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Abstract Internal curing with superabsorbent polymers
(SAP) is a method for promoting hydration of cement and
limiting self-desiccation, shrinkage and cracking in high-
performance, and ultra high-performance concrete with
low water-to-binder ratio. SAP are introduced in the dry
state during mixing and form water-filled inclusions by
absorbing pore solution. The absorbed solution is later
released to the cement paste during hydration of the
cement. In this paper, cement pastes with low water-to-
binder ratios incorporating superplasticizer and different
dosages of SAP and corresponding additional water were
prepared. Reference cement pastes without SAP but with
the same amount of water and superplasticizer were also
mixed. Isothermal calorimetry was used to measure
hydration heat flow. Water entrainment by means of SAP
increased the degree of hydration at later hydration times in
a manner similar to increasing the water-to-binder ratio.
Addition of SAP also delayed the main calorimetric
hydration peak compared to the reference pastes, however,
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in a less prominent manner than the increase in water-to-
cement ratio.
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Introduction

Superabsorbent polymers (SAP) are covalently cross-
linked hydrophilic polyelectrolytes with three-dimensional
structures that absorb high amounts of liquid without dis-
solving and retain the liquid even under a certain pressure
[1]. In concrete technology, SAP have been applied, e.g.,
for frost resistance improvement, rheology modification,
controlled release of admixtures, crack healing, water
curing from the concrete surface and reducing the coeffi-
cient of thermal expansion [2-5].

One of the most promising application areas for SAP is
internal curing of high-performance concrete (HPC) and
ultra high-performance concrete (UHPC) [2, 3]. These
modern concretes develop very high mechanical properties
due to their extremely low porosity. Their low porosity
makes them also almost impermeable, which is beneficial
for their durability. However, HPC and UHPC experience
rapid and high shrinkage in the first days to weeks of
hydration, which may induce micro- or macro-cracks and
affect negatively their durability.

Typically, HPC and UHPC are characterized by a dense
packing of the aggregate, small maximum aggregate size,
low water-to-cement ratios (w/c), and often addition of fine
fillers or supplementary cementitious materials (e.g., silica
fume). Due to the low w/c, complete hydration of cement
cannot be reached. The final degree of hydration, defined as
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the amount of cement hydrated relative to the initial
cement, is thus lower than 1. Cement hydration stops due to
lack of free water and also due to lack of free pore space
for forming new hydration products [6]. The final degree of
hydration in a low w/c paste can be estimated by means of
Powers’ model [2, 6-9], which was originally formulated
in the late 1940s. Powers’ model, despite its simplicity and
the fact that the exact numbers need to be reviewed for
applying for modern cements [7], has proven to give reli-
able predictions about final degree of hydration and volu-
metric distribution of phases in cement pastes.

In order to promote the hydration, additional water may
be provided, which is referred to as curing water in con-
crete practice. In HPC and UHPC, it is convenient to
provide curing water as small inclusions within the con-
crete, for example within well-distributed SAP [10, 11]. In
very low w/c pastes, even if (internal) curing water is
provided, hydration can be enhanced but not completed due
to dense packing of unhydrated cement and hydration
products and limited space for new hydration products to
form.

Other effects of insufficient water for hydration in low
w/c pastes are self-desiccation and autogenous shrinkage.
As cement hydrates in a sealed system, the largest pores in
the hardening cement paste become empty, since the
hydration products have lower volume than the unhydrated
cement and water (chemical shrinkage) [9]. The menisci at
the interface between air and pore fluid become smaller and
smaller as the pore structure fills up with hydration prod-
ucts. As a consequence, the internal relative humidity (RH)
decreases (self-desiccation) and capillary stresses build up
in the pore fluid. The result is a compressive stress on the
porous skeleton that induces a macroscopic shrinkage
(autogenous shrinkage) [9]. Addition of SAP is also useful
to reduce self-desiccation and autogenous shrinkage, as the
degree of saturation of the capillary pores in the cement
paste remains higher and the capillary stresses decrease
accordingly [10, 11].

SAP are added in the dry state during mixing, where-
upon they rapidly absorb part of the mixing water and form
water-filled cavities (about 100-500 pm in diameter) in the
fresh concrete [3, 4]. To compensate for self-desiccation,
the amount of water absorbed by the SAP needs to be
added to the mixing water [2]. After setting, SAP are
progressively emptied as they lose water to the paste to
compensate for the chemical shrinkage [12]. The water
release by the SAP keeps a high internal RH in the cement
paste, which reduces the capillary stresses and the shrink-
age and also promotes the hydration [3, 13]. It is noticed
that, depending on the chemical composition of the SAP,
the kinetics of the pore solution release may change,
possibly resulting even in a premature emptying before
setting [14].
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Since the SAP after releasing water end up as partially
empty pores in the cement paste, they might impact neg-
atively the mechanical properties, similarly as entrained air
voids [3]. However, the presence of these large pores is at
least in part compensated by a higher degree of hydration,
which reduces the porosity of the cement paste [3, 4, 15].
As a result, the strength does not necessarily decrease due
to addition of SAP, and even some strength gain has
been observed at later ages in respect to reference mixtures
[15, 16]. By knowing the degree of hydration of the cement
in a mixture containing SAP, it is possible to predict the
compressive strength of the concrete with reasonable
approximation based on its porosity [15].

The main focus of this paper is to understand the influence
of SAP on the hydration process. [sothermal calorimetry is a
convenient and precise method to study the early stage of
hydration of cement pastes, when the heat release rate is high
[17-19]. This study focuses on the effect of SAP on the
kinetics of hydration of low w/c pastes. Nine plain cement
pastes with w/c ratios 0.20-0.30, with and without SAP and
with constant superplasticizer amount (1 % of cement mass),
were investigated.

Materials and methods
Mix composition

White Portland cement (CEM 1 52.5 R) was used in this
study. Table 1 shows the chemical composition of the
cement with the normative composition determined with a
modified Bogue calculation [20]. A commercial polycar-
boxylate-based superplasticizer with 22 % solid content
and specific gravity of 1.04 was used for all mixtures.
Solution-polymerized SAP of irregular particle shape and
particle sizes <63 pm in the dry state were used. Absorp-
tion of pore solution by SAP was determined as equal to
16 gg' based on the ratio occupied by the swollen SAP on
polished sections of hardened cement pastes [21]. A neu-
tron tomography study confirmed that this type of SAP
starts releasing water only after setting [22].

To investigate early age hydration, cement pastes with
SAP and reference pastes without SAP but with exactly the
same amount of water and superplasticizer were prepared.
The reference mixture had w/c 0.20, which corresponds to
the basic w/c of the pastes with SAP. In the figures, all
mixtures are labeled by w/c. Mixtures containing SAP are
labeled according to the following convention: 0.25 SAP
means 0.20 + 0.05, where 0.05 is w/c entrained by SAP
and 0.20 is basic w/c. The range of w/c was 0.2-0.3. The
superplasticizer (1 % of cement mass for all cement pastes)
was added to the pastes without correction for water
content.
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Table 1 Chemical properties of Portland cement

Chemical analysis/mass/%  Normative phase composition/mass/%

SiO, 24.33 Alite 77.5
Al,0O4 2.07 Belite 14.3
Fe,03 0.36 Aluminate 2.8
CaO 69.02 Ferrite 0.1
MgO 0.64 CaO 0.85
SO; 2.04 CaCOs; 0.16
K,O 0.04 CaSO, 33
Na,O 0.15 K,S0, 0.07
CaO (free) 0.85 Na,SO4 0.15
TiO, 0.07 K,0 0.002
Mn,05 0.02 Na,O 0.1
P,05 0.36 MgO 0.64
L.o.L 0.77

Normative phase composition calculated with modified Bogue
method [20]

L.o.I. Loss on ignition
Mixing

All nine pastes were mixed in a vacuum mixer (Twister
evolution) at 450 rpm. The first step of dry mixing was
30 s for all mixtures. In the next step, 90 % of the water
was added and mixed for 1.5 min. In the last step, the rest
of the water and superplasticizer was added, and the pastes
were mixed further for a maximum of 3 min.

Hydration heat

The heat flow was measured with a Thermometric TAM
Air conduction calorimeter, capable of eight parallel
measurements in eight separate measuring cells. About
5.4 g of freshly mixed paste were weighed into a glass vial
of internal diameter 24.5 mm, corresponding to ~ 5-mm-
thick paste layer. The glass vial was sealed and placed into
the calorimeter and the heat flow was measured for about
72 h. The very low w/c used required external mixing, for
which reason the initial heat peak, occurring right after the
addition of water to cement, could not be measured. During
the experiment, isothermal conditions (20 = 0.02 °C) were
maintained in the measuring cells. The hydration heat flow
and the cumulative hydration heat, normalized to the
cement mass in the samples, are shown in the results sec-
tion starting from 1 h after water addition, allowing time
for temperature equilibration.

To determine the heat release upon contact of cement
with water (which could not be observed because of
external mixing), the w/c 0.30 paste was also mixed
directly in the calorimeter after thermal equilibration. The
cumulative heat release during the initial first hour after
mixing did not exceed 6 Jg~'.
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Fig. 1 a Hydration heat release rate (until 36 h) and b cumulative
heat (until 72 h) of plain cement pastes

The degree of hydration at a certain age is calculated as
the ratio between the cumulative heat of hydration at that
age and the heat released at full hydration (potential heat of
hydration). The latter value was calculated by thermody-
namical modelling using the geochemical software GEMS-
PSI [23] coupled with the thermodynamic database
CEMDATA 07.2 [24]. After subtracting the total enthal-
pies of the simulated products from the constituents, the
total heat at full hydration is determined as 473 Jg~'. This
value is further used for determining the degree of
hydration.

Results

In Figs. 1 and 2 the rate of heat of hydration and cumu-
lative heat are presented as influenced by the different
amounts of neat additional water, or water in the SAP
reservoirs, respectively. For the reasons of clarity, the heat
flow results are plotted up to 36 h only, while for the
cumulative heat the whole measuring period of 72 h is
shown. A dormant period of 5-7 h (depending on the
wlc [25] and on the superplasticizer dosage [26]) is fol-
lowed by a main heat rate peak [27] between 13 and 15 h.
For pastes without SAP, the main heat release peaks are
delayed as w/c increased. In general, the height of the main
peaks also increases with w/c. Addition of SAP has a
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Fig. 2 a Hydration heat release rate (until 36 h) and b cumulative
heat (until 72 h) of cement pastes with SAP

significant impact on the hydration behavior of the cement
pastes. The main peaks are lower and appear earlier com-
pared to the corresponding pastes with the same w/c but
without SAP (Figs. 1a, 2a). On the other hand, the main
peaks are delayed compared to the reference paste con-
taining the same amount of free water (excluding the water
incorporated in the SAP). The heights of the main peaks
are similar for different SAP contents. Only a slight delay
of the main hydration heat peak is observed by increasing
the SAP content. In general, the shape of the main peak is
very similar for all pastes with and without SAP, while a
shoulder of substantially lower heat flow following the
main peak is clearly visible for plain pastes only.

The cumulative heat of hydration (Fig. 1b) increases
with increasing w/c. However, more important for this
study is the comparison between pastes with and without
SAP. All pastes containing SAP reach higher hydration
heat values than the reference paste. The cumulative heat
of hydration of pastes with SAP exceeds that of the
reference paste after about 24 h. Comparing the same
wlc pastes with and without SAP, it can be seen that the
main hydration reaction of pastes with SAP starts earlier
but proceeds at a slower rate than for the pastes without
SAP, while the cumulative heat release after 3 days is
similar. In Fig. 3, the heat release rate and the cumulative
heat is compared for the reference mixture of w/c 0.20 and
for the w/c increased to 0.25, either by adding neat water or
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Fig. 3 Comparison of the reference mixture (w/c 0.20) to the
mixtures of w/c increased to 0.25, either by adding neat water or by
adding water absorbed within SAP. a Hydration heat release rate
(until 36 h) and b cumulative heat (until 72 h)

by adding water absorbed within SAP. Increasing w/c by
adding neat water results in much higher and sharper main
heat release peaks, while w/c increases by means of SAP
gave lower and broader peaks compared to the reference.

Discussion
Early hydration

In this section, the influence of SAP on initial hydration is
discussed. This period is especially important in terms of
the setting time and strength development. A retardation of
the setting time may have consequences for the practical
use of UHPC, as setting time is already delayed by the high
superplasticizer content of these mixtures and a further
retardation may not be acceptable. Moreover, a rapid
strength development at early ages is often also funda-
mental for the application of UHPC, so that even if SAP
are introduced into the mixture, they should not be overly
detrimental for the early strength. As both SAP and addi-
tional water to saturate them are introduced into the mix-
tures with internal curing, it is necessary in this analysis to
separate the effect of the SAP on the early hydration from
that of an increase in the w/c of the pastes.
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In the present experiments, it is observed that a retar-
dation of the main calorimetric peak always accompanied
the increase in w/c (Figs. 1, 2). Zhang et al. [19] also
observed that an increase of w/c delayed the main hydra-
tion peak and increased the total degree of hydration at
later ages. Danielson [28] suggested that an increase in the
rate of heat liberation with decreasing w/c during the first
hours of hydration could be explained by a higher con-
centration of alkalis in the pore solution. In fact, the soluble
alkalis in the cement lead to a rapid pH rise that is known
to accelerate cement hydration. This acceleration is directly
dependent on the alkali concentration, which is in turn
inversely dependent on the w/c. In other words, by
increasing the w/c the initial pore solution becomes diluted
with respect to alkali and hydroxide ions, and this provides
less acceleration of cement hydration. As in this study low-
alkali cement was used (see Table 1), the effect of retar-
dation with increased w/c is expected to be even more
pronounced than for a normal Portland cement.

The isothermal calorimetry data, Figs. 1 and 2, show
that the addition of SAP radically modifies the hydration
kinetics of cement pastes, especially in the first 30 h. The
trend observed is of a small delay of the first peak of
hydration heat for samples containing SAP compared to the
reference paste and an even smaller delay between pastes
with increasing SAP contents. However, in all cases the
main hydration heat peak occurs earlier compared to the
corresponding pastes with the same water amount but
without SAP. A more pronounced shoulder appears after
the main peak with higher SAP additions, possibly indi-
cating a release of entrained water from the SAP. Another
possible reason is the influence of SAP on the kinetics of
the second aluminate reaction; the SAP may possibly
provide additional water for the formation of ettringite.

In all cases, the cumulative heat of hydration and con-
sequently the calculated final degree of hydration at 3 days
increased by increasing SAP and entrained water amount
(Figs. 1, 2).

A possible reason of the small retardation of the main
peak with SAP may be a delay in the onset of the accel-
eration period due to leaching of some non-cross-linked
polymers from the SAP [3]. These linear polymers (also
indicated as soluble fraction) are a byproduct of the SAP
synthesis and may interfere to a certain extent with cement
hydration. Another possibility, compatible with Daniel-
son’s hypothesis [28] explained above, is that the SAP
absorb some alkali ions with the pore solution during
mixing [29], thus diluting the initial ion concentration in
the mixing water and delaying the main hydration heat
peak. According to this hypothesis, the water in the SAP
would behave like a separate phase until about setting time,
with little ion exchange with the water in the capillary
pores of the cement paste.

The fact that the main peak for mixtures with SAP
occurs between that for the reference paste and that for the
paste with only water added can be explained with the
desorption kinetics of SAP. The water held in the SAP up
to setting time is then gradually released as pores in the
cement paste are emptied by chemical shrinkage and
capillary forces build up that pull the water from the SAP
[3, 11, 12, 22]. Therefore, not all water is instantaneously
available as in the case of increased w/c with neat water,
and thus the pastes with SAP show an earlier main
hydration peak.

Late hydration

This section addresses the influence of SAP addition on the
ultimate degree of hydration. The ultimate degree of
hydration influences the strength at later ages (days to
months after casting), which needs to be decreased as little
as possible by SAP addition. While SAP addition intro-
duces additional porosity in the cement paste, hydration
proceeding further than in the reference paste helps com-
pensating in part for the initial additional porosity and
limits the strength loss at later ages.

Pastes containing SAP after 3 days of hydration reach a
similar cumulative heat value to the corresponding pastes
with the same w/c, where the w/c in the case of SAP
specimens includes also the water introduced within the
SAP (see Fig. 3b). This leads to the conclusion, the water
introduced within the SAP has a similar effect on the final
values of the hydration degree as a simple increase of the
w/c ratio, Table 2. It also suggests that most likely all the
water was released from the SAP by the age of 3 days.
Naturally, if one compares the cement pastes with SAP to
the reference paste of the same basic w/c of 0.20, a pro-
motion of hydration is clearly visible.

The maximum degree of hydration in sealed and sat-
urated Portland cement pastes of different w/c can be
calculated with Powers’ model [6-8]. Jensen and Hansen
[2] applied Powers’ model to calculate the amount of
internal curing water necessary to avoid self-desiccation
in pastes with SAP. They considered them as saturated
cement pastes where hydration stops due to filling-up of
capillary pores with hydration products, even if there
would still be free water available for hydration to
proceed.

Following Powers’ model, the maximum degree of
hydration o, of a Portland cement paste with free access
to external water (open or saturated system) is limited by
the volume of capillary pores that is available for the
hydration products to form. When -capillary porosity
becomes zero, the maximum hydration degree is given
as [8]:
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o = <1
max (Vn+a.k).wg/c_

sat WO/C ( 1)

where wy/c is the initial w/c of the paste;
V, = 0.75 cm® g~ ' is the specific volume of non-evapor-
able water; a =~ 4, the number of water monolayers
adsorbed on the hydration products at RH 100 %; wg / cis
the non-evaporable water content per gram of cement
hydrated; k corresponds to the ratio between the mass of
water necessary to cover the hydrated cement with one
monolayer (V,, in [6]) and the non-evaporable water, which
is also cement-specific.

Unlike in [8], and following Brouwers [7], a was
assumed as 4 in Eq. (1), which is closer to modern esti-
mations by a number of researchers (see [7]) than the value
of 3.3 used originally in [6].

On the other hand, the maximum degree of hydration
sea. of a Portland cement paste with no access to external
water (sealed system), where the hydration stops due to
the lack of water available for the reaction, can be calcu-
lated as [8]:

o

sea WO/ ¢
O(ma"i(1—|—a-k)-wg/c§1' @)
It is noticed that the degree of hydration in sealed condi-
tions is always lower than that in saturated conditions.
According to Brouwers [7], employing average values
for k and w?l/c in Powers’ model (e.g., [2, 8]), which were
derived from measurements of Portland cements from the
1940s, may not be valid for modern cements that are higher
in alite, and especially for white Portland cements. As
pointed out by Brouwers [7], the cements used by Powers
and Bownyard [6] had a phase composition quite different
from modern Portland cement; in particular, their alite
content was substantially lower (average of 47 % alite for
38 different cements, with only two cements having alite
content above 60 %; see Table 1 reported in [7]). More-
over, the white cement used in our study has a very low
C4AF content comparing to the grey cements. Thus, in this
study the coefficients in Powers’ model were estimated for
the composition of the cement used, Table 1, according to
the empirical relations by Powers and Brownyard [6, 7]:

k=0.230-C3854+0.320- C,5 + 0.317 - C3A + 0.368
- C4AF (3)

where C38, C,S, CsA, C4AF are the mass fractions of the
major clinker phases in the cement. For the used white
Portland cement, Eq. (3) yields k equal to 0.233.

For calculating the non-evaporable water content, the
following equation was used:

wg/c:cn'C3S+a2'CzS+a3'C3A+a4'C4AF 4)
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Table 2 Degree of hydration determined with calorimetry at 3 days
compared with predictions of ultimate degree of hydration by Powers’
model

Mixture Hydration Ultimate hydration
degree measured degree predicted
at 3 days with Powers’ model

w/c 0.20 0.45 0.56

wic 0.233 0.50 0.65

wic 0.233SAP 0.50 0.65

wlc 0.25 0.52 0.69

wic 0.25SAP 0.52 0.69

wic 0.28 0.54 0.78

wic 0.28SAP 0.54 0.78

w/c 0.30 0.57 0.83

wic 0.30SAP 0.57 0.83

where ay,...,a4 are the values of non-evaporable water for
single phases. These values are usually determined by fit-
ting the parameters to the experimentally determined non-
evaporable water content determined for the whole
hydrated cement paste. Using a set of coefficients deter-
mined originally by Powers and Brownyard [6]
(a; = 0.187, a, = 0.158, a3 = 0.665, a, = 0.213), yields
for the cement composition presented in Table 1 a non-
evaporable water content of 0.186 g/g of cement reacted.
As observed already by Powers and Brownyard [6], the
original samples used for determining the set of parameters
ay....,as may have not been fully hydrated, which would
lead to underestimation of non-evaporable water content.
However, the model by Powers and Brownyard already
compensates for this incomplete hydration.

By taking into account the actual cement composition,
for saturated systems a w/c of 0.31 would be sufficient to
reach full hydration (Eq. 1), while this figure would rise to
0.36 for sealed systems (Eq. 2). On the other hand, using
average values of the parameters, i.e., a = 3.3, k = 0.25
and w?/c = 0.23, valid for cements used by Powers and
Brownyard [6, 7], one would find the much higher values
of 0.36 for saturated systems (Eq. 1) and 0.42 for sealed
systems (Eq. 2) [2, 8]. At the same time, it should be
underlined that extrapolating Powers’” model to cement
compositions that are far from those tested originally in [6]
may lead to some errors.

The maximum degree of hydration according to the
adjusted calculations with Powers’ model is presented in
Table 2 together with the degree of hydration calculated at
3 days from calorimetry. While the degree of hydration of
the plain cement pastes can be calculated with Eq. (2)
(sealed systems), the degree of hydration of the pastes with
SAP should be calculated with Eq. (1) (open systems),
provided that a sufficient amount of water is entrained in
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the form of water reservoirs formed by the swollen SAP
[2]. It is noticed that the relation between measured degrees
of hydration up to 3 days between specimens with and
without SAP and between different w/c appears to be in
good agreement with the model predictions for the ultimate
degree of hydration (Table 2), both for plain pastes and
pastes with SAP.

Conclusions

Addition of SAP has a significant impact on the hydration
behavior of cement pastes with low w/c. The main hydra-
tion peaks in the isothermal calorimeter are lower and
appear earlier compared to the corresponding pastes with
the same w/c ratio but without SAP. This originates from
the gradual release of water from SAP as the hydration and
corresponding chemical shrinkage proceed. On the other
hand, the main peaks are slightly delayed compared to the
reference cement pastes containing the same amount of
free water. Possible explanations of this behavior are
leaching of linear polymers (soluble fraction) from the SAP
that might interfere with hydration and absorption of alkali
ions into the SAP.

Water entrainment by means of SAP increases the
degree of hydration at later times in a manner similar to a
simple increase of the w/c. Predictions of the final degree
of hydration can be obtained with Powers’ model, provided
the coefficients in the model are calculated based on the
actual phase composition of the cement. These predictions
represent the same trend as the degree of hydration at
3 days calculated from isothermal calorimetry.
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