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Abstract: Cement-based materials are the most widely used construction materials in the world for
infrastructure works. Unfortunately, they come with a high environmental burden due to carbon
dioxide emissions and the need for regular maintenance and repairs. Without these, the service
life can decrease. By using a self-healing approach, the service life can be extended, as well as
the durability and sustainability of the building material. As the ability to self-heal depends on
the age of the material, so will the potential influence of added materials to promote this healing.
However, the effects of reduced healing beyond one year are not ubiquitous in the literature. In this
study, specimens were studied after a decade of maturation under different storage conditions to
conclude on the self-healing capabilities of the old samples. Cracks can still be partially healed after
ten years, mainly due to the formation of calcium carbonate crystals, related to the observed regain
in mechanical properties measured by repeated four-point bending tests. The initial addition of
superabsorbent polymers to the mixture results in greater healing compared to the reference samples,
making it a sustainable option for the future of cement-based composites.

Keywords: durability; sustainability; sustainable structural design; further hydration; calcium
carbonate crystallization; self-healing; hydrogel; strain-hardening; age; decade

1. Introduction

Due to the interest in increasing the durability and sustainability of concrete structures
and construction techniques, a wide range of new cementitious materials are being de-
signed and investigated. One of these recent materials is a cementitious material containing
Superabsorbent Polymers (SAPs), studied only from 1999 [1], mainly for its internal curing pur-
poses with the mitigation of autogenous shrinkage [2–4] and sealing characteristics [1,5,6]. Other
positive influences are the modification of rheology, and the increase in freeze–thaw resis-
tance, among others [7–11]. From 2010 [12,13], a combination of the addition of synthetic
microfibers and SAPs has been studied for their improved influence on the autogenous
healing capacity in cementitious materials. Since they can absorb and retain water, this
water can be used to stimulate the precipitation of healing products in the vicinity of SAPs.
It was found that optimal conditions for self-healing were present [14,15], as the crack
width was limited to 30 µm on average and water was available during dry periods. When
exposed to humid conditions, samples with SAPs even show partial healing [15–18]. These
samples were studied in detail, especially at a young age, as they were mostly cracked at
28 days of age. Some of these early samples from the same batch were kept unmodified
and reached an age of over 10 years in order to investigate on the influence of maturity.

In the literature, results on visual healing and regain in mechanical properties are
mainly found in young samples. When examining the healing of samples older than one
month, the following results can be found. Self-healing is possible after being stored in
water for three months after being exposed to freeze–thaw and damage [19]. Another study
compared the healing of two-month-old and twenty-month-old specimens, which were
subsequently healed for a month [20]. Complete healing was still possible, but the rate of
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healing decreased, as did the healable crack width. They referred to the densification of the
cementitious matrix, thus hardening, as reason for the decrease of the healing capacity over
time. The main healing products were calcium carbonate derivatives and a small amount of
C-S-H, indicating further hydration. At older ages—for example, in high-strength concrete
at an age of 60 days—almost no unhydrated cement particles are present to contribute for
the strength increase upon healing up to an additional 60 days [21], as C-S-H products are
overall stronger than calcium carbonate crystals. The age, related to the amount of further
hydration possible, is important [22]. Specimens containing fly ash still show moderate
healing at 270 days of age after cracking at 180 days of age [23]. In thin cement-based
sheets, healing was observed up to two years of age after being cracked at 28 days [24].
Furthermore, when considering civil constructions, healing products are still noticeably
being formed after decades of service life [25,26]. An important factor to consider is
the binder content, as it gives the amount of Ca2+ cations needed for calcium carbonate
formation, as well as for pozzolanic activity and related calcium hydroxide consumption.
A mixture with a low water-to-binder ratio also shows an increased binder content, and
a larger portion of unhydrated binder compared to mixtures with a high water-to-binder
ratio. Since there are more unhydrated cement grains, a greater amount of C-S-H can be
formed due to continued hydration.

As the autogenous healing capacity depends on the age of the material, so will the
possible influence of added materials to promote this healing. For example, by using
a crystalline admixture, healing can still be achieved after one year [27]. A benchmark
reference in the latter research shows a decrease in self-healing ability after one year, due to
the consumption of products initially present in the mixture. Even in other systems with
self-healing characteristics, a determining factor is the age. This is the case for cementitious
systems containing microcapsules [28] or calcium–carbonate-precipitating bacteria [29–32],
for which the healing of aged samples is only poor. Another addition aims to limit the
crack widths to the healable range using (micro)fibers [33,34]. In high-performance fiber-
reinforced cementitious composites, healing was studied on specimens pre-cracked at
2 months and 11 months of age [35]. Different exposure durations were provided, namely
1, 6 and 24 months for specimens pre-cracked at 2 months of age and 1, 3 and 6 months for
specimens pre-cracked after 11 months of age. It was found that healing was still possible,
and the longer the curing period, the more healing was observed. Small cracks closed more
easily and completely. Effects beyond one year are not ubiquitous in the literature. In the
latter study [36], healing was still possible but to a lesser extent, as would be the case for
younger specimens.

The shelf-life of polymers is a few years, as is the case for superabsorbent polymers.
Therefore, it needs to be verified whether the SAPs can still do their job after maturation in
the alkaline cementitious matrix. The effect of age cannot be investigated until the actual
specimens reach the required maturity. In a previous study, the age was studied up to
8 years [37]. In this study, specimens from the same batch were studied after a decade of
maturation, being cracked at the age of 10 years by means of four-point bending tests and
retesting after 28 days of curing under different conditions in order to study the visual
precipitation of products and the regain in mechanical properties.

2. Materials and Methods

Samples containing CEM I 52.5 N (Holcim, Obourg, Belgium) (mass equivalent over
one mass equivalent of cement, 1:1), fly ash (Class F, OBBC, Oosterzele, Belgium) (1:1),
fine quartz sand (M34, Silbelco, Antwerp, Belgium) (0.7:1), water (0.6:1), superplasti-
cizer (Glenium 51, conc. 35%, BASF, Ludwigshafen, Germany) (0.01:1), and PVA fibers
(15 dtex, 8 mm cutting length, 12 cN/dtex tenacity, Kuraray, Kurashiki, Japan) (0.04:1) were
used as the reference mixture composition. The reference samples were called REF. The
SAP samples additionally contained SAPs, expressed as the mass percentage of cement
weight at 0.5 m% (0.005:1) or 1 m% (0.01:1). Two polyacrylate-type of SAPs were tested.
The first one (SAP A, BASF, Ludwigshafen, Germany) is a copolymer of acrylamide and
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sodium acrylate, having a particle size of 100.0 ± 21.5 µm. The second (SAP B, BASF,
Ludwigshafen, Germany) is a cross-linked potassium salt polyacrylate with a particle size
of 477 ± 53 µm. Both SAPs are produced by bulk polymerization, have an irregular form
shape, and can swell up to 300 times its own weight in a liquid [15]. Additional water
was added on top to compensate for the loss of workability while ensuring the same effec-
tive water-to-binder ratio [38]. The amounts of additional water were for 0.5 m% SAP A
(0.153:1), for 0.5 m% SAP B (0.044:1), and for 1 m% SAP B (0.089:1), respectively. The sample
series names were respectively called: 0.5 A, 0.5 B, and 1.0 B. The SAPs were first dry-mixed
with the binder material to ensure even distribution. The total amount of water with dis-
solved superplasticizer was added at one time. The samples were prepared and stored at
20 ± 2 ◦C and a RH > 95% until they reached the required maturity.

The effect of autogenous healing was investigated by four-point bending loading at
10 years of age. The force–vertical–displacement curves were recalculated to stress–strain
curves using goniometry. The strain was calculated at the bottom side of the specimens.
Three specimens were loaded to complete failure to determine the first cracking strength
σfc defined as the first observed drop in the stress–strain curve. The material ductility
MC was determined as the strain in the percentage between the strain at the first cracking
strength and the strain after the observed strain-hardening due to flexure at the point where
strain-softening started to occur, and no increment in the stress–strain curves could be
observed. This moment was defined as a failure, and the samples were unloaded at this
stage. The number of cracks # was determined after failure of the specimen.

Next, a self-healing testing sequence was executed. First, three additional specimens
were loaded at a strain of 1%. The first cracking strength σfc was determined, next the
average observed crack width w and maximal crack width wmax by means of microscopic
analysis. The loading was increased by 1.5 µm·s−1 to achieve a quasistatic loading condi-
tion. Second, the samples were stored under specific healing conditions. These were (1)
20 ± 2 ◦C and a RH > 95%, (2) a standard laboratory condition of 20 ± 2 ◦C and a RH of
60 ± 5%, and (3) wet–dry cycles with 1-h submersion in water at 20 ± 0.5 ◦C and 23 h
pf storage under standard laboratory conditions of 20 ± 2 ◦C and a RH of 60 ± 5%. The
wet–dry cycling was performed in an automated setup. The crack mouths were always
oriented upwards during the curing period. After this curing period, the samples were
reloaded to 1% strain to determine the regain in mechanical properties. The regain in
first cracking strength, i.e., the healing ratio, HR, was calculated as the division of the
first cracking strength during reloading σfc,r and the initial first cracking strength during
preloading σfc of the same sample, following Equation (1):

HR =
σf c,r

σf c
(1)

For the first cracking strength σfc, a total of six repetitions (from the samples until
failure and the samples loaded to 1% preloading strain) were taken into account, while,
for all other parameters, three repetitions were used. A statistical analysis was performed
using the standard deviations on the single results.

3. Results and Discussion

The results for the 10-year-old specimens are given in Table 1. This table shows the
first cracking strength σfc, the average crack width at 1% preloading strain w, the maximal
crack width found at 1% preloading strain wmax, the ductility as flexural strain-hardening
at failure MC, the number of cracks observed at failure #, and the healing ratios HR of the
specimens reloaded after being stored under the different healing conditions, being at high
RH+, standard RH−, and wet/dry cycling wd.
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Table 1. First cracking strength σfc (MPa), average crack width at 1% strain w (µm), maximal crack
width at 1% strain wmax (µm), flexural strain-hardening amount as a measure for multiple cracking at
full flexural strain-hardening MC (%), number of cracks at full flexural strain-hardening # (-),healing
ratio HR at high RH+, standard RH−, and wet/dry cycling wd (%).

Sample σfc (MPa) w (µm) wmax MC (%) # HR RH+ HR RH− HR wd

REF 6.5 ± 0.5 10 ± 7 19 µm 1.2 ± 0.4 2–8 5 ± 1% 0 ± 1% 15 ± 9%
0.5 A 6.1 ± 2.3 8 ± 8 20 µm 1.6 ± 0.8 3–12 10 ± 8% 3 ± 8% 18 ± 6%
0.5 B 6.1 ± 1.5 10 ± 8 21 µm 1.8 ± 0.5 5–11 14 ± 10% 4 ± 8% 22 ± 8%
1.0 B 6.0 ± 0.8 8 ± 6 21 µm 2.1 ± 0.5 4–12 16 ± 6% 6 ± 8% 33 ± 7%

Typical strengths and crack widths were obtained. Due to the macropore formation by
SAPs, the strength is reduced, and the decrease in strength is still acceptable. This is due
to the low initial water-to-binder ratio. Due to the internal curing effect by SAPs, there is
denser formation of the cementitious matrix, partly compensating the macropore formation.
Due to the stress initiator property of SAPs [39], the number of cracks increases. This also
results in a higher ductility, as shown by the increase in the multiple cracking amount.

When performing the wet/dry cycles, SAPs are clearly visible in specimens subjected
to wet conditions. SAPs therefore survive storage for up to 10 years in a cementitious
composite and are still capable of swelling. The healing ratios are always higher for SAP
compared to REF samples, as is also the case for young specimens. This is due to the water
action by SAPs during dry periods and the ability of SAPs to extract moisture from the
surrounding environment by adsorption. This leads to more favorable conditions for the
formation of healing products, since water is available [17]. The main visual appearance of
the healing products was the whitish crystallization of calcium carbonate, as was confirmed
by means of a microscopic analysis.

The results obtained were compared to the same batch of specimens tested at 7 days,
28 days, 3 months, 1 year, 3 years, and 8 years of age [37]. The results in terms of average
crack widths and maximum crack widths are given in Figure 1.
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Figure 1. The observed mean crack width at 1% strain preloading and the observed maximal crack
width at 1% strain (µm).

The average and maximum crack widths are not statistically significantly different
for all the studied mixture compositions. In general, it is found that the crack widths
decrease with time. This is due to the stronger matrix and further hydration, resulting in a
stronger adhesion of the microfibers to the cementitious matrix. This leads to smaller fiber
pullout lengths and thus smaller crack widths during strain hardening [40]. This can also
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have a positive effect. As crack widths decrease with time, healing products will require
less bridging of the crack. While the autogenous healing capacity decreases with time,
the overall healing may still be sufficient, depending on the remaining availability of the
building blocks.

The same conclusions can be drawn by examining the overall ductility, with the results
shown in Figure 2.
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stress-strain curve (%) as a function of the time.

Again, due to hardening, the fibers are more bound to the cementitious matrix. This
will result in less fiber pullout and thus lower ductility. The highest ductility is found
in young specimens, while the ductility significantly decreases over time, although the
number of cracks tends to increase. Specimens containing SAPs tend to show more ductility.
This is mainly due to the stress initiator property mentioned above. Even though the
amount of porosity related to the amount of additional water is higher for 0.5 A, both
mixtures containing SAP B tend to show more ductility. The main cause is the difference in
particle size, since SAP B is about five times larger compared to SAP A.

SAPs cause the formation of macropores, influencing the mechanical properties besides
the crack initiator property. The first cracking strength, measured as the first drop in the
stress/strain curve, is shown in Figure 3 for all mixtures studied.

Overall, the first cracking strength increases with time. This is due to further hydration
and hardening. The values are typical for a strain-hardening cementitious composite with
similar mixture compositions [41–43]. A trend can be observed in terms of the influence
of SAPs. At an early age, at 7 days and 28 days, the strength of the mixtures containing
SAPs is the same or slightly higher than that of the reference specimens. This is mainly
due to the internal curing effect of SAPs [44,45], counterbalancing the strength decrease
caused by macropore formation. After three months, the strength in the reference samples
is higher than that of the SAP samples. In this case, the delayed hardening compared to
SAP samples is now taking place. This shows that the macropore formation is again the
determining factor, and a decrease in first cracking strength is noticed. The results, however,
are not statistically significant, and a large standard deviation was obtained. The older
the SAP samples, the larger the influence of the macro porosity on the observed standard
deviation. Some macropores are altered due to further hydration, further scattering the
obtained strength results. Furthermore, due to the adsorption of moisture during the
storage conditions, partial curing may have occurred in the vicinity of the SAP particles.
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Figure 3. The first cracking strength (MPa) of all samples studied, as a function of time, measured as
the first drop in the stress–strain curve.

The regain in mechanical properties, measured by dividing the first cracking strength
at reloading and the first cracking strength at preloading, is presented in Figure 4 for 0.5 A
(a), 0.5 B (b), and 1.0 B (c), respectively, compared to the reference samples. Each subfigure
shows the healing (y-axis) of an SAP sample series as compared to the reference after being
cracked at a certain age (x-axis) and healing for 28 days at the different curing conditions.
These curing conditions are depicted from bottom to top as: RH = 60%, RH > 90%, and
wet/dry cycling, providing three datasets per sample series. The more water is available,
the more regain in the first cracking strength is observed, hence the logical order of curves
from bottom to top.

The general trend is that the healing decreases with time. Although the average
crack width is smaller (see Figure 1), the building blocks are consumed due to further
hydration. Early-age cementitious materials contain more unhydrated binder particles
for the formation of C-S-H, continued later on by a combination of further hydration and
calcium carbonate precipitation. In these specimens, the pozzolanic activity of fly ash also
takes effect. Since this reaction consumes Ca(OH)2, as is also the case in the continuous
carbonation of the samples, there may be fewer building blocks, again leading to a lower
amount of healing at later ages. However, at later ages, CaCO3 precipitation is the primary
healing mechanism for crack closure, and the distinct whitish crystals are clearly found
from 3 months of age onwards by visual inspection. Since C-S-H crystals are stronger than
CaCO3 precipitation, healing should be more important for younger specimens. Although
the cracks may have closed in the older specimens, the weaker CaCO3 crystals result in
an observed weaker regain in mechanical properties, i.e., the first cracking strength. The
microfibers used also act as a nucleation site for CaCO3 crystal formation [15,46]. The
visual healing was dominated by CaCO3 crystallization at later ages. Specimens containing
(a higher amount of) SAPs also tend to show more stimulated precipitation of crystals in
the crack. However, no information is provided on the crystal formation in the interior
of a crack due to the limitations of the microscopic technique. The difference between
visual monitoring and calculation of the regain in mechanical properties clearly shows the
difference between the definitions of self-sealing and self-healing found in the literature.
Sealing refers to the closure of cracks without a regain in mechanical properties, while
healing also includes the regain in mechanical properties. This last point must always be
verified in addition to the physical sealing and the regain in impermeability related to
certain substances.
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Considering the results of the reference system in Figure 4, 28 days of healing in
wet–dry cycling results in a regain in mechanical properties of about 60% at 7 days of age.
This decreases to approximately 45% at 28 days of age and is still 15% at 10 years of age.
The inclusion of 0.5 m% SAP A increases these values to 75%, 65%, and 20%, respectively.
This is a notable increase, which is even better when 0.5 m% or 1 m% SAP B is added, with
a maximum of 85%, 80%, and 30%, respectively. This shows the positive influence of SAPs
in terms of promoting autogenous healing.

When storing reference samples at a high relative humidity, no significant healing is
observed. When considering SAP samples, this healing is still in the range of 10–50%. The
adsorption of moisture from the environment is sufficient to promote partial healing in the
vicinity of the SAP particles. Moisture is adsorbed (up to a couple of times the weight of
dry SAP [47]) and released for the formation of healing products. Even under standard
relative humidity conditions, healing leads to a regain in mechanical properties, albeit to a
lesser extent.

4. Conclusions

Small crack widths after 10 years can still be partially healed. The main visual healing
product is calcium carbonate. Further hydration was less likely, because most of the binder
already hardened during storage conditions. A partial regain in mechanical properties is
seen in the reference samples.

In general, the samples containing SAPs show greater healing compared to the ref-
erence samples and are still capable of swelling after a decade of storage in an alkaline
cementitious environment. This makes them a sustainable option for the future, as less
maintenance and repair will be required. It is worth mentioning that the SAP particles
were not exposed to UV light, because they were stored inside in the cementitious material.
These dark conditions are very beneficial in preventing SAP degradation.

A comparison of the different sample series showed that the healing conditions for
0.5 A and 0.5 B were similar in terms of self-healing ability and regain in mechanical
properties for all ages studied. However, more SAP B (0.5 B towards 1.0 B) could be added
to the mixture, as less initial mixing water is required as compared to the same amount
of SAP A without compromising the initial mechanical properties. This leads to a better
overall healing performance, as the healing is further promoted due a larger quantity of
SAPs being present in the cementitious matrix, both at an early age, as well as after a decade
of maturing.

Since healing is still possible after a decade, the service life of a structure can be
extended. However, more data is needed to conclude whether healing with SAPs is still
feasible after 10 years of maturing.
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