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Abstract

Alkali activated slag (AAS) has shown promising potential to replace ordinary Portland
cement as a binder material. Synthesized from industrial by-products, AAS can show high
strength, thermal resistance and good durability. However, AAS has been reported to exhibit
high autogenous shrinkage. Autogenous shrinkage is a critical issue for building materials
since it can induce micro- or macro-cracking when the materials are under restrained
conditions. Hence, this work aims at mitigating the autogenous shrinkage of AAS by means
of internal curing. The influences of internal curing on microstructure formation and
autogenous shrinkage are investigated. The results show that internal curing provided by
superabsorbent polymers is a promising way to reduce the autogenous shrinkage of AAS.
Keywords: Internal curing, autogenous shrinkage, alkali-activated materials, slag,
superabsorbent polymers (SAP)

1. INTRODUCTION

Alkali-activated slag (AAS) has emerged as an eco-friendly alternative to ordinary
Portland cement (OPC) as a binder material. Compared with cement production, the
production of AAS entails around 25-50% lower CO> emissions and more than 40% lower
embodied energy [1,2]. AAS is typically prepared by mixing alkali solution with ground
granulated blast-furnace slag (GGBFS), a by-product of the iron ore smelting industry [3].
When used as a binder material, AAS shows high strength, good chemical resistance and fire
resistance [4—6]. However, several drawbacks of NaOH/Na,SiO3 activated slag, such as the
fast setting and the large autogenous shrinkage, limit a wide application of this material in
engineering practice. It has been reported in the literature that mixtures based on AAS can
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exhibit several times higher autogenous shrinkage than mixtures based on OPC [7]. The high
autogenous shrinkage of AAS can increase the risk of early-age cracking of the concrete [8].

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 pastes [9-14]. In AAS systems, the pore pressure resulting from self-
desiccation is also an important driving force of autogenous shrinkage according to Collins
and Sanjayan [15] and Ye and Radlinska [16]. Therefore, SAP should have potential in
reducing the autogenous shrinkage of AAS. Despite this potential and the preliminary results
reported in [17-20], studies in this field are still limited.

This study aims at exploring the effectiveness of internal curing by SAP in mitigating the
autogenous shrinkage of NaOH/Na,SiO3 activated slag. The autogenous shrinkage of the
plain and internally cured pastes were measured. X-ray computed tomography (CT) scan and
scanning electron microscope (SEM) were utilized to observe the liquid desorption from the
SAP and microstructure of the SAP-containing mixtures, respectively.

2. MATERIALS AND METHODS

2.1 Materials

The precursor used in this study was ground granulated blast-furnace slag (hereinafter
termed slag) supplied by Ecocem Benelux. The chemical composition determined by X-ray
fluorescence (XRF) is given in Table 1. The loss of ignition of the slag was determined
according to ASTM D7348-08. The density of the slag is 2.89 g/cm3. The particle size range,
determined by laser diffraction, was 0.1-50 pm, with a dso of 18.3 pum.

Table 1: Chemical compositions of slag

Oxide | Si02 | ALOs3 | CaO | MgO | Fe;O3 | TiO2 | SO3 K;O | MnO | Other

Slag | 31.77 | 13.25 |40.50 | 9.27 |0.52 |0.97 149 1034 [0.36 1.52

The alkaline activator was prepared by mixing anhydrous pellets of sodium hydroxide,
deionized water and commercial sodium silicate solution (27.5 wt.% SiO2, 8.25 wt.% Na2O).
The solution was then allowed to cool for 24 h before mixing with the precursor and dry SAP.
The concentrations of Na2O and SiO: in the activator were 9.5 wt.% (corresponding to 3.8 M)
and 13.8 wt.%, respectively.

Solution-polymerized SAP of irregular particle shape and particle sizes of up to about 200
pum in the dry state were used.

2.2 Mixtures

The basic liquid/binder ratio (I/b) of the plain AAS paste is 0.5 (the control mixture). The
absorption capacity of the SAP in the activator is 20g/g. The basic dosage of the SAP is
0.26%. The total 1/b of AAS paste with SAP is therefore 0.552. Higher amounts of SAP (0.5%
and 1%) and correspondingly higher amounts of internal curing activator are also applied (we
assume that the SAP absorb the same amount, 20 g/g, of activator in mixtures with higher
1/b). For each total 1/b, a mixture without SAP is also set as reference. All mixtures
compositions are shown in Table 2.

886



4th International RILEM conference on Microstructure Related Durability of Cementitious Composites (Microdurability2020)

Table 2: Mixture compositions of AAS pastes with and without SAP (by mass

proportion)

Mixture AASO0.5 | AAS0.55 | AAS0.55 | AAS0.6 | AAS0.6S | AASO0.7 | AASO0.7S
2 2SAP AP AP

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

2.3 Measurement of initial and final set

The time of initial and final set was measured by an automatic Vicat setup with a
measurement interval of 5 min. The samples were covered with a plastic film during the
measurement in order to limit the evaporation from the surface [12].

2.4 Linear autogenous shrinkage

The linear autogenous shrinkage of the pastes was measured by the corrugated tube
method [21], in which three sealed corrugated tubes about 425 mm long and @ 28.5 mm were
used for each mixture. After mixing, the fresh paste was carefully cast into the corrugated
tubes and sealed by plugs. The length changes were automatically measured on three
specimens in parallel placed on a stainless-steel bench (immersed in a temperature-controlled
silicone-oil bath) by linear variable differential transformers (LVDTs) until 7 days. A detailed
description of the method can be found in [22]. The strains are referenced to the length of the
sample at the time of final set determined by Vicat needle on the corresponding paste in
parallel tests, where the samples were protected from evaporation by means of a plastic film.
The automatic measurements show a low scatter for triplicate samples, with the relative
standard error in the range of 1-2% after the final set of the materials.

2.5 X-ray microcomputed tomography

To study the absorption and desorption behavior of SAP in AAS paste, the mixture
AASO0.552SAP was scanned using CT scan through a Phoenix Nanotom CT scanner. The
paste was first cast into a small plastic container with a diameter of 4 mm and a 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 at the age of 1
hour, 8 hours, 1 day and 7 days, respectively. The duration of each scan was one hour. The
spatial resolution was 5 pm. 3D Reconstruction was carried out with VG Studio Max.

2.6 SEM analysis

The fracture surface of internally cured paste and the voids left by the SAP were observed
using SEM. The paste AAS0.552SAP was cast into a PVC cylinder bottle with a diameter of
24 mm and a height of 50 mm. At the age of 7 days, the sample was taken out from the bottle
and crushed into pieces with a size of around 1 cm?®. These pieces were then immersed in
isopropanol for a week to stop the reaction. During that period, the isopropanol was replaced
every two days. Afterwards, the samples were put into a moderate vacuum as obtained by an
aspirator pump until a constant weight (<0.1%) was obtained. After carbon coating, the

887



4th International RILEM conference on Microstructure Related Durability of Cementitious Composites (Microdurability2020)

samples were imaged with an environmental scanning electron microscope (Philips- XL30-
ESEM) in secondary electron mode in high vacuum.

3. RESULTS AND DISCUSSION

3.1 Setting time

The times of initial and final set are shown in Table 3. The initial and final set occur later
for pastes with higher I/b without SAP. However, for pastes with SAP, the time of initial set is
similar to that of the control mixture AAS0.5, which is likely due to the similar basic I/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 I/b.

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

Mixture AASO0.5 | AASO.5 | AASO.5 | AAS0.6 | AAS0.6 | AASO0.7 | AASO.7
52 52SAP SAP SAP

Initial set (min) | 25 36 24 40 25 55 35

Final set (min) | 35 51 39 65 56 80 70

3.2 Autogenous shrinkage

Figure 1 shows the linear autogenous shrinkage of the plain and internally cured AAS
pastes in the first week of reaction. It can be seen that the shrinkage of the control mixture
AASO0.5 develops rapidly after setting, reaching 3630 um/m at 1 day and around 6600 pm/m
at 7 days. Increasing the liquid content without adding SAP reduces the autogenous shrinkage
slightly. By adding 0.26 wt. % SAP, the autogenous shrinkage is dramatically reduced.
Increasing the SAP dosage (together with the corresponding absorbed liquid amount) to 0.5%
or 1% does not lead to any significant change in the measured shrinkage.
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Figure 1: Autogenous shrinkage of AAS pastes with different I/b and different amounts
of SAP. Each curve shows the average result of three samples.
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3.3 X-ray micro-computed tomography analysis

The evolution of a horizontal cross-section of AAS0.552SAP obtained from the CT scan is
shown in Figure 2. Based on the grey levels, several phases can be distinguished within the
paste, 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.

Figure 2: A representative cross-section of AAS0.552SAP paste obtained by X-ray
microtomography at the curing age of (a) 1 hour, (b) 8 hours, (c) 1 day and (d) 7 days.

Figure 2 (a) shows the randomly distributed swollen SAP particles in the paste, indicating
a successful absorption of liquid by SAP. The size of SAP in the paste can reach more than
0.5 mm. At the age of 8 h (Figure 2 (b)), air voids have already formed within the voids
originally occupied by the swollen SAP, indicating the liquid release from SAP to the
surrounding paste, i.e. internal curing. At the age of 1 day, the area of newly formed voids
increases, indicating more liquid is released from the SAP. At the age of 7 days, most of the
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SAP particles located at the chosen cross-section have been emptied, but some of them still
have liquid stored inside, which could be distinguished by the dark grey colour of these SAP-
originated voids. This part of liquid can be useful to compensate the self-desiccation
occurring after 7 days. At the given resolution, no reaction products forming inside the SAP
voids could be identified.

Figure 3 (a) and 3 (b) show two representative SEM images of the microstructure of
AASO0.552SAP paste cured for 7 days. Figure 3 (c¢) shows a representative interface between
SAP and the surrounding paste. From the images, the dry SAP and the surrounding paste can
be clearly distinguished based on their surface features: SAP have a locally porous
microstructure while the paste is dense and homogenous. The SAP particle shown in Figure 3
(a) has a big void inside, with a smooth curved surface, which is consistent with the CT scan
observations in Figure 2. Figure 3 (b) shows a void that is filled with SAP. This can be due to
either that the liquid inside the SAP particle has not been consumed yet at the moment of
hydration stoppage or that the liquid has been consumed but the dry SAP particle left
agglomerates into the void shown in Figure 3 (b). In both Figure 3 (a) and (b), a rim of paste
can be observed surrounding the SAP particle, with a relatively smoother surface and fewer
unreacted slag particles embedded. This could be due to the liquid released from the SAP
particle resulting in a local increase of 1/b in the rim.
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Figure 3: SEM images of the SAP-originated voids in paste AAS0.552SAP cured for 7
days. (a) and (b) shows a void that is partly and fully filled by dry SAP, respectively. (c)
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shows an interface between SAP and surrounding paste. 1 indicates the paste, 2

indicates the dry SAP and 3 indicates the SAP-originated voids

4. CONCLUSOINS

Based on the results and discussion, the following conclusions can be drawn:

Internal curing by SAP delays the times of initial and final set.

Internal curing by SAP can largely mitigate the autogenous shrinkage of
NaOH/Na;SiO3 activated slag. This is beneficial for tackling the problem of large
autogenous shrinkage of AAS in practical applications. Larger amounts of SAP than
0.26 wt.% do not bring further mitigation of autogenous shrinkage of the AAS paste
studied.

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 SAP for mixture AAS0.552SAP, indicating a further internal curing
potential for later reactions.
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