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ABSTRACT

The rheological behavior of pastes made with fly ash-slag blends in alkali silicate activating solutions is evalu-
ated. The link between the activating solution composition and the fundamental rheological behavior of alkali-
activated pastes are studied for different fly ash-slag blends. The transient response of alkali-activated pastes
prior to initiation of flow under an applied strain rate varies between yield-type or Maxwell-flow behaviors
depending on the silica content in the activating solution. Adding dissolved silica in the alkaline activating so-
lution initially produces a decrease in the yield stress of the paste, but with further increase the transient
response transitions to a Maxwell-flow type behavior. Maxwell flow behavior is a fluid-dominated response with
an apparent yield stress in the transient response under constant applied strain rate. The apparent yield stress in
the Maxwell flow response increases sensitively with increasing silica content in the activating solution. On
increasing the silica content in the activating solution, there is an increase in the plastic viscosity of the pastes.
The thixotropy of the paste is influenced by the silica content in the activating solution and the slag content in the
blend. Blends with yield-type behavior exhibit a rapid yield stress recovery after shearing. The yield stress and
the structural rebuilding energy (SRE) increase very rapidly with age in activated mixtures containing dissolved
silica. The pastes which exhibit Maxwell flow response have a significantly slower structural buildup indicated by
a lower rate of increase in the SRE with age compared to material with yield type of behavior. The slag content in
the blend contributes to a rapid increase in the SRE. The requirements of rheology control of the paste for

different processing requirements including pumping and 3D concrete printing are evaluated.

1. Introduction

Concrete made with a cementitious binder is the most prevalently
used construction material. The production of cement accounts for 8% of
anthropogenic CO2 emissions, which is related to the energy of pro-
cessing and the decomposition of the source materials (Makul 2020).
Geopolymers are considered as environmentally friendly and sustain-
able construction materials. Geopolymers are synthesized from variety
of waste materials reducing the impact on environment (Benito et al.,
2013). Replacing ordinary Portland cement with supplementary
cementitious materials has conventionally been tried to reduce the
carbon footprint of cement (Yang et al., 2015). The production of con-
crete with geopolymers and alkali-activated binders is now being
explored as a sustainable alternative to cement. These binders typically
use post-industrial waste materials and have lower environmental and
energetic impacts while providing adequate mechanical properties for
most construction applications. These binders allow for more efficient
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utilization of post-industrial waste materials in much larger quantities
than is possible in conventional concrete mixtures. The durability of the
alkali-activated binders depends on the microstructure of the products
formed in the system (Bernal and Provis 2014). It can be controlled by
the adjusting the fly ash/slag binder ratios, dosage of activators and
admixtures (Arbi et al., 2016). The chloride penetration rates are less in
alkali binders compared to Portland cement and these binders are highly
resistant to fire and freeze-thaw cycles (Pacheco-Torgal et al., 2012).
The compact structure of alkali-activated binders resists the water
penetration into the surface of the concrete (Fu et al., 2011). The
addition of fly ash increases the sulphate resistance of the concrete
(Yaragal et al., 2020). Alkali-activated binders suffer less deterioration
compared to Portland cement when exposed to sulphuric acid (Albitar
et al., 2017).

Geopolymers are typically produced by alkali-activation of a low-
calcium fly ash binder. Typically, sodium-based alkaline activators
containing dissolved silica are used. The most commonly used activating
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solutions are combinations of sodium hydroxide (NaOH) and sodium
silicate (Nap0.xSiO2). An alkali-activated fly ash paste (AAF) is a par-
ticulate suspension of the fly ash in a viscous alkali silicate solution.
Exposure to the alkaline solution leads to the dissolution of the glassy
phase in the fly ash and the release of precursors for geopolymer pro-
duction. The activating solution supplements the requirement of sodium
and silica in the geopolymer (Duxson et al., 2007). The formation of gel
in the alkali-activated binders depends on the Si/Al ratios (Zhuang et al.,
2016). However, the addition of sodium silicate produces a higher vis-
cosity (Zannerni et al., 2020). The exact requirements of sodium, dis-
solved silica, and NaOH molarity in the activating solution for producing
high strength geopolymers from low-calcium fly ash with given reactive
silica and alumina contents depend on the reactive content of the fly ash
(Bhagath Singh and Subramaniam 2017). The compressive strength
depends on the content of the amorphous reaction content formed
(Bhagath Singh and Subramaniam 2019a). The compressive strength is
reported to directly proportional to the Si: Al atomic ratio in the product
(Bhagath Singh and Subramaniam 2020). Producing geopolymers from
alkali activation of low-calcium fly-ash, however, needs heat curing for
early strength properties (Chithiraputhiran and Neithalath, 2013). The
increase in the silica content relative to alumina is not influenced by
solution molarity or temperature (Bhagath Singh and Subramaniam,
2017). The addition of a calcium source, such as GGBS to the fly-ash
reduces the setting time and produces strength gain under ambient
conditions (Ravikumar et al., 2010). The addition of slag affected the
reaction product and the silica structure (Lee and Lee, 2015). The
increased additions of slag increase the C-S-H gel formation and
decrease the aluminosilicate gel (Ye and Radlinska, 2016). Utilization of
coal ash based byproducts in alkali cements improved the rheological
and compressive properties (Samarakoon et al., 2019).

AAF pastes are shear thinning (or pseudoplastic) with increasing
strain rates (Lootens et al., 2004). The shear thinning of the materials
can be related to the decrease in size of the structure with the increasing
shear rate (Vazquez-Quesada et al., 2016). The zeta potential between
the particles is the index of particle aggregation capacity (Kondepudi
and Subramaniam 2019). The paste rheology depends on the viscosity of
the activating solution. The AAF pastes exhibited higher viscosity and
lower yield stress properties compared to Portland cement. The thixot-
ropy exhibited by the AAF pastes depends less on the fly ash itself and is
determined by the composition of the activating solution. The thixot-
ropy in fly ash based geopolymers with higher silica dosages is low
(Kondepudi and Subramaniam 2019). The alkali silica-based fly ash
geopolymers exhibit rate dependent behavior due to high viscous nature
(Gadkar and Subramaniam 2019). Alkali-activated slag (AAS) pastes
exhibit complex rheological behavior, which depends on the alkali
modulus (Mg), which is the mass ratio of SiO5 to NayO in the activating
solution (Palacio et al., 2008). The fundamental rheological behavior
inferred from model fits to viscometric measurements indicates a
yield-type behavior, which increases with Na,O content in the activating
solution (Palacio et al., 2008). The addition of silica to slag in an alkaline
solution has been shown to decrease the yield stress in sodium silicate
activated slag suspensions (Puertas et al., 2014). AAS is shown to be
rapidly aging with increasing alkalinity resulting in a fast evolution of
rheological properties with time (Palacio et al., 2008). The addition of
silica in the alkali activated slag decreases the Ca/Si ratio in the system,
producing reaction products with higher mechanical strength and lower
porosity (Puertas et al., 2014). The loss in the workability of slag in
alkaline solution is also accelerated with the addition of soluble silica
(Chang 2003). AAS with silica contents exhibits faster setting times due
to early product formation (Fernandez-Jiménez and Puertas, 2001); The
sodium in the presence of the silica in slag-based system leads to
accelerating effect in the calcium silicate hydrate product formation
(Reddy et al., 2020).

Binders made with fly ash-slag blends are being actively developed to
overcome the slow strength gain when only fly ash is used and the rapid
uncontrolled setting in alkali-activated slags. Alkali-activated blends of
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slag and fly ash (AAFS) have better control over setting behavior when
compared to AAS and achieve strength gain at room temperature curing
unlike AAF (Lee and Lee, 2013). Fly ash in the binder improves the
workability of the alkali-activated blend. The improvement is related to
a decrease in the viscosity and yield stress (Yang et al., 2018). While slag
in the binder results in reduced flowability of the alkali-activated blend,
it allows a room temperature curing (Fang et al., 2018). There is a
reduction in the workability of fly ash slag blends in activating solutions
containing dissolved silica (Gao et al., 2015).

The studies in the literature are confined mostly to the mechanical
properties, setting behavior, and microstructure of the AAFS. The setting
time is highly dependent on the activator concentration (Marjanovic
et al., 2015). The desirable workability and setting time can be attained
by blending fly ash with the slag (Nath and Sarker 2014). Longer mixing
times decreases the thixotropy in AAS systems (Puertas et al., 2018). The
additions of nano silica aids in speeding up the hydration of material.
(Lavergne et al., 2019). Replacing natural sand with copper slag at
appropriate levels increased the fluidity and mechanical strength (You
et al., 2020). Developing applications like self-leveling concrete, 3D
concrete printing, and cellular concrete using the AAFS requires un-
derstanding their rheological behavior (Alghamdi et al., 2019). Rheo-
logical characterization of these complex binder systems considering the
influences of the blend composition, solids loading, and activating so-
lution composition is required.

In this paper, AAFS pastes made using sodium-based alkaline acti-
vating solutions with dissolved silica are evaluated. In these activated
binders, external silica is required in the activating solution for
achieving adequate strength after hardening (Bhagath Singh and Sub-
ramaniam, 2017). Additionally, an adequate concentration of [OH] is
required in the activating solution to ensure the reactivity of fly ash
(Bhagath Singh, and Subramaniam, 2019b). This research extends the
knowledge on the influences of mass proportions of source materials and
activating solution compositions on the rheological properties of AAFS
binder. An understanding on the effect of silica content and the alka-
linity in the activating solution on the onset of flow behavior along with
the structural rebuilding energy of the AAFS is determined.

2. Materials and methods
2.1. Source materials
The source materials consisted of low-calcium siliceous fly ash and

ground granulated blast furnace steel slag (hereafter referred to as slag).
The particle size distributions of these materials are shown in Fig. 1. The
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Fig. 1. Size distributions of slag and low-calcium fly ash wused as
source materials.
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median particle sizes of the fly ash and slag were 43.1 pm and 15.8 pm,
respectively. The oxide compositions of fly ash and slag are listed in
Table 1. The proportions of reactive SiO5 and Al,O3 contents in the fly
ash were equal to 27.1% and 16.0%, respectively, while the total SiO5
and Al,O3 contents were 55.7 and 26.0%, respectively. The Rietveld-
based quantitative analysis was performed to identify the phases in
the material using the TOPAS software. The known crystalline structures
were extracted based on the Inorganic Crystal Structure Database
(ICSD), and the glassy phase was separated using hkl phase structural
factors. The phase quantification of individual compounds was per-
formed using the external standard method based on the Rietveld scale
factors (Bhagath Singh et al., 2018). The reactive forms of SiOy and
Al,Og3 are available in a glassy phase, and the difference between the
total and reactive SiO3 and Al,Os is present in non-reactive, crystalline
forms. The fly ash and slag conformed to IS 3812-2013 and IS
12089-1987 respectively for use as pozzolans in concrete. Class F fly ash
requirements of ASTM C618 were also satisfied.

2.2. Activating solution

The alkali-silicate pastes were made by mixing the activating solu-
tions with blends of fly ash and slag. The activating solutions were
combinations of sodium hydroxide (NaOH) and sodium silicate (NayO.
xSi03). A commercially available Nay0.xSiOy solution with mass pro-
portions of NayO: SiOo: HoO equal to 14.7: 34.2: 51.1 was used. The pH
of the Na0.xSiO5 solution was 13.47.

2.3. Binder compositions

AAFS binder pastes were made with blends with different mass
proportions of fly ash and slag. Three series of blends with mass pro-
portions of fly ash to slag equal to 50:50, 80:20, and 90:10 designated as
F50850, and F80S20, and F90S10, respectively, were considered in the
experimental program. Additionally, alkali-silicate activated fly ash
designated F100SO was also considered for reference. In the experi-
mental program, the activating solution composition was varied for each
blend proportion. For each series of blends, alkali-activated solutions
were prepared with varying silica content (mass proportion of SiO2/H0
in the solution) while keeping the molarity of NaOH in the activating
solution equal to 3 M. The molarity of NaOH reported in this study refers
to the final molarity of NaOH in the activating solution. This was
calculated as the number of moles of NaOH per liter of water in the final
solution. It may be noted that the final molarity of NaOH is used in this
study as opposed to the initial molarity of NaOH used to prepare the
solution as reported in previous studies. The final molarity, therefore,
provides an indication of the [OH ] in the solution. The rheological
properties of the suspension are controlled by the final concentrations in
the activating solution considering all the ingredients. The NaOH con-
centration, which provides an [OH™] of 3 M in the activating solution
was adequate for achieving the highest strength gain in the alkali-
activated fly ash and slag (Bhagath Singh, G.V., and Subramaniam,

Table 1

Mass percentages of oxides in the fly ash and slag.
Oxide Fly-ash Slag
SiO, 55.7 29.7
Al,03 26.0 16.4
CaO 4.1 43.1
Fe,03 5.6 0.9
MgO 1.9 4.7
K>0 2.8 0.8
TiO, 1.8 1.1
SO; 0.9 2.2
P,0s5 0.6 -
MnO 0.7 -
Loss on ignition (%) 0.09 1.50
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2017). The practical use of materials in site is possible through consid-
ering low to medium molarity (Reddy et al., 2020).

The rheology of the activating solution, which is prepared by mixing
NaOH with Na0.xSiOs, is determined by two factors, the silica content,
and the Mg (Kondepudi and Subramaniam, 2019). The static viscosity
increases with the increase in modulus when it becomes either siliceous
or alkaline (Yang et al., 2008). There is an increase in the Mg of the
activating solution with an addition of dissolved silica. The Mg of all the
activating solution were smaller than 1.80, which ensured a colloidal
form of silica in the solution (Kondepudi and Subramaniam, 2021a). The
viscoelastic measurements aids in understanding material behavior
below elastic limit (Saak et al., 2001). The alkali-silicate activating so-
lution is known to behave as a Newtonian fluid (Kondepudi, K., and
Subramaniam., 2019). The increase in the silica content produces an
increase in the viscosity of the activating solution. Further, in the range
of Mg < 1.80, at a constant silica content, increasing the Mg in the
activating solution produces a decrease in its viscosity (Kondepudi and
Subramaniam, 2019). The viscosity of the activating solution provides a
basis for interpreting the changes in the rheological behavior of the
AAFS pastes with the activating solution composition. The rheological
results depend on the type of geometry used. The vane geometry is
known to produce a cylindrical shearing surface defined as diameter and
height (Olivas et al., 2016).

2.4. Solids loading and mix designations

The alkali-activated pastes were prepared with different solids
loadings given by the different mass proportions of the activating solu-
tion to source materials in the blend (sol/b) equal to 0.385, and 0.42. The
test matrix along with mix designations of all the pastes considered in
the experimental program are listed in Table 2. The AAFS pastes are
identified with the notation FAASBB-XX-YY, where AA, and BB, refer to
the mass proportions of fly ash and slag in a series, XX refers to the sol/b
ratio in the paste and YY refers to the silica content in the activating
solution. In the experimental test matrix, the influence of the solids
loading is indicated by the sol/b ratio, the composition of the blend is
indicated by the FAASBB, and the composition of the activating solution
is indicated by the silica content. The Mg of the activating solution is also
listed in Table 2. All the blends in the series containing slag exhibited
setting under ambient conditions of 27 deg C. The initial setting times of
four mixtures, F50S50-0.42-0, F50S50-0.42-0.33, F90S10-0.42-0, and
F90S10-0.42-0.33, which cover the ranges of slag and silica contents
were determined from Vicat penetration measurements and were 2 h, 1
h 15 min, 4 h 45 min, and 6 h, respectively.

2.5. Mixing and pre-shear protocols

The alkali-activated pastes conforming to the mass proportions listed
in Table 2 were prepared by mixing the blends of fly ash and slag with
the activating solutions at 300 rpm for 150 s. The alkali-activated paste
was placed in the cup of the rheometer and pre-shared at 20 s 1for120s
using the vane. The paste samples were then allowed to equilibrate for
120 s before starting the rheological measurements. The same pre-
shearing procedure was followed for all the mixtures to maintain an
identical shear history prior to testing.

3. Rheological measurements

The experimental test procedures for determining the yield stress,
viscosity, and thixotropy of the alkali-activated pastes were developed
and are described in detail in (Kondepudi, K., and Samarakoon et al.,
2019). A brief review is presented here for completeness. The rheolog-
ical measurements were performed using the cup and vane system in a
strain-controlled rheometer. The setup consisted of a concentric
four-bladed vane of 28 mm diameter in a 30 mm diameter cup. The cup
and vane measurement system were used to avoid potential inaccuracies
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Table 2

Cleaner Engineering and Technology 6 (2022) 100398

The test matrix showing the different blend proportions, solids loading, and activating solutions compositions.

Series Sol/b Activating solution Designation Yield stress (Pa) Apparent viscosity (Pa.s) Plastic viscosity (Pa.s)
Si0,/H20 Ms
F50S50 0.385 0 0 F50850-0.385-0 23.0 - 1.0
0.09 0.67 F50850-0.385-0.09 22.0 - 2.7
0.18 1.03 F50S50-0.385-0.18 - 15.0 8.9
0.27 1.27 F50S50-0.385-0.27 - 64.0 40.2
0.42 0 0 F50850-0.42-0 15.6 - 0.5
0.09 0.66 F50S50-0.42-0.09 6.8 - 1.1
0.23 1.18 F50S50-0.42-0.23 - 15.5 9.7
0.33 1.38 F50850-0.42-0.33 - 54.3 36
F80S20 0.385 0 0 F80S20-0.385-0 10.0 - 0.4
0.09 0.67 F80520-0.385-0.09 5.5 - 0.8
0.18 1.03 F80S520-0.385-0.18 - 5.2 2.7
0.27 1.27 F80S20-0.385-0.27 - 12.5 8.7
0.42 0 0 F80520-0.385-0 6.9 - 0.3
0.09 0.66 F80S520-0.385-0.09 2.2 - 0.4
0.23 1.18 F80S20-0.385-0.23 - 4.7 2.6
0.33 1.38 F80520-0.385-0.33 - 15 9.8
F90S10 0.385 0 0 F90S10-0.385-0 7.9 - 0.3
0.09 0.67 F90510-0.385-0.09 3.0 - 0.6
0.18 1.03 F90S10-0.385-0.18 - 3.1 1.8
0.27 1.27 F90S10-0.385-0.27 - 9.0 7.5
0.42 0 0 F90510-0.42-0 5.0 - 0.2
0.09 0.66 F90S10-0.42-0.09 1.70 - 0.3
0.23 1.18 F90S10-0.42-0.23 - 3.2 1.2
0.33 1.38 F90S510-0.42-0.33 - 14.0 8.6
F100S0 0.42 0 1.27 F100S0-0.42-0 3.1 - 0.1
0.09 0 F100S0-0.42-0.09 1.0 - 0.3
0.23 0.66 F100S0-0.42-0.23 - 3.0 0.6
0.33 1.18 F100S0-0.42-0.33 - 8.8 1.1

resulting from wall slip, which gives inaccurate measurements of yield
stress in water-based suspensions (Saak et al., 2001). The vane mea-
surement system was fitted with a Peltier cooling system for maintaining
a constant temperature of 27 deg C.

3.1. Constant shear and hysteresis loop test protocols

Different measurement protocols were applied to the alkali-silicate
activated binder pastes to evaluate the transient constant strain rate,
the rate dependent, and the thixotropic behaviors. In the constant shear
rate tests, the transient response up to the development of steady flow is
measured at a constant applied strain rate; a constant angular velocity of
0.1 rad/s was prescribed and the transient shear stress was measured.
The rate-dependent shear response was measured over a range of
applied shear rates in a hysteresis test. In the hysteresis test, a linear
ramp rate of 0.33 s~2 was applied up to a strain rate of 40 s~! and then
down to 0 s™!. The shear rate sensitivity and deviation from the New-
tonian behavior were determined from the measured response [35]. The
plastic viscosity (u) was determined by fitting the Bingham model
(equation(1)), to the measured shear response between shear rates (du/
dy) equal to 10 and 30 s ! in the down ramp of the hysteresis test
response.

du
T=1, + u(——
<dy)

3.2. Equilibrium test protocol (1)

In the equilibrium test, a three-step procedure was followed.
Initially, the shear rate was increased from 0 to 200 s~! in the 60s. The
shear rate was then held constant at 200 s~ until the shear stress
attained a constant value. In the equilibrium test, the continuous
decrease in the shear stress at the constant shear rate is due to the
breakdown of the flocculates in the suspensions. The attainment of
constant shear stress indicates a dynamic steady state at the applied
strain rate. The time required for attaining the constant shear stress
varied with the paste. After equilibrium, a constant ramp rate of 3 s+

was applied to decrease the shear rate to zero within 60 s. The response
with decreasing strain rate is the equilibrium line. The structural
buildup in the suspensions following shearing was evaluated from the
hysteresis test response on pastes after different rest periods following
an equilibrium test. The structure buildup within the suspension is ob-
tained from the hysteretic test after different rest periods, ranging be-
tween 0 and 10 min. A new sample was used for evaluating the shearing
behavior of a paste after different rest periods.

4. Experimental results

Typical flow curves from the constant shear rate tests on the F90S10
and F50S50 fly ash and slag blends series are shown in Fig. 2. Results
from AAFS pastes sol/b ratios equal to 0.385 and 0.42 are shown. With
increased duration of applied strain, the transient behavior exhibits an
increase in stress, which reaches maximum stress. Following the
maximum stress, the stress attains a constant value at a large strain. The
response immediately following the peak stress, however, varies with
the silica content.

At low silica contents in the activating solution, the transient
behavior exhibits a classical yield-type behavior with a sharp peak and a
decrease in the shear stress following the maximum stress. The peak
stress in the constant strain response is identified as the yield stress. With
increasing shear strain, a steady-state is attained at constant shear stress,
which is lower than the yield stress. In the Maxwell-flow behavior, the
transient shear stress gradually attains constant shear stress immediately
following the peak stress. The maximum stress in the Maxwell-flow
behavior produces steady viscous flow and is identified as the
apparent yield stress. With increasing silica content in the activating
solution, the transient response changes from a yield-type to a Maxwell-
flow behavior. Increasing the silica content in the activating solution
initially produces a decrease in the peak stress. On further increasing the
silica content the peak stress increases. The lowest peak point in the
transient response coincides with the transition from the yield-type to a
Maxwell-flow behavior. Nominally similar behavior was obtained from
the fly ash pastes (F100S0) and the other fly ash-slag blends with
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Fig. 2. Constant strain rate response from fly ash/slag blends with different silica contents: (a) F90S10 blends, sol/b = 0.385; (b) F90S10 blends, sol/b = 0.42; (a)

F50S50 blends, sol/b = 0.385; (b) F50S50 blends, sol/b = 0.42.

increasing silica content in the activating solution.

The numerical values of the yield stress and the apparent yield stress
measured from the different pastes are listed in Table 2. The available
data indicates that the observed variation in the transition to flow
behavior on increasing the applied shear strain depends on the acti-
vating solution composition for all blend proportions and solids loading
(sol/b) in the paste. For the identical sol/b, and fly ash/slag proportions,
the maximum stress attained depends on the silica content in the
solution.

4.1. Hysteresis test and plastic viscosity

Typical flow curves from the constant shear rate tests on the F90S10
blends with a sol/b = 0.385 and F50S50 blends with a sol/b = 0.42 are
shown in Fig. 3. Only data from pastes covering the ranges of slag
contents in the blend and the solids loading are shown for illustrating
typical responses. The responses at the low shear rates are shown in the
insets for clarity. In mixtures with lower silica contents, the distinct
change in slope during the transition from the lower to higher rates
indicate change in material behavior. Following the observable change
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Fig. 3. Responses measured in Hysteresis test from F50S50 blend with different silica contents: (a) sol/b = 0.385; and (b) sol/b = 0.42.

in slope, there is a progressive shear thinning response. In pastes with
higher silica contents, there is a steep increase in the shear stress at
lower shear rates indicating the higher resistance of flow due to the
highly viscous nature. However, the shear stress with increasing shear
rate exhibits a continuous change in slope without the distinctive change
in the slope of the shear stress. A shear-thinning response was obtained
with an increasing shear rate from all the mixtures tested. The stress as a
function of the shear rate depends on the activating solution composi-
tion and the slag content in the blend. Significantly higher stress is
measured in blends with a higher slag content. At a given slag content,
there is an increase in the shear stress at a higher silica content. The
slope of the shear stress as a function of shear rate is indicative of the
viscosity of the paste. The values of the plastic viscosity for all the pastes
evaluated in the test program are listed in Table 2. There is an increase in
the viscosity of the AAFS paste with the slag content in the blend and the
silica content in the activating solution.

Shearing of a particulate suspension with an internal structure from
an at-rest structure results in a large relative movement between the
particles and a disruption of the percolated solid network. Flow is pro-
duced when the internal structure is disrupted to produce a suspension
of particle flocs with predominantly short-range forces between parti-
cles. Interaction between the solids phases in the suspension and the
fluid medium produces shearing of particle flocs which results in a
changing floc structure (Bender and Wagner, 1995). The particle
migration can be brought down to minimal in parallel plate tests by
adjusting the normal forces (Dai et al., 2013). Up to shear rates of 100
s71, the contribution of Brownian effects is usually negligible (Bender
and Wagner, 1995). As the peclet number increases, the boundary layer
becomes thinner, in which the effects of lubrication layer led to shear
thickening effect (Foss and Brady, 2000).

In particle suspensions made with Na;0.xSiO5, which is more viscous
than water, the high shear stress on the particle flocs, and the very high
shear rates produced in the flow of the activating solution between the
particle flocs are responsible for the shear-thinning effect (Kondepudi
and Subramaniam 2019). The non-hydrodynamic forces in the shearing
fluid creates non-symmetric stress field (Zarraga et al., 2000). The shear
flow causes a transition in the viscosity, which is dependent on the

volume fraction of solids (Lin et al., 2015). The blends with a higher fly
ash content exhibit an insignificant shear-thinning due to the relative
ease with which the spherical fly ash particles rearrange under flow
induced shear stress. The shear-thinning behavior is more significant for
a higher slag content in the blend.

4.2. Influence of solution composition on yield stress and viscosity

The variations in maximum stress from the constant shear rate test
and the plastic viscosity from the hysteresis tests for the different series
are plotted against the silica content in the activating solution in Figs. 4
and 5. Data is plotted for the different blend compositions (the F50S50,
F70S30, and the FO0S10 series) at different solids loading (sol/b ratios
equal to 0.385 and 0.42). The Mg of the activating solution is also shown
in the graph for reference. The maximum stress identified with yield
stress or apparent yield stress, depending on the observed constant shear
response are plotted in Figs. 4 and 5 (a). The plastic viscosity obtained
from the shear rate response in a hysteresis test is plotted in Figs. 4 and 5
(b). The results indicate that on increasing the silica content, initially
there is a decrease in the yield stress. With a further increase in the silica
content, a Maxwell flow response is obtained. There is a transition zone
observed in which the stress values are decreased or constant for certain
silica content before complete transformation to Maxwell response. The
yield, transition and Maxwell zones identified, were shown in different
line styles in Figs. 4 and 5. The increase in the dissolved silica in the
activating solution produces a decrease in the yield stress or an increase
in the apparent yield stress. In the Maxwell flow domain, the apparent
yield stress increases rapidly with the silica content (and Mg). For a given
sol/b ratio, higher yield and apparent yield stress values are obtained
from blends with higher slag contents. The increase in the apparent yield
stress is very sensitive to the silica content at higher slag content.

The addition of silica in the activating solution produces a contin-
uous increase in the plastic viscosity of the fly ash/slag pastes. For a
given sol/b ratio, AAFS pastes with a higher slag content have a higher
viscosity. For instance, the mixture with F50S50 with 0.385 solid
loading, exhibited exponential increase in viscosity magnitude from 1.0
to 40.2 Pa s with increase in the silica content. Whereas the mixture with
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Fig. 5. (a) Variation of yield/apparent yield stress with silica content for different blends and sol/b = 0.385; (b) Variation of the plastic viscosity with silica content

for different blends and sol/b = 0.385.

F90S10 with 0.385 solid loading, exhibited an increase in the viscosity
of 0.3 Pasto 7.5 Pa s for a comparable increase in the silica content. The
plastic viscosity is very sensitive to the silica content in the Maxwell
range; there is a large increase in viscosity with the silica content in
pastes, which exhibit a Maxwell flow response. There is a larger increase
in the viscosity with silica content in the pastes exhibiting Maxwell flow
behavior at higher slag content in the blend.

The transient flow behavior at a constant strain rate varies between
yield-type and Maxwell-flow responses, depending on the silica content
in the activating solution. In particulate suspensions, yield-type
behavior is produced by a percolated particle network capable of
resisting applied shear stress (Subramaniam and Wang, 2010). Flow in

such suspensions with increasing shear strain produces a large relative
motion between the particles (Kim et al., 2016). The ultrasonic mea-
surements were carried out to understand the changes in the early age
properties (Wang and Subramaniam, 2011). The Maxwell flow behavior
represents a continuous transition into a steady flow with increasing
strain, which is typical of a fluid-dominated behavior (Gadkar and
Subramaniam 2019).

The change in the composition of the activating solution by the
addition of silica, therefore, has the effect of reducing the particle
network and leading to a fluid-dominated response. The Maxwell
domain is a region where fluid behavior is dominant and an increase in
the viscosity of the activating solution between the solid particles
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produces a large increase in the plastic viscosity and the apparent yield
stress in the constant strain rate response. This fluid domination is
produced by increasing the colloidal silica content, which makes the
activating solution more viscous (Yang et al., 2008).

4.3. Influence of solids loading on Yyield stress and plastic viscosity

Yield stress and plastic viscosity for different sol/b ratios in the
pastes exhibiting a yield-type behavior are shown in Fig. 6 (a) and (b).
Yield stress and plastic viscosity are very sensitive to the increase in the
solids loading; there is a very rapid decrease in the yield stress with
increasing the sol/b ratio. The yield stress also increased with an increase
in the replacement percentage of slag in the blend. Solids loading is the
most sensitive variable which influences both yield stress and viscosity.
Variations in the observed response depend on the compositions of the
activating solution and the blend composition. The decrease in the
plastic viscosity and yield stress of blends with the addition of fly ash has
previously been reported (Yang et al., 2018). For a given fly ash content
in the blend, changes in the yield stress and viscosity are produced by
the activating solution. With increasing silica content in the activating
solution, there is a decrease in the yield stress, while the plastic viscosity
increases. The suspension containing no dissolved silica content, which
was activated using only sodium hydroxide, was found to have the
highest yield stress and lowest viscosity.

4.4. Equilibrium tests and structural buildup

The shear stress response obtained from equilibrium tests on alkali-
activated blends for the F90S10 series is plotted in Fig. 7. Data from
sol/b = 0.385 is plotted in Fig. 5a and b, and responses obtained from
pastes with two different silica contents which lie in the yield and
Maxwell zones are plotted in Fig. 5a and b. The shear stress measured at
a constant shear rate of 200 s ! for obtaining the equilibrium behavior is
shown in the inset. The time required to attain the equilibrium shear
stress varied between the suspensions. The shearing time required to
achieve constant viscosity was 219 s, and 223 s for the F90S10-
0.385-0.09, and F90S10-0.385-0.27 suspensions, respectively.

Under constant applied strain rate, the continuous decrease in the
viscosity under shearing is indicative of a breakdown of the flocculated
structures within the suspension. Under shearing at a constant strain
rate, a state of dynamic equilibrium at the lowest energy state of the
flocculates structures is attained when the stress reaches a constant
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value. In the state of dynamic equilibrium, the lowest energy state is
attained at the stress level, and the rates of flocculation and structural
breakdown are balanced. The data indicates a significantly higher
breakdown with silica content. A hysteresis loop is formed between the
ramp-up curve and the ramp down curve after the material attains an
equilibrium state under shearing at a constant strain rate. After the ramp
down following the equilibrium test, the material is in a reference state,
which can be used to evaluate the structure build up. The shear response
obtained from the decreasing shear rate response, is therefore the
equilibrium line connecting the reference and the equilibrium states.
The structural build up in the AAFS pastes was evaluated from the
shear response obtained after different rest periods following the equi-
librium test. The shear stress response obtained at 0, 5, and 10 min after
the equilibrium test is shown in Fig. 8. The F90S10-0.385-0.09 and
F90S10-0.385-0.27 correspond to pastes that exhibit the yield-type and
Maxwell flow response, respectively. The low shear rate response is
shown in the inset for clarity. In the paste with the lower silica content,
which exhibited a yield-type behavior, there is a recovery of yield stress
evident in the low shear rate response. There is a very rapid yield stress
recovery within 5 min and it increases beyond the initial yield stress.
There is also a very rapid increase in the shear stress at any shear rate
with time in this paste. In the suspension with the higher silica content,
the lack of yield stress is evident in the low strain response, which ex-
hibits a nearly linear increase with strain rate. In this paste, there is a
very small change in the response to increasing strain rate with rest time.
Changes in the shearing response (up ramp of the hysteresis test)
relative to the equilibrium line after a defined rest period are indicative
of changes in the flocculated state of the suspended particles in the at-
rest state within the suspension. In the pastes exhibiting yield-type
behavior, the changes are associated with the rebuilding of the floccu-
lated structure with time. In pastes exhibiting Maxwell-flow behavior,
the response after increasing rest periods indicates very small changes in
the viscous response with shear rates. The internal build up of a long-
range particle structure inside the suspension is obtained from the
yield stress behavior at the low strain rates. Changes in the state of
flocculation after defined rest periods were evaluated by calculating the
area between the stress response to increasing strain rate (up ramp) and
the equilibrium line. The specific rebuilding energy is obtained as the
area under the measured flow response after the yield for shear rates
between 50 and 150 s~ The SRE is related to the changes in the floc-
culated structure within the suspension (Kim et al., 2016). The hyster-
esis loop tests help in quantifying the thixotropic rebuilding (Ferron
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Fig. 6. (a) Yield stress as a function of sol/b ratio; and (b) Plastic viscosity as a function of sol/b ratio.
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Fig. 7. Equilibrium curves for F90S10 blends for sol/b = 0.385 (a) for silica content of 0.09; (b) for silica content of 0.27.
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Fig. 8. Hysteresis tests showing structural recovery after different rest periods: (a) for F90S10 blends for sol/b ratio of 0.385 and silica content of 0.09; and (b) for

F90S10 fly-ash and slag blends for sol/b ratio of 0.385 and silica content of 0.27.

et al., 2007). The procedure for determining SRE is presented in detail in
(Kondepudi, K., and Samarakoon et al., 2019). The equilibrium area,
which is the area under the equilibrium line between shear rates of 50
and 150s™ was also computed. The SRE was normalized with the
equilibrium area and is plotted in Fig. 9 for the alkali-activated blends
with F90S10-0.385-0.09 and F90S10-0.385-0.27. The structural
rebuilding energy (SRE) is very rapid in suspensions with lower silica
content in the activating solution. There is a more rapid increase in the
normalized SRE in pastes with yield-type behavior when compared with
the pastes which exhibit Maxwell flow response. The available data in-
dicates that in pastes, which exhibit a yield-type behavior, the increase
in SRE with age is higher in pastes with a higher slag content. While the

addition of silica produces a decrease in the yield stress, there is an in-
crease in SRE with age on the addition of silica in the pastes with yield
stress. This corresponds with the loss of the workability of the paste.

5. Discussion

The observed flow behavior is influenced by the solution composi-
tion, the solids loading, and the slag present in the system. The
composition of the activating solution has the effect of producing vari-
ations in the transient flow behavior at a constant shear rate. The vari-
ations in the values of yield/apparent yield and viscosity depend on the
solids loading and the slag content in the blend. The composition of the
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Fig. 9. Normalized structural rebuilding energy for different rest periods after equilibrium for different sol/b ratios: (a) 0.385; and (b) 0.42.

activating solution is defined by the silica content and the Mg. The
composition of the activating solution influences its viscosity and also
the dispersed state of particles in the suspension. The zeta potential of
the fly ash and slag particles are influenced by the pH of the solution.
With the increase in molarity of NaOH, there is an increase in the zeta
potential, which favors the aggregation of particles increasing the yield
stress (Kondepudi and Subramaniam, 2019). The available data indicate
that the zeta potential of slag becomes more negative with pH (Merca-
do-Borrayo et al., 2013). For the given molarity of NaOH, increasing the
silica content in the sodium silicate solution makes the zeta potential of
fly ash particles in suspension more negative, which has the effect of
decreasing the yield stress (Kondepudi and Subramaniam, 2019). Ad-
ditions of lower dosages of sodium silicate in the slag system, increases
the magnitude of the zeta potential halving the yield stress of the paste.
This is due to increase in repulsive forces because of double layer for-
mation. The silicate anions get adsorbed on the surface of slag which
carry the positive charges (Ca?t, Na¥). Additions of silicate decreases
the yield stress in the fly ash and slag blends due its plasticizing and
de-flocculating effect of silicate anions (Kondepudi, K., and Sub-
ramaniam, 2019). The particle-particle interactions are influenced by
the activator nature (Kashani et al., 2014). The presence of dissolved
silica in the solution also promotes the precipitation of calcium silicate
hydrates due to the Ca" released from slag dissolution. Increasing the
sodium silicate leads to an increased formation of gel, by producing
additional calcium silicate hydrate in the system, which contributes to
an increase in the yield stress. The counteracting influences of the zeta
potential and gel formation contribute to the observed variation in yield
stress with sodium silicate content.

An increase in the activating solution viscosity produces higher yield
stress in the particulate suspension. The viscosity of the Nay0.xSiOy
solution depends on the silica content and the Mg. For a constant silica
content, the viscosity of the sodium silicate solution decreases with an
increase in Mg and reaches a minimum at an Mg of 1.80 (Yang et al.,
2008). Since the molarity of the NaOH was kept fixed, increasing the
silica content in the activating solution produced an increase in the Mg.
With increasing silica content in the alkali-silica solution, there are two
counteracting effects of an increase in viscosity with silica content and a
decrease produced by an increase in Mg. For low silica content, the
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influence of Mg in decreasing the viscosity of the activating solution is
more dominant than the increasing effect of added silica. At higher silica
content, the influence of added silica on increasing the viscosity is more
dominant than the influence of Mg in decreasing the viscosity.

The influence of silica addition on the viscosity of the activating
solution is to produce a decrease or negligible increase in the viscosity at
low silica contents and a significant increase in the viscosity at higher
silica contents. At low silica contents, the combined effect of negligible
change in the solution viscosity and a decrease in the potential to
agglomerate, leads to a decrease in the yield stress with silica content.
Increasing the silica content further produces a fluid-dominated
response of the increasingly viscous activating solution and the
decreasing tendency of the particles to agglomerate. This produces the
transition to the Maxwell-flow response from a yield-type behavior. The
Maxwell-flow response is therefore produced in pastes, where the fluid
response dominates the transient behavior under increasing strain. The
increase in the plastic viscosity of the paste is directly linked with the
activating solution viscosity. In the pastes, which exhibit a yield-type
behavior, increasing silica content produces a negligible increase in
the viscosity. The fluid-dominated Maxwell-type response, however,
exhibits a higher sensitivity to the increase in the silica content in the
activating solution.

The solids content and the blend composition produce variations in
the transient response and influence the individual values of yield stress
and viscosity. For a given activating solution composition, increasing
the solids content produce pastes with higher yield stress and viscosity.
Increasing the solids content in a particulate suspension has the influ-
ence of decreasing the inter-particle distances leading to increasing
dominance of the short-range van der Waals forces of attraction (Wal-
levik 2005). The theoretical estimate of rheological properties was re-
ported to be valid if the coarse particles are spherical in geometry
(Chateau et al., 2008). This results in a very rapid increase in the yield
stress with the sol/b ratio. The increase in the viscosity is related to the
particulate effect in particulate suspension (Lin et al., 2015).

The composition of the blend, the relative proportions of fly ash, and
slag also influence the viscosity and yield stress of the pastes. Overall, fly
ash influences rheology by reducing both viscosity and yield stress. The
spherical nature of the fly ash particles allows relative motion, hence
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producing decreases in the resistance to initiate flow (in both yield and
Maxwell regions) and during flow with increasing shear strain (Barnes
1997). The addition of slag produces an increase in yield without
significantly increasing the viscosity at low silica contents. At high silica
content, in the Maxwell zone, there are rapid increases in both the yield
stress and viscosity with silica content. The slag particles are angular and
contribute to increased resistance to the initiation of flow and steady
flow under constant shear strains.

An increase in the slag content in the blend impacts the thixotropic
behavior of the blends. The addition of slag accelerates the increase in
yield stress in low silica systems after shearing. Further, the setting
behavior indicated by the increase in SRE is accelerated. The SRE is
found to be influenced by the yield and Maxwell domains. Both chemical
aging and reversible flocculation contribute to the observed thixotropic
behavior (Feys et al., 2007). Shearing produces a finely dispersed sus-
pension of particles. The reversible structure formation is significantly
faster to develop in pastes that exhibit yield-type behavior due to the
higher potential for agglomeration. The increase in the yield stress with
age above the initial values before shearing is produced by the aging
effect resulting in reaction products forming at the points of contact
(Roussel et al., 2012). The rapid structural build-up takes place with the
suspensions containing silica content that falls in the yield domain. In
pastes that exhibit Maxwell flow, after shearing, the reassembly of an
internal percolated network of particles produced by the electrostatic
and van der Waals forces is slow to develop. The aging effect is therefore
significantly enhanced by slag content in the blend. The addition of slag
contributes to the enhanced production of chemical linkages due to
enhanced reaction in the presence of dissolved silica in the solution
(Reddy et al., 2020). However, it was reported that the AAS is more
prone to water loss when compared to Portland cement and AAF
(Thomas et al., 2017). The increased MgO in the slag may lead to for-
mation of hydrotalcite which causes 9% volume increase in the hydrates
(Winnefeld et al., 2015). The chemical aging from the increase in the
chemical linkages produces an irreversible loss of workability. The SRE
is higher in suspensions with higher percentages of slag due to the
precipitation of calcium silicate hydrates, which accelerates the setting
process, thereby increasing its yield compared to viscosity.

Controlling rheology for specific applications requires regulating the
viscosity, yield stress, and thixotropy. Rheology control can be achieved
by varying the activating solution composition, the slag content in the
blend, and the sol/b ratio. Pastes with solid dominant behavior, which
exhibit yield stress and those with liquid dominant Maxwell-flow
response, show dramatic differences in the yield stress, structural re-
covery, and viscosity. For self-levelling and pumping applications,
compositions with low viscosity and low yield-type behavior, are pref-
erable. The suspensions exhibiting Maxwell type behavior has apparent
yield stress and high viscosity which is not a suitable option for pumping
and extrusion process in construction applications. The rheology control
for lowering the yield stress within the yield-type binders can be ob-
tained from the added silica in the activating solution. The higher dos-
ages of silica content in the activating solution give higher stress to
increasing shear strain, which is however from a fluid-dominated
behavior. In applications where shape retention is required, such as
layer deposition or printing, this division helps in selecting the compo-
sition of the solution suitable for printing. The compositions which
exhibit a Maxwell flow response with an apparent yield behavior would
be unfavorable for printing applications.

The alkali-activated blends with high yield stress recovery and less
viscosity in the yield dominant zone create high possible conditions for
3D concrete printing. High yield is achieved for low silica content and
low sol/b ratio. For a given sol/b ratio, the yield can be increased
without significantly increasing the viscosity by increasing the slag
dosage. Within the yield zone, at low silica contents, the yield stress can
be decreased by silica addition. The addition of silica in the yield zone
provides for a faster thixotropic buildup. This yield dominant and
structural recovery behavior is highly favorable for printing conditions.
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This increase in static yield stress property enables shape retention
property. The composition of pastes is often determined by the re-
quirements of silica content and NaOH molarity for strength and other
performance requirements. The rheology control in such cases would
require additional additives (Kondepudi and Subramaniam, 2021b). The
fluid dominant behavior is induced in the absence of CMC in fly ash/slag
binary blends which is unfavorable for the 3D printing construction
process (Kondepudi and Subramaniam, 2020).

6. Conclusions

The rheological characterization of alkali-activated fly-ash and slag
blends was carried out on different solid loadings with different solution
compositions. The rheological characterization of blends replacing fly-
ash with slag by 10%-50% was performed to understand the effect of
slag on flow behavior. The alkali-activated blend suspensions were
prepared with alkali solutions varying with a silica modulus of the so-
lution below 1.67 and fixed alkalinity of solution from NaOH. The so-
lutions were prepared with constant molarity of 3 M with varying
modulus by altering the colloidal sodium silicate in the solution to un-
derstand the effect of the solution Mg on the rheological behavior of
suspensions. From rheological investigation, the following conclusions
are drawn.

1. At low silica content in the activating solution (low values of Mg), a
yield-type behavior is obtained from the pastes. While the yield stress
decreases, the plastic viscosity of the paste increases with the silica
content in the activating solution. Increasing the slag content in the
blend produces an increase in the yield stress. The influence of slag
content on the paste viscosity is minimal.

2. With increasing silica content, the transient shear response under
constant applied shear rate transitions to a fluid-dominated Maxwell-
flow response with apparent yield stress. In the Maxwell flow region,
increasing the silica content in the activating solution content results
in large increases in plastic viscosity and apparent yield stress of the
paste.

3. Both yield stress and plastic viscosity of the paste increase with an
increase in the solids loading.

4. The thixotropic response differs in pastes that exhibit yield-type and
Maxwell-flow behaviors. The structural re-building is rapid in the
solid dominant zone (yield zone) whereas, in the fluid dominant zone
(Maxwell zone) the buildup of structure is slow. Structural re-
building energy increases with the increase in the percentage of
slag replacement with fly-ash. Structural recovery is faster at higher
solid loading.

5. Comparing the sodium hydroxide activated suspensions with alkali-
silica activated suspensions, the yield stress recovery and structural
rebuilding energy increase are rapid with additional dissolved silica
within the solid dominated yield zone. The addition of silica en-
hances the structural buildup in the solid-dominated region leading
to a rapid increase in yield stress with time.
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