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Heuristically known at least since the first half of XIX century, the self-healing capacity of cement-based
materials has been receiving keen attention from the civil engineering community worldwide in the last
decade. As a matter of fact, stimulating and/or engineering the aforementioned functionality via tailored
addition and technologies, in order to make it more reliable in an engineering perspective, has been
regarded as a viable pathway to enhance the durability of reinforced concrete structures and contribute
to increase their service life.

Research activities have provided enlightening contributions to understanding the mechanisms of
crack self-sealing and healing and have led to the blooming of a number of self-healing stimulating
and engineering technologies, whose effectiveness has been soundly proved in the laboratory and, in a
few cases, also scaled up to field applications, with ongoing performance monitoring. Nonetheless, the
large variety of methodologies employed to assess the effectiveness of the developed self-healing tech-
nologies makes it necessary to provide a unified, if not standardized, framework for the validation and
comparative evaluation of the same self-healing technologies as above. This is also instrumental to pave
the way towards a consistent incorporation of self-healing concepts into structural design and life cycles
analysis codified approaches, which can only promote the diffusion of feasible and reliable self-healing
technologies into the construction market.
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In this framework the Working Group 2 of the COST Action CA 15202 “Self-healing as preventive repair
of concrete structures — SARCOS” has undertaken the ambitious task reported in this paper. As a matter of
fact this state of the art provides a comprehensive and critical review of the experimental methods and
techniques, which have been employed to characterize and quantify the self-sealing and/or self-healing
capacity of cement-based materials, as well as the effectiveness of the different self-sealing and/or self-
healing engineering techniques, together with the methods for the analysis of the chemical composition
and intrinsic nature of the self-healing products. The review will also address the correlation, which can
be established between crack closure and the recovery of physical/mechanical properties, as measured by
means of the different reviewed tests.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The susceptibility of concrete to cracking because of load- or
deformation-induced stresses all along its service life is well
known and represents one of the major hindrances to the durabil-
ity of concrete structures. Cracks stand as a straightforward path
for the ingress of harmful agents into concrete, whose bulk matrix,
with modern high performance technologies, can be made as low
porous as desirable.

Worldwide increasing consciousness for sustainable use of nat-
ural resources has made overcoming the apparent contradictory
requirements of low cost and high performance a challenging task.
fib Model Code 2010 has also recently highlighted the importance
of sustainability as a requisite which has to inform structural
design since from its concept. In this context, the availability of
self-healing technologies, by controlling and repairing early-stage
cracks in concrete structures where possible, could on the one
hand prevent permeation of driving factors for deterioration, thus
extending the structure service life, and on the other hand even
provide partial recovery of engineering properties relevant for
the application.

The ability of concrete and cement based materials, as well as of
other hydraulic binders such as limes, to self-seal cracks has been
“heuristically” observed for about two centuries, as exemplified by
the research findings on autogenous healing by Loving [102] and
Lauer and Slate [92].

The aforementioned capacity, depending on the age of cracking,
crack width, as well as on a significant presence of water, was
regarded as a sort of bonus: self-healing was able to counteract
the drawbacks of early-age shrinkage cracking in certain types of
structures, such as tanks and reservoirs, which, thanks to the pres-
ence of water, experience favourable conditions of exposure.

Though more systematic studies were carried out all along the
second half of the last century (see, e.g., [66], the topic has been
gaining continuously increasing interest in this last decade. On
the one hand this is due to the increased durability problems
which have been observed in existing concrete structures, which
require repair. The available repair solutions are expensive and
can cause a lot of inconvenience when infrastructure has to be
closed down. Therefore, there has been a growing interest in alter-
native, preventive measures. On the other hand, the interest in
self-healing cement based construction materials is steered by



L. Ferrara et al./Construction and Building Materials 167 (2018) 115-142 117

the sustainability commitment that the surging demand of build-
ings and infrastructures is requiring worldwide.

The COST Action CA15202 - Self-healing As preventive Repair of
COncrete Structures (SARCOS), has gathered a community of Euro-
pean researchers active in this field, and, in view of the context
described above, has merited the financial support of the European
Commission, with the purpose of providing a synergy and multi-
plying effect of individual efforts. As a matter of fact, only such a
synergy can effectively foster the market penetration of self-
healing concepts and related technologies, also through an effec-
tive mastering of the developed technology and its transfer into
suitable product norms, test standards and design guidelines.

Flourishing research and development activity in the last years
has led to the concept and validation of countless techniques to pro-
mote and enhance the self-healing capacity of cement based mate-
rials. Because of this, the scientific community has first of all
collaborated in order to define a common terminology framework
(RILEM TC 221-SHC, [30]. The concepts and mechanisms of autoge-
nous and autonomous (engineered) healing as well as the difference
between self-sealing and self-healing of cracks, the latter implying
the recovery of the material properties as a consequence of crack
sealing, are nowadays definitions internationally agreed upon
[105,113]. This has also made it possible to provide a unifying
framework to consistently categorise the aforementioned self-
healing technologies, as a function of human interference to stimu-
late autogenous self-healing (through mineral additions, crystalline
admixtures, superabsorbent or other polymers), or to provoke
autonomous self-healing, by introducing, e.g., encapsulated poly-
mers or minerals, or bacteria [26]. In a design-wise and
application-oriented perspective, it is required to evaluate the effec-
tiveness of the different proposed self-healing technologies with
reference to one or more material properties, depending on the
intended application. This also with reference to the possibility of
consistently comparing, in a performance based framework, two
or more different self-healing technologies in order to select the
most appropriate one for the intended application [117].

This assessment has to take into account a set of multi-fold
experimental variables, which include:

- the initial opening of the crack and the age of cracking;

- the curing conditions during the healing period and its
duration;

- the presence of sustained loading along the healing period,
which results into through-crack stress states;

- the repeatability of the healing action and its effectiveness in
consequence of successive repeated cracking phenomena, at
the same and/or at different locations.

This paper, prepared in the framework of the SARCOS WG2
activities, aims at providing a comprehensive and critical review
of the experimental methodologies, which have been employed
to characterize and quantify the self-sealing and/or self-healing
capacity of cement-based materials. It will also address the corre-
lation, which can be established between crack closure and the
recovery of physical/mechanical properties, as measured by means
of the different reviewed tests.

This effort is intended to pave the way towards standardization
of such testing methods for assessing the effectiveness of different
technologies, aiming at incorporating self-healing concepts into
durability-based predictive models and design approaches.

2. Techniques for pre-cracking/damaging and healing boundary
conditions

In order to evaluate the effectiveness of a self-healing technol-
ogy, be it either autogenous or autonomous, a preliminary level

of damage (pre-cracking) has first to be induced on the specimen.
This damage is preferably induced in a controlled way in the form
of either a localized crack or a multiple cracking pattern. The self-
healing effectiveness can then be evaluated by measuring the clo-
sure or sealing of the crack, and/or the recovery of mechanical
properties with respect to the undamaged state. The recovery in
mechanical properties over time has to be evaluated through the
same test employed for pre-cracking, or alternatively through the
comparison of suitable test measurements garnered immediately
after pre-cracking and again after a scheduled healing period. Com-
parison with the performance of companion undamaged speci-
mens undergoing the same curing history as the healing ones is
also of the utmost importance in order to discriminate between
healing and natural time-gain and aging of concrete mechanical
properties.

Most commonly, cracks are induced in by the application of
loads. However, it is noted that they can also be induced by
restrained deformations, such as restrained drying shrinkage, or
other physical causes, such as freeze and thaw cycles. In the case
of self-healing investigation, cracks have been most commonly
induced in a mechanical way. This is primarily due to the need
of controlling the opening of the single crack, which plays a role
of paramount significance also in the assessment of self-healing
efficiency. Several tests have been employed for mechanical
pre-cracking, which can be sorted into one of the following
categories:

- three- or four-point bending tests, on either un-notched or
notched specimens;

- direct tensile tests;

- tensile splitting tests, or other indirect tensile tests;

- compression tests.

The type of test employed for pre-cracking has to take into
account the behaviour of the material whose self-healing capacity
has to be investigated. Plain concrete is inherently brittle, and
closed-loop crack opening controlled tests are needed in order to
induce a crack under bending, splitting or direct tension (in order
of difficulty). Pre-damaging specimens by means of compression
tests has also been reported [101], mainly in the case of brittle
weak materials, such as lime mortars [27,28].

In the case of Fibre Reinforced Concrete (FRC), which has a
tougher behaviour than plain concrete, even a displacement-
controlled test may provide a stable post-cracking response and
hence a suitable control of the cracking phenomenon. This has
led some authors to employ a limited amount of fibres just in order
to make the post-cracking behaviour more reliable. Alternatively,
this can also be achieved by using internal reinforcement (wires
or bars, depending on the dimensions) or external strengthening
(e.g. Carbon Fibre Reinforced Polymers).

High Performance Fibre Reinforced Cementitious Composites
(HPFRCCs) and Textile Reinforced Concrete (TRC) feature a one of
a kind tensile behaviour characterized by a stable multiple crack-
ing and tensile strain hardening response. This allows the use of
direct tensile tests to evaluate the effects of crack sealing on the
recovery of the aforementioned signature performance under ten-
sile loads. The stable behaviour of the material also in the cracked
state does not require a closed-loop feedback controlled test.
Nonetheless, the multiple cracking behaviour highlighted above,
makes test-garnered parameters, such as the deformation of the
specimen measured by means of a LVDT across a gauge length,
only indicative of a certain level of overall damage but not at all
representative of the opening of each single crack. This has to be
quantified thereafter by means of, e.g., image analysis of crack
micrographs, unless a notch is introduced which forces the open-
ing of one single crack.



118 L. Ferrara et al./Construction and Building Materials 167 (2018) 115-142

For the determination of the crack sealing and its effects on
durability properties (such as water absorption, water permeabil-
ity, resistance to chloride penetration,...) the type of pre-
cracking test which is used does not play a significant role, since
its only function is to introduce a crack. The choice of pre-
cracking test is also determined by the specimen shape, the desired
crack shape and the type of material which has to be tested.

The first criterion of choice is related to the type of test which is
used to evaluate the recovery in the durability parameters, the type
of test to be employed for the durability recovery measurement
governing the choice of the test to be employed for pre-cracking.

A second criterion concerns the geometry of the crack, also with
reference to the “real” structural situation they intend to replicate.
As a matter of fact, it is clear that a crack generated by means of
three- or four-point bending have a width varying along its depth,
the crack being the widest at its mouth and decreasing its width
towards the tip. These bending cracks are typically found in beams
and plate elements. Direct tensile and tensile splitting tests result
in cracks with a more uniform width lengthwise. These types of
cracks may be less frequently encountered in real practice, but
may for example reproduce the case of restrained deformation
cracking experienced by precast elements in transient situations,
as well as cracks in 2D elements experiencing biaxial membrane
stress states.

The last criterion is related to the material behaviour, as already
explained above. Three- or four-point bending tests have been
used to pre-crack plain concrete or ordinary FRC specimens in
order to evaluate the crack sealing via water flow or absorption
tests. Refs. [106,216,83,84,9,172,63,64,184| or (tensile) splitting
tests [8,181,158,83,140,141,124] In the case of HPFRCC, as well
as in the case of Textile Reinforced Concrete (TRC) specimens, for
which it may be of interest to investigate the effects of self-
healing on the recovery and long-term persistency of the tensile
behaviour, direct tension tests have been frequently employed
[68,96,205,98,110,121,122,35]. Splitting tensile tests have been
also used to pre-crack specimens which are used for the investiga-
tion of the effects of self-healing on the resistance to chloride pen-
etration, because of compliance with the standards related to
durability properties [125,126,147,148,216,153,213]. Moreover,
splitting tensile tests have been used to pre-crack TRC to assess
fluid transport properties [36].

On the other hand, for the determination of self-healing and its
effects on the recovery of mechanical properties, the test used for
pre-cracking the specimen needs to be the same one as used to
assess the self-healing capacity of the specimen after a certain
healing period. Therefore, the employed test will depend on the
material property of interest whose self-healing induced recovery
has to be evaluated. For example, in order to determine the recov-

Table 1

ery of flexural strength or stiffness, three-point bending [9,188,43
,45,83,98,137,181,189,191-193], and four-point-bending tests [4
6-49,87,97,106,125,126,135,136,153,156,157,159-162,158,160,18
4,204,209,213] have been employed.

Three-point bending tests, because of the determinedness of the
crack position, often also forced through the introduction of a
notch, have been employed for plain concrete and ordinary FRC.
It is worth here remarking that in the case of plain concrete a
closed loop deformation (crack-opening) controlled test is often
needed to obtain a stable post-cracking response and hence pro-
vide an effective control of the induced crack-opening. Four-point
bending tests, where cracks may form at any location in the central
constant bending moment region of the specimens, have been pre-
ferred in the case of HPFRCCs, also to allow multiple cracking in the
same zone. In this case the stable deflection hardening behaviour
allows for the use of a simple machine head displacement control.
It is once again worth remarking that the formation of multiple
cracks and the indeterminacy of the crack positions do not allow
in this case a LVDT measured crack-opening parameter to be easily
obtained from the test. Generally, a prescribed level of damage is
assessed through a deflection level and/or the cumulative crack
opening measured astride a given gauge length encompassing
the constant bending moment region. The opening of each single
crack has to be later assessed by means of image analysis of crack
pattern micrographs.

The use of compression strength tests has also been reported
[1,101,128] in studies on the recovery of compression strength
after severe loading or when this property was of interest for the
intended “in-structure” material performance [27,28].

Specifically, in the case of fibre reinforced cementitious com-
posites the effects of self-healing on the recovery of the fibre-ma-
trix bond has been also explored. This has resulted into one of a
kind “pre-damaging” techniques, where a “pre-slip” between the
fibre and the matrix was introduced [49,88,98]. Also, in the case
of TRC, the recovery over time of the fabric-matrix bond was
explored, as promoted through the use of mineral additives
[22,35].

Table 1 gives an overview of the different pre-cracking methods
and their applicability for different classes of cementitious
composites.

When mechanical loading is applied to pre-crack specimens it is
important to highlight the effects of elastic regain on crack opening
upon load removal. Even for identical specimens which have been
loaded in a crack-width controlled test set-up up to the same crack
width, there can be quite some variation of the residual crack
width [63,64], as it has been also confirmed in a recent round robin
test with reference to specimens pre-cracked in three-point bend-
ing [172]. This variation is also affected by the technique used for

Overview of suitability of pre-cracking methods for different classes of cementitious composites. “Common” indicates that the test has been frequently reported in literature.

“Possible” indicates that the test is possible but insufficiently documented.

Type of test Plain concrete FRC TRC HPFRCC
Compression Common Possible Possible Possible
Direct tensile Difficult, hardly ever employed Possible but Common due to strong tensile strain Common due to strong tensile
not hardening behaviour. Multiple cracks strain hardening behaviour.
commonly will form. Multiple cracks will form.
employed.
Tensile splitting Common, if the crack width needs to be Common Possible Possible
controlled special measures have to be
taken.
Three- or four point Common but may require closed look Common Four-point bending is most common. Four-point bending is most
bending control or the use of internal/external Allows formation of multiple cracks in common. Allows formation of
reinforcement for stable cracking. the central part of the specimen. multiple cracks in the central part
of the specimen.
Pre-slip between fibre =~ N/A Common Common Possible

and matrix
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monitoring the crack width during pre-cracking, as well as by the
technique used for the measurement of the residual crack width
after unloading.

The variation of the residual crack width affects the accuracy
and robustness of the measurement of the self-healing capacity

Fig. 1. Three-dimensional visualization of the interior of a crack of a specimen with
encapsulated polymers: the yellow represents the polymer that filled the crack or
remained in the capsules [184]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

119

[63,64,172,218], highlighting the need for a stable cracking method
resulting in a low variation of the residual crack width. However, it
should be noted that the residual crack width is not an ideal
parameter to describe a crack. The crack width is measured on
the surface of a specimen but this hardly provides any information
about the interior of a crack. Two specimens can have the same
residual crack width on their outside surface but can have a com-
pletely different crack geometry in their bulk.

The 3D layout of a crack is a function of the mix composition of
the investigated material. For example, in mortar specimens,
cracks may generally be more uniform than in concrete when look-
ing at the meso-scale, because of the lack of coarse aggregates,
which allows a more uniform structure of the crack. The meso-
structure of concrete, on its hand, is less homogenous and is gov-
erned by the presence of the coarse aggregates. Compared to nor-
mal plain concrete, HPFRCCs and TRC, which also do not employ
coarse aggregates in their mix design and employ even very fine
sands (often sieved to below 1 mm maximum grain size), do fea-
ture a highly uniform structure of the cracks, besides the much
more stable cracking behaviour already recalled above [202,215].

The need to visualize the interior of a crack has recently been
addressed by the use of X-ray computed tomography, which allows
a complete 3D visualization of the interior of a specimen, as well as
the formed healing products [184,161,162], as is illustrated by
Figs. 1 and 2, even if no quantitative parameter (e.g. crack volume)
has been so far garnered from the aforementioned observations.
Such a quantification would be of the utmost importance for a reli-
able evaluation of the healing efficiency, since a crack with a nar-
rower width at its mouth and also with a lower throughout
volume will be easier and faster healing and may even experience
a more effective reconstruction of the through-crack physical and
mechanical material continuity.

As an alternative to pre-cracking specimens via mechanical
loading some researchers have used other methods to produce a
pre-cracking: a non-through going cut [1]; pre-inserted metal

(a)

(b)

(c)

Fig. 2. Three-dimensional images of specimen with superabsorbent polymers with the porosity in grey and blue (a), the crack in red (b) and the formed healing products in
yellow (c) [162]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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plates to be pulled out several hours after the concrete has been
cast thus creating a non-through going crack [175], or sawing the
specimens in halves and positioning them back, in case controlling
the surface crack width through an optical microscope [129,5].

3. Variables affecting the healing

When comparing different studies dealing with the self-healing
behaviour of cementitious materials, not only the applied test
methods are of importance but also different initial and boundary
conditions which can significantly affect the obtained results.

Firstly, depending on the time of pre-cracking, un-hydrated par-
ticles of cement and/or supplementary cementitious materials will
still be present. This affects the degree of autogenous healing with
respect to the total healing. Secondly, the efficiency of the healing
mechanisms can be greatly influenced by the exposure conditions,
e.g. the presence of water, especially with reference to autogenous
healing. Thirdly, the healing behaviour can be influenced by a
stress state normal to the crack surfaces; a compressive stress
results in a mechanical crack closure, while a tensile stress results
in a mechanical crack opening. Lastly, the formed healing products
can be damaged and the healing process can be disrupted if the
crack is unstable. Furthermore, the width of the crack itself is of
importance, since, as it will be explained further, the efficiency of
the healing clearly depends, also as a function of the self-healing
mechanism, on the initial width of crack which has to be closed,
wider cracks needing a longer time or a more effective stimulat-
ing/engineering mechanism to be effectively healed.

3.1. Age of pre-cracking

The age of pre-cracking plays an important role in studying
healing phenomena. Autogenous healing can be attributed to: the
precipitation of calcium hydroxide and calcium carbonate,
mechanical blocking and obstruction of tight crack volumes by
small particles, swelling, and rehydration of the cement paste near
the crack [8,26]. The rehydration of the cement paste causes a
delayed hydration of cement grains which have not yet reacted
due to a lack of water. Such un-hydrated grains are particularly
abundant in case a low water-to-cement ratio is used in the mix
design. This is the dominating mechanism for young concrete,
since there is still a significant amount of un-hydrated cement par-
ticles [120,182]. The precipitation of calcium hydroxide and cal-
cium carbonate is the result of a carbonation reaction between
carbon dioxide, which is present in water or air, and the calcium
ions of the concrete [218]. Carbonation is the dominating mecha-
nism for autogenous healing at later ages [120]. It is anyway worth
remarking that it is related to the interaction of the crack with the
surrounding environment as well as to the moisture state, which
can vary along the same crack.

For concrete containing latent hydraulic (e.g. blast furnace slag)
or pozzolanic (e.g. fly ash) binder materials, which have slower
hydration than cement, there can still be delayed hydration at later
ages, thus guaranteeing a larger time span in which unreacted bin-
der material is available [184,180,181,46,214].

It is important to highlight that the age of pre-cracking is not
necessarily related to a certain type of healing mechanism but
can also be related to a certain type of damage, as anticipated to
occur all along the design service life of the structure. Early age
cracks in concrete can form due to restrained shrinkage and/or
thermal deformations [206,207,149]. Formia et al. [51] for example
used the ring test in order to create restrained shrinkage cracking
and check the related healing capacity. Cracks induced at a later
age represent a load- or deformation-induced cracking when the
structure is under service conditions. In a standard situation,

design codes assume 28 days as a reference age, where most of
the hydration can be deemed as concluded for conventional con-
cretes. Pre-cracking at later ages (older than 28 days) has been also
reported and can be intended to check the viability of healing
agents after a dormant period, such, e.g., the effectiveness of bacte-
ria, crystalline admixtures, encapsulated polymers etc. This can
also be the case when supplementary cementitious materials with
pozzolanic action (fly ashes, slag) are used, whose activity, and
hence contribution to autogenous healing, may take longer time
to be consumed.

3.2. Conditions of exposure and healing duration

Once concrete specimens have been pre-cracked, they have to
be exposed to prescribed conditions, after which the amount of
healing will be tested. These exposure conditions are chosen either
for their good compatibility in combination with the used healing
product or as representative of the intended/anticipated field of
application. Several exposure conditions have already been inves-
tigated [206,207,147,43,48,123,161,162], including, e.g., exposure
to the local climate or to air in a climate room with a controlled
temperature and relative humidity, submersion in water (at differ-
ent temperatures), contact with water in the cracked region of the
specimen, wet/dry cycles, freeze/thaw cycles and winter/summer
cycles. The employed water is usually distilled water or tap water
but can also contain aggressive substances. An example can be a
diluted chloride solution to simulate sea water [72,98,107,127] or
ponding which may occur in structural elements where de-icing
salts are used [15,25]. Instead of aggressive substances, it is also
possible that the water contains a beneficial agent, e.g. a food
source to promote bacterial activity [1,101]. For most healing tech-
niques the presence of liquid water [44,140,192,104] or a humid
environment [158] is required in order to produce a significant
amount of healing. The only exception to this rule appears to be
in the case of encapsulated liquid polymers, like e.g. polyurethane
and methyl methacrylate, which are able to induce self-healing
when they harden upon contact with air, the moisture in the con-
crete matrix or another polymer component [182,184].

In the surveyed literature there is a wide variation in the
reported healing duration, which is strongly dependent on the
applied healing technique. Capsules filled with cyanoacrylate can
heal a crack within less than a minute [182], while autogenous
healing can still continue even after two years [46-49] even if, as
his last part, as noted by In et al. [72] for specimens ponded in a
simulated sea water solution and also confirmed by Maes et al.
[108], most of the autogenous healing was accomplished after
35-50 days.

3.3. Through-crack stress states

Most of the tests reported in the literature have analysed the
healing performance in specimens not subjected to any kind of
load. However, structural elements in real-life service conditions
experience sustained loads which generate through-crack stress
states.

A compressive stress it will have a beneficial effect on the heal-
ing since the stress will close the crack partly. This situation could,
for example, happen in precast columns or tunnel segments, which
could crack during transportation. Once operating in the final
structural configuration, they will be subjected to axial or circum-
ferential compressive stresses. This latter case has been assumed
as a reference by Ferrara et al. [44,45], who investigated the effects
of through crack compressive stress on the healing capacity of dif-
ferent FRC mixes, either autogenous or stimulated via crystalline
admixture and latex polymer, employing notched beam specimens
previously pre-cracked in three-point bending.
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On the other hand a tensile stress will have an adverse effect on
the healing. Ozbay et al. [125], who studied sustained flexural load-
ing in Engineered Cementitious Composites (ECCs), attributes this
to the fact that the tensile sustained stress widens the pre-crack.
Anyway, Yildirim et al. [210], testing specimens undergoing sus-
tained flexural load observed only a slight decrease in strength
recovery, as compared to unloaded specimens.

3.4. Repeatability

The healing process can be disrupted if the crack is unstable.
This happens e.g. under cyclic loading of structural bridge elements
or thermal day/night loading of restrained elements: cracks open
and close continuously. This makes repeatability of crack healing
a desirable trait for practical use of self-healing concrete, or alter-
natively the use of a very elastic healing material that bonds well
to the crack walls and keeps the crack sealed. In the literature there
have already been several studies about effectiveness under
repeated cracking/healing cycles of different healing techniques,
including, e.g., slag replacement [128], encapsulated polymers
[41,42], super-absorbent polymers (SAPs) [159,160], and crys-
talline admixtures [24,25]. It has been observed that in the case
of autogenous healing, the repeatability can pose a problem since
the required materials for healing are consumed over time, mainly
in the case of larger cracks (>0.15-0.2 mm) and under exposure
conditions without continuous availability of water. With refer-
ence to SAPs, the promoted autogenous healing sometimes
resulted in a perfectly healed matrix. This led to the formation of
new cracks elsewhere, where the “reservoirs” for healing were
not consumed yet [159,160]. Anyway, as a general remark, it can
be stated that the previously created but autogenously healed
cracks tend to reopen upon reloading. Other stimulated healing
techniques, such as the use of crystalline admixtures, were also
demonstrated to be effective in promoting continuous healing,
up to one-year cracking-healing cycles under continuous water
immersion, with 1/2 month frequency [25] - Fig. 3).

4. Methods for characterization of self-sealing/healing

After pre-cracking and at the end of the scheduled healing dura-
tion under the intended exposure conditions, the quantification of
the healing is performed. This is a multi-fold task which generally
encompasses the quantification of the crack closure, the recovery
of one or more engineering properties of interest, as well as a quan-
titative assessment of their mutual correlation. The characteriza-
tion of healing products often complements the aforementioned
investigation and, helping to understand the nature of the healing
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mechanisms and of the related property recovery phenomena, is
also instrumental in view of model formulation.

4.1. Crack closure quantification

Closure of a crack is the most direct manifestation of self-
healing, and thus it is the first necessary step for the evaluation
and assessment of self-healing. The most common techniques
employed to quantify crack closure are described hereafter.

4.1.1. Surface cracks

The evolution of surface cracks is the most straightforward
method to evaluate self-healing, and because of this it has been fre-
quently used as an additional method to support other tests. Meth-
ods for its evaluation range from the naked eye to microscopy
techniques, including:

- Photography cameras: generally employing high resolution
charge coupled device (CCD) [85,130] or digital single-lens
reflex (DSLR) [118], programmed to take pictures periodically
to register the appearance of cracks in specimens during testing
and after healing. The photogrammetry could be combined with
various advanced Digital Image Correlation (DIC) techniques,
including the Electronic Speckle Pattern Interferometry (ESPI)
[21], which, though not yet applied to specific concrete self-
healing investigations, may have good potential.

- Light microscopy (optical, digital and stereo): using visible light as
the radiation source [170,68,3,76,154,155,157,181,47,140,9,54].
This is the most common method. Some microscopes have
specific functions to get additional information on self-
healing, namely about the composition of the healing products,
such as polarized microscopy in thin sections [119,155,23,184]
or fluorescence microscopy, which uses fluorescence in addition
to reflection of visible light [184].

- Electron microscopy: using electron beams. Main types are
Transmission Electron Microscope (TEM) and Scanning Electron
Microscope/Energy Dispersive Spectroscopy (SEM-EDS). The
latter has been used to analyse precipitates inside a healed
crack and their composition rather than for evaluating the evo-
lution of the crack size [75,68,3,80,69,43,54].

It is worth remarking that only surface photographing and light
microscopy in the reflectory mode can be applied to a specimen
without the need to destroy it for sample preparation. Therefore,
these two methods are the most suitable for repeated observations
all along the healing period.
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Fig. 3. Repeatability of crack sealing: Index of crack sealing vs. healing time for concrete without (M1) and with crystalline admixtures (M2) upon repeated cracking and
healing under water and for different duration of the first healing (1 month, left - 6 months, right) [25].
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4.1.2. Internal cracks

Several studies showed that in some cases healing is able to
close surface cracks [155] but the effectiveness of a healing strat-
egy has to be assessed also with reference to its ability to close
the cracks internally. To this purpose fibre opting sensing and
tomography techniques have been proposed, due to their use of
penetrating waves, such as:

- Fibre optic sensing: The potential use of fibre optic sensing in
monitoring the healing of cracks in concrete has been postu-
lated by Mihashi et al. [112]. For the general purpose of evalu-
ation of internal cracks, fibre optic distributed sensing [186,139]
could be considered. It has the advantages of: (a) continuous
spatial measurement of crack widths by installing the dis-
tributed sensing system along the specimen dimension, there-
fore predetermination of exact crack locations is not required,
(b) perpetual monitoring of the time-variation of crack widths
by which the time of initiation and rate of self-healing can be
revealed, (c) non-destructive evaluation of internal cracks, and
(d) minimal health and safety hazard with the absence of radi-
ation risk.

- X-ray radiography or tomography: X-rays applied to an object are
partially absorbed, depending on its density and composition,
by exciting its electrons. This allows the differentiation between
aggregate, matrix and voids (either pores or cracks) [174,179].

- Neutron radiography or tomography: neutron rays interact with
atomic nuclei, showing different patterns from X-rays. So far,
Neutron Tomography has been used so far to visualize water
uptake by a crack due to the high hydrogen detection sensitivity
[183,176].

- Computerized Tomography scan (CT-scan) is a combination of X-
ray images taken from different angles to create cross-sectional
2D images or 3D compositions. Micro-Computerized Tomogra-
phy (1CT) is a type of CT for small scale objects with increased
resolution and it has been successfully used to discern voids

Table 2
Advantages and disadvantages of methods to evaluate crack closing.

[138] and internal cracks in concrete [179,184,161,162]. Similar
processing has been also done on neutron tomography images,
in order to visualize healing products [183,192].

Electrical methods: a non-destructive evaluation of cracks and
damage within a concrete specimen can be also performed by
measuring its electrical properties (under Direct Current DC
and Alternate Current), when highly conductive fibres such as
steel or carbon are added into the concrete
[198,109,173,33,168]. Using the frequency-dependent electrical
properties of the fibre reinforced cementitious composite, mea-
surement of the impedance values during the fracture process
can be used to detect crack propagation. As a matter of fact,
the electrical properties of the fibre reinforced concrete under
DC or low frequency AC are dependent almost entirely on the
concrete matrix, while the resistance at high frequencies is
dependent almost solely on the fibre properties and geometry.
The correlation between crack growth and the electrical impe-
dance values at specific load-displacement points was studied
prior and during tensile loading, while recording the crack
development by digital camera for subsequent DIC analysis
[131,171]. The use of continuous carbon fibres as a strain sen-
sory device was also studied [197,199]. Recently it was reported
the use of textile that contains carbon bundles as sensors rather
than single bundle of fibres, i.e. TRC elements in which the tex-
tile serves as crack sensor as well as concrete reinforcement
[58,59,57]. Though employed so far for crack healing evaluation
only in a pioneer study by Yildirim et al. [212], such methods
using conductive fibres either in the form of short, continuous
or textile reinforcement, can also be effectively employed to
the aforementioned purpose.

Table 2 summarizes the advantages and disadvantages of each

method to evaluate self-healing by means of crack closure. The
most complete information comes from tomography techniques.
However, the expensive equipment may not be readily available,

Method Advantages

Disadvantages

Photography cameras - Largest area of visualization

- Allow acquisition of data during testing.
- Easy continuous monitoring for fast self-healing methods.

Light microscopy (optical, digital
and stereo)

Larger area visualization
Good results for 0.05-0.30 mm cracks

Cheap and easy to implement. Easy preparation of samples.
Visualization of the surface crack as seen by the eye but at
improved resolution, while showing natural colors.

- Generally, needs certain distance to cover the whole
specimen
Less detail for a specific crack.

Not able to evaluate internal crack width, unless
through thin sections taken in “tailored” mode
Not able to evaluate composition of precipitates

Polarized and fluorescence
functions for light microscopy

Electron microscopy

Fibre optic sensing

Tomographies and CT-scans (X-

rays and neutron)

Electrical methods

High contrast in the borders between matrix and voids or cracks - Needs time-consuming preparation of samples with

Allows identification of crystalline solids from optical properties

Allows complementary tests of the composition of precipitates,
e.g. by EDX.

Generally, focus on small size cracks.

Good for verifying autogenous healing.

Predetermination of crack locations is not required.
Reveals time-variation of crack widths.
Non-destructive and absence of radiation risks.

Internal crack evaluation, in the damage and healing stage.
Allows the differentiation by densities of the materials

In the case of neutron tomography, high sensitivity for hydrogen
detection, good for analysis of water uptake

Reveals time-variation of crack width
Can be applied to specimens and structural elements under load
Non-destructive

polarized epoxy or fluorescence filter sets

Expensive compared with light microscopy
techniques.
Only in grey scale depending on the atomic number

of the element.

Delicate specimen preparation works with embed-
ded sensors.
Risk of damaging the sensors

Extremely expensive and low availability of
equipment

Health and safety hazard due to radiation risks
Time consuming

High resolution only for small samples

May require dedicated and expensive equipment
and suitable post-processing model to correlate elec-
trical measure with crack width
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the health and safety hazards due to radiation risks must be appro-
priately eliminated, image capturing and processing are time con-
suming tasks, and a high resolution can only be obtained for very
small samples.

4.1.3. Preparation of samples, image analysis and crack sealing indices

Before taking images of the cracks, a specific pre-treatment may
be needed, even when using the most basic light microscopes. One
possible pre-treatment is the use of compressed air to clean the
cracks and remove particles and/or detached grains of precipitates
before taking photos [140,141]. Other authors have reported pol-
ishing and impregnating samples with dye epoxy under vacuum
before using a stereo microscope, or polarized epoxy when using
polarized light [155]. Another pre-conditioning action applies to
concrete samples that heal when submerged in water, and consists
of drying the samples for a few hours in a lab environment before
taking the images [141], since the presence of water in the crack
will produce odd brightness when illuminated with the micro-
scope lights. These procedures can have great importance in
improving the reliability and comparability of crack closing mea-
sures. It is noted that a pre-treatment can also often be omitted
in the case of reflective microscopy. For some pre-treatment meth-
ods, such as cutting in smaller pieces or polishing, special care
should be taken since they can produce new cracks or alterations
in existing cracks of the sample that reduces the reliability of the
crack closure evaluation.

To analyse self-healing through crack closure, it is necessary to
compare the initial crack width with its value after the healing pro-

cess. To this purpose, the points where the evolution of the crack
width is assessed need to be decided before healing takes place
in order to reduce subjectivity. Since self-healing can be a random
phenomenon, the greater the length of a crack that is analysed, the
higher the representativeness of the analysis will be.

The analysis of crack widths requires the use of a size reference
and standard photography software or specific measuring software
from microscopes. The parameters that can be analysed are:

Crack width measured at specific points [76,157,181], or as the
average width along a pre-determined length [47,141] (Fig. 4a-b).
It can be estimated as the average of values measured at several
points on the same specimen [140,141] or by the area under the
plot of initial vs final crack width [76,155,181] (Fig. 5).

Crack area or volume This technique requires the picture of the
crack path to be digitalized and suitably filtered so that the crack
area can be evaluated by counting the number of black pixels
[47,140], calculating the crack area in a specific section [83] or esti-
mating the total area [140] (Fig. 4c).

Similarly to the method of black pixels, in the case of tomogra-
phy, direct visualization of the volumes in a specific colour [183]
shows the volumes of voids and cracks (Figs. 1 and 2. After post-
processing the results, selecting areas with different brightness
values allows the selection and measurement of areas of different
densities, and then, the estimation of the volumes of pores and
cracks [68,138,161,162].

The problem of the last method, when using black areas, is that
cracks will need to be isolated from pores for a clear evaluation of
crack healing.

Single crack evaluation image(a)

A

Healing

Average of multiple points (b)

Fig. 4. Evaluation methods through evaluation of single cracks (a), average values of multiple points per specimen (b) and black pixels evaluation (c) [140,141].
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Final crack width

Final crack width

No healing (w; = wy)

A before healing

Initial crack width

Initial crack width

Fig. 5. Area under the curve when representing initial vs remaining crack width. Method used in [76,155,181].

The aforementioned parameters are commonly used in the
expression of Eq. (1) to quantify crack closure, where w is the
specific parameter used for the evaluation, either crack width, area
or volume, and subscript t refers to the specific healing time at
which the crack closing evaluation is performed.

Wt

Crack closure (%) =1 —
Winitial

(1)

4.1.4. Correlations between different crack width measurements

The correlations between different crack width/area parameters
have been checked in a few studies (Ferrara et al., 2016c¢); [141],
showing the coherence of the measurements, even though some
dispersion is produced due to the natural variability of crack width
and the three-dimensional features of the crack. Achieving almost
total crack closure is relatively frequent in the cited researches.

4.1.5. Healable crack width

Depending on the type of healing, different crack widths can be
closed and thus different crack widths need to be investigated.

Autogenous healing may lead to different healing of cracks as
the mixture design may vary a lot. The mixture may contain sup-
plementary cementitious materials, high cement contents, low
water-to-binder ratios, etc. In literature, a range of possibilities of
total healing can be found, ranging from a few tens pm [75,146],
to 100 um [219] and even 300 um [218]. This healing also depends
on the total allowed time of healing and its conditions. Generally, it
is accepted that only narrow cracks are likely to be completely
healed and that only partial healing is feasible in wider cracks. In
strain-hardening cementitious materials, for example, it is docu-
mented that healing in wet/dry cycles can lead to closure of cracks
up to 30-50 um and partial closure up to 150 um [97,98,158].
When using superabsorbent polymers (SAPs), this autogenous
healing is stimulated and promoted up to 150 um [158,161]. In
bacteria-based approaches, several hundreds of um to mm cracks
are able to close [1,79,177,188,189,191,192]. When using mineral
admixtures such as geopolymers, cracks up to 150-200 um are
able to close [3] or even larger cracks up to 300-500 um are able
to close when using crystalline admixtures [140,141,46] - which
can be encapsulated or not [83,137] - or expansive agents
[93,152]. When using encapsulated foaming agents such as polyur-
ethanes, cracks up to several hundreds of pm can be closed
[178,179].

In order to study the effects of the crack width, different cracks
can be made with the methods previously described. As the condi-
tions also play a role, different healing conditions need to be inves-

tigated. One needs to be careful when comparing results as
different conditions may lead to different degrees of healing.

As remarked above, visual healing by means of microscopy does
not always mean that the complete specimen is healed. The extent
in the interior of the specimen again depends on the type of heal-
ing studied. Most of the autogenous healing products, for example,
are mainly precipitated from 0 till 800-1000 pm inside the crack,
as studied by means of X-ray computed micro-tomography
[161,162] and polished thin sections [161]. The crystals are abun-
dantly present in the region 0-150 um below the surface [40]. As
the crack is physically sealed at the surface from intruding water,
the crystallization slows down in the interior of the crack. Less
healing products are therefore found in the interior of the sample
as the carbon dioxide will preferably be used at the surface where
it dissolves in the water layer during the wet/dry cycles. Also Jon-
kers [79] showed that the healing mainly occurred near the crack
mouth, and especially near the crack rims. The precipitation at
the crack rim is the result of calcium hydroxide using the carbon
dioxide from intruding water in the crack, and afterwards the
remaining calcium hydroxide would dissolve and diffuse out of
the crack into the bulk water. There it will react with carbon diox-
ide present near the crack rim resulting in the precipitation of cal-
cium carbonate [79,155].

4.2. Tests and methods based on the recovery of durability properties

Several test methodologies have been set-up to assess the
effects of healing through the recovery in durability related prop-
erties, including, e.g., permeability and sorptivity measurements
as well as resistance to chloride penetration (see Table 2).

4.2.1. Permeability

The permeability of concrete is strictly correlated to the rates at
which liquids and gases diffuse through it. It is worth remarking
that two order of magnitude difference in viscosity hold between
liquids and gases [16]. Two versions of the test have been used
for the evaluation of permeability of cracked and healed concrete
specimens:

e Evaluation of the decrease in pressure (water-height) after a
certain period;

o Evaluation of water flow passing through the specimen during a
certain period.

For the first group, the water permeability test set-up and
methodology has been based on the proposal by Aldea et al. [7]
and Wang et al. [187]. First, cylindrical specimens are glued into
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a PVC ring by means of an epoxy resin and then vacuum saturated
with tap water. Afterwards, the specimens are placed in the test
set-up, and tubes filled with water are inserted into their top and
bottom edge faces [177-179,110,158]. During the test, water per-
meation through the samples causes a drop in the water height
in a pipette with a scale on top of the system [177,178]. From peri-
odic measurements of water height, the water permeability coeffi-
cient k is determined by means of Eq. (2):

k— l (ﬁ;’) (2)

where a = cross-sectional area of pipette (m?), A = cross-sectional
area of specimen (m?), T = specimen thickness (m), t = time (s), ho
and hy = initial and final water heads (cm), respectively.

When this coefficient k becomes constant, it is assumed as the
water permeability coefficient for that sample [177,178]. It is
worth remarking that the values of permeability of un-cracked
ordinary and high performance concretes are usually in the range
of 10712107 m/s [16].

With reference to the second group, Edvardsen [218] used a test
set-up able to produce tensile cracks and to expose concrete spec-
imens to water pressure to evaluate the water flow going through
the cracks. This method was also used successfully by Homma
et al. [68]. Roig-Flores et al. [140,141] proposed a similar version,
easier to be implemented, which is based on the standard test to
measure water depth penetration through concrete specimens
(EN 12390-8), but measuring the water flow instead.

Formia et al. [51], following the same principle, have proposed a
very simple test set-up, in which a 50 mL syringe filled with water
is attached with silicone above the healing area; the water height
in the syringe was monitored during 48 h at determined time
intervals (every 30 min during the first 3 h, then every hour up
to 24 h and finally, after 48 h). The plot of the residual volume of
water in the syringe as a function of time is the output of this test.

In the recently finished European project HEALCON, a water
flow test was developed (Fig. 6) [64,63,172]. The prismatic mortar
prisms (40 x 40 x 160 mm?) to be tested are prepared with a cast-
in longitudinal hole (@ 5 mm) at mid depth and over the whole
length of the specimen. After performing a crack-width controlled
three-point bending test, the specimens are saturated by water
submersion. Then, the crack is sealed at the side surfaces with alu-
minium tape. The hole is sealed at one end with methyl methacry-
late glue, and at the other side a connection is made with a plastic

%\ 500 mm
— k
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Fig. 6. Test set-up for the water flow test under low pressure. (1) water container,
(2) plastic tube, (3) connector, (4) sealing, (5) scale, (6) sealing with aluminium tape
[64,63].

/ i

tube. This tube is connected to a water basin, positioned with the
water level at 500 mm above the mid depth of the specimen. The
water flowing through the hole and the crack is captured on a scale
with an automated registration system, allowing the monitoring of
the water flow in time. After healing, a second water flow test is
performed to evaluate the healing efficiency. For healing mecha-
nisms that need some time, like bacterial healing, this second mea-
surement can be performed on the same specimens.

As for the representativeness of test measurements, it is worth
remarking, as a general reference, that, if healing takes place
immediately, like in the case of several polymeric encapsulated
healing agents, the measurements before and after healing need
to be performed on different samples containing cracks of similar
width. In case of the use of (not encapsulated) superabsorbent
polymers, the first measurement allows the evaluation of the
immediate sealing action, while the second measurement, after
healing, evaluates the longer-term healing in combination with
the immediate sealing. In addition, the test can be performed
under increasing water pressure by replacing the open water basin
by a sealed container with pressure adjuster [64,63].

For the evaluation of self-healing by means of this family of
tests, two main options have been proposed, using expressions
similar to the one used for crack closing. The basic structure is
the same: Eq. (3), proposed in HealCON, uses data from companion
unhealed specimen as reference, while Eq. (4), as proposed by
Roig-Flores et al. [140,141] uses the same specimen and compares
the water flow through it before and after healing:

SH] _ Wunhealed,t - Whealed,t (3)
Wunhealed.t
Winital — W,
SH, — initial final 4
g Winitial @

where SH is Self-Healing index, Wyupeareq,r is the amount of water
passing through the specimen’s unhealed crack at time t, Whegieq,
is the amount of water passing through the specimen’s healed crack
at time t, Winiriar is the amount of water passing through the target
specimen before healing and Wy, after healing. Gruyaert et al.
[63,64] provided extensive explanation on the use of the aforemen-
tioned equations in the case of healing engineered through the use
of SAPs.

The use of a companion unhealed specimen allows to discern
the differences produced by aging of concrete. However, since in
this type of test the size of the crack will have the greatest influ-
ence on the water flow, Eq. (4) could also be interestingly
employed to compare the same specimen before and after the
healing process, in order to compensate for the uncertainties due
to the variability of crack width.

Edvardsen [218] has proposed the following equation to esti-
mate water flow from crack width:

qo=740-1-w3 -k (5)

where, qo is the initial water leakage per visible unit crack length (1/
m), [ is the hydraulic gradient (m of water head / m), wy, is the crack
width (mean value) at the surface (mm), k; is a factor accounting for
water temperature (if different from 20 °C). This equation was also
checked in a different setup by Snoeck [158] and by Roig-Flores
et al. [140,141] considering the differences in specimen shape and
the unknown geometry of the in-depth crack. Reliable correlation
was obtained for measurements referring to both unhealed and
healed specimens and thus between the healing performance in
terms of both the crack width/area (Eq. (1)) and water flow (Eq.
(4)) (Fig. 7).
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Fig. 7. 3-Relation between water flow ratio and estimated crack area AZ,, ratio (a) and averaged crack width Wayg ratio (b) for a control concrete mixture and a concrete

containing crystalline admixtures (CA) from Roig-Flores et al. [140].

4.2.2. Sorptivity

The sorptivity is an indicator of the concrete ability to absorb
and transmit liquid by capillary suction [142]. As illustrated by
de Rooij and Schlangen [29], measurement of the capillary water
absorption for cracked concrete specimens with and without heal-
ing can be used to evaluate the crack healing efficiency. To this aim,
the specimens are first placed in an oven to remove the moisture
(e.g. at 50 +5°C for 3 days as mentioned by Sahmaran et al.
[146]; or at 40 °C as mentioned by [188]. Then, the area adjacent
to the damaged zone is covered with an adhesive aluminium tape,
leaving only the crack face exposed to capillary suction (not more
than 10 mm in width) [9]. The specimens are then placed on two
rigid non-porous supports in a container with water and with only
the lower 2 + 1 mm of the specimens immersed in water. The spec-
imens are weighed to determine the weight gain over time, at pre-
scribed time intervals.

Alghamri et al. [9] performed measurements every 4 h, whereas
Feiteira et al. [41] and Pereira Gomes De [11] performed more fre-
quent measurements initially (i.e. at 5 min, 30 min, 1, 2, 3, 4, 6 and
8 h) based on the test procedure described in the European stan-
dard EN 13057. Even more detailed measurements were taken by
Van Belleghem et al. [175], who measured the capillary sorption
at 5 min interval for the first half an hour and then at 30 min inter-
val until 8 h after the start of the sorption test. After that, the spec-
imens were left in the trays and the mass was recorded again every
24 h of exposure to the water, until a total exposure time of 96 h.

The cumulative absorbed volume per unit area i (mm?/mm?),
defined as the change in mass (g) divided by the water exposed
area of the test specimen (mm?) and the density of water at the
recorded temperature (g/mm?), is plotted against square root of
time, v/ (min®®). The slope of the obtained line gives the sorptivity
index (S) of the specimen [9].

In order to evaluate healing from sorptivity test results, the fol-
lowing expression has been proposed:

Sunhealed - Shealed
SH Sunhealed - Suncmcked (6)
where Synnhealed 1S the sorptivity index for the cracked and unhealed
specimen, Spealeq 1S the sorptivity index for the cracked and healed
specimen and Syncracked iS the sorptivity index for the uncracked ref-
erence specimen.

Recently the calculation of the sorptivity index from the square
root of time has been questioned, Villagran Zaccardi et al. [185]
having reported that the water absorption linearly relates to the
fourth root of time. The reliability of the absorption test also has
some drawbacks. If a crack is only partially healed, the capillary
rise in the resulting narrow crack may be higher than for the ini-
tially wider crack. Hence, the desirable effect of partial healing

may not be noticed from the weight measurements. Further, when
sealing using super-absorbent polymers (SAPs), the SAPs at the
crack faces will take up water, leading to mass increase, and would
block water flow through the crack, but this will not be noticed
from the water absorption measurements.

4.2.3. Gas permeability

Gas permeability based on liquid methanol as the gas source or
oxygen taken from a gas tank was studied by Yang et al. [206] and
Mechtcherine and Lieboldt [110] respectively, in order to deter-
mine the permeability coefficient of mortar specimens cracked
by means of splitting tensile tests. 10 mm-thick cylinders, with a
diameter equal to 50 or 100 mm, were vacuum-dried at room tem-
perature for 24 h to remove the moisture within specimens and
were then placed and sealed on the top of a cell with epoxy sealer
to avoid leakage of methanol vapour. The initial weight of the
whole specimen setup, including the cell, liquid methanol, disk
specimen and epoxy sealer, was measured at the beginning of
the test. The values of mass variation vs. time due to the vaporiza-
tion of methanol liquid, produced by a water bath whose temper-
ature was kept constant at 40 °C during the test, were continuously
recorded until a steady-state mass loss was reached. The perme-
ability coefficient is then calculated by means of Eq. (7)-(10):

15822
Py = 10(8.08097m)

(7)

n=10" (4.71 BYTO618 _ gQge-87593x107*T | ggp-7916x107T | 5) (8)
266 x 10°m’

- 82.2
10(8.0809—35%27)

9)

K= 2LnP,Q (10)
A(Pf - Pﬁ)

where Py is the absolute pressure of vapour (N/m?), T the absolute
temperature (K), n the dynamic viscosity (Ns/m?), Q the volumetric
flow rate (m>/s), m’ the rate of mass loss (g/s), k the intrinsic perme-
ability coefficient (m?), P; the inlet pressure (N/m?), P, the outlet
pressure (N/m?), L the length of the sample (m) and A the cross-
sectional area perpendicular to the flow direction (m?).

Yang et al. [206] employed the test to evaluate the healing effi-
ciency of silica gel shell micro-capsules containing either methyl-
methacrylate or triethylborane oil core. Damage was induced in
the specimens by loading them, at 3 or 30 days age, at 80% of their
compressive strength and healing was evaluated by comparing the
gas permeability coefficients, as from measurements taken 24 h
after the damage induction on healed and reference control
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specimens. Anyway, Yang et al. [206] provided no comparison
between healing in terms of gas permeability coefficient and crack
sealing visually observed, if any.

Yildirim et al. [213] investigated the influence of cracking and
self-healing on the gas permeability of Engineered Cementitious
Composites (ECC). Though application of pre-loading led to signif-
icant increases in gas permeability, so that even microcracks of less
than 50 pm caused a gas permeability coefficient fifty times higher
than that of sound specimens, the crack-healing resulted in a
recovery in the same permeability up to 96% after only a month
through proper material design and conditioning.

4.2.4. Chloride penetration

Chloride ion penetration in concrete, including cracked con-
crete, is measured through different techniques, including chloride
diffusion upon immersion and chloride migration based on a
migration cell or through rapid chloride migration.

Few studies exist on the effect of cracking on the natural chlo-
ride ion diffusion. Test were performed on partially cracked speci-
mens [208,201], as well as on specimens with through-thickness
single and multiple cracks [6,32,116,91]. Akhavan et al. [6] showed
that the diffusion coefficient is strongly dependent on the crack
volume fraction and that the crack tortuosity slightly reduces the
ion diffusion through the crack. Djerbi et al. [32] showed that the
diffusion coefficient through the crack becomes constant when
the crack width is higher than (about) 80 um. Win et al. [201] high-
lighted that the chloride diffusion in both cracked and uncracked
concrete increases with the w/c ratio.

While there is lack of experience with reference to normal chlo-
ride diffusion, the rapid chloride-ion permeability test (AASHTO
T277 “Standard method of test for rapid determination of the chlo-
ride permeability of concrete” and ASTM C1202 [12], “Standard
test method for electrical indication of concrete’s ability to resist
chloride ion penetration”) has been widely employed to character-
ize the durability of concrete with reference to its ability of provid-
ing adequate protection to reinforcing bars against chloride
induced corrosion. It provides an idea of the interconnectivity of
the fine pores in concrete that are too fine to allow water flow
[10] and hence to be discriminated from water flow/water perme-
ability tests. Experience has revealed good correlation between the
water permeability and rapid chloride ion permeability in concrete
with a W/C greater than 0.40.

The efficiency of self- healing from rapid chloride migration test
has been studied by Wang et al. [190], Jacobsen et al. [75], Darque-
nes et al. [217], Sahmaran et al. [147]. Wang et al. [190] employed
the test to check the healing effectiveness of capsules with urea
formaldehyde shell and epoxy healing agent core in cylinder spec-
imens damaged at 50% of their compressive strength. A 0.2 mol/L
KOH water solution (as anolyte) and a mixed water solution (with
5% NaCl and 0.2 mol/L KOH, as catholyte) with an applied potential
of 30 V at room temperature for 24 h. Then, the specimens were
split using a testing machine and coloured with a 0.1 mol/L AgNO3
water solution, to highlight chloride ions penetration into the sam-
ple. The chloride ion migration coefficient was calculated accord-
ing to Egs. (11) and (12):

Dray = 2.872.10*6M 1)
o =3.338.10"VTh (12)

where Dgcy is the chloride ion migration coefficient (m?/s), T is the
average temperature of the anolyte (K), x4 is the depth of chloride
ion migration (m), t is the time during which electricity was applied
(s), o is a supplementary variable, and h is the height of the speci-
men (m).

The healing was evaluated by comparing the chloride ion
migration coefficient, calculated as above, for specimens immedi-
ately after pre-damaging and after 3 days curing at 20 °C and RH
>90%. No comparison between healing in terms of chloride ion
migration coefficient and observed crack sealing was provided.

Jacobsen [75] used a 3 mol NaOH solution and applied a 60 V
potential. The total chloride flux ], (mol/(cm%)) during migration
was calculated using the Nemst-Planck equation. Self-healing of
cracked concrete for three months in water led to a significant
reduction in rate of chloride migration, ranging between 28 and
35% as compared to migration in freshly cracked specimens.

As already remarked above, chloride penetration depths deter-
mined using the colour change boundary test or determination of
chloride diffusion coefficients and chloride migration coefficients
through chloride profiles through the specimen depth have been
also reported, also complementing aforementioned investigations.

The colour change boundary test is a very simple and quick
method to measure the free chloride penetration depth in concrete.
In this method, an aqueous silver nitrate (AgNOs3) solution with a
concentration of 0.1 mol/L is sprayed on the freshly fractured
cross-section surface of concrete forming a distinguished boundary
with white and brown areas. An AgCl white precipitate is formed
by silver ions reacting with the chloride ions whilst a brown pre-
cipitate is formed when the silver ions react with the hydroxyl.
The colour change boundary can be measured by means of image
analysis software. Cylindrical specimens, un-cracked and also
pre-cracked in splitting, can be employed, immersed in chloride
solutions or chloride-rich environments. The bottom and lateral
surfaces are often sealed using, e.g., an epoxy to allow for chloride
penetration perpendicular to the uncoated surface. After scheduled
immersion times, specimens are split open and the test solution is
sprayed on the split crack surfaces. The penetration depth from the
exposed surface or chloride affected areas and also the chloride
ingress in the direction perpendicular to the crack can be
measured.

In addition, chloride penetration profiles can be determined
using potentiometric titrations using powder collected at different
depths through the samples, through the crack and in zones away
from it. The results can also be used for the determination of the
chloride diffusion coefficient referring also to Fick’s laws of
diffusion.

The aforementioned techniques were employed by Ismail et al.
|74], who performed chloride penetration tests on cracked mortar
specimens up to the duration of 2 years after cracking, as well as by
Sahmaran et al. [144], Sahmaran [143] and Maes et al. [108], who
performed chloride penetration tests respectively on ECCs and
cracked mortar specimens prepared through different methods.
All group of authors confirmed the effectiveness of crack sealing
in reducing the chloride penetration as a function of initial crack
opening and mortar pre-cracking age. Ismail et al. [74] further
reported that no chloride diffusion occurs in cracks up to 30 um
wide whereas Sahmaran [143] found effect of crack width on chlo-
ride diffusion to be marginal for cracks up to 135 pm.

Ferrara et al. [50] correlated the amount of the surface crack
sealing on cylinders pre-cracked in splitting (up to 90% of the
splitting tensile strength) with the chloride penetration depth as
measured through the colour change boundary test. Specimens
were subjected to daily wet and dry cycles in a 165 g/l NaCl solu-
tion. Interestingly, the authors reported that specimens undergo-
ing crack sealing larger than 90% featured values of the chloride
penetration depths in the upper bound range of the values mea-
sured for companion un-cracked samples. This highlights the
importance of investigating also aspects such as the binding of
chlorides through the sealed cracks, in order to provide relevant
information for service life predictions and effects of self-
healing and its efficiency.
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Table 3

Review of test methods to determine healing and recovery of durability properties after repairing (adapted from: Van Tittelboom and De Belie [182], Souradeep and Kua [164]).

Type Test Purpose

Limitations

Recovery of water and air tightness
(durability features)

Water permeability (low/
high pressure)

cracks
Sorptivity

Air permeability

Water permeability coefficient can be
determined by flow of water through healed

Concrete’s ability to absorb and transmit liquid
through it by capillary suction

Flow rate of air after healing has occurred
measures the resistance against
moisture/foreign substance penetration

Effectiveness is dependent on how the cracks
were introduced

Needs a reference sample as water uptake
happens also from the undamaged matrix.
Absorption “driving force” under debate
(capillary forces in smaller cracks?).
Multidimensional effects in water uptake not
adequately taken into account.

Very sensitive to the specimen composition:
methanol can dissolve organic polymers used
as healing agents.

through (healed) cracks.

Chloride diffusion and

penetration penetration.

Measurement of resistance against chloride

Good correlation between the water
permeability and rapid chloride ion
permeability so far demonstrated only for
specimens with w/c higher than 0.40.

Relevant and applicable for coastal structures
or structures exposed to de-icing salts.

A summary of the test methods employed so far to determine
healing through durability related tests is reported hereafter in
Table 3.

4.3. Tests and methods based on the recovery of mechanical properties

In the case of methods based on the recovery of durability prop-
erties, the comparison between pre-cracked or reference speci-
mens and healed ones provides a straightforward interpretation
of the occurred healing process, if any. As a matter of fact, what
is measured is in most cases a “passage through the crack” and
hence a property of the crack. On the other hand, methods based
on the recovery of the mechanical properties provide a measure
of the “structural” behaviour of a specimen, on which the healed
cracked cross-sections plays a dominant role.

In order to evaluate healing through the recovery of mechanical
properties, the same test performed for pre-cracking is repeated
after the scheduled healing period under the selected exposure
conditions. The comparison between the mechanical property at
the moment of pre-cracking and after the scheduled healing period
is assumed as an indicator of the healing effectiveness. It is worth
remarking that mechanical properties in concrete do evolve with
time also without healing, mainly in peculiar exposure conditions
which are also highly conducive to healing (including, e.g., water,
high RH). It is hence of the utmost importance to discriminate
between what is healing and what is continuing bulk hydration.
In this framework, not only availability of reference un-cracked
specimens undergoing the same curing as the healing ones is
mandatory, but it can also be helpful to correlate between the
recovery of different mechanical properties (strength, stiffness,
strain and deformation capacity) mutually and with respect to
crack closure. With reference to this issue, it has for example been
shown that in the case of autogenous healing, at least a 60% crack
closure has to be achieved before registering any appreciable
recovery of strength and stiffness [43,47]. Similarly, comparing
crack closure with water permeability, it has been shown that
specimens were more likely to exhibit higher crack closure ratios
than sealing ratios [141]. These results suggest that crack closure
is the first preliminary step before achieving the recovery of any
mechanical and/or durability properties as well as that considering
only crack closure as a healing indicator may lead to overestimate
the material healing capability [64,63].

“Purely” mechanical tests have been complemented with non-
destructive ones, such as Ultrasonic Pulse Velocity tests, which

can also separately investigate zones of the specimen outside the
crack [48] or directions other than the pre-damaging/loading one
[27]. This information may be useful to discriminate between con-
tinuing bulk hydration and crack/damage healing. In the case of
fibre reinforced cementitious composites, further information
was also garnered complementing, e.g., flexural or direct tension
tests with fibre-matrix bond tests. In this way recovery of
macro/meso-scale mechanical properties could be associated with
micromechanical information about the effects of healing on the
recovery/evolution of the fibre-matrix bond.

4.3.1. Tests and methods based on ultrasonic wave propagation

An important contribution to the overall comprehension of the
self-healing mechanisms in cementitious materials can be
achieved through the implementation of proper non-destructive
methods, such as those based on ultrasonic wave propagation.
Ultrasonic techniques have been extensively used over time to
detect internal defects, cracks or voids in high-attenuation materi-
als such as concrete and mortars. Therefore, they are expected to
be effective also in characterizing the reverse process of crack clo-
sure and performance recovery due to self-healing. Furthermore,
being non-destructive, they allow to check the effectiveness of
the proposed self-healing technologies directly on-site, allowing
a virtually continuous monitoring of the material characteristics
in time.

4.3.1.1. Ultrasonic pulse velocity tests. So far, one of the foremost
ultrasonic techniques used worldwide for the assessment of self-
healing in cementitious materials is based on the determination
of the ultrasonic pulse velocity (UPV). Reference standards can be
found in ASTM C597 and EN 12504-4 [37]. The working principle
is fairly simple and easily implementable: a pulse of longitudinal
vibrations is produced by a piezoelectric transducer (with natural
frequency normally ranging between 20 kHz and 150 kHz) that is
acoustically coupled to one surface of the concrete specimen. After
traversing a known path length in the concrete, the pulse of vibra-
tions is converted into an electrical signal by a similar transducer
working as a receiver. The transit time of the pulse is measured
by proper electronic timing circuits, thus allowing to estimate an
average value for the pulse velocity along the travel distance. Vari-
ations in UPV can be associated to the presence and depth of cracks
along the wave path.

Following this principle [90], the method has been employed
both in direct (i.e. sensors on opposite faces of the samples, with
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Fig. 8. Evolution of crack depth as estimated via the Ultrasonic Pulse Velocity
Method in control (CN) and self-healing specimens made with sodium-silicate-
impregnated lightweight aggregates (SHM) [9].

wave propagating perpendicular to the crack plane) and indirect
(surface) transmission modes. The effectiveness of self-healing
has been evaluated in different categories of cement based materi-
als, either autogenous/stimulated or engineered, via crystalline
admixtures [43,48], bacteria-based repairing agents immobilized
in silica gel, as also compared to external repair techniques using
grout and epoxy [177], non-ureloytic bacteria [203,200] and
sodium silicate entrapped in double-walled polyurethane/urea—for
maldehyde microcapsules and in lightweight aggregates coated
with polyvinyl alcohol [115,9]. Damage/healing indicators, based
on UPV ratios and change in trasnit time respectively, were com-
puted and correlated, with good agreement, with the mechanical
recovery under flexural actions [43,49,203,200] as well as with
water permeability and visually inspected crack closure [177].
Interestingly, both Mostavi et al. [115] and Alghamri et al. [9],
through the analysis of TOF change, quantified also the change in
crack depth as due to self-healing, (see Fig. 8 for example) correlat-
ing it with recovery in strength and durability properties. Addi-
tional case studies of self-healing systems characterized through
UPV measurements have been reviewed by Ahn et al. [4].

Despite their widespread use and successful results in the stud-
ies cited above, ultrasonic techniques based on the determination
of UPV are not free from drawbacks, which may limit their use in
several practical applications. In particular, there are disruptive
effects due to the unavoidable variability in the coupling between
the sensor and the specimen surfaces, because of moisture content,
temperature changes, presence of reinforcing bars and, mostly,
contact points or stress states inducing partial crack closure. These
may result in unreliable measurements and estimate of crack
depth.

4.3.1.2. Test methods based on Rayleigh waves. Because of the rea-
sons exposed above, some researches resorted to other
ultrasound-based diagnosis techniques for the evaluation of crack
healing in cementitious materials. Aldea et al. [8] and Aggelis
et al. [2] performed transmission experiments using Rayleigh
waves to investigate surface-breaking cracks/defects and their
repair due to autogenous healing or epoxy injections respectively.
Ultrasonic vibration sensors were positioned on the concrete sur-
face at various distances from the excitation source and from the
crack: the received transient response (which is dominated by
the surface wave arrival) allowed the detection of the transmission
properties. As the waves propagate between two receivers, a por-
tion of the total signal is transmitted and the rest is attenuated,
with major attenuation phenomena depending on the presence

of the crack in between. Therefore, the ratio of wave amplitude
in cracked (repaired) concrete over the amplitude in sound mate-
rial was used as an evaluation parameter to assess the healing pro-
cess. Good results were obtained when considering either epoxy
injection or continuous hydration as the activation mechanisms
for healing. Nonetheless, as reported by Aldea et al. [8], in the case
of autogenous healing the healing-related recovery in wave trans-
mission properties was quantitatively less significant than in other,
e.g., durability related properties, such as the reduction in perme-
ability coefficient.

4.3.1.3. Test methods based on ultrasound diffusivity. Ultrasound dif-
fusivity parameters can also be used to evaluate self-healing in
concrete, especially when healing of small cracks is the main con-
cern. Indeed, diffuse ultrasonic techniques have been demon-
strated to be particularly sensitive to micro-cracking and micro-
structural behaviour [14]. The basic principle underlying these
techniques is that waves propagating in strongly heterogeneous
media such as concrete (that is characterized by multiple inter-
faces among cement paste, aggregates, cracks and voids) undergo
repeated scattering phenomena that can be quantified as a func-
tion of the length scale of the heterogeneity in comparison with
the wavelength. The scattering effects are predominant in the
intermediate frequency regime, where wavelengths have the same
order of magnitude as the size of heterogeneity or when the vol-
ume fraction of heterogeneous particles is fairly high. Multiple
scattering causes the scattered wave field to lose its spatial and
temporal correlations with the incident wave, the process being
strongly dependent on the size and distribution of the scatters in
the material and on the wavelength (and therefore frequency) of
the wave field. A proper model for the diffusion of the ultrasonic
energy can be defined, as by In et al. [ 72], taking into account a dif-
fusivity term and a dissipation term, both dependent on frequency.
Based on this model, In et al. [72] explored the progression of auto-
genous healing in concrete elements containing tensile and flexu-
ral cracks and exposed to a simulated marine environment. They
found that immediately after cracking, a diffuse ultrasound param-
eter denoted as Arrival Time of Maximum Energy (ATME)
increased, while the diffusivity parameter dramatically decreased
from the initial values of the un-cracked control specimens. Con-
versely, the ATME of cracked specimens decreased significantly
after healing, whereas the diffusivity increased with time. A good
correlation was found between diffuse ultrasound parameters
and crack width, as resulting from microscopic measurements
taken on the specimen surface during healing time. It was also
observed that diffusivity predicted self-healing trends in a more
effective way than the ATME. An exponential-recovery law was
proposed to estimate the self-healing rate based on the measured
diffusivity.

4.3.1.4. Coda wave interferometry. The presence of scattering effects
in heterogeneous media has been also the basis for the develop-
ment of other ultrasonic techniques such as coda wave interferom-
etry (CWI). As previously discussed, elastic waves travelling
through a heterogeneous/multiphase medium are scattered multi-
ple times along their path. In this way, they generate slowly decay-
ing waves, called coda waves, that despite their noisy and chaotic
appearance are highly repeatable. Therefore, if no change occurs in
the medium over time, the waveforms are identical and, con-
versely, if a change occurs (such as crack formation/ growth), the
change in the multiple scattered waves will result in an observable
change in the coda waves. Correlation coefficients and velocity per-
turbation indicators can be defined to characterize such variations
in the coda waves. Liu et al. [101] performed experiments to assess
the self-healing of internal micro-cracks in cementitious mortars
due to bacterial metabolic reactions using CWI and recovery of
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compressive strength. As a major conclusion, they found that the
velocity change due to continuing hydration in un-cracked samples
(or due to autogenous healing in cracked samples without bacte-
ria) was only 4% from day 8 to day 50 (with Urea-Yeast Extract
UYE spray), while the total velocity change in cracked samples
was about 7%, when UYE-medium was sprayed on bacterial mortar
samples. CWI results were in good agreement with those obtained
from compressive tests. A similar application of CWI for the assess-
ment of autogenous healing in cementitious materials was carried
out by Hilloulin et al. [67].

4.3.1.5. Nonlinear methods. Remarkable enhancements are
expected from the application of nonlinear methods. Indeed, based
on the pioneering work by Guyer et al. [65], it was argued that
exploiting the nonlinear dependence of the ultrasonic parameters
on the amplitude of the excitation source can considerably
increase the measurement sensitivity to damage. Therefore, it
can be hypothesized that the nonlinear techniques can be highly
effective also in characterizing the reverse process of damage
repair due to self-healing. Accordingly, Kim et al. [89] focused on
the nonlinear phenomenon of second harmonic generation to
explore the microstructure evolution in concrete due to drying-
shrinkage and subsequent self-healing (i.e. filling of micro-
cracks) induced by accelerated carbonation. They computed a non-
linearity parameter based on the ratio between the amplitude of
the second harmonic component of the propagating elastic wave
and the amplitude of the fundamental component. They observed
large changes in the measured nonlinearity parameter during the
process of damage generation due to drying shrinkage. On the
other hand, they also observed that the increase in the nonlinearity
parameter due to the generated micro-cracks was significantly
mitigated by both carbonation (up to 64.2%) and the addition of
a shrinkage reduction admixture (up to 27%). Hence, they con-
cluded that nonlinear methods such as those based on second har-
monic generation have the potential to monitor in a non-
destructive way the evolution of micro-cracks over time in hard-
ened concrete. Ait OQuarabi et al. [5] and Gliozzi et al. [56] studied
the microstructural evolution in cementitious mortars due to flex-
ural damage and subsequent healing by sodium silicate using lin-
ear techniques (transmission and longitudinal resonance modes
analyses) and nonlinear techniques (nonlinear elastic wave spec-
troscopy - NEWS - and scaling subtraction method — SSM). They
observed that the flexural damage process was characterized by
an ultrasonic phenomenology including a shift of the resonance
frequencies, an increase of the attenuation properties and a much
higher increase of the nonlinear parameters. A symmetric beha-
viour was observed during the healing process, when the linear
and nonlinear indicators followed a reversed trend that was also
accompanied by a remarkable recovery of mechanical strength.
An exponential-decay law was proposed to correlate the ultrasonic
parameters to the mechanical strength as a function of damage or
healing. The results highlighted that the time scales for the evolu-
tion of the linear and nonlinear parameters during the healing pro-
cess differed from each other, thus providing a contribution to
understand the complexity of the microstructural changes induced
by the interaction between sodium silicate and the cement matrix.

4.3.1.6. Acoustic emission. Apart from non-destructive techniques
based on the measurement of transmission velocity or other
parameters of ultrasound waves, another sound-based technique
is Acoustic Emission (AE). This technique has been so far employed
to investigate cracking processes in concrete materials and struc-
tures [19]. Criteria were also developed relating the structural
damage monitored via AE to different levels of “durability threat”
[60]. Ref. [180,181,184] have applied acoustic emission analysis
for the quantification of autonomous crack healing in concrete by

polyurethane embedded in brittle ceramic tubes. Events due to
breakage of the tubular capsules could clearly be distinguished
from AE events caused by crack formation. More AE events were
noticed upon reloading of specimens with repaired cracks. How-
ever, the difference was only significant when epoxy resin was
used as healing agent instead of polyurethane. Similar results were
obtained by Li et al. [100] with reference to encapsulation based
self-healing cement pastes.

Gruyaert et al. [63,64] have compared transmission of S-waves,
acoustic emission, vibration analysis and Digital Image Correlation
(DIC) results for monitoring self-healing of concrete beams (150
mm x 150 mm x 550 mm). Since the S-wave amplitude of the
ultrasonic pulses decreases when the crack width and depth are
increasing and increases during curing of the polyurethane in the
crack. The breakage of capsules was detected and cracking and
healing could be monitored. Moreover, with vibration analysis,
the partial recovery in mechanical properties of the self-healed
specimens could be detected. It is also worth remarking that AE
signals could be used also to evaluate the durability of concrete
elements subjected to different loading types.

4.3.2. Mechanical tests

The reconstruction of the through-crack material continuity
may result, as a function of the nature of healing and of the exper-
imental boundary conditions analysed in Section 2, into a recovery
of the same mechanical property of the material which was
affected by the pre-cracking. It is thus of interest to evaluate the
healing through its effects on the recovery of selected mechanical
properties, which can also help in calibrating a ‘“healing-
modified” decaying law for the material properties of interest in
a design-wise and life cycle evaluation perspective. In view of
the aforesaid statements, the same test employed for pre-
cracking is applied to evaluate the healing-related recovery of
the investigated mechanical properties.

4.3.2.1. Compression tests. Though widely employed to identify the
strength class of concrete, compression tests have been scantly
employed to assess the healing performance of cement based
materials. As a matter of fact, the test is able to induce in the spec-
imens a diffused state of damage, whose entity can for example be
correlated to an attained fraction of the compressive strength,
rather than a single controlled crack width, which is generally
the preferred control parameter to discriminate about healing
effectiveness.

The test has been applied by [27,28] to assess the healing capac-
ity of lime mortars, either autogenous or stimulated via crystalline
admixtures or engineered through encapsulated lime or cement
granules. Damage was induced by loading the specimen at pre-
scribed fractions of the previously determined compressive
strength, both in the pre-peak and post-peak regime, and healing
was quantified through the recovery of strength, comparing it to
the strength developed by companion undamaged specimens sub-
jected to the same curing and healing history.

Differently, Achal et al. [ 1] verified through the recovery of com-
pression strength the capacity of bacteria to heal 3 mm wide cuts
of different depths realized in concrete cube specimens.

4.3.2.2. Tensile tests. Since cracks are produced by tensile stresses,
direct and indirect tensile tests have been frequently employed
to evaluate the effectiveness of healing in cement based materials
through the recovery of post-cracking residual load bearing capac-
ity as well as of other tensile and flexural properties.

Direct tensile tests: because of the inherent difficulties in per-
forming stable direct tension tests, such tests have been scantly
employed to evaluate the healing capacity of plain concrete. Direct
tension has been applied by Wang et al. [191-194]| on prismatic
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mortar specimens via a central reinforcement bar, whose
elongation results in multiple cracking of the mortar. Crack closure
was measured via optical microscopy to assess self-healing.

However, tensile tests have found pertinent application in the
case of HPFRCCs, whose signature tensile behaviour not only
makes it possible to perform stable tests even without closed
loop control, but also makes it of high interest to ascertain the
capacity of the same materials to retain and/or recover by virtue
of crack healing the aforementioned signature tensile properties
in the cracked state. It is worth here remarking that, because of
the strain hardening behaviour, pre-cracking/damaging of speci-
mens is generally not performed to a prescribed level of single
crack opening but rather to a prescribed average strain level.
Because of this, and because of the multiple cracking which
occurs, evaluation of healing has been in most cases performed
simply through recovery of UPV signals (as explained in Sec-
tion 4.3.1) [82,123,205-206]. Other authors have also appropri-
ately evaluated the recovery of first cracking and peak strength
and stiffness [68,98,145,146,205-207]. A few authors have also
assessed the recovery of the strain capacity ([98,205-207]| as
well as of energy absorption capacity to a prescribed strain level
[121,122].

The splitting tensile test has been widely employed for pre-
cracking specimens to be employed for durability-recovery healing
assessment tests; anyway the strong instability of its post-cracking
response has resulted into a scant if not null use for the evaluation
of healing trough the recovery of mechanical properties. Only a few
authors have employed it, with reference to HPFRCCs
[126,148,149], to evaluate the effectiveness of healing trough the
recovery of strength, stiffness and deformation capacity.

Interestingly, Sahmaran et al. [148] have also assessed the heal-
ing in terms of the number of formed multiple cracks as well as in
terms of maximum/minimum and average crack width, whereas
Dvorkin et al. [36] and Pourasee et al. [134] employed it to study
the sealing of pre-cracked TRC specimens for various textiles and
fabric-matrix interface types.

Other indirect tensile tests: Cuenca et al. [25] and Cuenca et al.
[25] have employed the Double Edge Wedge Splitting Test [34]
to assess the healing capacity of Fibre Reinforced Concrete (FRC),
both autogenous and engineered via crystalline admixtures, under
repeated cracking/healing actions as induced by wet/dry cyclic
conditioning of specimens.

4.3.2.3. Flexural tests. Three- and four-point bending tests have
been, so far, the most commonly employed test to assess the heal-
ing capacity of cementitious composites through the recovery of
mechanical properties.

Because of the possibility of producing a single crack in a known
location and controlling its width, three point bending tests have
been mostly and almost exclusively employed to evaluate the heal-
ing capacity of plain concrete, in case engineered through supple-
mentary cementitious materials [181], crystalline admixtures [43],
bacteria [194,137] and lightweight aggregates impregnated with
sodium silicates [9]. Healing is evaluated through the recovery of
strength and stiffness. Ferrara et al. [43] proposed the calculation
of indices related to the recovery of the residual post-cracking load
bearing capacity (Index of Load Recovery ILR) and stiffness K (Index
of Damage Recovery IDR) (eqs. 13 and 14). They have proposed a
method, based on the graphical procedure illustrated in Fig. 9a-b,
for indirect evaluation of “equivalent” crack closure from the load
vs. crack opening response, defining an index of crack healing ICH
(Eq. (15)). Mutual correlation between the indices were also high-
lighted. It is worth remarking that, as for the recovery of durability
related properties, the recovery of mechanical properties seems to
proceed slower than the crack sealing.

ILR = Pmax,reloading - Punoading (13)
Pmax‘ucnracked - Punloading
IDR = Kreloading - Kunloading (.14)
Kloading uncracked — Kunloading
crack closure
ICH (15)

" initial crack opening

The same authors, through the evolution of post-cracking/
healing flexural stiffness, have proposed a procedure to identify
healing related damage growth curves, to be employed as model
input.

Ferrara et al. [44,45] and Li and Li [98] have also employed
three-point bending tests to assess the healing of FRC through
the recovery of post-cracking residual strength and toughness
respectively.

Four point bending tests have been also widely employed to the
purpose at issue in the case of HPFRCCs. As a matter of fact, the
presence of a zone in the specimen of constant bending moment
where cracks can form anywhere, allows the signature multiple
cracking of the tensile response of this category of materials to
occur as well.

In most of the surveyed studies, healing has been assessed for
the aforementioned category of cement based composites rein-
forced with different types of fibres, ranging from steel and PVA
ones to basalt, flax and hemp [157,159] and hybrid steel and sisal
[49]. Vegetable fibres may also act as promoters of healing, due to
their porous hierarchical microstructure, which enable them to
absorb water at a crack and convey it throughout the material.

A few studies on stimulated/engineered healing, via crystalline
admixtures [46], superabsorbent polymers [158,159,184] and bac-
teria [203] have also been documented.

Healing has been assessed through the recovery of flexural
strength, stiffness and deformation capacity. Interestingly it was
found that whereas the healing rate in terms of strength and stiff-
ness tends to increase upon prolonged exposure to favourable con-
ditions, the healing rate in terms of deformation capacity follows
an opposite trend. This may be explained considering a healing-
induced improvement of the fibre-matrix bond which results in
a higher through-crack stress transfer and in a stress redistribution
capacity occurring over a shorter length.

Qian et al. [135,136] have also attempted to evaluate the heal-
ing through the amount of cracks formed at new locations, other
than the pre-cracking sites, as also documented by Ferrara et al.
[49] in the case of hybrid steel and sisal fibre reinforcement. The
authors attributed it to the capacity of natural fibres to convey
water absorbed at the cracked site throughout the material thus
promoting diffused delayed hydration reactions.

Ferrara et al. [46-48] have also discriminated between
deflection-softening/hardening behaviour and have highlighted
that in the latter case the healing effect on the gross measured
recovery of load bearing capacity must distinguish the effects of
post-cracking healing from the pre-peak hardening inborn in the
material response. They have proposed definitions of healing
indices (Fig. 10) and correlated them with the visually observed
and quantified percentage of crack closure.

4.3.2.4. Fibre-matrix bond tests. Li and Li [98], Kim et al. [88] and
Ferrara et al. [50] have evaluated healing through the recovery of
fibre-matrix bond, hypothesizing that the observed recovery of
tensile and/or flexural properties, as above, is due to both recon-
struction of through-crack matrix continuity and improvement of
fibre-matrix bond. Healing has been evaluated by comparing the
pre-slipping/post-healing load-slip curve with the monotonic ones,
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Fig. 9. Typical pre-cracking vs. post-conditioning flexural load vs. crack opening response (a) and procedure for effective crack closure evaluation (b). Correlation between
Index of Load Recovery as per Eq. (13) (c) and Index of Damage Recovery as per Eq. (14) (d) vs. Index of Crack Healing, as per Eq. (15) [43].

up to complete fibre pull-out, obtained on companion specimens
submitted to the same curing and healing regimes and tested at
same stages.

4.3.2.5. Interface shear strength. Parks et al. [129] evaluated healing
through the recovery of adhesion shear strength across a through-
cut in a cylindrical sample; the width of the cut was controlled by
means of polyethylene spacers.

4.4. Methods of analysis of the healing products

Contemporary methods of instrumented analytics have success-
fully been applied to characterize the nature of self-healing mineral
or petrochemical polymeric products, as hereafter detailed:

- Scanning Electron Microscopy (SEM), most beneficially as Envi-
ronmental SEM (ESEM) whereby sputtering and exposure to
high vacuum of the non-conductive and water-rich samples is
avoided for physical reasons, utilising Secondary Electrons
(SE) or complementarily Back Scattered Electrons (BSE)
[1,3,9,13,18,20,27,38-40,43,44,46,51,53,63,64,68,69,70,71,75,

78,81-83,85,86,94-96,99,103,104,106,108,110,124-126,128,12
9,133,135,137,145,147,151-153,155,162,165,188,189,191-193,
203,216].

SEM combined with Energy Dispersive X-ray analysis (EDX or
EDS) as line-plots or area mappings for qualitative and quanti-
tative elemental analysis [3,20,27,38-40,43,44,46,69,75,78,81,
82,88,95,96,99,104,106,108,124-126,128,129,135,137,150,152,
153,155,162,192,204,205],

most beneficially complemented by Powder X-ray Diffraction
(p-XRD) of manually extracted self-healing products for qualita-
tive assessment of crystalline phases and consecutive quantifi-
cation via Rietveld refinement, whereby amorphous and so-
called X-ray amorphous species cannot be detected because
they reveal no sharp reflexes [3,9,18,20,27,73,69,78,82,83,86,95,
104,108,128,133,137,152,153,169,204,211].

Further methods have also been used, including
Infrared Spectroscopy (IR e.g. in the form of Attenuated Total

Reflectance mode Fourier Transform IR, ATR-FTIR) [9,38,39,69,
82,83,95,111,137,163], or Raman spectroscopy [68],
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Fig. 11. Self-healing products in concrete mixtures with encapsulated minerals (cf. the table) as quantified by EDX overlaid on SEM images (Nova nano SEM 450, FEI; Bruker
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- Thermogravimetric Analysis (TGA) in line with Differential
Scanning Calorimetry (DSC) [18,95,111,124,133,150,152,158,1
65,177,188,191,204], or TGA combined with mass spectroscopy
(MS) [69],

- Nuclear Magnetic Resonance (NMR) spectroscopy such as pro-
ton NMR ("H NMR) [70,132] or Magic Angle Spinning solid state
NMR with aluminium or silicon nuclei (?’Al or 2°Si MAS SS
NMR) [73,95], and

- Transmission Electron Microscopy (TEM) [82].

The above mentioned methods, which help in disclosing the
chemical or mineralogical nature of the self-healing products, are
intended to complement observation of crack volume filling effi-
ciency by additional methods, which include (see also Section 4.1
Crack closure quantification):

- permeability measurements, see Section 4.2,

- ultrasonic transmission, see Section 4.3.1,

- acoustic emission analysis [62,181], optical microscopy with
original sample surfaces or on petrographic thin sections or pol-
ished sections, impregnated with fluorescent resin, whereby

calcium carbonate gets characteristically coloured upon mineral
ascription from classical mineralogy [9,17,38,39,41,53,63,64,68,
81,93,94,99,104,108,140,141,149,155,158,181,184,189,205],

- further optical microscopy techniques such as digital 3D optical
microscopy to resolve crack depths [88,121],

- Electron Probe Microanalysis (EPMA) [88],

- X-ray Computed Tomography (cT or XCT)
[40,52,53,88,103,124,161,162,184,192],

- Mercury Intrusion Porosimetry (MIP) [150,133,195,196],
despite its principal physical drawbacks regarding potential dis-
crepancies between the real pore structure and the measure-
ment results [31,114],

- neutron radiography imaging, which method visualises and
quantifies water spatially and time resolved [156,176,182].

In general, using only a single method should be regarded as
insufficient for thorough identification of self-sealing as well as
of products which cause the sealing and healing of the cracks. Most
recent publications have thus used multi-method approaches,
which are highly recommended for any follow-up studies as well.
It has proven most efficient to combine
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Fig. 13. Polymorphs of calcium carbonate formed in self-sealed cracks upon carbonation reactions imposed on well cementing composite containing Ca-doped mesoporous

silica as self-healing agent [95].

- the imaging technique SEM or ESEM to optically identify the
morphology, with

- overlaying EDX mapping for elemental analysis, and

- some further qualitative and quantitative but not spatially
resolving method such as p-XRD, TGA/DSC, or IR

for routine analysis to yield sufficiently detailed information as the
basis for primary chemical-mechanistic interpretation. More
sophisticated instrumented analytical methods are, however,
required for in-depth characterisation of self-healing products
and to elucidate the underlying chemical reactions.

It is worth remarking that chemical and mineralogical charac-
terisation of the self-healing products to understand self-healing
mechanisms can only be meaningful if the constituents employed
to promote self-healing, including those intentionally synthesised
to the purpose, had been previously analysed in detail. As a matter
of fact, the literature survey has revealed that calcium carbonate,
mostly in the form of calcite, is the predominant self-healing mate-
rial if no special promoters are used, irrespective of whether the
matrix is based on Normal Portland Cement (NPC) as the sole bin-
der or is blended with Supplementary Cementitious Materials
(SCM). Besides, the hydration of un-hydrated NPC phases [146],
especially C3S and C,S, was also confirmed as a cause of the healing
especially for young concretes, as well as in mortars with Ground
Granulated Blast Furnace Slag (GGBS), artificially cracked at ages
younger than 28 days. This was supported by the observed pro-
nounced formation of calcium silicate hydrate (C-S-H) phases,
which had lower Ca/Si ratio than the surrounding matrix [124].
The same mechanism of delayed C-S-H formation was found to
take place in high-volume fly ash strain-hardening cement-based
composites (SHCC), which were mechanically cracked, at rather
young ages of up to 28 days only. In such materials, portlandite
was available to be consumed to a significant extent and to pro-
duce reactions only at later ages [153].

Where self-healing mineral promoters were intentionally intro-
duced, instrumented analytics disclosed the respective reaction
mechanisms and self-healing products (Fig. 11. For instance,
silicate-based self-healing additives and admixtures, respectively,
expectedly react primarily with portlandite forming new C-S-H
phases. However, it was shown that there is a distinct potential
of reaction with calcium aluminate species forming calcium alumi-
nate/silicate hydrate (C-A-S-H) phases [3,73] (Fig. 12) or even
increasing the amount of ettringite [84]. Upon intended carbona-
tion of a well cementing composite enriched with Ca-doped meso-
porous silica species as the self-healing promoter, polymorphs of
calcium carbonate were detected in self-sealed cracks (Fig. 13.
Self-healing approaches using bacteria unambiguously disclosed
that the biologically intended excretion of calcium carbonate,
mainly in the form of calcite, in fact was the decisive mechanism,
e.g. [38,39,151,165,177,192]. Further details of chemical and min-
eralogical self-healing strategies and efficiencies can be found in
[26].

In this respect it is furthermore worth remarking that, besides
distinct chemical-mineralogical characterisation of any self-
healing product, also characterisation of the “bond strength”
between self-healing products and crack flanks, is also required
as a basis for mechanical interpretation and modelling [77].

So far in the literature only “indications” or “claims” that the
intrinsic mechanical properties of the respective self-healing prod-
ucts determine the mechanical properties of the self-healed body
(i.e. with calcite lower than with “postulated” or “real”, i.e. proven,
C-S-H being the major self-healing product species). Gilabert et al.
[55] performed an experimental and numerical study to analyse
the crack filling process in encapsulation-based self-healing con-
crete. The amount of healing agent released in the crack is visual-
ized using micro Computed Tomography scanning. Tensile
mechanical tests were performed to evaluate the strength contri-
bution of the cured healing agent. A computational fluid dynamics
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model was developed to understand how the healing agent
spreads in the crack as a function of the crack width.

5. Monitored case studies

A set of site trials using a range of self-healing technologies
were conducted by a joint team of researchers from Cardiff, Cam-
bridge and Bath universities [166,167]. The trials were undertaken
on a UK highways project and were facilitated by the main contrac-
tor Costain Group Plc. The trials comprised a number of concrete
wall panels, each of which contained different self-healing materi-
als/systems. These included; (i) microcapsules containing sodium
silicate solution; (ii) bacteria-infused perlite and nutrient-infused
perlite; (iii) shape memory polymer tendons and; (iv) embedded
vascular networks for the delivery of a healing agent (sodium
silicate).

The layout of the cantilever wall-panels, illustrated in Fig. 14.

It consisted of 6 test panels, which were loaded in flexure by the
application of a normal horizontal force near the upper surface of
the wall. The load was applied via tensioned bars, which were
jacked against a reaction wall. The reinforced concrete cantilever
wall panels were cast, left to cure for a period of approximately
35 days and then subjected to a series of loading cycles. Some pan-
els were first loaded such that a horizontal crack formed up to a
0.3 mm opening. The panels were then unloaded, allowed for a
self-healing curing period of 24 days and subsequently reloaded
to assess the strength and stiffness regain. Other panels were left
in stressed condition during the self-healing curing period such
that the 0.3 mm cracks formed during the first loading cycle
remained open during the self-healing curing period. The walls
were monitored with displacement transducers, crack mouth
opening gauges and a Digital Image Correlation (DIC) system.

The results of all panels that contained a self-healing compo-
nent showed some degree of healing but in most cases the healing
ratio was limited to a few percentage. One of the main benefits of
the work was to show how laboratory scale self-healing techniques
could be scaled up for real site applications.

6. Conclusions

In this paper experimental methods for characterizing the crack
self-sealing and -healing capacity of cement based materials have
been reviewed, together with the techniques for the analysis of the
nature of self-healing products. A range of techniques to evaluate
the effectiveness of self-healing and self-sealing technology,
including preliminary controlled damage (pre-cracking) methods
have been presented. Whenever possible, the correlation between
crack sealing and healing recovery of the material physical and/or
mechanical properties, as garnered through different experimental
methodologies, have been highlighted, with the aim of paving the
way to standardized approaches, for both testing and interpreta-
tion of the results. The main experimental artefacts that may affect
the experimental results have been also pointed out.

From the performed literature review, the experimental charac-
terization the self-healing capacity under sustained loads and
through-crack stress states has been highlighted as a research need
of the utmost importance which requires to be urgently tackled in
order to provide a sound basis for incorporation of self-healing
concepts and outcomes into predictive models and durability
based design approaches.

The chemical and mineralogical characterisation of the self-
sealing products is important to understand the mechanisms
behind self-healing. A more profound knowledge of these mecha-
nism will be required as a sound basis for modelling engineering
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aspects, as well as to strengthen and broaden the experimental
results. The characterisation of the “bond strength” between self-
healing minerals or petrochemical polymers and crack flanks is
furthermore required for a profound basis for mechanical interpre-
tation and modelling. This is needed also in the sight of assessing,
in a design-wise perspective, if and to what extent the intrinsic
mechanical properties of the self-healing products determine the
mechanical properties of the self-healed structural elements.
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