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Validation of Self-Healing Properties of Construction
Materials through Nondestructive and Minimal Invasive

Testing

Didier Snoeck, Fabian Malm, Veerle Cnudde, Christian U. Grosse, and Kim Van Tittelboom

When studying the self-healing properties of construction materials, a
plethora of destructive and nondestructive testing (NDT) techniques can be
used. In this review, the applicability of different nondestructive test methods
is discussed in detail. The methods can be categorized whether they are used
to study the encapsulation and/or protection mechanism of the healing agent,
the sequestered healing agent itself, the distribution of healing agents, the
trigger mechanism for healing, the healing efficiency, or healing performance.
Based on this categorization, nondestructive techniques found in literature are
discussed. In this way, a robust understanding of the different techniques can
be used for future research on self-healing construction materials.

1. Introduction

1.1. Cracking in Construction Materials and Self-Healing
as a Possible Solution

The disadvantage of some construction materials such as
concrete and asphalt is that they are prone to cracking. This
cracking is caused by shrinkage, freezing, and thawing, expo-
sure to aggressive agents such as sulfates and salts, differen-
tial settlements, thermal actions, mechanical loading, among
others.'>) Maintaining construction elements and thus the
material itself is needed and repair works are imminent.
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Although it is necessary, such repair or
maintenance works cannot always be per-
formed due to a lack of time, resources,
or accessibility. The cracks need to be
repaired somehow as the durability of the
element and construction may be endan-
gered. Self-healing is one of the promising
techniques which can be used.l®!

A self-healing process can be defined as
an autonomous (or with limited human
intervention) in situ repair of damage
occurring to materials. Up to a certain
extent, some building materials own a
natural self-healing capacity, which con-
tributes to their durability.[*~1% The natural
self-healing ability of building materials such as lime mortar,
cementitious materials, and even natural stone is related to
fluid flow migration.”l Water, intruding the porous building
materials due to capillary uptake or water infiltration, allows
the dissolution of calcium bearing compounds present in the
building material. The fluid transports them, from a zone rich
in calcium, to voids and cracks, where precipitation of the cal-
cium occurs. These recrystallized calcium compounds may fill
small cracks or close open pore networks. This type of self-
healing process is a natural and spontaneous process, and not
the result of special design features.”! However, as the natural
self-healing capacity of construction materials is limited, a
lot of work has been done to develop building materials with
increased or controlled self-healing properties. For a compre-
hensive review on self-healing mechanisms in construction
materials, we refer to the first papers in this Special Issue of
Advanced Materials Interfaces.

1.2. The Use of Nondestructive and Minimal Invasive
Techniques to Study Self-Healing

When studying the self-healing properties of construction mate-
rials, different destructive and nondestructive testing (NDT)
techniques can be used.'>?% The methods can be categorized
based on the fact whether they are used to study the mecha-
nism to encapsulate or protect the healing agent, the properties
of the sequestered healing agent, the distribution of the healing
mechanism, triggering of the healing mechanism, and the
healing efficiency or healing performance. Based on this differ-
entiation, multiple nondestructive and minimal invasive testing
techniques are discussed in this review paper (see Sections 2-7).
Most of them have the obvious advantage that the specimen or
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component is not damaged during inspection. So, the specimen
or component remains available for further testing, what is not
the case when destructive test methods are used.

Mostly, crack formation is required to activate the healing
process. One needs to mention that the cracking technique
itself is of destructive nature. The evolution of cracking and
crack healing can then be monitored and studied over time by
means of nondestructive testing. Although several nondestruc-
tive characterization techniques exist, it remains important to
mention that they often require a sampling strategy and sample
preparation and therefore indirectly interfere with the original
construction material. In most cases, however, it is possible to
keep such a process minimal invasive for the material.

1.3. Microscopic Investigation and Electron-Based Techniques
to Study Self-Healing

Generally, visual inspection techniques are among the most-
used nondestructive techniques including optical microscopic
analysis, which requires samples on the order of a few centim-
eters. A frequently used microscopic technique uses polarized
light to visualize the studied object in transmission to charac-
terize minerals and structures.?!l This object can range from
the building material itself to the healing agent or product.
The preparation of a thin section is mostly considered to be a
destructive technique as the material is cut to a small slice and
as it is impregnated with epoxy resin.??l This technique is thus
not discussed within this review paper. However, optical, dig-
ital, and/or stereo microscopic analysis is one of the considered
nondestructive measurement techniques. A plethora of research
studies report on the use of these testing methods, which will
be discussed in the following sections of this review paper.

Next to optical microscopy, an analogous technique has
proven to be useful to study the properties on a micro- and
nanoscale, using electrons. Since electrons can be accelerated up
to a velocity very close to the speed of light, it is possible to create
electrons with a wavelength down to 0.1 nm, enabling scientists
to go down to the atomic and molecular scale of matter. A scan-
ning electron microscope or SEM is a type of electron microscope
that images a sample by scanning it with a high-energy beam of
electrons in a raster scan pattern. By using a focused beam of
electrons, the SEM reveals levels of detail and complexity inac-
cessible by optical microscopy. The electrons interact with the
atoms of the sample, producing signals that contain information
about the sample’s surface topography, composition, and other
properties such as electrical conductivity. In the most common
or standard detection mode, secondary electron imaging or SEI,
the SEM can produce very high-resolution images of a sample
surface, revealing details about less than 1-5 nm in size.?’ In
order to obtain SEI images, the samples need to be dry and
coated with gold or carbon (in order to be electrically conduc-
tive) and an SEI detector needs to be present. Often, a back-
scattered electron (BSE) detector is used in analytical SEM along
with the spectra made from the characteristic X-rays.?* Because
the intensity of the BSE signal is strongly related to the atomic
number (Z) of the specimen, BSE images can provide informa-
tion about the distribution of different elements in the sample,
while energy-dispersive X-ray spectroscopy (EDS or EDX)20:22 is
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commonly used to perform an elemental analysis or a chemical
characterization of a sample based on its unique atomic struc-
ture determining a set of peaks on its electromagnetic emission
spectrum. EDS is one of the variants of X-ray fluorescence spec-
troscopy which relies on the investigation of a sample through
interactions between electromagnetic radiation and matter,
analyzing X-rays emitted by the matter in response to being hit
with charged particles. Its characterization capabilities are due in
large part to the fundamental principle that each element has a
unique atomic structure allowing X-rays—that are characteristic
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of an element’s atomic structure—to be identified uniquely from
one another. By means of EDX it is possible to perform point
analysis, line scans, and point mappings.*>! Mostly, Rietveld
analysis is needed to obtain quantitative results.

1.4. Use of X-Ray or Neutron Radiography and/or
Tomography to Study Self-Healing

Microscopy has always been an intriguing area of science since
it allows looking at objects in a way which is beyond the possi-
bilities of the naked eye. Although modern optical microscopes
make it possible to look at matter at the microscopic scale,
there is also a limit: the wavelength of visual light. The smallest
distinguishable features are determined by this wavelength due
to the fact that even a microscope with perfect lenses is sub-
jected to diffractive effects. By changing the source of illumi-
nation to a radiation probe with a smaller wavelength, smaller
details can be observed and, as mentioned before, the electrons
used as probe in electron microscopes can reach resolutions up
to the nanometer scale. One issue, which is common to both
microscopic techniques, light microscopy, and electron micros-
copy, is the need for sample preparation. Although it is pos-
sible to study objects by detecting reflected light/particles, even
then some kind of sample preparation (like polishing) is often
needed. Moreover, in both modes, no true 3D information
could be obtained (only slices or surfaces are visualized). While
minimal invasive imaging techniques such as electron micros-
copy and fluorescence microscopy can be used to study the self-
healing effect, these methods have the drawback that identical
locations cannot be visualized before and after healing. There-
fore, nondestructive imaging techniques are preferred as they
allow to monitor the dynamic changes in real time. Several
nondestructive imaging techniques, such as X-ray radiography,
neutron radiography, X-ray computed tomography (X-ray CT),
neutron CT, among others, have been used to study self-healing
of building materials at both qualitative and quantitative levels.

An important fact about X-rays, next to the fact that their
resolution is higher than that of light, is that their penetrating
power is largely dependent on their energy (which is directly
related to their wavelength), making it possible to adjust the
energy of the source to the type of sample under investigation
(based on size, composition, among others). This makes X-rays
not only suitable for microscopic purposes, but in general pro-
vides a method for nondestructive imaging of objects of all
sizes (from several meters large down to only a few microme-
ters).126:271 X-ray radiography and computed tomography provide
nondestructive 2D and 3D visualization and characterization,
creating images that map the variation of X-ray parameters
like attenuation within objects. An X-ray beam is attenuated
when X-ray photons are removed from the beam by interac-
tion with matter. Most transmission CT devices are based on
the principle that the object is positioned in between an X-ray
source and an X-ray detector. CT scanning in material sci-
ence requires a rotational motion of the sample relative to the
source—detector system. While for medical scanners the object
remains fixed and the X-ray source and detector revolve around
the sample, in CT analysis the object is mostly placed on a rota-
tion platform with a fixed X-ray source and detector. Modern
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X-ray detector systems are often based on 2D-pixel arrays such
as CCD cameras, flat-panel detectors, or image intensifiers.
They measure X-ray transmission in the form of digital radio-
graphs that are stored on a hard disk. Hundreds of X-ray radio-
graphs are acquired for one single X-ray CT scan from different
rotation angles between 0° and 360°. After the data collection,
reconstruction algorithms calculate the slices or cross-sections
through the object. The smaller the sample, the better the reso-
lution of the images will be. X-ray CT is ideal to characterize
nondestructively the internal 3D structure of a construction
material. Therefore, this technique has often been used to char-
acterize the self-healing properties of a material.

When dealing with natural self-healing in construction
materials, this is mostly linked to a high water supply and the
possibility to dry as during cycles of wetting and drying ions
can be mobilized. Small amounts of water inside a stone are
sometimes difficult to detect using X-rays and then well-known
techniques to visualize water inside a building material are
neutron radiography and tomography. Neutron imaging is a
radiographic imaging method using neutrons. As such, the
approach is rather similar to X-ray imaging as neutrons are also
able to penetrate material depending on the specific attenuation
properties of that material. Using neutrons, it is also possible
to obtain the 2D or 3D internal structure of the object under
investigation as neutron radiography and CT, similarly to X-ray
radiography and CT, use radiographic projection images of the
sample. For neutron CT, radiographs are required at different
angles (typically either 180° or 360° to cover the whole sample).
After reconstruction of the stack of radiographs, a 3D image of
an object is created by combining multiple planar images with
a known separation just like for X-ray CT.

Both X-ray CT and neutron CT have their pros and contras.
While X-rays mainly interact with the electrons of an atom, neu-
trons rather interact with the atomic nucleus. Because of their
different radiation matter interaction characteristic, there is a
higher probability for X-ray interaction with atoms with a higher
atomic number, while neutron interaction can lead to a good
visualization of water because of the high scattering probability
with the hydrogen atom, having a low atomic number. However,
neutrons can also initiate the activation of the nuclei by neutron
capture, producing instable radioactive isotopes. Therefore, sam-
ples need to be tested for radioactivity after neutron imaging.
Besides a different linear attenuation coefficient between X-rays
and neutrons, they also can reach different resolutions. X-ray
sources as well as synchrotron radiation sources can reach easily
a resolution below 1 pum. Additionally, synchrotron radiation
sources have a very high brightness. On the contrary, neutron
sources comparably have a lower source brightness and cannot
easily be focused. Typically, neutron CT imaging is on the order
of 10 um and above. On the other hand, neutron CT imaging
is ideal if one wants to look inside a dens rock sample of sev-
eral centimeters toward water migration as the rock will become
almost invisible for neutrons while the water is clearly visualized.

1.5. Acoustic Techniques to Monitor Healing
Based on the propagation of elastic waves in solid media, ultra-

sonic testing can be applied to study material properties or
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material changes due to mechanical, thermal, and chemical
effects. Elastic waves are mechanical expansion/elongation pro-
cesses, characterized by temporal and spatial expansion.?*-3% In
solids, elastic waves can propagate in different modes. The most
important are the two body waves—the longitudinal (or com-
pression) waves with particle motions in the direction of wave
propagation and the transverse (or shear) waves, with particle
motion perpendicular to the direction of propagation.?!l In a
homogeneous half-space, the surface waves like Rayleigh waves
are produced by the interference of longitudinal and transversal
waves with the boundary. Rayleigh waves appear in an elliptic
retrograde motion. The other types of surface waves, i.e., Love
waves, occur only in layered media. In solids with dimensions
smaller than the wavelength or with interfaces in the wave direc-
tion, Lamb waves and torsional waves can be generated. In finite
media, ie., specimens with boundaries, the direct waves with
modes as mentioned above (compressional, shear, Rayleigh,
Love, and Lamb waves) are followed by waves that are summa-
rized as “coda.” The coda waves are caused by reflections, mode
conversions, and other effects, and contain a more or less “dif-
fused wave field”1*? as well as information about material proper-
ties. In ultrasonic testing, elastic waves with frequencies between
20 kHz and 10 MHz are typically used. In this way, various
measuring and data processing techniques are implemented
depending on the objective and the actual boundary conditions.

The position of the transmitting and receiving sensors
defines the measurement procedure. An ultrasonic measure-
ment in transmission is based on the propagation of an elastic
wave which is induced at a certain point A and recorded at
another point B, while A and B are typically at opposite sides.
In comparison, the pulse echo technique is based on the reflec-
tion of the excited ultrasonic pulse and sensors A and B typi-
cally coupled to the same side of the specimen. Depending on
the frequencies of the ultrasonic wave, reflections and mode
conversions, a coherent or an additional incoherent (diffuse)
field has to be taken into account. A concrete test specimen can
be considered as homogeneous if the wavelength of the consid-
ered ultrasonic waves is larger than its aggregates. At frequen-
cies where the wavelength and the aggregate or other internal
features (pore size) are of the same order, waves are highly
attenuated by scattering and dissipation.

In time domain, the velocity of the ultrasonic signals
(derived out of the “time of flight”) is an important parameter
of the signal.?*-37] Other useful information for the characteri-
zation or monitoring of concrete structures, mainly based on
coda waves, can be provided by the amplitudel***% or energy
of the full signal*'* waveform in terms of coda wave inter-
ferometry** A transformation into the frequency domain
can give further insight*>°°! into material properties. Several
studies proved that even small changes in the material micro-
structure are detectable using coda-wave interferometry tech-
niques. However, it is important to know that the above-men-
tioned ultrasonic analysis methods or parameters are highly
sensitive to the measurement setup. A good way to analyze
the impact of the setup is considering the NDT application as
a measuring chain, where all the individual elements have an
influence on the resulting data. Following system theory,"%>’l
individual transfer functions of test setups and the components
of the measuring chain (sensor characteristic, coupling, cable,
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A/D converter, etc.) can be determined. After quantifying (and
eliminating) these influences from the signal, material proper-
ties such as composition, curing conditions, moisture content
or microstructure effects like pores as well as the mixing pro-
cess of cementitious materials can further have an impact on
the transmitted and received signals device.*!

Compared to individual ultrasound measurements con-
ducted once or a few times in a nonrepetitive way, ultrasonic
testing methods can also be applied in a more or less continuous
way. Ultrasonic transmission measurements have been used to
monitor the setting behavior of fresh mortar or concrete.>>-61l
This application also enabled an in situ evaluation of the poly-
mer-based healing process in cementitious materials.%?l In
addition, different modifications of the transducer setup can be
found in the literature.l®l In comparison to constant ultrasonic
measurements, burst signals are primarily used to increase the
measuring frequency. This restricts the data analysis technically
in a considerable way. Due to requirements of wave attenua-
tion (pulse energy) and frequency evaluations (broad frequency
band), such measurements are demanding concerning sensors
and the electronic equipment such as amplifiers. Since the con-
trol of crack formation is usually carried out under high load,
e.g., in a three-point bending testing machine, interferences of
the measured signals with low amplitudes with electronic noise
from the machines can have an effect on the data quality. This
involves, for example, low-frequency vibrations or electromag-
netic interference. Noise should be reduced as far as possible
in advance and taken into account in the measurement records.
Filtering or postsignal processing are suitable tools to extract
relevant information from the recorded noisy signals.>>64-¢7]
With regard to the application of ultrasonic-based methods for
the evaluation of self-healing effects in cementitious materials
Ahn et al.l¥l are giving an overview.

Impact resonance and vibration analysis are applied to deter-
mine the elastic material properties of mortar and concrete test
specimens. By evaluating the resonance frequencies and the
eigenfrequencies of the specimen, taking the given geometry
into account, this nondestructive technique allows to derive
global information about the structural damage conditions by
changes of the natural frequencies or their amplitudes. Pro-
viding that a certain solid media behaves ideally elastic and is
homogenous and isotropic, the dynamic modulus of elasticity
(Young’s modulus) of a cementitious material is mainly related
to its dimensions, elastic material constants, and density. There-
fore, the elastic and also the shear modulus of an object can be
calculated from the measurement of the fundamental longitu-
dinal, flexural (transverse), and torsional frequencies and the cor-
responding mathematical relationshipl®®7%—a feature that is well
established in scientific research and material testing.”'~7° Mate-
rial changes due to physical and chemical stresses are detectable
Dby the change of the natural frequencies of the entire system.

Elastic waves, which are emitted in concrete during crack
propagation for example under mechanical or thermal load,
are referred to as acoustic emissions. In acoustic emission
(AE) analysis, the waves are received by suitable sensors on the
surface of the structure and transmitted as a transient analog
signal. A transient acoustic emission signal is composed of
many individual frequencies of different wavelengths while
these frequencies are governed by fracture parameters such
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as crack width and length.’® The typically considered fre-
quency range of acoustic emissions in concrete structures is
between 20 and 100 kHz.””! Signals are recorded and evalu-
ated in the ultrasonic frequency range due to ambient noise
conditions and have a low signal amplitude compared to ultra-
sonic methods. The AE signal amplitudes have to be amplified
accordingly before recording.*!l If the displacement measured
by an AE sensor is not absolutely calibrated, AE data are typi-
cally relative values and the comparison of different individual
experiments and setups is difficult. AE analysis detects irrevers-
ible deformations and is therefore suitable for the analysis of
temporal-spatial crack propagation in both the outer and inner
regions of structures in real time, e.g., for permanent moni-
toring of bridges."’!

There are generally two different ways to record and ana-
lyze AE signals. Using a more qualitative parameter-based
way, parameters such as crossing a given threshold, maximum
amplitude, rise-time or signal duration are extracted from
the transient signal and stored.’”] This enables for a fast and
widely automatic data processing but the individual signal is
not recorded. A subsequent verification of the results and in
particular a discrimination between signal and noise is impos-
sible. A more quantitative, i.e., signal-based, way of AE analysis
is made possible through the recent improvements in the field
of electronics and computation (data processing, storage, and
memory capacities). Here, in contrast to the qualitative anal-
ysis, the complete signal is recorded and stored, which allows
for both a detailed analysis and a subsequent review.3!l The
signal-based method of AE analysis is based on the localiza-
tion of the acoustic emissions by proper algorithms similar to
seismology and the hypocenter localizations of earthquakes. To
localize an AE event, different algorithms can be used. Most of
them are based on the triangulation method (Geiger method
in seismology) or the Bancroft algorithm!”®l (developed for the
Global Positioning System), but there are many modifications
and some new algorithms defined.”°-°] The classic 3D localiza-
tion of the acoustic emissions is based on the relative differ-
ence of the travel times from the source to the individual sen-
sors and is defined by the onset time of the P-wave (or other
wave modes) at the individual sensors. In order to determine
the location of the source in three dimensions a minimum of
four determined arrival times are required to calculate the four
unknowns (three Cartesian coordinates and source time). It is
important to ensure good spatial coverage of the AE sources
using a sufficient number of sensors. In practice, a number of
sensors significantly larger than four are required to increase
the reliability of the localization derivations and to enable for
numerical accuracy calculation. Considering the full waveform
of AE signals provides a tool to evaluate the fracture mechanical
processes in the material. This refers to the stresses in the frac-
ture zone, the failure mechanisms (modes I, II or III), and the
forces around the crack.

1.6. Purpose of This Review Paper
Multiple of the aforementioned nondestructive and minimal

invasive testing techniques has been applied to study self-
healing in construction materials. In the following sections,
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these techniques are categorized and discussed on their use
to study self-healing characteristics. At the end of this paper,
a summarizing table shows the possibilities, boundary condi-
tions, and advantages and disadvantages of the nondestructive
techniques which can be used.

2. Techniques to Study the Encapsulation and/or
Protection Mechanism of the Healing Agent

Some healing agents need to be encapsulated or protected from
the surrounding matrix. Of course, one needs to be certain of
the effectiveness of such encapsulation or protection technique.
Different nondestructive and minimal invasive test methods
can be applied and are thoroughly discussed below.

2.1. Performance and Physical Properties of Capsules
and Protection Materials

The most easy and quick analysis is by naked eye or microscopic
analysis for example of protection techniques for superabsorbent
polymers (SAPs) used to promote autogenous healing in cemen-
titious materials.®® As the incorporation of SAPs can be detri-
mental for the mechanical properties of a cementitious material
with a high water-to-binder ratio due to macropore formation
upon absorption of mixing water,®”#) a solution may be that
the SAPs may be either pH responsivel?®°!l or may be coated."”
In low water-to-binder ratio systems, the SAPs may have a posi-
tive influence in terms of mechanical properties due to internal
curing.®® The coating could be studied microscopically or by
means of filtration tests. In these tests, water is added to the
coated SAP and it is investigated whether the coating is able to
slow down the absorption of mixing water.’””) Also to study the
performance of encapsulated healing agents, microscopic anal-
ysis has been used. In the study of Wang et al.”®l the effective-
ness of encapsulating a bacterial healing agent to heal cracks in
cementitious materials was investigated by microscopy.’!

Currently, the effective contact angles inside a pore system
can also be measured. Armstrong et al.’¥ directly determined
the curvature of a fluid interface of a brine in a sandstone in
order to calculate the capillary pressure through direct pore-
scale imaging. Andrew et al.”l and Schmatz et al.” measured
the contact angle directly using broad ion beam-scanning elec-
tron microscopy (BIB-SEM) and micro-CT. Klise et al.l’’! devel-
oped a method to automatically record contact angles from
large images. In the past, this direct approach has been suc-
cessfully applied to predict fluid behavior inside porous mate-
rials, such as rocks®® and could also be a tool in the framework
of characterizing self-healing.

Contact angle measurements have been used by Van Tittel-
boom®!to compare the release efficiency of a polyurethane based
healing agent, used for crack healing in cementitious materials,
from glass capsules and ceramic capsules. Therefore, the sur-
face energy of glass, ceramic, and polyurethane was calculated
based on these contact angle measurements. While the meas-
ured surface energy of ceramic was lower than the total surface
energy measured for polyurethane, the value measured for glass
approached the one for polyurethane. This led to the conclusion
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that ceramic capsules have a lower capacity to be moistened by
polyurethane and would thus result in a higher release efficiency.
Contact angle measurements together with microscopic analysis
may also show the functionalization of microcapsules induced
by sunlight.'%! If a change in surface property such as higher
hydrophobicity or hydrophilicity is predicted, this technique can
quickly show whether healing can occur.

2.2. Size, Size Distribution, Individuality, and Morphology
of Encapsulation Materials

Visual observation, optical microscopy analysis, and SEM
analysis can be useful techniques to study the size and the size
distribution of (micro-) capsules.'9-1% Larger capsules can be
microscopically studied whereas the smaller capsules should
be studied with SEM analysis. While some researchers tend to
obtain a uniform capsule size distribution, others are in favor
of a grade of capsule diameters. As there would be a correla-
tion between the rupture force and the particle size of micro-
capsules, Lv et al.l191%] applied microcapsules with different
grade of diameters (obtained by sieving) allowing their self-
healing system to respond to varying trigger forces and thus to
heal cracks of different crack widths (see also Section 5.2).

To obtain a homogenous distribution of the capsules inside
the matrix (see Section 4), it is important that the (micro-) cap-
sules do not stick together. Lv et al.l'% used optical microscopy
to show that their phenyl formaldehyde resin microcapsules are
separated from each other and would not agglomerate inside
a concrete matrix. Also Su et al.l% made use of SEM analysis
to proof that their melamine formaldehyde microcapsules with
rejuvenator only adhere to a limited extent and would thus not
agglomerate inside an asphalt matrix.

SEM is also an ideally suited technique to study the mor-
phology and the surface of microcapsules. Liao et al.l'%l and Su
et al.ll%l determined the microcapsule size, shell morphology,
and shell thickness using SEM. Lv et al.l!%! used SEM to show
that their developed polymeric microcapsules with phenyl for-
maldehyde resin shell have a regular globe shape and a smooth
surface. Also Dong et all'®l used SEM to show that their
ethyl cellulose capsules had a spherical shape. The capsules of
Lv et al.l%l and Dong et al.'%! ware prepared for embedment
in cementitious self-healing materials, but also when capsules
are meant to be embedded in self-healing asphalt, SEM has
been applied by Su et al.l'% to study the surface morphology of
their melamine formaldehyde capsules containing rejuvenator.
As the mixing process may have a big impact on the capsule
morphology, Dong et al.'%U studied the shape of the capsules
again after mixing by optical microscopy. Lv et al.l'%® used X-ray
CT to prove that their phenyl formaldehyde resin microcapsules
survived the mechanical mixing during sample preparation.
In an earlier study of Dong et al.,l'%! the morphology and the
surface of their urea formaldehyde microcapsules were inves-
tigated with optical microscopy. Moreover, the morphology of
the capsules was studied at different synthesis stages showing
the improvement obtained for each of the steps. After complete
capsule synthesis, deposits of polyurea formaldehyde particles
were noticed at the surface, which would increase the rough-
ness and the bond of the capsules with the cementitious matrix.
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Additional information with regard to the capsules can be
gained from an SEM analysis when broken capsules are inves-
tigated. The capsule wall thickness can be measured and the
homogeneity of the wall thickness can be investigated. In the
study of Lv et al.'% and Su et al.,'% this information was used
to obtain an idea about the ratio between the shell thickness
and the diameter of the capsules and thus to have an idea about
the capsules storage capacity.

2.3. Fracture Behavior of Encapsulation Materials

If crack formation is used to trigger the healing mechanism (see
Section 5), capsules should break and release their content when
being crossed by a crack. SEM was used by Lv et al.l'l to study
the rupture pattern of their microcapsules and allowed them
to conclude that their capsules had a brittle fracture behavior.
In addition, Lv et al.l'®l used optical microscopy to study
the fracture behavior of their microcapsules before and after
being embedded in a cementitious matrix. First, they studied
the microcapsules being placed between two glass plates with
optical microscopy. It was shown that the capsules were broken
when compression was applied on the glass plates. Analyzing
the fracture plane of a cementitious matrix with embedded cap-
sules by optical microscopy also showed fracture of the capsules
and showed that the capsule walls remained embedded in the
cementitious matrix, so it could be concluded that there was a
good bond between the capsule wall and the matrix.

2.4. Stability and Durability of Encapsulation Materials

The stability and durability of capsules is also a major issue,
which needs to be investigated. When capsules need to be
embedded inside a concrete matrix, they are exposed to a very
harsh, alkaline environment with a pH ranging from 12 to 13.
SEM is one of the techniques, which can be used to investigate
whether the capsules can withstand this harsh environment. In
the study of Lv et al.'%! phenyl formaldehyde resin microcap-
sules were exposed to a simulated concrete pore solution for 48
h and subjected to an SEM analysis after rinsing with deionized
water. It was shown that the shape of the capsules maintained
but that the surface was covered with some granular sub-
stance, which was believed to be a layer of deposited calcium
carbonate which had no negative effect on the capsules. When
capsules need to be embedded inside an asphalt matrix, they
need to withstand both the mixing procedure and the exposure
to thermal cycles. Su et al.l1%! tested the integrity of their mela-
mine formaldehyde microcapsules by optical microscopy after
exposure to heating and squeezing.

2.5. Parametric Analysis of Encapsulation Techniques

Mostavi et al.1% used SEM analysis to perform a parametric
study and select the most ideal preparation parameters for the
production of their double-walled polyurethane /urea-formal-
dehyde microcapsules containing sodium silicate for healing
cracks in concrete. The influence of the agitation rate, pH and
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temperature on the shell thickness, and size and morphology
of the prepared capsules were characterized using SEM to
determine the optimum production process. It was concluded
that increasing the agitation rate resulted in better spherical
formation of the microcapsules, lower pH values resulted
in less cracking of the capsule shell and more complete shell
formation, and it was also shown that increased temperatures
decrease the density of pores on the microcapsule surface.

3. Techniques to Study the Sequestered
Healing Agent

Prior to adding a healing agent into a construction material and
prior to healing, the performance of the healing agent needs to
be studied. In this way, one gets a first indication whether the
healing agent will result in successful crack healing within the
construction material.

3.1. Visual Observation of the Healing Agent

In cementitious materials, many healing agents can be used.
Microscopic analysis has been applied to study microcapsules
containing different healing agents,[190:110-114] expansive agents
and crystalline products,!''>!1 synthetic microfibers,[8¢117-120]
steel fibers,'2!] superabsorbent polymers,[2%86.122-125] hacterial
spores,[126127) among others. Microscopic analysis is used to
determine the size and the morphology of the healing agents.
In this way, information about the surface of the materials can
be found. Also the type of fiber and shape can be interesting to
study as the form may lead to a different cracking behavior and
healing.[122:128]

The porous nature and porosity of natural fibers for strain-
hardening cementitious materials aiming at autogenous
healing can be investigated using microscopy.l'?*132 In this
way, the authors know which effects and water absorption
could be expected, as the fibers may partially absorb mixing
water, leading to an unwanted reduction in workability. The
microscopic technique can also be used to verify spore for-
mation in an easy way.!'?’l Growth of cells could easily be
visualized by increased turbidity of the medium. For the SAP
healing system, not only the visual appearance of an SAP par-
ticle can be studied, also their 3D distribution can be investi-
gated,[123125133] and their swelling ability as a function of time
by dropwise addition of water can be determined.®®122] By sub-
sequent image analysis, the swelling capacity can also be esti-
mated based on volume increases.[8%134

3.2. Microscale and Elemental Composition of the Healing Agent

SEM combined with EDX spectroscopy is a commonly used
technique to study the properties of a healing agent on a micro-
scale. The technique may also be used to study the morphology,
size, and shape of the healing agents. Compared to micro-
scopic analysis, SEM enables to study the bacteria at nano-
meter to micrometer scale.'?”] It allows determining the shape
and size of the bacteria. Carriers for immobilizing bacteria can
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be studied as well by means of SEM and EDX analyses,!!20]

showing whether or not bacteria are present within the car-
rier and in which number they are present. Furthermore, the
polymerization technique and the porosity of SAPs can be
studied in detail by SEM analysis.['?213%] This allows estimating
the swelling characteristics and amount of swelling as it is
influenced by the specific surface area of the SAP exposed to
the used liquid. Furthermore, powdery expansive agents and
crystalline admixtures can be studied and characterized, prior
to mixing into a cementitious material.'** By using SEM, the
irregular shape and size range of the crystalline agents could be
studied. Furthermore, EDX analysis can be used to study the
constituents of the crystalline admixtures.

3.3. Stability of the Healing Agent

In studies with regard to bacterial self-healing in cementitious
materials, the viability of bacteria can be tested beforehand,
prior to healing in situ and next to the already mentioned
microscopic analysis. The crystallization by means of bacteria
can be studied by means of SEM, CT, X-ray diffraction (XRD),
and thermogravimetric analysis (TGA) on the obtained mate-
rial.7-13% In this way, one can be certain whether or not
the bacteria are able to precipitate the wanted crystals, when
exposed to similar environmental conditions as compared
to the application in the construction material. Other healing
agents which can be studied by means of TGA are for example
SAPs[122 and MgO type of expansive agents,['*) among others.
TGA is a technique where a small amount of material is heated
while recording the mass loss. Based on the mass loss, the
composition of the material can be investigated and it can be
determined whether a material would degrade at certain tem-
peratures. If some healing agents would be exposed to very
high temperature conditions, they may start to degrade or dis-
solve, which is unwanted.

As mentioned in Section 2, Lv et al.l'%! studied the stability
of their microcapsules in a concrete pore solution by SEM anal-
ysis. In addition, the availability and the status of the encap-
sulated healing agent were investigated after immersion of the
capsules in a simulated concrete pore solution. After immer-
sion, capsules were ruptured by compression and investigated
by an optical microscope proving the presence of healing agent
in the capsule core. This led to the conclusion that the concrete
pore solution had limited effect on both the capsule wall and
the healing agent.

3.4. Leakage Properties of the Healing Agent

Lv et al.l'%l also used optical microscopy to investigate whether
the DCPD healing agent embedded in the phenyl formalde-
hyde resin microcapsules is released upon capsule breakage.
When the capsules were broken between two glass plates,
release of the healing agent was noticed. Also when cap-
sules were embedded in a cementitious matrix, release of the
healing agent was noticed when studying a crack plane by
optical microscopy. However, it should be noticed that during
this experiment Lv et al.'%l heated their samples until 30 °C
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to speed up the release of healing agent. As this heating may
have a major effect on the viscosity of the healing agent, it will
favor the leakage efficiency of the agent (and not only speed up
the release).

Gilabert et al.'*11%2l performed experiments in which the
outflow of the two components of a polyurethane-based healing
agent (each of them with its own viscosity) was investigated
within concrete cubes, with an artificial flat crack with a width
of 300 um, while scanning with X-rays. Based on the concept
of differential imaging, two scans were made per experiment:
one before the glass capsules containing the healing agent
was broken and one after. Prior to breakage of the glass cap-
sules (Figure 1a), 3D image analyses were performed to quan-
tify the volume of healing agent inside the capsules from the
reconstructed CT images. After breaking the glass capsules
by a slight tap on the smallest concrete prism, part of the
healing agent leaked out of the capsules, and more than half
stayed behind in the parts of the capillaries furthest removed
from the crack (Figure 1b). However, only a small volume of
healing agent was found in the gap between the concrete blocks
(Figure 1c), which primarily was linked to one component of
the healing agent. For one of both components the viscosity
seemed to be too low, which resulted in the fact that it did not
stay in the gap but was absorbed by the matrix (a result that
could visually be confirmed after the test). Since concrete is
known to have a wide pore size distribution, it is not unlikely
that part of this component had to be found in pores with a
size smaller than the resolution of the X-ray scans (typically on
the order of micrometers) leaving this component therefore
undetectable on the CT scans. It could thus be concluded that
if the viscosity of the healing agent is too low, it is absorbed
by the matrix. However, also from the second component only
part could be found in the crack. This is caused by the fact that
if the crack is formed in a sudden way (in this study impact

Figure 1. 3D illustration of the healing agent (red) in the different steps
of the experiment: a) in the beginning of the experiment, when the glass
tubes are still intact; b) after the movement of the smallest concrete
prism has broken the glass capsules, thereby releasing part of the healing
agent; c) a side view of the leakage of healing agent within the artificial
crack. Reproduced with permission.[*1142] Copyright 2018, Elsevier.
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loading was applied) and if the crack is too wide (in this case
the crack width amounted to 300 um) the healing agent will
not flow out of the capsules as the capillary effect in the glass
capsules retains the fluid inside.

Also in one of their later studies,*3] this research group
made use of X-ray CT to visualize leakage of the healing agent.
This time, scanning was performed on cores drilled from
large concrete beams, to prove that a later used one compo-
nent polyurethane leaked out of the glass capsules and flew
into realistic cracks made in a large concrete beam (150 mm X
250 mm x 3000 mm) loaded until an average crack width of
250 um during a four-point bending test.

4. Techniques to Study the Distribution

When adding certain healing agents to construction materials,
they may clog together. However, a nice dispersion is wanted
and the self-healing mechanism should be uniformly distrib-
uted throughout the complete building material or within the
zones where damage is expected. In such way, healing will be
more efficient. If the healing mechanism would not be dis-
persed as uniform as expected, part of a construction element
may not show healing. This is unwanted, as a robust and uni-
form healing is needed, especially in terms of safe design of
self-healing construction materials.

4.1. Visual Observation, Radiography, and Tomography
to Study the Distribution

A first technique to study the distribution of the healing agent is
by looking at the surface of cast elements or samples. By looking
at a structure with the naked eye, conclusions can be drawn on
the distribution. Furthermore, the distribution of microcapsules
at a surface can be studied by means of microscopy,10-112114
and the macropores formed by SAPs can be studied as
well.B71*4 The found capsules and macropores should evenly
be distributed. Also, by looking at the formed SAP macropores,
one can estimate the amount of swelling of the SAPs in terms
of mixing water.?Zl This is interesting, as the correct amount
of additional water needs to be added to the cementitious mate-
rial. If too much water is added, the overall water-to-cement
ratio is altered and increased."*) If too less water is added, the
water-to-cement ratio is decreased, leading to a densification of
the cementitious matrix®! and a higher amount of unhydrated
particles needed to sustain autogenous healing.[®”14%l By micro-
scopically monitoring the formed macropores and back-calcu-
lating-volumewise the absorption capacity, one can verify this.
X-ray radiography has been used by Van Tittelboom et al.l'*’]
to study the distribution of tubular capsules inside a concrete
matrix. As damage is mainly expected near the bottom of con-
crete beams loaded in bending, a uniform distribution of cap-
sules within this zone would be beneficial. While in some test
series, long glass tubes or short glass capsules were connected
to the lower reinforcement bars, in other series, glass capsules
surrounded by a mortar layer were placed at the bottom of
the mold and tended to flow toward the required zone during
sample vibration. In the last series, glass capsules embedded in
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cement paste bars were added to the concrete during mixing.
As capsules did not seem to survive the mixing process, even
when protected with cement paste bars, they were further
mixed in by hand. The molds of this test series were filled in
two layers, which the lower layer containing the mixed in cap-
sules. From the X-ray radiographic images it could be seen that
when capsules were placed at the bottom of the mold, they
indeed ended up in the required zone near the bottom of the
beam. When capsules were mixed in by hand, a more or less
homogenous distribution of the capsules through the complete
concrete matrix was noticed, although the capsules were only
added to the lower layer close to the bottom of the beam.

X-ray CT is an ideal technique to visualize the distribution
of microcapsules within the cementitious matrix. A uniform
dispersion is important to make sure that randomly existing
cracks cross enough capsules to allow healing. A uniform dis-
tribution, without agglomeration, of polymeric microcapsules
in a cementitious matrix was found by Lv et al.l'>1%] However,
in order to have a good contrast and a clear visualization of the
microcapsules, not only the capsule dimension is important
to visualize them using X-ray CT, but also their X-ray attenu-
ation has to be different from the matrix they are in. Using
the XCOM web database of NIST the theoretical total attenu-
ation coefficient of each component, such as microcapsules
versus matrix, can be plotted for different X-ray energies. If no
or low contrast is present, often doping agents, consisting of
a higher atomic number and therefore a higher X-ray attenua-
tion are added to either the capsules or the matrix.'*!] Figure 2
shows the volume rendering and overall uniform distribution
of microcapsules in a cement paste matrix.

X-ray CT has also been used to study the dispersion of micro-
capsules inside asphalt binders. As the shell of the melamine
formaldehyde microcapsules used by Su et al.'® contains inor-
ganic nano-CaCO; particles, the shape of the capsules could
be easily identified on the CT images due to the density differ-
ence between the capsule shell and the bituminous matrix. The
authors concluded that the microcapsules were homogenously
dispersed in the bituminous matrix without signs of capsule
agglomeration. In the study of Garcia et al.'"*8¥ nano-CT scan-
ning was used to study the distribution of steel wool fibers inside
self-healing asphalt. Although fibers were noted all around the
sample, which is important to reach uniform heating through
induction, when comparing images showing all fibers with
images showing only connected fibers, it was shown that not all
fibers were connected and moreover that fibers tended to cluster.

Figure 2. X-ray CT visualization process of microcapsules’ embedded
in a cement paste cylinder including a) volume construction, b) surface
generation, and c) transparent adjusting. The scale bar is 2 mm for all
three images. Reproduced with permission.'%] Copyright 2016, Materials
(Basel).
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5. Techniques to Study the Trigger Mechanism

While some self-healing mechanisms require a mechanical
trigger such as crack formation, others require a chemical,
physical or thermal trigger. In this section, how nondestructive
and minimal invasive testing techniques can be used to study
these trigger mechanisms is described.

5.1. Notification of Healing Agent Leakage

After crack formation, release of the healing agent from the cap-
sules can be noticed through visual observation of the sample
surfaces.'*1% Successful release of the encapsulated healing
agent mostly results in some healing agent leaching out of the
crack.'*3] If healing agents with a very low viscosity, such as
encapsulated minerals,[>% water repellent agents,['>! etc., are
used they penetrate fast into the matrix. In the latter case, only
a discoloration of the cementitious matrix will be noticed, but
this also proves a successful triggering of the mechanism. Pos-
sibly, a colorant may be added to the healing agent to improve
the discoloration on the sample surface.'>?!

5.2. Visual Notification of Capsule Rupture

In the study of Liu et al.'*3 X-ray CT was used to show that the
creation of cracks (with a width varying from 20 to 50 pm) in
a cementitious matrix triggered rupture of ethyl cellulose cap-
sules containing a bacterial healing agent. Also Iv et al.'®l used
CT combined with data reconstruction and image segmenta-
tion software to investigate the crack zone in cementitious
materials with self-healing properties and find a relationship
between the size of microcapsules and their trigger behavior.
Therefore, a small region around the crack was selected as
region of interest and different materials were color labeled.
The phenol formaldehyde microcapsules, the crack and the
cementitious matrix were defined with a yellow, blue and gray
color, respectively. To study the trigger behavior of the micro-
capsules, the upper half of the crack zone was isolated from
the region of interest. As can be seen in Figure 3, part of the

Figure 3. 3D reconstructed images showing the crack (blue), microcap-
sules (yellow), and cementitious matrix (gray): a) a selected section of
fractured cement paste in the vicinity of the crack; b) a top-down view of
crack surface. Ruptured microcapsules are indicated by a black square
box. The scale bar represents 1 mm in both images. Reproduced with
permission.'%l Copyright 2016, Materials (Basel).
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microcapsules was mechanically triggered by the crack, but also
a large amount was not triggered of which some of them left
behind voids as they were pulled out of the matrix. Performing
this type of analysis for samples with microcapsules of different
size ranges showed that for larger capsules (400-600 pm)
8.4% was triggered through crack formation, for medium size
capsules (200-400 um) 20.7% was triggered and for small cap-
sules (50-200 um) 34.7% was triggered upon crack formation.
It could thus be concluded that smaller sized phenol formal-
dehyde microcapsules tend to be more easily ruptured trough
crack formation and have a lower change of being pulled out of
the cementitious matrix.

5.3. Audible Notification of Capsule Rupture

In case mechanically triggered microcapsules are used to
sequester the healing agent, successful triggering of the healing
mechanism may be noticed as an audible pop sound at the
moment of crack formation.'>" These sounds are noticed after
the maximum loading capacity of the element is exceeded and
mostly correspond to small drops in the load-displacement
diagram.

Previous studies have confirmed that AE analysis is a suit-
able method to investigate the activation of capsule rupture
or fracture as well as crack initiation and crack propagation
in concrete. It can be performed in two different ways, signal-
based and parameter-based evaluation. A signal-based analysis
may be used to postprocess each single recorded waveform. If
for example, the signal to noise ratio of the AE acquisition is
low, subsequent filtering or complex algorithms can signifi-
cantly improve the evaluation.”%81:82154155] However, it must be
recognized that this also leads to a distortion of the signal.

Depending on the evaluation method and the characteris-
tics of sound wave propagation of the test object, good sensor
coverage is necessary. By means of an additional localization of
the detected acoustic emissions, the parameter-based AE evalu-
ation of self-healing properties can be further verified. Tsang-
ouri et al.1¢17] showed that high-energy events can be local-
ized and related to capsule fractures during crack initiation by
a three-point bending test. Van Tittelboom et al.l'*® also com-
bined the notification of audible pop sounds, with drops in load
and AE analysis to proof capsule breakage and thus to proof
triggering of the self-healing mechanism upon crack forma-
tion. In the latter study, cracks were created inside 50 mm X
110 mm x 500 mm concrete beams, containing encapsulated
polyurethane, upon loading in a three-point bending test. By
analyzing the energy of the AE events, capsule breakage could
be clearly distinguished from crack formation. Moreover, not
only during crack creation but also upon reloading high energy
events were noted, proving that upon reloading additional cap-
sules break and thus additional healing agent may be released.
Events caused by capsule breakage were also localized and com-
pared to the capsule position verified from the fracture plane as
can be seen in Figure 4.

However, these investigations have also determined that
detection of capsule fracture depends strongly on the accuracy
of the localization. Since capsules are ruptured during crack
formation, distinguishing these acoustic emissions from the
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Figure 4. Location of tube fracture planes determined by means of AE
analysis (blue dots) and measured from the cross section of the broken
beam (green dots). Reproduced with permission.[>® Copyright 2017,
Elsevier.

high amplitude emissions released by concrete cracking is
only possible when the position of the capsules is known or an
energy-based analysis based on crack patterns is performed.!'*’]
If only a parameter-based analysis is conducted or reference test
specimens are used to separate acoustic emission clusters, the
complete waveform needs to be analyzed. In order to increase
the reliability, surplus measurements with e.g., a large number
of sensors are necessary.

Figure 5 demonstrates the detection of the crack forma-
tion during a three-point bending test in situ. A video can be
found in the Supporting Information. The size of the acoustic
emissions is correlated to the energy and is shown in red for
the crack detection. Occurring high-energy acoustic emis-
sions are separated and referred to capsule breakage, which
are depicted in green. A verification similar to Van Tittelboom
et al.l'*® confirmed these results.

When increasing the dimensions of the test specimens and
introducing multiple crack formations from four-point bending
tests, acoustic emission signals can increasingly be drowned
in noise or characteristics of the often-used acoustic emission
parameters (energy, frequency) are even more changed than
for, e.g., lab-scale beams.'>” Thus, if the distance between the
acoustic source and the sensor placement increases, the signal
becomes significantly weaker due to geometric spreading.*®’
Additionally, localization becomes progressively more complex

Figure 5. Detection of crack formation (red acoustic emissions) and
capsule breakage emissions (green) during a three-point bending test
with the specimen in gray, the reinforcement bars cylindrically in gray and
the capsules containing the healing products in yellow.
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due to the increasing migration of microcracks. Therefore, as
specimen dimensions increase, the use of this nondestructive
test method becomes more limited to detect capsule breakage
and crack formation.

However, activation of the self-healing approach based on
encapsulated polyurethane was confirmed by means of acoustic
emission analysis for large concrete beams with dimensions of
150 mm X 250 mm X 3000 mm.!'**l Based on an energy anal-
ysis, a discrimination could be made between hits obtained due
to crack formation during a four-point bending test and cap-
sule breakage. Only in the case of capsule breakage, the energy
received by all the eight transducers placed at the surface of the
beam exhibited specific values showing the event.

6. Healing Efficiency

When the healing agent has reacted or the healing products are
formed, the healing efficiency should be investigated. This can
be done for cementitious materials, for asphalt, for masonry
mortars and for other construction materials.['®!

6.1. Visualization of Crack Closure upon Healing
and Determination of Healing Rate

The crack closure can be evaluated by means of microscopic
analysis. Either photography or light microscopy can be used.
This technique can be applied for all healing mechanisms and
different magnifications can be used. Microscopic analysis can
be used to study one crack or multiple cracks. Not only wide
cracks, but also narrow cracks can be investigated in great
detail.'®?] Furthermore, by means of image analysis, the extent
of healing, i.e., the visual closure of cracks, can be quantified.
If the healing efficiency is evaluated though a microscopic
analysis of the crack, different evaluation strategies are possible.
One way is showing the residual crack width as a function of the
initial crack width. Thus starting from a bisector for no healing
and with the curve shifting downward for healing as the crack
width decreases.l'3164 Another way is to investigate the per-
centage of closure as a function of the initial crack width. The
higher the curve, the more healing occurred.?>86:122165] A third
way is to study the total crack and to determine pixelwise the
amount/percentage of closure by comparing the total surface
of a crack before and after healing.[!!%1% [n the study of Roig-
Flores et al.l'”l different crack geometrical parameters were
measured and compared with water flow measurements before
and after crack healing. The following crack geometrical para-
meters were considered: the maximum crack width along the
whole crack length, the average crack width determined as the
average of the width measured at five fixed positions, the esti-
mated crack area which is calculated by multiplying the before
mentioned five crack widths with their associated lengths and
the crack area determined using graphic software which counts
the black pixels, representing the crack, in the image. Best corre-
lations were obtained from the relation between the water flow
measurements and the estimated crack area or the average crack
width. The correlation between the obtained water flow values
and the maximum crack width or the crack area based on pixel
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counting resulted in the worst relationship. Although, Roig-
Flores et al.'”] found a good relationship between the water flow
test and some of the crack geometrical parameters, it should be
noted that microscopic analysis only gives you an idea about
the crack healing efficiency at the crack mouth while water flow
tests may represent the healing efficiency of the complete crack.
Based on the internal crack geometry, evaluation of the healing
efficiency by measuring the width at the crack mouth will result
in an overestimation or an underestimation.l'”) If the crack tip
is having a lower width than the crack mouth, precipitates will
mostly be formed at the tip.'!! Also if the crack has a concave
shape internal crack healing will be promoted but for cracks
with a convex shape precipitates will most easily be formed at
the crack mouth. Also Kanellopoulos et al.' compared the
healing efficiency obtained via crack area measurements with
capillary water absorption tests. The absorption test only lasted
for 4 h but allowed them to conclude that when glass encapsu-
lated minerals are embedded in the matrix, healing materials
are not only formed at the crack mouth but also deeper in the
crack forming a barrier decreasing the capillary absorption.

Visually studying self-healing is interesting as a relationship
between healing of mechanical performance and crack sealing
can be found.'?21% This shows that a simple microscopic
analysis of the formed healing products in a crack may already
show that the material could regain part of its mechanical prop-
erties and durability. The amount of crack filling by healing
products is monitored over time and can be repeated after a
certain amount of time or healing cycles. A study after 3, 7,
14, and 28 d of healing is common when studying autogenous
healing in cementitious materials.8121122] In this way, conclu-
sions may be made in terms of the healing rate.

When bacteria are used to heal cracks in cementitious mate-
rials, the crystal growth and crack width reduction can be moni-
tored in time by using microscopic analysis.[?127:153168-176] Algo
when crystalline admixtures,[11>136:163,167.177] expansive agents,[163]
autogenous healing,82122118-120122128-130166178-156]  promoted
and stimulated autogenous healing with SAPs,[228689-92.122]
microcapsules with bacteria and other healing agents,°>110-112.187]
the combination of bacteria and SAPs,!*# 1% and sodium-silicate
saturated lightweight aggregates!®” are studied, microscopic
analysis can be used.

When samples are immersed during the healing pro-
cess, drying of the sample surface may be required before a
microscopic analysis of the crack can be performed. To do so,
surfaces may be wiped dry, samples may be taken out of the
solution some time before the analysis to dry or samples can be
dried by compressed air.l'®”! While not all researchers mention
how they treat the samples before microscopic investigation,
this might influence the measured healing efficiency. Drying
of the samples may expose them to additional CO, in the air
and this may enhance autogenous healing through calcium car-
bonate precipitation (because the process includes wetting and
drying rather than continuous immersion). Exposure to CO,
may also lead to carbonation of the specimens, resulting in a
change in porosity near the surface. Drying with compressed
air may loosen formed crystals in the crack, blowing them away
and decreasing the measured healing efficiency. On the other
hand, remaining fluids in a crack may cause erroneous results
as the crack surface boundaries are not clearly distinguishable.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Microscopic analysis can be combined with fluorescence
microscopy.1*31901921 However, epoxy needs to be inserted in
the crack and this can be considered to be destructive. But in
this way, the healing products can easily be investigated, using
a portable UV lamp. If the crack depth morphology and/or the
volume of healing crystals need to be known, a 3D microscope
can be used.*>1?8193] By using this 3D representation, conclu-
sions may be drawn on the extent of healing, the morphology
of the crystals and their structure. In this way, a 3D represen-
tation of the healed crack, the formed products or the healing
agent is made. Images may also be taken from a distance with
an SLR camera, which can also be employed on site to study the
fracture and healing behavior.' Tmage analysis afterward may
determine the crack closure. This so-called digital image cor-
relation (DIC) is a technique to study relative movements such
as crack formation. A speckled pattern is drawn on a specimen
and the dots serve as coordinate system in which strains can be
determined. The pictures are recorded as a movie or different
pictures can be taken with regular time intervals, even without
the use of a speckle pattern to register the formation of cracks
in large specimens.l'%! In the study of Isaacs et al.}* DIC was
used to study crack closure of mortar beams posttensioned with
shrinkable polymer tendons. In the study of Tsangouri et al.l%”]
DIC was applied on self-healing concrete with encapsulated
polyurethane to deduce the healing efficiency from the visualiza-
tion of the damage recovered zone upon reloading of the beams.
When tests are performed on a large scale and multiple cracks
are created DIC could be a very interesting technique to monitor
the opening of all crack mouths."*3] In this way the healing effi-
ciency of every crack can be related to the initial crack width.
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6.2. Chemical and Physical Composition of Formed
Healing Products

In order to provide a deeper insight into the nature of the
healing phenomena, the morphology, the crystal phases and
the chemical composition of the investigated healing products,
SEM and EDX can be used. It is possible to perform line scan-
ning or surface scanning of the sample. In this way, the healing
products can be studied in time and as a function of the location.
Bacterial precipitation can be studied qualitatively and quanti-
tatively using the SEM technique.[126:127169.171,172174175,198-201]
Based on counting of bacteria, conclusions may be drawn on
their viability and ability to precipitate. The composition and
the elemental analysis can state something about the usefulness
of the different types of bacteria studied. Studying the precipi-
tated healing products with SEM/EDX was applied for crystal-
line admixtures and geomaterials,['!>116136.177] for autogenous
healing,[?1-23121.202-205]  healing of lime mortars,?°! healing
through embedded microcapsules,'%1011 healing by porous
silica or lightweight aggregates as a capsule or carrier for
chemical or biological healing agents, 138194207 S A Pg[22,91,122,123]
and expansive powder minerals,'®”) among others. All these
healing techniques result in different products, being formed
and/or precipitated. By using SEM/EDX, quantitative conclu-
sions may be drawn on the overall chemical composition and
structure of the formed healing products. In this way, differ-
ences in precipitated healing products and where they are
formed can be investigated in detail. An example is shown in
Figure 6. Fukuda et al.?%! studied the healing efficiency in the
interior of the crack of ultrahigh performance concrete when

() si

Figure 6. Results of SEM/EDX analysis of healing products formed in ultrahigh-performance concrete when being exposed to seawater. a) SEM image,
b) Ca mapping, c) O mapping, d) C mapping, e) Mg mapping, and f) Si mapping. Note that cps indicates count per second. Reproduced with permis-

sion.[2%8 Copyright 2014, Springer Nature.
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being exposed to seawater by SEM/EDX analysis. SEM/EDX
was performed on a surface sawn orthogonal to the crack to
determine the composition of the sealing deposits, as shown in
Figure 6. From the SEM images it was noticed that precipitates
mainly formed close to the crack mouth and on the sample sur-
face. A few more um scale precipitates were also noticed inside
the crack. Elemental mapping by EDX of Ca, Mg, C, Si, and O
learned that the sealed crack region mainly consisted of Ca, C,
and O, which led to the conclusion that sealing was obtained
through CaCOj; precipitation. On the sample surface a layer of
brucite was noticed which was expected due to the exposure to
seawater.

Electron probe microanalysis (EPMA) can be used for the
elemental analysis of the formed healing products in steel-
fiber reinforced cementitious materials.'®! It is a technique
similar to the SEM-EDX analysis and uses a beam of electrons,
which are fired at a sample. The X-rays, which are emitted, are
detected by an electron microprobe that can tell us something
about the composition of the studied material. The big differ-
ence with SEM is the scale as characteristics on the micro-
meter scale can be investigated. EPMA can be used to study
the healing products and salts in terms of the observed X-ray
spectra.l'®! Another analogous technique to SEM-EDX and
EPMA is Raman spectroscopy. When comparing the obtained
spectra for different crystals, the composition of a studied mate-
rial can be determined, especially when comparing profiles
from uncracked and cracked areas.'?!l Raman spectroscopy
uses a laser light to react with molecular vibrations, shifting the
energy of the laser photons. This gives information about the
constitutional elements of the material studied, i.e., the formed
healing crystals. If a small powder sample can be extracted,
X-ray diffraction and/or Fourier transform infrared spectroscopy
(FTIR) is also an option to study the formed healing products in
autogenous healing and bacterial healing,[°%91:171:172,190,202,203,205]
as well as attenuated total reflectance (ATR) FTIR.[100.138187]
XRD measures the angles and intensities of diffracted inci-
dent X-ray beams to determine the molecular structure of a
crystal. The qualitative analysis of the obtained phases can be
done by means of Rietveld refinement.l126:137.138] FTIR studies
the absorbed or emitted light in a material in a wide spectral
range to determine the composition of the material. ATR-FTIR
studies the reflectance in a micrometer range.

TGA can also be used to characterize the obtained healing
products.86.91137.138,175,179,194199205.209. TGA can also be com-
bined with differential scanning calorimetry (DSC).?” DSC is a
thermo-analytical technique to study the amount of heat required
to increase the temperature of a sample compared to a reference.
It can be used to measure properties such as fusion and crystal-
lization events and the glass transition temperature of materials,
oxidation and other chemical reactions. The phase diagrams can
be used to study the formed products upon healing.?”] DSC is
mostly preceded by TGA as TGA can determine whether or not a
material degrades at certain temperatures. If this is the case and
the material is degrading, the DSC would give erroneous results.
One needs to mention that a certain small amount of material is
needed to conduct both tests. As the material is destroyed, one
may also classify these tests as being destructive. However, in
most cases, the amount needed is limited that it can be accepted
as being minimal invasive testing.
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6.3. Visual and Thermal Analysis to Assess the
Healing Performance

Self-sealing can be investigated by the naked eye. A nice
example is the use of a glass sheet at one side of a cracked
specimen, providing a direct view on the crack face through
the glass.?!% In the latter research, the mortar with embedded
water-swelling rubber particles showed a clear sealing behavior.
Furthermore, X-ray CT was used to visualize the self-sealing
efficiency and a decrease in water permeability was seen due
to the physical blockage by the swelling rubber particles.?!’!
Neutron radiography can also be applied to study the regain in
impermeability of a mortar containing SAPs upon water intru-
sion.?Yl By imposing a water head and monitoring the water
through a crack, the sealing can be investigated.

For self-healing mechanisms with embedded heating
devices, the 3D thermal distribution can be interesting. By ana-
lyzing the thermal distribution around a crack, the healing effi-
ciency can be studied.?"!l As the selfhealing mechanism had
an arrangement of heating devices and thermal plastic pipes
containing the repair agent, the heating serves as an assess-
ment for the healing capacity. Next to the visual appearance of
the healing agent, the selective melting of the organic film pipe
and the release of the repair agent into the crack was monitored
and seen as a temperature increase. As the healing progressed,
the temperature decreased, showing the healing efficiency.?!!

To compare the healing efficiency of asphalt with steel
fibers (healing through heating of fibers) at the one hand and
steel slag aggregates (healing through heating of aggregates)
at the other hand, Sun et al.2!? made use of infrared thermal
imaging. As in these asphalt mixtures, healing is triggered by
heating, it is important that exposure of the material to induc-
tion of microwave heating results in a uniform temperature
increase of the material. Infrared thermal analysis was used to
study the temperature increase, the temperature distribution
and the heating rate. They concluded that a more uniform tem-
perature distribution was obtained when self-healing asphalt
with steel slag was used as the aggregates occupied the main
volume while the fibers only occupied a small volume. Also
Menozzi et al.?"3l made use of thermographic imaging to study
the behavior of self-healing asphalt with steel particles during
induction heating.

6.4. Distribution and Amount of Healing in the Interior
of Building Materials

Most nondestructive techniques provide information from sur-
face properties. No information about the interior structure
or the ongoing processes can be obtained. In concrete, some
healing techniques stimulate crystal formation near the sur-
face. Sometimes, almost no healing is found in the interior
of the sample. By only studying the surface, false conclusions
may be drawn. Therefore, it is interesting to use high-tech tech-
niques to study the formed healing products in the interior of
a sample. Preferably, this should be done nondestructively and
in great detail with sufficient resolution. Self-healing can be
studied in the interior of the sample by using neutron or X-ray
computed radiography or tomography. Voids, reinforcement,
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aggregates and the cementitious matrix can be distinguished
based on their difference in density. Both techniques are used
to visualize the interior of a sample, as well as the formed
healing products, crack openings and healing product distri-
bution.[124149.151179.214215] The technique may also be used to
quantify the amount of healing (volume of healing products
and distribution along the crack) next to qualitatively studying
the healing products.l'?*l In this way, solid conclusions may be
drawn on the amount of autogenous healing capacity in the
interior of specimens,!'?32%4 the amount of bacterial calcium
carbonate crystallization or precipitation by a bacterial treat-
mentl!89216-218] o1 the amount of polymerization of polyure-
thanes from tubular capsules.'*1°!] The healing can also be
studied as a function of time by subsequent imposed healing
cycles or water curing.'’”! In the research study of Olivier
et al.l'”’ the self-healing kinetics of cementitious materials
containing ground granulated blast furnace slag was quanti-
fied through regular analysis by X-ray CT. It was shown that
crack healing also occurred at the inside and this with two-stage
kinetics: faster during the first weeks after cracking and then
slowing down. A similar analysis was performed to study the
self-healing efficiency of asphalt mixtures containing encap-
sulated rejuvenatorl?!%22% or steel particles to induce healing
through induction heating.?!3] In the study of Garcia et al. 21"
CT scan images of asphalt mixtures containing capsules were
obtained for samples before and after cyclic loading and after
healing. The porosity minus the initial air void content was
taken as an indicator for crack healing. While one sample
contained 4.1% air voids before cyclic loading, this amount
increased to 8.3% after cyclic loading due to the initiation and
propagation of cracks. However, after allowing the time for
healing through release of oil from the capsules the air con-
tent decreased toward 6.4% due to crack healing. These results
prove that about 45% of the cracking damage disappeared due
to healing. Also Menozzi et al.?!3l compared the air voids before
and after healing through induction heating to investigate the
recovery of fatigue damage. In addition, they analyzed the vari-
ation in the number of air voids along the sample depth. As a
homogenous distribution was noticed, it was concluded that a
distributed temperature profile along the height of the sample
caused by induction heating of the asphalt matrix had no influ-
ence on the healing efficiency. Although the temperature was
higher at the top of the specimen, a homogenous distribution
in number of air voids was found.

When the X-ray radiography images are combined after
scanning the sample over 360° to obtain a tomography,*>123l
this approach can be used to confirm the creation of localized
bridges (healing product) between the cracks faces and can con-
firm their location within the crack.*”] The results found by the
latter researchers corresponded with other nondestructive tests
used in that research, which were nonlinear modulation of
ultrasonic coda waves and 3D microscopy. Precipitation upon
healing of construction materials in seawater or in fly-ash sys-
tems can be studied as well.221223] In the latter studies, crystal
precipitation is clearly seen after performing repeated X-ray
radiography scanning before and after healing. The healing
conditions (healing in seawater) and the mixture composition
(specimens containing fly ash) had no influence on the effi-
ciency of the X-ray radiography techniques as the samples were
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Figure 7. X-ray microcomputed tomography of the precipitation in an
autogenously healed cementitious specimen containing superabsorbent
polymers. Reproduced with permission.['?2123] Copyright 2015, Elsevier.

dried before scanning and the precipitation could clearly be
distinguished.

An example of the amount of autogenous healing pro-
moted by SAPs studied by means of X-ray CT can be found
in Figure 7.1221231 A scan was made prior to healing and after
healing. By subsequent image analysis and subtraction of both
data sets, the amount of precipitation could be monitored and
quantified. In the right-hand side, a slide perpendicular to the
specimen’s axis is shown. The X-ray CT technique can there-
fore easily be used to study the precipitation in the interior of
the crack. Furthermore, it is possible to study the porosity and
the pore size distribution. X-ray CT was also used by Fukuda
et al.2%l to visualize the progress of crack sealing in cementi-
tious materials by extracting the precipitated region. It was con-
firmed that healing occurred mainly near the outermost part
of the sample. In the mostly sealed region (0-0.3 mm from
sample surface), 70% sealing was obtained after 49 d exposure
to seawater. Moreover, it was concluded that the maximum
sealing rate was obtained in the timeframe of 7-21 d immer-
sion and this rate amounted to 3.7%. Heating and recurring
in water may also be studied by means of X-ray CT.??Yl This is
important in terms of concrete damaged by fire. The percolated
crack space could be quantitatively observed and the reduction
in crack volume was studied in 3D and as a function of time,
showing healing under water supply.??* Studying the con-
nected pore space and the pore size distribution was another
way of proving the efficiency of the curing in time.[?24

In steel-fiber reinforced cementitious materials X-ray CT can
be used to visualize the debonding of the fiber.'®3 This infor-
mation is needed to study the fracture mechanics for multiple
cracking, which is an interesting property as it leads to small
cracks which can be healed by means of autogenous healing.[13!
This debonding can be seen by taking X-ray micrographs prior
and after testing.

Lv et al.??l used X-ray CT scanning to confirm visually the
results obtained with the binder bond strength (BBS) test with
regard to the self-healing behavior of bitumen and its influ-
encing factors. Therefore, X-ray CT scan analyses were per-
formed at set time intervals during the healing process. Air
bubbles and cracks in the samples decreased over time and
different stages were distinguished during the healing process:
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moving of adjacent air bubbles toward each other and merging
into one bubble (gathering), air bubbles at the edge of the film
are moving outside (moving) and air bubbles taking a round
shape during healing (rounding). The CT analysis allowed to
investigate the influence of different parameters such as the
healing temperature and time, the effect of a polymer modifier
and the effect of wet or dry healing conditions.

Garcial® studied the crack healing efficiency in asphalt by CT.
He wanted to proof that the speed of healing of thermally induced
self-healing asphalt (with steel wool or steel fibers) increases
with increased temperature according to the Arrhenius equation.
Therefore, broken samples were healed at different temperatures
and CT was applied over time at elevated temperature to visualize
the healing efficiency. The time required for complete healing
was used to calculate the activation energy. In Figure 8, the sub-
sequent X-ray CT images obtained for a sample heated at 70 °C,
are shown. Zones where the crack faces come together again,
or where the crack is healed, are represented in white. It can be
noticed that healed sections grow from the contact points and that
healing is more intense in the bottom part of the specimen.

40 min 50 min

30 min

Figure 8. CT reconstructions of a crack in asphalt healed at 70 °C showing healing in time

(white color). Reproduced with permission.?2%l Copyright 2012, Elsevier.
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6.5. Water (Im-)Permeability to Verify the Effectiveness
of Healing and Closure of Cracks

The main reason to implement self-healing properties in con-
crete materials is to improve the durability of concrete struc-
tures through an increase of the tightness after cracking.
Therefore, an ideal technique to measure the healing efficiency
is by measuring the water permeability after crack repair. A
low-pressure water permeability test may be used for smaller
specimens.[86:214227-22] These tests use cylindrical specimens,
which are cracked. Starting from an imposed water head and
the timing of a certain water flow, the water permeability coef-
ficient could be calculated. However, as a cracked cylindrical
specimen is needed, these tests are often considered to be of
destructive nature. However, analogous tests may be applied
on concrete elements without the need to drill cores.'*3] One
way is to position a water permeability test setup directly on the
specimen under investigation such as a concrete beam. Van Tit-
telboom et al.'* studied the selfhealing efficiency of SAP and
encapsulated polyurethane on large-scale concrete beams by
gluing water basins over separated cracks to
investigate the possible physical sealing of a
crack. While it was the idea that the decrease
in water column, of the pipette placed on top
of the basin, would give a correct indication
of the sealing efficiency, it was noted that
values did not correspond with the micro-
scopic investigation of the crack sealing
efficiency. It was not possible to prove the
sealing from this experiment as neighboring
cracks were interconnected and water started
to leach from these cracks. However, when
the sealing efficiency of separated cracks
in large-scale elements needs to be investi-
gated, the authors believe that this can be a
valuable technique. Another test is a water
leakage test which can show the recovery
of water-tightness of a cracked mortar plate
using a self-healing system.?!! It is a testing
method to measure the water permeability
through coating materials as described in
the Standard JIS A 6909. A pipette funnel
and the testing plate were sealed with a
silicone gel material. The test was carried
out until penetration of a water volume of
5 mL through the surface was reached. The
time needed served as an assessment of the
quality of healing. This simple test could
already show whether or not a crack is com-
pletely sealed. Precautions should be made
for the good adhesion of the test setup to the
overall material, as leaks should be avoided.
A sample can also be submerged or
partially submerged to study the healing
efficiency.?* However, you may alter the
hydration degree and a sample cannot be
submerged entirely in practice. A capillary
absorption test may show the regain in liquid
tightness when using various self-healing
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mechanisms.'1#231] In these tests, the amount of water

absorbed is gravimetrically compared for the different systems.
This can also be combined with neutron radiography measure-
ments.[124151214215] [ thege tests, neutrons are passed through
a specimen when it is absorbing water. As neutrons are easily
scattered by a hydrogen atom, differences in gray levels can
be seen. In this way, the water movement, capillary rise and
the water-front can easily be studied. Furthermore, by using a
quantitative analysis technique, the amount of water absorbed
can be calculated and compared to the gravimetric results.[?3?
In this way, the water movement at distinct locations can be
studied, together with vertical and horizontal water movement.
The technique showed good healing for cementitious materials
containing encapsulated healing agent!'>1214215] and a sealing
effect for cementitious materials containing SAPs as water
movement was prevented due to their swelling capability.l'4]

6.6. Use of Acoustic Techniques to Verify Healing

The most commonly used ultrasound evaluation methods for
the detection of self-healing effects in cementitious materials
are ultrasonic pulse velocity (UPV), surface transmission, dif-
fuse ultrasound and coda wave interferometry (CWI). A well
overview with suitable studies is found in Ahn et al.l%% It
remains to be stated that the different modifications of ultra-
sonic measurement techniques are suitable evaluation methods
for monitoring structural damage as well as the performance
of self-healing of cementitious materials. However, since there
is no standardized test procedure for the characterization of
damage and its repair, data acquisition and analysis are con-
ducted on an individual basis. In order to be optimally capable
of verifying the results, a detailed description of the test proce-
dure is necessary.

The self-healing efficiency of concrete using different types
of healing agents may be evaluated through artificially formed
and controlled microcracks. In ultrasonic testing, propagating
elastic waves are mainly reflected and scattered at the interfaces
between the crack walls. This presupposes that the crack location
is known and lies between the sensors, otherwise no variation in
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the signal would be recognizable. With increasing crack growth,
the behavior of the transmitted signal also changes. Depending
on the selected measurement setup and sensor placement,
analysis of the corresponding signal analysis can thus provide
conclusions about the crack development. In addition to the test
material properties, the type and application of the transducers
is an important component for the detection of variations in
the signal patterns. In this context, a reproducible measure-
ment procedure is essential to obtain a quantified result on self-
healing efficiency. To avoid decoupling effects by the transducer
ultrasonic continuous monitoring enables a quantification of
changes due to cracking, failure and healing.

Figure 9 presents analysis results of a continuous monitoring
test from the HealCon project on a reinforced concrete test spec-
imen (550 mm X 150 mm x 150 mm) and commercial surface-
coupled shear wave transducers. In contrast to the UPV method,
the correlation coefficient (between the ultrasonic waveform of
the pretested specimen and the damaged specimen) was used to
distinguish small changes in the material.?*>2%] The objective
within the project was to investigate the crack formation phase
(Figure 9, Phase 1), the relaxation behavior phase (Figure 9,
Phase 2) due to the existing reinforcement as well as the crack
sealing and healing phase (Figure 9, Phase 3) due to manually
injected polymers. The cracks were induced by a crack-width
controlled three-point flexure test.?*l After failure, the correla-
tion coefficient drops to slightly below 0. Due to the elastic exten-
sion behavior of the reinforcement, a slight crack closure after
stress relief is triggered, which is reflected by a rapid increase in
the correlation coefficient. The relaxation phase remained stable
for nearly 50 h. While the crack is sealed and the polymers form
a force-fit bond between the walls of the cracks, ultrasonic sig-
nals show a partial recovery to the initial condition. This example
demonstrates that the continuous ultrasonic technique can be
used for condition monitoring of cementitious materials during
damage and subsequent restoration. However, it is important to
note that the cementitious material with healed cracks constitutes
a new type of material compound, which was not considered
when calculating the correlation coefficient for the filling and
hardening phase (Figure 9, Phase 3). A conclusion on the quality
of crack healing (polymer distribution, rebond characteristics,
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Figure 9. Analysis of a continuous monitoring test with surface-coupled shear wave transducers showing the crack formation phase, the relaxation

behavior phase, and the crack sealing and healing phase.
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etc.) cannot be made without additional examination methods
(reloading curves, numerical analysis).

Granger was able to demonstrate in a modified and system-
optimized experiment autonomous crack healing effects on
ultrahigh-strength concrete during water-immersion tests by
using the time reversal technique.”>’! However, the transducer
remained coupled in this investigation as well. The Coda wave
interferometry is regarded as one of the most promising test
methods for examining acoustic transit time variations in the
ultrasonic signal. By mixing nonlinear coda waves with low-fre-
quency swept pump waves, small cracks can be detected globally.
Based on studies by Zhang et al.,?*®l Hilloulin et al.*! optimized
this evaluation method for detecting microcracks in cementitious
materials. Finally, in combination with additional nondestructive
techniques such as 3D microscopy and X-ray tomography, autog-
enous crack healing of mortar samples could be demonstrated.*!
As mentioned before, it is possible to observe and differentiate
crack failure, filling and hardening with a continuous sensor
coupling. If an examination is to be performed at individual
time intervals, e.g., after water permeability tests or in field and
a reinstallation of the testing setup is required, inconsistencies
within the data acquisition associated with transducer coupling
conditions should be eliminated. Approaches with air-coupled
transducers have already shown that reproducible and consistent
results for the detection of material parameters and microcrack
damage are possible even without direct sensor coupling.23-2421
Especially for the application on large test specimens this method
could have a great potential for monitoring self-healing. Due to
the absence of coupling effort, measurements can be carried out
much faster and more cost-efficiently.?+3]

Additionally, studies using piezoelectric transducers (smart
aggregates or SMAGs) embedded into the concrete matrix
have shown that the ultrasonic pulse velocity method is able
to monitor the damage and healing development in situ.[6224
If the transducers are embedded during production of the test
object, the piezoelectric sensor coupling can be substantially
simplified. However, it is necessary to assure that no coupling
changes between the transducer and cementitious matrix are
caused through stress—strain effects. Based on this knowledge,
further research was carried out to develop low-cost and appli-
cation-oriented transducers.l?*’]

To assess the autogenous healing efficiency of concrete, In
et al.*!l made use of in situ monitoring by diffuse ultrasound.
With the progress of healing, the arrival time of maximum energy
(ATME) decreased and the effective diffusivity increased until the
initial values found in uncracked concrete.?*) Moreover, it was
noticed that the evolution in ultrasonic diffusivity exhibited a quite
similar trend compared to the evolution in crack width. A larger
fluctuation was noticed in the results of the ATME measurements.
This was most probably caused by the fact that the measured
ATME is influenced by local bridging between the two crack faces.
Therefore, the authors concluded that diffusivity is a more reliable
and robust indicator for crack healing in concrete than ATME.

If heating needs to be applied to induce healing, the healing
process can be monitored using ultrasound. Franesqui et al.l**’]
studied self-healing of surface cracks in bituminous mixtures
after microwave heating was investigated. The ultrasound
technique was useful for tracking the crack depth over time,
the assessment of the crack depth evolution over time and the
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Figure 10. Schematic design of different types of resonance moduli:
longitudinal (left), flexural (middle) and torsional mode (right).

effectiveness of the self-healing approach. The method allowed
to determine the crack depth immediately and even for micro-
cracks unobservable to the naked eye. After placing a specimen
in an oven, a visual inspection was first carried out to verify the
healing of the cracks. Afterward, subsequent monitoring was
done. Ultrasonic testing showed that healing began at the crack
tip and spread toward the surface.**’]

Impact resonance analysis is applied to determine the elastic
material properties of mortar and concrete test specimens. By
evaluating the resonance frequencies, this nondestructive tech-
nique allows to give global information about the structural
damage conditions by changes in the natural frequency of
vibration. Based on solid media considered to be totally elastic,
homogenous and isotropic, the dynamic modulus of elasticity
(or Young’'s modulus) of a cementitious specimen is mainly
related to its dimension, elastic material constants and density.
Therefore, the elastic and also shear modulus of an object can
be calculated from the measurement of the longitudinal, flex-
ural (transverse) and torsional frequency of vibration and the
corresponding mathematical relationship (refs. [69,70,248]—a
feature that is well established in scientific research and mate-
rial testing’!~7l). This design of different types of resonance
moduli can be found in Figure 10. As a conclusion, material
changes due to physical and chemical stresses are detectable by
the change of the natural frequencies of the entire system.

Due to controlled laboratory test conditions in this study, degra-
dations are fully related to damage processes based on crack-width
controlled three-point bending tests. Finally, self-healing efficiency
is validated relatively by comparing the individual test specimens
in each single state, i.e., initial, cracked and healed. Due to more
stable results the first longitudinal, flexural and torsional eigen-
frequencies are evaluated to calculate the Young’s modulus and
the shear modulus. Finally, these variations should be, in terms of
magnitude, outside of the systematic and statistic error.

In order to be able to use the described ultrasonic evalua-
tion methods for a qualitative validation of the healing effi-
ciency, further research work is needed. It has been shown that
the amount and distribution of, e.g., polymer-based precursors
inside a crack for healed specimens depends on a large number
of parameters and consequently can fluctuate significantly. In
order to be able to determine the quality assessment of crack
sealing not only globally, the resolution of the characteristic
wave propagation has to be improved. A suitable method is
a scanning or tomographic US measurement based on the
UPV evaluation using surface-coupled transducers.?*! First
approaches to detect the partially crack closure due to auton-
omous healing with epoxy based precursors are presented in
Figure 11. A reinforced concrete beam (550 x 150 x 150 mm,
steel bar ¢ 6 mm) with artificially initiated crack formation
in the middle section was tested by longitudinal wave trans-
ducers. Indirect transmission measurements were performed
at an even distance of 2 cm along the cross-section width. The
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Figure 11. Crack depth calculation by determination of the transit time of
the longitudinal wave in ultrasonic transmission mode (top). Measurements

were conducted after the three-point bending test without load. Ultrasonic
transmission measurement after hardening of the polymers (bottom).

crack depth was calculated by determining the transit time
of the longitudinal wave propagation (top in Figure 11). If a
contact bond of the crack flanks occurs while the healing pro-
cess, the transit time is reduced (bottom Figure 11). The result
after hardening of the healing agents is shown in Figure 12.
It reveals that the crack depth corresponds to the dispersion of
the epoxy.

7. Healing Performance

If the healing is successful, its performance over time needs
to be studied. In this section, different nondestructive and
minimal invasive techniques to study the healing performance
of construction materials will be discussed.

Figure 12. Schematic cross-section view of the crack zone of a concrete
beam. Red areas mark the determination of the crack depth by UPV
method (comparable to Figure 11). In parallel, additional fluorescent pig-
ments (green) within the epoxy precursors mark the area of self-healing.
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7.1. X-Ray Analysis to Study Corrosion Inhibition of Rebars
and the Overall Healing Performance

Van Tittelboom et al.?”! made use of X-ray radiography to
study the performance of cracked mortar samples containing
encapsulated polyurethane while being exposed to an acceler-
ated corrosion test. For both, cracks orthogonal to and longi-
tudinal with the direction of the reinforcement, it was noticed
that when standardized cracks were autonomously healed
through release of encapsulated polyurethane, the onset of
reinforcement corrosion could be delayed. While for the refer-
ence samples pitting corrosion of the rebars was clearly noticed
at the vicinity of the crack, the onset of corrosion could be
delayed through self-healing. In addition to a qualitative evalu-
ation also a quantitative analysis of the radiographs was per-
formed and it was shown that the loss in reinforcement cross
section was largely decreased due to embedment of encapsu-
lated polyurethane.

Dong et al.l% used X-ray CT to study the performance of
a chemically triggered self-healing system to inhibit corrosion
of rebars in cementitious materials. Both, reinforced reference
samples and samples with embedded ethyl cellulose micro-
capsules containing sodium monofluorophosphate or sodium
nitrite were exposed to an accelerated corrosion test. X-ray CT
image analysis was repeatedly applied after each test period to
monitor the corrosion loss ratio of the embedded rebars over
time (Figure 13). After dismantling of the samples, rebars were
investigated by means of ESEM equipped with texture element
analysis microscopy (TEAM) to verify the CT image analysis. It
was shown that the identification of steel, corrosion products
and mortar with penetrated corrosion products was consistent
when using both techniques.

Another construction material for which the self-healing
performance has been studied by high resolution synchro-
tron CT, is the annular cement and the cement plugs of well-
bores.[141:251-2%5] The use of depleted oil and gas reservoirs for
capture and storage of CO, is considered as one of the prom-
ising solutions to reduce global emission of greenhouse gasses
but first the potential problem of CO, leakage through the frac-
tured cement needs to be addressed. While recent works have
proven that cracks in cement tend to heal, and thus the per-
meability decreases, when being exposed to CO,, this seems
only valid at nonflow conditions. When the CO, is flooded
through fractured samples, as will be the case for the cement
in the wellbores used for CO, storage, it has been noticed that
the permeability first increases (due to CaCO; dissolution and
the formation of an amorphous silica layer) and then remains
constant. In the study of Chavez Panduro et al.?*! in situ X-ray
CT was successfully applied under realistic subsurface condi-
tions (elevated temperature, high pressure and presence of CO,
saturated brine) onto a cured Portland cement sample with an
artificially engineered leakage path. As can be seen in Figure 14
carbonation of the bulk cement, self-healing of the leakage path
and leaching of CaCOj; could be visualized and quantified.
Moreover, the precipitation of CaCO;, which is most impor-
tant for healing of cracks in the fractured cement, was found
to be favored in confined regions having limited access to CO,.
In contrast to the synchrotron CT experiments, currently sim-
ilar experiments are also possible in lab environment using
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Figure 13. Reconstructed CT images visualizing the accelerated corrosion process. Left: Reference sample. Right: Sample with embedded EC capsules
containing sodium nitrite. Upper: 2D image of the sample. Lower: 3D image of the rebar and the corrosion products. Reproduced with permission.l1'l

Copyright 2018, Elsevier.

dedicated X-ray scanners where even reservoir conditions can
be simulated in the framework of the study on CO, sequestra-
tion processes in fractured reservoir rocks.[#1l

7.2. DIC, Visual, and Acoustic Analysis to Monitor
the Healing Performance

AE analysis has been used in parallel with DIC to study the
healing performance in cementitious materials with two dif-
ferent types of encapsulated polyurethane, a rigid one and a
flexible one.l?*®l Samples containing an encapsulated polymer
precursor were cracked, to trigger the healing mechanism. After
curing of the healing agent, samples were reloaded while being
equipped with an AE sensor. At the same time, the strains on
one side face of the sample, were a black-white speckle pat-
tern was foreseen, were monitored with a pair of DIC cameras.
Based on hit counting, normalized energy and rise angle, a dis-
crimination could be made between the healing performances
of both polyurethanes. Detection of polyurethane failure
through AE analysis was only possible in case of failure due to
brittle fracture of the rigid polyurethane, which generated high
energy acoustic events. DIC confirmed that there was a progres-
sive widening of the crack healed with the flexible polyurethane
(which could not be noticed by AE) while there was a sudden

140 min

CT field of view

: .
£Ee  Micros
vity

0.5 mm
-

480 min

Al. sample holder

widening of the crack healed with the rigid polyurethane (which
could be noticed by AE), as shown in Figure 15.

In another study!"! by the same research group, the perfor-
mance of crack healing by embedded SAP was compared to the
performance of crack healing by encapsulated polyurethane.
Therefore, cores were drilled from the crack zones of the healed
concrete element after reloading. These cores were injected
with a fluorescent dye and microscopically investigated under
fluorescent light. It was shown that only the polyurethane was
able to follow the crack movement upon reloading as ingress of
epoxy resin was prevented.

Depending on the type of polymers used, varying strengths
of mechanical rebonding of the crack surfaces are obtained.
Thus, similar to the AE analysis studies on the detection of
capsule breakage, polymeric failure can generate acoustic emis-
sions while reloading a repaired mortar or concrete beam.
Other factors which affect the healing performance and at
the same time the acoustic emission analysis, apart from the
encapsulation technique, are the viscosity of the precursors or
the stiffness after curing.’®23!l Depending on the propaga-
tion of the polymeric fluid within the crack, acoustic emissions
are emitted due to loss of the adhesive bond. To detect this
debonding an external stress, such as through three- or four-
point bending tests, is required for the application of the AE
analysis to monitor the healing performance. In combination

310 min

Figure 14. a) Cross-sections of the cement sample during the in situ CO,-brine exposure. Zone | represents unreacted cement, || CH depleted zone,
111 fully carbonated zone, and IV porous zone depleted of calcium. The brighter zones (zones Il and V) in the slices are highlighted in orange for ease
of visualization. The sketch to the left illustrates the off-axis position of the sample within the Al container. b) Zoomed-in view of a region of zones 11|
and IV. Reproduced with permission.[?>!l Copyright 2017, American Chemical Society.
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Further studies have also proven that a
generalization on the applicability of evalu-
ation methods for cementitious materials
repaired by polymers cannot be made.[5825¢]
Individual factors such as type of sensors,
material composition, amplification tech-
nology, load scenario, etc., as well as the
healing procedure (type of healing agents,
manual or autogenous healing, encapsula-
tion method, number and distribution of
healing agents) individualize each test series.

108 Most of the aforementioned NDT tech-

B ! I S S S ] I S
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Figure 15. DIC monitoring of strain along the crack height at peak load and at snapshots taken
10 s before and after. Crack healing occurred through release of a rigid (CUT.A1) or a flexible
(SLV.AT) polyurethane. Reproduced with permission.?**l Copyright 2017, Elsevier.

with additional nondestructive testing methods such as DIC,
ultrasonic testing (individual and continuous) vibration anal-
ysis, acoustic emission data can be correlated as in AE anal-
ysis for structural health monitoring (SHM), previously used
damage parameters such as the (improved) b-value can be used
to evaluate stress drops, stress redistribution and micro- or
macrocrack behavior.?7-2%01 A broad overview of the parameter-
based evaluation of fatigue damaged reinforced cementitious
materials is presented by Noorsuhada.?>’]

In Figure 16, a qualitative healing performance by locating
released acoustic emission for autogenous healing (Figure 16,
left) and for manual healing (Figure 16, right) is presented.
Microcracks in the concrete specimens were partially filled by a
two-component epoxy resin via embedded glass capillaries. The
rapid reaction between the two epoxy components prevented
a more extensive spread into the cracks. Fluorescent particles
were added to the precursor to reveal the area of propagation
of the epoxy resin. By locating emerging high-energy emissions
while loading the beam 7 d after the initial crack formation,
the epoxy resin failure correlates for the manual healing with
the localization results perfectly. For the specimen repaired by
autogenous healing, additional mismatching acoustic emis-
sions are recorded. Supplementary parameter-based evaluation
methods did not provide any further insight to their origin.

Figure 16. Results of the acoustic emission analysis of reinforced con-
crete beams (550 x 150 x 150 mm) with autonomous (left) and manual
(right) healing properties. Green dots mark the localized acoustic emis-
sions after reloading. Additionally, brown areas mark the distribution of
epoxy precursors.
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izing individual phenomena such as local
damage, the fluid propagation behavior of
different polymers, or crack sealing behavior.
In contrast, vibration analysis can be used to
characterize and compare the entire system
without damaging the specimen. This property enables the
technique to be used for evaluating the healing performance
of force-fitting polymers and resins. The different states (ini-
tial, cracked, healed) to be investigated can be distinguished
by their harmonic resonance vibration. The dynamic Young's
modulus or shear modulus may be determined by a conversion
of the individual resonance frequency from the fundamental
mode. Since reinforced concrete or mortar test specimens are
composite materials, it is not possible to make a qualitative
assessment of the degree of damage. The same applies to the
assessment of healing efficiency for mechanical properties. Due
to the resulting novel cementitious composite containing addi-
tional bonding (healing) materials, it may be possible to exceed
the initial, uncracked stiffness. This has already been proven
by using the load-CMOD (crack mouth open displacement)
curve.l162]

7.3. Other Methods to Study the Healing Performance

Yildirim et al.l?®!l evaluated the self-healing performance of
cementitious composites with three different nondestructive
testing methods namely: electrical impedance (EI) testing using
a concrete resistivity meter, a rapid chloride permeability test
(RCPT) measuring the current passing through a sample being
exposed to a NaCl solution at one side and a NaOH solution
at the other sample side while current is applied across the
two opposite sides and resonant frequency (RF) analysis using
steel balls to generate impact and thin-end pick-up sensors
for detection. It was concluded that EI testing could prove the
occurrence of self-healing, while for RCPT and RF test results,
self-healing was less clearly noticed. As EI is easy to perform
and takes limited time, this nondestructive testing method
seems promising for self-healing assessment. However, it
should be noticed that EI is very sensitive for changes in the
ionic state of the specimen. When comparing each of the three
techniques, a clear exponential relationship was found between
EI and RCPT measurements. Results from RF did not seem to
correlate with EI and RCPT due to the fact that different para-
meters affect each of these test results. While EI and RCPT are
mostly influenced by the pore conditions (size, discontinuity

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and tortuosity, or pore network) and the chemical composi-
tion of the pore fluid, RF is mainly influenced by changes in
dynamic modulus of elasticity and mechanical integrity. Only
when changes in the parameters effecting EI and RCPT also
considerably improve the mechanical properties of the mate-
rial, it will be detected by RF.

The healing performance may also be studied by means of
nuclear magnetic resonance (NMR) tests.2%2l In this specific
publication, a glass tube is embedded in a specimen. After
cracking the specimen, it was glued and sealed at the exterior.
Using a syringe, extra water was added in the glass tube, thus
inducing autogenous healing. NMR was quantitatively used to
study the water profiles.'*] By comparing the masses deter-
mined by means of a balance and by means of NMR, conclu-
sions could be drawn on the extent of autogenous healing. The
NMR signal decreased due to the decrease of the total porosity
in the saturated region. A very slight increase of the NMR signal
of gel pores suggested that additional gel had been formed in
the bulk paste adjacent to the crack. The results were further
substantiated by means of EDX measurements. A solid-state
NMR (SS-NMR) and powder XRD may be combined to study
the binding mechanism for self-healing cementitious materials
and the assessment of the reactivity of the healing agent with
the cementitious constituents.26%]
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8. Conclusions

During the development of a new construction material with
self-healing abilities, it is essential to get as much information
as possible about its performance. For example, nondestructive
testing has the potential to evaluate fractures in concrete but
also to monitor the release of healing agents or the loss and
regain of properties including gas or water tightness. A selec-
tion of nondestructive and minimal invasive techniques has
been presented in this review paper including spectroscopic
methods as well as techniques based on classical NDT methods
such as CT, ultrasound, vibration, and AE techniques.

For the in situ application of the self-healing material addi-
tional tasks, consisting of a proof of activation of the healing
mechanism in larger components and the determination of the
in situ healing efficiency, are required. A stakeholder would
invest in such a new material only, if the effective operation of
healing is verified. The presented methods cover the full scale
from microscopic and mesoscopic material tests up to tech-
niques that can proof the performance of self-healing in situ
at a construction. It is not always easy to select the most useful
NDT technique for example to detect the presence and geom-
etry of cracks in concrete and in most cases, a combination of
different techniques is required. However, the review paper

Table 1. Possibilities and characteristics studied, boundary conditions, advantages, and disadvantages of the nondestructive and minimal invasive

testing techniques.

Nondestructive and Possibilities and characteristics studied Boundary conditions Advantages Disadvantages

minimal invasive

testing technique

Digital and/or stereo e Visual monitoring; e Depending onthe e Quick, easy and e Resolution limited to wavelength

microscopic analysis Performance of encapsulated healing agents

and possible coatings;

Surface, size and size distribution of healing
agents and products;

Fracture behavior of encapsulation materials;

Stability and durability of encapsulated
materials;

Formation of healing products;

Distribution of healing agents;

Microstructural properties;

Crack closure, crack width and healing
percentage.

Digital image Detection of crack development, 3

correlation (DIC) widening and closure;

Simultaneous information about the width of

multiple cracks in a larger area.

Scanning electron Sample’s surface topography, electrical .

microscope (or SEI) conductivity;

Size and size distribution of healing agents and
products;

Morphology, thickness, size, shape and shell
surface of capsules;

Distribution of healing agents and pore
formation;

Crack closure;

Hydration degree.

Adv. Mater. Interfaces 2018, 5, 1800179

magnification
used;
um features.

Will depend on the
camera resolution
and the resolution

0.1 nm features,
details 1to 5 nm

in size.

1800179 (21 of 28)

straightforward; light itself;

Larger samples are difficult to

A time study of

the healing rate is move;

possible; No 3D information;

Can be combined
with other
techniques.

Sometimes drying is needed and
may stimulate autogenous healing
due to the presence of carbon
dioxide;

Drying with compressed air is not
advisable as formed crystals may
loosen.

Recorded as a movie e Sensitivity to other light sources;
or images with o Need of applying a speckle pattern.
regular time intervals.

of the speckle
pattern;
um features.

High level of detail, e Samples need to be dry, coated
complexity inac- with gold or carbon; Need for
cessible by optical sample preparation;

microscopy. e No 3D information;

Limited space in the equipment
and thus need for reduction in
sample size.
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Nondestructive and
minimal invasive
testing technique

Possibilities and characteristics studied

Boundary conditions

Advantages

Disadvantages

Back-scattered electron
microscopy combined
with SEM

Energy-dispersive X-ray
spectroscopy (or EDX)
combined with SEM

Lab-based X-ray
tomography

Synchrotron
tomography

Neutron tomography

Ultrasonic testing,
acoustic techniques
(general)

Surface coupled trans-
mission measurements

Adv. Mater. Interfaces 2018, 5, 1800179

Elemental mapping of a sample;
Crystallization and formation of healing
products.

Elemental analysis, chemical characterization
based on the atomic structure;
Crystallization and formation of healing
products;

Crystal phases;

Composition of the sealing deposits.

3D information;

Monitor dynamic changes in real time both
qualitatively and quantitatively;

Water movement;

Crystallization and formation of healing
products;

Leakage properties and outflow;

Distribution of healing agents and pore formation;
Creation of cracks;

Crack closure;

Self-sealing and regain in impermeability;
Connected pore space and pore size distribution;
Pitting corrosion of rebars.

Similar like lab-based tomography
3D information.

3D information;
Monitor dynamic changes in real time;
Visualization liquid movement.

Small changes in material microstructure;
Differences in composition, curing conditions,
moisture content or microstructure effects; set-
ting behavior;

Elastic material properties such as the dynamic
modulus of elasticity.

Quantitative crack depth and crack healing
(polymer-based) measurements by ultrapulse
velocity measurements;

Differences in microstructure, qualitative crack
closure (healing) validation by parameter- (e.g.,
amplitude, energy) and signal-based (e.g., dif-
fusivity) analysis.

e 0.1 nm features,
details 1to 5 nm

in size.

e 0.1 nm features,
details 1to 5 nm

in size.

From several

centimeters large
specimens down
to 1 mm
Resolution related

to sample size;
maximum tem-
poral resolution
on the order of
12 s per scan.

Higher spatial
and temporal
resolution
than lab-based
tomography.

Typical several
centimeter;
Resolution on the

order of 10 um
and above.

Elastic waves

with frequencies
between 20 kHz
and 10 MHz.

Accessibility to the
structure;
Evaluation method

depends on free
accessible cou-
pling surface.

1800179 (22 of 28)

e High level of detail,
complexity inac-
cessible by optical
microscopy.

Point analysis, line
scans and point map-
pings are possible.

3D information;

Nondestructive;

Highly accessible;

Gray values/X-ray
attenuation related
to average atomic
number and density
sample.

Ideal to monitor large
amounts of samples
or to image fast
dynamic processes.

3D information;

Neutrons interact
with lower atomic
numbers such as H;
Water in dense rocks

and cementitious
materials is seen with

neutrons.

Can be applied in a
continuous way;

Can be applied
during testing other
characteristics.

Static and continuous

measurements,

Applicable to existing
structures — focusing
on relevant areas.

Samples need to be dry, coated with
gold or carbon; Need for sample
preparation;

No 3D information;

Limited place in the equipment and
thus need for reduction in sample
size.

Samples need to be dry, coated with
gold or carbon; Need for sample
preparation;

No 3D information;

Limited place in the equipment and
thus need for reduction in sample
size;

Knowledge on Rietveld analysis is
required.

Higher resolution requires small
samples;

Not ideal for materials with high
atomic number.

More limited in access;
Not widely available.

Not widely available;
Samples become radioactive.

At frequencies where the wave-
length and the internal feature

are of the same order, waves are
highly attenuated by scattering and
dissipation;

Noise needs to be filtered;
Reproducible measurement
procedure is essential to obtain a
quantified result.

Reproducible coupling: same trans-
ducers and sensor placement;
Surface (sensor placement) must
be clean and smooth.
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Nondestructive and
minimal invasive
testing technique

Possibilities and characteristics studied

Boundary conditions

Advantages

Disadvantages

Embedded sensors
(Smart aggregates —
SMAGs)

Coda wave interferom-
etry (CWI)

Acoustic emission

Contact angle
measurements

X-ray diffraction

Thermogravimetric
analysis

Differential scanning

calorimetry

Electron probe micro-
analysis (EMPA)

Fourier transform
infrared spectroscopy

Adv. Mater. Interfaces 2018, 5, 1800179

Qualitative crack closure (healing) validation by
parameter- (e.g., amplitude, energy) and signal-
based (e.g., diffusivity) analysis.

Monitoring weak changes by acoustic elastic
effect;

Detecting global stress changes, microcracking,
global crack filling.

Low signal amplitude compared to ultrasonic
methods;

Spatial crack propagation in both the outer and
the inner regions of structures in real time;
Recording the activation of capsule rupture or
fracture of a building material;

Crack initiation and crack propagation.

Curvature of a fluid interface;

Release efficiency;

Surface energy;

Change in surface property such as high
hydrophobicity or hydrophilicity.

Constituents of crystalline healing agents and
products.

Constituents of healing agents and
products;

Verification of degradation upon increase in
temperature.

Fusion and crystallization events;
Glass transition temperature.

Technique similar to SEM-EDX and analogous to
Raman spectroscopy;
Composition of the studied material.

Absorbed or emitted light in a material in a
wide spectral range;
Composition of the material.

Control of all

relevant impacts
necessary (due to
high sensitivity).

Frequency range
between 20 and
100 kHz;
Possible to

localize events in
150 x 250 X
3000 mm3
samples.

Depending of the
surface properties.

Powder sample,
several mg.

Powder sample,
several mg.

Powder sample,
several mg.

e um features.

e Reflectance in
micrometer range.

1800179 (23 of 28)

High sensitivity to
weak perturbations
in cementitious
materials;
Improvement by
low-frequency
modulations;
(On-site) applicability
to real structures.
Different algorithms
are available;
Different energy
events for crack for-
mation and capsule
breakage or other
features.

Can be combined

with microscopic

analysis, SEM and
micro-CT.

Databases with
different crystallog-
raphy information
are available.

Widely used test;
Quantitative
measurements.

Combined with TGA.

See SEM-EDX.

Can be combined

with other
techniques.

Applicability only to new
structures;

Areas to be examined must be
known in advance;

Compound between sensor and
surrounded material cannot be
validated;

Up to now: low-budget quality.

Detects relative velocity changes:
only global (averaged) characteriza-
tion (up to now).

Comparison between different
individual experiments and setups
is difficult;

Strongly depends on the accuracy
of the localization. In order

to increase the reliability a

large number of sensors are
necessary;

Increased dimensions localiza-
tion more complex and method
becomes more limited;

Detailed description of the test
procedure is necessary;
Reproducible measurement
procedure is essential to obtain a
quantified result;

Sensitive to environmental
noises;

Requires high signal quality.

Required fluid may influence the
hydration properties.

Only crystalline materials can be
analyzed;

Knowledge on Rietveld analysis is
required.

Use of a powder;
Sample is heated;
Gases may form.

Small powder sample.

See SEM-EDX.

Small powder sample needed.
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Table 1. Continued.

Nondestructive and
minimal invasive
testing technique

Possibilities and characteristics studied

Boundary conditions

Advantages

Disadvantages

Water permeability test
and water leakage test

Capillary water absorp-
tion test

3D thermal distribution
and infrared thermal
imaging

Water permeability;
Recovery of water-tightness.

Water movement at distinct locations;
Rate of moisture diffusion;
Degree of capillary water uptake.

Increases in temperature and thermal
distribution.

e Depending on the
sample size.

Depending on the
sample size.

e um-mm features.

Gluing a water basin
on top of a large
specimen gives an
idea about the sealing
efficiency if cracks are

not interconnected.

Can be combined
with X-ray and/or
neutron radiography.
Easy verification of the

healing performance
when self-healing

Water may stimulate autogenous
healing and may alter the hydration
degree;

Sometimes need to drill cores.
Precautions should be made for a
good adhesion of the test setup to
the overall material as leaks should
be avoided;

Not possible to be used

when neighboring cracks are
interconnected.

Water may stimulate autogenous
healing and may alter the hydration
degree.

Less useful for self-healing
mechanisms without heating.

mechanisms con-
taining heating devices
or heating are studied.

Electrical impedance Concrete resistivity meter; Depending on the Quick. Not widely used to study

Changes in dynamic modulus of elasticity. sample size. self-healing;

Not for large specimens.

Nuclear magnetic

Quantitative and qualitative study of the water e nm features. Very detailed study as

Not widely available;
resonance

profiles; a function of time. Not for large specimens.

e Linked to the pore (gel) structure.
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provides an overview about the state-of-the-art in this field and
certainly helps to make the most appropriate selection.

In this review paper, different nondestructive techniques
were analyzed in terms of their application to study self-
healing in building materials. Due to the huge progress and
development of different nondestructive and minimal invasive
research techniques, new possibilities to study self-healing of
materials are open. They offer valuable new insights and when
combined they result in crucial insights in the characteristics
and dynamics of a self-healing system. Depending on the stage
of the investigation, several techniques have proven to be useful
and will certainly be used in future studies.

Table 1 shows a summary of the different nondestructive and
minimal invasive testing techniques, with their possible appli-
cation, an overview of the characteristics that may be studied,
their boundary conditions, and advantages and disadvantages.
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