Developments in the Built Environment 21 (2025) 100623

Contents lists available at ScienceDirect ts
t
envnonme‘l‘v!

Developments in the Built Environment

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment

Check for

Evaluation of the flowability and non-linear rheological properties in | e
alkali-activated concretes

Jian Zhang ™, Zhenming Li “-°, Wentao Wang *, Yaxin Tao ', Yubo Sun®,
Xiangsheng Chen "¢

@ Key Laboratory of Coastal Urban Resilient Infrastructures (Shenzhen University), Ministry of Education, Shenzhen, 518060, China

Y State Key Laboratory of Intelligent Geotechnics and Tunnelling, Shenzhen University, Shenzhen, 518060, China

¢ College of Civil and Transportation Engineering, Shenzhen University, Shenzhen, 518060, China

4 School of Civil and Environmental Engineering, Harbin Institute of Technology, 518055, Shenzhen, China

€ Guangdong Provincial Key Laboratory of Intelligent and Resilient Structures for Civil Engineering, Harbin Institute of Technology, 518055, Shenzhen, China
f Institute for Building Materials, ETH Zurich, 8093, Zurich, Switzerland

8 Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, 999077, China

ARTICLE INFO ABSTRACT

Keywords:

Alkali-activated slag concrete
Rheological behavior
Non-linearity

Shear thinning

Shear thickening

Alkali-activated materials (AAMs) emerge as a sustainable alternative to Portland cement binders. Despite their
potential, the rheological properties of alkali-activated concrete, particularly their non-linear behaviors, remain
underexplored. To bridge this gap, a comparative study was conducted to examine the flow characteristics and
shear thinning/thickening tendencies of alkali-activated slag (AAS) concrete. The research began with a detailed
evaluation of the setting times of AAS mixtures, optimizing activator compositions to identify formulations
suitable for concrete productions. Employing the Bingham and Herschel-Bulkley models, it was observed that
AAS concrete with a lower silicate modulus (Ms) predominantly exhibited shear-thinning behavior. As the Ms
increased, a shift toward shear-thickening behavior occurred, becoming more pronounced with higher concen-
trations of alkaline compounds in the activators. Furthermore, the fresh properties of AAS concrete significantly
improved with increased alkali dosages in the activators, resulting in reduced dynamic yield stress and plastic
viscosity, along with enhanced workability retention over time.

1. Introduction strength, durability, and resistance to aggressive environments (Duxson

and Brice, 2010; Provis, 2014; Krivenko, 2017), exhibiting great po-

Alkali-activated materials (AAMSs) are innovative binders that utilize
industrial by-products, combined with alkaline activators (Provis and
Van Deventer, 2013; Ren et al.,, 2025). They present a sustainable
alternative to traditional Portland cement (PC), addressing both envi-
ronmental concerns and material performance (Juenger et al., 2011; Ma
et al., 2025; Sivakrishna et al., 2020). By utilizing industrial by-products
and waste materials, as well as avoiding the limestone calcination for PC
production, AAMs benefit in both waste reduction and decrease green-
house gas emissions (van Deventer et al., 2021; Thwe et al., 2021; Zhang
et al., 2025). Previous works have revealed substantial reductions in COo
emissions and environmental impact compared to conventional PC
(Tsiropoulos et al., 2020; Vieira et al., 2021). On top of that, AAMs have
demonstrated impressive performances, including high compressive

tential as an alternative binder to be applied in the construction sector.

Nevertheless, the application of AAM concrete in construction has
been quite restricted due to challenges with workability issues. These
issues have interfered with mixing, transportation, casting, and com-
pacting operations. Previous studies have highlighted the rapid degra-
dation of workability in AAM mixtures, especially those with a high
dosage of silicate in the activator (Alrefaei et al., 2020) (Palacios et al.,
2008) (Sun et al., 2022a). Moreover, previous studies suggested that
conventional superplasticizers for PC materials may not provide a
fluidizing effect in AAMs, especially with the presence of silicate in ac-
tivators (Criado et al., 2009) (Sun et al., 2024a). The appropriate
rheology control in AAMs still remains problematic.

Rheology of PC concrete has been extensively studied for decades.
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The Bingham model (Tattersall and Banfill, 1983; Yang et al., 2025) has
been proposed to describe rheological properties through a simple linear
fitting, which has been validated for broad applications. To meet the
self-compacting demand, modern concrete formulations incorporate
various admixtures and fine fillers to reduce the yield stress while
avoiding segregation (Okamura and Ouchi, 2003) (De Schutter et al.,
2008) (Zhang et al., 2024a). Consequently, recent scholars have re-
ported deviations between testing and Bingham fitting results, under-
lining the non-linear relationship between shear stress and shear rate in
the concrete (Feys et al., 2009) (Wang et al., 2025) (Wang et al., 2022).
Modified models have been proposed to identify the shear thin-
ning/thickening behaviors, assisting in better expressing the non-linear
relationship (De Larrard et al, 1998) (Feys et al., 2008). The
non-linearity of concrete is of great interest in practical applications.
Yahia (2011) proposed that the shear thinning behavior might improve
the concrete stability after casting. On the contrary, shear thickening
appears to be more tricky as the energy required is exponentially
increased to accelerate the flow. However, such behavior is sometimes
neglected since concrete rheological tests are performed in the ‘linear’
region with lower shear rates (Barnes, 1989). In that case, the actual
shear stress regarding operations with high shear rates (e.g. concrete
mixing and pumping) might be way higher than predicted values, which
could possibly result in critical damage to the equipment (Feys et al.,
2009). Therefore, extra attention should be paid to percept and properly
control shear thickening behaviors in the fresh concrete.

In contrast to PC binders, additional chemical substances in either
liquid or solid forms are incorporated in AAMs to facilitate the disso-
lution of precursors due to their limited reactivity in water (Provis and
Van Deventer, 2013; Krivenko, 2017). Sodium hydroxide and silicate are
recognized as the most widely used alkaline activators in AAMs (Provis
and Van Deventer, 2013). Activators are typically defined by their so-
dium oxide (Na20) content relative to the weight of precursors and their
silicate modulus (Ms), denoting the molar ratio of SiO2 to NagO. Vari-
ations in both factors will lead to significant impacts on the property of
AAMs (Aydin and Baradan, 2014). Reports indicate that adding alkaline
substances to the activator enhances viscosity while minimizing
colloidal interactions in fresh AAMs. (Alnahhal et al., 2021) (Gong et al.,
2024). Moreover, distinctive particle interactions and microstructural
features have been observed in alkali-activated slag (AAS) mixtures as
compared to conventional PC materials (Sun et al., 2022b) (Sun et al.,
2023). Regarding the non-linear behaviors, Puertas et al. (2014) re-
ported linear rheological behaviors of AAS pastes prepared with NaOH
and NapCOs activators. Palacios et al. (2008) noted that AAS paste
prepared with sodium silicate conforms more closely to the non-linear
Herschel-Bulkley model. Dai et al. (2022) observed a shift from shear
thinning to shear thickening behavior in NaOH-activated slag pastes as
the activator concentration increased. However, the rheological prop-
erties of AAM concrete remain largely unexplored, while only a few
attempts have been made by adopting the linear Bingham model to
express stress-speed relationships (Puertas et al., 2018) (Zhang et al.,
2023) (Laskar and Bhattacharjee, 2011). Existing knowledge does not
yet fully explain the rheological properties of AAM concrete.

The current work aims to thoroughly investigate the flowability and
non-linear rheological characteristics of alkali-activated concrete. The
initial step involved a comprehensive assessment of the setting time of
AAS mixtures by modifying activator compositions to identify mixtures
suitable for practical concrete production. The rheology of AAS con-
cretes were analyzed using Bingham and Herschel-Bulkley models,
focusing on variations in Na;O content and Ms in the activator to explore
shear thinning and thickening behaviors. Comprehensive discussions
were provided to offer insights into the non-linearity compared to
conventional PC concretes. In addition, static yield stress and work-
ability were tested over time to evaluate time-dependent rheological
behaviors. These results can inform the production of alkali-activated
concrete with ideal rheological properties.
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2. Materials and method
2.1. Raw materials

Commercial blast furnace slag (BFS) was used in this study as the
aluminosilicate precursor, with a specific gravity of 2.89. The precursor
particle fineness was detected with laser diffraction, as displayed in
Fig. 1 (a), and the median size (dso) of BFS particles is 8.28 ym. The
surface texture and morphology of precursor grains were examined
using a scanning electron microscope (SEM, JEOL JSM-IT800) in sec-
ondary electron (SE) mode at 1000 x magnification, as illustrated in
Fig. 1 (b). In addition, the chemical composition of precursors was
characterized using X-ray fluorescence (XRF), and the results detailed in
Table 1.

In this study, hybrid activators made from sodium hydroxide and
sodium silicate were used. The sodium hydroxide (anhydrous pearls,
>99% purity) and the sodium silicate solution (comprising 30% SiO,
and 15% Nay0) were received from Aladdin Co., Ltd. In addition, locally
sourced silica sand and gravels were utilized as aggregates in the pro-
duction of AAS concrete. The specific physical properties and water
absorption rates of aggregates in different particle fractions are detailed
in Table 2. It should be noted that the aggregates were oven-dried at
105 °C for 24 h prior to mixing.

2.2. Mixture proportions

2.2.1. Mixture screening based on setting features

AAS mixtures were characterized by inherently shorter setting time
compared to PC binders, and thereby obstructing their practical appli-
cation (Palacios et al., 2021) (Sun et al., 2024b). At the initial stage of
this study, a preliminary screening on AAS paste was carried out to
ensure a sufficient setting time in view of concrete productions in
practice. The NapO content and Ms of the activator solutions, as previ-
ously indicated, were modified to evaluate their impact on the rheo-
logical properties of AAS. NaoO content applied in this study was varied
from 2% to 6%, as higher dosages resulted in extremely rapid setting in
trial mixes, while lower values are insufficient for alkali-activation re-
actions (Wang et al., 1994). The Ms value varied from 0 to 2, constrained
by the composition of the commercial sodium silicate solution used in
this study. On top of that, the water-to-binder (w/b) ratio was consis-
tently maintained at 0.45 across all AAS mixtures to ensure appropriate
consistency for the subsequent preparation of AAS concrete. Details of
50 mixtures of AAS paste are presented in Table 3, for assessment on the
setting time (section 2.4.1).

2.2.2. Mix design of AAS concrete

AAS pastes with an initial setting time exceeding 60 min were chosen
for concrete upscaling studies. Table 4 presents the mix design for AAS
concretes, maintaining a constant precursor dosage of 400 kg/m3 across
all mixes. Based on the screening results, activators were prepared with
a Na,O content ranging from 3% to 6%, and Ms values between 0.25 and
1.25. The w/b ratio was kept at 0.45 across various mixtures. Extra
water content was incorporated to offset the amount absorbed by the
dried aggregates, as determined by the absorption rates outlined in
Table 2, along with the water content present in the activator solutions.
Alkaline solutions were prepared by intermixing sodium hydroxide and
sodium silicate with tap water to achieve the desired composition out-
lined in Table 4. The prepared activators were covered to prevent
moisture loss and were cooled to ambient temperature 24 h before use.
By adjusting the alkali dosages in the activator, changes in the unit
volume of AAS concrete were balanced by modifying the aggregate
content. The aggregate gradation was designed to fit between the A16
and B16 curves according to DIN 1045-2 (Sun et al., 2024a).
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Fig. 1. (a) Particle size distribution of BFS precursors by laser diffraction; (b) Surface morphology of BFS precursors by SEM (1000 x magnification).

Table 1

Chemical composition of BFS precursors (wt.%).
CaO Si0, Al,03 MgO Na,0 K»0 SO3 TiO, Fe;03 MnO 7r0, LoI® 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

produced in 30-L per batch using a Gustav Eirich SKG1 mixer. The solid

xﬂzle 2b . d i v of . ingredients (precursor, sand, and gravels) were initially dry-mixed for
ater absorption and Specilic gravity of aggregates. 120 s to achieve uniformity. Subsequently, the liquid activators were
Aggregate Fine Coarse 1 Coarse 2 gradually added over 30 s and mixed for an additional 3 min. The freshly
Particle fractions (mm) 0-4 2-8 8-16 prepared AAS concrete was then used for rheological and slump tests.
Water absorption (%) 0.33 0.65 0.55
Specific gravity 2.65 2.64 2.67

2.3. Sample preparation

Investigations on the initial setting time were conducted at the paste
level. AAS pastes were prepared using a handheld mixer, following the
same mixing protocol as for AAS concretes detailed below. The fresh
AAS pastes were then collected for setting time tests. AAS concretes were

Table 3
AAS paste mix design for the preliminary screening on setting time.

2.4. Testing program

2.4.1. Setting time

The initial setting time for various AAS paste mixtures was deter-
mined using an automatic Vicat needle apparatus in accordance with EN
196-3 (Ruiz-Sanchez et al., 2019). The results presented for each
mixture was calculated as the average from two replicate samples.

Mixtures (w/b = 0.45) Silicate modulus (Ms)

0 0.125 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0
Na,O content (%) 2 P2.1 P2.2 P2.3 P2.4 P2.5 P2.6 P2.7 P2.8 P29 P2.10
3 P3.1 P3.2 P3.3 P3.4 P3.5 P3.6 P3.7 P3.8 P3.9 P3.10
4 P41 P4.2 P4.3 P4.4 P4.5 P4.6 P47 P4.8 P49 P4.10
5 P5.1 P5.2 P5.3 P5.4 P5.5 P5.6 P5.7 P5.8 P5.9 P5.10
6 P6.1 P6.2 P6.3 P6.4 P6.5 P6.6 P6.7 P6.8 P6.9 P6.10
Table 4
Mix design of AAS concretes.
Mix  BFS precursor (kg/m®)  Activator w/b Aggregates (kg/m®)
Sodium hydroxide (kg/m®)  Sodium silicate (kg/m®)  Na,0O Ms Extra water (kg/m>) 0-4mm 2-8mm 8-16 mm
C3.3 400 13.55 10.00 3% 0.25 191.22 0.45 701 482 572
C3.4 11.61 20.00 0.5 186.86 701 482 572
C3.5 9.68 30.00 0.75 182.51 700 481 571
C3.6 7.74 40.00 1.0 178.15 699 480 570
C3.7 5.81 50.00 1.25 173.79 698 480 570
C4.3 18.06 13.33 4% 0.25 191.98 692 476 565
C4.4 15.48 26.67 0.5 186.15 689 474 563
C4.5 12.90 40.00 0.75 180.32 686 472 560
C5.4 19.35 33.33 5% 0.5 185.52 685 471 559
C5.5 16.13 50.00 0.75 178.26 683 470 558
C6.4 23.23 40.00 6% 0.5 184.85 677 465 553

# Calculated by dividing the total water (from both the aqueous activator and any additional water) by the combined weight of the precursor and solid activators.
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2.4.2. Rheology of AAS concrete

The testing procedures for assessing the fresh properties of AAS
concretes are outlined in Fig. 2. Rheological properties of AAS concretes
were assessed using a coaxial rheometer fitted with a cylinder container
(ICAR Plus, Germann Instruments). Initially, 20 L of the fresh concrete
were placed into a cylindrical container with a depth of 390 mm and an
inner diameter of 286 mm, while the remaining concrete was used for
slump testing. The concrete in the container was remixed for 1 min with
a handheld concrete mixer to erase the thixotropic build-up while
achieving a consistent reference state (Sun et al., 2022b). A rheometer
vane with 4 blades, measuring 130 mm in both diameter and height, was
then inserted. The concrete was allowed to rest to release the undis-
sipated energy before proceeding with further tests.

Flow curve tests commenced 10 min after the initial contact between
the solid and liquid ingredients. A high initial shear rate of 0.6 rps was
applied to eliminate the build-up during rest, followed by shear steps
with both increasing and decreasing rotational speeds. As shown in
Fig. 3, the rotational speed varied between 0.05 and 0.6 rps, with a
stepwise variation of 0.05 rps. The shear at each speed was maintained
for 10 s, and the equilibrium state was determined by averaging the
torque over the last 2 s. Flow curves were depicted using the descending
sections in the torque-rotational speed profiles, and rheological pa-
rameters were determined by fitting with Bingham (Eq. (1) (Tattersall
and Banfill, 1983)) and Herschel-Bulkley models (Eq. (2) (Feys et al.,
2008)). Further, the torque-rotational speed values were converted into
fundamental rheological parameters by using Reiner-Riwlin equations
(Egs. (3) and (4) (Feys et al., 2013)) and their extensions for the
Herschel-Bulkley model (Egs. (5) and (6) (Feys et al., 2008) (Heirman
et al., 2008)). The non-linear rheological behavior is reflected by the
flow index n (n < 1 for shear thinning, n > 1 for shear thickening, and n
=1 aligns with the linear Bingham model (Sun et al., 2024b)).
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Fig. 3. Shear protocol used for flow curve tests.
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where 7 is the shear stress (Pa), 7y is the dynamic yield stress (Pa), p is the
plastic viscosity (Pa e s), y is the shear rate (1/s), K represents the
consistency factor (Pa e s™), n represents the flow index (-), R; is the
radius of the vane (m), R, is the radius of the concrete container (m), Gg
represents the intercept of the descending flow curve in the Bingham
model (Nm), Hj is the slope of the fitted curve in the Bingham model
(Nm-s), Gyp represents the intercept of descending flow curves in the
Herschel-Bulkley model (Nm), and Hpp represents the slope of fitted
curves in the Herschel-Bulkley model (Nm-s).

Meanwhile, stress growth tests were carried out also 10 min after the
first contact between solid and liquid ingredients, on new batches of
mixtures to prevent the effects of shear history. To measure the static
yield stress, a fixed rotational speed of 0.025 rps was sustained for 60 s.
The static yield stress was determined from the peak torque recorded,
using Eq. (7) (Koehler and Fowler, 2004), which represents the energy
needed to trigger the flow from a static state. Stress growth tests were
repeated every 15 min till 1 h to evaluate the structural build-up process
in AAS concrete, with the initial measurement was marked as ‘O min’.
After each test, the rheometer vane was removed, and the fresh concrete
was covered with a plastic sheet to prevent moisture loss, allowing for
rest. Before each scheduled testing interval, the AAS concrete was sub-
jected to a 1-min remixing with a handheld concrete mixer and then
allowed to rest for another minute (Puertas et al., 2018). The rheological
tests presented in this study were performed on two replicate AAS
concretes to ensure repeatability.

Flow curve

15 min 15 min 15 min 15 min

Stress growth

Slump test

Stress growth Stress growth Stress growth Stress growth
test test test test
Slump test Shump test Slump test Slump test
15 min 15 min 15 min 15 min

Fig. 2. Flowchart outlining the testing procedures for evaluating the fresh properties of AAS concretes.
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where 7; represents the static yield stress (Pa), T represents the
maximum torque (Nm), d, represents the vane’s diameter (m), and h,
represents the vane’s height (m).

)

Ts =

2.4.3. Workability retention of AAS concrete

Slump tests were in parallel conducted every 15 min according to EN
12350-2 with an Abrams cone to evaluate the workability retention of
AAS concrete (Sun et al., 2022c). The concrete for slump tests was also
remixed for 1 min before target testing ages (Puertas et al., 2018). To
mitigate the influence of potential losses of mortar and paste, the fresh
mixture attached to the surface of testing devices was carefully recol-
lected into the container. Results presented in the current study were
presented as the average of two tests.

3. Results and discussion
3.1. Mixture screening based on setting features

Results of mixture screening based on the setting features of AAS
pastes are shown in Fig. 4. The mesh surface representing the initial
setting time as a function of Ms and NayO content in the activator is
derived by piecewise linear interpolations between two adjacent data
points (Table 3). Results have illustrated that the initial setting time
gradually decreased with an elevated NayO content given a certain Ms in
the activator. It can be inferred that the increase in alkalinity has
considerably facilitated the initial dissolution of precursors, resulting in
arapid initial setting. By contrast, a non-linear relationship was detected
between Ms and the setting time. With a fixed NagO content, the initial
setting time was first extended but drastically declined along with the
increases in Ms. In specific, AAS with Ms of 0.75 exhibited the longest
setting times among all mixtures with 2% NapO content. Moreover, it
was noted that the Ms values resulted in the longest setting time shifted
towards lower Ms values (around 0.5) with further increases in NayO
content in the activator, as denoted with the dashed arrow in Fig. 4 (b).
This shift may be attributed to the unique stiffening mechanism result-
ing from modifications in activator compositions (Sun et al., 2023)
(Palacios et al., 2021). In turn, a triangle zone was observed as presented
by the warm colors in Fig. 4 (b), indicating AAS mixtures with an
apparently longer setting time over other mix designs.

According to EN 197-1, the minimum initial setting time for cement
should range from 45 to 75 min, depending on its strength classification
(Luukkonen et al., 2018). In this study, a threshold of 60 min was
established for subsequent tests, and the chosen mixtures were used as
paste components in the AAS concrete mix design (see Table 4). Further,
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=
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‘£ 500
D
Z 250
=

800

600

400

200
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it was found that AAS pastes with 2% NayO exhibited very limited
strength development after 24 h that the hardened Vicat apparatus
samples could be manually crushed while demolding. Accordingly, they
were excluded from subsequent studies on AAS concrete as well.

3.2. Non-linear rheological behaviors

Fig. 5 presents the ramp-down portions in torque-rotational speed
curves of AAS concretes with different activator compositions. It was
observed that flow curves shifted downwards with the increase in either
Ms or NayO content. The rheological parameters were determined with
the method described in Section 2.4.2 to characterize the dynamic flow
of AAS concrete, as illustrated in Table 5. Using the linear Bingham
model, C3.3 exhibited the highest dynamic yield stress and plastic vis-
cosity. However, both parameters significantly decreased as Ms
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Fig. 5. Results of flow curve tests (a) Flow curves of AAS concretes with 3%
Na,O; (b) Flow curves of AAS concretes with Ms0.5.
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Fig. 4. Initial setting time of AAS paste (w/b = 0.45) versus Ms and Na,O content (%) in activators (a) 3D view; (b) Top view.
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increased. Specifically, the dynamic yield stress of C3.7 dropped by
63.2% compared to C3.3, highlighting the fluidizing effect of silicate
species in the activators (Alonso et al., 2017). It is noteworthy that the
plastic viscosity of 3% NapO concrete mixtures was first reduced with
the increase of Ms, but slightly improved in C3.6 and C3.7. Meanwhile,
the increase of Na;O content in the activator resulted in similar re-
ductions of both rheological parameters This might be ascribed to higher
liquid content in the fresh concrete by improving the alkali dosage, in
particular the sodium silicate, leading to better dispersion between solid
particles (Puertas et al., 2018).

Typical flow curves of C3.3 and C3.7 fitted with Bingham and
Herschel-Bulkley models are plotted in Fig. 6. In both cases, the Bing-
ham fitting curve was found more deviated from the flow curve obtained
from the rheological test, where an explicit non-linearity was identified
instead. Hence, the Herschel-Bulkley model was further adopted to
accurately assess the non-linear rheological behavior in AAS concrete.
As listed in Table 5, progressive growth of the flow index from 0.92 to
1.23 was detected in 3% NayO AAS concretes with the increase of Ms,
indicating a transition between shear thinning and shear thickening
behaviors (Yahia, 2011). Similar trends have been found in 4% NayO
mixtures. In addition, the shear thickening of AAS concrete became
more pronounced by improving the Na,O content in the activator, and
the maximum flow index of 1.22 occurred in C6.4 among Ms0.5
mixtures.

Meanwhile, an almost linear rheological behavior was detected in
C3.5 and C4.4, with the flow index of 1.01 and 1.02, respectively.
Bingham and Herschel-Bulkley models have resulted in equivalent
performances in C3.5 and C4.4 with nearly identical rheological pa-
rameters. However, the Herschel-Bulkley model exhibited a better
fitting with greater R? over the other as the non-linearity became more
evident, especially in mixtures with higher alkali dosages. Results reveal
that both the yield stress and consistency factor were reduced with the
increase of Ms and NayO content, indicating a more fluid flow of AAS
concrete. Moreover, it is noticed that the viscosity of AAS concrete
(denoted with the consistency factor in the Herschel-Bulkley model
(Feys et al., 2008)) gradually declined with the increase of Ms. Instead,
the inverse increment of plastic viscosity from C3.5 to C3.7 by applying
the Bingham model disappeared. This could be attributed to the
non-linearity of the dynamic flow. In that case, the viscous behavior in
AAS concrete was overestimated due to shear thickening. On top of that,
it has been also indicated that the shear stress could be underestimated
with the Bingham model in low shear rate regions (Feys et al., 2007).
Negative shear stress has been reported in some extreme cases, which is
physically unrealistic in practice (De Larrard et al., 1998) (Heirman
et al., 2008). Results above further illustrate that the Herschel-Bulkley
model could better describe the rheological behavior of AAS concrete
over the Bingham model, in particular while high dosages of alkaline
activators are applied.

Table 5
Results of flow curve fitting with the Bingham and Herschel-Bulkley models.
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Fig. 6. Flow curves fitting of AAS concretes (a) Flow curve of C3.3; (b) Flow
curve of C3.7.

3.3. Structuration and workability retention

Stress growth tests using a rheometer and slump tests were con-
ducted in parallel every 15 min until 1 h to monitor the structuration and
workability retention in AAS concrete. The effect of concrete thixotropy
was eliminated by the 1-min remixing process before each testing age.

As shown in Fig. 7 (a), C3.3 exhibited the highest static yield stress
over time among 3% NaO mixtures. A very steep increase was detected
between 15 and 30 min in C3.3, and it was no longer possible to remix
and conduct further tests at later ages. Meanwhile, the static yield stress
in AAS concrete gradually declined with an elevated Ms, indicating the
fluidizing effects of sodium silicate activators (Alonso et al., 2017). The
stress evolution curves gradually stabilized from C3.4 to C3.7 over time.
This may be linked to the extended induction period, during which the
activation reaction proceeded at a relatively slow pace. Meanwhile, the
reversible accumulation was progressively diminished due to the
applied remixing shear steps. Thereby, these mixtures exhibited a

Mix Bingham model Herschel-Bulkley model
Dynamic yield stress (Pa) Plastic viscosity (Pa-s) R? Dynamic yield stress (Pa) Consistency factor (Pa-s") Flow index R?

C3.3 129.56 63.69 0.9970 114.72 78.22 0.92 0.9988
C3.4 112.69 52.46 0.9986 111.11 54.10 0.98 0.9986
C3.5 96.09 49.90 0.9980 97.11 48.87 1.01 0.9980
C3.6 66.88 52.01 0.9978 78.70 40.01 1.14 0.9993
C3.7 47.72 52.34 0.9949 65.60 34.42 1.23 0.9985
Cc4.3 111.92 59.67 0.9990 105.24 66.68 0.94 0.9993
C4.4 70.29 46.77 0.9976 71.74 45.27 1.02 0.9976
C4.5 57.09 42.39 0.9983 62.55 36.81 1.08 0.9987
C5.4 25.68 40.25 0.9979 31.33 34.50 1.08 0.9984
C5.5 16.67 38.40 0.9969 25.80 29.18 1.15 0.9984
C6.4 10.30 36.00 0.9962 22.13 24.14 1.22 0.9995
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Fig. 7. Results of stress growth test as a function of time (a) Static yield stress of AAS concretes with 3% Na,O; (b) Static yield stress of AAS concretes with Ms0.5.

limited structuration in the first hour compared to C3.3. Similarly,
previous studies have also reported fluidity recovery by extending the
mixing time and applying extra shear energy in silicate-activated AAS
mixtures (Puertas et al., 2018; Palacios et al., 2021; Palacios and Puer-
tas, 2011).

Regarding Ms0.5 mixtures (Fig. 7 (b)), the static yield stress was
found to decrease with a higher Na,O content. From the mix design
point of view, extra sodium silicate was introduced into the AAS con-
crete to keep a constant Ms while increasing the NayO content, leading
to a more dispersed system by improving the liquid fraction. As the solid
grains are more dispersed from each other (Okamura and Ouchi, 1999),
more reaction products are needed to achieve comparable interparticle
interactions and thus improve the stiffness of fresh mixtures. Therefore,
AAS concretes with higher alkali dosages exhibited a slower structural
build-up progress compared to other mixtures (Fig. 7).

Fig. 8 shows the slump values of AAS concrete over time. The initial
slump increased with higher Ms and NayO content, while the rate of
slump loss decreased slightly with increased alkali dosages. The highest
initial slump value was detected in C6.4, where an S5 consistency class
(according to EN 206) has been achieved. In the meantime, C6.4 also
exhibited good workability retention that the slump maintained more
than 200 mm after 1 h.

Moreover, the static yield stress and slump results presented above
exhibited similar evolutionary trends. A correlation likely exists, as both
parameters describe the onset of the dynamic concrete flow from a static
state. Previous rheological studies have identified the correlations be-
tween yield stress and slump values in PC concrete (Domone et al., 1999)
(Ferraris and De Larrard, 1998). However, relevant information on the
application of AAS concrete has been seldom reported since the
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rheological data is very limited in the present literature to date. Results
obtained from this study are plotted in Fig. 9. An exponential relation-
ship with an R? of 0.89 has been established between the static yield
stress and slump of AAS concrete. The result further explores the feasi-
bility of predicting AAS concrete yield stress through a simple slump
test, whereas more relevant data is needed to establish the relationship
with better accuracy.
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Fig. 9. Correlations between the static yield stress and slump values of
AAS concretes.
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Fig. 8. Results of slump tests as a function of time (a) Slump values of AAS concretes with 3% Na,O; (b) Slump values of AAS concretes with Ms0.5.
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3.4. Discussion

The origin of non-linearity in dynamic flows of concrete has been
addressed in previous studies using PC binders. Several studies have
explained the shear thinning and thickening through the transition be-
tween ordering and disordering states of particles in suspensions (Feys
et al., 2009) (Houst et al., 2008). In these systems, hydrodynamic forces
induced by external shear energy applied are competing with the
interparticle Brownian force (Rastogi et al., 1996) (Feys et al., 2009),
and thus the non-linear behavior is driven by the balance between
interparticle attractions and repulsions (Yahia, 2011). Shear thinning
occurs as the hydrodynamic force exceeds the interparticle attractive
force under dynamic flows to disperse the particles, leading to a
shear-induced ordering of the system (Feys et al., 2008) (Zhang et al.,
2024Db). As illustrated in Fig. 6 (a), C3.3 with the lowest Ms behaved
shear thinning at low rotational speed regions, while the torque almost
linearly increased with higher rotational speeds. It can be inferred that
the randomly packed particles in AAS concrete initiated their relative
motions with the increase in shear rate, until reaching an ordering state
to maintain the dynamic flow in equilibrium. In that case, the internal
shearing takes place only between layers of particles and the interstitial
fluid against the flow at higher shear rates (Feys et al., 2009), where no
further shear thinning was detected.

On the other hand, there exists a competition between the inherent
interparticle interactions and external shear applied under dynamic flow
conditions (Melrose and Ball, 2004a). Shear thickening usually occurs
with an increase in shear rate because hydrodynamic forces become
dominant, overcoming interparticle electrostatic repulsion and wreck-
ing the dynamic equilibrium. (Maranzano and Wagner, 2001a)
(Maranzano and Wagner, 2001b). In other words, the interparticle
repulsive forces cannot instantly relieve hydrodynamic forces induced
by the increase of external shear energy applied, and thus the adjacent
solid grains are forced to approach closer from each other until reaching
the new equilibrium at higher energy levels (Melrose and Ball, 2004b).
In turn, solid particles including undissolved binders and precipitates of
early reaction products are temporarily compressed into clusters, in
which the solid grains nearby are freely accessible depending on the
shear energy applied. (Feys et al., 2009). Further, solid grains tend to
accumulate in clusters, obstructing the flow path as the shear energy
propagates from high to low shear rate areas. This can enhance inter-
particle interactions, increasing apparent viscosity and resulting in more
pronounced shear thickening behavior (Egres and Wagner, 2005).

By incorporating alkaline compounds in to the activator solutions,
AAMs inherently exhibit a distinctive viscous effect in interparticle
fluids compared to PC materials (Alnahhal et al., 2021) (Favier et al.,
2014). Moreover, higher Ms in the activator may lead to a more viscous
interstitial fluid (Alnahhal et al., 2021), which in turn easily entrap the
free solid particles in the cluster along the shear direction. Apart from
that, a few previous works have further illustrated that the silicate
species in activators may provide nucleation sites for primary reaction
products (Hubler et al., 2011), resulting in the rapid structural build-up
at the early stage (Sun et al., 2023) (Zhang et al., 2022) (Gebregziabiher
et al., 2015). As the Ms content in the activator increased, the mecha-
nisms described earlier became more prominent, enhancing the shear
thickening behavior (Maranzano and Wagner, 2001b), as evidenced by
the rises in flow index in Table 5. An apparent shear thickening was
observed in C3.7 (Fig. 6 (b)) that the flow curve progressively became
steeper in high rotational speed regions.

In addition, the shear thickening is also related to microstructural
configurations in the system. Barnes (1989) suggested that shear
thickening is not featured in typical flocculated systems. This is further
corroborated by Feys et al. (2009), who found that conventional con-
cretes with more flocculated particles show less shear thickening
compared to self-compacting concrete, where fine particles are
dispersed using admixtures. In AAS mixtures, previous studies have
revealed the similar effects of silicate species in activators to disperse
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slag grains (Sun et al., 2022b), resulting in a less flocculated micro-
structural feature in the system. Accordingly, the shear thickening was
gradually intensified in AAS concretes with an elevated Ms.

Nevertheless, the contribution of aggregates is significant and should
not be overlooked. In this study, AAS concretes were prepared with a
fixed precursor content, whereas the variations of alkali dosages per
cubic meter of AAS concrete was compensated for by the aggregate
content. In dynamic flows, clusters formed near precursor particles may
break apart due to the inertial forces from aggregates, particularly when
grain sizes exceed 8 mm (Feys et al., 2009). As a result, low-Ms mixtures
with higher aggregate content show reduced shear thickening compared
to those with higher Ms values.

4. Conclusions

The emphasis of this paper is to evaluate flowability and non-linear
rheological characteristics of alkali-activated slag (AAS) concrete. Ef-
fects of the activator composition have been studied by varying the
activator composition, i.e. the silicate modulus (Ms) and NayO content.
Structural build-up and workability retention have been investigated as
well to further assess the flow properties of AAS concrete. Based on the
results of this study, the following conclusions can be drawn.

e Dynamic rheological parameters (yield stress and plastic viscosity) of
AAS concrete significantly declined with higher Ms and NayO con-
tents in the activator. It has been found in a few mixtures the vis-
cosity was overestimated, while the yield stress might be
underestimated by applying the Bingham model due to the non-
linearity.

e The Herschel-Bulkley model demonstrated superior accuracy in

capturing the rheological behavior of AAS concrete compared to the

Bingham model, especially as the shear thinning/thickening became

more pronounced due to the variation of activators. However, both

models have resulted in similar fitting performance with nearly
identical rheological parameters in several linearly behaved
mixtures.

A transition from shear thinning to shear thickening has been

observed by increasing Ms in the activator. Shear thinning was

detected in low-Ms mixtures, whereas the shear thickening became
more evident with higher Ms values and NayO content.

e AAS concretes with a lower Ms were characterized with a more rapid

build-up process, due to the strong early reactivity. Meanwhile, the

build-up rate in the first hour was reduced as Ms and NayO content
increased, leading to better workability retention.

This study revealed an exponential relationship between the static

yield stress and the slump values of AAS concrete. It is indicated that

the yield stress could be estimated through the slump test.
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