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Abstract: Alkali-activated materials (AAMs) offer an eco-friendly alternative to traditional Portland
cement, yet their rheological properties, particularly in concrete mixtures, remain largely underex-
plored. This study conducted rheological tests to investigate the flow properties and thixotropic
behavior of alkali-activated slag (AAS) concrete with varying water-to-binder (w/b) ratios and silicate
modulus (Ms). The thixotropy of AAS concrete was assessed using the thixotropic index, breakdown
area, and variations in apparent viscosity under different shear rates, revealing correlations between
thixotropic behaviors and rheological parameters. Mixtures with lower Ms and w/b ratios showed
limited slump values and rapid structural build-up due to increased interparticle connections. As Ms
increased, enhanced thixotropic behaviors were observed, attributed to the rapid formation of early
hydration products. This led to a significant increase in peak torque values and a slight decrease
in equilibrium torque values at various rotational speeds. In turn, AAS concrete with higher Ms
demonstrated improved fluidity and workability retention after thixotropic build-up was erased. The
results of this study provide valuable insights into the flow and thixotropic behaviors of fresh AAS
concretes for practical applications.

Keywords: alkali-activated slag concrete; rheology; thixotropy; structural build-up; breakdown

1. Introduction

In the pursuit of sustainable construction, alkali-activated materials (AAMs) have
been widely studied as potential replacements for Portland cement (PC) [1–3]. Compared
with PC, AAMs not only reduce greenhouse gas emissions [4–6] but also provide better
mechanical properties [7,8] and potentially superior resistance to chemicals and fire [9].
However, the fundamental mechanism of governing rheology in AAMs is still poorly
understood, with limited exploration in the literature. Challenges like a rapid reduction
in slump, increased viscosity, and uncontrolled setting times are commonly observed,
particularly in AAMs containing a high proportion of silicate [10,11]. The rheology of
AAMs might be affected by various parameters, including the properties of precursors,
the composition of activators, and the volume fraction in the system [12]. The complex
dissolution kinetics of precursors and the interaction among multiple phases have resulted
in distinctive rheological behavior in AAMs, where the colloidal interparticle interactions
are dissipated by the highly viscous activator solution [11,13]. Further, the conventional
chemical admixtures for PC are incompatible with AAMs, and thereby cannot improve the
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fluidity [14,15]. So far, most studies on the rheology of AAMs have primarily concentrated
on the paste and mortar scales. Instead, the rheological behavior of AAM concrete was only
discussed in a few studies [12,16,17]. Accordingly, the wide application of AAM concrete in
the construction industry has progressed slowly due to technical obstacles and the absence
of regulations.

As advanced concrete technologies develop, the thixotropic characteristics of freshly
prepared cementitious mixtures have become a focal point of interest in recent years [18–20].
The significance of concrete thixotropy lies in its strong connection with the initial stiffening
phase during extrusion or construction. Thixotropic behavior was first introduced by the
group of Herbert Freundlich about a hundred years ago, which describes a reversible
process in which the viscosity progressively reduces when applying shear stress and grad-
ually recovers as the stress is removed [21]. For cementitious materials, thixotropy is
normally expressed by a partially reversible structural build-up at rest and a structural
breakdown under external shear stress [22]. It appears to be more complicated as the
particle interaction permanently evolves along the hydration process [23]. Specifically, the
structural development of the cement mixture primarily results from colloidal agglomer-
ation among solid particles and reaction products at the points of local contact [24]. The
shear energy intensity applied determines whether the structure can partially recover,
breaking interparticle bonds and enabling dispersed particles to reconnect through newly
generated hydration products as the reaction progresses [18]. Conversely, the accumulation
of reaction products constantly reinforces the local interparticle bonds. During prolonged
resting periods, irreversible structuration can develop because connections between cement
particles are too rigid to be disrupted by the mixing force [18,25].

The thixotropic properties of PC have been the subject of considerable research. The
influence of mix design parameters, mineral admixtures, and chemical additives has been
thoroughly explained to clarify the formation and breakdown of thixotropic structures in
fresh concrete [18,19,24,26]. Furthermore, understanding thixotropic behavior has proven
beneficial in assessing time-dependent concrete performance aspects, such as static sta-
bility [27], formwork pressure variation [28,29], permeability [30], interlayer bonding in
multilayer casting [31], and construction rates in 3D printing [32,33]. Conversely, the rheol-
ogy and thixotropic behavior of alkali-activated materials (AAMs) have received limited
attention in the existing literature, despite their critical role in determining the workability,
stability, and performance of these materials in various applications. Most investigations
have only provided brief assessments, often restricted to studies focused on paste-level com-
positions, which typically involve simple systems with controlled variables. This narrow
focus has left a significant gap in understanding their behavior in more complex systems,
such as those incorporating aggregates, fibers, or other additives, as well as in practical
applications where external factors like temperature, humidity, and mixing conditions can
significantly influence material properties.

This study aims to expand our knowledge of the rheology of AAS pastes and extend it
into concrete mixtures, offering insights into the flow and thixotropic properties of AAS
concrete by varying the water-to-binder (w/b) ratio and silicate modulus (Ms) in activators.
To assess the fresh properties, slump, stress growth, and flow curve tests were conducted,
and thixotropy was measured through multiple methods, such as calculating the thixotropic
index from rheological data and analyzing the breakdown area and viscosity reduction
at different shear speeds. Efforts were made to establish correlations between thixotropy
measured by various methods. In addition, reaction kinetics were studied with calorimetry
to better understand the evolution of fresh properties. The results from this study may
offer an enhanced understanding of the flow properties and thixotropic behavior, assisting
in large-scale utilizations of AAS concrete.
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2. Experimental Method
2.1. Materials

Ground granulated blast furnace slag (BFS) with a relative density of 2.89 g/cm3 was
used in this work. Chemical compositions of BFS measured with X-ray fluorescence (XRF)
are shown in Table 1, and the oxide percentages were calculated by assuming all elements
exist in their primary oxide forms. The particle size distribution and morphology of BFS
are illustrated in Figures 1a and 1b, respectively.

Table 1. Chemical composition of BFS (wt. %).

CaO SiO2 Al2O3 MgO Na2O K2O SO3 TiO2 Fe2O3 MnO ZrO2 LOI a Other

40.90 30.10 13.70 9.07 0.65 0.60 2.40 1.35 0.36 0.35 0.14 0.08 0.38
a LOI measured by TG analysis at 950 ◦C.

Buildings 2025, 15, x FOR PEER REVIEW 3 of 18 
 

conducted, and thixotropy was measured through multiple methods, such as calculating 
the thixotropic index from rheological data and analyzing the breakdown area and vis-
cosity reduction at different shear speeds. Efforts were made to establish correlations be-
tween thixotropy measured by various methods. In addition, reaction kinetics were stud-
ied with calorimetry to better understand the evolution of fresh properties. The results 
from this study may offer an enhanced understanding of the flow properties and thixo-
tropic behavior, assisting in large-scale utilizations of AAS concrete. 

2. Experimental Method 
2.1. Materials 

Ground granulated blast furnace slag (BFS) with a relative density of 2.89 g/cm3 was 
used in this work. Chemical compositions of BFS measured with X-ray fluorescence (XRF) 
are shown in Table 1, and the oxide percentages were calculated by assuming all elements 
exist in their primary oxide forms. The particle size distribution and morphology of BFS 
are illustrated in Figure 1a and Figure 1b, respectively. 

Figure 1. BFS physical characteristics. (a) Particle size distribution by laser diffraction. (b) Surface 
morphology by SEM. 

Table 1. Chemical composition of BFS (wt. %). 

CaO SiO2 Al2O3 MgO 𝐍𝐚2O K2O SO3 TiO2 Fe2O3 MnO ZrO2 LOI a Other 

40.90 30.10 13.70 9.07 0.65 0.60 2.40 1.35 0.36 0.35 0.14 0.08 0.38 
a LOI measured by TG analysis at 950 °C. 

Reagent-grade anhydrous sodium hydroxide pearls and the sodium silicate solution 
comprising 15% Na2O, 30% SiO2, and 55% water were employed to synthesize activator 
solutions. River sand and gravel were employed to produce AAS concrete, and their water 
absorption and specific gravities are shown in Table 2. It should be noted that all aggre-
gates used in this study were oven-dried at 105 °C for 24 h to eliminate the moisture con-
tent before use in concrete. 

Table 2. Water absorption and specific gravity of aggregates. 

Aggregate Sand Coarse 1 Coarse 2 
Particle fraction 0–4 mm 2–8 mm 8–16 mm 

Water absorption (%) 0.33 0.65 0.55 
Specific gravity  2.65 2.64 2.67 

  

10-1 100 101 102 103

Particle size (μm)

0

20

40

60

80

100

Cu
m

ul
at

iv
e 

vo
lu

m
e 

(%
)

0

2

4

6

8
Vo

lu
m

e 
pe

rc
en

ta
ge

 (%
)

(a)

d50=8.28 μm

Figure 1. BFS physical characteristics. (a) Particle size distribution by laser diffraction. (b) Surface
morphology by SEM.

Reagent-grade anhydrous sodium hydroxide pearls and the sodium silicate solution
comprising 15% Na2O, 30% SiO2, and 55% water were employed to synthesize activator
solutions. River sand and gravel were employed to produce AAS concrete, and their water
absorption and specific gravities are shown in Table 2. It should be noted that all aggregates
used in this study were oven-dried at 105 ◦C for 24 h to eliminate the moisture content
before use in concrete.

Table 2. Water absorption and specific gravity of aggregates.

Aggregate Sand Coarse 1 Coarse 2

Particle fraction 0–4 mm 2–8 mm 8–16 mm
Water absorption (%) 0.33 0.65 0.55

Specific gravity 2.65 2.64 2.67

2.2. Mixture Proportions

Table 3 illustrates the mixture proportions of AAS concrete. Nine blends were prepared
with a consistent precursor dose of 400 kg/m3. The activators were formulated to maintain
a constant sodium concentration, equivalent to 4% Na2O by the mass of the precursor [34],
with the water-to-binder (w/b) ratio of AAS concrete varying between 0.4 and 0.5 to achieve
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suitable consistency. The water absorption of dried aggregates was compensated by extra
water content calculated by the absorption rate shown in Table 2. As indicated in Table 3,
Ms values used in activators ranged from 0.25 to 0.75, since either lower or higher Ms
values have led to flash setting in preliminary tests. Activators were prepared by dissolving
sodium hydroxide and sodium silicate solution in tap water 24 h before mixing. Aggregate
gradation in the mixtures was structured to lie between the A16 and B16 curves as specified
by DIN 1045-2.

Table 3. Mix design of AAS concretes.

Mix BFS (kg/m3)
Activator

w/b *
Aggregate (kg/m3)

Sodium Hydroxide
(kg/m3)

Sodium Silicate
(kg/m3) Ms Extra Water

(kg/m3) 0–4 mm 2–8 mm 8–16 mm

A1

400

18.06 13.33 0.25
162.29 0.40 715 491 583

A2 183.50 0.45 692 476 565
A3 204.70 0.50 670 460 547

A4
15.48 26.67 0.50

156.33 0.40 712 490 581
A5 177.70 0.45 689 474 563
A6 199.08 0.50 667 458 544

A7
12.90 40.00 0.75

150.36 0.40 709 488 579
A8 171.91 0.45 686 472 560
A9 193.45 0.50 664 456 542

* Refers to the total water content, including that from the activator and any additional water, divided by the sum
mass of the precursor and solid activators.

2.3. Sample Preparation

AAS mixtures in this study were prepared at both paste and concrete levels. AAS
pastes were created according to the mix design shown in Table 3, excluding aggregates,
using a handheld mixer for calorimetry tests. The mixing protocol was consistent with that
used for concrete mixes, as described below. AAS concretes were prepared in 30-L batches
following standard procedures. Initially, BFS and aggregates were dry-mixed for 2 min in a
planetary mixer. The activator solution was then gradually added over 30 s, followed by
3 additional minutes of mixing to achieve fresh mixtures.

2.4. Testing Program
2.4.1. Isothermal Calorimetry

Reaction kinetics were studied using a TAMAIR isothermal calorimeter. About 14 g of
fresh paste was loaded in a sealed glass ampoule. These ampoules, containing the fresh
AAS paste, were then placed in the isothermal channels for calorimetry testing. Heat
evolution was monitored at 20 ± 0.5 ◦C over 24 h. The heat flow and cumulative heat
release were normalized to 1 g of solid binder, encompassing both precursors and solid
activators. Calorimetry tests were conducted twice to confirm repeatability.

2.4.2. Flow Properties

An ICAR Plus rheometer was employed to perform stress growth and flow curve tests,
determining the rheological characteristics of AAS concrete. The geometry of the testing
setup is schematically displayed in Figure 2. About 20 L of fresh AAS concrete were loaded
into the container for rheological measurements, with the rest reserved for slump tests.
Before each testing age, the concrete was remixed for 60 s to ensure a reference state among
different samples [35]. After inserting the rheometer vane, the concrete was allowed to rest
for approximately 1 min to release undissipated energy.
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Rheological tests, including stress growth and flow curve steps, commenced approx-
imately 5 min after the initial contact between the precursor and activators. The stress
growth test was conducted at 0.025 rps for 60 s, with torque measurements recorded
over time. The static yield stress of AAS concrete was determined using the peak torque
observed during the stress growth test, as described by Equation (1) [36].

τs =
2T

πdv
3
(

hv
dv

+ 1
3

) (1)

where τs represents the static yield stress in Pa, T represents the maximum torque in Nm,
dv represents the vane’s diameter in m, and hv represents the vane’s height in m.

The fresh AAS concrete was allowed to rest for 1 min before conducting the flow curve
test. This was followed by a pre-shear at 0.5 rps for 30 s to eliminate structuration. Shear
steps were then applied with progressively increasing and decreasing rotational speeds,
ranging from 0.05 to 0.5 rps in six steps. Each step lasted 30 s, and the average torque from
the last 10 s was calculated to represent the equilibrium state. The downward portions
of the torque-rotational speed curve were linearly fitted using the Bingham model, while
dynamic rheological parameters were derived from the Reiner–Riwlin equations [37]. The
rheometer vane was removed after flow curve tests, and any mortar attached to the vane
blade was returned to the rheometer container to prevent material loss. The container was
then covered with plastic sheets to prevent moisture evaporation.

Stress growth measurements were repeated every 15 min until one hour on the same
batch of AAS concrete to assess the structural build-up progress. The initial stress growth
test was marked as ‘0 min’ (i.e., 5 min after the first contact between precursor and activa-
tors). In the meantime, slump tests were performed simultaneously every 15 min with an
Abrams cone according to EN 12350-2 to evaluate the workability retention [16].

2.4.3. Tests on Thixotropic Behaviors

Tests on concrete thixotropy were performed with new batches of concrete to avoid the
influence of shear history and time-dependent behaviors. Given the high early reactivity of
AAS mixtures [38], thixotropic properties were assessed on the basis of 5 min intervals for
structuration using the methods described below:

The first approach focused on calculating the thixotropic index of AAS concrete by
measuring the maximum and steady-state shear stresses during the stress growth test with a
low shear rate (0.025 rps) [16]. Following 1 min of remixing, the fresh concrete underwent a
5 min structuration period. A typical profile of a stress growth test is illustrated in Figure 3a,
showing the torque peaking after an initial steep rise, indicating the gradual breakdown
of particle interactions while initiating the flow of fresh concrete. Once the static mixture
yielded, the torque slowly decreased until a steady state was reached, indicating the energy
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needed to sustain the dynamic flow. The maximum torque and the average torque over the
final 10 s were utilized to calculate the peak shear stress τ0 and the equilibrium shear stress
τe, respectively. Using Equation (1), shear stresses were determined from the torque values
detected, and the thixotropic index (TI) was calculated by Equation (2) [28,39].

TI = (τ0 − τe)/τe (2)
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The breakdown area was evaluated at different rotational speeds within higher shear
rate regions (0.15–0.6 rps) to study thixotropic properties [26,39]. After 1 min of remixing
and a 5 min rest, AAS concrete was subjected to a 30 s shear process at 0.15 rps to reach
a steady state. The cycle consisting of a 5 min rest followed by high shear rate steps was
repeated at increased rotational speeds of 0.3, 0.45, and 0.6 rps. The maximum torque
occurring at each speed was labeled as Tm, while the equilibrium torque (Te) was calculated
from the average torque during the last 10 s. The breakdown area was then determined as
the space between the curves of maximum and equilibrium torque across different shear
speeds, as shown in Figure 3b.

On top of that, the thixotropy of AAS concretes was further assessed by measuring
the reduction in apparent viscosity (∆app) at different rotational speeds, as proposed by
Assaad and Khayat [29,39]. ∆app was expressed as the difference between the initial and
equilibrium torque values, divided by the corresponding rotational speed, as indicated in
Equation (3) [26].

∆app = (T0 − Te)/N

3. Results and Discussion
3.1. Reaction Kinetics

The normalized heat flow and cumulative heat evolution of AAS pastes are depicted
in Figure 4. In the Ms0.25 group, no distinct induction period was observed during the
early activation reactions. The acceleration phase commenced immediately following the
initial dissolution peak, with the peak heat flow reaching 1.79 mW/g approximately 2 h
after the precursors were in contact with activators in A1. Increasing the w/b ratio from 0.4
to 0.45 in A2 resulted in a 25 min delay in the acceleration peak and a 15.1% decrease in
heat flow intensity. Further increasing the w/b ratio to 0.5 in A3 delayed the maximum
heat flow by 36 min and reduced it by 20.7%. These findings suggest that a higher w/b
ratio slightly decreased the exothermic reactions in Ms0.25 mixtures. Moreover, A1, A2,
and A3 exhibited similar trends in cumulative heat evolution, with two major increments
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corresponding to the dissolution and acceleration peaks in heat flow curves. After 24 h, the
cumulative heat of A1 reached 52.83 J/g. A higher w/b ratio led to less intense exothermic
reactions in A2 and A3, with their cumulative heat release reduced by 6.4% and 11.8%
compared to A1, respectively.
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As depicted in Figure 4b, an evident induction period followed the initial dissolution
phase as Ms increased in A4, A5, and A6, becoming more pronounced in Ms0.75 mixtures
(Figure 4c). This suggests that the addition of extra silicate species from the activator
significantly retarded reaction kinetics. Furthermore, mixtures with higher w/b ratios,
especially Ms0.5 and Ms0.75, experienced a significant extension of the induction period.
Consequently, the acceleration peak was not observed in A9 by the end of the measurement
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(Figure 4c), leading to a significantly lower 24 h cumulative heat release compared to other
AAS mixtures.

Calorimetry findings indicate that increasing water and silicate content might slow
down the alkali-activation process. This is due to reduced alkalinity in the pore solution,
which decelerated the dissolution of slag particles [40,41]. Aupoil et al. [42] suggested
that activators with lower Ms values naturally contain more reactive silicate species to
facilitate the alkali activation reaction than those with a higher Ms. In addition, silicate
species originating from the activators may inhibit the dissolution of Si from slag parti-
cles [43,44], forming a Si-rich layer on the slag surface along with the dissolution of other
elements [43,45]. Meanwhile, Ca and Al ions released from slag interact with silicate species
in the activator [38], forming primary reaction products that encase the slag particles [46].
These processes may hinder the further ion exchange between undissolved slag grains
and the activator solution, leading to a prolonged induction period in high-Ms mixtures.
Eventually, the induction phase was terminated as the silicate species from activators were
depleted, allowing silicate species from BFS to participate in the activation reaction [46,47].

3.2. Structuration and Workability Retention

The structuration of AAS concrete was indicated by the evolution of static yield stress
during the first hour. As illustrated in Figure 5a, the highest initial static yield stress was
observed in A1, and it was impossible to perform further tests at later ages. Testing for
A2 and A4 was halted after 30 and 45 min, respectively, as the concrete could hardly be
remixed thereafter. The red curves in Figure 5a indicate that AAS concretes with a w/b
ratio of 0.4 exhibited more rapid structuration within the first hour. It could be inferred that
the solid grains were less dispersed in the case of a lower w/b ratio, resulting in stronger
particle interactions and increased static yield stress compared to other mixtures. Moreover,
the structuration rate decreased with increasing Ms, regardless of the w/b ratio. In the
meantime, higher w/b ratios led to a reduction in the slope of the static yield stress curves,
consistent with the retarding effects of water and silicate content indicated by calorimetry
results. For A9 (Ms0.75, w/b = 0.5), the static yield stress showed only a slight increase
during the first hour. The reaction kinetics indicated that the reaction entered an induction
stage characterized by a low level of heat flow following the initial dissolution. This
suggests that the reaction progressed very slowly during this phase, with the progressive
structuration being compromised by the applied shear steps. Notably, a steep build-up
process was observed in A2 and A3 after 30 and 45 min, respectively. This aligns with the
onset of the acceleration peak in A2 and A3, as illustrated in Figure 4a. The structuration in
AAS concrete was enhanced as the exothermic reaction became more pronounced.
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values of AAS concretes as a function of time.
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Slump tests were conducted to evaluate the workability retention of AAS concrete,
with results shown in Figure 5b. Mixture A9 exhibited higher slump values over time
compared to other mixtures. Notably, both A6 and A9 initially achieved the S5 consistency
class (EN 206), without noticeable bleeding or segregation. They both maintained a slump
of approximately 200 mm by the end of the measurement, indicating good workability
retention. In contrast, A2 and A3 experienced a significant slump loss after about 30 and
45 min, respectively, consistent with the static yield stress evolution findings (Figure 5a).
Despite all AAS concretes experiencing progressive slump loss over time, some mixtures
remained in the induction stage by the end of the measurements. Aside from exothermic
chemical reactions, slump loss may also result from non-exothermic reactions, such as floc
formation due to colloidal attractions [24,48,49] and close contact interactions [50,51].

3.3. Dynamic Flow Properties

Down-ramp portions of the flow curve in torque-rotational speed relationships are
shown in Figure 6. These flow curves were fitted by a Bingham linear model, with all R2

ranging between 0.9952 and 0.9993. The greatest torque values were detected in A1 with
different rotational speeds, resulting in a higher flow curve above the other mixtures. At
a fixed w/b of 0.4, the flow curve of AAS concrete moved slightly downward with an
increase in Ms (red curves in Figure 6). In the meantime, higher w/b ratios led to more
reductions in torque values (solid curves in Figure 6), accompanied by a decreased slope of
the flow curves.
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Figure 6. Flow curves of AAS concrete in torque—rotational speed relationships.

The torque–rotational speed data were converted into fundamental rheological param-
eters (i.e., dynamic yield stress and plastic viscosity) according to Reiner–Riwlin equations,
as indicated in Figure 7. The highest dynamic yield stress and plastic viscosity were de-
tected in A1, which contained the lowest water and silicate content among all mixtures.
As the w/b ratio increased, both rheological parameters decreased by about 60% and
80% in A2 and A3, respectively. Further, as indicated by the dashed lines in Figure 7, an
elevated Ms led to less apparent reductions of rheological parameters than the w/b ratio.
Compared with A1, the dynamic yield stress of A4 and A7 decreased by 14.4% and 28.5%,
while their plastic viscosity dropped by 7.7% and 12.1%, respectively. The results indicate
that the water and silicate in the activator can contribute to a fluidizing effect, enhancing
the flowability of AAS concrete. This is ascribed to the increase in the liquid fraction in
fresh mixtures. Higher liquid content in the system resulted in more dispersion between
solid grains in AAS concrete, which reduced the interparticle frictions and collisions under
dynamic flow conditions [52]. Moreover, the liquid phase in the fresh concrete could also
fill in the interstitial voids as lubricants to facilitate the flow [53].
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Figure 7. Bingham rheological parameters of AAS concretes: (a) dynamic yield stress and (b) plastic
viscosity.

It is noteworthy that previous studies on AAS paste have reported that the mixtures
turned more viscous with higher silicate dosages in the activator [11,54], which is distinct
from the results obtained here in AAS concrete. Sodium silicate solutions naturally exhibit
higher viscosity with an increased Ms [55,56]. Nevertheless, the AAS concrete viscosity
detected in this study is about tens or hundreds of times higher as compared to a typical
AAS paste [11], which suggests that the contribution from aggregate fractions might be
predominant in concrete flow. In that case, the activator and AAS paste present as the
lubricating phase to mitigate the interaction between solid aggregates. Thereby, AAS
concrete showed decreased plastic viscosity with an increase of Ms in the activator.

3.4. Thixotropic Behaviors

The thixotropy behavior of AAS concrete was initially evaluated through a stress
growth test following a 5 min resting period. The thixotropy index was calculated using
Equation (2), and the results are illustrated in Table 4. Among all AAS concretes, A7 ex-
hibited the highest degree of thixotropy, which is approximately three times greater than
that of A1. An increase in Ms notably enhanced the thixotropic property of AAS concrete,
whereas a higher water content was observed to have a detrimental effect on its thixotropic
behavior. For instance, the thixotropic index decreased by 68% and 89% for A8 and A9
compared to A7, respectively.

Table 4. Thixotropic index of AAS concretes obtained from stress growth tests.

Mix A1 A2 A3 A4 A5 A6 A7 A8 A9

TI 1.46 ± 0.11 0.73 ± 0.09 0.05 ± 0.01 3.36 ± 0.35 1.31 ± 0.20 0.19 ± 0.02 10.02 ± 0.98 1.83 ± 0.24 0.32 ± 0.04

The maximum and equilibrium torque values (Tm and Te) for fresh AAS concretes
referring to different rotational speeds are summarized in Table 5, and the breakdown
areas for different mixtures are illustrated in Figure 8. Increasing the Ms in the activator
significantly enhanced thixotropy by raising Tm while slightly decreasing Te in the mixtures.
At 0.6 rps, A7 demonstrated the highest Tm value among all mixtures, outperforming A1
and A4 at the same rotational speed. This suggests that A7 required more shear energy to
disrupt interparticle interactions and initiate flow. In the meantime, A7 featured a lower
Te compared to A1 and A4, indicating that less shear energy was needed to maintain
equilibrium state flow. Similar outcomes were noted in AAS concretes with higher w/b
ratios, aligning with findings from flow curve tests.
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Table 5. Maximum and equilibrium torque values determined in AAS concretes by using various
rotational speeds.

Torque (Nm)
Mixtures

A1 A2 A3 A4 A5 A6 A7 A8 A9

Tm (0.15 rps) 12.63 3.59 1.41 20.23 4.32 1.42 28.01 6.2 3.25
Tm (0.3 rps) 15.99 4.36 1.86 20.58 7.8 2.11 29.23 9.03 3.26
Tm (0.45 rps) 19.64 5.45 2.04 21.44 8.67 2.33 30.92 10.2 3.44
Tm (0.6 rps) 20.31 6.5 2.08 23.26 9.66 2.54 31.75 10.59 4
Te (0.15 rps) 6.04 2.32 0.64 6.04 1.76 0.61 5.35 1.33 0.6
Te (0.3 rps) 8.23 3.15 1.03 7.8 2.31 0.94 7.4 2.03 0.89

Te (0.45 rps) 9.77 3.94 1.23 8.93 2.97 1.19 8.61 2.49 1.08
Te (0.6 rps) 10.28 4.27 1.47 9.76 3.27 1.36 9.32 2.89 1.26
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Figure 8. Breakdown area of AAS concretes by using various rotational speeds.

By contrast, both Tm and Te values significantly dropped with a higher w/b ratio,
weakening the thixotropic properties of AAS concrete. The dilution from the extra water
decreased the alkalinity in the pore solution, likely attenuating the dissolution of slag
particles. Further, the increase in water content led to a better dispersion of solid particles
from each other. As a result, more reaction products are needed to undertake interparticle
interactions, which accounts for the diminished thixotropic behavior.

In addition, the thixotropy of the AAS mixture was further assessed by the drop
in apparent viscosity, as presented in Table 6. At a fixed rotational speed, it was found
that the variation in ∆app values followed a similar trend as the thixotropic index and the
breakdown area derived above. Furthermore, Figure 9 presents the relationships among
the results from various methods, in which strong correlations were identified, yielding an
R2 of around 0.9. This suggests that both methods could reliably estimate the thixotropy of
AAS concrete. Comparatively, the thixotropic index and drop in apparent viscosity could
be applied as a simple testing method for practical applications, while the breakdown area
gives more accurate results to evaluate the thixotropy as it considers the result measured
from various shear speeds.

Table 6. Drop in apparent viscosity of AAS concretes under different rotational speeds.

∆app (Pa·s) A1 A2 A3 A4 A5 A6 A7 A8 A9

N = 0.15 rps 1505 467 167 2931 414 160 4540 918 545
N = 0.3 rps 887 241 100 1276 481 112 2215 694 240
N = 0.45 rps 760 204 66 804 325 76 1584 498 155
N = 0.6 rps 568 187 43 670 279 55 1187 378 137
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against thixotropic index. (b) Drop in apparent viscosity against thixotropic index.

4. Discussion

The thixotropy of PC materials is attributed to colloidal coagulations and interpar-
ticle interactions, through the percolation of initial hydration products like C-S-H and
ettringite [24,26]. In AAS, however, the silicate species within the activator present as
interparticle gels, promoting the dispersion of solid grains [57]. By adopting sodium sil-
icate activators, a few studies reported that the interparticle colloidal interactions were
hardly detected due to the predominance of a viscous effect instead [11,13]. Thus, the
microstructural characteristics indicate that a higher silicate concentration in the activator
could reduce the thixotropic behavior of AAS concrete, which contradicts the findings in
Table 4.

On top of that, the time-dependent behavior of chemical reactions during rest also sig-
nificantly influences the thixotropy of cementitious composites. Previous studies on AAMs
have shown that silicate species in activators may act as nucleation sites, facilitating the
accumulation of reaction product nuclei within the liquid phase [58,59]. As reported in [38],
the AAS mixtures with high Ms were featured with an elevated initial reactivity and rapid
precipitation of early hydration products. Consequently, the binding phase experienced a
substantial increment in the volume fraction and surface area, enhancing the interparticle
interactions between precursor grains [26]. This is in line with the principle of accelerating
additives applied in PC binders, i.e., the thixotropic property is improved by forming large
numbers of fine particles [39,60]. Therefore, greater shear energy is needed to disrupt the
agglomeration of solid grains in AAS concrete with higher Ms and initiate the flow. Fur-
thermore, Duxson et al. [61] suggested that the number of oligomers and polymeric silicate
species is proportional to the Ms value of activator solutions. By contrast, monomeric and
dimeric species were more detected with the reduction in Ms [62,63]. As reported in [39],
the presence of long-chain polymer structures in activators may enhance the cohesiveness
of the material while at rest, attributed to their entanglement and association. Consequently,
A7, A8, and A9 demonstrated more significant thixotropic behaviors, notably exhibiting a
higher Tm compared to other mixtures with an identical w/b ratio (Table 5).

On the other hand, AAS concretes with a higher Ms exhibited a lower Te at equilibrium,
depicted in Table 5. It can be inferred that the cohesive effect of entangled oligomers and
polymers was eliminated once flow began, as their spatial arrangement aligned with the
shear direction. Additionally, the flocculated frameworks through early reaction products
were progressively broken into finer particles due to applied shear energy [26], which
could fill interstitial voids and act as lubricants around solid grains [64]. Furthermore,
the increase in silicate content in the activator may improve the dispersion of solid grains,
enhancing fluidity in dynamic flows [57,65]. Consequently, lower shear energy is needed
to sustain an equilibrium flow.
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From the mix design point of view, the influence of aggregate content should be
considered as well. Previous studies have reported that aggregates may contribute to
more internal frictions/collisions and greater resistance to initiate the flow, leading to a
stronger thixotropy [26]. In this study, the precursor content was kept constant among
AAS concretes, while the variation per unit volume by applying different alkali dosages
was compensated by aggregates. Results show that A4 and A7 consisting of less aggregate
exhibited a higher degree of thixotropy as compared to A1. It can be deduced that the slight
reduction in aggregate content was shaded by the strong effect of Ms on the thixotropic
build-up. Moreover, A2 and A3 showed much less thixotropy than A1, indicating that the
reduction in aggregate content might be influential as well, in addition to higher w/b ratios.

In summary, the early-stage structuration in AAS concrete can be categorized into
different mechanisms, ascribed to the distinct features of microstructure development
with the variation in activator compositions [66]. Mixtures with lower Ms showed rapid
build-up, inclined to be an irreversible evolution, which is associated with the early onset of
acceleration stage reactions. In contrast, higher Ms in the activator enhanced the thixotropic
behavior of AAS concrete at early ages, which was largely reversible and irrelevant to the
acceleration stage reactions. Once the thixotropy was eliminated, high-Ms AAS concrete
preserved good flow properties due to the dispersing effects of silicate species in activa-
tors [38]. Likewise, a longer mixing time has been reported to be effective in maintaining
the workability of AAS mixtures [16,54,67].

5. Conclusions

This study comprehensively investigates the flow properties and thixotropy of AAS
concretes with various silicate modulus (Ms) and water-to-binder (w/b) ratios. In addition,
reaction kinetics have been evaluated as a function of time. The following conclusions can
be drawn:

• The dynamic flow properties of AAS concrete improved with an increase in Ms
and w/b ratios in the activator. A higher Ms led to a reduction in viscosity, which
contrasts with observations at the paste level. This suggests that aggregates play a
more significant role in influencing the rheology of AAS concrete.

• An increase in Ms significantly enhanced the thixotropic properties of AAS concrete.
For mixtures with a w/b ratio of 0.4, the maximum torque (at 0.6 rps) from a static
state increased by 56.3% when Ms rose from 0.25 to 0.75. This enhancement was
accompanied by slight reductions in equilibrium torque values. However, as the w/b
ratio increased, thixotropic properties gradually diminished.

• The thixotropic behavior of AAS concrete was assessed through multiple methods. A
linear correlation was observed between the degree of thixotropy and the breakdown
area determined under static and dynamic equilibrium flow conditions of AAS con-
cretes. Additionally, the thixotropic index exhibited a linear relationship with the drop
in apparent viscosity, which diminished as the rotational speed increased.

• AAS concrete with lower w/b ratios and Ms exhibited faster slump loss and irre-
versible structuration, attributed to the early onset of acceleration stage reactions iden-
tified through calorimetry. Conversely, AAS concrete with higher Ms demonstrated
better flowability and workability retention within the first hour after eliminating
thixotropic build-up, aligning with the extended induction period observed.
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