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a b s t r a c t

The rheological behavior of low-calcium fly ash suspensions in activating solutions of colloidal silica and
alkali hydroxide is investigated. The study is aimed at relating the rheological behavior of alkali-silicate
activated low-calcium fly ash (AAF) suspensions with Portland cement paste suspensions. The yield
stress and the viscosity of the AAF suspensions increase with the alkalinity of the colloidal solution,
which is due to changes in the surface charges on fly ash particles with the change in the ionic medium.
Increasing the alkalinity results in a less negative zeta potential of fly ash in the alkaline solution of
colloidal silica and an increase in the yield srtess of the AAF suspension. The thixotropic behavior in AAF
suspensions is associated with structure breakdown to a finely dispersed suspension of particles pro-
duced by shearing. Energy measurements indicate a very slow change in the internal particle structure
with age at room temperature. A comparison of AAF suspensions is presented with suspensions of
Portland cement in water, which are proportioned for similar physical flow characteristics and yield
stress. AAF suspensions have a larger solid fraction than the cement suspensions in water of comparable
yield stress. The zeta potential of cement particles in water is less negative when compared to fly ash in
alkaline-silicate solutions. The AAF suspensions of comparable yield stress exhibit a significantly higher
viscosity than the cement suspensions in water. Cement paste and AAF suspensions exhibit a rate
dependent yield response. Cement paste suspensions exhibit a threshold strain rate for minimum yield
stress. In AAF suspensions there is a continuous decrease in the yield stress at lower strain rates. The
thixotropic behavior in cement paste is influenced by chemical ageing which produces a rapid recovery
of yield stress. In comparison, there is very little ageing at room temperature in the AAF suspensions and
a very slow recovery of yield stress after shearing.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is one of the most used construction material, and it is
conventionally made using a binder consisting of cement and wa-
ter. Concrete is a particulate composite material, with aggregate
inclusions in a cement paste matrix. The suspension of cement
paste in water is referred to as cement paste suspension and it
provides fluidity to concrete. Chemical ageing produced by the
hydration reaction between cement and water produces a contin-
uous evolution in the rheological behavior of a cement paste
, Indian Institute of Technol-
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suspension, leading ultimately to a change in the state of the ma-
terial from a fluid to a solid (Subramaniam and Wang, 2010; Wang
and Subramaniam, 2011). Cement paste is a non-Newtonian, shear
thinning suspension which within a finite yield stress (Lootens
et al., 2004; Chateau et al., 2008; Tattersall and Banfill, 1983). The
rheological behavior of cement paste suspensions is well under-
stood, and this knowledge is used to produce concrete with
different flow behaviors, for diverse applications. The production of
concrete with different characteristics, and for different applica-
tions such as pumping, self-levelling flowand layer deposition have
been achieved by controlling the rheology of cement paste sus-
pensions (Deng et al., 2007; Kim et al., 2017; Choi et al., 2016; Van
Zijl et al., 2016; Perrot et al., 2012; Nair and Ferron, 2016; Li et al.,
2002).
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Table 1
Oxide compositions and physical properties of the fly ash and cements used in the
study.

Oxide Cement 1 Cement 2 Fly ash

CaO 60.46 62.88 2.63
SiO2 20.24 19.66 55.01
Al2O3 5.78 4.63 27.015
Fe2O3 4.20 4.36 7.47
MgO 1.06 1.04 1.34
K2O 1.12 1.01 2.565
SO3 2.36 1.44 0.615
TiO2 0.31 0.46 1.97
P2O5 0.18 0.20 0.52
MnO 0.00 0.11 0.03
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With the development of alternate binders, the production of
concrete with a geopolymer binder instead of the conventional
cement-based binder is becoming common. Geopolymers are
commonly produced by activating low-calcium alumino-silicate
materials such as low-calcium fly ash or metakaolin in an alkaline
medium containing colloidal silica [Provis and van Deventer 2009;
Bhagath Singh and Subramaniam 2017]. Low-calcium fly ash is used
as the preferred source material for producing geopolymers due to
its lower cost and ready availability [Palomo et al., 2014]. Under-
standing the rheology of the alkali-silicate activated fly ash (AAF) is
becoming imminent for predicting the flow behavior of concrete
with a geopolymeric binder. While the rheological behavior of
cement paste system is well understood, the rheological behavior
of alkali-silicate activated fly ash is still not fully established.

For producing fly ash-based geopolymers, low-calcium fly ash is
activated with an alkaline activator made using a combination of
alkali metal hydroxide and alkali silicate. The alkaline activator is a
solution of colloidal silica, and typically, sodium-based activators
consisting of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) are used. The activator provides the necessary alkalinity
for the release of precursors from fly ash into the activated system
and supplements the requirements of silica and sodium for
achieving the required composition of the inorganic polymer
(Duxson et al., 2007; Zhuang et al., 2016, Mucsi et al., 2018).
Considerable work has been done on the optimizing the activator
composition for achieving the required strength from the AAF
binder. With an advancement of understanding, the optimal ratios
of reactive alumina, silica and sodium and the molarity of NaOH in
an AAF for achieving high strength in the geopolymer for use in
structural applications have been established (Bhagath Singh and
Subramaniam, 2017, 2019). Considerations of the workability re-
quirements for processing, placement and production of concrete
using AAF have however not been fully addressed.

A few studies have investigated the rheological behavior of
cement-fly ash suspensions in conventional water-based pastes
(Termkhajornkit and Nawa, 2004) and in alkali-silicate solutions
(Laskar and Bhattacharjee, 2011; Vance et al., 2014). Influence of
activating solution composition, specifically, the cation, alkalinity
and silica content on the yield stress and viscosity of alkali activated
fly ash have been studied. A change in the behavior of the activated
fly ash suspension from Newtonian to non-Newtonian has been
reported with a change in the composition of the activator sus-
pension. With increasing silica dosage in the activator, there is an
increase in the viscosity and a change to a non-Newtonian response
(Vance et al., 2014). The yield stress is shown to be influenced by
the cation in the solution (Vance et al., 2014). With an increase in
molarity of alkaline hydroxide, there is an increase in yield stress
and viscosity. AAF suspension are shown to exhibit thixotropy,
which depends on the molar strength of the activating solution
(Laskar and Bhattacharjee, 2011). The setting property of Alkali
activated fly ash was found to be enhanced by additon of nano clay
particles (Joshi et al., 2015). The rheological properties were found
to be improved by adding surface reducing agents (Montes and
Allouche, 2013). The superplasticizers are not as effective in the
alkali-activated suspensions as in the water-based cement-paste
suspensions (Criado et al., 2009; Burgos-Montes et al., 2012;
Montes et al., 2012; Palacios et al., 2009).

This paper builds on the understanding of the rheological
behavior of the AAF suspensions with emphasis on using sodium-
based alkaline activators with low-calcium fly ash, which have
been proportioned for producing stable geopolymers after hard-
ening. The use of AAF as a replacement of cement paste suspension
in producing concrete requires developing an understanding of the
rheological behavior of AAF suspensions relative to cement paste
suspensions. In this paper cement pastes with similar flow
characteristics obtained from physical measurements are used to
establish the equivalence between ordinary Portland cement
(OPC)-water suspensions and the alkali-activated fly ash suspen-
sions. A comparison of AAF suspensions with cement suspensions
provides a basis for linking the rheology of AAF suspensions with
the flow behavior of concrete using the available scaling procedures
developed for cement-based systems. The requirements of
rheology modifiers for achieving the required flow properties from
concrete made using AAF suspensions can be identified from such a
study.

2. Materials and methods

2.1. Fly ash and cement

The fly ash used in this studywas collected using an electrostatic
precipitator in a thermal power plant. The oxide compositions of
fly-ash was determined using x-ray fluorescence spectroscopy
(XRF) and are listed in Table 1. The oxide contents indicate that the
fly ash conforms to the requirements of Siliceous fly ash as per IS
3812 and Class F fly ash as per ASTM C618. The fly ash composition
is typical of the low-calcium fly ash predominantly produced in
South Asia.While the total SiO2 and Al2O3 contents of the fly ash are
55.01% and 27.02%, respectively a significant portion of the available
SiO2 and Al2O3 are available in non-reactive, crystalline forms. The
reactive SiO2 and Al2O3 contents determined using the combined
XRD e XRF based method were 23.41% and 16.16%, respectively
(Bhagath Singh and Subramaniam, 2019). Two commercially
available cements, which conformed to the requirements of Grade
53, Ordinary Portland Cement as per IS 12269 were used. The oxide
compositions of the cements are also listed in Table 1. The particle
size distribution of the fly ash and the cements were measured
from dynamic light scattering measurements. A Microtac S3500
particle size analyser was used. Measurements were performed in
isopropanol medium, and the particle size distributions are shown
in Fig. 1. The cements used in the study had a larger fraction of
smaller particles. The d50 particle size for the fly ash, Cement 1 and
Cement 2 were 17 mm, 22 mm, and 40 mm, respectively.

2.2. Activating solutions

In the production of geopolymers from alkali-activation of fly
ash, the fly ash is mixed with an activating solution, which is a
combination of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3). The activating solution was prepared using a commer-
cially sourced sodium silicate. The sodium silicate contained silica
in a colloidal form and the ratio of SiO2: Na2O, referred to as the
silica modulus (Ms) was 2.24. The mass proportions of Na2O: SiO2:
H2O in the Na2SiO3 solutionwere 15.25: 34.25: 50.50. The pH of the
Na2SiO3 solutionwas 12.23. The pH of the solutionwas found using



Fig. 1. Particle size distributions of fly ash and cement powders.
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a pH meter of Metrohm make. The pH meter was calibrated with
known solutions and then the electrode was immersed into the
sodium silicate solution for a sufficiently long time until a stable pH
valuewas obtained. The alkaline activating solutionswere prepared
by mixing sodium silicate solution with NaOH solution made using
98% reagent grade NaOH pellets.

The alkaline activating solution was proportioned based on the
requirement of precursors to produce stable geopolymers. The
compositions of solutions were decided based on optimum values
required for achieving high strength from alkali-activation of the fly
ash used in the study (Bhagath Singh and Subramaniam, 2017, 2018.
The requirements of Na2SiO3 and NaOH were decided based on
achieving reactive oxide ratios in the activated system consisting of
fly ash and sodium-based alkaline solution. The reactive silica in the
activated system consists of the reactive silica supplied by the
dissolution of fly ash and the colloidal silica from Na2SiO3 in the
activating solution. In the activated system, fly ash is the source of
reactive alumina. The activating solution was prepared to achieve a
reactive oxide ratio of SiO2/Al2O3 close to 2.0 in the activated sys-
tem (Bhagath Singh and Subramaniam, 2017). The amount of NaOH
was determined to achieve a ratio of Na2O/reactive Al2O3 greater
than a threshold value of 0.2 (Bhagath Singh and Subramaniam,
2017). The water was adjusted to maintain a molarity of NaOH
greater than 3.0M based on the requirement for achieving complete
dissolution of the glassy phase in fly ash (Bhagath Singh and
Subramaniam, 2017; Bhagath Singh et al., 2018). For the fly ash
used in the study, the activating solutions, which were propor-
tioned for the optimum oxide ratios to achieve stable geopolymers
from the fly ash are given in Table 2. Two different activating so-
lutions with different molarities of NaOH equal to 3.0M and 5.6M
were prepared. The definition of molarity used here refers to the
number of moles of NaOH in 1000 g of water. The physical quantity
Table 2
Compositions of activating solutions for alkali-activated fly ash suspensions (mass basis)

Activating Solution Additional
Water* (g)

NaOH
(g)

Na2SiO3 soluti

3.0M NaOH Activating Solution 11.5 3.04 26
5.6M NaOH Activating Solution 11.3 5.8 26

* The additional water for achieving the molarity of NaOH.
** Solution with Ms 2.24 (mass proportion of Na2O:SiO2:H2O¼ 15.25:34.25:50.5).
***Activating solution: Sodium silicate þ amount of water needed to obtain the molarity
of water in the activating solutions as a proportion of the remaining
constituents, the NaOH and the Na2O and SiO2 from the Na2SiO3
solution was kept constant as shown in Table 2. The water in the
sodium-based alkaline activation solution consists of the water
contributed by the Na2SiO3 solution and thewater added to achieve
the required molarity of NaOH. The two activating solutions had
identical silica andwater contents and differed inmolarity of NaOH.
The two solutions allow for evaluating the influence of NaOH on the
rheological properties of AAF suspensions.
2.3. Alkali-activated fly ash suspensions

Two AAF suspensions were prepared by mixing fly ash with the
alkaline activating solutions such that the mass proportions of
water to solids in the suspensions was equal to 0.21. The AAF-3.0
and AAF-5.6 suspensions were prepared using the 3.0M NaOH
and the 5.6M NaOH activating solutions, respectively. The different
ratios of constituents in the AAF suspensions are given in Table 3.
The solids in the AAF suspension consisted of fly ash, the NaOH and
the Na2O and SiO2 contents in the sodium silicate solution. In the
AAF suspension, the fly ash is identified as the binder solid. The fly
ash was mixed with the 3.0M and the 5.6M NaOH activating solu-
tions in the mass proportions of binder solid: activating solution
equal to 1:0.40 and 1:0.43. The volumetric proportion of binder
solid to the activating solution, which represents the solid loading
of the AAF-3.0 and the AAF-5.6 suspensions were 1:0.67 and 1:0.70,
respectively. The two AAF suspensions had very different consis-
tencies and allowed for evaluating the influence of solution
composition while keeping all other variables constant. The solid
volume fractions of the two suspensions are also comparable. The
solid volume fractions of the AAF-3.0 and the AAF-5.6 suspensions
were 0.59 and 0.6, respectively. The reactive oxide ratios in the AAF
for 100 g of fly-ash.

on** (g) Molarity of NaOH Specific gravity of activating solution ***

3.0M 1.37
5.6M 1.40

þ sodium hydroxide.



Table 3
Physical properties and compositions of the AAF and cement paste suspensions.

Suspension Designation Mixing solution Binder solid solution/binder solid (Volume ratio) Solution/Binder solid (mass ratio) Water/solids* (mass ratio)

AAF AAF-3.0 3M NaOH Activating Solution Fly ash 0.67:1.0 0.40 0.21
AAF-5.6 5.6M NaOH Activating solution Fly ash 0.7:1.0 0.43 0.21

Cement
paste

C2-0.3 Water Cement 2 0.94:1.0 0.3 0.30
C1-0.4 Water Cement 1 1.26:1.0 0.4 0.40

* Solids in AAF are Fly-ash þ sodium hydroxide þ sodium oxide and silica from sodium silicate.
*Solids in cement paste suspension refer to cement.
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suspensions, considering the reactive species contributed by fly ash
and the activating solution are given in Table 4. In the AAF sus-
pensions, the reactive oxide ratios of SiO2/Al2O3 were close to 2.0
and the ratios of Na2O/reactive Al2O3 were greater than the
threshold value of 0.2.
2.4. Cement paste suspensions

Suspensions of ordinary Portland cement inwater (referred to as
cement paste suspensions) were proportioned to provide a basis for
comparison between the AAF and the cement systems. Cement
paste suspensions were prepared by mixing cement powder with
water to achieve similar physical flow characteristics as the AAF
suspensions. The mini slump cone was used to provide a basis for
comparison between the AAF and the cement paste suspensions.
The mini-slump cone is a truncated cone with the proportions of
height: base diameter: top diameter equal to 1.5: 2: 1. In the mini
slump test, the mould is filled with paste, and the cone is lifted
without inertial effect. The flowcomes to a rest as the shear stresses
produced by the gravity induced flow are overcome by the internal
resistance generated within thematerial, to reach a stable structure
(Kantro, 1980). The dimensions of the final shape of the suspension
at rest, the diameter of spread or the slump, which is the decrease
in the height of the suspension at rest compared to the initial height
of the cone, are measured. The spread diameter of cement paste
suspensions has been shown to correlate well with its yield stress
obtained from rheological measurements (Roussel and Coussot,
2005; Pierre et al., 2013; Tan et al., 2017). The mass ratio of water
to cement (w/c ratio) of the cement paste suspensionwas varied to
achieve similar behavior as that of the AAF suspensions in themini-
slump test. A mini-slump cone mould of dimensions (top diameter)
x (bottom diameter) x (height) of 5� 10� 7.5 cm was used in this
study, and the spread diameter or slumpwas measured. The spread
diameter was measured orthogonally in two directions, and the
average value was taken. The slump measurement indicates the
direct vertical subsidence of the suspension at rest.
2.5. Mixing and testing procedures

The rheological measurements were performed on the sus-
pensions using a AR-G2 strain-controlled rheometer with a
concentric vane measurement system. The diameter of the cup was
30mm, and a four bladed vane of 28mm diameter was used. The
cup and vane geometry was used for the measurement purpose
since it has been shown to be effective in water-based suspensions,
Table 4
The oxide compositions (mass ratios) based on the reactive components in the AAF susp

AAF suspension (reactive SiO2 from fly ash þ SiO2 from Na2S

AAF-3.0 2
AAF-5.6 1.8
such as cement paste where measurements are influenced by slip.
Slip results from the formation of a water rich layer at the surfaces
and is prominent in the parallel plate and the concentric cylinder
geometries (Saak et al., 2001; Olivas et al., 2016). All rheological
measurements were performed at a constant temperature of 27�C.

The AAF suspensions were prepared by mixing the activating
solutions with fly ash using a paddle mixer. The AAF suspension
wasmixed at 300 rpm for two and half minutes and the samplewas
placed in the concentric cylinder with in 60s after the mixing. A
pre-shear of 20s�1 was applied for 300s followed by a 120s equil-
ibration time before initiating measurements. Different measure-
ment protocols, which have been used for rheological
characterization of cement suspensions were used to investigate
the yield the shear thinning, and the thixotropic behaviors. The test
procedures used to evaluate the rheological behavior of the AAF
and cement suspensions are shown in Fig. 2 and are as follows: (a)
Constant shear rate test (Constant angular velocity); (b) Hysteresis
test; (c) Equilibrium test; (d) Equilibrium followed by a hysteresis
test. In the constant shear rate test, the shear stress was measured
with a constant applied angular velocity. Constant angular velocity
tests were performed at different constant angular velocities
ranging from 0.001 rad/s to 1 rad/s. The constant shear rate tests
were used to study the yield behavior of cement suspensions (Saak
et al., 2004). The yield stress was identifiedwith the onset of flow as
the angular strain was increased. In a hysteresis test, the shear rate
was ramped up from zero to a prescribed value and then ramped
down to zero again. The ramp rate used in this study was 0.33 s�2

with a total time of 240s. The deviation from the Newtonian
behavior and the sensitivity of shear rate is established from these
tests (Frigaard et al., 2017). The Bingham model was fitted to the
ramp down curve between shear rates ranging from 10 s�1 to 30 s�1

as

t¼ to þ m

�
du
dy

�
(1)

where du/dy is the shear rate, t0 is the shear stress required to
initiate the flow, and m is the constant of proportionality identified
with plastic viscosity.

In the equilibrium test, the shear rate was ramped up from 0 to
40 s�1 in 120 s followed by application of constant shear rate. The
shear rate was held constant at 40s�1 until equilibrium was ach-
ieved. The duration of time, tequilibrium, was determined when the
shear stress from the structural breakdown attained a constant
value at the applied strain rate. After attaining equilibrium, the
ensions.

iO3/(reactive Al2O3 from fly ash) Na2O (Reactive Al2O3)

0.2
0.25



Fig. 2. Test protocols followed in the test program: (a) Hysteresis loop test; (b) Equilibrium test followed by a hysteresis test.
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shear rate was ramped down to zero at a ramp rate of 0.33 s�2. The
hysteresis loop test was conducted on the sample after different
rest periods ranging from 0 to 30min. A new sample was used for
each test for a given rest period. This test allows for evaluating the
thixotropic response of the suspension, which is sheared to an
equilibrium state at a constant shear rate. The material state after
the structure breaks down represents a reference state for evalu-
ating the structure buildup in the suspension.
2.6. Zeta potential measurements

The zeta potential of the fly ash particles was measured in
different solution media to assess the stability of the suspension.
Zeta potential measurements of the fly ash were performed using
solutions of NaOH of different molarities and solutions of Na2SiO3
with NaOH. Deionized water was used for establishing the refer-
ence. NaOH solutions of 0.1M and 0.5M were used. Considering the
limitations of imposed by the very viscous nature of the Na2SiO3
solution, the Na2SiO3 solution was diluted in water. Water was
added to 26 g of the Na2SiO3 solution to a total mass of 100 g. For
solutions of Na2SiO3 and NaOH, the Na2SiO3 solution was mixed
with NaOH and diluted with water to achieve two different mo-
larities of NaOH in the solution equal to 0.1M and the 0.5M. The pH
of the Na2SiO3 solution after adding NaOH increased from 12.23 to
12.91. A Malvern Zeta sizer nano ZS90 model instrument was used
to determine the Zeta potential of the fly ash in the different so-
lutions. Tomeasure zeta potential, a re-useable folded capillary zeta
cell was used. The sample was injected into the plugs of the
capillary zeta cell. In a typical measurement, the movement of the
Fig. 3. Comparison of spread diameters from the mini slump test: (a) C1-0.4 suspension w
particles under the influence of an applied potential field is used to
determine the zeta potential.
3. Results and discussions

A comparison of the spread diameter and the slump of the AAF
and cement paste suspensions are shown in Figs. 3 and 4. The AAF
suspension with the 3.0M activating solution exhibited a complete
collapse and a spread with a diameter equal to 14.65 cm. A cement
paste suspension with a spread diameter equal to 14.15 cm was
achieved using Cement 1 mixed with water in the mass proportion
of water to binder solid (w/c) equal to 0.4. The volumetric ratio of
the solution to binder solid of the cement suspension was 0.94:1
when compared to 0.67:1 in the AAF-3.0 solution. The AAF sus-
pensionwith the 5.6M activating solution exhibited a slump with a
subsidence equal to 5.5 cm. A cement paste suspension with a
slump equal to 5.5 cm was achieved using Cement 2 mixed with
water in a water-to-binder solid (w/c) mass proportion of 0.3. The
volumetric ratio of solution-to-binder in the cement suspension
was 1.26:1.0 when compared to 0.7:1.0 in the AAF-5.6 solution. The
volumetric andmass proportions of the binder for the cement paste
and AAF suspensions proportioned for similar mini-slump behavior
are listed in Table 3. Both cement paste and fly ash suspensions
have a high solid fraction with particles in size range including the
colloidal and the non-colloidal. Comparing the AAF and cement
paste suspensions, AAF suspensions have a significantly higher
solid volume fractions than the corresponding cement paste sus-
pensions. Cement paste suspensions with w/c ratios equal to 0.3
and 0.4 have been conventionally used for evaluating cement paste
ith a 14.15 cm flow diameter; (b) AAF-3.0 suspension with a 14.62 cm flow diameter.



Fig. 4. Comparison of slump from the mini slump test b: (a) C2-0.3 suspension with a 5.5 cm slump; (b) AAF-5.6 suspension with a 5.5 cm slump.
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systems because of the range of fluidity availablewith the change in
the solid loading (Ray et al., 2015). Thew/c ratios are conventionally
varied within the range between 0.3 and 0.4 in producing concrete
with the suitable use of rheology modifiers.

The mean zeta potential and the corresponding standard devi-
ation values obtained from fly ash dispersed in the different media
are given in Table 5. The standard deviations are within ten percent
of the mean values. Fly ash has a large negative zeta potential in
water indicating that the dispersion of fly ash inwater is stable with
a low instability to the dispersed state due to agglomeration or
coagulation of particles. The magnitude of potential, which in-
dicates the degree of electrostatic repulsion between the adjacent
similarly charged particles decreases with an increase in the
molarity of NaOH. A less negative zeta-potential is indicative of an
increase in the attractive forces between the particles, which favors
flocculation in the system. The addition of Na2SiO3 to NaOH results
in more negative zeta potential than the corresponding NaOH so-
lution, which increases the stability of the dispersion. The increase
in the zeta potential with the addition of Na2SiO3 is likely due to the
increase in the silica content in the suspension.
3.1. Rheological characterization of alkaline activating solution

The flow curves of the 3.0M and the 5.6M NaOH activating so-
lutions up to an applied strain rate of 100s�1 indicated a Newtonian
behavior. The viscosity of the 3.0M and 5.6M NaOH activating so-
lutions were equal to 0.042 Pa and 0.075 Pa, respectively. Sodium
silicate is made from a salt of aweak acid and strong base and hence
has a pH in the range between 10 and 13. The sodium silicate so-
lution exhibits the lowest viscosity for an Ms, the SiO2:Na2O ratio
close to 1.8 (Yang et al., 2008). The viscosity increases on making
the solution more siliceous or more alkaline. In the solution, there
are colloidal particles in different size ranges with different degrees
Table 5
Zeta potential of fly ash in different dispersants.

Dispersant Zeta-potential, mV
Mean (std. dev.)

Water �29.2 (0.5)
0.1M NaOH �19.16(0.4)
0.5M NaOH �17.0(0.62)
Sodium silicate (dilute)þ0.1M NaOH �20.5(2.35)
Sodium silicate (dilute)þ0.5M NaOH �19.9(2.18)
of condensation. The size of the colloidal particles is determined by
the condensation of Si to form structures with SieOeSi linkages.
Increasing the siliceous content results in larger colloidal particles
of higher molecular mass with higher level of SieOeSi linkages.
Increasing the alkalinity with the addition of Na favors the forma-
tion of smaller colloidal particles in the size range less than 10 nm,
which have large surface area (Yang et al., 2008). The Ms of sodium
silicate solution used in this study had anMs equal to 2.24. Addition
of NaOH at 3.0M and 5.6M increases the Na content and reduces the
Ms lower than the threshold value of 1.8. For the range of Ms less
than 1.8, an increase in molarity of NaOH produces an increase in
the viscosity of the solution. The increase in viscosity is due to the
increasing surface area of the finer sized colloidal particles in silica
suspensions with an increase in the sodium content.
3.2. Constant shear rate test

The stress as a function of time measured at different applied
strain rates from the constant shear rate tests on different sus-
pensions are shown in Fig. 5 (a) and (b). The stress attains a peak
following initial rise, which is identified as the yield stress. The
yield stress defines the onset of flow, which occurs when the ma-
terial is sheared past a critical strain (Roussel et al., 2012). Both AAF
and cement paste suspensions exhibit rate sensitivity in the initial
response and the yield stress. A stiffer response is obtained at a
higher strain rate. At high shear rates, the rate of strain application
is faster. At short time scales, the system cannot adjust itself fast
enough, producing a stiffer response. There is a fundamental dif-
ference in the yield stress measured at different strain rates
exhibited by the cement paste and the AAF suspensions. While
cement paste suspensions exhibit a decrease followed by an in-
crease in the yield stress on decreasing the strain rate, the AAF
suspensions exhibit a continuous decrease in the yield stress with
decreasing shear rate.

The rate dependence of yield stress in the AAF and cement paste
suspensions is shown in Fig. 6 (a) and (b). Starting from angular
velocity on the order of 1 rad/s, both AAF and cement paste sus-
pensions initially exhibit a decreasing yield stress with decreasing
angular velocity. With decreasing strain rate, the cement paste
suspensions exhibit a minimum in the yield stress followed by an
increasing yield stress at lower shear rates. The rate dependence of
yield stress in cement has been attributed to structural buildup and
structure assembly driven by the interaction potentials and



Fig. 5. Shear stress as a function of time in constant angular velocity tests: (a) AAF-5.6 suspensions; (b) C2-0.3 suspensions.

Fig. 6. Variation of yield stress with angular velocity: (a) for C1-0.4 and AAF-3.0 suspensions; (b) for C2-0.3 and AAF-5.6 suspensions.

K. Kondepudi, K.V.L. Subramaniam / Journal of Cleaner Production 234 (2019) 690e701696
chemical bonding between the colloidal particles. This has been
linked to thixotropy of the material (Yuan et al., 2017). At a small
angular velocity, the duration of test needs to be long enough in
order to break the structural bonds between the particles. This
makes the cement pastes suspensions withstand higher stresses
before yielding due to the reorientation of particles (Saak. et al.,
2000). The inter-particle potential in cement paste suspensions
with w/c ratios in the range 0.3e0.4 are low, in the range of �7
mVe12mV (Lowke and Gehlen, 2017). The low zeta potential in the
suspensions with high solid fractions favors agglomeration. In
cement paste suspensions, the structural buildup and reorientation
occurs on a time scale which is comparable to the time required for
the material reach the critical strain at lower strain rates (Saak.
et al., 2000; Kim et al., 2016). At higher rotational speeds, less time
duration is sufficient to attain the critical strain. The rapid increase
in stress is linked to the dynamic response of the internal structure
(Saak. et al., 2000). In AAF suspensions, the continued decrease in
the yield stress at flow initiation with decreasing shear rate sug-
gests the continuous reorientation of the internal structure and a
viscoplastic deformation produced by the highly viscous activating
fluid between the fly ash particles. Fly ash contains spherical par-
ticles, which can arrive at a 3D structure by rotation before a
complete breakdown of the internal structure. At the very low
strain rates and the large time scales involved, the system can
continuously adjust itself to produce a creep type behavior (Barnes,
1997).

The yield type behavior in the suspensions with high particle
volumes, is associated with the existence of an internal structure of
particles, which is capable of resisting finite stress. The three-
dimensional network of particles with a long-range order has
been verified using ultrasonic measurements on cement paste
suspensions with different solid concentrations (Subramaniam and
Wang, 2010, Wang and Subramaniam, 2011). The at-rest structure
of solid particles is broken down with shearing. With increasing



Table 6
Viscosity and yield stress of the AAF and cement paste
suspensions.
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strain, flow is induced in the suspension beyond a critical strain
with the rearrangement and large relative movement of particles
(Kim et al., 2016). The yield behavior of cement suspensions is
attributed to colloidal particle interaction and the particle bridging
at the points of contacts on the solid network provided by reaction
products (Roussel and Coussot, 2005). In cement suspensions, there
is an increase in the yield stress with an increase in the solid
fraction in the suspension. The decrease in the inter-particle dis-
tance with an increase in solid loading and the low inter-particle
zeta potential in cement paste suspensions with w/c ratio in the
range 0.3e0.4 favor an agglomerated structure (Lowke and Gehlen,
2017). An increase in the solid volume fraction leads to a more
percolated system of particles with a longer range order, which is
capable of resisting higher shear.

The yield type behavior exhibited by the AAF suspensions is
attributed to the inter-particle forces associated with the interac-
tion potential, the viscosity of the activating solution and the ex-
istence of a particle network with a long-range order (Vance et al.,
2014). In the two AAF suspensions, which had similar solid loading,
the yield stress increases with themolarity of NaOH. The stability of
the suspension in the dielectric medium is determined by the
electrostatic repulsive and the attractive van der Waals potentials.
The electrostatic potential, which is indicated by the zeta potential
is dependent on ionic concentration (Yotsumoto and Yoon, 1993).
The van der Waals potential does not depend on the ionic strength.
The zeta potential controls the inter-particle interaction with
changing molarity. The decrease in the zeta potential suggests a
higher potential for agglomeration with an increase in molarity of
NaOH. Higher yield stress in solutions with a higher molarity of
NaOH is linked to the higher tendency of the fly ash to agglomerate.

The yield stress in the cement paste and the AAF suspensions,
which were conditioned for similar slump have comparable yield
stress values at the threshold strain rate of cement paste suspen-
sions. Comparing the cement and the AAF suspensions, comparable
yield is achieved at a higher solid loading in AAF suspensions. The
local spatial rearrangement of the spherical particles present in fly
ash before a complete breakdown of the internal structure is less
influenced by shearing, resulting in a lower yield stress.
Material Viscosity (Pa.s)

C1-0.4 0.91
C2-0.3 1
AAF-3.0M 15.11
AAF-5.6M 24.3
3.3. Hysteresis test

The stress as a function of shear rate from the hysteresis tests on
Fig. 7. Shear thinning behavior of: (a) AAF-5.6 and AAF-
different suspensions are shown in Fig. 7 (a) and (b). The yield type
behavior is evident at the low strain rates. The flow following the
initial yield exhibits a shear-thinning-type behavior. The plastic
viscosity determined from the Binghammodel fit to the downward
loop of the hysteretic response are listed in Table 6. The viscosity of
the AAF-5.6M suspension is significantly higher than the AAF-3.0M
suspension. Since the solid volume fractions are not significantly
different between the two AAF suspensions, the differences are
attributed to the differences in the viscosities of the activating so-
lutions of different molarities. Comparing suspensions of compa-
rable yield stress, the viscosity of the AAF suspension is significantly
higher than the viscosity of the cement paste suspension. In cement
paste suspensions there is an increase in viscosity on increasing the
solid loading.

Particulate suspensions exhibit a shear thinning behavior due
the interaction between the fluid medium and the shearing and
realignment of particles, particle-particle interaction stress and a
hydrodynamic component of the shear flow of the fluid (Bender
and Wagner, 1995). The Brownian effects are usually negligible
over the range of shear rates of up to 100s�1 (Bender and Wagner,
1995; Foss and Brady, 2000; Singh and Nott, 2003). On shearing, the
internal structure in cement paste suspension associated with the
long-range order produces flocs associated with short-range forces
of interaction between particles (Kim et al., 2016). As a flocculated
suspension of particles, cement paste exhibits a shear thinning
behavior, which is associated with behavior of flocs in a Newtonian
fluid medium resulting from a decrease in the size of these struc-
tures at increasing shear rate (Dai et al., 2013; Kim et al., 2016). In
the AAF suspension, the activating solutions exhibit a Newtonian
behavior over the range of shear rates 0-100s�1. The larger viscosity
of the activating solution results in higher shearing stresses on the
particle flocs in AAF suspensions. Additional contribution to the
shear thinning response comes from the hydrodynamic flow
3.0 suspensions; (b) C2-0.3 and C1-0.4 suspensions.
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induced between the fly ash particles (Zarraga et al., 2000; Lin et al.,
2015). In a suspension with a very high solid particle loading,
subjected to an applied strain rate in the range of 10-100s�1, the
local shear rate of the activating fluid between the particles is
significantly higher, where the fluid exhibits a shear thinning
behavior. In high particulate suspensions of silicone, the local shear
rate experienced by the fluid between the particles was signifi-
cantly larger than the average shear rate of the whole suspension,
where the suspension exhibits shear thinning behavior (V�azquez-
Quesada et al., 2016).

3.4. Equilibrium test

The shear stress as a function of applied shear rate obtained
from equilibrium tests on cement paste and AAF suspensions are
plotted in Fig. 8. The flow curves at a constant shear rate of 40s�1

are shown in the insets. The constant shear rate tests were per-
formed till a constant value of shear stress was obtained. The
shearing time required to achieve a constant viscosity varied with
suspension. From five replicates, the shearing time required to
Fig. 8. Thixotropy equilibrium test: (a) AAF-5.6; (b) C2-0.3; (c) AAF -3.0; (d) C1-0.4. Th
achieve constant viscosity were 515s, 606s, 480, and 450s for the
AAF-3.0, AAF-5.6, C2-0.4 and C1-0.3 suspensions, respectively. The
reduction in the viscosity under shearing at a constant shear rate is
indicative of breakdown of the structure and attainment of an
equilibrium state at the applied shear rate. In the equilibrium state
the flocculated structure reaches a constant state where the
structural breakdown produced by the applied shearing is balanced
by the forces which lead to flocculation, resulting in the lowest
energy state. A hysteresis loop is formed upon ramping the shear
rate down to zero. The state of the material after completing the
hysteretic loop represents a reference state for evaluating the rate
of structure buildup. The ramp down curve represents an equilib-
rium line connecting the reference state and the equilibrium state.

The structure buildup was evaluated by testing the suspension
after different rest periods, trest, from the equilibrium state. The
increase in shear stress with increasing shear rate after different
rest periods, is shown in Fig. 9 (a) and (b) for the AAF-5.6 and the
C2-0.3 suspensions, respectively. The behavior at the low shear
rates is shown in the inset for clarity. The low shear rate behavior
indicates a recovery of yield stress with increasing rest period. In
e inserts in the figure represent the equilibrium curves of respective flow curves.



Fig. 9. Equilibrium hysteresis loop and the shear ramp after different rest periods: (a) AAF-5.6; (b) thixotropy test of C2-0.3.

K. Kondepudi, K.V.L. Subramaniam / Journal of Cleaner Production 234 (2019) 690e701 699
the cement paste suspensions, the yield stress is recovered rapidly
within the first 10min. The yield stress continues to continues to
increase beyond the initial yield stress after 10min. In the AAF
suspension, the recovery of yield is slow and even after 30min the
initial yield stress is not recovered.

To evaluate the rebuilding of the flocculated structurewith time,
the area between the up ramp after a defined rest period and the
equilibrium line was calculated at shear rates associated with flow
after the initial yield behavior. The area between the up ramp and
the equilibrium line was calculated between shear rates equal to 10
and 30s�1 and is referred to as the specific rebuilding energy (SRE)
(Ferron et al., 2007). The SRE gives a measure of rebuilding of the
flocculated structure and the evolution of viscosity in the system
from a reference state defined by the equilibrium line. To provide a
reference, the area under the equilibrium line was computed be-
tween shear rates of 10 and 30s�1 and is referred to as the equi-
librium area. The SRE normalized with the equilibrium area is
plotted in Fig. 10 for the AAF and cement suspensions. The non-
Fig. 10. Normalized structural rebuilding energy as a function of rest period after
equilibrium.
dimensional measure of SRE indicates a significantly more rapid
buildup in cement paste suspensions when compared with the AAF
suspensions. The buildup indicated in the figure is for the flow
regime past the yield stress. The available date indicates that past
the yield stress, there is an insignificant change in the particle
structure in the AAF suspensions with age. The change in the SRE
recorded from AAF suspension is an order of magnitude slower
than the change recorded from cement paste suspensions.

The thixotropic measurements in cement paste contain in-
fluences of both reversible flocculation and chemical ageing effect
(Feys et al., 2007, Ferron 2008). The recovery of yield stress is due to
the buildup of a structure with a long range order of percolated
grains, which is capable of transmitting shear stress. In cement
paste suspensions, structural linkages are formed preferentially at
the points of contact particles (Roussel et al., 2012). This ageing
effect is significant in cement paste suspensions and it contributes
to the rapid increase in yield stress (Roussel et al., 2012). The in-
crease in the chemical linkages is associated with chemical ageing
and produces an irreversible loss of workability, leading eventually
to setting of the material. In the ageing system, the flocculated
particles created in the suspension on shearing past the yield stress
are associated with short-range forces due to van der Waals forces
and also due to the chemical linkages formed between particles,
which are termed as reversible and irreversible coagulation
(Wallevik, 2005). In cement suspensions, the thixotropic behavior
is associated with the decrease in the floc size from both reversible
and irreversible effects (Raissa et al. 2007).

In the AAF suspensions, a finely dispersed suspension of parti-
cles is created by shearing. After shearing, the reassembly of an
internal structure leading to a percolated network of particles with
a long range order promoted by the electrostatic and van der Waals
forces is slow to develop. In AAF suspensions, the activation of fly
ash, which leads to a release of reactive species and the formation
of reaction products is achieved at temperature higher than 30 �C.
At 27 �C, there is little or no reaction or chemical activity and the
dissolution of chemical species does not occur till significantly later
(Bhagath Singh and Subramaniam, 2019). Therefore, the buildup of
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internal structure is associated only with the stability of the
dispersed particles in the solution.

4. Summary and findings

The findings of this study allow for extending the previous
accumulated knowledge from the use of cement pastes suspen-
sions in producing concrete to AAF suspensions. In concrete made
with cement paste suspensions, the rheology is controlled for
different applications such as pumping with the use of admixtures
(Kong et al. 2013). Additionally, methods for assessing the flow of
concrete for specific applications have also been developed (Perrot
et al., 2012). In cement paste suspensions, the rapid increase in the
structural linkages which contributes to a rapid increase in yield
stress is used for an advantage in layer deposition based printing
procedures with the use of chemical accelarators to produce a set
on demand-type material. Extension of the existing knowledge for
use with AAF suspensions requires the considerations of the main
findings obtained in this paper, which are given below.

AAF suspensions exhibit a non-Newtonian behavior with a
definite yield stress and shear thinning for increasing shear rates.
The rheology of the AAF suspension is strongly controlled by the
activating solution. The activating solution exhibits increasing
voscosity with increasing sodium and silica contents. Increasing the
molarity of NaOH increases the zeta potential of fly ash in the
activating solution favouring aggregation. This leads to increases in
the yield stress and the viscosity of the AAF suspension. In AAF
suspensions, the rheology for a given solid fraction can be
controlled by changing the molarity of NaOH in the solution. An
increase in yield stress is produced for the same solid volume
fraction, with an increase in the molarity of the activating solution.

Cement paste suspension and AAF suspensions proportioned for
identical physical gravity induced flow behavior gives similar yield
stress. Cement paste and AAF suspensions with similar yield stress
have different viscosities. For comparable yield stress, the AAF
suspension has a significantly higher viscosity. Yield stress com-
parable to cement paste suspensions is obtained at a higher solid
volume fraction in AAF suspensions. In cement paste suspensions,
an increase in yield stress is achieved with an increase in the solid
volume fraction.

The yield stress of AAF suspensions exhibits a continuous
decrease with the shear rate. In cement paste suspensions, with an
increase in the shear rate, the inertial effects increase the yield
stress, whereas at lower shear rate the structural build up results in
a higher yield stress. The decrease in the yield stress of the AAF
suspensions at lower strain rates is due to the viscoplastic defor-
mation produced by the highly viscous activating solution between
the fly ash particles.

Thixotropic behaviors in both AAF and cement paste suspen-
sions produce a decreasing viscosity at a constant shear rate. The
yield stress recovery is slow in AAF suspensions, while in cement
paste suspensions, there is a significant increase in yield stress due
to ageing effects.
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