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Calcium and aluminium carboxylates and sulfates of polysaccharides form hydrogels. Four Al- and three
Ca-salt hydrogels of such polysaccharides, which were found to be stable enough to be mixed into fresh
Portland cement pastes of low initial water-to-cement ratio of 0.275, were compared with respect to their
water retardation potential using non-destructively operating low-field 1H NMR relaxometry. All of the
investigated hydrogels release their water to the cement mainly during the accelerated period of cement
hydration. At a degree of hydration of about 0.7 the water in the hydrogels is consumed completely by the
hydration reactions. Based on Powers’ hydration model the development of the volumetric phase distri-
bution of the investigated hydrating cement with internal curing by the hydrogels was quantified. Within
the hardening cement the Ca-salt hydrogels are more stable than the Al-hydrogels which is concluded
from the changes of the T2 relaxation times during the cement hydration.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Internal concrete curing as alternative solution to traditional
external curing methods becomes more and more important, espe-
cially for concrete of low water-to-cement (w/c) ratios. Internal
curing is achieved by addition of water containing or water absor-
bing additives to fresh cements or concretes prior to their casting.
The additives with temporary delayed release of water deliver
water to the hardening cement matrix during the hydration pro-
cess. This curing method promotes a homogenous curing of the
cement matrix which allows a continuous cement hydration. Jen-
sen and Hansen [1] interpret the effectiveness of internal curing
by addition of water containing superabsorbant polymers (SAP)
where, in a water entrained cement paste the degree of hydration
is increased and, from the point of view of pore size distribution,
the water entrained cement paste offers a very dense pore struc-
ture between the macropores predesigned by the SAP particles
[1]. It is noticed that the almost spherically predesigned macrop-
ores reduce the strength less than the same volume of fine pores
of uncontrolled shape [2].

For concrete with internal curing an increased relative humidity
is often discussed [1,3–7] which is assumed to decrease the self-
desiccation [4,8,9]. A reduced tendency of forming of microcracks
in high performance concrete (HPC) [3,5,7], a reduced autogenous
shrinkage [1,3,6,7,9,10–18] and drying shrinkage [7] as well as in
some cases improved mechanical properties and an improved
ll rights reserved.
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durability [6,16,19,20] of concrete compared to reference samples
without internal curing were reported.

As materials for internal curing of high performance concretes
water-saturated lightweight aggregates (LWA) are commonly used
(e.g., [3,8,10,21–26]). Other intelligent materials are the already
mentioned superabsorbent polymers, which absorb water directly
after addition of mix water to the mixture and release it later to the
hardening cement. Due to these promising results, SAPs (e.g.,
[1,11,19,27,28]) are increasingly investigated for the use for inter-
nal curing of concretes of low w/c-ratios. One of the first examples
for application in practice is described in [28]. In our own previous
work [29], where we realized internal curing of a white Portland
cement by addition of Ca-alginate, a water-saturated polysaccha-
ride hydrogel, the transition of the curing water from the hydrogel
into the hydrating cement matrix was monitored non-destruc-
tively in dependence on the hydration time using low-field 1H
NMR relaxometry.

Based on these investigations additional hydrogels of polysac-
charide carboxylates and sulfates were examined for internal cur-
ing applications. Especially the polysaccharide salts of bi- and
trivalent metal ions seem to be promising, since they form stable
three-dimensional networks via hydrogen bridges and via the bi-
and trivalent metal ions of the carboxylate and sulfate groups,
respectively. In the present study we focused on the hydrogels of
calcium- and aluminium-salts of alginic acid, gellan and carboxy-
methyl cellulose (CMC) which belong to the group of carboxylates
as well as on Ca- and Al-salts of carrageen (sulfates).

Using low-field 1H NMR relaxometry, we compare the
carboxylates and sulfates of the polysaccharide gels, which differ
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concerning the chemical structure, the functional groups and the
metal ions, with respect to their water retardation potential and
to their stability in hydrating cements and we investigate the water
dynamics during internal curing. The methodology of low-field 1H
NMR relaxometry was introduced and extensively described in
[29,30]. It is quick and allows us to follow the hydration progress
and water transition non-destructively on one sample with a
time-resolution of a few minutes. Finally, based on the NMR
results, the volumetric distribution of phases during hydration
with internal curing is quantified using the Powers’ model [31].
2. Materials and methods

2.1. Polysaccharides and their salts

The polysaccharides alginate, gellan, carrageenan and CMC be-
long to the group of biopolymers. Alginate is the salt of alginic acid.
It is a linear copolymer with homopolymeric blocks of (1–4)-linked
b-D-mannuronate and its C-5 epimer a-L-guluronate, covalently
linked together in different sequences or blocks, (see e.g. [32]).

Gellan consists of D-glucose, D-glucuronic acid and D-rhamnose
in a ratio of 2:1:1, in which about half of the monomers are acety-
lated [32]. The structure of carrageenan is based on repeating D-
galactose-4-sulfate and 3,6-anhydro-D-galactose linked a-(1–4)
and b-(1–3), respectively [32].

These polysaccharides and their salts, respectively, are com-
monly used as thickeners in food and pharmaceutical products. In
some extent they are contained for instance in dental products,
detergents and water-based paints. Na-CMC was used in cement-
itous materials to improve the durability and to prevent its
deterioration [33,34]. Furthermore water-soluble polysaccharide
derivatives like CMC are applicable as dispersants for mineral
binders [35]. Biopolymers, for instance alginate, are described as
alkali-free liquid setting and hardening accelerator for cements
and mortars [36]. Furthermore, alginate and also CMC products
are utilized in calcium phosphate cements for implanting of pros-
theses (bones, tooth), where they improve the setting behaviour,
the consistency and the mechanical properties of these biocements
[37,38]. With the exception of the Ca-alginate hydrogel these bio-
polymers are not yet investigated with respect to their water retar-
dation properties in internal curing application of cementitious
materials.

2.2. Preparation of polysaccharide hydrogels

The hydrogels of the Ca- and Al-salts of alginic acid, gellan, car-
rageen and carboxymethyl cellulose were prepared from the com-
mercially available sodium salts of the polysaccharides. Sodium
alginate (Manugel DJX), carrageenan (GENUGEL type Cl-125, a
mixture of Ca-carrageenan and sodium chloride) and low-acyl so-
dium gellan gum (KELCOGEL AFT) were obtained from CP Kelco
(Germany) and sodium carboxymethyl cellulose from Wolff Cellu-
losics GmbH & Co.KG (Germany).

Prior to mixing with the cement pastes, the sodium salts of
polysaccharides were transformed into the Ca- and Al-salts by
ion exchange reaction [39,40]. Following the well established prep-
aration of Ca-alginate from sodium alginate and calcium chloride
[39], the aqueous solution of the sodium polysaccharides (1%) were
added drop by drop to a 1 molar calcium chloride and aluminium
acetate solution, respectively, yielding spheres of the hydrogels
of diameter of about 2 mm. In case of Ca- and Al-gellan and of
Al-carrageenan the polysaccharide solutions were heated to 50 �C
and were dropped to the chloride and acetate solutions, respec-
tively. The obtained hydrogels were stored in air-proof containers,
where they are stable over long periods of time (at least months).
For the preparation of the Ca-carrageenan hydrogel 1.6 g GENU-
GEL� type Cl-125 was dissolved in 50 ml water at a temperature of
about 85 �C. When the solution is cooled to room temperature a
firm gel is formed [40]. For introduction into the cement lime,
the hydrogel was cut to small pieces of about 4 mm3. All Ca- and
Al-hydrogels offer a sufficient mechanical gel stability to be mixed
into fresh cement pastes and are resistant to pH-values of 12–13.

2.3. Cement paste preparation

All cement paste samples were prepared using an ordinary Port-
land cement (CEM I 42.5 R). Sample R is the reference sample with-
out addition of hydrogels for internal curing. For the studies of
hydration with internal curing the hydrogels were added to the
freshly mixed cement pastes, prepared with an initial w/c-ratio
of 0.275. The amount of hydrogels added was chosen in such a
way that the total w/c-ratio of the samples increases from 0.275
to 0.3 in each case. The samples were carefully mixed to achieve
a homogeneous distribution of the hydrogels. They were intro-
duced into NMR sample tubes (outer diameter: 20 mm, filling le-
vel: 30 mm) which were sealed by a cap to prevent the
evaporation of water.

Two further samples were prepared with superplasticizer (sp)
to achieve a reasonable workability (samples 4c and 4d). As
superplasticizer, a polycarboxylate ether was utilized, which was
dosed to the mix water prior addition of cement. All investigated
samples are listed in Table 1.

2.4. Low-field NMR relaxometry

The dynamics of water and the changes of transverse relaxation
time T2 were continuously monitored by low-field NMR relaxome-
try during the first 24 h, in case of samples with superplasticizer
during the first 48 h of hydration. The methodology and equipment
of the measurements including the transformation of data into the
T2-relaxation time distributions p(T2) are described in detail in
Refs. [29,30]. A CPMG NMR pulse sequence with an echo spacing
of 100 ls and a number of spin echos of 2048 was used (repetition
delay time: 5 s, number of scans: 64, time for one measurement:
about 5 min). This setting allows a simultaneous observation of
T2-relaxation time of the water in the cement phase as well as in
the hydrogels. The obtained magnetization curves were analyzed
using commercial inverse Laplace transformation software yield-
ing the T2-relaxation time distributions. The hydration progress
and the transition of water were followed with a time-resolution
of a few minutes. The measurements were performed at room tem-
perature (about 20 �C).

3. Results and discussion

Fig. 1a plots the T2-relaxation time distributions of the reference
sample (sample R) detected after 1, 8, 16 and 24 h of hydration
time. Only one peak for the physically bound water which belongs
to the hydrating cement is observed. Its maximum shifts from
about 4.5 ms at the beginning of the hydration to T2-relaxation
times of less than 1 ms during the observation period of 24 h. Fur-
thermore a decreasing area under this peak is observed. Since the
low-field NMR technique only allows one to observe the physically
(gel and capillary) bound water, the reduced peak area is caused by
the water consumption of the hydration reactions.

Fig. 1b shows the time-dependence of the T2-relaxation time
distribution for the cement paste with addition of Al-alginate as
internal water source (sample 2b) as a typical example for samples
with internal curing by hydrogels. These distributions show always
an intensive peak at T2 < 10 ms, which shows the same behaviour as
observed in the reference sample. It is attributed to the physically



Table 1
Samples prepared for NMR studies of water transition during internal curing by Ca- and Al-hydrogels. The table lists the sample ID, the added water containing hydrogels and the
content of superplasticizer (sp) referred to the content of cement. Additionally, the T2-relaxation times of the pure hydrogels (column 4) and the T2-relaxation times of the
hydrogels inside of hydrating cement determined directly after sample preparation (column 5) are listed.

Sample Hydrogels sp/% T2/ms of hydrogel T2/ms of hydrogel inside of cement

R – – – –
1 Al-CMC – 240 240
2a Ca-alginate – 130 130
2b Al-alginate – 80 80
3a Ca-carrageenan – 400 400 (720a)
3b Al-carrageenan – 170 170 (380a)
4a Ca-gellan – 380 290
4b Al-gellan – 330 300
4c Ca-gellan 0.275 380 380
4d Al-gellan 0.275 330 300

a Increase of T2-relaxation time during the first hour of hydration time.

.

a

b

Fig. 1. Transverse relaxation time distributions p(T2): (a) during cement hydration
of reference sample (sample R) and (b) during cement hydration with internal
curing by Al-alginate (sample 2b).

.

.

a

b

Fig. 2. Transverse relaxation time distributions p(T2) of hydrating cement with
internal curing by (a) the hydrogel Al-carrageenan (sample 3b) and (b) Ca-gellan
(sample 4a).
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bound water in the cement phase. The smaller peak observed at
longer relaxation times (in case of the selected sample (sample
2b, Fig. 1b) at 80 ms, detected after 1 h) is assigned to the water
trapped in the hydrogel since its T2-relaxation time (position of
the peak maximum) corresponds well with the T2-value of the pure
water-saturated Al-alginate (see Table 1).

For all samples the comparison between independent T2-mea-
surements of the water-saturated hydrogels and their T2-values
detected inside the hydrating cement directly after sample prepara-
tion is listed in Table 1 (columns 4 and 5). Generally, these values
agree very well with each other, which supports the above discussed
assignment of the peaks in the T2-relaxation time distributions. Only
for the samples prepared with Ca- and Al-carrageenan (samples 3a
and 3b), the peak maxima of the hydrogel water shift to significantly
higher T2-values during the first hour of the observation period (see
Fig. 2a, sample 3b and Table 1). We interpret this initial increase of T2

by a decomposition of the hydrogel structure inside the hydrating
cement. Ca- and Al-carrageenan hydrogels offered a decreased gel
strength in extended time tests of pH-resistance as also described
in [41]. Nevertheless, despite the observed decreased gel stability,
the water remains inside of the predesigned macropores of the
hydrogel until it is consumed by the hydration reactions (see
Fig. 2a, sample 3b for tn > 1 h).

In the case of samples with internal curing by all Al-salt hydro-
gels a split of the intensities characteristic for the hydrogel water is
generally observed after about 10 h (e.g., Figs. 1b and 2a). In case of
the Al-alginate (Fig. 1b) the position of the maxima of the two peaks
is about 20 ms and about 130 ms. The T2-relaxation time of 130 ms
is in accordance with the T2 of Ca-alginate, compare Table 1. Conse-
quently, it can be assumed that the Al-cations from the hydrogel are
partially exchanged by Ca-cations from the cement phase. The sub-
sequent shift of both peak maxima to smaller T2-values can also be
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Fig. 4. The content of water in the hydrogels in dependence on the degree of
hydration of cement for samples with internal curing by Al-CMC (sample 1), Al-
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relative amount of water, detected inside of the hydrogel directly after sample
preparation.
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interpreted by a diffusion of paramagnetic Fe3+ ions from the ce-
ment (content of Fe2O3 in the ordinary Portland cement about 3%
by weight) into the water of the gels which are known to enhance
the relaxation rate and thus lead to shorter T2-relaxation times
[30,42]. From these observations we conclude that the stability of
the Al-hydrogels inside the hydrating cement is lower than that
of the Ca-hydrogels.

As an example for the samples prepared with Ca-hydrogels, the
T2-distributions of the cement paste prepared with addition of Ca-
gellan are presented (sample 4a, Fig. 2b). During hydration, the T2-
peak of the Ca-gellan hydrogel does not split but loses intensity
due to the water consumption of the hydration reaction and shifts
slightly to shorter relaxation times, which we interpret as result
diffusion of Fe3+ ions from the cement paste into the hydrogel.

In all samples prepared with addition of hydrogels, the intensity
of the gel peaks decreases during the hydration process which indi-
cates the migration of the water from the hydrogels into the
hydrating cement matrix (see examples presented in Figs. 1b, 2a,
2b). From the analysis of the relaxation time distributions the
time-dependence of the content of physically bound water in the
cement phase and of water trapped inside the hydrogels is ob-
tained. As an example, Fig. 3 shows the time-dependence of the
physically bound water in the cement phase, in the hydrogel and
the sum of both for the sample with Ca-gellan hydrogel without
and with superplasticizer (samples 4a and 4c). In case of sample
4a (without superplasticizer), the physically bound water in the ce-
ment phase as well as inside of the hydrogel remains constant up
to about two hours after cement paste preparation which means
that no water is consumed. This coincides with the so called dor-
mant period [43]. With the onset of the accelerated period, which
is the period of the highest rate of hydration reaction [43], the ob-
served water content starts to decrease. After 25 h, about 50% of
the physically bound water in the hydrating cement is consumed
(graph of sample 4a in Fig. 3). This water is consumed by the for-
mation of solid hydration products like calcium silicate hydrate,
portlandite and ettringite [43] and thus does not contribute any-
more to the observed low-field NMR signal. During this period, a
significant transition of water from the hydrogels into the hydrat-
ing cement matrix is detected (sample 4a, Fig. 3). At the end of
observation period no water is detectable in the Ca-gellan hydro-
gel. Consequently, this additional water has completely migrated
from the hydrogel into the hydrating cement matrix.

Due to the retarding influence of the superplasticizer the onset
of the accelerated period is delayed. This delay amounts to about
20 h in the investigated sample with superplasticizer (graphs of
sample 4c in Fig. 3). After the extended dormant period, the
Fig. 3. Time-dependence of the amount of physically bound water in cement
(empty symbols), of the curing water in the hydrogels (small full symbols) and the
sum of both (big full symbols) for samples with internal curing by Ca-gellan,
without (sample 4a, triangles) and with superplasticizer (sample 4c, squares). 100%
refers to the initial total amount of water in the samples.
observed water content decreases significantly during the acceler-
ated period. The transition of the additional water in the hydrogel
is also delayed by the dormant period prolonging influence of the
superplasticizer (sample 4c, Fig. 3).

In Fig. 4 the content of water trapped in the hydrogels is plotted
as a function of the degree of hydration for five samples with
hydrogels. The degree of hydration aH at time of hydration t is cal-
culated from the total NMR signal intensities M0 and M(t), which
mean the initial content of physically bound water (M0) and the
corresponding amount at time t, respectively, by the relation:

aH ¼
mw;t

mw;max
¼ w=c0;ic

0:3
� ðM0 �MðtÞÞ

M0
ð1Þ

Here mw,t denotes the content of chemically bound water at hydra-
tion time t and mw,max is the theoretical chemically bound water in
case of completed hydration [44]. It can be calculated from the stoi-
chiometric bound water of the clinker phases of the CEM I. By uti-
lizing utilized by the relations in [44] 1 g of the cement binds
about 0.3 g of water chemically which is in good agreement with
own gravimetric measurements.

Since at hydration time t, the NMR signal intensity M(t) is pro-
portional to the sum of the capillary water and of the water bound
in the gel pores, the amount of water, chemically bound at that
time, mw,t, can be calculated by the difference between the initial
NMR signal M0 and the signal intensity M(t) detected at the hydra-
tion time t. The initial water-to-cement ratio in the sample is com-
posed of the mix water in the sample and of the additional curing
water: w/c0,ic = 0.275 + 0.025 = 0.3.

The presentations of the water trapped in the hydrogels as func-
tion of the degree of hydration reflect a similar water retention for
all hydrogels. In Fig. 4 it is presented for the samples with internal
curing by Al-CMC (sample 1), Al-alginate (sample 2b), Ca-carra-
geenan (sample 3a), Ca-gellan (sample 4a), and by Al-gellan in
presence of superplasticizer (sample 4d). The main transition starts
after the degree of hydration is increased to about 0.1. At a degree
of hydration of 0.5, the water content in the additive dropped to
(3 ± 1)%, which means that roughly 2/3 of the initial curing water
migrated from the hydrogels into the hydrating cement. At degrees
of hydration of about 0.6, which according to Fig. 4 correspond to
roughly 1/10 of the initial curing water content (or 1% of the total
initial water content in the samples), the sensitivity of the applied
NMR method reaches its limits for a further quantification of the
water content in the hydrogels. Nevertheless, the NMR measure-
ments clearly show that at least 9/10 of the initial curing water
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was consumed at a degree of hydration of 0.6 and higher. Thus, the
curing water is almost completely consumed by the hydration
reaction (Fig. 4).

Using these results of NMR relaxometry measurements the vol-
umetric phase distributions of the solid hydration products and of
the unhydrated cement as well as the volume fractions of water in
gel and capillary pores calculated by the relations given in [1] are
summarised for hydrating cement with internal curing by the
hydrogels in the schematically presentation according to Powers’
hydration model (Fig. 5) [1,31].

It is known that at initial w/c-ratios lower than 0.42, additional
free access water will increase the degree of hydration [1]. That
means that the maximum degree of hydration of 0.66 for the ce-
ment paste of initial w/c0 of 0.275 (as in the investigated samples)
will be increased in our experiments by internal curing using the
hydrogels (w/c0,ic = 0.275 + 0.025) to 0.72 (see Fig. 5). However,
the initial porosity of the hydrating cement is in accordance with
a cement of w/c0 of 0.275, while geometrically predesigned
Fig. 5. Volumetric phase distribution in dependence on the degree of hydration a of
hydrating cement with internal curing by hydrogel, w/c0 = 0.275 + 0.025. It is shown
that aH is increased and the extent of chemical shrinkage can be reduced by internal
curing.
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macropores are added by the hydrogels. The hydrated cement
between these macropores will have the properties of a cement of
w/c0 = 0.275 with optimum curing conditions. It is also shown that
the fraction of gas-filled micropores is reduced by internal curing
(Fig. 5). Consequently, it can be expected that also the chemical
shrinkage, which may be calculated using the relations in [1], will
be decreased. For example, measurements on an ultra high perfor-
mance concrete with internal curing by the hydrogel Ca-alginate of
w/c0,ic = 0.282 + 0.022 showed nearly the same extent of shrinkage
like the reference concrete of w/c0 of 0.282 [45].

Fig. 6 plots the logarithmic mean transverse relaxation times
hT2i of the physically bound water in the hydrating cement paste
in dependence on degree of hydration. Generally, the T2-values de-
crease with increasing degree of hydration indicating a decreasing
pore size of the micropores. Since there is no significant difference
in the development of the logarithmic mean hT2i values between
all samples including the reference sample, it can be concluded
that internal curing by addition of the suggested Ca- and Al-hydro-
gels has no negative influence on the development of micropore
structure of the cement matrix.
4. Conclusions

Seven different hydrogels obtained from calcium and alumin-
ium-salts of polysaccharides were investigated for their suitability
for internal curing of a hydrating ordinary Portland cement using
non-destructively operating low-field 1H NMR relaxometry. From
this study the following conclusions can be drawn:

� While the polysaccharides differ with respect to the chemical
structure, the functional groups as well as the cations, which
stabilise the gel structure, their hydrogels deliver the water to
the hydrating cement matrix mainly during the accelerated
period of cement hydration. It was found that the transition of
water starts after the degree of hydration is increased to about
0.1. At degree of hydration of about 0.6, the curing water has
almost completely migrated from the hydrogels into the hydrat-
ing cement matrix.

� In case of addition of superplasticizer the transition is tempo-
rally delayed by its retarding influence on the hydration process,
but the main transition of water occurs also during the accel-
erated period starting with some delay and follows the same
path as for the cement hydration without superplasticizer, if
analyzed as function of the degree of hydration.

� Based on Powers model the volume fractions of water inside the
hydrogel, of the capillary bound water, of water in gel pores, of
the solid hydration products and of the unhydrated cement were
calculated for the investigated samples. It could be shown that
by the addition of the hydrogels (increase of initial
w/c0 = 0.275 by 0.025) the maximum of the degree of hydration
is increased and the development of gas-filled micropores and
consequently the extent of chemical shrinkage can be reduced.

� Additionally, it is confirmed from the dependence of mean
T2 relaxation time on the degree of hydration that the internal
curing with such hydrogels does not significantly influence the
micropore structure of the cement matrix (excluded the mac-
ropores predesigned by the hydrogels) of the investigated
samples.

� From changes of the T2 relaxation times it was concluded that,
inside the hydrating cement, the calcium salt hydrogels are
more stable than the corresponding aluminium hydrogels.

� The hydrogels of gellan were found to be most suitable for inter-
nal water curing during the accelerated period of cement hydra-
tion, because they offered the best mechanical stability and
resistance to high pH-values compared to the other hydrogels.
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