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Abstract: Autogenous healing is an already-present feature in strain-hardening cementitious materials, but it is an inferior mechanism
because it can only heal small cracks in the presence of water. A cementitious material with synthetic microfibers and superabsorbent
polymers (SAPs) could provide a solution. In this study, the ability of repeatable promoted autogenous healing in fiber-reinforced,
strain-hardening cementitious materials with and without SAPs is investigated by comparing their mechanical properties after they are sub-
jected to two cycles of loading under a four-point-bending test. The results indicate that SAP particles promote self-healing. The main
mechanisms of the autogenous healing are the hydration of unhydrated cementitious materials in cracks and the precipitation of calcium
carbonate on the crack faces. The healed specimens are able to regain some of their mechanical properties (up to 75%). Even second reloading
of those healed samples leads to partial additional regain in mechanical properties (up to 66%). DOI: 10.1061/(ASCE)MT.1943-5533
.0001360. © 2015 American Society of Civil Engineers.
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Introduction

Cracks can easily occur in concrete due to its relatively low tensile
strength. These cracks have a negative effect on the durability of the
structure because harmful substances may enter and deteriorate the
concrete from inside out. This can be pernicious because repair
works, which are labor-intensive and expensive, can sometimes not
be effectuated due to inaccessibility or practical reasons. Concrete,
however, has the ability to heal itself by closing small cracks, re-
ferred to as autogenous healing. The two mechanisms mainly
responsible for this form of healing are (1) the continued hydration
of unhydrated cement grains; and (2) the precipitation of calcium
carbonate (CaCO3) (Edvardsen 1999; Granger et al. 2007; Homma
et al. 2009; ter Heide 2005; Van Tittelboom et al. 2012; Yang et al.
2009). In the last case, carbon dioxide (CO2) dissolves in water to
react with Ca2þ ions present in the mortar matrix. A detailed study
on the autogenous healing of cracks in concrete and the boundary
conditions needed was performed by Edvardsen (1999). She found
a reduced permeability in time due to autogenous healing and per-
formed an intensive study on the laws that govern the nucleation
and crystal growth processes. The decrease in permeability hereby
demonstrated the potential of the autogenous healing because there
is less intrusion of durability-decreasing substances and thus a
probability of an increased service life of the concrete structure.

Cracks in high-strength cementitious materials need to be small
in order to be completely healable. If not, the products available in
the mortar mix are consumed before the crack is effectively closed.
The wanted cracking behavior (the formation of multiple small
cracks instead of a single large crack) is obtained by adding syn-
thetic microfibers to the mortar mix, typically two volume-percent
(2 v%) of polyvinyl alcohol (PVA) fibers. This results in a mortar
with a high tensile ductility, strain hardening, and small crack
widths in the range of 20–80 μm (Li et al. 1997; Yang 2008; Yang
et al. 2009). Cracks smaller than 50 μm show complete healing and
cracks up to 150 μm show partial healing (Yang et al. 2009), but
only in the presence of water. If no water is present, there will not be
any form of autogenous healing (Snoeck et al. 2012b; Yang 2008;
Yang et al. 2009). Recent studies aimed at a crack width of 30 μm
maximum to ensure a complete healing of the crack by means
of autogenous healing (Snoeck and De Belie 2012; Snoeck et al.
2012b). The crack hereby visually closed completely and a regain
of approximately 50% in mechanical properties was achieved
(Snoeck et al. 2012b).

Without the presence of water, cracks in the cementitious material
will not show autogenous healing. The self-healing capability of con-
crete can be improved by adding superabsorbent polymers (SAPs).
These polymeric networks have the ability to absorb and retain a vast
amount of liquid without dissolving, swelling to huge proportions
due to osmosis. The use of SAPs to promote autogenous healing
is dual. SAP particles swell due to water uptake during the mixing
process and shrink during hardening of the concrete, leaving behind
macropores (Yao et al. 2012). These macropores act as initial flaws
and promote multiple cracking. Second, SAP particles are very
useful for autogenous healing because they absorb water during
wet periods and slowly release it during dry periods. Water is thus
continuously available for the autogenous healing process and the
composite can show a complete regain in mechanical properties,
with healing of cracks up to 130 μm (Kim and Schlangen 2010;
Snoeck et al. 2012b) under wet-dry cycles. Also, as the SAPs swell,
they will initially seal a crack from intruding fluids, thus increasing
the durability (Lee et al. 2010a, b; Snoeck et al. 2012a, b). In this
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way, a smart cementitious material that is reliable and less indepen-
dent from external conditions is acquired.

If this self-healing material is used in practice, several robust-
ness criteria need to be met. These are a long shelf life, pervasive-
ness, economical advantage, stability, quality, reliability, versatility,
and repeatability (Li and Herbert 2012; Yang 2008). In this paper,
the focus lies on repeatability after the first healing action due to
autogenous healing, which is related to quality and reliability.

If Fig. 1(a) is considered for a traditional structure, the durability
performance of a construction is higher than the required perfor-
mance. But, if there is excessive loading and/or cracking, this
durability parameter may shift to lower values and degradation
may occur. If one does not notice the failure and does not repair,
the construction may decline (if the durability performance drops
below the required performance line). The increases in durability
performance are preventive and essential maintenance to rehabili-
tate the structure. The dashed curve shows the costs. The costs will
increase stepwise in time due to maintenance monitoring and
manual repair (van Breugel 2007).

If an ideal self-healing material would be used, the durability
could be guaranteed [Fig. 1(b)] without human intervention. But,
in the case of autogenous healing, the amount of available building
blocks is consumed in time, thus limiting the possibility of renewed
crack healing [indicated by means of a question mark in Fig. 1(b)].
So, the question arose whether this autogenous healing could be
repeated. What will happen when autogenously healed specimens
are again subjected to cracking? In this paper, the possibility of a
repeatable autogenous healing is investigated by performing re-
peated four-point bending tests on self-healing materials.

Materials and Methods

Materials

The reference mortar mixtures contain CEM I 52.5 N (Holcim,
Belgium), Class F fly ash (OBBC, Belgium), silica sandM34 (D50 ¼
170 μm; Sibelco, Belgium), water, polycarboxylate superplasticizer
(Glenium 51, concentration 35%; BASF, Germany), and PVA fibers

(2 v%; 1.5 × 10−6 kg=m (15 dtex); 8 mm cutting length; 1.2 GPa
(12 cN/dtex) tenacity; Kuraray, Japan). The mixture composition is
based on the one found by Li et al. (1997) and is given in Table 1.
In other mixtures, a varying amount of SAP expressed as mass-
percentage (m%) of cement weight was added on top of the refer-
ence mixture without SAPs. Two types of SAP from BASF were
used: SAP A being a copolymer of acrylamide and sodium acrylate
(particle size 100.0� 21.5 μm), and SAP B, a cross-linked potas-
sium salt polyacrylate (476.6 � 52.9 μm) (Snoeck et al. 2014b).
Both SAPs were produced through bulk polymerization and
consisted of irregularly shaped particles.

To assess the sealing capacity of SAP, the swelling capacity was
calculated from the volume increase between the vacuum-dried
state and the saturated state of the SAP. A test fluid was added
to vacuum-dried SAP particles and the whole was filtered after
1 day. The amount of filtered fluid was recorded. To ensure there
was no influence of the filter paper, the latter was saturated with the
fluid prior to filtration. The difference in mass of test fluid is the
amount of test fluid absorbed by the SAP. By dividing this value by
the initial mass of the SAP, the absorption capacity is determined.
The measurements were performed with deionized water and fil-
tered cement slurry (obtained by mixing 10 g CEM I 52.5 N in
100 g of deionized water) (Snoeck et al. 2014b). The absorption
capacity is 305� 4 g deionized water/g SAP A, 283� 2 g deion-
ized water/g SAP B, 61� 1 g filtered cement slurry/g SAPA, and
58� 2 g filtered cement slurry/g SAP B. SAP A particles are able
to extract 25.6, 83.1, and 393.8% of their weight in moisture from
the air in an environment with 60, 90, and 98% relative humidity
(RH), respectively. SAP B particles are able to extract 28.1, 84.0,
and 394.1%, respectively. The latter was determined by using dy-
namic vapor sorption (DVS) in which the relative humidity can be
changed in a controlled nitrogen environment while measuring the
weight of the sample (Snoeck et al. 2014a).

Mixing, Casting, and Storage Procedures

First, the cement, fly ash, and possibly SAPs (depending on the
mixture composition) were equally distributed with a mortar mixer.
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Fig. 1. (a) Durability performance and costs as a function of time for manual repair in a traditional structure; (b) for an (ideal) autogenously healing
material (data from van Breugel 2007)

Table 1. Mortar Composition of the Studied Mixtures

Sample
code

m% SAPa

(%)
SAP
type

Cement
(kg=m3)

Fly ash
(kg=m3)

Sand
(kg=m3)

Water
(kg=m3)

Additional water
(kg=m3)

Superplasticizer
(kg=m3)

Fibers
(kg=m3)

SAP
(kg=m3)

0 0 — 608 608 426 365 — 12 26 0
0.5A 0.5 A 554 554 388 333 84 11 26 2.77
0.5B 0.5 B 590 590 413 354 26 11 26 2.95
1B 1 B 572 572 400 343 51 11 26 5.72
aMass percent of SAP versus cement weight.
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Then, water and superplasticizer were added and mixed for 30 s
at 140 revolutions per minute (rpm). The fine silica sand was
added during the next 30 s at 140 rpm. To ensure a homo-
geneous dispersion of all components, the speed was increased
for the following 30 s to 285 rpm. The edges of the bowl were
scraped during 30 s and the mixture was then resting for a period
of 60 s. Subsequently, at a speed of 140 rpm, microfibers were
slowly added during 30 s. The final step was mixing for 60 s at
285 rpm.

A comparison of the flow value of mixtures with and without
SAPs was used to reflect the absorption of mixing water by
the SAPs in the mortar mixture (Schröfl et al. 2012). The mortar
was hereby spread by jolting a plate 15 times and the flow
diameter was then determined on two perpendicular axes [EN
12350-5 (European Committee for Standardization 2009)]. The
amount of additional mixing water calculated based on the out-
come of the previous test was increased several times in multiple
mixtures with the same amount of SAPs until the flow value of
both mixtures with and without SAPs was equal (175 mm). The
determined amount of additional water is shown in Table 1.

Molds (160 × 40 × 10 mm3 samples) were filled and the
samples were compacted by jolting 60 times. The samples were
demolded after 24 h and were stored at a relative humidity of
95� 5% and a temperature of 20� 2°C until the age of 28 days.
Series used within this study (Table 2) consisted of a mini-
mum of three 160 × 40 × 10 mm3 samples with 2 v% of PVA
microfibers.

Four-Point Bending and Curing Conditions

Cracks were created in the specimens by a four-point bending test
at the age of 28 days. A servohydraulic testing system (Walter+Bai
DB 250/15) ensured a displacement-controlled test (0.0015 mm=s
to imitate a quasi-static load). The lower span was 140 mm and the
upper loading span was 40 mm (Snoeck et al. 2014b). The strain at
the bottom side of the specimen was limited to 1%, theoretically
calculated from the curvature and the vertical displacement
during loading. This strain is lower than the maximum possible
strain upon failure of such a strain-hardening specimen, so the ser-
vice cracks could be studied before opening due to pullout of the
fibers. After cracking, the samples were stored in three different
conditions to allow crack healing:
1. At 20� 2°C by applying wet-dry cycles (alternatively stored

in water for 12 h, and at a RH of 60% for 12 h);
2. In a room with a RH > 90%; and
3. In a room with a RH ¼ 60%.

Regain in Mechanical Properties

After a period of 28 days of healing, the specimens were reloaded
in four-point bending [Fig. 2(a)] and the mechanical properties, ob-
tained during the first and second loading cycle, were compared
[Fig. 2(b)]. These properties are the first-cracking strength, the
modulus of elasticity, the amount of multiple cracking, the regain
in first-cracking strength, the regain in modulus of elasticity,
and the residual amount of multiple cracking. The first-cracking
strength was defined just before the first drop in stress due to
an unstable extension in the matrix fiber tunnel. The modulus of
elasticity is defined as the slope of the stress-strain curve before
actual first cracking. The amount of multiple cracking was defined
as the strain at the bottom of the specimen starting from the strain
related to the first-cracking strength until the point of reloading or
strain softening (where there is no longer strain hardening, but a
decrease in strength in time due to failure of the fiber bridging
action).

Again, the strain was limited to 1%. After another 28 days of
curing, the specimens were reloaded for a second time, until failure
in the third loading cycle. From the additionally obtained stress-
strain curves, the first-cracking strength and regain in first-cracking
strength were again compared with the original and previous curve
of first loading using Eq. (1)

Regain in σ at first or second reloading ¼ σfirst=second reloading

σpreloading
ð1Þ

where σpreloading = first-cracking strength at preloading; σfirstreloading =
first-cracking strength at reloading the specimen for the first time;
and σsecondreloading = first-cracking strength at second reloading
[Fig. 2(b)].

The regain in Young’s modulus is calculated with the following
Eq. (2):

Regain inE at first or second reloading

¼ Efirst=second reloading − Efirst=second residual

Epreloading − Efirst=second residual
ð2Þ

where Epreloading = modulus of elasticity at preloading; Efirstreloading =
modulus of elasticity at reloading the specimen for the first
time; Esecondreloading = modulu of elasticity at second reloading;
Efirstresidual = residual modulus at preloading; and Esecondresidual =
residual modulus at first reloading [Fig. 2(b)]. The residual strength
was calculated between the point at start of unloading and the point
of total unloading.

The residual amount of multiple cracking was determined until
the point of strain softening, assuming an already imposed strain of
2% from the two previous loading parts.

Fig. 2(b) represents the stress-strain curves of a specimen healed
in wet-dry cycles, and three loading cycles are visible. The first
loading part is the preloading (strain from 0 until 1%), the second
part is the first reloading (an additional strain of 1%), and the third
part is the second reloading (until failure).

After preloading and before healing, initial microscopic obser-
vations were performed by means of a stereo microscope (Leica S8
APO with DFC 295 camera). During the healing periods, additional
microscopic observations were performed at regular time intervals
and the crack width was measured and studied in time. The visual
closure hereby served as a qualitative measurement for the autog-
enous healing capacity.

Some specimens were loaded until failure at the first and second
cycle to study the effect of autogenous healing on larger cracks.
Because the regain in mechanical properties of the failed specimens

Table 2. Explanation of the Different Samples Codes

Sample code
m% SAPa

(%) SAP type Curing

0–60 0 — RH ¼ 60%

0–90 0 — RH > 90%

0–wd 0 — Wet-dry
0.5A–60 0.5 A RH ¼ 60%

0.5A–90 0.5 A RH > 90%

0.5A–wd 0.5 A Wet-dry
0.5B–60 0.5 B RH ¼ 60%

0.5B–90 0.5 B RH > 90%

0.5B–wd 0.5 B Wet-dry
1B–60 1 B RH ¼ 60%

1B–90 1 B RH > 90%

1B–wd 1 B Wet-dry
aMass% of SAP versus cement weight.
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is low, these specimens were only used to perform microscopic
analysis and to study the limit of autogenous healing.

Thin Section Analysis

Thin sections (40 mm × 10 mm × 25 μm) were prepared from
studied four-point bending specimens after storage in healing con-
ditions (at a total age of 56 days) (Fig. 3). First, the specimens were
cut to receive 40 × 10 mm faces, which were then glued on a glass
slide with a thickness of 2.9 mm. The combined sample was cut and
polished until a height of the specimen and glass of 10.1 mm was
reached. Next, the specimens were impregnated under vacuum with
a fluorescent epoxy. The excess epoxy was polished away and an
object glass was glued on the smooth surface. Finally, the glass
slides were cut off and the remaining part was polished until a thin
section with 25-μm thickness was achieved. The epoxy ensured
stable handling of the whole specimen and the healing products
were untouched. A cover glass was glued on top to protect the thin
section. The thin sections were analysed with a Leica DM LP mi-
croscope with a DFC 295 camera. Normal light, polarized light,
and fluorescent light were used to visualize the formed crystals
in a crack and the change in microstructure around the crack faces.

Statistical Analysis

A statistical analysis was performed by using the program SPSS to
compare obtained results. Multiple averages were compared using

(a) 

(b)

0

3

6

9

3210

Stress [MPa]

Strain [%]

first loading
second loading load until failure

σfc,1

σfc,2

σfc,3

Epreloading

E1st rel

E2nd rel

E1st res

E2nd res

MC=1%
residual MC

140 mm                                  10

45 mm                50 mm               45 mm

10 mm40 mm

Fig. 2. (a) Test setup of four-point bending with typical amount of multiple cracking; (b) typical stress-strain curve with the different cracking and
healing stages, together with the indication of first-cracking strengths σfc and the slopes of the curve at every stage

Fig. 3. Schematic overview of the location of the thin section in a spe-
cimen used for four-point bending
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an ANOVA test with a significance level of 5%. The homogeneity
of the variances was controlled with a Levene’s test. The post hoc
test for data with homogenous variances was a Student-Newman-
Keuls test and if no homogenous variances were obtained, a
Dunnett’s T3 test was used.

Results and Discussion

Due to the addition of microfibers, multiple cracking was observed,
giving all samples a ductile strain-hardening behavior (Fig. 2).
The crack width is hereby a very important parameter. If large
cracks are formed, the building blocks for self-healing will be con-
sumed after some time and the autogenous healing will no longer
be optimal. In this research, the crack widths were limited to
30–50 μm, as was also the case in Yang (2008). The mean crack
widths were 24.0� 12.2 μm in case of specimens without SAPs.
Due to the addition of SAP particles, this multiple cracking behav-
ior was enhanced as the total maximum strain was increased. The
macropores formed by the SAPs act as crack initiators, increasing
the ductile behavior. Also, the crack width was approximately the
same (23.7� 13.4 μm for specimens with SAPs). Due to partial
reopening of the cracks at first reloading and the formation of

new cracks, the crack width increased slightly (to 25.7� 15.9 μm
for specimens without SAPs and 25.5� 15.6 μm for specimens
with SAPs).

By examining the crack width before and after healing, the per-
centage of crack closure could be quantified. Fig. 4(a) shows the
visual crack closure in function of the initial crack width after the
first healing cycle. Results show that cracks up to 30 μm are able to
heal completely at the crack mouth and up to 150 μm heal partly
when specimens are subjected to wet-dry cycles. Yang (2008) and
Li et al. (1997) had similar results, but their limit of total crack
healing was 50 μm instead of 30 μm. They also showed that, when
stored in ambient air with a certain relative humidity (without any
liquid water available), samples cannot heal. In this study, samples
without SAPs stored in laboratory conditions did not show healing.
The cracks of specimens stored in wet-dry cycles were filled with a
whitish healing product. Postanalysis by means of thermogravimet-
ric analysis showed that this product is a mix of calcium carbonate
crystals and hydration products (Snoeck et al. 2014b).

Specimens used to study the self-healing capacity were limited
to 1% strain. As mentioned previously, the crack widths were thus
limited. The larger crack widths found in Fig. 4(a) originate from
specimens that were loaded until failure. Due to the higher loading
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Fig. 4. (a) Crack closure [-] after the first healing stage as a function of initial crack width of 0.5A; (b) 0.5B; (c) 1B; (d) a comparison between the first
and second healing stage of 1B
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strain, the crack widths were larger in those specimens. These crack
widths were studied on their healing capacity as well to obtain
results for partial healing and the boundary criterion for ideal
autogenous healing in the studied strain-hardening cementitious
materials. That criterion was found to be 30 μm.

It is clear that specimens healed under wet-dry cycles exhibit
the best healing because a fair amount of water is available for
autogenous healing [Fig. 4(a)]. If superabsorbent polymers are
added as well, the amount of healing with wet/dry cycles is slightly
higher [Figs. 4(a–c)]. This is due to the fact that SAPs are able to
seal a crack from intruding fluids, reducing the flow when put
under water and thus establishing better circumstances for autog-
enous healing. The better circumstances are due to the lower fluid
flow and thus less washing out of the healing products, as also
found by Edvardsen (1999). Second, water is also available during
the dry periods of the wet-dry cycle, thus increasing the possibility
of autogenous crack healing. At a relative humidity of more than
90%, the healing is far less compared with the healing condition
with wet-dry cycles because no water is present. However, speci-
mens with superabsorbent polymers show partial healing. Because
SAPs are able to extract moisture from the environment, they will
swell to a small extent, and then provide the necessary water for
further hydration of unhydrated binder particles in the crack. At a
relative humidity of 60%, only the mixtures with SAPs show partial
healing. The visual crack closure is important because a completely
closed crack will be beneficial as harmful substances may no longer
enter a crack in the future.

The mixtures 0.5A [Fig. 4(a)] and 0.5B [Fig. 4(b)] show the
same visual closure at the crack mouth. Their differences are not
significant. A doubling of the amount of SAPs [0.5B, Fig. 4(b), and
1B, Fig. 4(c)] increases the amount of available water held by the
SAPs to stimulate autogenous healing, leading to better properties
and visual closure in 1B mixtures. Previous research showed that
1B provides the best results considering self-sealing (Snoeck
et al. 2012b).

After the first healing period, most of the building blocks for
self-healing, i.e., unhydrated cement particles and Ca2þ ions, are
consumed, reducing the possibility for autogenous healing. Spec-
imens with SAPs in the second wet-dry cycle, for example, show
an inferior visual closure of the crack compared with the same

specimens in the first healing cycle [Fig. 4(d)]. This already points
out that the regain of mechanical properties upon the second heal-
ing will be lower compared with the first healing.

The strength of the new material was investigated by ana-
lyzing the results from the loading experiments. The first-cracking
strength of all studied mixtures is shown in Fig. 5(a). The values
found correspond to literature (Kim and Schlangen 2010). The
first-cracking strength for the mixtures without SAPs is higher than
for the mixtures with SAPA. Due to the macropores in the mixtures
with SAP particles, the active cross section is reduced, resulting in a
lower first-cracking strength. The macropores formed after empty-
ing the water-filled SAP inclusions, however, may also promote the
multiple cracking behavior because they serve as crack initiators.
Their effect is thus dual: they will assist in multiple crack forma-
tion, but at the same time decrease the strength. The strength is
not reduced significantly when using the larger SAP B particle.
Compared with SAP A, SAP B has less influence on the strength
because a lower amount of macropores is distributed throughout the
cementitious matrix. This results in macropores not decreasing the
strength too much even though the macropores are substantially
bigger in size. However, there is a difference in swelling capacity
and there is a difference in specific surface, explaining the influence
on the strength. The combined effect by the SAPs due to the for-
mation of macropores and internal curing can be found in Snoeck
et al. (2014c).

Samples with SAPs show a higher regain in first-cracking
strength than the SAP-free samples under all studied healing
conditions [Fig. 5(b)]. The regained first-cracking strength for
the samples healed in wet-dry cycles is higher than for those healed
in an environment with a RH > 90%, which, in turn, is higher than
for those healed in an environment with a RH ¼ 60%. Healing in
wet-dry cycles provides the necessary water for the hydration of
cement particles, the puzzolanic reaction of fly ash, and for calcium
carbonate crystallization. Increasing the amount of SAP from 0.5 to
1 m% also increases the regain in strength because more water is
available to trigger the three previously mentioned autogenous
healing mechanisms.

The value of 46% regain in first-cracking strength in mixtures
without SAPs after wet-dry cycles [Fig. 5(b)] is comparable to
the value of approximately 42% found in similar mixtures by

(a) (b)

σ
fc

[MPa]                                     regain in 1
st

cycle and 2
nd

cycle [%]

0 - 60
0 - 90
0 - wd
0.5A - 60
0.5A - 90
0.5A - wd
0.5B - 60
0.5B - 90
0.5B - wd
1B - 60
1B - 90
1B - wd

0                20              40                60              80              100

Fig. 5. (a) Mean first-cracking strength σfc at 28 days with standard deviation (n ¼ 3); (b) regain in first-cracking strength after the first and second
healing period for all studied mixtures
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Yang (2008). The values found in literature (Yang 2008) for storage
in a relative humidity of more than 90% (23% regain in first-
cracking strength) and in a relative humidity of 60% (13% regain
in first-cracking strength) correspond very well to the values
found for specimens without SAPs in this research: 20 and 7%,
respectively.

SAP particles not only tend to increase the healing capacity
during the first healing stage (from 46 to 75% in wet-dry cycles),
but also during the second healing stage (Fig. 5). The regain is still
66% at second reloading. Without the superabsorbent polymers,
this value was only 28% (wet-dry cycles). A possible explanation
is the storage of a calcium-rich fluid (i.e., the pore solution) in the
swollen superabsorbent polymers. This provides the possibility of
the formation of the CaCO3 crystals in the crack. If superabsorbent
polymers are not present, this fluid is expected to be washed out
from a crack upon drying. The crystal formation was also visible
at the face of the specimens containing SAPs. Domelike structures
were formed, proving the theory of retained pore solution, used
during the crystallization process. The dome structures were also
found in Snoeck et al. (2014b). By providing this retained pore sol-
ution to the matrix, the autogenous healing is promoted, both in the
first and in the second healing stage. This autogenous healing was
mostly present at the surface, but also in the interior of a crack.

The same conclusions can be drawn if the modulus of elasticity
of the different mixtures is compared (Fig. 6). As was the case
for the regain in first-cracking strength, the regain in modulus of

elasticity for the samples healed in wet-dry cycles is higher than
for those healed in an environment with a RH > 90%, which, in
turn, is again higher than for those healed in a RH ¼ 60%. When
using SAP particles, the overall healing is increased (from 19 to
70% in wet-dry cycles). Upon second reloading, the crystals are
assumed to be less strong and the regain is also less. The regain
in mean modulus of elasticity in 1B mixtures is still higher than
for the reference samples without SAPs upon first reloading. The
regain in modulus of elasticity can also be due a stronger matrix and
higher bond with the microfibers (Li et al. 2002). The study of the
modulus of elasticity was only used as a verification of the results
found by comparing the regain in first-cracking strength.

The amount of multiple cracking is visualized in Fig. 7(a). This
is the strain of specimens completely loaded until failure, without
imposing several loading cycles. Specimens without SAPs show
a strain of 2%, which is a normal value for these kind of strain-
hardening materials (Li et al. 1997). Due to the use of SAPs,
the amount of multiple cracking increases. This is due to the pres-
ence of crack initiators, facilitating the formation of additional
cracks before failure of one of the already-bridged cracks. A higher
amount of SAPs leads to a higher amount of multiple cracking.
This statement, however, is only valid because the strength is not
significantly impaired. Due to healing, the residual amount of
multiple cracking is increased. This is only significantly the case
when stored in wet-dry cycles, especially considering the 1B mix-
tures. Again the same trends are visible. The storage in wet-dry

(a) (b)

E [GPa]                                     regain in E 1
st

cycle and 2
nd

cycle [%]

0 - 60
0 - 90
0 - wd
0.5A - 60
0.5A - 90
0.5A - wd
0.5B - 60
0.5B - 90
0.5B - wd
1B - 60
1B - 90
1B - wd

75 80 85 90 95 100 0                20               40               60               80              100

Fig. 6. (a) Mean modulus of elasticity E at 28 days with standard deviation (n ¼ 3); (b) regain in modulus of elasticity after the first and second
healing period for all studied mixtures

(a) (b)

  MC [%]    residual MC [%]

0 - 60
0 - 90
0 - wd
0.5A - 60
0.5A - 90
0.5A - wd
0.5B - 60
0.5B - 90
0.5B - wd
1B - 60
1B - 90
1B - wd

Fig. 7. (a) Mean amount of multiple cracking at 28 days with standard deviation (n ¼ 3); (b) residual amount of multiple cracking after imposing two
times 1% strain for all studied mixtures
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cycles leads to better healing properties compared with >90% RH
and = 60% RH. SAPs again seem to stimulate autogenous healing,
which in turn leads to enhanced mechanical properties.

Fig. 8 shows micrographs of thin sections of the interior of a
crack of a specimen with and without SAP particles at the crack
mouth. Abundant crystal formation can be seen in specimens stored
in wet-dry cycles [Figs. 8(a and b)]. Crystals are mainly formed
where hydration products are present at the crack face. At the
lighter parts (i.e., the sand particles) at the crack faces, there is less
crystal formation. Because CaCO3 primarily needs Ca2þ ions,
those cannot be provided by the sand particles, explaining the lower
amount of crystals found at the sand particle edges. Also, a small
difference in color can be seen in different crystal clusters. The

darker crystal formation is likely to be a mix of CaCO3 and
CaðOHÞ2, formed by further hydration. The pure white crystals
are likely to be pure CaCO3. At the crack mouth, the crystals
are able to bridge the crack, leading to the regain in mechanical
properties. The crystals are formed from 400 until more than
1,000 μm inside the crack (Fig. 9). In the interior of a crack,
the amount of crystals is less and only at some distinct places
the crystals bridge a crack, mostly in the vicinity of a fiber (because
they act as a nucleation site for the calcium carbonate crystals).
Because the crack is sealed at the surface from intruding water,
the crystallization comes to a hold in the interior of the crack. Also,
the closer to the crack tip, the further the hydration compared with
calcium carbonate crystallization is found because the CO2 will

Fig. 8. Thin sections of a crack (a, c, and e) in a reference cementitious material and (b, d, and f) in a cementitious material with superabsorbent
polymers mixed in under cross-polarized light, showing crystal formation at the crack faces when stored in (a and b) wet-dry cycles, (c and d) partial
healing due SAPs when stored in a room at >90% RH, (e–f) and RH ¼ 60%; all micrographs were taken at the crack mouth; the scale bar shows a
distance of 50 μm
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preferably be used at the surface where it dissolves in the water
layer during the wet-dry cycles. Fan and Li (2015) showed that
the region close to the surface had a high amount of crystalline
products (CaCO3), as studied by means of X-ray computed micro-
tomography (μCT). At greater depths, there was a lower amount of
healing products (especially further hydration and puzzolanic reac-
tions). In this research, it is also mostly CaCO3 that is formed
(crack mouth), but also a small part of further hydration (interior
of crack and crack tip). Both mechanisms combined lead to up to
75% recovery of strength found in Fig. 5.

Jonkers (2011) showed in bacterial self-healing concrete that
precipitation mainly occurred near the crack rim leaving major
parts of the crack unhealed. His research was conducted on spec-
imens with a 150-μm crack width, substantially higher than the
30–50 μm crack width region studied in this paper. He explained
the precipitation at the crack rim due to the relatively high solu-
bility of calcium hydroxide. He hypotheses that calcium hydroxide

first uses the carbon dioxide from intruding water in the crack, and
afterwards the remaining calcium hydroxide would dissolve and
diffuse out of the crack into the bulk water. Here it will react with
carbon dioxide present near the crack rim resulting in the precipi-
tation of larger quantities of calcium carbonate.

The healing mechanism of CaCO3 crystals shows teethlike
structures in the interior of a crack expanding towards each other
and eventually making a solid bridge of a crack [Fig. 8(a)]. The
amount of crystals is higher in specimens containing SAPs
[Fig. 8(b)] compared with specimens without SAPs [Fig. 8(a)].
This is possibly due to the slow release of water to the cementi-
tious matrix during dry periods by the swollen SAP particles
near the crack face. In a storage condition of >90% RH and
= 60% RH, almost no healing is found in specimens without SAPs
[Figs. 8(c and e)]. Because no water is present to form autogenous
healing products, no precipitates can be found. When investigating
thin sections of specimens containing SAPs, partial crystal forma-
tion is found at the crack faces [Fig. 8(d)] and further hydration
may occur [Fig. 8(f)] due to the release of extracted moisture by
the SAP particles. This further hydration is beneficial in small
cracks and at the crack tips, where a small amount of healing
products is able to bridge a crack.

Ca2þ ions are consumed at the crack faces after the first healing
period. This is connected to the results of the visual crack closure
and the regain in mechanical properties. The visual crack closure is
approximately 20% lower when the specimens are reloaded for a
second time. An example of healing at second reloading is shown in
Fig. 10. During the first reloading, only a limited number of new
cracks are formed. The previous healed cracks thus mostly reopen
and there is a limited possibility for a renewed autogenous healing
of the crack. In the second healing stage, Ca2þ ions present in the
interior of the matrix need to diffuse toward the crack face. So, the
crystallization becomes diffusion-controlled instead of surface-
controlled. This limits the speed of possible crystallization and thus
autogenous healing and regain in mechanical properties.

During the formation of calcium carbonate crystals, an amount
of Ca2þ needs to leach out from the cementitious matrix. The
matrix in the vicinity of a crack may thus look brighter in com-
parison with the plain matrix (Fig. 11, clearly marked with the
boundaries). In the interior of the crack, crystals are clearly
formed. Thermogravimetric analysis (TGA) on material found in
a crack showed that this was mainly CaCO3 with partial CaðOHÞ2

Fig. 9. Thin section of the interior of a crack filled with healing
products; the scale bar is 100 μm

Fig. 10. Thin section of the interior of a crack filled with healing
products after second autogenous healing; the scale bar is 50 μm
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from further hydration (Snoeck et al. 2014b). When this healed
crack is opened again, the Ca2þ will need to travel from a further
distance compared with the first healing cycle and the material will
be less able to regain its properties as less crystals are able to be
formed. But, if the surface is sealed fast, the crystallization in the
interior of a cracked specimen can still occur if the ions are not fully
consumed. This led to the regain in mechanical properties at the
second healing stage.

Conclusions

SAP particles promote self-healing by providing water on crack
formation and this results in more visual crack closure and more
regain in mechanical properties such as the first-cracking strength,
the modulus of elasticity, and the amount of multiple cracking. The
main mechanisms of autogenous healing are further hydration of
unhydrated particles and the precipitation of CaCO3 on the crack
faces. To a certain degree the autogenous healing capability of ce-
mentitious materials is maintained during subsequent loading
cycles. Cracks heal and close during a second healing cycle and
there is a regain in first-cracking strength of specimens stored in
wet-dry cycles. Even in an environment with a RH > 90%, there
is a nonnegligible healing capacity noticeable. Even though the ac-
tive cross section is reduced due to the macropores resulting in a
smaller first-cracking strength, this effect is not significant when
using larger SAP particles. The smart material with SAP B is thus
an excellent material to use in future building applications.

In wet-dry cycles, the plain material without superabsorbent
polymers is able to regain 46% of its first-cracking strength after
a first healing cycle. After the second healing cycle, this regain is
28%. When superabsorbent polymers are used, the regain is 75 and
66%, respectively. This increase is possibly due to the retained pore
fluid and the reduced permeation through the crack. This causes the
ideal conditions for promoted autogenous healing in the form of
further hydration and calcium carbonate crystallization.

Analysis of thin sections showed that crystals are mainly formed
near the crack mouth and are likely to be calcium carbonate. The
CaCO3 crystallization at the first healing stage is mostly surface-
controlled and the one at second healing is mostly diffusion-controlled.
This is due to the consummation of Ca2þ ions due to autogenous
healing itself during the first healing cycles. As the ions are used near
the crack faces, additional Ca2þ ions will need to diffuse further
through the matrix before being used in the crystallization process.

Generally, the overall healing and closure of a crack may lead
to less ingress of potentially harmful substances, thus possibly in-
creasing the durability and service life of civil structures. This feature
is enhanced due to the swelling action of the superabsorbent poly-
mers in a crack and the subsequent better crystallization in a crack.
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