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Superabsorbent polymers (SAP) were studied as admixtures for mitigating the autogenous shrinkage of a
high-strength concrete. The presence of Ca2+ ions in the alkaline solution modified the kinetics of the liquid
uptake and release when compared to that in other saline solutions and distilled water. SAP with high density
of anionic functional groups took up the cement pore solution quickly, but greatly released it subsequently.
The cross-linking density had no pronounced influence on the behaviour of such SAP. SAP with lower density
of anionic groups did not release the liquid over the time of experiment. All SAP counteracted autogenous
shrinkage during the acceleration period of cement hydration. For the materials which released the absorbed
pore solution no effect on autogenous shrinkage was found beyond the initial period. SAP materials which did
not release the absorbed solution in the experiments with liquids continued the mitigation of autogenous
shrinkage during the deceleration period. The internal curing had no negative effect on the compressive
strength of the mortar.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Autogenous shrinkage was first recognised and described more
than sixty years ago by Lyman [1] when a decrease in the volume of
concrete was observed without any notable change in its mass or
temperature. However, since autogenous shrinkage of ordinary con-
crete is considerably smaller than drying shrinkage, not much atten-
tion was paid to this subject until the beginnings of the application
of high-performance concrete in construction, where it was observed
that HPC was prone to autogenous-shrinkage-caused cracking under
restraint. Up to date, formulas for predicting autogenous shrinkage
are included in a number of design codes for concrete structures,
e.g., DIN 1045-1 [2], JSCE Design Code 2002 [3].

Autogenous shrinkage is typically defined as the bulk deformation of
a closed (sealed), isothermal, cementitious material system not subject
to external forces [4]. Before the setting of concrete, autogenous shrink-
age is considered equal to chemical shrinkage, i.e., the internally occur-
ring and the externally measurable volume changes being the same.
This is attributed to the cementitious material's liquid-like state's not
being able to sustain the internal voids created by chemical shrinkage.
After the formation of a solid skeleton of hydration products, the out-
ward bulk deformations of the concrete are clearly smaller than the
changes in the internal volume of the material. The macroscopically
measured reduction in concrete specimen volume (autogenous
chtcherine).
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shrinkage) can be, therefore, only a fraction of the real material shrink-
age (chemical shrinkage).

Towhich extent chemical shrinkage is transformed into autogenous
shrinkage depends obviously on the water content of the system and
the pore-size distribution resulting from hydration. In the case of ordi-
nary concrete autogenous shrinkage is relatively small in comparison
to drying shrinkage. Mainly for reasons of workability, more water is
used in the production of such concrete than is needed for the complete
hydration of cement. Thus, pores forming due to chemical shrinkage are
either filled with water or with air of relative humidity near 100%. This
means that during the entire hydration process no significant self-
desiccation occurs and the thermodynamic equilibrium of the system
is undisturbed to a great extent. Similar arguments can be offered
with regard to the disjoining pressure between the particles of the C–
S–H gel. Hence, there is no intense driving force for autogenous defor-
mations in typical normal-strength concrete.

On the contrary, in high-strength concrete/high-performance con-
crete (HSC/HPC) the amount of water is insufficient for complete ce-
ment hydration due to its low water-cement ratio (w/c clearly below
0.4). This shortage of free water results in a pronounced decrease in
the relative humiditywithin the pore system. Twomechanisms are like-
ly to be responsible for the development of such shrinkage deforma-
tions from self-desiccation: 1) a decrease in the disjoining pressure
between the particles of the C–S–H gel, and 2) a decrease in themenisci
radii of the pore water, which bespeaks an increase in tension both
within the pore water and at its surface. As a result of the second phe-
nomenon, compressive stresses develop simultaneously in the solid
skeleton of the cement system to restore equilibrium by compensating
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Fig. 1. SAP structures with respect to the level of density of anionic groups and cross-
linking density (polymers made of acrylic acid and acrylamide).
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the tensile stresses in the fluid phase. This results in a volume reduction
of the entire system, i.e., autogenous shrinkage. As of today it is not clear
towhich extent the first or the secondmechanism dominates themate-
rial behaviour observed. Further mechanisms are possibly involved as
well [5,6].

Conventional methods in curing concrete cannot contribute sub-
stantially to mitigating the autogenous shrinkage of concrete with a
low water-to-cement ratio, even if intensive wet curing is applied.
In contrast to drying shrinkage, which occurs due to water loss at
the surface of concrete members, autogenous shrinkage occurs over
the entire volume of the concrete member. Consequently, mere sur-
face treatment cannot suffice. Since the microstructure of typical
HSC/HPC is very dense even at early ages, it does not allow a suffi-
ciently rapid transport of curing water into the interior of concrete
members, especially if they are thick [7,8].

With this in mind the use of internal curing (IC) by adding mate-
rials with a high water storing capacity to the mixture has been pro-
posed, which would supply water to the surrounding matrix as soon
as self-desiccation begins to occur. Several researchers have investi-
gated the effect of the addition of a portion of water-saturated light-
weight aggregate (LWA) on the properties of HSC since the 1990ies,
e.g., [7,9]. As well, other materials were proposed as IC-agents, of
which superabsorbent polymers (SAP) appear to be most appropri-
ate. Following the work of Jensen and Hansen [10,11], quite a number
of researchers tested various types of SAP and demonstrated that cer-
tain of them possess a very beneficial ability to mitigate autogenous
shrinkage in HSC [12,13].

Superabsorbent polymers (SAP) have primarily been used in san-
itary and convenience products. They can store up to 1500 g of water
per gram polymer [14]. For application in concrete, covalently cross-
linked polymers of acrylic acid and acrylamide, neutralised by alkali
hydroxide, have been proven efficient. They have to be chemically
stable and able to swell in the strong alkaline saline solution of the
liquid phase of the cement paste [15,16]. This liquid is highly alkaline
(pH>12) and contains Ca2+ at its saturation level with regard to
ettringite, portlandite and CaSO4-species at the current pH value.
Considerable amounts of K+ and Na+ are present as well, which are
prevailingly responsible for the high pH value.

The polymers can be synthesised in two principal ways. One is
bulk polymerisation (in substance), from which a block results. This
is crushed into small particles of the desired size distribution.
Hence, the particle shape is irregular. The other way is inverse sus-
pension polymerisation which produces spherical particles. In both
ways, different methods of cross-linking can be applied, e.g., the addi-
tion of multivalent monomers in a small amount or some post-
polymerisation techniques such as intense irradiation [14].

The increasing interest in the use of SAP as a concrete admixture
led to the initiation of the RILEM Technical Committee 225-SAP “Ap-
plication of Superabsorbent Polymers in Concrete Construction” in
2007. This committee prepared a State-of-the-Art Report summariz-
ing the available knowledge in the area and providing a solid basis
for further research [17].

Although SAP have been used as concrete admixtures in research for
several years, no systematic study of a structure-effect-relationship has
been made public. As exceptions, studies on the effect of the particle
size of SAP can be cited, e.g., [18,19]. It was shown that that smaller
SAP particles absorb less water but much faster than larger particles
[19]. It was further found that for the given amount of SAP and extra
water the mitigation of autogenous shrinkage was more pronounced
when SAP with larger particles were used.

In the present study, the influence of two main chemical character-
istics of acrylic acid-based SAP – the level of anionicity and the degree of
cross-linking – is investigated. These parameters are correlatedwith the
kinetics of uptake and release of cement pore solution and the efficiency
in mitigating autogenous shrinkage of a high strength mortar. Further-
more, the effect on the compressive strength is considered. This
knowledge should provide a better background for a purposeful choice
of SAP materials for internal curing of concrete and mortar.

2. Materials and methods

2.1. Superabsorbent polymers

Six SAP samplesmade of themainmonomers acrylic acid and, poten-
tially, acrylamide (SNF Floerger, Andrézieux Cedex/France) were consid-
ered. Fig. 1 provides information on their molecular structure with
respect to the relative amount of anionic groups and the cross-linking
density, both given qualitatively in relative terms. Homopolymers of
acrylic acid, which only contain some initiator and cross-linker but
which are free of acrylamide, correspond to the level of anionic group
density of one (100%). SAP A has spherical particles produced using the
inverse suspension polymerisation technique. All the other types are
crushed materials produced by the bulk polymerisation technique.

The particle size distributions of the SAP samples in the dry state
were characterised in a laser granulometer (LS 13320, BeckmanCoul-
ter, Krefeld/Germany). The shape of the SAP particles was observed in
an environmental scanning electron microscope (XL30 ESEM, FEI,
Eindhoven/The Netherlands).

2.2. Kinetics of moisture uptake and release by SAP

Qualitatively, the absorption of cement pore solution was first ob-
served visually. Neither should the particles form a homogenous gel
nor should they dissolve. In a beaker, 0.5 g of SAP were dispersed in
100 ml of liquid and observed for eight hours and then after 24 and
48 h from the beginning of the experiment.

The cement pore solution had been obtained from a suspension of or-
dinary Portland cement type I according to DIN EN 197–1with no special
specifications (CEM I 42.5 R by Schwenk, Bernburg/Germany). It had a pH
value of 13 and an electric conductivity of 880 μS/cm. The distilled water
had a pH value of 6 to 7 and an electric conductivity of 3 to 4 μS/cm.

For the quantitative studies of the ab- and desorption, the so-called
“teabagmethod”was applied. Distilledwater and cement pore solution
as well as alkaline saline solutions were employed. The latter contained
the characteristic ions of cement pore solution individually. To obtain
the highly alkaline pH value, 4.45 g potassium hydroxide (KOH, 99%,
VEB Jenapharm Laborchemie, Jena/Germany), was dissolved in five li-
tres of distilled water, resulting in a pH of 12.2 in the solution. For the
typical concentration of 7 g of SO4

2- per litre of water and the high pH
value (but noCa2+), 55.28 g of sodiumsulphate, Na2SO4 (99%, Grüssing,
Filsum/Germany), and 4.45 g of KOHwere dissolved in five litres of dis-
tilled water. For the characteristic concentration of 1 g of Ca2+ per litre
and the high pH value (but no sulphate), 29.76 g of calcium nitrate
tetra-hydrate (Ca(NO3)2∙4H2O, 99%, Grüssing, Filsum/Germany), and
4.45 g of KOH were dissolved in five litres of distilled water.

The teabag method was conducted as follows. Some 0.2 to 0.3 g of
SAP particles (exact mass m1) were put in a teabag (mass m2) which
had been pre-wetted in the corresponding liquid. The teabag contain-
ing SAP was hung in a beaker filled with the liquid under consider-
ation. The beaker was carefully and tightly covered with a plastic



Table 2
Mixing sequence and duration.

Time [min] Action Duration of
each step [min]

−04:00–00:00 Homogenise all the dry powders 4
00:00–01:00 Addition of water including the pre-dissolved

superplasticizer
1

01:00–02:00 Mixing, intensity 1 (170 rpm) 1
02:00–04:00 Mixing, intensity 2 (198 rpm) 2
04:00–05:00 Manual scraping of agglomerates from the

walls of the mixing drum
1

05:00–08:00 Mixing, intensity 3 (361 rpm) 3
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foil to avoid carbonation of the liquid due to absorption of CO2 from
the air. Until the end of the experiments, no precipitation occurred.
The foil was released only for short times to conduct the weighing
procedures.

After 30 s, 2, 5, 10, 15, 30, 60 and 180 min, the teabag with the SAP
was released to be weighed (mass m3). It was put on a dry cloth and
wiped with another dry cloth for a short time of approximately 30 s to
remove surplus and weakly bound liquid. Some liquid held as capillary
water between the SAP particles could leave the sample. However, the
sample was not squeezed so as not to disturb the storage function of
the polymers. In all probability some residual surface or capillary
water remained in the teabags, but this was considered not to be rele-
vant to the present study. The amount of absorbed liquid in relation to
the initial mass of SAP was calculated according to Eq. (1).

mH2O
¼ m3−m2−m1

m1
ð1Þ

2.3. Mortar composition, mixing and testing

The high strength mortar was composed as given in Table 1. The
cement was the same as that used in the sorption tests. The silica
fume was a dry powder and exhibited an average particle size of
85 nm (Grade 971, Elkem Refractories, Kristiansand/Norway). Be-
cause the available river sand 0/4 lacked sufficient fines, the aggre-
gate was composed of 90% by mass of this sand and 10% by mass of
quartz sand 0.06/0.2, which provided a steady grading curve of the
aggregate. The superplasticizer was a polycarboxylate-based aqueous
solution (Glenium 51, BASF, Trostberg/Germany). Its dosage was 1.8%
by weight of cement (% bwoc). It was completely pre-dissolved in the
mixing water.

Six litres of mortar were produced per mix. The mixing tool was
an ordinary concrete mixer (HSM 20, Hobart, Offenburg/Germany).
Table 2 gives the mixing sequence and duration.

After completion ofmixing, themortarwas introduced into a Häger-
mann cone and the flowability test specified in DIN 18555-2 was per-
formed, but without the prescribed beats; hence the value obtained is
categorised as a slump flow value. Due to the handling routine in the
laboratory (stop of mixing tool, paste transfer into the cone, smoothing
the surface), the paste flowwasmeasured between 17 and 20 min after
initial contact of the dry powders (including the SAP) with water. The
slump flow value of the plain mortar was 19 cm±1 cm.

Free autogenous shrinkage tests were performed according to
ASTM C 1698-09 using a dilatometer with corrugated tubes. However,
instead of the manual recording scheduled in ASTM C 1698-09 auto-
matic readings of the length changes were taken at intervals of
30 min. The measurements were started immediately after filling
the tubes. They were later referenced to the time of final set which
was obtained from a parallel Vicat needle test.

Compressive strength was measured according to DIN EN 1015-11.

2.4. Modification of the mortar by means of SAP

The basic mortar composition (Table 1) was modified by the addition
of SAP and an extra amount ofwater. Due towater absorption by the SAP,
Table 1
Mortar recipe.

Material Unit mass [kg/m3] Unit volume [l/m3]

Cement CEM I 42.5 R 700 222.9
Silica fume 70 30.0
Water, w/c=0.30 210 210.0
Air 20.0
Aggregate (sand 0/4) 1218 459.6
Quartz sand 0.06/0.2 121.8 46.0
Superplasticizer 12.6 11.5
the mortar consistency became significantly stiffer if no extra water was
added. To keep the workability constant, a distinct amount of water was
added to have the same slump flow value as in the mixture without IC
agent. This procedure is a common laboratory practice, which attributes
the extrawater to the liquid storage capacity of the SAP in a freshmixture
at the instant of rheological testing. Due to their action as further fines in
the paste, the SAP particles themselves may contribute to the ease of
workability to some extent as well. This effect was not taken into account
in the present study. However, in further studies it would be worthwhile
to assess the liquid storage capacity of the SAP in the fresh paste using
other methods, e.g., in measuring their size in the paste using non-
destructivemethods, aswell as investigating in detail the effect of SAP ad-
dition on the rheological behaviour of fresh concrete. The state-of-the-art
on this subject is described in [20].

For reasons of practicability the mortar composition was kept con-
stant except for the amount of water; i.e., the unit amounts of solids
were not adjusted, but thewaterwas added on top of the referencemix.

As an initial dosage of SAP, 0.3% bwoc was chosen. Particular to
each SAP, the amount of mixing water was adjusted for constant
slump flow. Apart from this, for SAP D the polymer dosage was al-
tered to 0.1 and 0.2% bwoc as well, including the corresponding ad-
justment of the water addition. Hereby as well, the potential effect
of the SAP particles as fines in the paste was neglected.

3. Results and discussion

3.1. Polymer structure, particle size distribution and shape of super-
absorbent polymers

For the kinetics of uptake and release of the highly ionic solutions,
the density of anionic groups and that of the cross-linking are essen-
tial (for a categorisation of the SAP samples used, refer to Fig. 1).

The particle size distributions of the SAP materials under investiga-
tion are displayed in Fig. 2; Table 3 gives the corresponding d50 values.
SAP A had the smallest average particle size, 324 μm. The d50 values for
SAP B, C and F were close to each other at around 600 μm, whereas the
sizes of SAP D and SAP E were significantly larger.

Since the particles were added in the dry state with the mineral
powder components, they were homogenously distributed throughout
the entire volume during mixing. The mechanical strength of the SAP
particles was sufficient so as to preclude their being crushed as a result
of the mixing process (optical microscopy results, not shown here).

The shape of the SAP particles was investigated in the ESEM. Fig. 3
shows the spherical shape of SAP A particles and Fig. 4 displays the
particles of SAP D as an example of the irregularly shaped polymers
SAP B to SAP E.

3.2. Swelling behaviour of the SAP in saline media and cement pore
solution

The essential feature of SAP as a chemical admixture to mitigate
the autogenous shrinkage of concrete is their ability to absorb
water, store it, and eventually make it available to the hardening
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Fig. 2. Particle size distribution of the superabsorbent polymers under investigation.
Fig. 3. ESEM picture of SAP A in the dry state.
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cement matrix. The main driving force for the water absorption and
swelling is osmotic pressure. Due to the uptake of water, the confined
close proximity of the carboxylate groups of the SAP releases by ex-
pansion. The intrapolymerically bound water not only lets the parti-
cles swell but also increases their weight. This effect is utilised in
the “teabag test”. To study the distinct influences of the ions consti-
tuting the cement pore solution, various saline model solutions
were considered (Figs. 5–9). Taking distilled water as a starting
point, the first step was to use potassium hydroxide solution to
mimic the strong alkaline pH value with monovalent cations, which
behave passively in this experiment. The next steps were made by in-
troducing the bivalent ions of sulphate and calcium, respectively.
Hereby, monovalent counterions were used which do not influence
the much stronger interactions between the bivalent inorganic ions
and the polymers. Hence, SO4

2− was used with Na+, and Ca2+ was
used in the presence of NO3

−.
The absorptivity of any SAP sample was much weaker in the saline

solutions (Figs. 6–9) than in distilled water (Fig. 5). The reason is a
general screening of the charges of the SAP by the dissolved ions,
thus reducing the osmotic pressure causing the swelling.

The principal kinetics of uptake and release were not affected in
potassium hydroxide solution (Fig. 6) and in KOH solution containing
sulphate but only monovalent cations (K+ and Na+, Fig. 7) when
compared to that in distilled water. Herein, all the SAP materials
took up the major part of the liquid within 20 min and stored it for
at least three hours. SAP C (lowest cross-linking density of all the
samples) showed the greatest but also the slowest absorption. On
the contrary, SAP F (highest cross-linking density combined with
the lowest anion concentration) absorbed the least amount. Further-
more, SAP F showed the most stable absorptivity, i.e., the amount of
absorbed liquid was least influenced by the respective saline condi-
tions in comparison to that of the distilled water. The maximum ab-
sorption for other SAP samples (A, B, D and E) was localised
between the materials SAP C and SAP F. No conclusive trend among
the molecular parameters of anion concentration and cross-linking
density (and particle shape, since SAP A was the only spherical poly-
mer) became clear with respect to the absorption kinetics in the “in-
termediate region”.

In comparison to the results presented in Figs. 5–7, the presence of
the bivalent cation Ca2+ in a typical concentration of cement pore so-
lution (1 g/l) fundamentally changed the absorption behaviour of
some SAP samples while for some other SAP materials the behaviour
was only moderately affected (Fig. 8).
Table 3
d50 values of the particle size distributions of the investigated SAP.

d50 SAP A SAP B SAP C SAP D SAP E SAP F

[μm] 324 586 631 903 1065 596
SAP A and SAP B, both of which possessed the highest density of
anionic functional groups, started to release a significant portion of
the initially absorbed liquid only approximately 15 min after begin-
ning the experiment. As regards cross-linking density, SAP A, with
its lower cross-linking density, showed a slightly stronger desorption
of the solution than SAP B, which has a higher density. SAP D, with in-
termediate cross-linking density and anionicity, released some
absorbed solution freely as well. However, this occurred to a much
smaller extent than in the case of SAP A and SAP B. For the SAP mate-
rials designated C, E and F, the presence of Ca2+ in the solution did
not affect the general course of the absorption/time curves. Therefore,
it can be concluded that the molecular parameters that let SAP swell
independently from Ca2+ are firstly a low cross-linking density com-
bined with intermediate anionicity and secondly a low anionicity
combined with any cross-linking density. In other words, the effect
of Ca2+ is strong in SAP with high density of anionic groups; the
cross-linking density seems to play a minor role. On the contrary,
the kinetics of liquid uptake and release by SAP with a low density
of anionic groups or a low cross-linking density, respectively, are
not greatly affected by Ca2+.

In cement pore solution (Fig. 9), the SAP samples showed princi-
pal behaviour very similar to that observed in the alkaline Ca2+ solu-
tion (Fig. 8). Ca2+ thus proved to be the most important ion in the
cement pore solution with respect to the kinetics of liquid storage
by SAP. The anionic functional groups (carboxylate groups) of the
polymers can intensely interact with Ca2+ ions, as was shown by
Plank and Sachsenhauser [21] for polycarboxylate-based superplasti-
cizers. The carboxylic groups of the polymer complex the Ca2+ ions in
a very stable way, and the efficient anionic charge density inside the
SAP diminishes. As a consequence, the now apparently uncharged
polymer chains experience a considerably lower osmotic pressure
than the more highly charged, uncomplexed chains. The absorption
capacity is thus tremendously diminished. This effect of Ca2+ com-
plexation is strongly pronounced in SAP with high anionicity,
Fig. 4. ESEM picture of SAP D in the dry state.
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Fig. 5. Absorptivity of SAP in distilled water.
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Fig. 7. Absorptivity of SAP in alkaline SO4
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whereas it is weaker or even below the limit of experimental detec-
tion for SAP with low anionicities.
3.3. Influence of the SAP on the workability of mortar

Since SAP absorb water or cement pore solution, respectively, they
withdraw a portion of the mixing water from the paste, which is not
available as free water to attain a required workability of the fresh
mixture. A common practice is to compensate this water “loss” by
adding just enough extra water to restore the mortar workability as
it would be without SAP addition and extra water. In the first test se-
ries the addition of SAP was equal 0.3% bwoc. In earlier studies by the
authors and other researchers, this dosage had proven efficient in the
mitigation of autogenous shrinkage. Since the absorption behaviour
was different for various SAP, the amount of water was adjusted to
keep the paste slump flow constant at 19 cm±1 cm as with the refer-
ence mixture without SAP (cf. Fig. 10). As a starting point for the ad-
justment of water addition, (w/c)total=0.36 had been chosen for each
SAP. Thus, the amount of extra water corresponded to an increase of
w/c by 0.06. The corresponding slump flow values are only shown for
the mixtures with SAP A, B, and C as well as, to ease comparison, for
the SAP-free reference. With this dosage the required slump flow
value could be attained only for the mixture containing SAP D. In
the next step the dosage of water was adjusted to meet the desired
slump flow value better.
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Fig. 6. Absorptivity of SAP in potassium hydroxide solution (pH 12.2).
The needed dosage of extra water corresponded to an increase in
w/c by 0.02 for the mixture with SAP F, 0.03 for the mixture with
SAP A, 0.04 for SAP B and 0.05 for SAP E.

SAP C stood out prominently. The paste was stiff and did not flow
at all at w/c 0.36 and for achieving the target slump flow value, (w/
c)total of 0.56 was necessary, which meant an increase of the original
w/c by 0.26! The absorptivity of SAP C was thus much too strong for
suitable application in the chosen mortar. Increasing the w/c to such
a large extent fundamentally changes the macroscopic mortar param-
eters (cf. Fig. 13). In principle, this kind of SAP may be considered for
other applications in, for example, shotcreting [22].

The absorptivity of SAP in cement pore solution (Fig. 9) had a clear
effect on mortar workability (Fig. 10). Absorptivity has to be consid-
ered specifically for the time interval from 17 to 20 min after the ini-
tial contact of dry raw materials (including SAP) with water because
this equals the time of the flowability test. Up to that time, SAP C
had absorbed the largest quantity of pore solution of all SAP samples,
and the absorption was still uncompleted at that point. This explains
the extraordinary amount of additional water required by this mix-
ture to regain the flowability. In contrast SAP F was by far the weakest
absorbing polymer and its complete absorption capacity was almost
reached by the time of performing the slump flow test. This explains
the lowest needed increase in w/c for SAP F. The values for samples
SAP D and SAP E lie between those of SAP C and SAP F. The higher ab-
sorptivity of SAP D in comparison to that of SAP E may correspond to
the (slightly) higher needed increase in w/c. Between SAP C and SAP
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Fig. 8. Absorptivity of SAP in alkaline Ca2+ solution (pH 12.2 by KOH, c(Ca2+)=1 g/l by
calcium nitrate).
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Fig. 9. Absorptivity of SAP in cement pore solution.

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0 24 48 72 96 120 144 168 192

Time [h]

S
tr

ai
n

 [
‰

]

REF (w/c 0.36)

REF (w/c 0.30)

SAP A (w/c 0.33)
SAP C (w/c 0.56)

SAP B (w/c 0.34)
SAP F (w/c 0.32)

SAP E (w/c 0.35)

SAP D (w/c 0.36)

Fig. 11. Results of dilatometer tests on the reference mortar and mortar modified with SAP;
dosage of SAP 0.3% bwoc and w/c adjusted to meet the slump flow value of 19 cm±1 cm
according to Fig. 10.

870 C. Schröfl et al. / Cement and Concrete Research 42 (2012) 865–873
F, the two quickly re-desorbing SAP A and SAP B are positioned. Their
delicate desorption kinetics, however, do not allow the giving of an
exact dosage of extra water to compensate for the loss in workability.

3.4. Mitigation of autogenous shrinkage by addition of SAP

The predominant purpose of implementing SAP in mortar or con-
crete is to mitigate autogenous shrinkage. The mortar used here is
considered to be a typical high strength mortar prone to significant
autogenous shrinkage due to its low w/c of 0.3 and its high cement
content of 700 kg/m3 (cf. Table 1). Fig. 11 shows the results of the
free autogenous shrinkage tests performed on this mortar without
and with addition of SAP and extra water. Each curve gives an average
result of three measurements.

Generally, when compared to the SAP-free reference mortars, any
SAP addition reduced autogenous shrinkage significantly.

Due to the high absorptivity of SAP C and the w/c of 0.56, the prop-
erties of this mortar changed fundamentally. The complete content of
water is much higher than needed for cement hydration and internal
curing. This results in a high porosity which compromises the
strength characteristics of the mortar (cf. also Fig. 13). Thus, the mix-
ture with SAP C will not further be discussed.

All other mixtures with SAP addition exhibited a more or less pro-
nounced expansion of the paste after final set, which is the initiation
point of the curves shown. Final set was determined by the Vicat needle
testmethod andwas found to be between eight and eleven hours, mostly
depending on the amount of extra water. Seven to twelve hours after this
each strain-time curve reached its distinct point of unsteadiness.

In cement hydration, the point of final set coincided temporally
well with the onset of the acceleration period (results of heat of
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hydration development are not shown here). The point of the un-
steadiness of strain-time curves occurred in middle of the decelera-
tion period shortly after the end of the acceleration period. The SAP-
free mortar used as reference showed pronounced deformations
due to shrinkage during the acceleration period. This can be attribut-
ed to chemical shrinkage caused mainly by the intense hydration re-
actions of alite to C-S-H phases in this period. At the end of the
acceleration period, due to the general slowing down of the reactions,
chemical shrinkage proceeds only very slowly. From this turning
point on, the internal relative humidity begins to decrease significant-
ly and causes capillary stresses, whichmanifest themselves externally
as autogenous shrinkage.

In contrast to the reference mortars, mixtures with SAP addition
exhibited intense expansion during the acceleration period. The rea-
son for this could not as yet be clarified. The phenomenon of early-
age expansion was previously reported by e.g. Baroghel-Bouny et al.
[6] and Sant et al. [23]. Both these publications discuss portlandite
formation as the reason for the early-age expansions observed. Al-
though no superabsorbent polymers were used in those studies, it
seems likely that in the present study the modification of portlandite
formation by the presence of superabsorbent polymers may play a
decisive role in early-age expansion as observed. Moreover, ettringite
crystallisation might be taken into consideration as well. However,
this topic is a subject of ongoing investigation. After the acceleration
period, shortly after the transition point to the deceleration period,
individual SAP materials caused particular effects on the course of
the strain-time curves.

The time period covered by these experiments was by far longer
than that considered in the absorptivity experiments (180 min, cf.
Fig. 9). However, interestingly enough the general kinetics of liquid
release or of its “permanent” storage in the pore solution as observed
in the sorption tests could be well recognised as a trend in the autog-
enous deformations. At the present stage of research this relationship
cannot be explained mechanistically, but it is worthwhile to demon-
strate some correlations here in more detail.

Regarding the strain-time curves for themortarmixtureswith SAP A
or SAP B, it can be concluded that here the internal curing was effective
at an early stage only; after initial swelling the curves run nearly parallel
the reference curve for themortars without SAP. Note that these are ex-
actly those SAPwhich exhibited a pronounced desorption in the teabag
experiment (Fig. 9). The early, free desorption by SAP is sufficient to
mitigate shrinkage in the first hours after the final set; even some swell-
ing was recorded for the mixtures with these polymers. Eventually,
however, after the rest of the internal curing water is consumed, the
positive effect vanishes. The increase in autogenous shrinkage proceeds
at the same rate as that for the SAP-free mortars.

Contrarily, the behaviour of SAP which showed stable storage in
cement pore solution affected the behaviour of the high strength
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mortar in a way which can only be the result of the characteristic,
very slow release of stored liquid into the surrounding paste volume
(cf. curves in Figs. 9 and 11 for SAP D, E and F). The samples SAP D, E
and F take up pore solution and keep it stored. Among these SAP, the
sequence of absorptivity was SAP D>SAP E>SAP F. This order is mir-
rored in the amount of extra water to be added in order to compen-
sate the workability loss (Fig. 10). It is no surprise that the
dilatometer tests revealed the same succession in the intensity of
counteracting autogenous shrinkage, in fact leading to different de-
grees of expansion (Fig. 11). The effect was most pronounced during
the acceleration period. In the subsequent deceleration period the
remaining amount of the IC water can be recognised qualitatively
from the shape of the strain-time curves. The mixture with SAP D,
the SAP with the highest water storing capacity, continued to swell.
That with SAP E showed no changes in strain. The mortar with SAP
F, the SAP with the lowest water absorption, exhibited very slight
shrinkage.

To judge how the dosage of SAP and extra water would affect the
availability of IC water at different stages of the hardening process, a
series of tests on mortar with various dosages of SAP D was per-
formed (Fig. 12). Following the approach presented above the
amount of extra water was adjusted to compensate the flowability
loss due to the water absorption by SAP.

As presented above, the mixture with 0.3% bwoc SAP D and w/c of
0.36 showed continuous expansion during the entire time of strain
measurements (7 days). The mortar with SAP dosage reduced to
0.2% bwoc, combined with w/c=0.34, exhibited after initial swelling
no further expansion, but rather minor reversal deformation. Further
decrease in SAP dosage to 0.1% bwoc (and w/c 0.32) increased this
trend clearly. For the initial mortar expansion during the acceleration
period, these small amounts of SAP and extra water were still enough,
even if the swelling was much less pronounced in comparison with
the mortar with higher dosages of IC agents. Starting at a time ap-
proximately 24 h after mixing, the reserve of the water in the mix
was obviously exhausted, which led to an apparently abrupt change
from autogenous swelling to autogenous shrinkage. The slope of the
strain-time curve became similar to that of the SAP-free mixtures. In-
terestingly this was the same pattern as observed for the mixtures
containing SAP A and SAP B (Fig. 11), but it should be underlined
that more extra water was used in the mixtures with SAP A and SAP B.
3.5. Effect of SAP and extra water on the compressive strength of the
mortar

When using SAP as an admixture in cement-based materials, in
the matrix a number of voids is created, which may affect the
strength of the material negatively. A decrease in strength was re-
peatedly reported in the majority of previous publications, e.g.
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[11,13], while in other investigations no negative effect was observed
on mortar [24]. Regarding the importance of the strength characteris-
tics for practical applications of high strength concrete or mortar, the
compressive strength was measured in this study for all mortars
under investigation (Fig. 13).

As could be expected, the reference mortar with w/c=0.36
showed lower strength values than that with w/c=0.30. The mixture
with SAP C with its clearly exaggerated w/c of 0.56, which had been
so mixed as to maintain the predefined flowability, achieved only
considerably lower strength values. The other mixture with SAP C
(w/c=0.36) exhibited a slightly stronger decrease in compressive
strength than the mixture with SAP D, which had the same amount
of polymer and extra water. This may likely be attributed to the
somewhat worse compaction of the stiffer fresh mortar containing
SAP C. With regard to the other SAP modified mortars, a clear depen-
dence on the SAP sorption kinetics could be observed. The mortars
containing the readily releasing SAP A and SAP B exhibited lower
values of compressive strength in comparison to the mixtures with
water-retentive SAP D, SAP E, or SAP F and a comparable amount of
water. The premature partial water release by SAP A and SAP B,
which probably occurs before setting, results in a higher effective
w/c in the corresponding mortars, and hence leads to their higher
capillary porosity and lower strength. In contrast, the mixtures con-
taining SAPs able to retain the pore solution showed either no de-
crease or only a very slight decrease in compressive strength when
compared to the reference mortar with w/c of 0.30 if both the SAP
dosage and the amount of extra water were properly chosen. These
SAPs released their stored water at the proper times, which means
beginning at the earliest with the setting time, when it is needed for
internal curing. The positive effects on compressive strength resulting
from the use of SAP and extra water evidently offset the negative ef-
fect of the additional voids introduced by SAP particles well. One like-
ly reason for the positive influence of SAP addition on compressive
strength is a higher degree of hydration of the cement and silica
fume [25]. For the compositions presented this is to be clarified in
subsequent related studies. Another reason might be that due to in-
ternal curing and diminished autogenous shrinkage of the cement
paste no internal stresses develop from the restraint of such shrink-
age deformations by stiff and non-shrinking sand particles.

4. Summary and conclusions

This study focussed on understanding the kinetics of water ab-
sorption and desorption by superabsorbent polymers (SAP) in con-
crete in dependence on their molecular structure and on linking this
knowledge to the efficiency of internal curing.

The kinetics of liquid uptake into and release from the SAP depend
on the ionic composition of the liquid. Using distilledwater as a starting
point, KOH and Na2SO4 generally reduced overall absorptivity. Ca2+ in
alkaline solution was able fundamentally to modify the absorption
and desorption behaviour of some of the polymers. SAP materials of
very high anionic functional group density took up the liquid quickly
and released it back into solution to a large extent over the first one to
three hours. Contrarily, SAP with lower anion density stored the
absorbed liquid over the entire time of the experiment. Here no desorp-
tion was observed independent of the cross-linking density. The ab-
sorption and desorption behaviour of SAP in the alkaline Ca2+

solution was very similar to that of the cement pore solution as
extracted; thus, Ca2+ is responsible for specific SAP behaviour. This
can be traced back to the less pronounced complex formation between
the anionic functional groups of the polymers and Ca2+ in the case of
SAP with lower anion concentration.

To keep themortar slumpflowunchangeddespite the addition of SAP,
extra water was added to themixture. The amount of this extra water for
the purpose of internal curing depended on the absorptivity of each dis-
tinct SAP in the cement paste environment. The chosen dosage of 0.3%
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SAP bwoc led mostly to a necessary increase of the (w/c)total by 0.02 to
0.06 (from 0.30 to 0.32 and 0.36, respectively). The amount of extra
water required for the SAP-modified mortars corresponded with the
order of absorbed cement pore solution by the SAP in teabag tests at the
moment of the flowability test.

The second focus was to connect the kinetics of uptake and release of
pore solution by the SAPwith their ability tomitigate autogenous shrink-
age in high-strengthmortar. It was found that any SAP counteracts autog-
enous shrinkage during the acceleration period of cement hydration.
Indeed the expansion of mortar volume was observed after the final set,
whichwas used as the starting point of data recording. Shortly after tran-
sition from the acceleration to the deceleration period, SAP were divided
into two groups according to their effect. For one group of SAP the course
of the strain-time curve was nearly parallel to the reference curve for
mortar without internal curing. This indicates that no sufficient amount
of internal curing water could be provided by SAP at this stage. Such be-
haviour was observed for mixtures with SAP showing a pronounced liq-
uid release after initial absorption in the teabag experiments. Different
behaviourwas observed for themixtureswith SAP not showing liquid re-
lease in the teabag experiments. After initial swelling thesemortars could
to a great extentmaintain their expanded state in the decelerating period
for the duration of measurements (7 days). Obviously, the SAP particles
had retained enough water for a sufficiently long time. Smaller doses
of an SAP of this group led to a minor reduction of the expansion
after the initial swelling. For an even lower dosage of this SAP, the
strain-time curve turned parallel to those of the mortars without
any SAP as soon as the expansion during the acceleration period
was finalized.

The amount and the time period of water release from SAP into
the mortar are thus crucial to the efficient mitigation of autogenous
shrinkage.

Finally, the compressive strength tests on the hardened mortars
revealed that the type of SAP and, in turn, its water release kinetics
are relevant to mechanical properties as well. A premature release of
water, i.e., before setting, in the mixtures containing SAP with a very
high density of anionic functional groups led to a significant decrease
in compressive strength; this can be attributed to the increase of the ef-
fective w/c and subsequently higher porosity of the mortar. In contrast,
for mixtures with SAP of lower anion concentration either no decrease
or only a very moderate decrease in strength was observed. This was
explained by the release of stored water at a later stage, beginning
with setting as the earliest point. In this case the extra water serves
truly as internal curing water. The efficient mitigation of autogenous
shrinkage and the enhanced degree of hydration seem to be sufficient
to balance the negative effect of voids induced by SAP particles. Howev-
er, the development of the microstructure of the cement-based matrix
in dependence on the type of SAP has yet to be thoroughly studied in
order to develop a substantiated mechanistic explanation for the mac-
roscopic findings.
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