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This paper presents the properties of alkali-activated slag (AAS) mortar additivated with a superabsorbent
polymer (SAP) to improve its mechanical and durability properties. The effect of different dosages of SAP
(0.0-0.3% with respect to the blast furnace slag weight) and different extra water additions on setting time,
autogenous shrinkage, compressive strength, water permeability, frost resistance, heat of hydration, and porosity
is presented and discussed. The results highlight the beneficial effect of adding SAP on the mechanical and

durability properties of the proposed mixtures. Only at higher percentages of SAP and additional water occur
performance drops due to excessive macro-porosity of the system. It is interesting to point out that, in contrast,
shrinkage always decreases as the percentages of SAP addition and additional water increase, although it cannot
be completely eliminated. Experimental evidence also highlights that significant benefits can be gained from
using this material in harsh environments.

1. Introduction

In recent years, with the gradual deterioration of global ecological
environment problems such as climate warming, acid rain spreading,
and energy depletion, people’s awareness of protecting the environment
is also gradually increasing. Therefore, researchers have been exploring
a green and environmentally friendly material that can replace ordinary
Portland cement (OPC) in concrete structures (Chen et al., 2019). In-
dustrial slag considered waste or by-product, can be fully utilized under
the action of an alkali activator (Provis, 2014). The production of
alkali-activated material is characterized by lower heat release than OPC
(van Deventer JSJ et al., 2012). These wastes, which can be alkalized to
stimulate their volcanic ash activity, are known as geopolymers. More-
over, energy consumption for production is reduced by more than 40 %
compared with traditional cement, and the carbon dioxide emission is
only 1/2-3/4 of cement (Mavroulidou and Shah, 2021; Turner and
Collins, 2013; Ye and Radlinska, 2017). The contribution of each step to
COq-e, from the purchase of raw materials to the production and con-
struction of 1 cubic meter of concrete, is shown in Fig. 1. Turner et al.
(Turner and Collins, 2013) believed that the alkali activator consumed a
large amount of energy in the production process, with the geopolymer
binder contributing 201 kg COs-e/m® and the OPC contributing 269 kg
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COy-e/m°. Among them, the main components of slag (SiO5, Al,03, CaO,
and FeyOg3 et al.) under alkaline conditions, it generates the ceramic
body structure with silicon and aluminum as the main structural units.
The material is mainly connected by ionic bonds and covalent bonds,
and there are no coarse crystals such as ettringite or calcium hydroxide,
which constitutes a three-dimensional network structure with high
strength and stability. Therefore, alkali-activated slag (hereafter indi-
cated as AAS) may have excellent mechanical properties and durability
(Adediran et al., 2023; Pacheco-Torgal et al., 2012).

However, one of the main shortcomings of AAS is the significant
shrinkage and the fast setting, owing to the characteristics of the ma-
terial itself (Kalina et al., 2020). Moreover, the greater the amount of
slag used in the precursor, the higher the autogenous shrinkage of the
AAS slurry, which involves certain security risks to the structure (Huang
etal., 2022; Ye et al., 2017). For example, cracking caused by shrinkage
stress and other durability problems limit the practical application of
AAS in engineering (Neto et al., 2008; Chen et al., 2023; Wang et al.,
1995; Collins and Sanjayan, 2000). To solve this key technical problem,
many scholars (Ye and Radlinska, 2017; Chen et al., 2023; Kumarappa
et al., 2018; Song et al., 2016; Sakulich and Bentz, 2013; Zhao et al.,
2019) have conducted relevant research on this topic. Philleo (1991)
proposed the concept of internal curing as early as 1991. Tu et al.
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(2018), Lee et al. (2018) and Cusson et al. (Cusson and Hoogeveen,
2008) reported investigations on different curing methods and condi-
tions to verify their reliability. Lee et al. (2018), for example, reported
that recycled aggregate as an internal curing agent could effectively
reduce the autogenous shrinkage of the AAS system without affecting
the strength. Oh and Choi (2018) showed that superabsorbent polymer
(hereafter denoted as SAP) played a crucial role in reducing the
shrinkage of AAS mortar. Ye and Radlinska (2017) indicated that
high-temperature curing could optimize the aggregation or combination
between adjacent calcium aluminosilicate hydrate (C-A-S-H) nano-
particles, improving the stability of C-A-S-H and reducing the shrinkage.
Trincal et al. (2022) found that the introduction of metakaolin delayed
the formation of AAS main hydration products such as
aluminum-modified calcium silicate hydrate gel, and significantly
reduced pore pressure, thereby diminishing the chemical shrinkage of
pastes. Yuan et al. (2017) highlighted that if a small amount of limestone
powder (<30 vol%) is added, the autogenous shrinkage of the slurry
increases, and once the addition amount is greater than 50 vol%, the
autogenous shrinkage of AAS decreases, but the drying shrinkage in-
creases with the raise of the content of limestone powder. The results of
Ma et al. (2020) show that the addition of 3% shrinkage reducing
admixture (SRA, alkyl polyether) can shorten the drying shrinkage of
alkali-activated coal gangue-slag mortar by 47.5%. Yang et al.’s (Yang
et al., 2021) experiment found that the MgO-based expansion agent
could significantly decrease the autogenous shrinkage of AAS. Especially
when combined with SAP, it could promote the consumption of MgO,
and still improve the shrinkage reduction effect.

Internal curing materials, such as lightweight aggregate and SAP, can
rapidly release water to supplement the internal moisture of concrete.
Due to the low strength of lightweight aggregate, the strength of con-
crete is significantly reduced. Conversely, SAP as an internal curing
agent is considered to be the most effective method, which can effec-
tively reduce the autogenous shrinkage and drying shrinkage of concrete
and improve its performance and service life. The utilization of SAP
particles can act as a “small-scale localized reservoir” within the con-
crete matrix for internal curing, which is part of the research work of the
RILEM Technical Committee (Mechtcherine et al., 2021). These ad-
vantages are achieved through its low crosslinking degree of
three-dimensional network space structure and the benefits of a large
number of hydrophilic groups on the molecular chain; to this must be
added the low environmental impact and low price (Shen et al., 2016).
For example, Tu et al. (2018) indicated that when the SAP content
increased to 0.5 wt%, the chemical shrinkage and autogenous shrinkage
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of alkali-activated slag-fly ash pastes could be reduced by 45 % and 85
%, respectively. Furthermore, Yang and Almeida et al. (Yang et al.,
2022a; Almeida and Klemm, 2018) also found that SAP, as an internal
curing agent, can effectively compensate for the decrease in internal
relative humidity of the system and reduce the autogenous shrinkage
caused by self-drying, balance the humidity difference and diminish the
cracking tendency of the slurry. Schrofl et al. (2012) discovered that the
water release effect of SAP could alleviate the shrinkage cracking of
concrete caused by early hydration and surface drying evaporation.
Vafaei et al. (2019) considered that SAP has a strong liquid absorption
ability in pore solution, and SAP can dramatically reduce the
self-shrinkage of AAS slurry, but the formation of large pores will cause
the decrease of compressive strength. Fu et al. (2020) used micro silica
and kaolin clay modified SAP as a novel additive. They found that the
negative effect of SAP additives on the compressive strength of AAS
conglomerates could be reduced, as well as the tendency for the devel-
opment of early drying shrinkage.

Several studies reported (Yang et al., 2022a; Zhang et al., 2022;
Snoeck et al., 2015; Boshoff et al., 2020) the application of SAP in
various conglomerates as internal curing agents and the optimization of
specific properties, such as reducing self-shrinkage and drying
shrinkage. However, since it is a synthetic polymer material, the dif-
ferences in the water absorption capacity, type, dosage, particle size, or
additional water diversion of SAP will cause differences in the test re-
sults (Tu et al., 2018; Schrofl et al., 2012; Mechtcherine et al., 2019;
Tenorio Filho et al., 2023). The application of SAP in the AAS system is
still limited. In fact, for example, the water migration of SAP at different
stages and the evolution of SAP’s water absorption-release state, the
changes of interface characteristics between SAP and paste after water
release, the mechanism of SAP contraction in the AAS system and the
mechanism of microstructure evolution need to be further investigated.
Several studies have also been performed on the durability aspects of
AAS, such as plastic shrinkage, permeability, and self-healing. It is well
known that the shrinkage mechanism of AAS is more pronounced than
that of OPC. In addition to reducing the modulus of the alkali activator
and the alkali content, the incorporation of mineral additives, the
addition of fibers, and the introduction of porous aggregates are also
useful strategies for mitigating the shrinkage of alkali-activated slag
composites, thanks to the densification of the paste microstructure, the
increase in the formation of crystalline phases, and the reduction of the
surface tension of the solution in the pores (Zhang et al., 2022).
Although Bayati et al. (2023) found that self-healing of microcracks in
the AAS matrix can be achieved through the microbial-induced calcium

Fig. 1. Overviews of CO,-emission with OPC and geopolymer systems (Turner and Collins, 2013).
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carbonate precipitation technique, challenges persist in terms of bacte-
rial cultivation conditions, viability concerns, and the need for increased
technical expertise in specific survival environments. Nevertheless, SAP
can also enhance the healing rate through the expansive effect within
cracks and by promoting the formation of carbonate precipitation (Yang
et al., 2023).

In fact, RILEM established a technical committee, 225-ASP, in 2007
to investigate the use of SAPs in concrete construction and the work was
subsequently progressed by the new committee TC 260-RSC in 2014
(Mechtcherine et al., 2021; Boshoff et al., 2020). The report indicated
that the presence of silica powder in the slurry increases the competi-
tiveness of SAP in absorbing water from the surrounding matrix, thereby
altering the rheological properties and workability of the fresh pastes. As
reported, not all SAPs can effectively mitigate self-shrinkage, as SAPs,
once rapidly desorbed, exhibits characteristics of ineffectiveness, pre-
venting the attainment of the expected and desired internal curing ef-
fects (Mechtcherine et al., 2021). It is worth noting that the introduction
of SAP as an admixture in cement-based materials contributes to
enhancing freeze-thaw resistance (Mechtcherine et al., 2019). Further-
more, Tenoério Filho et al. (Tenorio Filho et al., 2023) found that rein-
forced concrete walls containing SAP maintained their original
crack-free state even after two years and showed no signs of potential
corrosion. Nevertheless, few studies have focused on the influence of
SAP curing on the creep properties of cementitious materials and its
application in AAS is currently limited to a preliminary stage and re-
quires further development. Furthermore, due to the high water ab-
sorption and hydrating properties of SAP, investigations of SAP
additions in AAS focused mainly on minimizing the drying shrinkage
characteristics of the material. Therefore, beyond these fundamental
aspects, this study presents an innovative approach by means of which
SAP enhances the effectiveness of late-stage internal curing through
pre-absorption, while maintaining an unsaturated state; this distin-
guishes the present study from both works in which dry particles are
employed, and those in which fully saturated particles are used. More-
over, the effect on the different properties of AAS of the additional
volume of water on the SAP was investigated. In particular, among other
properties, this work highlights the effects of SAP on the AAS imper-
meability and frost resistance, providing an analysis of the mechanisms
that led to the experimental evidence, and paving the way for their use
in harsh climates. This study fits into this background and aims to
explore whether the self-produced SAP with or without additional water
diversion under pre-absorbent conditions affects the fluidity, compres-
sive strength, autogenous shrinkage, frost resistance, and imperme-
ability of AAS; the effects of different dosages of SAP are also presented
and discussed. Hydration products, microstructure, and pore structure
changes are characterized and described to clarify the influence of the
amount of additional water and SAP content on the macroscopic prop-
erties of AAS mortar. Moreover, this study considers the fact that sam-
ples containing SAP diminish the real water-to-binder ratio by absorbing
water from the capillaries of the slurry. To guarantee homogeneous
dispersion of the SAP within the matrix and maximize the internal
curing qualities, the SAP was preabsorbed without the use of an alkaline
solution.

2. Materials and methods
2.1. Materials and mix design

The precursor was S95 grade blast-furnace slag (hereafter indicated
as BFS or slag) which was purchased from Longze water purification
company, Shanxi, China. The main chemical components of BFS are
shown in Table 1. According to the ground granulated blast furnace slag
used for cement and concrete, the basicity coefficient My of the BFS is
1.58 (>1.0), the activity factor M, is 0.59 (>0.25), and the mass coef-
ficient Kis 2.94 (>1.2). These three parameters indicate that this BFS is a
highly reactive and good quality alkaline slag. The density of BFS is 2.91
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Table 1
Chemical compositions of BFS and water glass (wt.%).

Oxide composition Blast-furnace slag (BFS) Water glass

Calcium oxide (CaO): % 47.0 -
Silica (SiO5): % 21.9 26.5
Alumina (Al,03): % 13.0 -
Magnesium oxide (MgO): % 8.1 -
Sulfur trioxide (SO3): % 2.5 -
Titanium dioxide (TiO,): % 0.9 -
Ferric oxide (Fe;03): % 0.7 -
Potassium oxide (K»0): % 0.4 -
Manganese oxide (MnO): % 0.4 -
Sodium oxide (Na50): % 0.3 8.3
Hydrogen oxide (H20): % - 65.2
Loss on ignition: % 2.3 -
Sum: % 97.5 100

g/cm®. The X-ray diffraction (XRD) pattern and scanning electron mi-
croscopy (SEM) image of BFS are shown in Fig. 2 (a) and Fig. 3 (a),
respectively. The main components of slag are some amorphous phases
and its surface is rough.

The SAP selected for the test is a polyacrylic acid system, which
mainly uses the sol-gel method of acrylic acid, methacrylic acid, acryl-
amide, hydroxypropyl acrylate, and other raw materials through hy-
drolysis and condensation reactions to form a three-dimensional
network structure gel. After heat treatment and gelation, multi-polymer
SAP powder particles, with a non-uniform particle size distribution, are
obtained by processes such as drying and grinding (Fig. 2(b)). The bulk
density and the moisture content of white powder polyacrylic acid SAP
were 572 kg/m3 and 3.5% respectively, which were insoluble in water.
The SAP particles are irregular and broken polymer with a large size
distribution, as shown by the particle size distribution (Fig. 2 (b)) and
SEM image (Fig. 3 (b)). Interestingly, the hydrophilic groups ionize
when water is absorbed, allowing the ionized cations to flow freely
throughout the solution, while the anions on the high-polymer molec-
ular chains of SAP remain intact (Yang et al., 2022b), as illustrated in
Fig. 4.

The alkaline silicate solution is a mixture with a modulus of 0.93,
obtained by adding sodium hydroxide to adjust the initial modulus of
water glass. The mass ratio of sodium hydroxide, water glass, and tap
water is 1: 3.64: 4.55. Sodium hydroxide (purity >96 wt%) is a white
flake provided by Shanghai Pharmaceutical Group. Water glass with 8.3
wt% NaO and 26.5 wt% SiO- is a viscous transparent liquid with an
initial modulus of 3.3, and the solid content is 34 %. The alkaline so-
lution needs to be prepared at least 8 h before the test to ensure uniform
heat dissipation and return to indoor temperature.

The fine aggregate used is standard sand with density of 2630 kg/m?;
particle size and mud content are lower than 5 mm and 0.20%,
respectively. The particle size distribution of the sand meets the stan-
dard requirements and belongs to zone II medium sand.

In previous studies (Kalina et al., 2020; Song et al., 2016; Tu et al.,
2018; Zhang et al., 2022), SAP dry powder was added directly; however,
this cannot ensure that the SAP absorbed the free water adequately to
achieve the desired internal curing effect. Furthermore, the addition of
dry powder also resulted in the loss of mixing water in the fresh state of
pastes due to absorption and in sticking together SAP particles, thus
reducing the workability, and improving the chance of drying shrinkage
of the matrix. In fact, most of the mixed water is absorbed by cementi-
tious materials and sand, and the characteristics of internal curing ma-
terials cannot be fully exerted. Conversely, complete water saturation
may lead to premature release of stored water of SAP after its addition to
slurry owing to osmotic and capillary pressures as well as ion concen-
tration differences (Yang et al., 2022b), affecting the long-term curing
effect. Pre-wetted SAP not only has less impact on the compatibility of
fresh mortar but also improves the early-dimensional stability of the
concrete structure. The gel-like state of presoaked SAPs can reduce
clumping and improve the integration of SAPs with the surrounding
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Fig. 2. XRD pattern of the BFS and SAP (a); Particle size distribution of BFS and SAP (b).

Fig. 3. SEM image of BFS (a) and dry SAP particles (b).

Fig. 4. Diagram of the changes in the internal anionic and cationic structure of SAP before and after water absorption (Yang et al., 2022b).

medium. Hence, the SAP powders, which had pre-absorbed water for 5
min, were mixed with the dry raw material for 1 min, and then slowly
poured into the alkaline solution and stirred for another 3 min before
sealing them into the mold for curing.

Table 2 shows the mix proportions of the mixtures presented in this
study. In this table, the column extra water-to-binder ratio reports any
possible further additions of water in the mixtures of the studied SAP-

AAS mortars. In fact, due to the absorption of a part of the alkali solu-
tion in the early stage of pre-saturated SAP, the actual water-to-binder
ratio is reduced. To ensure that workability is not adversely affected,
based on the Power model (Powers and Brownyard, 2003), and ac-
cording to the performance index of SAP itself and previous related
studies, additional water was introduced at the ratios mgap:myater =
1:15 and 1:25; therefore, the effect of different extra water on the
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Table 2
Mix proportions of SAP-AAS mortar.

Developments in the Built Environment 17 (2024) 100322

Code BFS" (wt SAP (wt Water glass (NaSiOs, wt. Binder-sand Alkaline activator ratio (NaySiOs/ Extra water-binder Total water-binder
%) %) %) ratio NaOH) ratio ratio
SO 0 0 0.360
S0.1W0 0.1 0 0.360
S0.2W0 0.2 0 0.360
S0.3W0 0.3 0 0.360
S0.1W15 100 0.1 20.39 0.56 3.67 0.013 0.373
S0.2W15 0.2 0.027 0.387
S0.2W25 0.2 0.045 0.405
S0.3W15 0.3 0.040 0.400

2 Blast-furnace slag was cumulated to 100%, and the other materials were added in corresponding proportion.

properties of the proposed AAS mixes was further explored. In some
previous studies (Yang et al., 2022b, 2022c), 0.2 wt% was considered
the optimal dose of SAP to exhibit excellent performance in the wet
mixing state. Additionally, the typical doses of 0.1 wt% and 0.3 wt% of
SAP were added in this study and thus they were argued as well for
mitigating shrinkage. In all the AAS mortars, the base water-to-binder
ratio was 0.36, while the alkali content was calculated as NayO equiv-
alent. The alkaline activator was added to 4% NayO-equivalent, and the
SAP content was 0.1%, 0.2%, and 0.3% of the BFS mass.

2.2. Absorption

The peculiarity of SAP to be characterized by good water absorption
capacity is the premise of internal curing materials. Tea-bag method (Tu
et al., 2018; Yang et al., 2022a) was used to test the changing trend of
water absorption capacity of sodium polyacrylate SAP with time at
different value of pH; pH = 7 (deionized water), pH = 7.6 (tap water),
and pH = 12.8 (the supernatant of AAS paste), respectively. This eval-
uation is closer to the actual working condition than evaluations per-
formed in previous studies (Tu et al., 2018), in which absorption
capacity was determined directly with the alkaline solution. Neverthe-
less, the existence of charge compensation, calcium ions and aluminum
ions in the actual environment will affect the water absorption capacity
of SAP (Tendrio Filho et al., 2023). According to Table 2, 10 g of
reference group samples, after one day of curing, were taken and ground
into powder. Then, 500 mL of deionized water was added to the oscil-
lator for vibration for 1 day; the supernatant of AAS paste was obtained
via filtration. A gram of dry SAP powder was put into the bottom of a
pre-wet nylon bag that had a maximum pore size of 0.074 mm, allowing
the materials to pass through, and the bag was then placed in a beaker
holding 500 mL of a pH-known solution. This operation was repeated for
three different pHs. The sealing film was used to seal the cup-mouth so
that it could absorb water statically. First, the evaluation is carried out
every 2 min; after 10 min, the evaluation is carried out every 5 min; and
finally, after 30 min, the evaluation is carried out every 10 min until
roughly identical evaluations are obtained.

As illustrated in Fig. 5, regardless of the pH of the solution SAP
showed strong water absorption ability in the first 8 min, and then began
to decline until the curve was flat. Moreover, as the pH changes, the time
when the curve reaches the highest point is also different. The SAP has
the strongest absorption capacity at pH = 7, at which it can reach 233.9
times its own weight, followed by pH = 7.6; in the case of pH = 12.8, the
absorption rate is about 13% of that obtained for pH = 7. This is because
the external ions (e.g., AI*t and Ca2+) further change the intermolecular
and intramolecular interaction forces of SAP via the electronic barrier
effect of molecular chains (Boshoff et al., 2020). In addition, there is
osmotic pressure between the internal and external portion of SAP due
to the difference of ion concentration, and this osmotic pressure de-
creases with the increase of ion concentration in the solution, which
weakens the water absorption ability of SAP (Schrofl et al., 2012).

Fig. 5. Absorption of SAP in three different pH solutions with tea-bag method.
2.3. Mechanical behavior

The initial and final setting times of the samples were measured by a
Vicat apparatus (Boshoff et al., 2020). The compressive strength of the
AAS mortar was tested on prismatic specimens of dimensions 4 cm x 4
cm X 16 cm using YAW-300C automatic testing machine according to
ASTM C349-18 (ASTM, 2018). The compression testing frame was used
to ensure the compression area of 4 cm x 4 cm. The load was applied at a
rate of 1.5 MPa/s. The curing ages of specimens were 3, 7, 28, and 56
days, respectively. The specimens were cured in a climatic chamber with
98% humidity at 20 & 2 °C. Three samples from each age were measured
and averaged.

2.4. Autogenous shrinkage

Shrinkage is a key factor in characterizing the volumetric stability
and long-term durability of concrete and therefore guaranteeing low
shrinkage is necessary. Furthermore, the high shrinkage of AAS in-
creases the risk of cracking, especially with water glass as an alkaline
activator. Internal curing is thought to reasonably weaken the self-
shrinkage produced by AAS mortar systems due to the volume change
of pastes before and after the chemical reaction, and SAP is also
considered to be the most potential and widely used internal curing
agent (Sakulich and Bentz, 2013; Tu et al., 2018; Yang et al., 2023;
Powers and Brownyard, 2003). The autogenous shrinkage of AAS paste
was measured by NS-NC-12 channel cement mortar shrinkage tester
with bellows length of 425 mm and outer diameter of 29 mm referring to
ASTM C1698-19 (ASTM, 2014). Before testing, calibration of the mi-
crometers and corresponding channels of the measuring instrument was
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carried out. During the test, the fresh slurry was layered and slowly
poured into the mold, and then put into the shaking table for compaction
to reduce air entrained. Temperature and relative humidity were
maintained at 22 °C and 65%, respectively. Autogenous shrinkage test
took two bellows per group for testing.

2.5. Water permeability

To evaluate the impermeability of AAS mortar, truncated conical
specimens were prepared, characterized by top diameter equal to 70
mm, bottom diameter equal to 80 mm, and height of 30 mm. The six
samples per group were cured for 28 days at a temperature of 20 + 2 °C
and relative humidity greater than 95%. The inside of the test mold was
wiped with a cloth without oil before molding. After the curing period,
the sample side perimeter was sealed with sealing materials, and the six
specimens were placed in the SS-15 mortar penetrator for the water
permeability test referring to Chinese standard JGJ/T 70-2009 (JGJ/T,
2009). The samples were pressurized starting at 0.2 MPa; then, once a
stable condition was reached, the pressure was gradually increased at
0.1 MPa until half of the six specimens in each mixture showed infil-
tration phenomena. Finally, the average maximum pressure was recor-
ded and calculated according to the standard formula Eq. (1).

P=H -1 (€Y

Where H is the highest water pressure on AAS mortar when osmotic
occurs, MPa; P is the seepage pressure on AAS mortar, MPa.

2.6. Frost resistance

According to Chinese standard GB/T 50082-2009 (GB/T, 2009),
cubic specimens with a size of 70.7 mm after 26 days of curing were
taken out from the curing room and immersed in water at 15 °C ~ 20 °C
for 2 days. The test group was treated with TR-CLD freeze-thaw cycle
test machine (Nashi, Shanghai Tongrui), and the reference group was
returned to the climatic room until the freeze-thaw cycle stopped. Then
the experimental group and the reference group were subjected to
compression tests. Regardless of the group, three mixture samples from
each group were involved in the freeze-thaw cycle. Specifically, the
samples were subjected to 200 (number of cycles) freeze-thaw cycles,
with controlled temperature between —18 + 2 °C and 16 + 2 °C. Sam-
ples subjected to the freeze/thaw cycles were examined every 15 cycles,
and the test was stopped if two of the three cubes that constituted each
series were found to be severely damaged.

2.7. Heat flow

According to the mixture proportions without sand reported in
Table 2, the hydration reaction rate and the total heat of AAS paste were
tested by 8-channel isothermal calorimeter TAM Air for 7 days. The test
temperature was kept at 21 + 1 °C. The SAP was first weighed and
placed in an ampoule within the same proportion of mixing water and
stirred with a magnetic stirrer for 5 min. Approximately a total of 20 g of
slurry (containing 10 g of slag) was placed in the bottom of the ampoules
and then quickly homogenized and mixed. Next, the uniform mixtures
were placed in the apparatus one after the other to collect the heat flow
data.

2.8. Hydration products

From the core of the 28-day aged specimens, after breakage, an
amount of about 5 g of material was taken and soaked in ethanol to stop
hydration for at least 3 days. Then the samples were dried in a 60 °C
vacuum drying oven to constant weight. The samples were ground into
powder in an agate bowl containing 5 g anhydrous ethanol. About 50 mg
of the sample powders were tested by Netzsch STA 449 C synchronous
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thermal analyzer (Germany). The test environment is helium. The
temperature range was controlled at 25-1000 °C and the heating rate
was kept at 10 °C/min.

Pieces of 5 mm were extracted from the core of the 28-day aged
samples after their breakage; hydration was stopped by soaking them in
ethanol solution for 3 days. After vacuum drying, the pieces were ground
into powder until the maximum particle size was approximately 10 pm.
The hydration products of AAS paste were analyzed by X pert3 powder
X-ray diffractometer (Panalytical, Netherlands) with an incident beam
of Cu-Ka radiation for a 20 scanning range of 10°~70° at 40 kV and 40
mA. The scan speed and step size of each sample were 5°/min and 0.02°,
respectively.

2.9. Microstructure

Small samples of about 2-5 mm in length were taken from the 28-day
cured AAS mortar samples. These samples were soaked in ethanol to
stop hydration and then dried in vacuum drying oven. The microstruc-
ture of hydration products around SAP was observed by FEI Quanta 250
scanning electron microscope (resolution up to 0.8 nm) after the samples
were metallized with gold.

The pore size analysis of the sample was tested by PoreMaster-60
automatic mercury intrusion porosimeter (MIP) of Quantachrome,
USA. The minimum pore size measurement can reach 3 nm. After the
samples were broken, small pieces with a particle size of about 5 mm
were selected. Then the samples were immersed in anhydrous ethanol to
stop hydration. The general specimen needs to be soaked for more than
48 h. Then, before the MIP test, the samples were vacuum dried at a
temperature of 60 °C until constant weight was reached.

3. Results and discussion
3.1. Hardening and strength

Table 3 reports the initial and final setting time of each sample of
AAS mortar. An expected phenomenon is the delay of the setting time as
the SAP content increases; in any case, both the initial setting time and
the final setting time generally remain higher than in the SO case. This
result can be explained by the lower initial porosity of the matrix
because of the relevant adsorption properties of SAP. Because of this,
structuration and flocculation phenomena inside the cementitious ma-
trix occur faster, increasing the stiffness of the mixture. Alternatively,
the introduction of extra water increases the actual water-to-binder ratio
inside the mix and gives rise to an increase in the final setting time.
Moreover, in this case, the expansion of SAP delays the early chemical
reaction and increases the initial porosity ratio, resulting in a longer
initial setting and final setting time (Snoeck et al., 2015). This experi-
mental finding is consistent with the experimental results of Yang et al.
(2022a).

The compressive strength of the AAS mortar is shown in Fig. 6. In
summary, the compressive strength of AAS mortar samples increases
first and then decreases with the increase of SAP dosage, regardless of
with or without extra water. Specifically, the compressive strength of
0.2% SAP doses cured 28-day enhanced by 22.39% without additional

Table 3
Initial and final setting time of AAS specimens.

Specimens Initial setting time (min) Final setting time (min)
SO 9 23
S0.1W0 10 32
S0.1W15 18 41
S0.2W0 12 35
S0.2W15 22 47
S0.2W25 28 56
S0.3W0 20 48
S0.3W15 29 58
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Fig. 6. Compressive strength of AAS mortars at various curing age.

water compared with the control group. Although the introduction of
SAP dosage contributed to the development of strength, the excess
introducing additional water reduced the strength by increasing the
water voids due to the increase in the water-cement ratio. Obviously, too
much SAP was similarly detrimental to the development of compressive
strength. The compressive strength of S0.2W0 was the highest, which
could reach 84.25 MPa at 56 days. Therefore, the optimal concentration
of SAP is 0.2% by weight with respect to BFS. In any case, the
compressive strength of other experimental groups was higher than that
of SO except for S0.3W15. As can be seen from the results, not only
excessive SAP dosage, but also excessive additional water content led to
lower compressive strength of AAS mortar. Instead, an adequate amount
of SAP leads to increases in compressive strength as it can improve the
degree of hydration of slag, intensify the internal hydration process, and
increase hydration products, as will be highlighted in Section 3.6, 3.7
and 3.10. The reason for this is that the irregular pore shapes left by the
release of water from SAP particles can create high stress concentrations
and affect mechanical behavior. Furthermore, the introduction of 0.2%
SAP facilitates strength development partly due to the increased degree
of hydration of the AAS, and substantially reduces the self-shrinkage
within the AAS matrix. Porosity reduction also leads to the improve-
ments found, in fact, as will be shown, some hydration products are
attached to the edge of the pores making the cementitious matrix denser.

Nonetheless, when SAP is used as an additive in cement-based ma-
terials, there could be some voids in the matrix (as will be shown later in
Fig. 12), which could hurt the strength of the material (Yang et al.,
2022a; Almeida and Klemm, 2018; Esteves et al., 2007). The air pores
left by SAP shrinkage are also weak points in the materials structure
(Mechtcherine et al., 2014). Therefore, even if shrinkage decreases, an
excessive dosage of SAP may not be beneficial for mechanical strength.
Regarding the influence of curing time, the compressive strength of all
mixtures increased as the age of the samples increased, although the rate
of increase in compressive strength diminished. It indicates that with the
development of the hydration process, the concentration of OH™ in
mortar gradually increases. When C(OH—) exceeds a certain threshold,
the activity of slag is excited and reacts with sodium silicate rapidly. The
generated hydration products will be attached to the surface of the slag
to form a protective shell, which prevents the further hydration reaction
and slows down the growth rate of compressive strength of mortar in the
later stage (Chen et al., 2019). When extra water is introduced, the water
absorption of SAP will be weakened in an alkaline, multi-ion, and high
concentration environment, which is not enough to absorb all too much
water. Thus, residual water would increase the porosity and the
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hardening time of the matrix (see Table 3), which is not conducive to the
development of compressive strength of AAS mortar.

3.2. Linear autogenous shrinkage

Fig. 7 presents the effect of SAP dosage and additional water content
on self-shrinkage curves of AAS paste at different times. The phenome-
non of autogenous shrinkage is a characteristic of this type of material;
such shrinkage is emphasized by the increase in surface tension due to
the hydration reaction (Jensen and Hansen, 2001). With the increase of
SAP content, the autogenous shrinkage value of AAS pastes decreased
significantly. The contraction value of SO in the control group increased
rapidly after final setting time, reaching about 3990.59 pm/m on the 1st
day and 7476.34 pm/m on the 35th day, while that of S0.3WO0 was only
1480.32 pm/m on the 1st day and 2707.82 pm/m on the 35th day. SAP
as an internal curing agent can balance the internal relative humidity of
the system through the water absorption-release mechanism; this
mechanism compensates for moisture and thus reduces the moisture
difference between different portions of the element caused by water
loss. All this leads to the reduction of concrete shrinkage and a conse-
quent improvement in concrete durability (Sun et al., 2020; Zhong et al.,
2019). When additional water was introduced, the decrease in the
autogenous shrinkage value of AAS paste becomes more significant, and
the autogenous shrinkage value of S0.2W25 at 35 days was reduced by
30.95 % compared with that of S0.2WO0. Notwithstanding, if too much
free water was introduced, the compressive strength would be greatly
reduced (Fig. 6). However, regardless of the amount of SAP and addi-
tional water, shrinkage cannot be completely removed, which is also
consistent with the research results of Snoeck et al. (Yang et al., 2021;
Snoeck et al., 2015). With the amount of SAP and water increases, the
reduction in shrinkage is accompanied by an increase in the compressive
strength and impermeability of the AAS mortar (see Figs. 6 and 10).

In the early stage, SAP did not play an internal curing role due to the
high internal humidity of the mixture. With the intense hydration re-
action, the relative volume between the generated hydration products
and the original reactants decreases, and the internal water is consumed
to produce chemical shrinkage. As is well known, the hydration reaction
releases heat: these temperature changes cause part of the water loss.
Under the action of humidity difference, the internal moisture begins to
migrate from high humidity area to low humidity area, resulting in
autogenous shrinkage and drying shrinkage, which further aggravates
the early shrinkage. The internal moisture therefore decreases and the

Fig. 7. Autogenous shrinkage of AAS pastes at various SAP dosage and extra
water content.



P. Shi et al.

SAP begins to release water under the negative pressure of the capillary
pores, humidifying the dry capillary pores of the AAS paste, reducing
capillary stress and, consequently, autogenous shrinkage of the pastes
(Liu et al., 2017). Furthermore, increasing the dosage of SAP may give
rise to a positive effect of internal curing on a larger volume of the
sample, resulting in enhancement of the beneficial effect of shrinkage
reduction previously explained. In addition, the presence of SAP can
lead to better crack sealing capacity in concrete elements, where cracks
could occur as a consequence of loads or environmental actions. As
shown in (Snoeck et al., 2016), in fact, the high relative humidity and
the incorporation of SAP contribute positively to the healing ability. By
increasing the SAP dissolving rate and particle size, the efficacy of
healing can be improved, as healing products consist mainly of calcium
carbonate and less of calcium hydroxide (Lee et al., 2010).

3.3. Frost resistance

For some cold regions, it is extremely important that AAS mortars
have good frost resistance. Fig. 8 depicts the surface morphological
features of AAS mortar at 200 freezing and thawing cycles. Fig. 9 shows
the effect of SAP dosage and additional water diversion on strength loss
rate and mass loss rate of AAS mortar under different freeze-thaw cycles.
With the increase of freeze-thaw cycles, the strength loss rate and mass
loss rate of AAS mortar increase in turn, but as the dosage of SAP in-
creases, the frost resistance of the mortar gradually improves. It is clear
and easy to observe that as the number of freezes and thaws increases,
the AAS mortar cracks and the surface paste begins to flake off, exposing
the fresh matrix inside. The freeze damage seems to have less influence
on the AAS mortar containing SAP, as shown in Fig. 8. However, the
introduction of additional water can lead to increased surface damage
due to increased capillary pressure and freezing expansion forces. In
fact, the strength and mass-loss rates of S0.3WO0 were reduced by 66.00%
and 59.67%, respectively, compared with the reference group. The
presence of SAP, as mentioned above, improves hydration, with the
additional effect of reducing the spacing factor, which is correlated with
improved frost resistance of the material (Filho et al., 2021). Besides,
SAP, as an excellent “small-scale reservoir” of water migration, expands
after absorbing water to form a gel, which can effectively alleviate the
hydrostatic pressure and osmotic pressure caused by freeze-thaw
changes. Due to freeze-thaw cycles, during freezing, the hydrostatic
pressure of the unfrozen water that is generated can result in damage to
the concrete; in this case, the SAP can absorb a large amount of water to
form a gel, consequently reducing the pressure on the matrix. In addi-
tion, the formation of this gel could block, during the thawing phase, the
entry of water to any cracks that have already occurred, improving the
material’s resistance to subsequent frost cycles. Lastly, after releasing
water, SAP leaves a closed hole (as shown further below in Fig. 13),
which provides a certain space for volume expansion, leading to the
improvement of the frost resistance of AAS mortar (Ma et al., 2020;
Winnefeld et al., 2020). However, the more extra water is introduced,
the worse the frost resistance effect of AAS mortar, and as freeze-thaw
cycles increase, the greater the reduction in strength and mass. Exces-
sive introduction of internal curing water will increase the actual
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water-to-binder ratio and the amount of frozen water, which will
enhance the average pore size of the internal void of the pastes. The frost
resistance of concrete will be significantly reduced by the increase of
micropores and macropores containing frozen water.

3.4. Water impermeability

The water impermeability results of the AAS mortar are shown in
Fig. 10. It can be seen that S0.2WO has the best water impermeability,
increased by 60% compared to SO. In addition, the impermeability of
AAS mortar decreases with the increase of additional water. Since SAP,
as a superabsorbent material, has a strong water absorption and mois-
ture retention capacity, it modifies the pore structure distributions of the
matrix to make it more impermeable (Yang et al., 2022c). Because of the
properties of SAP, there is an expansion of its volume due to water ab-
sorption during the early stages of hydration. This results in a lower
amount of available free water and, in other words, a reduced effective
water-to-binder ratio. Then, the SAP begins to gradually decrease in
volume with the release of water during the drying process of the ma-
terial, resulting in spherical holes in the AAS matrix. When the SAP
content is less than the optimum, the inner pores are filled by the
expanded SAP, this hinders water penetration into the specimen,
improving the impermeability of the AAS mortar. However, once the
dosages of SAP and extra water are too large (e.g., S0.3W15), the
number of macropores introduced increases correspondingly. As already
discussed and shown in Fig. 5, the associated compressive strength of the
specimens decreases. This increase in matrix porosity also causes the
presence of many interconnected pores in the specimen. Therefore,
when water enters the specimen under pressure, these pores accelerate
the passage of free water to some extent, which drops the imperme-
ability of AAS mortar. So, the optimal dosage of SAP (0.2% with respect
to BFS weight) and additional water diversion need to be considered for
the impermeability of AAS mortar.

3.5. Hydration heat

Fig. 11 shows the effect of SAP dosage and additional water on the
heat flow and accumulative heat of AAS pastes. The curves of heat flow
of all mixtures exhibit two peaks. The first peak is generally produced by
the wetting and the dissolution of the precursors (Sakulich and Bentz,
2013). Then after about 2~3 h of dormancy there is the second main
peak, that is predominantly due to the formation of other phases, such as
the aluminosilicate gel (Fang et al., 2018). It can be seen from Fig. 11(a)
that the second peak heat flux generated by SO is the largest, which is
about 5.99 mW/g. When the SAP content without additional water in-
creases from 0.1% to 0.3%, the peak heat flux also decreases from 5.63
mW/g to 5.14 mW/g. It indicates that the incorporation of SAP hinders
the early chemical reaction of AAS pastes. In addition, the curve reaction
peak gradually shifted to the right, indicating that the absorption
characteristics of SAP may lead to the deceleration of the initial alkali
reaction (Tu et al., 2018). This is consistent with the results of Yang et al.
(2022a). Moreover, the gradual release of the activator from SAP can
dilute the concentrations of Ca* and AI** in the original pore solution,

Fig. 8. Surface condition of AAS mortar under 200 freeze-thaw cycles at a 50x magnification. (a) SO, (b) S0.2WO0, (c) S0.2W15.
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Fig. 9. Strength loss rate (a) and mass loss rate (b) of AAS mortar under different freeze-thaw cycles.

Fig. 10. Water impermeability of AAS mortar at various SAP dosage and
additional water content.

thereby delaying the time when these ions reach the critical concen-
tration (Almeida and Klemm, 2018). Nevertheless, the stored liquid in
SAP will finally release and incorporate into the reaction, so as to

improve the further degree hydration of the paste over the long-term.
This view is congruent with the increased compressive strength of
AAS mortar containing SAP, as shown in Fig. 6.

Once extra water is introduced, the corresponding peak decreases
significantly. The addition of water dilutes the alkaline activator,
reducing the peak hydration rate of slag. These initial hydration prod-
ucts may precipitate on the surface of slag to form a protective layer,
which may prevent further hydration of slag. Mo et al. (2017) reported
that excluding water, in the first few hours after SAP mixing, some alkali
ions may also be absorbed by SAP, reducing the concentration of alkali
solution and delaying the main peak. This also justifies the setting time
results of each AAS pastes sample in section 3.1. As is shown in Fig. 11
(b), the SAP-incorporated mixtures accumulated more heat, i.e., a
higher reaction degree, than the control group SO. As the
water-to-binder ratio increases, the cumulative heat increases in turn; in
particular, for S0.2W25, the cumulative heat still has an increasing trend
even after 168 h of testing.

3.6. Thermal analysis

The incorporation of SAP facilitates strength development because it
is more favorable for hydration products formation and pore structure
distribution. Therefore, in order to better analyze the effect of SAP as
well as additional water on the hydration products of AAS mortar, the
amount of phase generation was characterized directionally by TG-DTG
curves. Meanwhile, TG and XRD results can complement each other.

Fig. 11. Heat flow (a) and cumulative heat (b) of AAS pastes as a function of time.
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Fig. 12 shows the TG/DTG curves of AAS pastes at different SAP dosage
and additional water content at 28 days. The TG-DTG curves of all
mixtures reveal the same characteristic trend, as shown in Fig. 12(a) and
(b). The first peak occurs at a temperature generally lower than 250 °C
and is mainly due to the evaporation of physical and chemical bonding
water in the C-A-S-H and N-A-S-H gel structures (less 110 °C) and the
loss of weak bonding water adsorbed by hydration products such as the
ettringite (100-150 °C), hemicarbonate (150-180 °C), and AFm phases
(180-200 °C) (Duxson et al., 2007). Overall, the mass loss occurs at
100-200 °C thanks to the collective effect of C-(A)-S-H and ettringite
(Rivera et al., 2016). It is worth mentioning that ettringite (CagAla(-
S04)3(0H)12:26H0) is difficult to recognize by XRD method because it
is not sensitive to trace phases, in contrast to the thermal analysis (Frost
et al., 2003). The increase in the mass loss rate of the mixture was
attributed to the promotion of the hydration products by SAP, regardless
of with or without extra water. A second stage occurs at 400-600 °C, the
calcium-rich C-A-S-H phase dehydrogenation and hydrotalcite dehy-
dration are the main factors causing this phenomenon (Duan et al.,
2017; Wongkeo et al., 2013). It is obvious from Fig. 12(a) and (b) that
the total weight loss of pastes increases with the amount of SAP and
additional water. Specifically, the mass loss within 250 °C increased
progressively with adding SAP dosage, where the mixtures at each of the
highest dosages (S0.3W0 and S0.2W25) increased by 16.46% and
18.66%, respectively, compared to the control group. It means a cor-
responding variation in the microstructure and reaction products of the
AAS mortar. This happens because, the internal humidity of the matrix
gradually declines with the hydration process, at this time SAP as an
internal curing agent, under the negative pressure of capillary pores and
the difference of internal and external humidity gradient begins to
release water to maintain the humidity balance, while the water on the
way of migration will react with the slag to promote the secondary
hydration of the slag and thereby generating more hydration products
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Fig. 13. XRD patterns of the AAS pastes.

like C-(A)-S-H gel phase (Yang et al., 2022b, 2022c). Although addi-
tional water works as well, it is not as directly effective as an internal
curing agent. Between 400 and 600 temperatures, the mass loss of AAS
mortar firstly decreases and then increases with the SAP content, as
shown in Fig. 12(c) and (d). However, the addition of extra water
resulted in an increase and then a decrease in mass loss over this tem-
perature range (S0.2W0—S0.2W15—S0.2W25). This phenomenon sug-
gests that whether it is SAP or extra water, their addition promotes the
formation of gelling and favors the performance of the AAS mortar

Fig. 12. TG-DTG curves and weight loss rate at different temperature regions of AAS pastes. (a) TG curves, (b) DTG curves, (c) weight loss rate at various SAP dosage,

(d) weight loss rate at various extra water content.
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(Powers and Brownyard, 2003). Nevertheless, it is necessary to ensure
proper content. From the above, the following key findings emerge: (1)
the introduction of SAP can actually promote the hydration reaction and
increase the generation of extra hydration products, e.g., C-A-S-H gel
phase; (2) the introduction of additional water supports the improve-
ment of the hydration process. In a third step, Calcite (CaCO3) is dec-
arbonized at 700 °C-850 °C to form calcium oxide (CaO) and carbon
dioxide (CO3) (Long et al., 2021). As illustrated in Fig. 12(c) and (d),
whether it was SAP or additional water, their introduction reduced the
mass loss at this stage. Furthermore, with the SAP dosage and extra
water content increase, the weight loss decreases, which suggests that
the SAP and additional water facilitate the formation of C-A-S-H phases
compared to the calcite phase (CaCO3).

3.7. XRD analysis

The XRD patterns of AAS pastes at different SAP dosages and addi-
tional water content are shown in Fig. 13. A wide peak appears at about
20 = 29°-31°, representing the small-range order of
Ca0-Al;03-MgO-SiO;, crystal structure in the slag (Richardson et al.,
1994). The peak of quartz and calcite of the pastes are weakened
compared to the raw material slag, as shown in Fig. 13. It appears that
SAP strongly facilitates the rate of hydration and hydrotalcite formation.
The C-S-H is foil-like when it is 100% slag (alkali-activated). Despite the
added extra water resulting in a higher degree of hydration as well as the
generation of more hydration products, free water is easily dissipated by
evaporation when hardened in the natural environment. SAP, however,
continuously releases the previously absorbed water to ensure the dy-
namic balance of humidity over time, and their presence is less affected
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by external factors. Furthermore, a new peak appears at 20 = 11.5° and
23.4° et., indicating that there are other hydration products such as
Mg-Al hydrotalcite with interlamellar crystal. Because of the amor-
phous phase of calcium silicate hydrate (C-S-H), it presents a diffuse
diffraction peak in the XRD pattern. A gel phase with insufficient crys-
tallinity, as C-S-H (1), is also observed at 29.4°, 31.8° and 49.5° et.,
which is likely to occur in alkali-activated slag pastes (Zhang et al.,
2015). With the increase of SAP content and water amount, the peak
values of hydration products are slightly different. This is due to the
introduction of SAP, which releases free water; the latter reacts with
anhydrate slag, enhancing the hydration of the cementitious material
and increasing the degree of hydration. In any case, the overall XRD
pattern shows a very similar phase composition.

3.8. SEM analysis

Fig. 14 shows the SEM images of 28-days cured AAS mortars. Except
for the pores introduced by SAP, there are very few large capillary pores.
Overall, the SEM image of the S0.2W0 matrix is flatter and denser
compared to the reference group. And the introduction of additional
water will bring more pores to affect the development of strength.
Especially when both SAP and water (e.g., S0.3W15) are in excess, it can
cause a sharp decrease in compressive strength of AAS mortar due to the
formation of larger pores, as shown in Fig. 14(d). The microcracks on the
surface of the matrix might be due to the curing shrinkage of the sample
(Puertas et al., 2004). SAP is subjected to volume reduction after the
release of water, but it may not recover its original shape. At last, it
becomes like a gel layer that covers the pore wall, leaving closed round
pores or irregular pores with a diameter of about 50-200 pm, as clearly

Fig. 14. The SEM images of AAS mortar. (a) SO, (b) S0.2WO0, (c) S0.2W15, (d) S0.3W15.
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shown in Fig. 14(b) ~ (d). Pore size is not only related to the particle size
of SAP, but also to their ability to absorb water in different solutions.
These harmful holes can impact the load bearing capacity of the
structure.

3.9. Pore analysis

Fig. 15 shows the pore diameter and cumulative pore volume curves
of AAS mortar after 28 days of curing at different SAP dosage and extra
water content. It is not difficult to find that the introduction of SAP
improves the percentage of gel pores in alkali slag mortar inside 0.01
pm. The greater the presence of these pores, the higher the degree of
hydration. In addition, the presence of SAP, compared with reference
samples, results in more micropores characterized by dimensions
smaller than 0.1 pm and characterized by diameters between 0.1 and 1
pm. This further demonstrates that internal curing can result in a denser
gel, which explains why the presence of SAP gives rise to increases in
mortar strength (see Fig. 6). It is well known that porosity is one of the
essential factors contributing to the differences in the properties (e.g.,
mechanical properties) of AAS mortars. The appropriate amount of SAP
addition refines the pore distribution, because of more fine capillary
pores or even gel pores, the structure of AAS mortar will get better
densification and have stronger bearing capacity. However, as
mentioned above, an excessive amount of SAP once the water is released
results in the presence of macro voids. Since SAP expands tens or hun-
dreds of times in volume after absorbing water, compressing the sur-
rounding pastes, their volume contraction after subsequent water
release leaves large foot-diameter holes in the matrix (see Fig. 14). The
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presence of these voids drops the performance of the AAS mortar. In fact,
after 10 pm, the curves related to the specimens with the largest
amounts of SAP begin to rise gradually. This indicates that the SAP, in
these cases, leads to the occurrence of a greater presence of macropores,
like the ones identified in Fig. 13. Therefore, when the negative effect of
introducing macropores is greater than the positive effect of promoting
hydration, it will be directly reflected in the decrease of strength.

According to MIP data, the addition of SAP reduces the total porosity
of alkali activated mortar products and changes the pore structure. The
hydration process is improved and the pores of AAS are reduced by the
filling action of hydration products and the nucleation effect of SAP
particles. This is the cause of the increase in strength that occurs after
adding an appropriate dose of SAP.

As expected, the overall porosity of each group increased signifi-
cantly with increasing water, especially in the case of additional water
with a mass ratio of 15 times and 0.3% SAP content. Although the
introduction of water can promote the hydration of slag, when SAP is
excessive, the number of internal macropores increases. In addition,
excessive water release and free water increase the total porosity,
resulting in many interconnected pores. Hence, when water enters the
specimen under pressure, the presence of these interconnected macro-
pores accelerates the passage of free water (Haha et al., 2011), thus
reducing the impermeability of AAS mortar, as experimentally found in
this study.

Collins (Collins and Sanjayan, 1999) concluded that the shrinkage
pore size is mainly distributed between 0.002 pm and 0.05 pm. Although
the addition of SAP increases the number of small pores and gels,
resulting in an increase in total porosity, the release of water by the SAP

Fig. 15. MIP results of all mixtures at 28 days. (a) and (c): pore size diameter at various SAP dosage, (b) and (d): cumulative pore volume at different additional

water content.
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allows it to balance the loss of water due to hydration processes and
external drying; in addition, this change in microstructure, as seen, gives
rise to a significant increase in resistance to freeze-thaw cycles and also
gives beneficial effects in terms of reducing autogenous shrinkage
(Fig. 6).

4. Conclusions

This study highlighted the feasibility and beneficial effects of using
SAP as an internal curing agent in the production of alkali slag mortar.
The effects of SAP dosage and additional water content on setting time,
strength, shrinkage, frost resistance, and impermeability of AAS were
studied. The following conclusions are obtained based on this study:

1. SAP showed a strong liquid absorption ability at pH = 7. However,
the presence of multi-ions in alkali solution such as Ca®*, AI®* with
the increase of the pH value of the solution enhanced the cross-
linking of SAP molecular chains, destroyed the electronic barrier
effect, and reduced the liquid absorption ability of SAP.

2. Compared with SO, the setting times and the time of the peak hy-
dration heat of AAS mortar increased progressively with increasing
SAP dosage and additional water content. In addition, due to the
improved degree of hydration, the cumulative heat release in the
cases of the higher dosages of SAP and additional water contents was
higher than that of reference sample.

3. The addition of SAP improved the impermeability and frost resis-
tance of AAS mortar; its use is therefore particularly suitable in harsh
climates for improving frost resistance, due to its effect of reducing
hydrostatic pressure within the system matrix. However, the addi-
tion of an excessive amount of additional water caused the porosity
and number of pores with larger diameters to increase, resulting in a
reduction in the durability of the material.

4. An appropriate amount of SAP and water can improve the
compressive strength of the AAS mortar. In fact, increases in
compressive strength of about 15.6% over the reference samples at
28 days were recorded in the best cases. However, an excessive
amount of SAP and water resulted in the opposite effect, with the
presence of many macropores in the size range of 50-100 ym in the
material, and consequent reduction in strength.

5. The autogenous shrinkage of AAS pastes was significantly reduced by
the internal curing of SAP. Although the reduction effect was greater
the higher the SAP dosage and water content, the autogenous
shrinkage of AAS could not be completely eliminated.
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