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In this study, internal curing by superabsorbent polymers (SAP) is utilized to mitigate self-desiccation and au-
togenous shrinkage of alkali-activated slag (AAS) pastes. Absorption and desorption kinetics of SAP incorporated
in AAS pastes were studied with X-ray tomography. Internal curing delayed the peak of the rate of heat liberation
but increased the total reaction degree of AAS pastes. Internal curing by SAP mitigated effectively the drop of
internal relative humidity and the self-desiccation-induced autogenous shrinkage of AAS pastes. The cracking
tendency of AAS pastes undergoing shrinkage in restrained conditions was also significantly reduced with SAP.

Nonetheless, adding SAP, regardless of their content, cannot eliminate the autogenous shrinkage of AAS pastes,
suggesting the existence of other autogenous shrinkage mechanism(s) besides self-desiccation.

1. Introduction

Slag based alkali-activated materials have emerged as eco-friendly
alternatives to binders based on ordinary Portland cement (OPC) [1].
Compared to Portland cement, alkali-activated slag (AAS) entails
around 25-50% lower CO, emissions and more than 40% lower em-
bodied energy in the production process [2,3]. AAS is typically pre-
pared by mixing alkali solution with ground granulated blast-furnace
slag, a by-product of the iron ore smelting industry [4]. When used as a
binder material, AAS shows high strength, good chemical resistance
and fire resistance [5-7]. However, several drawbacks of AAS, such as
fast setting and large shrinkage, limit a wide application of this material
in engineering [8,9]. It has been reported in the literature that mixtures
based on AAS can exhibit several times higher autogenous shrinkage
than mixtures based on OPC [10]. The high autogenous shrinkage of
AAS can increase the cracking potential of the concrete [11].

Many studies have been conducted to mitigate the autogenous
shrinkage of AAS, e.g. [12-18]. Palacios and Puertas [12] found that a
shrinkage reducing admixture (SRA) made from polypropylene glycol
can reduce the autogenous shrinkage of AAS mortar. SRA made from
polyethylene glycol with high molecular weight shows similar effects
[19]. However, it should be noted that admixtures that are intensively
used in OPC-based systems may be ineffective in alkali-activated
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materials [20-22]. For example, CaO as an expansive agent can com-
pensate the shrinkage of OPC [23], but in AAS system CaO was found to
increase the shrinkage by refining the pore structure [15]. Gypsum, as
another example, can increase the amount of expansive phases formed
in AAS at early age, but the consequent expansion was not sufficient to
compensate for the long-term shrinkage [15]. Ye and Radliiska [15]
and Bakharev et al. [24] reported that curing the samples at 60-80 °C
before demoulding was effective in reducing the subsequent drying
shrinkage of AAS systems. This method may also work in mitigating the
autogenous shrinkage, since the deformability of the C-A-S-H gels was
reported to be reduced at elevated temperature curing [15]. None-
theless, high-temperature curing is generally unsuitable for cast-in-situ
concrete. Sakulich and Bentz [13] showed that internal curing by pre-
wetted lightweight aggregate mitigated the autogenous shrinkage of
AAS mortar. Furthermore, Oh and Choi [17] and Song et al. [18] found
that using superabsorbent polymers (SAP) as internal curing agents also
led to lower autogenous shrinkage of AAS mortar. Tu et al. [25] re-
ported that internal curing by SAP was effective in mitigating the au-
togenous shrinkage of alkali-activated fly ash-slag paste.

In fact, internal curing by SAP has been widely reported to have
beneficial effects on mitigating the self-desiccation and the consequent
autogenous shrinkage of Portland cement and blast-furnace slag cement
[26-31]. In AAS systems, self-desiccation is also an important
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mechanism of autogenous shrinkage according to Li et al. [10] and Ye
and Radliiska [14]. Therefore, SAP would be expected to reduce also
the autogenous shrinkage of AAS. Despite this potential and the pre-
liminary results reported in [13,17,18,25], studies in this field are still
limited. For example, the absorption of SAP in alkali solution and the
shrinkage-mitigating mechanism of SAP in AAS are not well under-
stood. Besides, no results on the impact of internal curing by means of
SAP on the self-induced stress and on the cracking tendency of AAS
under restrained conditions have been reported so far.

This study aims at exploring the effectiveness of internal curing by
SAP in mitigating the autogenous shrinkage and the early-age cracking
of AAS. The absorption capacity of SAP in alkali solutions was first
measured with the teabag method [32] and the dosage of SAP in AAS
pastes was designed accordingly. The influence of internal curing on the
reaction kinetics was examined through isothermal calorimetry. X-ray
tomography was utilized to track the liquid desorption from the SAP
and the microstructure of the SAP-containing mixtures. The internal
relative humidity evolution, the autogenous deformation (corrugated
tube method) and the self-induced stress (restrained ring tests) of the
plain AAS and internally cured pastes were studied. At last, the com-
pressive strength and Young's modulus of AAS pastes were measured.

2. Materials and methods
2.1. Materials

The precursor was ground granulated blast-furnace slag (herein-
after-termed slag) from Ecocem Benelux. The chemical composition of
the slag is given in Table 1. The loss of ignition of the slag was de-
termined according to ASTM D7348-08. The density of the slag was
2.89 g/cm®. The particle size range, determined by laser diffraction,
was 0.1-50 pm, with a dso of 18.3 um.

The activator was a combination of sodium hydroxide, sodium si-
licate and deionized water at mass ratio 1:7.25:6.25. The concentra-
tions of Na,O and SiO, in the activator were 9.5 mass-% (corresponding
to 3.8 M) and 13.8 mass-% (correspond to 2.9 M), respectively. The pH
of the activator was obtained from the OH™ concentration (titration
method) as 14.6. After mixing, the solution was allowed to cool for 24 h
before mixing with the precursor and dry SAP. The density of the al-
kaline activator was 1.23 g/cm?®.

The SAP used were based on a cross-linked copolymer of acrylamide
and acrylate obtained in bulk polymerization and were anionic. The
SAP had particles of irregular shape and sizes up to 500 um, with a
dominant size around 200 pum, see Fig. 1. No SAP degradation (dis-
solution) was evident during the teabag tests in the activator (the ac-
tivator remained clear without any traces of SAP leaching out and there
was no self-release of the absorbed fluid).

2.2. Determination of SAP content

2.2.1. Absorption capacity of SAP

The absorption capacity of SAP in the activator (NaOH/Na,SiO3
solution) was measured by the teabag method according to [33]. To
understand better the absorption behavior of the SAP in different so-
lutions, the absorption capacities of the SAP in deionized water and
NaOH solution were also measured. The NaOH solution had the same
Na,O/H,O0 ratio as the activator. To measure the free absorption po-
tential, 0.2 g of dry SAP particles were inserted in each teabag. Three
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Fig. 1. Scanning Electron Microscopy image of dry SAP particles.

individual teabags were prepared for each solution to ensure the re-
liability of the results. The teabag containing the SAP was hung in a
beaker filled with the fluid (about 100 ml). The beaker was tightly
covered with a paraffin stretch film to avoid carbonation and eva-
poration of the fluid. After 15 min, 30 min, 60 min, 3 h and 24 h of
contact time, the teabag (with the hydrogel inside) was removed and
weighed. The detailed testing procedure and formulas used to calculate
the absorption capacity can be found in [32]. Considering the fast
setting of the AAS pastes, the absorption capacity in the activator at 3 h,
equal to 20 g/g, was used to calculate the necessary amount of dry SAP.

It should be noted that in an AAS paste, Ca®>* also exists in the
initial pore solution of the paste and may influence the actual absorp-
tion capacity of SAP as reported e.g. in [34,35]. In addition, the ions
concentrations in the pore solution can change with time. Therefore,
the absorption capacity of the SAP in the activator may be different
from that in the AAS paste. In order to take those effects into account,
the initial pore solution of the paste before the SAP complete the ab-
sorption process, instead of the activator, should be used for the ab-
sorption capacity test. However, it is difficult to obtain pore solution
from the paste in the first hours after casting by the hydraulic piston
method, since the paste has not obtained enough stiffness yet (the
stiffness evolution will be discussed in detail in Section 4.3). In this
case, a slurry of paste instead of fluid will be obtained by hydraulic
pressing. Moreover, due to the fast setting of the paste (around 0.5 h, as
will be shown in Section 3.3), the release of Ca®™ from the dissolution
of slag and the changes in the concentrations of ions are supposed to be
limited by the time the SAP cavities have formed [36,37]. Therefore,
the activator instead of the actual pore solution of the paste was used to
measure the absorption capacity of the SAP.

To investigate whether the SAP preferentially absorb ions or water
when they are immersed in the activator, 0.4 g of SAP (which were
expected to absorb about 8 g of solution) were put into 20 g of activator
and the concentrations of the ions in the activator before and after SAP
absorption were measured. 20 g was chosen because the amount of
solution should be as low as possible to magnify the possible influence
of SAP absorption on the concentrations of the ions of the surrounding
solution, but in the meantime, the solution should be enough to sub-
merge the SAP during absorption. Three individual solutions and

Table 1

Chemical compositions of slag.
Oxide (wt%) CaO Al,03 Si0, MgO Fe,03 TiO, SO3 K0 MnO Other L.o.l
Slag 40.50 13.25 31.77 9.27 0.52 0.97 1.49 0.34 0.36 0.21 1.31

L.o.L: loss on ignition.
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teabags were prepared for each absorption time (30 min, 60 min, 3 h
and 24 h). After absorbing for a given time, the teabag with the SAP was
taken out, and the ions concentrations of the solution left were mea-
sured. The concentration of OH™ was measured by titration against
diluted HCI acid solution (0.1 mol/1). Phenolphthalein was used as the
indicator. The elemental concentrations of Na and Si were measured by
a PerkinElmer Optima 5300 DV ICP-OES (Inductively Coupled Plasma
Optical Emission Spectrometry). The average values of three replicates
are presented.

2.2.2. SAP content design

In order to prevent self-desiccation, the amount of liquid absorbed
by the SAP should compensate for the chemical shrinkage of a binder
[35]. This approach was assumed here also for the AAS binder. The
desired liquid/binder ratio provided by the SAP (I/bsap) can be calcu-
lated by Eq. (1):

l/bsap = CS-Qpaxp, (€))

where CS [cm®/ g] is the chemical shrinkage of the paste, qyq [-] is the
estimated maximum degree of reaction of the paste, p, [g/cm?] is the
density of the activator.

Since there has been no theoretical ultimate chemical shrinkage of
AAS reported in the literature, the measured chemical shrinkage of AAS
until the age of 28 days, 0.042 ml/g, is used here to replace the product
CS - Qmax- The chemical shrinkage of the AAS paste was measured by
dilatometry according to ASTM C 1608 [38], only the water was re-
placed by the activator to be added onto the surface of the paste [39]. p,
is 1.23 g/cm® as measured by pycnometry [40]. Accordingly, I/bsap is
calculated to be 0.052.

The amount of SAP to be added to the precursor, mgap [g], is de-
termined according to the absorption capacity, AC, of the SAP in the
activator (emulating the initial pore solution absorbed by the SAP
during mixing) and the desired amount of the internal curing liquid, I/
bsap * Mpinder:

_ 1/bsap* Mpinder

Msap AC 2

Accordingly, the desired amount of SAP was calculated to be 0.26%
by mass of the binder (slag).

2.3. Mixtures

The liquid/binder ratio (I/b) of the plain AAS paste was 0.5 (the
control mixture). The 1/b in the internally cured AAS paste was de-
signed so that the basic 1/b (corresponding to the liquid not absorbed by
the SAP) was the same. The total 1/b of the internally cured AAS paste
was therefore the sum of the basic I/b and I/
bsap = 0.5 + 0.052 = 0.552. Additionally, higher amounts of SAP
(0.5% and 1%) and correspondingly higher amounts of internal curing
activator were also applied (it was assumed that the SAP absorb the
same amount of activator, 20 g/g, in mixtures with higher 1/b). The
goal was to obtain a maximal autogenous shrinkage reduction and a
minimal strength reduction. For each total 1/b, a mixture without SAP
was also tested as reference. All mixtures compositions are shown in
Table 2. A 5-1 Hobart mixer was used for making the paste. After pre-
mixing of the precursor with the dry SAP for 1 min, the activator was
added during low-speed mixing. The mixing continued at low speed for
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1 min and for another 2 min at high speed.

2.4. Reaction heat

A TAM Air-314 isothermal calorimeter (Thermometric) was used to
measure the reaction heat of AAS pastes. The temperature of the
measuring channels of the calorimeter was controlled at 20 + 0.01 °C.
Approximately 5 g of paste was cast into glass vials (internal diameter
24.5 mm) and the vials were immediately loaded into the measuring
chambers. The mixing and loading procedures lasted about 15 min from
the moment of adding activator. The heat flow data were recorded
every minute until 7 days. The reaction heat results are normalized by
the weight of slag.

2.5. Times of initial and final set

The times of initial and final set were measured by an automatic
Vicat machine. Plastic films were used to cover the samples during the
measurements to avoid the influence of evaporation on the setting time
of the pastes [29].

2.6. Internal relative humidity

The internal relative humidity (RH) in AAS pastes was measured
with Rotronic DT stations equipped with HC2-AW water activity
probes. Miniature (few grams) specimens were put directly after mixing
in hermetic chambers (@43mm X 12 mm) and the water activity
probes were located above them (at a distance of about 15 mm). In
these setups, the volume of the specimen is similar to the volume of air
above it and hence the RH measured in the latter is dominated by that
of the specimen.

Two replicates were measured for each material. The probes have a
nominal accuracy of = 1% RH. Before and after each measurement,
calibration was performed on each probe with four saturated salt so-
lutions (NaCl, KCl, KNO; and K5SO,) in the range 75-98% RH. The data
were recorded at 1-min intervals for 7 days.

To account for the influence of dissolved ions on the internal RH,
the RH of the pore solution of the pastes cured for 9 h, 1, 3 and 7 days
was also measured. The pore solution was extracted from the paste by a
steel die under high pressure and the RH measurement followed the
same procedure as for the pastes.

The RH depression due to curvature effect of the menisci can be
approximated according to Eq. (3) [41].

RH = RHsRH 3

where RH is the (measured) internal RH of the paste, RHg is due to the
presence of dissolved species and RHy is due to curvature effects.

2.7. Linear autogenous shrinkage

Corrugated tubes with a length of 425 mm and an external diameter
of 28.5 mm were utilized to measure the linear autogenous shrinkage of
AAS pastes [42]. Three replicates were measured for each mixture. The
length changes were automatically measured by linear variable differ-
ential transformers (LVDTs) until 7 days. The measuring bench together
with the samples was immersed in a silicone oil bath with temperature
controlled at 20 = 0.1 °C. A detailed description of the method can be

Table 2

Mixture compositions (by mass proportion) of AAS pastes with and without SAP.
Mixtures AAS0.5 AAS0.552 AAS0.552SAP AAS0.6 AAS0.6SAP AAS0.7 AASO0.7SAP
Slag 1 1 1 1 1 1 1
Activator 0.5 0.552 0.552 0.6 0.6 0.7 0.7
SAP - - 0.0026 - 0.005 - 0.01
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Fig. 2. Absorptions of SAP in deionized water, NaOH solution and activator
measured with the teabag method.

found in [43]. The strains were referenced to the length of the sample at
final set determined by Vicat needle in parallel tests, where the samples
were protected from evaporation by means of a plastic film. A low
scatter of the calculated strains (1-2%) was observed for the parallel
samples after final set.

2.8. Self-induced stress

The stress induced by restrained autogenous shrinkage in AAS
pastes with and without SAP was characterized by the dual ring test
[44,45]. In this test, the pastes were poured in between two con-
centrically placed steel rings to form a paste ring. While the sides of the
paste ring were sealed by the adjacent steel rings, its upper surface was
covered with polyethylene foil fixed with adhesive aluminum tape to
avoid evaporation. The maximum stress in the paste due to shrinkage
restrained by the inner ring was calculated as [46]:

Rip? = Ri* \( Rop* + Rip?
2Rp? Rop* — Rip?

Omax = —€* E(

(©)]
where 0;,4x is the maximum stress in the paste ring; ¢ is the measured
strain of the inner ring; E is the elastic modulus of the ring; Ry, R;p, and
Rop are the inner radius of the restraining ring (75 mm), the inner ra-
dius (87.5 mm) and outer radius of the paste ring (125 mm), respec-
tively.

2.9. X-ray micro computed tomography

To investigate the absorption and desorption behaviors of SAP in
AAS paste, the mixture AAS0.552SAP was scanned with X-ray tomo-
graphy using a Micro-CT-Scanner (Phoenix Nanotom). The paste was
first cast into a small plastic container with diameter of 4 mm and
height of 6 mm. Immediately after casting, the container was sealed by
paraffin film and put into the CT scanner. During the first week after
casting, the same sample was scanned 4 times, at the age of 1 h
(nominally, in reality starting immediately after mixing), 8 h, 1 day and
7 days, respectively. The X-ray source tube worked at 120 kev/60 mA.
1900 images were acquired on a digital GE DXR detector
(2304 x 2304 pixels). The duration of each scan was 1 h. The re-
constructed dataset had a voxel size of 5 pm. The 3D Reconstruction of
the slices was carried out with VG Studio Max.

2.10. Mechanical properties

The compressive strength of AAS pastes with different 1/b and dif-
ferent amounts of SAP was measured at the curing age of 14 h and
6 days according to NEN-196-1 [47]. The Young's modulus was
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measured automatically through EMM-ARM (which stands for ‘Elasti-
city Modulus Monitoring through Ambient Response Method’) [48]
from about 20 min after casting until 7 days at 10 min intervals. This
method is based on measuring vibrations of a composite beam made of
a hollow acrylic tube (internal diameter 16 mm, wall thickness 2 mm)
filled with fresh paste. The beam is fixed at one end in a massive steel
frame and hence forms a 450-mm long cantilever. A miniature accel-
erometer is mounted on the free end and the vibrations of the beam are
enhanced throughout the measurement by a room ventilator located at
a distance of about 0.5 m from the test setup. From the accelerations of
the free end of the composite beam, the first resonant frequency is
determined. The latter is used to estimate the Young's modulus of the
beam. The detailed measuring procedure is reported in [48].

3. Results
3.1. Absorption behaviors of SAP

The time-resolved free (teabag) absorption curve of the SAP in the
activator within 24 h is shown in Fig. 2. For comparison, the absorption
curves in NaOH solution and deionized water are also shown in Fig. 2.
The absorption capacity of the SAP in the AAS paste was assumed to
correspond to the absorption in the activator at 3 h, 20 g/g. As men-
tioned in Section 2.2.1, this value was used to calculate the amount of
SAP in the mix design of the internally cured mixtures.

To investigate whether the composition of the solution absorbed by
the SAP is different from that of the surrounding activator, the ions
concentrations in the activator before and after exposure to the SAP
were measured. As shown in Fig. 3, the concentrations of Na, Si, and
OH™ of the activator change little (within 3.5%) after absorption by
SAP for different lengths of time. The changes are in particular evident
at the longest exposure time, 24 h. Even though the changes were
statistically significant according to analysis of variance (ANOVA) at
0.01 significance level, it should be noted that the changes presented
here are amplified by the high amount of SAP relative to the amount of
pore solution (in fact, about 40% of all available solution was absorbed
by the SAP). In the real paste, the amount of solution is considerably
higher (only about 10% of the solution is absorbed in the paste with
0.552 1/b), hence the changes in the concentration of ions would be
about 4 times less significant, likely below 1%. That allows assuming
that the SAP absorb the alkali solution approximately as a whole and
the preference for certain ions during absorption can be in first ap-
proximation neglected in the paste.

45 -
4 -
=
=35
[e]
E 34
825 - Na
®
z 2 mSi
Q a
g 15 mOH
S 1-
0.5 -
0—| T T T

0 0.5 3 24
Absorption time (hours)

Fig. 3. Concentrations of Na, Si and OH™ in activator before (0 h) and after
(0.5, 3 and 24 h) absorption by SAP.
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Fig. 4. Heat flow (a) and cumulative heat (b) of AAS pastes with different 1/b and different amounts of SAP (see Table 2).

3.2. Reaction heat

The heat release results of AAS pastes with and without SAP are
shown in Fig. 4. The pastes show dormant periods of around 8-9 h,
dependent on the 1/b and the presence of SAP. The main reaction peak
occurs between 13 and 15 h. The main heat release peaks appear later
as 1/b increases from 0.5 to 0.7 when SAP is not incorporated. In the
meantime, the main peak becomes broader. When the SAP are in-
corporated, the main peaks appear later and show lower amplitudes for
the samples with the same total 1/b. The dormant period also becomes
slightly longer for SAP-containing mixtures, especially for AASO.6SAP
and AAS0.7SAP, whose liquid contents are much higher than the con-
trol mixture AASO.5. The decrease of the reaction rate after the main
peak is normally attributed to the inhibited dissolution of the precursor
because of the continuous formation of reaction products surrounding
slag and the gradually blocked pore space [62].

As shown in Fig. 4(b), the control paste AAS0.5 shows the lowest
cumulative heat. The cumulative heat increases with increasing 1/b,
and the pastes without SAP generate more hydration heat than the
pastes with SAP and the same 1/b. The latter effect is more significant at
higher 1/b (for 0.552, the paste without SAP releases only slightly more
heat than the one with SAP). All pastes, with and without SAP, generate
very similar cumulative heat in the first 12 h. After that time, the dif-
ferences among the curves become more and more evident.

3.3. Setting time

The times of initial and final set are shown in Table 3. The initial
and final set occur later for the pastes with higher 1/b without SAP.
However, for pastes with SAP, the time of initial set is similar to the
control mixture AAS0.5, which is likely due to the similar basic 1/b of
these mixtures. The times of final set of SAP-containing pastes are
longer than for the control mixture but shorter than for the non-SAP
mixtures with the same total 1/b.

Table 3
Times of initial and final set of AAS pastes with and without SAP.

Mixtures Initial set (min) Final set (min)
AAS0.5 25 35
AAS0.552 36 51
AAS0.552SAP 24 39
AAS0.6 40 65
AAS0.6SAP 25 56
AAS0.7 55 80

AAS0.7SAP 35 70

3.4. Internal RH

The internal RH evolution in the control mixture AAS0.5 and in the
internally cured mixture AAS0.552SAP are presented in Fig. 5. The
measured RH; of the pore solutions of the mixtures and the calculated
RHy due to the curvature effect are also shown in Fig. 5. Since the RHg
due to the dissolved ions could not be monitored continuously, the
interpolated values of the experimental RHs results were used to cal-
culate the RHg. The RHy values in the first hour (which are calculated
as slightly higher than 100%) and the fluctuation of the RHg curve for
AAS0.552SAP at around 3 days probably originate from the cumulative
experimental errors during the measurement of both RH and RHs.

It can be seen from Fig. 5 that RH and RHjs of the two mixtures
increase in the first 8-9 h, which is most likely caused by the decrease
of ion concentrations during the dissolution of slag and the formation of
initial reaction products [37,49]. In fact, the RHs is approximately
linearly proportional to the molar proportion of water in the pore fluid
[50]. This relationship has been recently used in [49] to follow the
reaction kinetics of fly ash-based geopolymers.

After the initial increase, the RHs of the two mixtures stabilize at
around 95%. Meanwhile, the AAS0.5 undergoes a severe drop in RHg,
indicating the occurrence of self-desiccation. Internal curing by 0.26%
SAP (AAS0.552SAP) keeps the RHy of the paste close to 100% until a
slight decrease occurs at around 150 h. This indicates that the self-de-
siccation in the AAS paste is mitigated by the addition of 0.26% SAP.

3.5. Autogenous shrinkage

Fig. 6 shows the linear autogenous shrinkage of the plain and in-
ternally cured AAS pastes in the first week of reaction. To investigate
the influence of higher SAP contents, the autogenous shrinkage of
mixtures with 0.5% and 1% of SAP and correspondingly higher 1/b (see
Table 1) are also shown in Fig. 6.

The shrinkage of the control mixture AAS0.5 develops rapidly after
final set time, reaching over 3600 pum/m at 1 day and around 6600 pm/
m at 7 days. Increasing the liquid content without adding SAP reduces
the autogenous shrinkage only slightly. By adding 0.26 mass-% SAP, the
autogenous shrinkage is drastically reduced, reaching only about
1800 um/m at 1 day and 2760 um/m at 7 days. The relative reductions
at 1 day and 7 days are 51% and 58%, respectively. These values are
similar to the ones for AAS mortar reported in [17,18], which were
around 50% on the first day and 66% at 180 h. Increasing the SAP
dosage (together with the corresponding absorbed liquid amount) to
0.5% or 1%, however, does not lead to any significant change in the
measured shrinkage.
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measured at individual curing ages of 0 h, 9 h, 1, 3 and 7 days. The RHy was calculated with Eq. (3).
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Fig. 6. Autogenous shrinkage of AAS pastes with different 1/b and different
amounts of SAP. The strains are referenced to the length at final set.

3.6. Self-induced stress and cracking

The self-induced stress developments in AAS0.5, AAS0.552, and
AAS0.552SAP measured with the dual rings are shown in Fig. 7(a). A
zoom into the period within the first 24 h is shown in Fig. 7(b). Mix-
tures with higher amounts of SAP than 0.26% were not measured, since
they did not show significantly different autogenous shrinkage (see
Fig. 6).

In the first 8-9 h, which correspond to the dormant period indicated
by the heat flow (see Fig. 4), the three mixtures all generate stress close
to zero. After this period, the stresses in mixtures without SAP develop
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rapidly and each experiences a sudden drop after several hours, which
indicates through cracking in the paste ring. AASO.5 cracks at 12.3 h
with the stress reaching 2.7 MPa, while the cracking of AAS.552 occurs
about half an hour later, with the stress reaching 2.2 MPa. This in-
dicates a lower tensile strength of the mixture with higher liquid con-
tent. The stress in AAS0.552SAP also increases after the dormant period
but at a much lower rate. Cracking in the internally cured paste did not
happen until around 5 days, when the stress reached 4.4 MPa. The
results show that internal curing by SAP greatly reduced the rate of
stress evolution and postponed the cracking time of the paste, a result
that cannot be achieved by just increasing the liquid 1/b [29].

3.7. X-ray micro-computed tomography analysis

A representative horizontal cross-section of AAS0.552SAP specimen
at different time points obtained from an X-ray microtomography 3-D
dataset (tomogram) is shown in Fig. 8. Based on the grey levels, several
phases can be distinguished within the paste (light grey in general),
including unreacted slag particles (white), SAP with liquid (dark grey),
entrapped air (black and spherical) and newly formed voids/pores
(black, marked by the arrows) within the SAP-originated voids.

Fig. 8(a) shows in the paste the randomly distributed swollen SAP
particles, indicating that the SAP absorbed liquid before solidification
of the paste. The size of the SAP after absorption can reach more than
0.5 mm. At the age of 8 h (Fig. 8(b)), voids are already formed within
the cavities originally occupied by the swollen SAP, confirming the li-
quid release from SAP to the surrounding paste, i.e. internal curing. At
the age of 1 day, the volume of newly formed voids increases,
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Fig. 7. Autogenous shrinkage-induced stress in AAS0.5, AAS0.552 and AAS0.552SAP (a), with the first 24 h amplified in (b).
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indicating more liquid is released from the SAP. At the age of 7 days,
most of the SAP located at the chosen cross-section have been emptied,
while some of them still have liquid stored within, indicated by the dark
grey color of these SAP-originated voids. This part of liquid may be
useful for further reaction after 7 days. At the given resolution, no re-
action products forming inside the SAP voids could be identified.

3.8. Mechanical properties
The compressive strength of the mixtures is shown in Fig. 9. In

general, the compressive strength decreases with increased 1/b and the
reduction is more significant for pastes with increased 1/b plus SAP. The
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Fig. 9. Compressive strength of AAS pastes.
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Fig. 8. A representative  cross-section  of
AAS0.552SAP paste obtained by X-ray micro-
tomography at the curing age of (a) 1 h, (b) 8 h, (c)
1 day and (d) 7 days. Several phases can be dis-
tinguished within the paste (light grey) including
unreacted slag particles (white), SAP with liquid
(dark grey), entrapped air (black and spherical) and
the newly formed voids (black, marked by the ar-
rows) within the SAP cavities.
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Fig. 10. Young's modulus of AAS pastes.

difference in the compressive strength between the pastes with and
without SAP does not decrease in time up to 6 days of age.

Fig. 10 shows the Young's modulus development of AASO.5,
AAS0.552, and AAS0.552SAP. The Young's modulus of the paste varies
in the range of 0-0.5 GPa in the first 8-9 h before it increase rapidly.
The Young's modulus of AAS0.5 and AAS0.552SAP were similar in the
whole period studied. AAS0.552 showed similar evolution with the
other mixtures in the first 1.5 days, after which the evolution stopped,
most likely due to cracking of the paste or delamination of the paste
from the test tube caused by the shrinkage.



Z. Li, et al.

Internal voids due to
chemical shrinkage Slag

4

N

Pore solution

Cement and Concrete Research 135 (2020) 106123

A SAP particle

Fig. 11.

4. Discussion
4.1. Liquid absorption and release of SAP

According to Fig. 2, the SAP absorb the most in deionized water and
the least in the activator. This is consistent with the lower absorption
capacity of SAP in cement filtrate solution compared to deionized water
[51], since different ions concentrations result in different osmotic
pressures of the solution. The absorption capacity of SAP in water,
200 g/g at 24 h, is comparable with the data reported in the literature
for similar types of SAP [30]. In NaOH solution, in contrast, there are
large amounts of Na* and OH™, which lead to screening of the re-
pulsive interactions between charged groups within the polymer net-
work and thus reduce the osmotic pressure. Therefore, the SAP absorb
much less NaOH solution than deionized water.

Compared with the pure NaOH solution, the activator contains the
same amount of Na*, but part of the OH™ is substituted by SiO5>~.
According to [52-54], divalent ions (e.g. Ca?* and S0,427) have
stronger interactions with polyacrylamide-based gels and can better
screen the charges of SAP than monovalent ions (e.g. Na*, K*, OH~
and NOs; ). As a result, the repulsive force is reduced due to this
electrostatic screening and hence the SAP experience lower swelling.
Although no data is available in the literature, a similar enhanced
screening effect may be expected for the divalent SiOs>~ ions present in
the activator. Besides SiO;>~, part of Si in the activator exists as
monomer (SiO, or Si(OH)4) or even oligomers [55,56], which may also
contribute to a reduced absorption capacity of SAP in solution. How-
ever, the influence of these species on the absorption capacity of the
SAP is not known yet.

Besides the absorption capacity, the influence of SAP on the ions
concentrations in the alkali solution also needs to be considered. For
alkali-activated materials, the reaction kinetics and the microstructure
development largely depend on the ions concentrations in the pore
solution. If the SAP preferentially absorbed water or ions, the con-
centration of the ions in the pore solution would be affected. For ex-
ample, the SAP used in [57] was found to release Na* and OH~ and
affect the hydration kinetics. As shown in Fig. 3, the ions concentrations
in the activator decrease slightly (up to 4%) after absorption by SAP for
24 h. However, the magnitude of the change was amplified by the ar-
tificially high amount of SAP in the liquid necessary to resolve the
possible changes. In the real paste, the amount of solution is con-
siderably higher (only about 10% of the solution is absorbed in the
paste with 0.552 1/b), hence the changes in the concentration of ions
would be about 4 times less significant, likely below 1%. This indicates
that the internal curing by SAP influences the paste mainly by providing
extra activator rather than affecting the initial ions concentrations of
the pore solution. This information is helpful to understand the reaction

kinetics of the internally cured mixtures, which will be discussed in
detail in the next section.

The SAP start to release liquid in the initial hours (before 8 h from
mixing) as indicated by the X-ray tomography results. The SAP particles
are emptied from the inside, which is consistent with the phenomenon
observed in SAP-containing OPC based systems [58]. What is different
is that not much reaction product is formed within the voids left by SAP
in the AAS system in the first week of curing, as indicated in Figs. 8 and
9. In OPC systems, reaction products, especially portlandite, can even
fill the voids left by the SAP (e.g., see Fig. 2 of [29]). In AAS systems, in
contrast, amorphous C-A-S-H gels, which are the main reaction pro-
ducts, do not usually grow in large voids. Nonetheless, it is not excluded
that a layer of reaction products can form at the original interface be-
tween SAP particles and the paste, which cannot be clearly dis-
tinguished at the current resolution. As long as the effectiveness of SAP
in OPC based systems is well known (e.g., [27,29,54,58-60]), here we
demonstrated with X-ray microtomography the absorption and deso-
rption behavior of SAP in the AAS system.

4.2. Reaction kinetics and setting

The initial reaction rate of the paste is critically influenced by the
alkalinity of the activator, which controls the dissolution of the slag
[61]. Since the composition of the activator was kept constant with
different 1/b and the absorption of SAP does not significantly change
the ions concentration of the surrounding solution, the heat flow and
the total heat release in the initial hours of different mixtures are rather
similar (Fig. 4). The main heat flow peak indicates the formation of the
majority of the reaction products, i.e. C-A-S-H gels, from the ions in the
activator and new ions dissolved from the slag. The 1/b and the pre-
sence of SAP have major influences on the reaction in this stage. To
explain the influences better, a schematic diagram on the pore structure
of pastes with and without SAPs is shown in Fig. 11.

For the pastes without SAP, the activator distributes evenly in the
interstitial space. At higher liquid content, the space between the slag
particles is enlarged (comparing Fig. 11(a) and (b)) and more silicates
and alkali ions are available in the pore solution. Hence, more ions such
as Ca®>* and AI** need to be dissolved from the slag to reach critical Al/
Si and Ca/Si in the pore solution before the reaction rate reaches a
peak. For this reason the heat flow peak appears later for mixtures with
higher 1/b without SAP. Due to the presence of a higher amount of ions
at the heat peak, the amplitudes of the heat release peak becomes
higher. Since the mixtures with higher 1/b without SAP have larger
initial interstitial porosity, a longer time is needed before the transport
of ions can be inhibited. Therefore, the mixtures with higher 1/b
without SAP show longer acceleration periods, as indicated by the
broader heat flow peaks (Fig. 4(a)). The higher amount of reactants
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Fig. 12. Heat flow plotted together with internal RH, autogenous shrinkage, self-induced stress and Young's modulus of (left) AAS0.5 and (right) AAS0.552SAP. 0 h

of all the curves represents the moment of adding liquid.

from the activator and the longer acceleration period contribute to the
higher total heat release of mixtures with higher 1/b without SAP
(Fig. 4(b)). The delayed appearance of the main reaction peak and the
increased total reaction degree of the paste with higher 1/b are similar
to what has been reported for OPC paste [63-65].

For the pastes with SAP, in contrast, extra activator is stored in the
SAP particles before being released (comparing Fig. 11(a) and (c)). The
ions in the SAP are therefore not instantaneously available for reactions
with the slag compared to the ions in the interstitial space [63]. The
activator gradually released from the SAP, on one hand, provides more
reactants to the adjacent paste, and on the other hand, dilutes the
concentrations of Ca>* and AI** that are dissolved from slag. The
reaching of critical Ca/Si and Al/Si through which the C-A-S-H gels can
rapidly form is therefore buffered. Hence, compared to the control
mixture AASO.5 with the same 1/b as the basic 1/b in the paste with SAP,

the start of the acceleration period is a bit delayed and the magnitude of
the peak reaction rates is slightly lowered (Fig. 4(a)). Nonetheless, the
buffering effect decreases as the activator is continuously released from
the SAP. Due to the eventually higher activator content of SAP-con-
taining mixtures than in the AAS0.5 control mixture, the total reaction
degrees are higher after 24 h of curing, as indicated in Fig. 4(b).
Compared with the mixtures with the same liquid content but
without SAP, SAP-containing pastes have the same initial total porosity,
but different pore size distribution. Since a large amount of liquid is
stored in the SAP, internally cured mixtures have, besides the macro
voids induced by the SAP, lower interstitial pore space among the slag
particles (comparing Fig. 11(b) and (c)). The lower interstitial pore
space means a smaller space for the formation of reaction products
around slag particles and thus a faster solid-phase percolation. After a
large amount of reaction products is formed in the interstitial space, the
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further dissolution of slag and the transport of ions would be inhibited
(see the dense microstructure of AAS paste in Fig. 9 in this study and
Fig. 4.20 in [66]). Therefore, the reaction rate of SAP-containing paste
is slower than in the paste with the same total 1/b but without SAP,
especially after the acceleration period. The smaller amount of activator
that is instantaneously available for the reaction and the limited in-
terstitial space for transport and formation of reaction products induce
a lower reaction rate after the acceleration period and thus a lower total
reaction degree of internally cured mixtures compared to the mixtures
with the same 1/b but without SAP.

The times of initial and final set of the pastes are also delayed for
mixtures with higher 1/b. However, it should be noted that the delay in
setting time is not associated with the delayed heat flow peak, since set
of the AAS pastes happened much earlier than the beginning of the
acceleration period. This phenomenon is different from what has been
observed in OPC, for which final set normally happens at the beginning
of the acceleration period [65]. In OPC, setting is a consequence of the
percolation of the solid microstructure resulting from the continuous
formation of reaction products surrounding the cement particles. In
AAS, however, the pore solution contains besides water plenty of sili-
cate ions, which act as not only reactants but also nuclei where reaction
products can form [67]. The direct formation of reaction products in the
interstitial space plus the high space-filling effect of the main products,
C-A-S-H gels, result in a much easier and faster formation of initial
network in AAS paste than in OPC [68]. This is the reason why slag-
based alkali-activated materials normally show fast setting [69], which
is much in advance of the beginning of the acceleration period. In the
setting mechanism, the basic 1/b plays a more important role since it
determines the initial interstitial porosity of the paste. A finer inter-
stitial porosity between slag particles ensures a shorter distance for the
diffusion of Ca®>* and AI** from slag to form reaction products that can
fill the space. Although internally cured mixtures contain large voids
initially occupied by SAP, these voids seem to matter much less than the
interstitial pores for the setting of the paste. For internally cured pastes,
the basic /b is similar to the control mixture, so the initial setting time
of AAS0.552SAP and AASO.6SAP are quite close to that of AAS0.5. This
phenomenon is consistent with the finding for internally cured OPC
pastes [29]. For the pastes without SAP, however, the time of final set
increases significantly with increased 1/b. The delay of setting by in-
ternal curing is beneficial to AAS systems, which are known to set too
fast, but this beneficial delay comes at the expense of a loss in com-
pressive strength, as shown in Fig. 9.

4.3. Internal RH, autogenous shrinkage and self-induced stress

By plotting together the curves of reaction heat, internal RH, au-
togenous shrinkage, Young's modulus and self-induced stress of AAS0.5
and AAS0.552SAP, it can be seen that these parameters develop fol-
lowing the same kinetics, as shown in Fig. 12. The evolution of the
autogenous shrinkage of AAS can be approximately divided into three
stages: dormant period (0-9 h), acceleration period (9-24 h) and late
period (after 24 h).

4.3.1. Stage I: Dormant period

In the first 8-9 h (indicated by the solid line in Fig. 12), the reac-
tions are mainly in the dormant period indicated by the reaction heat.
In this stage, the RH of the pastes experiences an increase most likely
due to the consumption of the ions from the activator [37]. In fact,
internal voids in the paste should have started to form in this period,
which would result in the buildup of initial pore pressure; otherwise,
the liquid in the SAP in AAS0.552SAP would not be consumed as shown
in Fig. 8(b). Therefore, the RHy of the paste without SAP should have
decreased. A relatively low suction would be necessary to remove ac-
tivator from the large SAP voids. Because only the largest pores are
emptied, very low pore pressure develops. Thus, the decrease of in-
ternal RH resulting from the presence of menisci is not evident and is
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probably overcome by the RH increase due to ions concentration de-
crease; thus, the paste experiences an increase of overall RH in this
stage.

In this period, due to the slow development of the Young's modulus,
the self-induced stresses of the mixtures remain close to zero, despite
the fact that the autogenous shrinkage of AAS0.5 and AAS0.552SAP
reaches 460 pm/m and 455 um/m at 8 h, respectively, as shown in
Fig. 12. As indicated by the low Young's modulus of the pastes, the non-
decreasing internal RH and the limited shrinkage-induced stress, the
autogenous shrinkage in this period appears to be mainly viscous or
even plastic deformation rather than elastic deformation under a con-
siderable pore pressure. The similar autogenous shrinkage values of
AAS0.552SAP and AASO0.5 during this early period confirm this hy-
pothesis.

From this aspect, it becomes arguable if the time of final set de-
termined by the Vicat method should be chosen as the “time-zero” for
the autogenous shrinkage of sodium silicate activated slag systems like
for OPC. As discussed in Section 4.2, the time of final set of OPC nor-
mally indicates the formation of solid percolation, when the reaction
products surrounding the cement particles start forming a solid cluster
that spans the whole sample [65]. In sodium silicate activated slag
system, in contrast, the time of final set is probably the result of flow-
ability loss of the paste due to the formation of initial products in the
interstitial space based on alkali and silicate ions in the activator [70].
At such a short time (around half an hour after mixing), a solid skeleton
with enough stiffness has not formed yet. The Young's modulus mea-
surements also confirm this hypothesis, as no rapid increase is observed
around the Vicat setting time. From the cracking potential point of
view, the time when the paste starts to generate internal stress under
restrained condition, around 8 h in the case of this study, seems a better
definition of the “time-zero” of the autogenous shrinkage. This “time-
zero” is just the time instant when the acceleration period begins, when
the autogenous shrinkage developing rate increases, and also when the
internal RH starts to decrease, as shown in Fig. 12. If the autogenous
shrinkage of AAS is zeroed at 7 or 8 h, the total curve would be around
460 pm lower than shown in Fig. 12. Nonetheless, it is noticed that the
autogenous shrinkage of AAS pastes is still much higher than normal
OPC pastes if internal curing is not applied.

4.3.2. Stage II: Acceleration period

About 8-9 h after mixing, the heat flow rates of the pastes increase
rapidly, which indicates the formation of large amounts of reaction
products. In this acceleration period, the RH of the pastes starts to drop,
indicating the rapid formation of internal voids and fast development of
pore pressure. As a result, the autogenous shrinkage of AAS0.5 starts to
develop at a high speed, as shown in Fig. 12. In addition, a rapid
evolution of the Young's modulus was observed from this time instant
on. The rapid evolution of autogenous shrinkage in the mixture without
SAP together with the rapid evolution of stiffness are responsible for the
corresponding fast evolution of restraint stresses and eventually for the
cracking. Considering the higher compressive strength of the AAS0.5
paste compared to the AAS0.552SAP paste (see Fig. 9), a higher tensile
strength can also be expected. This could explain the higher stress at
cracking of the AAS0.5 paste. With the help of internal curing by SAP,
mixture AAS0.552SAP keeps a high level of internal RH, and the au-
togenous shrinkage and restraint stress develop at low rates. The similar
stiffness of AAS0.5 and AAS0.552SAP confirms that the lower stress
generated in restrained AAS0.5 is due to the reduced autogenous
shrinkage rather than a lowered Young's modulus.

As shown by the RH results, the SAP content of 0.26%, chosen based
on the chemical shrinkage of the paste and the absorption capacity of
SAP can already provide nearly saturated conditions to the paste in the
period studied. This is consistent with the X-ray tomography results
shown in Fig. 8. This explains why higher SAP contents did not have
much further mitigation effect on the autogenous shrinkage (see Fig. 6).

While internal curing successfully mitigated more than half of the
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autogenous shrinkage in this period, a part of autogenous shrinkage of
AAS remains when SAP is present, even at higher dosages along with a
sufficient amount of additional liquid. As shown in Fig. 12, the auto-
genous shrinkage of AAS0.552SAP keeps increasing when the RHy is
nearly 100%, although the developing rate is lower than that of both
AAS0.5 and AAS0.052. The continuous developments of autogenous
shrinkage of AAS0.552SAP results in the slow but continuous increase
of the self-induced stress, which eventually leads to cracking of the
paste at about 5 days. Such a development of autogenous shrinkage
under nearly saturated conditions was not observed in OPC based sys-
tems. Those systems would show zero shrinkage or even expansion
when enough internal curing water were provided [28,71]. This in-
dicates that besides self-desiccation, there may be other mechanisms
causing autogenous shrinkage in AAS, especially in the acceleration
period. Further studies are needed to determine the driving force of the
autogenous shrinkage component that cannot be mitigated by internal
curing.

4.3.3. Stage III: After 24 h

After the main reaction peak, the reaction rates reduce and so do the
rates of autogenous shrinkage in AAS0.5 and AASF0.552SAP. Chemical
shrinkage and self-desiccation still develop in AASO0.5, as indicated by
the continuous RH decrease (Fig. 12). At the same time, the liquid is
continuously released from the SAP in mixture AAS0.552SAP between 1
and 7 days to compensate for the chemical shrinkage as shown in
Fig. 8(c) and (d). These indicate that the pore pressure becomes the
predominant driving force of the autogenous shrinkage of AAS paste in
this period.

4.4. Mechanical properties

Fig. 10 shows that the compressive strength is decreased with in-
creased 1/b. These phenomena are generally in line with what has been
observed in OPC since higher 1/b normally means higher porosity and
therefore lower compressive strength [29,72,73]. The presence of SAP
decreases the compressive strength further due to the incorporation of
macro-level voids. At later times, the difference in the compressive
strength between mixtures with higher 1/b without SAP and control
mixture decreases, while the difference between the SAP-containing
mixtures and control mixture does not. This is because the larger in-
terstitial spaces in mixtures with higher 1/b without SAP can be more
easily filled by reaction products compared to the larger voids induced
by SAP. With the reaction going on, the microstructure of pastes with
higher 1/b without SAP would become eventually dense enough to at
least partially compensate the strength loss, but the SAP-originated
voids will mostly remain as defects, as shown in Fig. 8 and Fig. 9. This
analysis has been confirmed by the higher total reaction heat of non-
SAP samples than SAP-containing samples with the same 1/b (Fig. 4).

While the compressive strength of the paste is decreased by internal
curing, the Young's modulus of the paste seems not. This is most likely
because strength is more sensitive to large voids (defects) originating
from the swollen SAP. A further reason might be that the SAP limited
microcracking in the pastes and its negative effect primarily on the
Young's modulus [74].

Considering the detrimental impact on the compressive strength of
internal curing and the limited mitigation of autogenous shrinkage by
higher contents of SAP, it seems that the dosage determined based on
chemical shrinkage is the optimal dosage to provide internal curing to
AAS paste and further increasing the dosage would not have any sig-
nificant positive effect.

5. Conclusions
In this study, the absorption and desorption behavior of SAP in AAS

systems was studied and the mechanism of the mitigating effect on
autogenous shrinkage of AAS was clarified. The influence of SAP
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incorporation on the mechanical properties of AAS pastes was also
studied. Following remarks can be made based on this study:

1. The SAP show a significantly lower absorption capacity in alkali
activator than in water, and still lower than in pure NaOH solution.
Even though there exists a slight absorption preference for ions over
water from the activator, it is of negligible importance for the small
amounts of SAP compared to liquid applied in the pastes. In the
internally cured sample, the SAP are observed to release liquid to
the surrounding paste starting from before 8 h. After the first week,
there is still a certain amount of liquid left in the SAP for mixture
AAS0.552SAP, indicating a further internal curing potential for later
reactions. In the period studied, there is a negligible amount of re-
action products filling the SAP voids.

2. Internal curing by SAP prolongs the time of final set and the time at
which the peak of reaction heat occurs, but it increases the total
reaction degree of AAS pastes at longer term due to the higher
content of activator. Compared to the mixtures with the same liquid
amount but without SAP, internally cured mixtures show lower re-
action degrees due to the smaller interstitial space for the formation
of reaction products.

3. Internal curing by SAP can largely reduce the autogenous shrinkage
and cracking tendency of AAS. This is beneficial to tackle the pro-
blem of large autogenous shrinkage of AAS in practical applications.
Nonetheless, part of the autogenous shrinkage cannot be eliminated,
regardless of the amounts of SAP, especially in the acceleration
period. This suggests the existence of other causes of autogenous
shrinkage besides self-desiccation.

4. While the addition of SAP only slightly influenced the Young's
modulus of AAS paste, it can largely decrease the compressive
strength of AAS paste.

5. Designing the SAP content from the chemical shrinkage of the paste
and the absorption capacity of SAP measured by the teabag method
yields the optimal dosage in terms of shrinkage mitigation, while
guarantying limited negative effects on strength. Therefore, this
procedure is recommended for future applications. For the parti-
cular SAP used in our study with absorption capacity of the activator
of 20 g/g, this procedure corresponded to 0.26% (by mass of slag
precursor).
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