commonly used in the literature to indicate 

a measure of self-healing from the recovery of permeability properties. The term was first coined 

by Edvardsen (1999), but despite that, there is no commonly-accepted definition for this 

parameter.  

In this research, the Healing Rate was defined as: 

𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = 1 −
𝐹𝑖𝑛𝑎𝑙 𝐹𝑙𝑜𝑤

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐹𝑙𝑜𝑤
= 1 −

𝑄42

𝑄0
≮ 0 

With: 

Q0 the initial water flow  

Q42 the final water flow for a healing time of 42 days 

When the final flow is similar to the initial flow, the Healing Rate would tend to 0; and when the 

final flow is 0, the Healing Rate would be 1. Negative values of the Healing Rate are considered 

as 0, meaning that healing has not occurred. The healing produced depending on the initial level 

of damage can be analyzed by representing the Healing Rates obtained for each specimen versus 

its initial water flow.  

It has been verified that most specimens in exposures in direct contact with water experienced a 

reduction of water flow.  

As for crack width sealing, in the literature it is often estimated by the “self-closing rate” 

(Jaroenratanapirom & Sahamitmongkol, 2011; van Tittelboom, et al., 2012). In order to maintain 
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the naming of the self-healing processes in this case it has been named Sealing Rate. Analogously 

to the Healing Rate, this parameter is defined as: 

𝑆𝑒𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = 1 −
𝐹𝑖𝑛𝑎𝑙 𝐶𝑟𝑎𝑐𝑘 𝑊𝑖𝑑𝑡ℎ

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑟𝑎𝑐𝑘 𝑊𝑖𝑑𝑡ℎ
= 1 −

𝜔42

𝜔0
≮ 0 

With: 

ω0 the initial crack width  

ω42 the final crack width for a healing time of 42 days 

The reasoning about the possible results for this parameter is analogous to that for the Healing 

Rate. 

This research considered that the permeability properties were of greater importance regarding 

the recovery of properties in concrete. Thus, the main parameter in this study was the Healing 

Rate. This consideration was due to the possibility that a visual closure of cracks, which can occur 

in the surface, might not have a consequence in effectively blocking of the water flow at the 

testing pressure. If the crack is visually closed but water can still pass through the specimen, 

durability is not improved by the closure.  

4.2.2 Relation between permeability and crack width measurements 

The methodology exposed in Chapter 3 was also used to analyze the relation between average 

crack width and permeability. From the literature, it is known that the relation follows a cubic 

expression with only the cubic coefficient (Edvardsen, 1999), but this could be modified by the 

presence of fibers, as it was reported by Lawler, et al. (2003) (see section 2.3.5.3.1). The 

dispersion graph Fig. 4-1 displays the values of crack width versus the corresponding values of 

water flow. It can be seen that the final values experienced notably higher dispersion, which 

indicates a weaker relation between the final water flow and the final crack width. 
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Fig. 4-1 – Average crack width and permeability results. 

To better estimate the relation between water flow and crack width, only initial values are 

considered (169 values). Fig. 4-2 shows the trendlines calculated without robustness and aplying 

two different robustness methods: LAR and Bisquare methods. The applied boundary condition 

is to adjust to a cubic polynomial curve with only the cubic coefficient. 

 
Fig. 4-2 –Initial crack width versus initial water flow with trendline with different adjustments . 

These trendlines were used to estimate several theoretical values of initial water flow for each 

value of initial crack width, as displayed in Table 4-2. Bolded numbers indicate the limit values 

that will be used to analyze the following results. Thus, an initial damage of crack width 0.25 mm 

will be equivalent to a result in the permeability test of [2864-3245] ml/5min, while an initial 

damage of crack width 0.40 mm will be equivalent to a result in the permeability test of [11731-

13293] ml/5min. These values will be used as the limits for the graphs in the discussion. 
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Crack width 
Theoretical Water Flow 

ROBUST: Off ROBUST: LAR ROBUST: Bisquare 

x (mm) y1 (ml/5min) y2 (ml/5min) y3 (ml/5min) 

0 0 0 0 

0,05 23 25 26 

0,1 183 199 208 

0,15 619 670 701 

0,2 1466 1588 1662 

0,25 2864 3102 3245 

0,3 4949 5360 5608 

0,35 7859 8511 8905 

0,4 11731 12704 13293 

0,45 16703 18088 18927 

0,5 22913 24813 25963 

0,55 30497 33025 34556 

0,6 39593 42876 44863 

Table 4-2 - Theoretical water flow for different crack widths depending on the type of adjusted curve . 

Edvardsen (1999) proposed a model based on Poiseuille Law, which is expressed in equation (1), 

for water at 20ºC, viscosity ν=η/ρ=1.00 mm2/s) and a visible crack length of 1 meter; where q0 is 

the water flow per meter length of crack, I is the hydraulic gradient in meters of water head per 

meter, wavg is the mean value of crack width and k t is a correcting parameter for temperature. 

𝑞0(
𝑙𝑖𝑡𝑒𝑟𝑠

𝑚
) = 740 ∗ 𝐼 ∗ 𝑤𝑎𝑣𝑔

3 ∗ 𝑘𝑡                        (1) 

This expression can be adjusted to the parameters of the present research by changing units and 

the length of the crack (considered as 75 mm), resulting in the expression (2). 

𝑄 (𝑙𝑖𝑡𝑒𝑟𝑠) = 740 ∗
20

0.15
∗ 𝑤𝑎𝑣𝑔

3 ∗ 1 ∗ 0.075       (2) 

The theoretical predictions given by equation (2) fit the obtained results of water flow and average 

crack width in this research reasonably well, particularly for smaller cracks, as displayed in Fig. 

4-3. The lower values obtained in this research might be due to the presence of fibers, which could 

block water flow inside the crack, as it was demonstrated by Lawler, et al. (2003), see Fig. 2-21 

in Chapter 2. 
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Fig. 4-3 - Comparison between experimental and theoretical water flow and crack width results  

The dispersion obtained in the results of this research could be caused by healing in different 

points of the interior of the crack since crystallization could start easily in the zones with lower 

crack width. Fig. 4-4 represents a simplification of some of the possible interior morphologies of 

a crack in a concrete specimen, and the points that might be more suitable in order to start the 

precipitation of crack healing products. If the morphology of the crack is a concave volume, the 

interior of the crack may be healing while the visible crack would stay immutable, which could 

distort the results.  

(a)  (b)  

(c)  (d)  

Fig. 4-4 - Simplification of different possibilities for crack geometry in depth: uniform crack, pyramidal 

frustum, convex and concave forms and their most feasible points for precipitates. 
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4.2.3 Repeatability of results 

This research uses the results from two campaigns. Before comparing their values, the 

repeatability must be studied by analyzing the results of the groups with coincident parameters. 

In this case, it was compared using the values of specimens healed under water immersion for 

initial water flows smaller than 1000 ml/5min, as it is the bracket with the higher density of points, 

for both control specimens and specimens with crystalline admixtures. 

Fig. 4-5 shows these values for the 1st campaign (S1) and for the 2nd (S2). In this graph, it can be 

seen that CA specimens clearly present the same response for both series. Control specimens 

show higher dispersion but, since control groups always showed higher dispersion than CA 

specimens in this research, it was assumed that both campaigns are directly comparable. As 

consequence, results will be used indistinctly from both campaigns in the discussion in 4.3. 

 
Fig. 4-5 – Comparison between 1st campaign (S1) and 2nd campaign (S2). 

4.3  Discussion 

This section analyzes the obtained results and the effect of each parameter on the self-healing 

properties of concrete. 

4.3.1 Qualitative evaluation of crack sealing 

A qualitative evaluation of the composition of crystals leaching out of the crack was performed 

both for control specimens and for specimens with crystalline admixtures. The purpose of this 

evaluation was to discern if the main composition of those products were calcium carbonates 

(CaCO3) or a different type of products. To this purpose, chlorhydric acid (HCl) was used since 

it reacts with carbonates. The reaction between HCl and CaCO3 is: 

2𝐻𝐶𝑙 +  𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝐶𝑙2 + 𝐶𝑂2 + 𝐻2𝑂 

This reaction produces clear effervescences due to the release of carbon dioxide.  
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Fig. 4-6 shows the uptake of crystals samples and the materials used for the test. 

  
Fig. 4-6 – Sample taking of crystals leaching out of the crack and diluted chlorhydric acid. 

The reaction that took place indicated that the products were mostly carbonates, even though the 

specific type of carbonates could not be discerned by this test. In Fig. 4-7, the aspects of the 

crystals before and after being in contact with chlorhydric acid is shown. 

  
Fig. 4-7 – Reaction produced between crystals and diluted chlorhydric acid. 

In addition, the formation of precipitates inside the crack under different conditions was studied 

by visual observation of the cracks. As first and immediate aspect of the crack sealing was the 

appearance of whitish formations in control and CA specimens when immersed in water. As a 

matter of fact, for specimens conditioned in the “water contact” environment, those white 

precipitates were only formed on the face in direct contact with water. Consequently, the 

transportation of water through the crack with a water layer of two centimetres was not enough 

for ensuring healing of both faces. Despite the smaller reaction of the bottom crack, specimens 

stored in the WC exposure achieved fairly high Healing Rates, which can be due to the blocking 

or healing of only one face.  

The white precipitates were located all along the surface of the specimens in contact with water, 

not only inside the crack, but also in some pores. The precipitates were slightly yellowish in some 

cases, which could have been caused by the oxidation of steel fibres. Fig. 4-8 compares the sealing 
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of a crack in a specimen in direct contact with water with the sealing of a crack in a specimen 

under moist conditions (i.e., without direct contact with water). 

Another aspect that can be studied through the analysis of the crack pattern is determining whether 

the healing occurred only when the crack was in the cement paste, or if it also occurred when the 

crack broke through an aggregate (or in the paste-aggregate interface). This was analysed in the 

specimens with sealed or almost sealed cracks. It was concluded that most formations were 

originated in the cement paste, which is logical, because crystalline admixture is dispersed in 

concrete matrix among with the cement particles, but the healing process was also powerful 

enough to transport the healing products inside small cracked aggregates, which is an indicator of 

the effectiveness of the self-healing agent. Fig. 4-9 shows the appearance of sealed cracks in 

different locations for CAC specimens in the water immersion exposure. 

 
Fig. 4-8 – Comparison between crack aspect at 0 days and after 42 days of healing, for control and CA 

specimens exposed to environments with and without direct contact with water. 
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Fig. 4-9 – Comparison between crack aspect at 0 days and after 42 days of healing for CAC specimens 

exposed to water immersion (WI) for cracks located in: cement paste, aggregates and  in the interphase 

paste-aggregate.  

4.3.2 Effect of initial damage on self-healing 

As it has been explained in the state of the art, the more damaged a specimen is, the smaller 

healing properties it will present. However, there was no agreement between the limit values of 

initial damage in order to achieve complete healing. In this research, cracks up to 0.40 mm have 

been analyzed (around 13000 ml/5min).  

The first analysis on the effect of the initial damage was performed using specimens stored under 

water immersion at 15ºC, for both mix designs, as they are the groups with the higher amount of 

specimens and it is the most studied exposure in the literature.  

Fig. 4-10 shows the obtained values of Healing Rates for permeability tests for these groups. As 

it was expected, in general, specimens critically damaged achieve lower Healing Rates than those 

with smaller damages. There is an exception for very small cracks, where there is a high dispersion 

of results, presenting lower Healing Rates results.  

For specimens under water immersion, Healing Rates can be notable even for specimens with 

large damages. Specimens with initial water flow higher than 4000-5000 ml/5min are unlikely to 

heal completely. That water flow represents an initial crack opening around 0.30 mm. 
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Fig. 4-10 – Healing Rate by permeability of specimens stored under water immersion at 15ºC. 

More specifically, Fig. 4-11 shows the Healing Rates results for initial water flows under 3000 

ml/5min (which is approximately a crack opening of 0.25 mm). This graph clearly shows the high 

dispersion for low initial water flows, up to 500 ml/5min, which represents a crack width around 

0.1-0.15 mm. A more stable response has been achieved after that threshold, in which, as it was 

expected, the results decrease slowly when increasing the damage. 

 
Fig. 4-11 - Healing Rate of specimens stored under water immersion at 15ºC and crack width under 0.25 

mm. 

The Sealing Rates are shown in Fig. 4-12. They are notably higher than Healing Rates, but they 

follow the same general trends, e.g., specimens with cracks larger than 0.25-0.30 mm were 

unlikely to heal completely after 42 days of exposure under water immersion at 15ºC. Sealing 

rates also present a high dispersion for very small crack widths. 
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Fig. 4-12 - Sealing Rate by crack closing of specimens stored under water immersion at 15ºC. 

The high dispersion obtained for smaller initial damages in both parameters could be caused by 

the precision limits of the method or by the existence of a damage threshold for recovering 

properties, as it has been indicated in some studies from the literature. This aspect should be 

further investigated in order to verify the origin of this phenomenon. 

Considering Healing Rate higher than 0.90 as a “good” self-healing, it can be said that for both, 

autogenous and crystalline-based specimens, 0.3 mm cracks are the limit for achieving a good 

healing when exposed to water immersion during 42 days. This conclusion seem consistent for 

both CA and CAC specimens. 

4.3.3 Effect of water/cement ratio and cement content 

One of the objectives of this research was to evaluate the effect of water/cement ratio and cement 

content for both autogenous healing and crystalline-based self-healing. Fig. 4-13 and Fig. 4-14 

show the Healing Rate and Sealing Rate results for the four groups, where it can be seen that there 

are not notable differences between specimens with w/c ratio of 0.45 and 0.60.  
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Fig. 4-13 - Healing Rate by permeability of specimens stored WI_15 with w/c of 0.45 and 0.60. 

 
Fig. 4-14 - Sealing Rate by crack closure of specimens stored WI_15 with w/c of 0.45 and 0.60 . 

More specifically, dividing graphs in one for control specimens and the second for CAC 

specimens (Fig. 4-15 and Fig. 4-16 respectively) it can be seen that differences for autogenous 

healing are not notable, but the group with w/c ratio of 0.60 showed slightly better behavior. On 

the contrary, the trend was the opposite for CAC specimens, with w/c = 0.45 specimens seemingly 

behaving better, according to the permeability tests. Nevertheless, it should be noted that 

differences from the different mixtures are not of a huge effect.  
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Fig. 4-15 - Healing Rate by permeability of control specimens stored WI_15 with w/c of 0.45 and 0.60 . 

 
Fig. 4-16 - Healing Rate by permeability of CA specimens stored WI_15 with w/c of 0.45 and 0.60 . 

4.3.4 Effect of crystalline admixtures 

Regarding the effect of crystalline admixtures, it can be seen from results that for specimens with 

W/C ratio of 0.45 and stored under water immersion at 15ºC, there was an enhancement of the 

healing properties. This enhancement was mostly caused by improving the minimum Healing 

Rate (Fig. 4-17). The maximum value of Healing Rate was not increased by the addition of CA, 

as there are also control specimens with Healing Rates of almost 1.00. In this way, the effect of 

the crystalline admixtures on self-healing seemed to be an increase in the stability of the 

phenomenon.  

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

0 2000 4000 6000 8000 10000 12000 14000

H
e
a
li
n

g
 R

a
te

Initial Water Flow (ml/5min)

Control_WI_15_W/C=0.45 Control_WI_15_W/C=0.60

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

0 2000 4000 6000 8000 10000 12000 14000

H
e
a
li
n

g
 R

a
te

Initial Water Flow (ml/5min)

CA_WI_15_W/C=0.45 CA_WI_15_W/C=0.60



Chapter 4 - Results and discussion 

85 

 
Fig. 4-17 - Healing Rate by permeability of specimens stored under WI at 15ºC with w/c of 0.45. 

Increasing the temperature of water to 30ºC quickened the reaction (see Fig. 4-18), and the results 

show that in this case all CAC specimens achieved Healing Rates above 0.95. Control specimens 

also achieved better overall results, but a bit of dispersion still remains.  

 
Fig. 4-18 - Healing Rate by permeability of specimens stored under WI at 30ºC with w/c of 0.45. 

Fig. 4-19 shows the results for w/c ratio of 0.60. In this case, it seems that the addition of CA did 

not improve self-healing; on the contrary, the autonomous healing induced by the crystalline 

admixture seemed to be worse than the autogenous healing of control specimens. That contrasts 

with the slight positive effect on the behavior for w/c ratios of 0.45. 
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Fig. 4-19 - Healing Rate by permeability of specimens stored under WI at 15ºC with w/c of 0.60. 

4.3.5 Effect of healing exposure 

The healing properties of specimens with w/c ratio of 0.45 have been analyzed under six different 

exposures, but only in the small range cracks (up to 0.25 mm). The healing results, by means of 

permeability tests, are shown in Fig. 4-20. It was registered that a few specimens that were stored 

in low humidity exposures had negative Healing Rates (represented as 0). This can be caused by 

the lack of moisture to counteract the shrinkage of specimens, thus increasing the crack opening.  

 
Fig. 4-20 - Healing Rate by permeability of specimens with w/c of 0.45 with small cracks. 

Fig. 4-21 and Fig. 4-22 show the effect of the healing exposure for control and CAC specimens 
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healing rates, and both for the low humidity exposure (AE). Negative healing rates were more 

frequent in control specimens, taking place for AE and for the Humidity Chamber exposure as 

well. This could be caused by a possible shrinkage compensation due to the presence of CA. For 

both cases, higher healing rates were achieved when specimens were stored under water 

immersion. Wet/dry cycles and water contact of 2 cm of water layer showed similar behaviors for 

control specimens. In contrast, for CAC specimens, the WC exposure achieved better results and 

less dispersion than W/D conditions. In general, it is clear that CAC specimens got less dispersion 

for all exposures, which indicates a more reliable and predictable behavior of concrete with this 

admixture. 

 
Fig. 4-21 - Healing Rate by permeability of control specimens with w/c of 0.45 with small cracks. 

 
Fig. 4-22 - Healing Rate by permeability of CA specimens with w/c of 0.45 with small cracks. 
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The results for larger cracks are very similar (see Fig. 4-23), with specimens in direct contact with 

water obtaining higher Healing Rates than those in different moist conditions. Wet/dry cycles 

obtained Healing Rates below 0.50 for CA specimens and around 0.50 for control group. That 

means that for structures under cycling regimes (with periods under water immersion and drying 

periods) healing phenomena is not effective for achieving a proper response. This contrasts with 

some of the results described in the state of the art, where specimens under the exposure of wet/dry 

cycles registered as more efficient than water immersion. 

 
Fig. 4-23 - Healing Rate by permeability of specimens with w/c of 0.45. 

Sealing Rates maintained the same trend but in general with higher values (Fig. 4-24). This means 

that an evaluation of visual closure can overestimate the healing capability in comparison to the 

recovery of durability properties. Because of that, an evaluation of self-healing only by visual 

observation could lead to misconceptions of the real recovery of properties. Using the Sealing 

Rate it was also concluded that WI at 15 and 30ºC were the exposures with the best results, and 

that self-healing was directly correlated with the amount of water available for the reaction. The 

biggest differences were achieved for specimens in the exposures of WC and WD cycles. 
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Fig. 4-24 - Sealing Rate by permeability of specimens with w/c of 0.45. 

Fig. 4-25 and Fig. 4-26 show the effect of the healing exposure for control and CA specimens 

respectively for larger cracks. Specimens with initial water flows under 6000 ml/5min were able 

to heal almost completely under water immersion for both autogenous and CA-based healing. 

Control specimens showed high dispersion while CAC specimens were gathered in clear groups 

depending on the exposure. CAC specimens under the AE and W/D exposure had higher 

dispersion than the rest of exposures for that mixture. For CA groups, increasing the water content 

clearly increased the healing rates.  

 
Fig. 4-25 - Healing Rate by permeability of control specimens with w/c of 0.45. 

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

0,00 0,10 0,20 0,30 0,40 0,50 0,60

S
e
a
li
n

g
 R

a
te

Initial Crack Width (mm)

Control_WI_15 CA_WI_15 Control_WI_30 CA_WI_30

Control_WC CA_WC Control_HC CA_HC

Control_AE CA_AE Control_WD CA_WD

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

1,00

0 2000 4000 6000 8000 10000 12000 14000

H
e
a
li
n

g
 R

a
te

Initial Water Flow (ml/5min)

Control_WI_15 Control_WI_30 Control_WC Control_HC Control_AE Control_WD



Study of the Feasibility of Self-Healing Concrete with and without Crystalline Admixtures 

90 

 
Fig. 4-26 - Healing Rate by permeability of CA specimens with w/c of 0.45. 

Fig. 4-27 and Fig. 4-28 analyze separately those specimens in exposures with direct contact with 

water (WI_15, WI_30, WC and W/D) and pre-cracked to low levels of damage (up to 0.25 mm). 

For control specimens (Fig. 4-27) there was a high dispersion zone for cracks smaller than 0.10 

mm, and several specimens achieved almost complete healing (healing rates around 1.0). For 

CAC specimens (Fig. 4-28) results were disperse only in the case of W/D exposure. In this case, 

most of the specimens achieved Healing Rates higher than 0.80.  

 
Fig. 4-27 - Healing Rate by permeability of control specimens in exposures in direct contact with water, 

with w/c of 0.45 and small cracks. 
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Fig. 4-28 - Healing Rate by permeability of CA specimens in exposures in direct contact with water, with 

w/c of 0.45 and small cracks. 

Fig. 4-29 analyzes the response of specimens in exposures without direct contact with water (HC 

and AE) and pre-cracked to low levels of damage (up to 0.25 mm). This graph demonstrates the 

absence of autogenous and CA healing in those exposures, which means that the phenomenons 

were not reliably for these cases, nor even for high humidity environments (HC). 

 
Fig. 4-29 - Healing Rate by permeability of control and CA specimens in exposures without direct contact 

with water, with w/c of 0.45 and small cracks. 

4.3.6 Comparison between parameters 

Throughout this section, sealing rates were usually shown to be higher than healing rates. This 
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The values for both parameters can be contrasted for the different groups, showing that control 

specimens were more likely to present higher sealing rates that do not correspond with higher 

healing rates. This can be seen in Fig. 4-30, which displays values for specimens under water 

immersion at 15ºC.  

 
Fig. 4-30 – Healing Rate vs Sealing Rate for specimens with w/c ratio of 0.45 and exposed to water 

immersion at 15ºC. 

Comparing the values obtained for the two mix compositions (Fig. 4-31), it can be seen that there 

were no notable differences. That means that w/c ratio did not change the predominance of the 

healing or sealing behavior. 

   
Fig. 4-31 - Healing Rate vs Sealing Rate for control (left) and CA (right) specimens with w/c ratio of 0.45 

and 0.60, exposed to water immersion at 15ºC. 
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However, when comparing the results for water immersed specimens with those exposed to 

wet/dry cycles (Fig. 4-32) it can be seen that the latter exposure achieved much higher Sealing 

Rates than Healing Rates. This behavior is clear for both groups, CA and control, meaning that 

the visual sealing of the crack is less related to the permeability healing for specimens under these 

exposures than for those specimens exposed to water immersion.  

 
Fig. 4-32 - Healing Rate vs Sealing Rate for control and CA specimens with w/c ratio of 0.45 exposed to 

water immersion at 15ºC and exposed to WD cycles. 

It should be noted that specimens under water immersion achieved higher healing and Sealing 

Rates, while specimens under wet/dry cycles achieved notably worse results. The lower relation 

between both parameters for the WD exposure could be interpreted as an incomplete healing 

process in comparison to the WI exposure. As it was seen in Fig. 4-18 the results for water 

immersion at 30ºC were even higher than for those at 15ºC, which indicates a possible further 

development in time of healing phenomena.  

The differences between both parameters is of major importance as many studies reported in the 

state of the art only compared the visual closure of cracks. The study of permeability properties 

offers more information of the durability properties of concrete structures presenting cracks and 

their possible healing.  

4.3.7 Comparison with other studies 

With reference to the Healing Rates for crystalline admixture specimens, similar values have been 

registered by other authors for permeability properties (Sisomphon, et al., 2012), mechanical 
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parameters or (Ferrara, et al., 2014; Sisomphon, et al., 2013) closure of crack width 

(Jaroenratanapirom & Sahamitmongkol, 2011; Sisomphon, et al., 2012) for specimens under 

water immersion exposure, with values of effectiveness usually around 90% of recovery, or even 

higher.  

The enhancement of effectiveness by crystalline admixtures specimens under water immersion, 

compared with results of control specimens has been also confirmed by other studies (Ferrara, et 

al., 2014). These studies CA increased the healing capability about 7-10% with respect to control 

concrete, which similar to the results obtained in this work. The higher results of specimens from 

both groups (control and CA) under water immersion WI compared to indoor or air exposure AE 

specimens obtained in this work are similar to those obtained while studying the recovery of 

mechanical properties in other studies (Sisomphon, et al., 2013). 

Regarding autogenous healing, some studies reported better results for different wet/dry cycles 

(Ying-zi, et al., 2005; Yang, et al., 2011; Ma, et al., 2014) while others achieved better behavior 

for water immersed specimens (ter Heide, 2005; Granger, et al., 2005; Qian, et al., 2009). The 

results from this research coincide with the latter, and concludes that the more water is available, 

the more healing would be produced. 
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Chapter 5. Conclusions and Future lines 

5.1 Conclusions 

This work has presented a state of the art and the results of a study on the self-healing of fibre-

reinforced concrete specimens. This analysis has focused on the permeability of the cracked 

specimens. The objectives were to quantify the self-healing effectiveness of crystalline 

admixtures as self-healing agents, and to compare the results of concrete specimens with and 

without the admixture under different environmental exposures and the effect of changing 

water/cement ratio. The following conclusions can be drawn from this work: 

1. The state of the art has remarked the need of tailored designs to achieve reliable self-healing. 

Differences between several designs for achieving self-healing concrete have been exposed, 

showing a high variability in the results due to the lack of standardization and the wide array 

of types of analysis criteria.  

2. A methodology to measure self-healing by means of the permeability of cracked specimens 

has been developed. The methodology is based on the use of a standard permeabilimeter for 

traditional concrete uncracked specimens. The method is adequate regardless of the chosen 

healing agent, and can be used in order to compare different methods for achieving self-

healing concrete. 
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3. The Healing Rate, which is calculated from the results of the modified permeability test, is 

a reliable indicator of the recovery of durability properties. The crack width, evaluated 

through image analysis techniques, has a clear relation with the water flow results for values 

measured before healing.  

4. Healing Rate using crack width achieved results similar to water flow Healing Rate but often 

slightly higher, which can be due to a physical closing of crack that has not influence on the 

actual permeability.  

5. Two types of self-healing have been confirmed: autogenous healing of control concrete and 

autonomous healing caused by crystalline admixtures reactions. Concrete with crystalline 

admixtures showed a more stable behaviour in healing tests, with data featuring lower 

dispersion. 

6. The groups that achieved the highest Healing Rates were concrete specimens with crystalline 

admixtures and stored in the water immersion exposure at 15 and 30ºC, with values around 

95% even for the larger initial crack widths (0.3 mm).  

7. The presence of water was essential for the self-healing reactions for both control concrete 

and crystalline admixture concrete. Specimens in this kind of exposure achieved Healing 

Rates above 80-90%, respectively for water contact and water immersion, while the 

specimens exposed only to moisture obtained lower Healing Rates, under 30%. These results 

indicate that natural humidity was not enough for complete self-healing, even when using 

crystalline admixtures. 

8. The presence of two centimeters water layer on top of the specimen was enough to make the 

Healing Rate to increase up to 80%. 

9. The exposure of cycling water immersion and dry exposures shows higher dispersion and 

worse values than the water contact exposure. 

5.2 Future lines 

This work opens new questions and possible future lines of research, such as: 

 Analyzing the effectiveness of self-healing in concrete under marine water immersion. 

 Analyzing self-healing in high-performance concrete. 

 Studying the effective protection for reinforcement given by the autogenous and crystalline -

based healings. 

 Analyzing the influence on mechanical properties of healing phenomenon. 

 Characterizing healing products and their properties. 

 Looking for synergies of CA with other admixtures or mineral additions in order to increase 

their capability. 

 In-depth analyzing of crack morphologies and the healing process inside concrete specimens. 
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Appendix 

The results from both campaigns are displayed in this Appendix. These tables indicate the type 

of mixture (control or specimens with crystalline admixtures), the healing conditions (AE, HC, 

WC, WD, WI_15 or WI_30), the identification number of each specimen and the obtained values 

of the healing tests: initial and final values for water flow and crack width. 

1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 AE 

1 296 0,10 398 0,11 

2 278 0,12 323 0,09 

3 197 0,09 460 0,10 

4 131  130  

5 239  440  

6 303  292  

7 205  491  

8 62  42  

9 1103  1066  

Table 0-1 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for control 

specimens with w/c of 0.45 under the air exposure conditions. 
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1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 HC 

1 302 0,11 293 0,04 

2 2733 0,18 1710 0,15 

3 93 0,16 141 0,11 

4 1645 0,15 1257 0,15 

5 541  96  

6 243  176  

7 172  161  

8 145  173  

Table 0-2 – Permeability and crack width of cracked and healed specimens, 1 st campaign, for control 

specimens with w/c of 0.45 under the humidity chamber exposure. 

1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 WC 

1 1043 0,16 562 0,13 

2 211 0,11 43 0,06 

3 191 0,11 37 0,05 

4 588  102  

5 191  37  

6 286  42  

7 125  15  

Table 0-3 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for control 

specimens with w/c of 0.45 under the water contact exposure. 

1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 WI_15 

1 29 0,11 0 0,03 

2 201 0,07 40 0,03 

3 243 0,09 55 0,10 

4 118  22  

5 423  92  

6 177  0  

Table 0-4 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for control 

specimens with w/c of 0.45 under the water immersion at 15ºC exposure. 
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1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 AE 

1 3021 0,19 2748 0,21 

2 119 0,10 76 0,11 

3 147 0,10 112 0,14 

4 1034  1181  

5 139  112  

6 181  145  

7 764  1182  

Table 0-5 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for CA 

specimens with w/c of 0.45 under the air exposure conditions. 

1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 HC 

1 824 0,12 524 0,11 

2 424 0,09 392 0,10 

3 174 0,08 123 0,06 

4 939  669  

5 151  138  

6 569  461  

7 63  50  

8 1872  1654  

Table 0-6 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for CA 

specimens with w/c of 0.45 under the humidity chamber exposure. 

1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 WC 

1 893 0,10 244 0,03 

2 98 0,13 26 0,06 

3 117 0,09 23 0,02 

4 106  13  

5 282  37  

6 172  21  

7 1060  212  

8 637  140  

Table 0-7 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for CA 

specimens with w/c of 0.45 under the water contact exposure. 
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1st CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 WI_15 

1 389 0,13 0 0,00 

2 256 0,10 24 0,05 

3 396 0,09 61 0,01 

4 617  48  

5 402  0  

Table 0-8 - Permeability and crack width of cracked and healed specimens, 1 st campaign, for CA 

specimens with w/c of 0.45 under water immersion at 15ºC exposure. 

2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 WI_15 

1 196 0,10 97 0,01 

2 450 0,12 98 0,01 

3 4725 0,35 880 0,03 

4 2240 0,43 698 0,04 

5 381 0,11 199 0,01 

6 237 0,11 20 0,00 

7 3450 0,21 38 0,03 

8 1945 0,23 138 0,01 

9 4640 0,25 71 0,01 

10 6250 0,32 1818 0,05 

11 44 0,08 13 0,00 

12 2715 0,26 0 0,02 

13 1187 0,26 11 0,02 

14 1510 0,34 33 0,03 

15 1146 0,13 19 0,00 

16 2355 0,22 674 0,01 

17 21155 0,34 52 0,01 

18 2100 0,21 58 0,03 

19 1990 0,16 166 0,00 

20 215 0,11 8 0,00 

21 460 0,10 5 0,00 

22 2670 0,23 137 0,00 

Table 0-9 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for control 

specimens with w/c of 0.45 under water immersion at 15ºC exposure. 
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2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 WI_30 

1 6975 0,23 709 0,05 

2 3710 0,22 2 0,00 

3 3150 0,20 3 0,00 

4 6900 0,32 1700 0,01 

5 1640 0,17 0 0,00 

6 489 0,21 4 0,00 

7 5580 0,25 3 0,01 

8 12270 0,30 19 0,01 

9 234 0,11 190 0,01 

10 1645 0,18 0 0,00 

11 4230 0,21 0 0,01 

12 872 0,20 6 0,00 

13 222 0,10 25 0,01 

14 4005 0,19 0 0,00 

Table 0-10 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for control 

specimens with w/c of 0.45 under water immersion at 30ºC exposure. 

2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.45 WD 

1 1481 0,13 226 0,00 

2 1100 0,15 20 0,01 

3 1699 0,16 33 0,01 

4 2286 0,17 996 0,02 

5 2518 0,14 7 0,01 

6 2029 0,27 1375 0,08 

7 6980 0,24 2228 0,07 

8 8165 0,21 4119 0,04 

9 6275 0,23 3108 0,04 

10 4255 0,28 3144 0,07 

11 3620 0,22 2531 0,07 

12 1669 0,20 953 0,04 

13 5235 0,22 2320 0,03 

14 1614 0,16 95 0,01 

Table 0-11 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for control 

specimens with w/c of 0.45 under the wet/dry exposure. 
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2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Control 0.60 WI_15 

1 8735 0,33 1211 0,04 

2 920 0,14 0 0,00 

3 5860 0,35 214 0,01 

4 2395 0,30 140 0,01 

5 2085 0,18 10 0,00 

6 276 0,17 5 0,00 

7 827 0,16 53 0,01 

8 2210 0,24 322 0,01 

9 8120 0,30 7 0,02 

10 2525 0,18 0 0,00 

11 3655 0,20 3 0,01 

12 9375 0,38 5076 0,06 

13 18695 0,38 9452 0,13 

14 8395 0,30 1743 0,04 

15 498 0,12 32 0,00 

16 1200 0,23 32 0,01 

17 1211 0,14 0 0,00 

18 1073 0,13 113 0,00 

19 2150 0,17 4 0,00 

20 3395 0,19 154 0,00 

21 2425 0,25 473 0,01 

22 1750 0,21 382 0,01 

Table 0-12 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for control 

specimens with w/c of 0.60 under water immersion at 15ºC exposure. 
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2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 WI_30 

1 790 0,16 0 0,00 

2 2490 0,20 38 0,01 

3 163 0,09 0 0,00 

4 69 0,08 195 0,00 

5 4390 0,23 108 0,01 

6 1540 0,26 2 0,00 

7 168 0,09 0 0,00 

8 1153 0,15 3 0,01 

9 216 0,11 4 0,00 

10 164 0,11 0 0,00 

11 3110 0,17 0 0,00 

12 5825 0,33 239 0,04 

13 543 0,15 8 0,00 

14 656 0,15 7 0,00 

Table 0-13 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for CA 

specimens with w/c of 0.45 under water immersion at 30ºC exposure. 

2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 WD 

1 864 0,14 324 0,03 

2 2404 0,18 112 0,03 

3 2355 0,14 1163 0,04 

4 4790 0,19 2512 0,06 

5 10480 0,30 8053 0,10 

6 1619 0,26 1224 0,07 

7 4745 0,21 3016 0,05 

8 2646 0,31 1889 0,07 

9 1384 0,16 404 0,06 

10 2121 0,18 1351 0,04 

11 2583 0,19 1475 0,06 

12 17730 0,45 13606 0,26 

13 2986 0,21 2155 0,09 

14 3880 0,17 2538 0,05 

Table 0-14 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for CA 

specimens with w/c of 0.45 under the wet/dry exposure. 
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2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.45 WI_15 

1 5410 0,24 1552 0,03 

2 3835 0,17 76 0,00 

3 2525 0,12 76 0,00 

4 3210 0,17 579 0,01 

5 197 0,10 1 0,00 

6 359 0,10 1 0,00 

7 5520 0,30 1070 0,03 

8 1620 0,17 85 0,00 

9 1795 0,17 15 0,00 

10 4090 0,21 0 0,01 

11 4185 0,21 126 0,01 

12 12165 0,31 242 0,03 

13 8470 0,30 166 0,01 

14 5600 0,24 402 0,02 

15 1146 0,13 19 0,00 

16 2355 0,22 674 0,01 

17 21155 0,34 52 0,01 

18 2100 0,21 58 0,03 

19 1990 0,16 166 0,00 

20 215 0,11 8 0,00 

21 460 0,10 5 0,00 

22 2670 0,23 137 0,00 

Table 0-15 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for CA 

specimens with w/c of 0.45 under water immersion at 15ºC exposure. 
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2nd CAMPAIGN 

Mixture W/C 
Healing 

conditions 
Specimen 

Initial Final - 42 days 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

Water 

flow 

(ml/5min) 

Crack 

width 

(mm) 

CA 0.60 WI_15 

1 4015 0,34 137 0,04 

2 1438 0,11 52 0,00 

3 1452 0,21 292 0,02 

4 4860 0,25 21 0,01 

5 18595 0,51 8326 0,26 

6 6205 0,34 2921 0,06 

7 381 0,16 44 0,01 

8 3560 0,41 120 0,03 

9 223 0,12 53 0,00 

10 2260 0,29 242 0,02 

11 2530 0,18 366 0,01 

12 1285 0,14 61 0,00 

13 9355 0,33 611 0,01 

14 2930 0,21 261 0,03 

15 498 0,12 32 0,00 

16 1200 0,23 32 0,01 

17 1211 0,14 0 0,00 

18 1073 0,13 113 0,00 

19 2150 0,17 4 0,00 

20 3395 0,19 154 0,00 

21 2425 0,25 473 0,01 

22 1750 0,21 382 0,01 

Table 0-16 - Permeability and crack width of cracked and healed specimens, 2 nd campaign, for CA 

specimens with w/c of 0.605 under water immersion at 15ºC exposure. 
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