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Abstract

Self-healing concrete, with its ability to autonomously repair damages, holds
promise in enhancing its structural durability and resilience. Research on self-
healing concrete in the past decade has advanced in understanding the mecha-
nisms behind healing, exploring various healing agents, and assessing their
effectiveness in concrete structures. However, the full potential of self-healing
concrete remains untapped unless its effects are effectively integrated into the
design practices of reinforced concrete structures. Realizing this challenge, this
paper synthesizes the current research progress and discusses the possibilities
to consider self-healing into design codes. The focus was placed on two specific
benefits of applying self-healing concrete: one centered on durability and the
other on mechanical performance. Specifically, the effect of self-healing on
impeding chloride penetration into cracked reinforced concrete was discussed
first. Modifications of parameters in existing predictive models based on differ-
ent types of healing approaches were recommended. Furthermore, the possible
impact of the self-healing capacity in mitigating the stiffness reduction of con-
crete was also discussed. Equations that can describe the stiffness regained due
to healing action are presented. In each part of the case study, limitations and
challenges still hindering standardization and wider application in the con-

struction field are discussed.
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as water, chlorides, and sulfates to penetrate the cementi-
tious matrix more deeply. For instance, chloride ions can

Structural concretes in service are prone to developing
cracks due to various causes. The formation of these
cracks accelerates many durability issues, as they create
additional pathways for external (aggressive) agents such

break down the protective oxide layer on steel reinforce-
ment, leading to electrochemical reactions that cause rust
formation. This rust expansion induces internal pressure,
leading to cracking, spalling, and ultimately
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compromising the structural integrity of the concrete.
Furthermore, the presence of cracks can adversely affect
the mechanical properties of a concrete structure. Not
only do they result in reduced stiffness, but they also alter
the distribution of stresses within the structure. This
weakening of mechanical properties may render the
structure less capable of withstanding loads and resisting
environmental conditions, thereby increasing the risk of
structural failure over time.

Self-healing in materials refers to the process where
cracks undergo partial or complete self-closure, leading to
the restoration of the durability and physical-mechanical
properties of the materials. Self-healing in cement-based
materials can occur through one or a combination of two
mechanisms: autogenous and autonomous healing. The
former, autogenous healing, typically involves the contin-
ued hydration of residual unreacted cement particles or
other reactive binders. The latter, autonomous healing,
often refers to the release of adhesives or minerals into the
damaged areas. Over the past decades, extensive research
has been conducted to enhance the self-healing capabilities
of concrete. This includes efforts to stimulate its intrinsic
autogenous healing properties (e.g., via the use of mineral
additives [1,2], crystalline admixtures [3,4], or superabsor-
bent polymers [4]), or to develop novel autonomous self-
healing mechanisms (e.g., via the application of micro- [5],
macro- [6], or vascular-encapsulated polymers [7], min-
erals, or bacteria [8]). It has been observed in several
instances that key durability metrics, including but not lim-
ited to gas and water permeability, chloride diffusion, and
capillary absorption, exhibit signs of positive influence [9].
Additionally, an evident recovery in various mechanical
properties such as strength [10,11], stiffness [12], and duc-
tility [2,13], along with an increase in resistance to
fatigue [14] and impact [15] has also been reported.

To explore the benefits of self-healing in real-world
applications, efforts have been made to align infrastruc-
ture requirements with the self-healing functionality
[16-19]. One of the proven examples are concrete struc-
tures in wet environments. Waterproof structures typi-
cally necessitate the elimination of cracking risks, or at
the very least, the restriction of cracks to a width of
0.1 mm or smaller. Achieving such minimal crack forma-
tion requires a large amount of steel reinforcement to
control crack width, rather than for load bearing. In con-
trast, EN 1992-3 [20] allows crack widths up to 0.2 mm in
concrete structures where minor leakage is acceptable
and autogenous self-healing is to be expected within a
short amount of time. If autonomous self-healing con-
crete is used, the design criteria of waterproof construc-
tion can be simply altered by allowing larger cracks,
since the water tightness of the self-healing concrete can
be ensured even when the cracks are 0.2-0.4 mm

wide [18]. This transition from crack prevention to crack
management not only offers potential material savings
and a reduced CO, footprint but also streamlines applica-
tion processes by mitigating reinforcement congestion.
Several full-scale demonstrators, such as those in the
Netherlands, have been constructed with bacteria-based
self-healing concrete for water-proofing purposes [18,21].

The integration of self-healing concrete in water-
retaining structures exemplifies a scenario wherein the
advantages of incorporating the self-healing properties can
be quantified at the design phase. This is possible because
the effects of cracking are explicitly described in the stan-
dards used for the prediction of water tightness. However,
this is not the case for the design of many other properties
of concrete. For instance, when estimating the corrosion
initiation time, conventional service life models typically
assume concrete to be intact and devoid of cracks. There-
fore, integrating the advantages of healing requires an
extension of the current design models in use. These exten-
sions could involve either adjusting parameters within the
established engineering models or alternatively developing
new numerical models capable of capturing processes that
would otherwise be impossible to be account for.

This paper aims to discuss how self-healing can be
accounted for in the design models for durability and
mechanical properties of reinforced concrete structures.
Specifically, the focus will be placed on exploring the
incorporation of healing effects into the prediction of chlo-
ride resistance and stiffness reduction in reinforced con-
crete structures as example cases. Firstly, the extension of
models for chloride ion penetration to account for self-
healing is discussed. Adjustments of models tailored to
specific healing scenarios are proposed. Following this, the
discussion will turn towards assessing how self-healing
mechanisms can alleviate stiffness reduction caused by
microcracking. Analytical and numerical methods able to
describe the restoration of stiffness attributed to healing
will be outlined. Finally, to incorporate self-healing into
design methodologies, the current limitations and chal-
lenges hindering the standardization and widespread
adoption of self-healing design practices are discussed.
Based on these, further research objectives are identified.

2 | EFFECT OF HEALING ON
CHLORIDE ION PENETRATION IN
CRACKED CONCRETE

2.1 | Chloride ingress process altered by
cracking and healing

Chloride-induced corrosion is a major deterioration fac-
tor in reinforced concrete structures, particularly
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affecting marine structures, roads, and parking slabs. In
uncracked concrete, chloride penetration is slow, occur-
ring mainly through diffusion. However, cracks in con-
crete create additional pathways, allowing chloride ions
to access deeper areas of concrete members more quickly.
Studies have demonstrated that once cracks exceed cer-
tain thresholds, notably the critical crack width, the dif-
fusion coefficient of chloride ions in cracked concrete
increases linearly with the widening of cracks [22].

Self-healing of cracks in concrete can mitigate this
process. Regardless of the chosen healing method, be it
autogenous or autonomous, it tends to diminish the
crack volume, consequently narrowing the effective path-
way for aggressive ion transport. Previous research has
proven the effectiveness of crack healing in chloride-rich
environments [23]. Furthermore, studies have shown
that crack healing not only increases the critical crack
width but also decreases the diffusion coefficient of chlo-
ride ions in cracked concrete when the cracks exceed the
critical crack width [9].

Despite the evident effects of healing on resisting chlo-
ride ingress through cracks, it is challenging to calculate
the benefits of healing in terms of a service life extension
of concrete structures. This is because service life models,
such as those in the fib Model Code for Service Life Design
(hereafter referred to as fib chloride model) [24], consider
concretes to be homogeneous and crack free when deter-
mining the time until corrosion initiation. This assump-
tion poses challenges in directly accounting for the impact
of cracking and crack-healing. Hence, in this section, first
a review of methods for incorporating pre-existing cracks
within chloride ingress models is conducted. This is fol-
lowed by a discussion on the influence of self-healing on
chloride diffusion in cracked reinforced concrete for vari-
ous healing scenarios. Finally, a proposal is put forth to
extend the chloride ingress model for accommodating
healing effects in probabilistic service life prediction.

2.2 | Service life design considering the
presence of cracks in reinforced concrete
structures

Reinforcement corrosion in concrete occurs in two stages:
initiation and propagation. During the initiation stage,
concrete provides a protective alkaline environment that
prevents corrosion by forming a passive oxide layer on
the reinforcement surface. Over time, aggressive agents
like chlorides or CO, penetrate the concrete, eventually
breaking down this protective layer. This marks the end
of the initiation stage and the beginning of the propaga-
tion stage, where the active corrosion of the reinforce-
ment starts. From the design perspective, the end of the
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corrosion initiation stage is usually considered to be
the end of the service life of a reinforced concrete
structure.

In the case of chloride ingress, the passivation of rein-
forcement is lost when a critical concentration of chloride
is present at the level of the rebar surface. Under the
assumption that concrete is crack-free, chloride ingress
can be modeled based on Fick's second law of diffusion,
and often Gauss error function (erf)-based models are
used to predict the chloride content as a function of con-
crete depth. An illustrative instance of this is the fib chlo-
ride model [24] as presented below:

a—Ax
Cerit = C(a, t) =Co+ (Cs,Ax - CO) 1- e'f
24/Dgppec-t
(1)

where, Cq; is the critical chloride content, C(a,t) is the
content of chlorides at rebar (a is concrete cover thick-
ness), t is the time, Cy is the initial chloride content, Cs ax
is the chloride content at a depth Ax (depth of convection
zone), and Dgp, . is the apparent coefficient of chloride
diffusion coefficient, which is a time-dependent variable
that can be calculated based on:

Dapp,C = ke ’DRCM,O : kt A(t) (2)

which allows the calculation of the apparent diffusion
coefficient Dgppc from chloride migration coefficient
(Dremyp) determined from performance tests of the con-
crete under chloride ingress. This calculation also
considers the impact of environmental alterations, repre-
sented by k., and the effects of material aging, repre-
sented by A(t). With these equations, the duration ¢
required for the chloride content at the cover depth
C(t,a) to reach the critical chloride content C.;; can be
determined. This calculated time can subsequently serve
as an estimate for the predicted service life of the con-
crete structure.

To consider the effects of cracking in the chloride
ingress process, different approaches to account for
cracks in the erf-solution can be found in the literature.
Since cracks represent spatial discontinuities in which
the transport of moisture and chlorides is accelerated, the
crack-altered chloride ingress process is usually modeled
by diminishing the protecting effect of the concrete cover.
Figure 1 provides an overview of various methodologies
for addressing cracks. The proposed methods focus on
either modifying the overall diffusion coefficient of the
concrete or adapting the effective depth of the concrete
cover. These approaches all assume pre-existing cracks,
which occurred at the beginning of the service life.
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Engineering models for chloride ingress
e.g. fib chloride model
or I

concrete cover

cracks:

Time- Constant
dependent

FIGURE 1 Methods to account for cracked concrete in

engineering models for chloride ingress [25].

If the diffusion is assumed to be the dominant trans-
port mechanism for chloride ions within cracked concrete,
a smeared diffusion coefficient in the erf-solution can
account for the increased diffusivity of cracked concrete.
The estimation of such a smeared diffusion coefficient can
be done by increasing the diffusion coefficient, assuming a
composite material characterized by a parallel system of
concrete and cracks (composite approach) [25]. Alterna-
tively, a crack influence factor (CIF) can be multiplied by
the diffusion coefficient of uncracked concrete D,,. to
account for the increased diffusivity due to cracks. CIFs
can be experimentally determined by fitting the erf-
solution to chloride profiles in cracked and uncracked
concrete and using the fitted diffusion coefficients to cal-
culate the ratio between Dgyeqred and Dyner [25,26]. Inde-
pendent of the method used to account for cracked
concrete, the smeared diffusion coefficient is usually
described as a function of the crack width [25,27].

For saturated cracks where capillary suction governs,
cracks provide direct channels for chlorides and thus ren-
der the cover useless up to the tip of the crack, which can
be accounted by adapting the convection zone. In the fib
chloride model, the convection zone describes the surface
of the reinforced concrete structure, where the transport
mechanisms are not mainly diffusion controlled due to its
exposure to frequent cycles of wetting and subsequent dry-
ing. To still describe the penetration of chlorides using
Fick's second law of diffusion, the resistance of the convec-
tion zone is thus neglected, and Fick's second law of diffu-
sion is applied starting at a depth with a substitute surface
concentration. Since cracks could provide faster transport
pathways for chloride ions, the convection zone could be
extended to the crack depth to approximate the reduced
effectiveness of the concrete cover [25]. This approach is
referred to as ‘crack depth adaptation’ in Figure 1.

In addition to the engineering models outlined earlier,
advanced multi-physics coupled numerical models have
been devised to assess the impact of cracking on chloride

diffusion in concrete [28-32]. These numerical models con-
sider a wider array of factors, encompassing not only primary
parameters like crack width and depth but also secondary
influencing factors such as crack tortuosity, the interaction
among various ionic species, and the chloride binding capac-
ity of cracked surfaces. However, while numerical models
offer a more accurate depiction of the impacts of cracking,
estimating the effects of healing on factors beyond the crack
width and depth remains challenging. Therefore, subsequent
investigations into healing and design strategies focus pri-
marily on key crack parameters, such as width and depth.

2.3 | Role of healing

Since crack healing involves changes in width and depth,
proposed models incorporating crack effects can also include
healing effects. To gain deeper insights into the impact of
various scenarios of healing events on chloride penetration
resistance, a literature review was performed to survey stud-
ies with relevant results. The findings are presented in
Table 1. The table provides details of each study on the
employed healing mechanisms, degrees of damage, and their
respective scenarios and key findings. In total, 18 research
papers were found to have observed healing-induced alter-
ations in chloride resistance properties. Among these publi-
cations, 13 studies focused explicitly on investigating the
effects of self-healing, while the remaining five reported on
observing healing when researching other subjects. Twelve
papers reported quantitative data, such as chloride diffusion
or migration coefficients, suitable for developing models that
account for the healing effect. The remaining studies
reported a reduced penetration depth in chloride profiles
due to healing but did not provide quantitative data.

One key finding from the literature review is that crack
healing may not always completely restore cracked concrete
to its original condition. This variability arises from how
healing products fill the crack volume. Depending on the
healing method selected and the extent of the damage, some
cracks may undergo complete restoration, regaining full
resistance against aggressive substances, while others experi-
ence only partial healing, with healing products dispersed
evenly throughout the crack depth or aggregated in specific
directions. Various forms of healing are pictured schemati-
cally in Figure 2. The forthcoming discussion on the influ-
ence of healing on chloride transport in cracked concrete is
thus structured according to each specific scenario.

2.3.1 | Scenario 1: Complete healing

Under all healing approaches, complete crack healing is
feasible when dealing with sufficiently small cracks. Even
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Scenario 1
Complete healing

Schematic illustration

Scenario 2
Partial healing (uniform)

Scenario 3
Healing at crack mouth

Scenario 4
Healing at crack tip

14

V

(b)

(c)

Optical/electron microscopy images

fibl

y heald crack

ed cra

-

) Cracktip ©

(d)

FIGURE 2 Illustration of different healing scenarios: (a) complete healing, (b) uniform partial healing [33], (c) healing at crack

mouth [34], and (d) at crack tip [35].

though healing products may be more porous than the
matrix, research has shown that a fully healed crack can
effectively regain its resistance against chloride ingress.
Yoon and Schlangen [22] investigated the impact of
microcracking on concrete. They found that the critical
crack width for unhealed concrete is 15 pm, whereas pro-
longed autogenous healing raised this threshold to
40 pm. This establishes that cracks smaller than 40 pm
have the potential for complete restoration. Maes
et al. [36] studied specimens containing glass capsules
filled with polyurethane as a healing agent. The results
show that for crack widths of 100 and 300 pm, almost no
chloride penetration was measured around the healed
crack in 83% and 67% of the cases, respectively. Abro
et al. [37,38] and Cuenca et al. [39] both conducted

studies investigating the efficiency of crystalline admix-
ture systems. Their research demonstrated that the crys-
talline system is capable of fully restoring chloride
resistance in cracked concrete. Specifically, it was found
that specimens with 100 pm cracks, after 56 days of heal-
ing, exhibited nearly identical diffusion coefficients to the
uncracked specimens, irrespective of the specific
mixture used.

2.3.2 | Scenario 2: Partial healing (uniform)

Once a crack surpasses a certain width or encounters
adverse conditions, complete healing becomes unfeasible,
resulting in only partial recovery. The way partial healing
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occurs depends on the healing approach. The
healing products can form either uniformly along the
crack depth or aggregate towards either the crack mouth
or tip. In instances of uniform partial healing, the effec-
tive crack width uniformly decreases within the crack.
Self-healed specimens can be simply seen as specimens
characterized by a reduced crack size. This means that if
complete healing can happen at a crack width of 100 pm,
then any cracks larger than this threshold can have an
effective crack width with a 100 pm reduction. Uniform
partial healing has been observed across various
methods, including autogenous healing through ongoing
hydration [22,40,41], stimulated autogenous healing via
super-absorbent polymer [42] and autonomous healing
utilizing encapsulated polyurethane [36] and crystalline
admixture [39].

233 |
mouth)

Scenario 3: Partial healing (cracked

Analyzing the healing effects becomes complex in cases
of uneven partial healing, where healing products tend
to form preferentially either at the crack mouth or tip.
For instance, in self-healing bio-concrete, healing typi-
cally starts at the crack mouth [43]. This is because the
healing in this case relies on the calcium carbonate pre-
cipitated by bacteria through aerobic metabolic conver-
sion of organic compounds. Since this microbial activity
relies on the availability of oxygen, the rate of precipita-
tion is the highest at the crack mouth. Consequently,
even if a crack closure is observed at the surface, the
crack might remain largely unhealed along the crack
depth. In a recent study by Rossi et al. [44], mortars
embedded with bacteria-based healing agents were
examined for their chloride penetration resistance.
While a surface healing was evident, positive effects of
the self-healing on the chloride penetration of cracked
specimens were not observed. This was attributed to the
thin layer of self-healing products formed at the crack
mouth, offering minimal resistance to chloride
penetration.

Nevertheless, calcite-precipitating bacteria may prove
effective in impeding chloride penetration under specific
conditions, particularly when the thickness of the healing
product formed at the crack mouth reaches certain
thresholds. In a recent study, He et al. [43] explored crack
healing in a real-world setting, uncovering noteworthy
distinctions from healing under controlled conditions
(i.e., moisture curing at constant temperature). Unlike
the limited healing restricted to the crack mouth in con-
trolled settings, a substantial healing process was
observed throughout the entire crack depth in a realistic

environment. However, this study did not measure trans-
port properties.

Therefore, when considering healing specifically at
the crack mouth, estimating the transport properties of
healed concrete based on the surface crack width is
unfeasible. Many existing methods that rely on the sur-
face crack width therefore do not apply to this type of
healing. To address this, understanding the healable
crack depth within a particular environment over a
defined period of time becomes essential for accurate
evaluation.

2.34 | Scenario 4: Partial healing (crack tip)
Healing only at the crack tip exhibits a contrasting char-
acteristic compared to the previous scenario. In this case,
healing might have occurred without any discernible evi-
dence upon surface inspection. This type of healing hap-
pens most commonly when the encapsulation technique
is used. If the crack volume exceeds the volume of the
healing agent released from the carriers, due to capillary
forces, only the area proximal to the crack tip can be
filled with the healing agent. This circumstance may also
manifest in vascular-based self-healing systems if the ves-
sels are not sufficiently ruptured, thus limiting the release
of the healing agent. In both instances, the viscosity of
the released liquid is a crucial parameter dictating how
deep the crack can be healed.

2.4 | Design recommendations

Possible situations where the impact of healing on the
chloride penetration resistance can be considered include
(1) the determination of maximum allowable crack width
for a concrete structure with a known environment and
intended service life or (2) the estimation of the remain-
ing service life of a cracked concrete structure. In both
cases, the effects of healing will be reflected through the
adjustment of a parameter that characterizes a deceler-
ated chloride transport process. Options for adjustment
include adapting the crack width, the diffusion coeffi-
cient, or the cover depth. The following strategies are
suggested depending on the healing scenario:

24.1 | For healing scenario 1

In situations where complete crack healing is expected,
the cracked concrete can be treated as if it is intact, under
the condition that the triggered healing process occurs at
a significantly faster rate than the ingress of chloride.
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FIGURE 3 Schematic illustration of the relationship between diffusion coefficient and crack width for (a) complete healing, (b) partial
healing, and (c) healing methods functioning only at small crack widths for rapid healing.

Prior research indicates that if the width of concrete
cracks is below a certain threshold (i.e., the critical crack
width), the ion diffusion rate through these cracks aligns
with that of uncracked concrete. Consequently, concretes
engineered with self-healing capacity can exhibit an
increased tolerance for crack widths, hereafter referred to
as ‘healable crack width’ (illustrated in Figure 3a). The
difference between the ‘critical crack width’ and the
‘healable crack width’ is the net contribution from heal-
ing, which is expressed as Awy. The healable crack
widths, as related to various healing methods, are docu-
mented under ‘Scenario 1’ in Table 1, with specific
values of 40, 100, and 300 pm corresponding to the autog-
enous healing, healing with crystalline admixture, and

healing with polyurethane, respectively. It is essential to
highlight that accurate determination of the ‘healable
crack width’ requires conducting chloride diffusion/
migration tests on healed concretes. The crack width
threshold determined by surface observations of crack
closure can be misleading, as a visually ‘sealed’
crack does not guarantee a complete restoration of the
chloride resistance.

2.4.2 | For healing scenario 2

If the chosen method of healing aligns with partial heal-
ing, two situations emerge. In the first one, partially

850807 SUOWW0D aA1ee1D 3cedlidde aup Aq peusenob a1e sspie YO ‘88N JO SejnJ 10y ArIqIT8UIIUO /8|1 UO (SUOTIPUCD-pUR-SLUBILI0D" A8 |IMAleIq Ul UO//:SANY) SUORIPUCD pue swid 1 8Y) 88s *[5Z0z/c0/0] o AriqiTauluo A8IMm ‘BRa AiseAlun ealuyse L Aq S0TOKZ0Z 00NS/Z00T 0T/I0p/L00" A8 |1 Aeiq1pul|uoy/Sdny Wo.j papeojumod ‘0 ‘8v9LTSLT



HE Er AL.

=L fib

healed cracks can be simply considered as cracks with
reduced openings. This indicates that only the crack
width is affected by healing, while other characteristics
such as roughness, tortuosity, and path connectivity
remain unchanged. In this situation, healing only delays
the increase of the diffusion coefficient but does not affect
the linear relation between the diffusion coefficient and
the crack width, as illustrated schematically as ‘width
reducing’ healing in Figure 3b. Several studies [38,40,45]
provide supporting evidence for this situation. In this
case, the effective crack width w,s (the width after heal-
ing) can be determined by subtracting the healing contri-
bution Awy; from the designed crack width wy:

Wef =Wq — Awhl (3)

If the relationship between crack width and diffusion
coefficient is known for a certain type of concrete, the dif-
fusion coefficient of such concrete with healing capacity
can be expressed as:

Derpi(Wg — Awpy)
{Duncr,wd — Awy; < critical crack width (4)

f(wg — Awyy),wg — Awy > critical crack width

The advantage of employing this method is that it
eliminates the need to test the diffusion coefficient of
healed concrete. Existing databases containing the chlo-
ride diffusion coefficients of cracked concrete are suffi-
cient for the analysis.

For certain healing mechanisms, healing does not
only reduce the crack width but also change the crack
roughness and tortuosity. Depicted schematically as
‘path-altering’ healing in Figure 3b, can lead to an addi-
tional recovery of the diffusion resistance of the partially
healed concrete. To describe such effects, it is necessary
to experimentally determine the diffusion coefficient of
the partially healed concrete by carrying out chloride dif-
fusion tests of healed concrete with different crack widths
as reported in several studies [22,45].

2.4.3 | For healing scenarios 3 and 4

If healing is expected to occur preferably at the crack
mouth or crack tip, the effects of healing can be better
predicted by applying the ‘crack depth adaptation’
method. Regardless of the healed location along the crack
depth, the presence of healing products obstructs the
effective diffusion paths for chloride ions to reach
the reinforcement, which can be described by a reduced
thickness of the convection zone. The depth of the

healing can then be estimated by the amount of healing
products formed/released. For example, in an encapsu-
lated system, if the theoretical quantity of released heal-
ing agent can be estimated using the geometric
dimensions of a crack (either measured or anticipated),
then the calculated filling ratio could act as a parameter
for predicting the extent to which the resistance to chlo-
ride diffusion can be restored. In systems employing
calcite-precipitating bacteria, the quantity of healing
products formed can be deduced from the duration of the
healing process and the theoretical rate of formation of
the healing agents in its depth direction. It should be
noted that healing methods in this category
(e.g., bacteria-based and vascular-based) may cease to
function when crack widths exceed certain thresholds. In
bacteria-based self-healing concrete, small cracks allow
nutrients to diffuse effectively throughout the damaged
area, supporting bacterial growth and metabolism. How-
ever, larger cracks may have areas with limited nutrient
availability, reducing healing efficiency. This limitation
can result in abrupt changes in the diffusion coefficient,
as shown in Figure 3c. It was observed that the bacterial
crack healing efficiency is limited when crack width
exceeds 0.8 mm [46,47]. References [44, 48] in Table 1
offer relevant data that may serve as guidance.

In previous scenarios, it is assumed that the effect of
healing is not time dependent. They are applicable either
when healing completes before the start of chloride expo-
sure or when the rate of healing significantly outpaces
the rate of the chloride ingress. Thus, alternative strate-
gies must be considered when dealing with a healing pro-
cess that operates at a slower pace. One way to determine
the reduced smeared diffusion coefficient of cracked con-
crete due to slow-acting healing is by conducting chloride
resistance experiments at different stages of the healing
process. By repeating the same experiments for concrete
with different crack widths, the modified diffusion coeffi-
cient can then be expressed as a function of time and
crack width. Alternatively, to account for slow healing
effects, one might adjust the ‘aging’ factor in the fib chlo-
ride model as presented above in Equation (2). This fac-
tor is considered in service life prediction models to
reflect the increase in diffusion resistance as the concrete
matures. This arises from ongoing hydration reactions
and the formation of additional calcium silicate hydrate
gel, which reduces the pore space for chloride ion pene-
tration and acts similarly to healing.

2.5 | Limitations

While the proposed methods hold theoretical validity,
certain limitations persist. The first one is related to the
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occurrence sequence between the healing action and
the chloride exposure. The preceding discussion concern-
ing the design approaches assumes that the healing pro-
cess initiates concurrently with the beginning of the
chloride exposure. In some cases, healing occurs rapidly
in relation to the chloride diffusion process, making it
suitable for consideration as an almost instantaneous
event. In cases of slow-acting healing, it may also be
regarded as a time-dependent process, characterized by a
gradual reduction in diffusion rate over time. However,
experiments in literature usually ensure that healing
takes place before exposing the material to chloride. Even
for healing processes that require more time, studies
often allocated extended periods to allow complete heal-
ing, maximizing potential benefits. This approach renders
the results from these studies impractical for real-world
scenarios. Only four studies adopted simultaneous heal-
ing and chloride ingress as listed in Table 1. To date, no
publication has provided a direct comparative analysis
between the two procedures, that is, simultaneous heal-
ing and chloride ingress, and prior healing followed by
chloride exposure.

Regarding the determination of the chloride penetra-
tion resistance, the method for assessing the chloride
penetration resistance must be chosen carefully.
Although it falls outside of the scope of this paper to
determine the most appropriate test for evaluating
self-healing concrete, it is evident from the literature that
outcomes differ based on the test employed. Two publica-
tions have specifically compared results obtained from
various tests [44,48]. Both studies suggested that the
effect of healing is more prominent when assessed
through diffusion tests. Additionally, studies by Abro
et al. [37,38] are directed towards developing a novel test-
ing protocol to measure the chloride migration coefficient
in cracked concrete after healing.

The durability of the healing products is another
important factor that requires further investigation. If the
healing products degrade over time, their effectiveness as
barriers diminishes, providing only temporary rather
than permanent resistance against chloride penetration.
Among the literature found, only the time-dependent
efficiency of super absorbent polymer [42] and bacterial
healing agents [44] are evaluated. In the case of super
absorbent polymer, there was a considerable reduction in
chloride ingress in the first week of exposure. However,
after exposure to aggressive media for 5 weeks, healed
specimens had a similar chloride ingress as healed refer-
ence specimens that do not have any super absorbent
polymer. A similar initial retarding effect was also
observed for bacterial healing [44]. Furthermore, it is
important to verify the durability of healing under realis-
tic conditions. Most studies investigate healing under

Jib—

controlled environments, with consistent temperature
and moisture. However, reinforced concrete structures
are exposed to daily fluctuations in temperature and
humidity. This change of environmental conditions could
lead to the temporary opening and closing of cracks,
which might influence the dynamic of the healing pro-
cess. A previous study has shown that dynamic cracks
are more challenging to heal than static cracks due to
their changing nature [49].

Another topic that has received little attention is the
reliability of healing, that is, the statistical probability
that certain healing mechanisms can deliver the antici-
pated effect. The probability of healing activation is often
investigated for the encapsulation system, where
the number of capsules activated is calculated based on
the likelihood of a crack intersecting the capsules [50,51].
Beyond assessing activation probability, understanding
the success rate of non-failures that produce anticipated
effects is also important. Studies from Maes et al. [36]
revealed that despite placing a macro-capsule containing
polyurethane directly above a notch (ensuring activa-
tion), healing was not observed in all specimens. This
outcome is reasonable considering that crack healing
relies on a sequence of successful events, and the hetero-
geneous nature of concrete means any reactions within it
carry inherent uncertainty. While absolute reliability
is not mandatory, having a measurable level of reliability
is essential for the application and the incorporation in
service life predictions.

To summarize this section, it is evident from the pub-
lished literature that self-healing processes, whether
autogenous or autonomous, can mitigate chloride pene-
tration in cracked concrete, thereby prolonging the ser-
vice life of infrastructure. By refining models to include
the impact of cracks, it becomes possible to predict the
healing effects under specific scenarios. However, the
process to incorporate self-healing technologies into ser-
vice life predictions remains in its nascent stages, requir-
ing extensive experimental data and real-world
validations before it can be fully realized and effectively
implemented.

3 | EFFECT OF HEALING ON
STIFFNESS REDUCTION IN
CRACKED CONCRETE

Microcracks in concrete can arise from various factors
including shrinkage, creep, thermal changes, and exter-
nal forces. Even for concrete under compression, micro-
cracking can start forming at around 50-70% of the
compressive strength of concrete, depending on the com-
position [52]. If left unmanaged, these microcracks may
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further develop and reduce the elasticity modulus of con-
crete, affecting the stiffness of structural elements.
Reduced stiffness compromises the ability of a structure
to bear loads effectively and alters its response to external
forces like wind and seismic activities, potentially leading
to increased vibrations and structural instability. Conse-
quently, it becomes necessary to either utilize a higher
grade of concrete or to increase the cross-sectional area
of structural elements. Both these measures invariably
increase the overall cost of the construction projects.

Self-healing of microcracks in concrete has the potential
to mitigate stiffness reduction, as the technology can effec-
tively replenish the structural continuity compromised by
cracking. This rejuvenation of the concrete matrix can lead
to a regain in its original stiffness, enhancing the structure's
resilience and performance under stress. The effectiveness
of restoration is influenced by various factors, including the
chosen healing method, the degree of the initial damage,
and the time allotted for the healing process to take effect.

This discussion aims to propose guidelines for capturing
the impact of self-healing on concrete stiffness in various sit-
uations. Firstly, it will review experimental studies docu-
menting the effects of different healing methods on
restoring mechanical properties. From these studies, typical
damage-healing response patterns will be extracted and ana-
lyzed. Lastly, numerical models that are useful for predicting
the outcomes of specific healing effects are explained.

3.1 | Role of healing on stiffness
recovery

To quantify the healing effect on mechanical regain, an
index called the recovery coefficient or healing efficiency
is defined. This coefficient quantifies the relationship
between mechanical properties before and after the heal-
ing process. Different definitions of the recovery coeffi-
cient are reported, including the following:

Py = Z—Z (5)
o= (6)
o = (7)
= (8)

where, mgy, mg, and m;, are mechanical properties
(e.g., elastic modulus and compressive strength) of

concrete before damaging (o), after damaging (d), and
after healing (h), respectively. Each of those coefficients
gives different information about the recovery status. ¢,
explains the level of mechanical regain compared to
material initial status, ¢, shows the ratio of mechanical
parameters after healing to the damaged state. ¢,; shows
the normalized difference in mechanical regain com-
pared to the initial state, and ¢, shows relative recovery.
Table 2 summarizes results from relevant literature based
on their adopted index.

As can be seen from Table 2, the effects of healing
depend on the selected mechanical property and on the
characteristics of the healing products, that is, the mate-
rials formed to fill and repair the cracks or damage. For
example, in cases of healing as a result of bacteria-
enabled mineral precipitation, while the modulus of the
composite may be restored after healing, its tensile prop-
erties are often less recoverable due to weak adhesion
between the precipitated mineral grains. In situations
where healing involves the release of an adhesive poly-
mer, there can be a significant improvement in the ten-
sile properties. However, the modulus may remain
unchanged, owing to the relatively lower elasticity of
polymeric materials compared to that of the cement-
based matrix. Therefore, it is essential to differentiate the
discussion of healing effects on mechanical properties
based on the selected healing method.

For self-healing concrete using encapsulation tech-
niques, healing verification involved pre-damaging the
specimen under compression or flexural loading, fol-
lowed by retesting after the healing period. For compres-
sive testing, the level of the damage at which healing
commenced was between 60% and 80% of ultimate com-
pression strength. This level is selected to ensure that
healing occurred when a fair amount of diffused micro-
cracks existed. Factors affecting healing efficiency
include the volume fraction of microcapsules, their distri-
bution within the hardened cement matrix, the properties
of the capsule shell and core, and the level of damage.

Few experimental studies have verified the effects of
crystalline admixture on the recovery of mechanical
properties of concrete. These studies often assessed heal-
ing after post-peak behavior, showing minimal recovery
of strength and stiffness. To better evaluate the efficiency
of crystalline admixtures, testing under low-level damage
and diffuse cracking conditions is needed, as these
admixtures can be distributed throughout the specimen
and potentially act similarly to microcapsules.

For the self-healing systems with a vascular network,
healing tests were mostly done with beams or prismatic
specimens under three- or four-point bending setup. The
target is mainly to heal localized cracks rather than dif-
fused damage. Typically, healing is initiated at the crack
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TABLE 2 Summary of studies reporting healing-induced mechanical properties recovery.
Healing
System of Recovery recovery
Year Author Type of test Sample size Damage level healing indicator range
1 2013 Wangetal. Uniaxial compression 3 replicates for 0.6 f, Encapsulation ¢y, 97%-110%
[75] each group
2 2014 Ferrara Three-point bending 1-3 specimens per CMOD* = 150 Enhanced Dra 10%-60%
et al. [4] test each test and 300 pm/ autogenous
condition ® =09
3 2014 James Uniaxial compression 3 replicates for 0.6 f, Encapsulation ¢, 90%-120%
et al. [76] each group
5 2016 Dongetal. Uniaxial compression 5 replicates 0.6 f, Encapsulation  ¢3 10%
[77]
6 2017 Wangetal. Uniaxial compression 3 specimens per 0.6 f, Encapsulation ¢y, 120-320%
[78] variable and ¢y; and 40-
investigated 230%
7 2020 Selvarajoo  Three-point bending 4 specimens per CMOD = 100~ Vascular Pna 20%-43%
et al. test and uniaxial tensile  variable 200 pm network
[79,80] test investigated
8 2021 Shields Three-point bending 3 replicates for CMOD =400 pm  Vascular Pha 0%-200%
et al. [63] test each group network
9 2021 Davies Three-point bending 3 replicates for CMOD = 300 pm  Vascular Pha 15%-69%
et al. [81] test each group network
*Crack mouth opening displacement (CMOD).
mouth opening displacement (CMOD) within the range
pening cisp ( ) & a—08+02m <10 (10)
of 100-600 pm. Based on the index ¢,,, the recovery of 88

the mechanical properties ranges from 0.5 to 1.5
(Table 2). It should be noted that in vascular-based self-
healing systems, healing does not occur simultaneously
with the initiation of damage. Instead, healing happens
when the damage reaches a certain level, triggering the
breakage of the vessels and the release of the healing
agent. The level of damage at which healing can be trig-
gered depends on the type of network (i.e., rigid or flexi-
ble), the geometrical design of the vascular system, and
the internal pressure applied to transport the healing
agents.

3.2 | Methods to consider the effects of

healing

In the fib Model Code 2010, the effect of micro-cracking
is usually considered by using an equivalent secant mod-
ulus to represent the effective stiffness of concrete. Where
only an elastic analysis of a concrete structure is needed,
a simple coefficient o; can be incorporated to calculate
the reduced modulus of elasticity E..

E.=a;-E (9)

where E; is the tangent modulus of elasticity of concrete
in MPa and f,, is the nominal compression strength in
MPa. To consider the healing effects on restoring stiff-
ness, the coefficient a; can be adjusted. Since there is an
absence of engineering models for estimating the contri-
bution of healing to stiffness regain, numerical models
can be applied to determine the necessary adjustments to
the coefficient a;. This is even more important for scenar-
ios where significant damage is anticipated. Therefore,
subsequent discussion will thus center on describing
numerical models for predicting influence of healing on
stiffness recovery.

3.2.1 | Numerical models for simulating
healing behaviors

The challenge in simulating the mechanical properties of
self-healing materials lies in the different physical pro-
cesses interacting together, which also vary across differ-
ent healing mechanisms. Table 3 summarizes popular
numerical models for simulating self-healing materials
with various mechanisms. It includes the governing
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equations, required inputs, and the scope of application
for each model. The successful application of the models
in Table 3 requires a thorough understanding of the
physical and chemical processes involved, as well as prior
measurement of the input parameters. A comprehensive
review of all developed numerical models for simulating
the self-healing process can be found in [53].

In the context of distributed self-healing systems, such
as the use of embedded microcapsules, the impact of heal-
ing on mechanical restoration can be modeled by using
the Continuum Damage Mechanics (CDM) approach [54]
and the micromechanical models [55]. These methods
simulate material degradation as a reduction in stiffness,
represented by the damage variable (). Since they employ
the smeared concept to simulate both damage and healing
processes, these methods are particularly well-suited for
the simulation of self-healing concrete with embedded
microcapsules. To account for the effects of healing, one
way is to treat healing as the inverse process of damaging.
This can be achieved by either applying a modification fac-
tor to the damaged properties or a reduction factor to the
damage parameter [56]. For scenarios involving localized
damage, discrete models are more suitable. An example is
self-healing concrete with embedded vascular networks,
where it is crucial to explicitly describe the shapes and
locations of cracks. These discrete models use techniques
such as cohesive zone elements, 2D/3D lattice models, or
extended finite element methods to describe how the heal-
ing of localized damages affects the overall response.
Among those methods, the 2D/3D lattice models have
proven to be particularly helpful, as they can capture the
rate dependency of damaging/healing process [57,58].

The selection of appropriate models also depends on
the interaction between damage and healing processes as
illustrated in Table 4. This interaction is influenced by
three key factors: the loading condition during healing,
the time dependency of the healing action, and the
repeatability of the healing effects. Specifically, healing
can occur under loaded or unloaded conditions, which
influences the efficiency of healing. In addition, different
healing agents operate over different time frames, mak-
ing the recovery of some material properties time-
dependent. Modeling of such behaviors requires transient
analysis to account for the varying rates at which healing
occurs. Furthermore, from a modeling perspective, the
healing mechanism can be implemented as a one-time
action or a multiple-cycle process. For instance, encapsu-
lated healing systems provide a one-time healing action
for each triggered capsule, whereas vascular networks
can facilitate multiple healing cycles. To aid in selecting
an appropriate numerical model, Table 4 provides an
overview of expected stress-strain responses based on dif-
ferent damaging and healing conditions.

Jibd—

3.2.2 | Simplified numerical models

To further facilitate application, some more streamlined
approaches that focus primarily on estimating the overall
material stiffness post-healing were also developed. One
of the examples is the Hill macrohomogeneity condition
[59,60], which originates from plasticity theory can be
adapted to describe the behavior of self-healing materials,
including concrete. In such cases, healing can be consid-
ered an inclusion that fills the cracks, allowing the model
to estimate the elastic moduli of the two-phase solid
(matrix and healed material). In addition, the CDM and
micromechanical model can also be simplified to ignore
the effects of damage-healing interaction, healing rate
dependency effect, anisotropy behavior due to micro-
cracks orientation. With these simplifications, the models
become easy to implement, making them suitable for
quick assessments of healing where detail is not
essential.

Below is an example where a simplified micromecha-
nical model is applied to estimate the mechanical proper-
ties of healed materials. In this example, the level of the
damage (@) concept was adopted from the definition used
in the CDM method. For two damage levels, 0.05 and 0.5,
Figure 4 illustrates the progression of stiffness recovery
over time, using various recovery indicators for different
types of healing agents with curing functions presented
in [61,62]. Inputs concerning the mechanical properties
of healing agents were obtained from [63,64]. Based on
the specific healing mechanism employed, the results
from Figure 4 can be used to estimate the coefficient a; at
specific intervals following the initiation of the healing
process [58,59].

3.3 | Limitations

The preceding discussion underscores the potential of
numerical models in assessing the impact of healing
on mechanical recovery. However, the successful
application of these models necessitates sufficient
experimental data for their validation. A thorough
review of the current literature reveals a scarcity of
experimental results concerning mechanical restoration
through healing. Notably, the number of studies
exploring mechanical recovery is significantly lower
compared to those investigating crack closure or dura-
bility enhancement. Relevant studies have predomi-
nantly focused on autonomous systems, particularly
those incorporating vascular networks and microcap-
sules. Figure 5 provides an overview of publications
related to these two systems, while Table 5 details the
specific studies considered.
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Furthermore, another challenge is the determination
of input parameters. While advanced models can capture
complex damage-healing interactions, they also require
considerably more inputs related to physical and chemi-
cal processes, which can sometimes be difficult to be
determine experimentally. For instance, the curing func-
tion of the healing agents released from either capsules
or vessels is difficult to obtain. Although manufacturers
may provide nominal values, the realistic properties are
difficult to predict when they are:

1. Embedded in a cement-based matrix: The interaction
between the healing agents and the host materials can
vary, making it challenging to predict their behavior
accurately.

2. Affected by environmental conditions: Factors such as
temperature, humidity, and exposure to other chemi-
cals can influence the performance of healing agents,
adding complexity to the experimental determination
of input parameters.

3. Subject to transport limitations: The rate and extent of
healing agent movement within the damaged area can
be difficult to quantify, affecting the accuracy of the
model inputs.

4. Involving multiple chemical reactions: The healing
process often involves a series of chemical reactions,
each with its own rate and dependency on various fac-
tors, complicating the determination of accurate
input data.

These challenges underscore the importance of con-
tinued research and development in experimental tech-
niques to better capture the necessary data for accurate
model inputs. Enhancing our understanding and mea-
surement capabilities will improve the reliability and
applicability of numerical models in predicting mechani-
cal recovery through healing processes.

4 | RECOMMENDATION FOR
FURTHER RESEARCH

The ability of self-healing concrete to autonomously
repair cracks and damage highlights its potential in
restoring material properties of the concrete. This versa-
tility, while valuable in a way, also poses a challenge in
design, as different structural requirements demand dif-
ferent healing outcomes. For instance, microbial mineral
precipitation effectively reduces chloride ingress but may
have limited impact on restoring stiffness. This discrep-
ancy highlights the importance of prioritizing certain
properties in the healing process. Research is thus needed
to determine which concrete characteristics stand to gain

the most from self-healing, considering practicality, eco-
nomic viability, and sustainability. Focused enhance-
ments will ensure more robust and efficient healing
performance, providing a greater motivation for the
industrial use of this technology.

Selecting the desired effects is critical for designing
pilot projects that demonstrate the effectiveness of self-
healing concrete at an industrial scale. While these pro-
jects have the potential to provide valuable performance
data, many primarily rely on qualitative methods, such as
visual inspections of crack closure. A key consideration
when setting up a monitoring program is determining
the specific evidence needed to verify the selected func-
tionality. Self-healing concrete can fulfill various pur-
poses, such as mitigating leakage through cracks to
improve watertightness (monitored via water flow mea-
surements), reducing steel rebar corrosion through crack
healing and decreased chloride ingress (evaluated using
electrochemical techniques), or restoring the mechanical
properties of reinforced concrete structures (measured
with piezoelectric-based smart aggregates). A robust,
evidence-driven approach ensures that the claimed bene-
fits of self-healing concrete are sufficiently validated.

After identifying the key properties, it is essential to
evaluate how specific self-healing effects can be
accounted for in structural design. Many have proposed
the notion of a ‘healable crack width’, suggesting the
relaxation of current crack width requirements for differ-
ent exposure classes to allow for larger cracks to some
extent [16]. This approach offers potential benefits,
including a reduction in the reinforcement needed for
crack width control, resulting in cost and environmental
footprint savings. However, it is crucial to note that the
healable crack width should be established by conducting
performance tests, such as chloride diffusion/migration
tests, on concretes before and after healing. Relying solely
on surface observations of crack closure to establish the
crack width threshold can be misleading, as visual clo-
sure does not always guarantee complete restoration of
the chloride resistance.

Still, challenges persist in the availability of input
data. Approaches to the design of reinforced concrete
structures can be divided into two categories: prescriptive
approaches and performance-based approaches. The for-
mer consists of simple rules usually presented as thresh-
old values for different parameters, often derived from
experience, that should be fulfilled to guarantee an
expected service life, using ordinary materials and tech-
nologies. The latter consists of design procedures aimed
at determining (or verifying) the service life as a function
of the desired performance of the structure, allowing the
quantification of the effect of all the parameters involved,
including the use of innovative materials (e.g., self-
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TABLE 4

Damage-healing interaction

Loading
condition

Fully
unloaded

Fully
unloaded

Fully
unloaded

Under
sustained
loads

Under active
loads
(simultaneous
damaging and
healing)

Under active
loads
(simultaneous
damaging and
healing)

Repeatability

Healing only
occurs once.

Healing only
occurs once.

Multiple
cycles

Multiple
cycles

Healing only
occurs once.

Healing
occurs
continuously

Time
dependency

Time-
dependency of
the healing is
not relevant.

Yes, longer
curing time
before reloading
can deliver a
more effective
healing.

No, the healing
action occurs
rapidly or is
provided with
enough time for
completion
before
reloading.

No, the healing
action occurs
rapidly or is
provided with
enough time for
completion
before
reloading.

Yes, the effects
of healing
depend on the
loading rate.

Yes, the effects
of healing
depend on the
loading rate.

Tllustration of different damage-healing responses and their application.

Mechanical response
After healing
)]
n
Q
n
Strain
l After healing
/)]
(/2]
o
’ /
Time
Healing
& cycle 1
)
o
n
Time
Healing
o cycle 1
1%
Q
Bl e .
Time
? After healing
Q
n
Strain
2 After healing
o
n
Strain

Applicability

Applicable to self-
healing systems where
the healing action
occurs rapidly, or
adequate time is
allotted for the healing
process to be
completed.

Applicable to self-
healing systems where
the effect of healing
depends on the
amount of curing time
given to the healing
agent.

Applicable to self-
healing systems with
multiple healing cycle
potential, such as with
bacteria.

Applicable to self-
healing systems with
multiple healing cycle
potential, such as with
bacteria.

Applicable to self-
healing systems that
activate healing at a
certain damage level
and provide healing
material only once
(i.e., microcapsule-
based self-healing
materials)

Applicable to self-
healing systems that
activate healing at a
certain damage level
and provide
continuous
supplement of healing
material (i.e., vascular-
based self-healing
materials)

Jib1—

Suitable models

Simplified CDM
and MM [82,85]

Rate-dependent
CDM [57,85] or
rate-dependent
discrete models
[86-88]

Rate-dependent
CDM suggested
by [57,89]

The extended
version of
CDHM, cohesive
zone model, is
used to develop
this model.

Systems in which
loading is
resumed during
the healing
process, such as
vascular
networks and
encapsulation

Rate-dependent
discrete models
considering
overlapping
healing [57,84,90]
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FIGURE 4 Recovery of material stiffness for different damage levels: (a) ® =0.1 and (b) @ = 0.5.

m All types of Measurments m Mechanical regain measurments
healing concrete). Obviously, for self-healing concrete, a
performance-based approach is essential. However, a crit- 30
ical aspect of this approach is the need for data on all
input parameters, especially concerning their variability.
This requirement presents a significant challenge in
incorporating the effects of healing into the modeling of
either mechanical performance or degradation mecha-
nisms. As highlighted in both Section 2.5 and 3.4, despite
the abundance of studies showing the positive impact of
self-healing on the durability and mechanical related
properties of concretes, there is a notable lack of probabi- 0
listic assessments evaluating these effects. Future Vascular Encapsulation
research focusing on investigating the reliability of self-
healing concrete over a large sample size would be

Number of publication
- - N N w w
o v o w o wv

(O}

FIGURE 5 Available experimental data related to self-healing.

beneficial.

As mentioned earlier, real-scale demonstration pro- Additionally, among the limited number of pilot projects,
jects offer opportunities to generate substantial perfor- it has been repeatedly noted that cracks were not
mance data for self-healing concrete. However, such  observed, let alone any evidence of crack healing
projects are currently scarce, and their absence is consid- [18,66,67]. Due to the risk-averse nature of stakeholders,
ered a major barrier to their commercialization [65]. self-healing in pilot projects is often treated as an
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TABLE 5 Number of reviewed studies with quantitative data.

System of healing

1 Vascular network-based self-healing
, aterials

crack closure

3 Microcapsule-based self-healing
4 cementitious materials

crack closure

additional precautionary measure to ensure specific
functions, such as water tightness, rather than fully
leveraging its potential benefits, such as reducing rein-
forcement requirements by allowing crack formation in a
controlled way. Introducing new demonstrators that
adopt more ambitious design approaches could position
self-healing concrete as a viable crack management solu-
tion, complementing or even replacing current crack pre-
vention strategies.

Future research should also aim to enhance the
robustness of the shortlisted self-healing mechanisms.
Perhaps the absence of probabilistic-based reliability
assessments for self-healing concrete might be that the
technology, in its current form, is not yet sufficiently reli-
able. Current research on self-healing concrete typically
demonstrates its effectiveness under controlled and ideal
conditions. Yet, even in these favorable environments,
the effectiveness of these systems has exhibited inconsis-
tencies. For practical application in real-world structures,
it is crucial that self-healing processes can reliably main-
tain their effectiveness under typical operational condi-
tions of infrastructure. Practical examples [68] show that
failure to achieve the expected self-healing, particularly
in water-bearing separating cracks, can lead to major
structural damage. To this end, further research should
focus on enhancing the robustness of self-healing mecha-
nisms in concrete. This could include developing new
self-healing materials or refining existing ones to make
them more effective and reliable.

5 | CONCLUSIONS

The paper offered insights into incorporating the impacts
of self-healing when designing the durability and
mechanical characteristics of reinforced concrete struc-
tures. The study centered around two particular advan-
tages of adopting self-healing concrete: its effectiveness in
resisting chloride ingress within cracked concrete, and its
ability to mitigate stiffness reduction caused by micro-
cracking. In both cases, modifications to existing

Type of measurement
Recovery of mechanical properties 10

Recovery of durability properties and 12

Recovery of mechanical properties 15

Recovery of durability properties and 15

Jibl—

Number of

studies found References

[63,79-81,91-96]
[7,97-107]

[19,75-78,108-117]
[118-132]

engineering models and numerical models were proposed
such that the effects of healing can be quantified. The
main findings of the current study are:

« Incorporating the influence of healing into the calcula-
tion of corrosion initiation time poses a challenge, as
current service life models typically assume concrete to
remain crack-free. Nevertheless, by appropriately
adjusting parameters such as the diffusion coefficient
and aging factor in these models, it becomes feasible to
incorporate the effect of the healing process.

« While the integration of healing mechanisms into service
life predictions holds theoretical promise, it remains at an
early developmental stage, requiring significant experi-
mental data which is currently insufficient. Despite the
abundance of studies in this field, data reflecting real-
world conditions are scarce, emphasizing the crucial need
for validation of healing processes in practical settings.

« The typical approach to address stiffness reduction from
micro-cracking involves applying a reduction factor,
which can be adjusted to account for the specific contri-
bution of healing. Numerical models offer a means to
quantify this contribution, with varying levels of complex-
ity enabling the description of both initial damage and
the interplay between loading and healing processes.

« In both scenarios, it is crucial to emphasize that deter-
mining the ‘healable crack width’ necessitates con-
ducting performance tests, such as chloride ingress or
mechanical loading, on concrete before and after heal-
ing. Relying solely on surface observations of crack clo-
sure to establish the crack width threshold can be
deceptive, as visual closure does not always ensure
complete restoration of the desired properties.
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