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Abstract

Superabsorbent polymers (SAPs) are promising admixtures to improve properties in cementitious materials. Not only useful to mitigate autogenous
shrinkage and to increase the freeze-thaw resistance, SAP particles may enhance self-sealing and self-healing in cementitious materials. The self-sealing
leads to a regain in water tightness and promoted autogenous healing may prove to be useful to limit repair works caused by concrete cracking. By
providing sufficient building blocks for healing, limiting the crack width by means of synthetic microfibers and inducing water by means of SAPs, a smart
cementitious material is obtained. This material can be an excellent material to use in future building applications such as tunnel works and ground-
retaining structures. This paper gives an overview of the current status of the research on SAPs in cementitious materials to obtain sealing and healing.
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1 Introduction

Concrete is prone to cracking and the cracks interconnect
flow paths for water, possibly containing harmful
substances. The ingress of water could induce steel
corrosion, frost attack, chemical attack and internal
expansion, endangering the durability of a structure. A
cementitious material which has the property to stop or to
partially prevent water movement in a crack would
therefore have a clear added value. Additionally, complete
closure of cracks and a regain in mechanical properties are
wanted. Promising admixtures to promote these features
are superabsorbent polymers.

Superabsorbent polymers (SAPs) are natural or synthetic
water-insoluble three-dimensional networks of polymeric
chains cross-linked by chemical or physical bonding. They are
able to take up a significant amount (up to 500 times their
own weight) in fluids from the environment. The swelling is
closely related to the osmotic pressure when put in a liquid
and can be investigated using different techniques [1, 2]. If
this fluid is water, they are also often called hydrogels.
Hydrogels are used nowadays in contact lenses, scaffolds in
tissue engineering, smart sustained-release delivery systems,
human health care products and other applications [3].
Furthermore, this polymer quickly found its application in
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cementitious composites [4-6]. SAPs can be used in
cementitious materials for reducing the autogenous
shrinkage (internal curing) [7-12], for changing the rheology
of the fresh material [13], and for increasing the freeze/thaw
resistance [14], amongst others. In prior research, the
mitigation of autogenous shrinkage was investigated on
samples with and without additional supplementary
cementitious materials such as fly ash and blast-furnace slag
[10]. Furthermore, the effectiveness of SAPs for internal
curing was investigated using Nuclear Magnetic Resonance
[11, 12, 15]. The kinetics release of water from the SAPs
towards the cementitious matrix during cement hydration
could clearly be monitored [11]. These kinetics were also
studied by means of neutron radiography [16] and used for
modelling internal curing by SAPs [17]. This sheds new light
on the internal curing mechanism. After they have released
their water for internal curing, they will be able to re-swell to
full extent once in contact with a liquid. In this paper, the use
of superabsorbent polymers to seal and heal cracks is
discussed.

2  Self-sealing

As superabsorbent polymers are able to swell, they will also
absorb part of the mixing water. Doing so, they will affect
the workability and cause the formation of macro pores, a
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change in effective water-to-cement ratio, a densification
due to internal curing and a change in microstructure if no
additional water is added [18]. To counteract this, additional
water is added on top to compensate for the loss in
workability, leading to more or less the same microstructural
properties [18, 19]. However, macro pores remain present,
possibly reducing the mechanical properties [19, 20]. To limit
the influence of the swelling SAPs on the mechanical
properties, pH-sensitive SAPs [21, 22] or coated SAPs [23]
may be used. This research is ongoing and new SAPs will be
synthesized and produced in order to limit the influence on
the mechanical properties in systems with high water-to-
cement ratios.

Due to their swelling capacity upon contact with fluids, SAPs
may cause a decrease in permeability of cracked
cementitious materials. When liquids enter a crack, SAP
particles along the crack faces will swell and block the crack
[24-27]. Application of a superabsorbent resin in situ to
repair concrete leakage can also be used, but this is rather
considered to be manual repair [28]. To determine the water
movement through a specimen, several methods can be
used, both destructive and non-destructive [29]. A possibility
is the use of a water permeability test set-up. However, in
this method, the crack sealing potential of SAP particles
cannot be visualized, only measured. In this test, specimens
containing SAPs initially show a decrease in permeability.
This is mainly due to the swelling effect of SAPs and blockage
of the crack by SAPs. The decrease in water permeability is
thus a measure for the sealing capacity. A further decrease
in water permeability is due to the blockage by loose
particles and SAPs. In 100-300 pm wide cracks, SAPs with a
size of approximately 500 um are better in terms of sealing
compared to 100-um sized SAPs as the latter are washed out
and are not able to fill cracks, even though high amounts (1
m% of cement weight) are used [27, 30, 31]. It was also
found that due to the swelling effect of the SAPs, the
reduced water movement speed, which is critical to obtain
autogenous healing, is optimal as cracks are able to close
due to deposited crystals. In reference specimens, the
amount of autogenous healing — inherent part of a
cementitious system — is less compared to the specimens
with SAPs. As the water speed may be high in reference
samples, possible healing products are likely to be washed
out. In water-retaining structures like quays or cellars the
SAPs may prove to be useful as the flow will be reduced,
sealing the cracks, but the crack may by sealed by deposited
crystals as well.

In another practical test on large-scale beams using a simple
mounted water basin [32], a decrease in water ingress was
found through cracks with SAPs. Furthermore, using
cryofracture scanning electron microscopy, the swelling
inside specimens could be investigated [33]. It was found
that SAPs swell across voids including cracks, causing a
sealing of the cementitious material [33]. Currently, new
models are proposed to model self-sealing by means of SAPs
[34, 35] in order to increase their application in the field.

By means of neutron radiography, the self-sealing effect
could be studied in detail [27] (Fig. 1). On small cylindrical

samples (@ 10 mm x 20 mm), a water head of 20 mm was
placed. The water permeability of the cracked samples
without SAPs and the cracked samples containing 1 m% SAPs
was studied in time. The water head in specimens without
SAPs lowers rapidly in time. However, the water head in
specimens with SAP particles decreases only slightly in time
due to the blockage of the crack due to the swelling action
by the SAPs.

Self-sealing is related to the initial decrease in permeability
and is not permanent. This is important to know as a
possible temporal self-sealing effect may not lead to a regain
in mechanical properties. This regain on the other hand is
the result of self-healing.

Reference sample:
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Figure 1. Cracked specimens containing 1 m% SAP particles are able
to withstand a water head due to their swelling effect.

3 Self-healing

Concrete has a passive healing capacity of its own, also
called autogenous healing as unhydrated cement particles
always remain present in a hardened cementitious matrix.
As water flows into the cracks, continued hydration of these
unhydrated cement grains produces new calcium silicate
hydrates (C-S-H), which can result in sealing of small cracks.
Another main mechanism of autogenous crack healing is the
precipitation of calcium carbonate (CaCOs) which also blocks
the crack [36, 37]. Two inferior mechanisms are the blockage
by impurities and broken off particles in the fluid or of the
cementitious matrix, and the swelling of C-S-H.

There are three needed conditions for autogenous crack
healing to occur. These are the presence of specific chemical
substances (Ca%*, CO, etc); the exposure to humid
environmental conditions (wet/dry cycles, submersion in
water, etc.) and restricted crack widths up to 30-50 um for
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strain-hardening mixtures [30, 38]. Self-healing prevails in a
variety of environmental conditions even when the
composite is deliberately damaged by tensioning to several
percentages strain. But the healing is limited and needs to be
stimulated. At 95% relative humidity (RH), there was no
healing visible and it was concluded that the presence of
water as curing medium was essential. A dedicated material
design can promote the autogenous healing capacity. Two
possible mechanisms and their combined effect are
highlighted in this study.

The first mechanism is the introduction of microfibers to
obtain fibre-reinforced cementitious materials with a high
tensile ductility, as studied in [38, 39]. These composites
exhibit tensile strain-hardening behaviour achieved by
matrix multiple cracking (left part of Fig. 2). The best overall
self-healing mixture had a fly-ash-to-cement ratio of 1, a
fine-sand-to-binder ratio of 0.35, a water-to-binder ratio of
0.30, a superplasticizer-to-binder ratio of 0.0097 and 2 v% of
oil-treated polyvinyl alcohol (PVA) microfibers [31].

The second healing mechanism is the use of SAPs,
improving/promoting the obtained autogenous healing
capacity (right part in Fig. 2). The use of SAPs to promote
autogenous healing is dual. The macro pores formed act as
initial flaws and promote multiple cracking [40, 41], leading
to an enhanced ductility. Secondly, SAP-particles are useful
for autogenous healing as they absorb water during wet
periods and slowly release it during dry periods. SAPs can
contribute to the internal healing of a crack after performing
wet/dry cycles [30, 42]. Internal-water supply by means of
SAPs has a positive influence on the amount of stimulated
autogenous healing. SAPs can sustain hydration by yielding
their absorbed water and provide water for the formation of
healing products.

Cracks smaller than 30 um exposed to wet/dry cycles healed
completely both with and without SAPs. Cracks between 50
pum and 150 um healed partly in samples without SAP, but
sometimes even a 138 um crack closed completely after 28
wet/dry cycles in a specimen containing SAPs [30]. Cracks
larger than 200 um showed almost no healing.

SAPs have a dual effect on the strength. On one hand they
will increase the strength due to the further hydration by the
release of mixing water in time during hardening of the
cementitious matrix (i.e. due to internal curing). But, on the
other hand, they will decrease the strength due to the
formation of macro pores. Both influences combined leads
in this case to an equivalent first-cracking-strength in these
strain-hardening mixtures with a low water-to-binder ratio.
The amounts of SAPs were limited to 1 m%. This amount of
SAPs is rather high compared to literature, as only 0.2-0.6
m% SAP is used to reduce the autogenous shrinkage [4].

To a certain degree the autogenous healing capability of
cementitious materials is maintained during subsequent
loading cycles. SAP particles promote the self-healing ability
by renewed internal curing upon crack formation and this
leads to regain of mechanical properties such as the first-
cracking-strength. In wet/dry cycles, the plain material
without superabsorbent polymers is able to regain 45% 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 [43]. Possible explanations are the storage
of a calcium-rich fluid (i.e. the pore solution) in the swollen
SAPs, and the reduced permeation through the crack. This
provides the possibility of the formation of the CaCOs;
crystals in the crack. This causes the ideal conditions for
promoted autogenous healing.

Figure 2. General overview of the combination of microfibers and SAPs to receive multiple cracking with small healable cracks and the
stimulation of autogenous healing.
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When not completely submerged in water, only samples
containing SAPs showed self-healing properties due to
moisture uptake [30, 44]. Even in an environment with a RH
> 90%, there is a non-negligible healing noticeable, due to
their moisture uptake capacity. If reference samples are
stored in a climate room with a certain relative humidity,
there is almost no autogenous healing as water is not
present to form the healing products. The samples with SAPs
do show a regain in strength when stored in a relative
humidity of more than 90%. The moisture uptake by SAPs
(up to four times their own weight in moisture [18]) seems
to be sufficient to promote a certain degree of autogenous
healing, especially in the interior of the crack in the form of
further hydration. In the relative humidity condition of more
than 90%, the material with 1 m% shows a regain of 60%. At
the crack mouth, the crack was still clearly open and only at
some distinct places, there was some bridging of a crack by
healing products.

The formation of healing products could be visualized by
means of X-ray UCT scanning, using cracked cylindrical
specimens with a height of 10 mm and a diameter of 6 mm
[45]. The crack width was approximately 100 um in all
samples. The original unhealed state was subtracted from
the healed scans. The results are shown in Fig. 3.

In reference samples (Fig. 3a-c), most healing (yellow) is
found after being stored in wet/dry cycles for 28 days. The

<no healing noticed >

(b)

(d) (e)

healing products are formed at the top and bottom of the
specimen near the surface of the crack from 0 till 800-1000
pum inside the crack [45]. The largest amount is found in the
region 0-100 um below the surface. In the interior of a crack,
the amount of healing products is less and only at some
distinct places, the healing products bridge a crack, probably
in the vicinity of a fibre (as they act as a nucleation site for
the calcium carbonate crystals).

No healing is seen in reference samples stored at RH
conditions (Fig. 3a-b). The drawback, even though it is a
high-resolution X-ray, is the resolution itself. As the voxel size
of a 6 mm sample was 6 um, artefacts and areas smaller
than 12 um could not be seen. If a lower voxel size is
needed, the sample needs to be smaller, but this would lead
to non-representative results. These small healing products,
if present, could not be visualized.

The cementitious materials are best healed in wet/dry cycles
and when SAP particles are mixed in, mainly due to the
availability of water during dry periods. Some healing
product formation can be found near SAP particles stored in
a RH condition (Fig. 3d-e). This can be the formation of
healing products due to the release of moisture from the
SAP to the local cementitious matrix. Abundant crystal
formation is seen in samples with SAPs stored in wet/dry
cycles (Fig. 3f).

(c)

(f)

Figure 3. Amount of healing products (yellow) in 28 days old specimens without (a-c) and with SAPs (d-f) stored at a relative humidity of 60 +
5% (a, d), 95 £ 5% (b, e) and in wet/dry cycles (c, f).
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Bacteria can be added to a hydrogel, further improving the
overall amount of healing products [46, 47], if wider cracks
are to be expected.

4  Conclusions and future aspects

Possible applications of the self-sealing and self-healing
material are widely spread. Water-retaining structures may
benefit and construction companies may be interested. The
principle of using SAPs has its possible applications for the
industry. Contractors are searching for a way to decrease
shrinkage cracks and to obtain a watertight structure. This is
especially important for tunnel elements, underground
parking garages, basements, liquid containing structures,
pavements, etc. Nowadays, contractors are often forced to
apply crack repair right after construction, due to the
formation of shrinkage cracks and thermal cracks at early
age. The shrinkage could be overcome by using SAPs as they
may provide internal curing to the construction element:
they absorb water in the fresh concrete mix, and provide it
to the cement particles at the right moment in the hydration
process, in this way reducing the autogenous shrinkage. In
hardened concrete, they may seal occurring cracks, as they
swell in contact with intruding water. This may reduce the
uptake of harmful substances, most likely leading to an
enhanced long-term durability and service life. The SAPs will
subsequently promote autogenous healing of the crack since
they provide water for further hydration of yet unhydrated
cement particles and calcium carbonate precipitation,
leading to even more tight structures and possible regain of
the mechanical properties.

Micro-fibre  reinforced strain-hardening cementitious
composites possess the qualities of a high-strength concrete
combined with tensile ductility and crack width control.
Their small cracks are interesting in terms of autogenous
healing where only small cracks are able to heal completely,
further stimulated by SAPs. Combined with (promoted) self-
healing it is a durable material and very promising to use in
the future. In regions with wet/dry cycles, water remains
present in the SAPs during the dry periods. Therefore, self-
healing can prevail at all times. However, performance-
based durability concepts are still required to get a durability
design framework for these strain-hardening materials [48].

Furthermore, due to the self-compacting properties of the
strain-hardening mixture, thin forms are achievable [49].
Nature fits form to function, rewards cooperation and curbs
excess form within. This is also true for this material; the
accretion of material to places where it is most needed,
resulting in adaptive structures. The form should be ideal to
transfer loads, so that an excess of material can be removed.
This material will result in lighter and safer structures,
leading to a reduced safety factor as the structure may reach
its optimal design.

The role of autogenous healing on corrosion prevention will
also be important in the future. If cracks are not sealed,
water containing aggressive substances will break down the
passive film on the reinforcements. This aspect needs to be

considered when autogenous healing is used in real-life
structures. The maintenance and longevity of these
structures is hereby very important.

One general conclusion can be made; one should continue
to build with nature’s rules. The bleeding (water for SAPs),
blood cells (building blocks), blood flow vascular network
(porous concrete), blood clothing (formation of healing
products near synthetic microfibers), skeleton and bone
healing (crystallization) are only a few properties studied in
the field of construction healing. By mimicking nature to
enhance performance, more durable constructions will be
designed, leading to a higher service life and better overall
life quality.
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