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Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft, The Netherlands

Abstract. Alkali-activated material (AAM) is developed as a green alternative
binder to replace Portland cement (PC) in the construction field. However, the
large-scale application with AAM concrete is limited so far, with the insufficient
knowledge of rheological behavior being a major obstruct.

Thixotropy of concrete is of great interest, which can be helpful to predict
various early-age performances. The current study dedicates to evaluating the
thixotropy of alkali-activated slag (AAS) concrete mixtures with different silicate
and water content in activator solutions. In specific, the silicate modulus (Ms)
and water to binder (w/b) ratio have been varied. The thixotropic index calculated
by the initial and equilibrium shear stress from the stress growth test, as well
as the breakdown area obtained by applying different shear speeds were used
to evaluate the thixotropy of AAM concrete. Results indicate a good correlation
between different approaches. It was found that an increase in Ms led to more
pronounced thixotropic behaviors in AAS concrete due to the rapid nucleation
and accumulation of early hydration products, resulting in significant increases
in peak torque values and slight reductions of torque at equilibrium. Besides, the
concrete thixotropy gradually declined by applying a higher w/b ratio.

Keywords: Alkali-activated slag - Activators - Concrete - Rheology - Thixotropy

1 Introduction

As a green alternative binding material to replace Portland cement (PC) in concrete con-
structions, alkali-activated materials (AAMs) have been extensively studied in recent
years [1-3]. The application of AAMs not only reduces the greenhouse gases emission
induced by PC clinker [4-7], but they could also provide promising mechanical proper-
ties [8—10] and even better chemical/fire resistance [10, 11] compared to PC materials.
Despite the advantages, the underlying mechanism of rheology evolution in AAMs has
been much less revealed in the literature and is not yet well understood. Rapid slump
loss, high viscosity, and uncontrolled setting process have been frequently reported,
especially in some alkali-activated slag (AAS) mixtures with a high dosage of silicate
[12—14].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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In recent years, the thixotropic behavior of fresh cementitious materials has attracted
more attention with the development of advanced concrete technologies [15-17]. Con-
crete thixotropy is of great importance, which is closely correlated to the early stiffening
process upon extrusion or casting. The structural build-up of cement mixtures is ascribed
to the colloidal flocculation between solid particles and the nucleation of reaction prod-
ucts at contact points [18]. Depending on the intensity of shear energy applied, the
structuration could be partially recovered due to the breaking of interparticle linkages,
whereas the dispersed particles are reconnected to each other through freshly formed
hydration products as the reaction progress [ 15]. On the other hand, the local interparticle
connections are continuously reinforced due to the accumulation of reaction products.
Irreversible structuration could be developed in the case of a long resting period, as the
mixing power becomes insufficient to break the rigid links between cement grains [15,
19].

Thixotropy has been widely investigated in PC materials. Starting from the origins,
effects of various mix design parameters, supplementary cementitious materials, and
admixtures have been well elaborated to interpret the thixotropic structural build-up
and breakdown in fresh concrete mixtures [15, 16]. Moreover, it has been revealed that
a proper understanding of the thixotropic behavior can be helpful to assess various
time-dependent performances of concrete, such as the static stability [20], variation of
the formwork pressure [21, 22], pumpability [23], interlayer quality during multilayer
casting operations [24], and the construction rate of 3D printing applications [25, 26].
In AAMs, however, the thixotropic behavior has been only briefly assessed in several
studies on pastes and mortars. Relevant research on the thixotropy of AAM concrete is
very limited to date.

Therefore, the main objective of the current study is to further explore the thixotropic
behavior of AAS concrete. The degree of thixotropy was assessed through different
approaches, including the thixotropic index calculated from rheological parameters, as
well as the breakdown area obtained with various shear speeds. Attempts have been
made to correlate the thixotropy determined with different approaches. Results obtained
may provide a better understanding of flow properties and thixotropic behavior, which
would contribute to future practical applications with AAS concrete.

2 Materials and Methods

2.1 Materials

The ground granulated blast furnace slag (BFS) used in this study was provided by
Ecocem Benelux B.V., with a density of 2890 kg/m?3. The particle size distribution
measured by laser diffraction is given in Fig. 1(a), (dso = 8.28 um). Morphology of
BFS particles was observed with a scanning electron microscope (SEM), as shown in
Fig. 1(b). BFS particles have an irregular shape with high angularity. Details of the
chemical composition of BFS determined by X-ray fluorescence (XRF) are listed in
Table 1.
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Fig. 1. Physical properties of BFS (a) Particle size distribution; (b) Morphology by SEM (5000
X magnification).

Table 1. Chemical composition of BFS measured by XRF (by mass %).

CaO SiO; | AlbO3 |MgO |SO3 |TiOp |KrO [ FepO3 |MnO | ZrO; | Other
40.90 |31.10 |13.70 [9.16 231 |1.26 |0.69 |0.40 0.31 [0.12 ]0.05

Sodium hydroxide and sodium silicate were applied as activators in this study.
Reagent-grade sodium hydroxide anhydrous pearls were provided by Brenntag N.V.,
and the sodium silicate solution (15% NayO, 30% SiO,, and 55% water) was provided
by PQ Corporation. River sand and gravel were used as fine and coarse aggregates to
prepare AAS concrete, respectively. Their specific gravities and water absorption are
presented in Table 2. Aggregates used in this study were air dried before mixing.

Table 2. Physical properties of aggregates.

Aggregate Sand 0—4 mm Coarse 2-8 mm Coarse 8—16 mm
Specific gravity 2.65 2.64 2.67
Water absorption (%) 0.33 0.65 0.55

2.2 Mixture Proportions

Mixture proportions of AAS concrete are illustrated in Table 3. In total 9 mixtures were
designed with a constant precursor content of 400 kg/m? to assess the effect of activator
solutions on the properties of AAS concrete. The sodium concentration of activators
(equivalent Nay O content by the mass of precursor) was kept constant at 4% [27], while
the w/b ratio ranged between 0.4 and 0.5 among AAS concretes to ensure adequate
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consistency. Meanwhile, Ms was varied from 0.25 to 0.75 in different mixtures since
higher values resulted in a very rapid setting in trial mixes. As presented in Table 3,
M1 was designed with the lowest Ms (0.25) and w/b ratio (0.4) among all mixtures as
the reference in this study. By modifying the composition of alkali activators, variations
per unit volume of AAS concrete were compensated with the aggregate content. The
aggregate packing of AAS concrete was designed to fall between A16 and B16 curves
indicated in DIN 1045-2. An estimation was made that each AAS concrete mixture
contains 1% air content [28]. Activator solutions were prepared by dissolving the alkaline
compounds in tap water 24 h before mixing.

Table 3. Mixture proportions of AAS concretes.

Mix | BFS Activator w/bP Aggregate (kg/m3) ¢
(kg/m?) Sodium | Sodium |Ms? | Extra 04 mm |2-8 mm | 8-16 mm
hydroxide | silicate water
(kg/m3) (kg/m3) (kg/m3)
M1 | 400 18.06 13.33 025 |162.29 04 |715 491 583
M2 | 400 18.06 13.33 183.50 1 0.45 |692 476 565
M3 | 400 18.06 13.33 204.70 |05 |670 460 547
M4 | 400 15.48 26.67 0.5 15633 04 |712 490 581
M5 | 400 15.48 26.67 177.70 |0.45 | 689 474 563
M6 | 400 15.48 26.67 199.08 | 0.5 |667 458 544
M7 | 400 12.90 40.00 1 0.75 15036 |04 709 488 579
M8 | 400 12.90 40.00 17191 1 0.45 | 686 472 560
M9 | 400 12.90 40.00 19345 0.5 | 664 456 542

4Defined as the molar ratio between SiO, and NayO in the activator

YDefined as water content in both aqueous activator and extra water added separately divided by
the sum of precursor and solid activators

®Designed to reach between A16 and B16 curves indicated in DIN 1045-2

2.3 Testing Program

AAS concrete was prepared in 20 L batches by following the same mixing protocol. The
solid components including BFS and aggregates were first dry-blended in a planetary
mixer for 2 min. Afterwards, the activator solution was added to the mixer (in 30 s)
and mixed for another 3 min to derive the fresh AAS concrete for subsequent tests.
Rheological tests were conducted using an ICAR Plus rheometer with the fresh AAS
concrete to determine the rheological parameters. As shown in Fig. 2, the rheometer
has a coaxial cylinder geometry fitted with a 4-blade vane, and ribs are attached to
the container wall to prevent slippage. In this study, due to the strong early reactivities
of AAS mixtures [29], the thixotropic build-up was evaluated on 5 min basis through
different approaches.
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Fig. 2. Geometry of the ICAR Plus rheometer.

In the first method, the thixotropic index of AAS concrete was calculated from the
peak and equilibrium shear stresses along the stress growth test with a constant rotational
speed of 0.025 rps for 60 s [30]. Fresh concrete was first remixed for 1 min and left at
rest for 5 min until the stress growth test. A typical profile is shown in Fig. 3, it can be
seen that the torque first reached a maximum value after the initial steep increase, which
indicates the majority of particle interactions were broken down, allowing the flow of
AAS concrete. After yielding, the torque progressively declined until an equilibrium
state, reflecting the energy required to maintain a steady flow. The peak shear stress
7p was determined from the maximum torque observed, whereas the equilibrium shear
stress T, was obtained through the average torque of the last 10 s. Torque values were
converted into shear stresses with Eq. (1) [31], and the thixotropic index was expressed
as [(to-te)/Te] [21].

2T 0
= —"—"—
3¢h 41

7D (5 +3)
where:
70 is the static yield stress in Pa,
T, is the maximum torque in Nm,
D is the diameter of the vane in m,
h is the height of the vane in m.

Moreover, the breakdown area with different rotational speeds was calculated to
assess the thixotropic behavior [32, 33]. AAS concrete was remixed for 1 min and rested
for another 5 min, followed by the shear step with a fixed rotational speed of 0.15 rps
for 30 s until an equilibrium state. Subsequently, the 5-min rest and shear procedures
were repeated with higher speeds of 0.3, 0.45, and 0.6 rps. At each speed, the initial peak
torque was recorded as T'o, whereas the average value of the last 10 s was determined as
the torque at equilibrium (7',). Accordingly, as shown in Fig. 4, the thixotropic behavior
of AAS concrete could be quantified by the breakdown area between the initial and
equilibrium torque curves.
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Fig. 3. Typical curve of the torque evolution obtained from a stress growth test (represented with
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Fig. 4. Typical calculation of the breakdown area (represented with M9) (a) Torque evolution as
a function of time at N = 0.6 rps; (b) Breakdown area between the initial and equilibrium torque
curves.

3 Results and Discussions

The thixotropic performance of AAS concrete was first assessed by the stress growth
test given a 5-min resting duration. As presented in Fig. 5, the degree of thixotropy was
reflected by the thixotropic index calculated by [(t¢-7.)/T.]. The maximum degree of
thixotropy was detected in M7 (Ms0.75, w/b = 0.4) among all AAS concretes, which
is about 3 times higher than that of M1 (Ms0.25, w/b = 0.4). It was found that the
thixotropic behavior of AAS concrete was significantly enhanced with an increase in
Ms. On the other hand, the water content showed a negative impact on the thixotropic
behavior of AAS concrete. Comparing to M7, the thixotropic index reduced by 68% and
89% for M8 and M9 with higher w/b ratios, respectively.

Besides, fresh AAS concrete was also tested with constant rotational speeds of 0.15,
0.3, 0.45, and 0.6 rps with the same 5-min rest period. As illustrated in Table 4, the
AAS concrete thixotropy was evaluated with the breakdown area between initial and
equilibrium torque values (79 and 7).
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Fig. 5. Thixotropic index of AAS concretes.

Table 4. Torque values and the breakdown area of AAS concretes.

To (Nm)a Te (Nm) b Breakdown
0.15tps | 0.31ps | 045rps 0.6rps |0.15 03rps 045 0.6mps A4,
Ips ps (J/m?”-s)

M1 | 12.63 1599 | 19.64 20.31 |6.04 |8.23 9.77 |10.28 | 1011.52
M2 | 3.59 4.36 5.45 6.50 232 |3.15 394 | 427 156.31
M3 | 141 1.86 2.04 2.08 10.64 |1.03 1.23 | 1.47 81.30
M4 20.23 20.58 | 21.44 2326 | 6.04 |7.80 893 | 9.76 |1368.45
M5 | 432 7.80 8.67 9.66 |1.76 231 297 | 3.27 547.68
M6 | 142 2.11 2.33 254 10.61 094 1.19 | 1.36 115.54
M7 |28.01 29.23 13092 31.75 535 |7.40 8.61 | 932 233198
M8 | 6.20 9.03 10.20 10.59 [1.33 2.03 249 | 2.89 734.46
M9 | 325 3.26 3.44 4.00 |0.60 |0.89 1.08 | 1.26 259.54

Initial torque values
quuilibrium torque values

The incorporation of higher silicate content in the activator improved the thixotropy
through a significant increase in 7y, accompanied with slight reductions of 7', in cor-
responding mixtures. Among all AAS concretes, the greatest 79 was detected in M7
(Ms0.75, w/b = 0.4) at 0.6 rps, which was much higher than that of M1 and M4 under
the same rotational speed. Itis indicated a stronger shear energy is required to break down
the interparticle interactions and initiate the flow. On the other hand, M7 exhibited lower
T, than M1 and M4, suggesting less shear energy is required to maintain a steady flow.
Similar results have been observed in other mixtures with higher w/b ratios. By contrast,
both Ty and T, significantly declined with an increase in the w/b ratio, leading to less
thixotropic behavior of AAS concrete. It can be inferred that the alkalinity of the pore
solution was reduced since the activator was diluted with the extra water content, which
slowed down the dissolution of slag particles. Meanwhile, porous microstructures with
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bigger interstitial voids were formed with a higher w/b ratio. In that case, more reaction
products are required to contribute to the interactions between slag particles, thereby
less thixotropic behavior was observed.

(a)
3000
2
=
= 2000
[+
g y=224.54x+253.61, R?=0.89
i=]
z
=3
= 1000
1
2
m
lo o
0
0 5 10 15

(TO-‘L'E)/‘[E

Fig. 6. Relationship between the AAS concrete thixotropic parameters.

Furthermore, relationships among results obtained through different approaches are
plotted in Fig. 6. Good correlations have been observed with an R? of about 0.9. It
is indicated that either approach might provide a reliable estimation of the degree of
thixotropy in AAS concrete.

In PC materials, it has been suggested that the thixotropy originates from the colloidal
flocculation and interparticle connections (through early hydration products bridges such
as C-S-H and ettringite) between cement particles [18, 33]. However, it was reported
that the silicate in the activator presents as interstitial gels to disperse the slag grains
in AAS [34], whereas silicate-activated AAMs exhibit negligible colloidal interactions
between precursor particles due to the strong viscous effect [14, 35]. From the initial
microstructural configuration point of view, it appears that the silicate content in the
activator plays a negative role in the thixotropic behavior of AAS concrete, which is in
contradiction to the result illustrated in Fig. 5.

Nevertheless, the thixotropic behavior in cementitious materials is also dependent on
the chemical reaction progress during the rest period. Considering the activation reaction,
previous studies have revealed the seeding effect of silicate species in the activator,
which may promote the nucleation of reaction products in the pore solution [36, 37].
Palacios et al. [29] further revealed the high early reactivity and rapid accumulation
of early reaction products in high-Ms AAS mixtures. As a consequence, the volume
fraction and surface area are significantly improved in the system, leading to increases
in the number of interparticle connections and the level of attractive forces between
solid particles [33]. It can be analogized to the effect of set-accelerating admixtures
in PC materials, where the thixotropic behavior is enhanced due to the formation of
numerous fine particles [32]. Accordingly, higher initial torque is required to break
down the flocculation between solid particles and initiate the flow of high-Ms AAS
concrete. On the other hand, the reduction of torque at equilibrium with the increase of
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Ms could be attributed to that flocculated structures and early reaction products formed
are progressively broken down into smaller particles, which might fill the interstitial
voids and provide additional lubricant around solid grains [33, 38]. Further, the extra
silicate content from the activator may disperse the slag particles, leading to a fluidizing
effect under dynamic flow conditions [34, 39]. Therefore, lower shear energy is required
to maintain the steady-state flow. Thereby, the thixotropic behavior of AAS concrete
became more explicit with an increase in Ms.

Apart from that, previous studies have reported that activators with a lower Ms
contain more monomers and dimers, whereas larger oligomers and polymeric species
become predominant with the increase of Ms [40, 41]. It is indicated that long-chain
polymer structures may contribute to stronger cohesiveness in the mixture at rest due to
entanglements and associations [32]. However, such effect is terminated once the flow is
initiated, since their spatial distributions become parallel to the flow direction. Thereby,
the thixotropy of AAS mixtures could be also correlated to the inherent property of
activator solutions.

Inaword, distinct structural build-up behaviors of AAS concretes have been observed
at early ages in this study by varying Ms in activators. The structuration is ascribed to
the flocculation and early onset of chemical reactions during the acceleration stage,
where the latter could hardly be broken down by remixing. AAS concrete with higher
Ms exhibited stronger thixotropic build-up, which can be partially recovered through
the remixing process. It is noticed that the thixotropic build-up in high-Ms mixtures was
developed at early ages before acceleration stage reactions, which is attributed to the
strong early reactivity [29]. High-Ms AAS concrete in turn may exhibit good workability
retention after eliminating the thixotropic behavior. Similarly, it has been proposed that
the fluidity of silicate-activated AAS mixtures could be maintained by extending the
mixing time [30, 42].

4 Conclusions

This research aims to provide an assessment on the thixotropic behavior of alkali-
activated slag (AAS) concretes by varying the silicate modulus (Ms) and water to binder
(w/b) ratios. Thixotropy of AAS concrete was assessed through different approaches,
including the thixotropic index calculated from the peak and equilibrium shear stresses in
stress growth test, as well as the breakdown area under different rotational speeds. Good
correlations were found between different methods, thus the AAS concrete thixotropy
could be evaluated by either approach. It was found that the increase in Ms resulted
in more pronounced thixotropic behavior of AAS concrete, accompanied with signif-
icant increases in peak torque values and slight reductions of torque at equilibrium.
Meanwhile, the concrete thixotropy gradually declined by increasing the w/b ratio.

Appendix

(See Fig. 7).
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