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ARTICLE INFO ABSTRACT

Keywords: This paper investigated the effect of adding lignosulfonate (LS) superplasticiser at the different stages of mixing

Alkali aCti‘.’éted cement on the workability and rheological behaviour of sodium silicate activated slag (SSAS) in order to find a practi-

;ipeiplaStICISer cally feasible approach to tackling the incompatibility issue between superplasticiser and alkaline activator. In
cology addition to rheology and minislump tests, adsorption, zeta potential and environmental scanning electron mi-

Granulated blast-furnace slag . . .

Adsorption croscopy tests were also undertaken to understand the interactions between the lignosulfonate and the fresh

SSAS in order to reveal the mechanisms behind the observation. The results show that adding the LS and the
activator separately at the different stages of mixing can significantly improve both the initial minislump and 60-
min minislump retention due to the increased adsorption of LS and the improved dispersion of slag particles, with
the prior addition of LS better than the delayed addition. However, a nonlinear rheological behaviour of SSAS
was observed in the LS-superplasticised SSAS under separate addition and, consequently, modified Bingham

model was found to be more suitable for describing this kind of rheological behaviour.

1. Introduction

Rheological behaviour and fresh properties of concrete are not only
important for transporting, placing, compacting and finishing of fresh
concrete, but also essential for hardened concrete to achieve desirable
mechanical and durability properties. Due to these importance, the
rheological behaviour of Portland cement (PC) - based cementitious
materials has been widely studied in the past and most of the results
show that fresh PC concrete is a thixotropic material which is featured
by a decrease in viscosity when a certain amount of shear is applied and
a gradual recovery of viscosity when the shear is removed [1]. To ach-
ieve a good understanding of the fresh properties of concrete, consid-
erable efforts have been made to model the rheological behaviour of PC
concrete [2]. It is now generally agreed that, at a moderate/high shear
rate, the rheological behaviour of PC-based cementitious materials
without chemical admixture, can be best fitted by the Bingham model
(Equation (1)) [3], which depicts a linear relationship between shear
stress and shear rate. In addition, the yield stress, which is defined as the
intercept in the Bingham model in Equation (1), can be considered as the
transition point below which the substance behaves as a solid and above

* Corresponding author.
E-mail address: yun.bai@ucl.ac.uk (Y. Bai).

https://doi.org/10.1016/j.cemconcomp.2022.104900

which it becomes a fluid [4,5], resulting from the attractive
inter-particle forces responsible for the flocculation and/or from hy-
dration [6,7]. Thus, substances with a lower yield stress reflect a better
dispersion and fluidity. On the other hand, the plastic viscosity, defined
as the slope in the Bingham model, depends largely on the volume
friction of solid particles and the packed density [8]. As a result, a low
plastic viscosity might cause segregation [9]. However, at a low shear
rate, especially in the presence of superplasticiser (SP), the rheological
behaviour may deviate away from the linear relationship as defined by
the Bingham model. This is, in particular, the case when SP is added
together with other chemicals. For example, when higher dosages of SP
and viscosity modifying agent are added in self-compacting concretes,
negative yield stress and non-linear shear thickening (in which case the
plastic viscosity increases/decreases with the increase of shear rate)
have been reported [10,11]. However, it must be emphasized that the
negative yield stress does not have any physical meaning. It is, thus,
questionable whether the linear Bingham model is still suitable to fit
these nonlinear rheological behaviours. To tackle these issues, nonlinear
rheological models, such as the modified Bingham model (MB model,
Equation (2)) or the Herschel-Bulkley model (HB model, Equation (3))
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(as shown below), have been considered as the most favourable alter-
native [9,11,12]. In these two models, the value of exponent n (MB
model) and the term c/u (HB model) can be applied to indicate the
non-linear rheological behaviour of the materials, e.g., shear thinning
(n < 1 or ¢/u < 0), shear thickening (n > 1 or ¢/u > 0) and Bingham
behaviour (n = lor ¢/u = 0) [13,14].

T=Tot+pey (@)
=t tpejtcei’ 2
T=170+Key" 3

Where: 7 stands for shear stress (Pa); 7, for yield stress (Pa); y for plastic
viscosity (Pa-s); y for shear rate (s’l); ¢ for second order parameter (Pa
sz); K for consistency factor (Pa-s "); and n for exponent (—).

Alkali-activated slag (AAS), which typically consists of ground
granulated-blast furnace slag (GGBS for short hereafter) and alkaline
activators, has received increased attention worldwide due to its sus-
tainable nature and superior performance in some aspects over PC, such
as low heat of hydration, high early strength and excellent durability in
some aggressive environments [15-19]. In recent years, attempts have
also been made by the authors to explore its cast-in-situ application for
reinforced structures [20] as well as the immobilisation of nuclear
wastes [21]. Slag, a by-product from iron manufacture, is often in the
form of granulated glassy calcium-magnesium aluminosilicate powder.
It can react with alkaline activators, such as sodium silicate and sodium
hydroxide, to form a cementitious binder at ambient temperature.
However, compared to PC system, AAS involves a different cement
chemistry and reaction mechanism. For instance, a gel-like matrix is
formed through a fast ‘through solution’ precipitation in sodium silicate
activated slag, whilst needle-like products are formed through a slow
dissolution-precipitation mechanism of a ‘torpotactic’ growth of C-S-H
in PC systems [22]. Additionally, the composition of the pore solution
and surface chemistry of AAS also differ from those of PC systems [23,
24]. All these could lead to different inter-particle forces which could
partly explain the more viscous nature and higher resistance to shear
characteristics of AAS as compared to PC-based systems [15]. Conse-
quently, the rheological behaviour of fresh AAS might be affected and
the suitability of the Bingham model for describing the rheological
behaviour of AAS becomes questionable [25,26]. On the other hand, to
develop high performance AAS concretes, attempts have also been made
by researchers to add SPs into AAS systems [27,28]. However, the cur-
rent commercially available SPs have been developed based on the
chemistry of PC-based cementitious materials and it may not be suitable
for AAS systems due to the different cement chemistry involved [29].
For example, it was found that adding polycarboxylate-based SP was less
efficient in reducing the yield stress of sodium silicate-activated slag
(SSAS) compared to its performance in PC systems [25]. Whilst the
lignosulfonate-based (LS) SP has demonstrated some limited improve-
ment in the workability of AAS, the workability retention is considered
to be insufficient [30]. The reduced performance of SPs designed for
Portland Cement in AAS systems has been mainly attributed to two
reasons. The first is the competitive adsorption between the negatively
charged alkaline activator and the SPs (which is also negatively
charged); the second is the instability and, hence, the change of the
chemical structure SPs designed for Portland Cement in highly alkaline
environment [25,27,31]. It should be highlighted that the latter effect
could become even worse if the SP is directly added into the alkaline
activator before mixing with slag due to the strong alkaline nature of the
activator [27].

In an attempt to address the above issues, some preliminary studies
were carried out by the authors to add SP at different stages of mixing in
order to avoid the competitive adsorption between SP and activator as
well as to improve the stability of SP in alkaline activator [32]. This
approach is very much similar to that adopted in PC systems to improve
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the workability of concrete by delayed addition of SP during the mixing
which allows the time for gypsum and clinker to react without
competing with SP. However, it has been shown that by delayed adding
SP, the rheological behaviour of the PC-based cementitious system was
changed [33]. Hence, it is likely that adding SP and alkaline activator at
different time intervals during the mixing stage could also make the
rheological behaviour of AAS more complex and uncertain.

The aim of this study is, therefore, to investigate the rheological
behaviour and some fresh properties of SSAS when a lignosulfonate SP
was added at the different stages of mixing. The rheological behaviour of
the fresh SSAS was then analysed using the flow curves obtained from
the rheology tests by fitting into different rheology models. Moreover,
the interaction between the lignosulfonate SP and the fresh SSAS was
also characterised by adsorption, zeta potential and environmental
scanning electron microscopy (ESEM) tests. Based on the information
obtained, the possible mechanisms involved are then proposed and
discussed in this paper.

2. Experimental
2.1. Materials

The slag complies with BS EN 15167-1:2006 and supplied by Civil
and Marine Ltd. UK (now Hanson Heidelberg Cement Group) was used
in this study. Its chemical composition obtained by X-ray fluorescence
spectroscopy is reported in Table 1. It is a granulated product with a
specific surface area of 527 m?/kg (based on Blaine method) and can be
categorized as a neutral slag according to its basicity coefficient, K,=
(CaO + Mg0)/(SiOy + Aly03), which equals to 0.96. Moreover, its
particles size distribution was obtained by a Mastersizer (Mastersizer
2000, Malvern, UK) and is presented in Fig. 1. As shown in the figure,
65.62% of the slag was smaller than 10 pm.

A liquid sodium silicate solution with a silica modulus of 2.58 was
obtained from Charles Tennant & Co Ltd and its chemical and physical
properties are shown in Table 2. The sodium silicate solution was then
modulated to a modulus (molar ratio of SiO, to NayO) of 1.5 by adding
sodium hydroxide (NaOH, obtained from Tennants Distribution), which
was then used as an alkaline activator in this study. A lignosulfonate
derivation superplasticiser (LS), a dark brown dry powder supplied by
Tianjin Jiangong Special Material Co. Ltd., was used as a
superplasticiser.

2.2. Sample preparation

All the samples were prepared and mixed in 5L planar-action high-
shear mixer, and a lower speed (140 rpm) was employed during the
whole mixing procedure. The water to slag ratio of all the mixes was
fixed at 0.45 which was obtained from trial mixes to ensure sufficient
workability could be achieved for the rheology tests. The dosages of LS
were controlled at 0, 0.4, 0.8, 1.2, 1.6, and 2.0% (by the mass of slag).
The liquid sodium silicate with a silica modulus of 1.5 was used as the
activator and its content was fixed at 4 wt % (counted as NayO equiv-
alent) by the mass of slag. Both the activator and the LS were firstly
dissolved in water. When the activator and the LS were added separately
at the different stages of mixing, i.e., separate addition as described
below, the total mixing water was split into 2/3 and 1/3 for the first and
second components (as indicated in Fig. 1) respectively, and the acti-
vator or the LS were then dissolved in water and added into the mixer
accordingly during the mixing stage. Three different approaches of
adding LS were investigated in this study, and they are named accord-
ingly as: 1) simultaneous addition (SA): adding LS and activator
together when mixing with slag; 2) delayed addition (DA): adding
activator to slag first and then LS at a 3 min interval; and 3) prior
addition (PA): adding LS to slag first, then activator at a 3 min interval.
The 3-min interval was determined based on the results obtained from
the preliminary experiments. The mixing procedure of all the mixes was
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Table 1
Chemical composition of slag.
% Ca0 Si0, Al,03 MgO Sulphide TiO, Mny03 NayO Fe03 K20 LOI
Slag 39.40 34.30 15.00 8.00 0.80 0.70 0.50 0.45 0.40 0.38 0.70
LOL.: loss on ignition.
100 e ' o — . minislump measurements were first conducted at 7 min after mixing,
| @ Cumulative Percentage Passing / which is referred to as the ‘initial minislump’ in this paper. In addition,
90 . to assess the workability retention capacity of the SSAS, the minislumps
§ b /l/ were also measured over time at 15, 30 and 60 min since mixing.
w % "
= 70 I 7 2.3.2. Rheological test
o% | w The rheological behaviour of the SSAS pastes was determined with a
o 60 e rheometer, Viscotester 550, under all the three SP addition methods
s r Ve (namely, SA, DA and PA). Immediately after mixing (i.e., at the 5th
§ 50 Vas minute shown in Fig. 1), approximate 800 ml freshly mixed paste was
E’ 20 | N transferred into a 1000 ml plastic cup (95 mm in diameter and 180 mm
o | ./ in length) and then fixed into the sample holder of the rheometer before
g 30 /./ inserting a six-bladed vane (40 mm in diameter and 60 mm in length) to
3 r o establish the relationship between the shear stress and the shear rate.
§ 20 /'/ The samples were then subjected to a cycled measuring procedure as
© 10 I . " proposed by Palacios et al. [25] as follows. The shear rate was kept
L constant at 150 s ! for 2 min during the pre-shearing, then up-ramped
0 1 " 00 from 0 to 10 s ! in 1 min, continually raised from 10 to 150 s~ ! in 1

Particle Size (um)

Fig. 1. Particle size distribution of slag.

strictly controlled throughout this study in order to compare the rheo-
logical behaviour on a like-for-like basis and the details of this are
schematically presented in Fig. 2. The total mixing time for the three
addition methods was all fixed for 5 min.

2.3. Test procedure

2.3.1. Minislump test

The minislump test was carried out with a PVC plate and a cone with
a lower inner diameter of 38.1 mm, an upper inner diameter of 19 mm
and a height of 57.2 mm by following Palacios’s method [28]. The di-
ameters of the spread from the minislump test were measured at two
perpendicular directions and the average diameter was reported. All the

Table 2
Chemical and physical properties of sodium silicate ‘Crystal 0503’.

min and finally reduced from 150 to 0 s~! in 1 min. The results were
recorded by an in-house developed software. To ensure that reliable data
can be obtained from the rheological tests, the ‘pure’ AAS was tested for
five times to check the repeatability of the measurement first [34]. Once
the reliability requirements were met, the flow curves of the SSAS pastes
under different SP addition methods were then obtained. The area of the
hysteresis loop of the flow curve was then calculated which was used to
quantitatively analyse the structural breakdown of the paste [35].
Moreover, the down curve of the flow curves, which is believed to be
able to reflect the rheological properties of cementitious materials [36],
were used to fit different rheological models as described by Equations

(1)-(3).

2.3.3. Adsorption test

The amount of LS adsorbed by SSAS was determined by a UV-
spectrophotometer (Camspec 550) at a wavelength of 286 nm. Prior to
the experiments, a calibration curve was established by plotting the
concentrations of added LS against the absorption of UV light by the

Twaddell

Beaume Specific gravity Si05:NayO weight ratio Si05:Na,0 mole ratio Na,0% Si05,% Total solid% Viscosity (20 °C)
100.00 48.30 1.50 2.50 2.58 12.45 31.10 0.45 400.00 P
Preparing Activator Preparing SP
Solution Solution
Stopping Mixer for Stopping Mixer for

Starting Mixing 30s Adldinzts d 30s

Adding Slag with Remixing Materials CO:;O:::;' Remixing Materials Finishing Mixing

First Component Attached on the Attached on the

Mixer Wall Mixer Wall
Skipped | .
for SA Time
1Day 1 Hour Zero Time Z 2 . .

Before Mixing Before Mixing Mixing Start 1.5 minutes 3 minutes 4 minutes 5 minutes

Fig. 2. Flow chart of mixing procedure.
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corresponding LS solutions. To overcome the matrix effect, the solution
was prepared by dissolving the LS, ranging from 0.025 mg/ml to 0.150
mg/ml, in the supernatant of SSAS paste. To measure the amount of LS
adsorbed by SSAS, mixes consisting of 5 g of slag, 1.04 g sodium silicate
solution (4 wt% NayO equivalent by the mass of slag), 19.45 g of water
and different dosages of LS, namely 0, 0.4, 0.8, 1.2, 1.6, and 2.0% by the
mass of slag, were prepared by hand mixing. The suspension of each mix
was then centrifuged at 700 rpm for 3 min before being filtered by a
quantitative filter paper. The obtained solution was then diluted with
deionised water to the measurable range of UV-spectrophotometer. The
amount of LS adsorbed by SSAS was finally calculated from the differ-
ence of the LS concentrations before and after mixing with SSAS.

2.3.4. Zeta potential test

The change in the electrostatic properties of the SSAS was investi-
gated through the measurement of zeta potential. The suspensions used
for the zeta potential test were prepared by dispersing 1 g of slag and the
corresponding amount of activator (as detailed in Section 2.2) in 200 ml
deionised water at different dosages of LS by hand mixing for 5 min. The
zeta potential of the SSAS suspension was then determined at 20 °C
using a Malvern Nano ZS90 (Malvern Instruments Ltd., UK).

2.3.5. ESEM

The dispersion of the freshly mixed paste samples was observed by
Environmental scanning electron microscopy (ESEM) in a FEI Quanta
200 Scanning Electron Microscope at 20 kV. Mixes containing approx-
imately 0.5 g of slags and corresponding SP solution and activator were
firstly mixed in a beaker outside the environmental chamber of the
ESEM by hand for 3 min. After that, the fresh paste was rapidly poured
into a steel sample holder before being placed into the sample chamber
in the ESEM. The observation was then started at 10 min after mixing
under the ESEM mode with the stage being cooled to 5 °C and the water
vapour used as imaging gas at 5.0 torr pressure. To quantitatively
analyse the dispersion of the slag particles, the Heywood diameter of
slag particles, which is referred to the diameter of a circle with equal
area of the shape of slag particles, were generated from the ESEM images
using the software ‘Image J’ [37,38]. For each mix, ten ESEM images
were quantitatively analysed. It should be pointed out that, in this
method, the outline of the particle shape was automatically identified

140

135
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125

120

115

Minislump (mm)

110
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and transferred to the particle size and area. Therefore, it has been
confirmed to be an effective approach for identifying the agglomeration
behaviour of particles [39].

3. Results and discussion
3.1. Workability

The results of the initial minislump tests of SSAS with the LS added at
the different stages of mixing are shown in Fig. 3. It is obvious that
compared with the reference (i.e., the mix containing 0% of LS),
regardless of the LS addition methods, adding LS increased the initial
minislump spread and this was increased with increasing dosage of LS.
However, only less than 10 mm increment was observed in the initial
minislump from the simultaneous addition with even up to 2.0% of LS,
which was less significant than those obtained from the separate addi-
tion methods (i.e., both delayed and prior additions). In contrast, the
spread diameters of the initial minislump obtained from both prior and
delayed addition methods were at least 10 mm higher than that of the
SA, which correlates well with the yield stress results (as presented in
Figs. 7(a), 8(a) and 9(a) below).

In addition to the initial minislump measurements, the change of the
minislump was also monitored over time at 15, 30 and 60 min to assess
the workability retention of SSAS when the LS was added at the different
mixing stages. The minislump results of SSAS mixes over 60 min when
1.2% of LS, which was close to its saturation dosage, was added by
different addition methods are shown in Fig. 4. It should be noted that
similar trends were also observed at other LS dosages (results not shown
in this paper). To clearly identify the effect of LS on the workability
retention of SSAS, the minislump of the SSAS without LS was also
monitored over the same period of time and the results are presented
together in Fig. 4. It is evident that, without adding LS, the minislump of
SSAS was the lowest throughout the 60 min period. Moreover, it also
showed the poorest workability retention. When the LS was added by
SA, although both the initial minislump and minislump retention of
SSAS were slightly improved compared with the SSAS without LS over
60 min, they were still poorer compared with the separate addition
methods. As can be seen from Fig. 4, although the initial minislump of
the SSAS with SA reached a high value of 120 mm, this was dropped to

105 - —e— Delayed Addition
- —O— Prior Addition

—a— Simultaneous Addition

100 L | L | L | L | L |

0.0 0.2 0.4 0.6 0.8 1.0

1.2 1.4 1.6 1.8 2.0 2.2

LS Dosage (%)

Fig. 3. Initial minislump of SSAS with different addition methods.
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Fig. 4. Minislump of SSAS with different addition methods over time (1.2% LS dosage by the mass of slag).

less than 85 mm at the 60th minute, representing an approximate 30%
minislump loss, which is much worse, both in terms of the initial min-
islump and workability retention, than the SSAS with separate addition
methods. Similar result was also reported by Palacios and Puertas when
melamine-based superplasticiser and sodium silicate activator were
added by an SA method [28]. On the contrary, when the activator and
the LS were added separately (i.e., by DA or PA), the workability
retention was much improved, with only less than 12% minislump loss
being observed. Moreover, slightly better workability retention was
obtained from PA.

The above results indicate that the separate addition methods can
not only enhance the initial workability, but also can improve the
workability retention of LS-superplasticised SSAS. This is, in particular,
the case when the LS SP is added before the alkaline activator during the
mixing.

3.2. Rheological behaviour

3.2.1. Flow curve and thixotropic behaviour

The flow curves of the SSAS pastes obtained from different LS
addition methods at a LS dosage of 1.2% are shown in Fig. 5. The flow
curve of the SSAS without adding SP (i.e., no LS. Hereinafter referred to
as ‘pure’ SSAS) was also presented in Fig. 5 (a) for comparison purpose.
Additionally, by integrating the area between the up-curve and down-
curve of the paste, the thixotropic area of the SSAS was calculated by
following the method proposed by Chen and co-workers [40] as shown
in Fig. 5 (b). It can be seen that without LS, the hysteresis loop of the
‘pure’ SSAS was larger than those of the LS-superplasticised SSAS pastes.
As the area of the thixotropic loop is related to the energy needed to
break down the reversible flocculation of particles [41], the reduced
area of the loop when LS SP is added suggests that it becomes easier for
the particles to be deflocculated. It should be noted that with increasing
LS dosage, the thixotropic area was increased under SA, while that of the
DA or PA was not obvious. This phenomenon could be due to the com-
plex interactions among the LS, activator and slag, which should be
further explored. Furthermore, among the three LS-superplasticised
SSASs, the paste with SA showed a much larger area of thixotropic
loop than those of DA and PA, indicating a better dispersion of the slag
particles was achieved by both DA and PA. However, it should be

noticed that the area of the thixotropic loop of SA was only slightly
smaller than that of ‘pure’ SSAS, indicating that SA is not efficient in
dispersing slag particles in SSAS compared to the separate addition
methods. From the results shown in Fig. 5 (a), it is also evident that not
only the addition of LS, but also its adding method, can change the
down-curve of the paste. For example, the down-curve of both the ‘pure’
paste mixed without SP and the paste mixed by SA showed a near-linear
relationship between the shear stress and the shear rate, while those
mixed by PA and DA showed a non-linear relationship (further details
can be seen in Fig. 6). Similar patterns were also identified at the other
LS dosage levels (namely, 0.4%, 0.8%, 1.6% and 2.0%).

In Fig. 6, the down curves of the hysteresis loop of the paste without
LS and those with 1.2% LS added by different addition methods (i.e., SA,
DA and PA) are fitted by Bingham, Modified Bingham and Herschel-
Bulkley models, respectively. It is evident that, for the reference mix
(i.e., no LS), the fitted curves of the three rheological models are close to
each other. However, in the presence of LS, the fitted curve of the
Bingham model is slightly different from those of the other two non-
linear models (i.e., Modified Bingham and Herschel-Bulkley). Further-
more, the differences of the fitted curves between the Bingham and the
other two non-linear models are further enlarged by the separate addi-
tion of the SP and the activator (i.e., DA and PA). It can be easily noticed
from Fig. 6 (c) and (d) that the regression curves of both non-linear
models are better fitted than that of the Bingham model for DA and
PA. A negative yield stress, which has no physical meaning, is only
obtained by applying the Bingham model, indicating the error could
occur with linear regression. To obtain a holistic understanding of the
rheological behaviour of the LS-superplasticised SSASs, all the down
curves of the pastes mixed by SA, PA and DA at the other LS dosages
(namely, 0.4%, 0.8%, 1.6% and 2.0%) were also fitted into the Bingham,
MB and HB models. The regression equations and R-squared values
obtained from these analyses are listed and further compared in Table 3.
Even though good regressions (as indicated by R? > 0.96) have been
achieved by applying all the three rheological models, by adding the LS
and the activator separately at different mix stages, a reduction in the R
value has occurred in the Bingham model, indicating that the reliability
of the Bingham model for the separate addition methods has been
reduced. By comparing the data in Table 3, it can be concluded that,
instead of Bingham model, the MB model showed the best suitability for
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describing the rheological behaviour of SSAS, in particular, the SSAS
with LS SP. Similar trend has also be reported in self-compacting con-
crete by Fey et al. [42]. The possible reasons leading to this changed
rheological behaviour, i.e., from Bingham to non-Bingham behaviour,
will be discussed in Section 3.5 in the context of the observations made
with ESEM.

3.2.2. Rheological parameter

Since a non-linear relationship between the shear stress and the shear
rate was identified from all the mixes with separate additions of LS and
activator, the rheological behaviour of the LS-superplasticised SSAS
pastes are further compared using the rheological parameters, such as
yield stress, plastic viscosity/consistence factor and exponent and c/|,
obtained from the Bingham (linear), Modified Bingham (non-linear) and
Herschel-Bulkley (non-linear) models, whenever relevant, in this section
below.

3.2.2.1. Yield stress. As shown in Figs. 7-9, in the presence of LS, the
general trend is that the yield stresses of the LS-superplasticised SSAS
pastes calculated from the Bingham (Fig. 7 (a)), Modified Bingham
(Fig. 8 (a)) and Herschel-Bulkley models (Fig. 9 (a)) reduced with the
increase of the LS dosage, especially when adding the LS and the acti-
vator separately at different mixing stages (i.e., both DA and PA).
Compared to the SA, the separate addition methods significantly
reduced the yield stress of the LS-superplasticised SSAS pastes, with the
highest reduction being achieved by PA in all the three models. How-
ever, negative yield stresses from some of the mixes by PA and DA were
observed from the Bingham model. As negative yield stress could not
occur in reality, the suitability of the Bingham model for describing the
rheological behaviour of the LS-superplasticised SSASs, in particular,
when the LS is added by DA or PA, is thus, questionable [43]. None-
theless, from the yield stress results, it could be anticipated that a better
workability could be obtained from the separate addition methods,
especially the PA. This is well corroborated by the minislump results
presented in Fig. 3 and will be further discussed in Section 3.2.2.4
below.

3.2.2.2. Plastic viscosity and consistence factor. The effects of different
LS addition methods on the plastic viscosity (based on Bingham model
and MB model) of SSASs are plotted in Figs. 7 (b) and Fig. 8 (b),
respectively. Apparently, increasing the LS dosage exhibited less effect
on the reduction of plastic viscosity when the LS and the activator were
added simultaneously. In fact, some slight increase in the plastic vis-
cosity was even noticed from both the Bingham and the MB models with
SA method. On the contrary, adding the LS and the activator separately
at different mixing stages, the plastic viscosity was significantly
decreased upon adding LS at a dosage of 0.4% in both models. However,
there was no further reduction at the dosages above 0.4% and the dif-
ference between the PA and the DA was also insignificant. Nonetheless,
the values of plastic viscosity were already very low (close to zero in
both cases). On the other hand, the effects of different addition methods
on the consistence factor (based on the HB model) were different. From
Fig. 9 (b), it can be seen that there is no obvious trend for the consistence
factor under SA when the SP dosage was increased. However, the
consistence factors obtained from both PA and DA were lower than that
from the SA, with an even slightly lower value being achieved from the
DA when the dosage levels were below 1.2%. However, beyond 1.2%, a
plateau was reached for both PA and DA and the change of LS dosage
had no effect on the consistence factor thereafter. Again, very low values
of consistence factors were achieved above 1.2% LS dosages.

3.2.2.3. Exponent and c/u. The exponents from the HB model are
plotted in Fig. 9 (c). It is clearly shown in the figure that the exponent of
the reference paste (i.e., No LS) was around 1.0 and the addition of LS by
SA had little effect on the exponent value. However, the exponent
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Fig. 6. Rheological models on flow curve (down curve) of SSAS with different LS addition.

Regression analysis of the flow curves fitted by different rheological models.

Addition Method SP Dosage Bingham Model Modified Bingham Model Herschel-Bulkley Model
Equation R? Equation R? Equation R?

No LS 0 T =0.4475 + 0.1886 7 0.9991 T =0.9632 + 0.1663 7 +1.8545E-04j> 0.9998  t©=1.2854 + 0.1128 7193  0.9998

Simultaneous Addition ~ 0.4% T=0.3941 + 0.1768 7 0.9989 T =0.9054 + 0.1349 7 + 1.8192E-04;>  0.9998 1= 0.7608 + 0.0860 7'121°  0.9998
0.8% T =0.3702 + 0.1982 7 0.9997  ©=0.7560 + 0.1893 j + 2.2713E-04;>  0.9997 1 =0.7516 + 0.1381 %25 0,9993
1.2% T=0.2015 + 0.1834 7 0.9977 1t =0.7324 + 0.1997 7 +2.5648E-04;> 0.9995 1t =0.8181 + 0.0554 711®  0.9992
1.6% T=0.1972 + 0.1951 7 0.9995 T =0.7127 + 0.1987 7 +2.3653E-04;> 0.9998  t©=0.8016 + 0.1358 772 0.9998
2.0% T=-0.0407 + 0.19737  0.9989 1= 0.7115 + 0.1723 7 +2.2574E-047> 0.9998 1t =0.7225 + 0.1782 7020*  0.9997

Delayed Addition 0.4% T = 0.0698 + 0.0380 7 0.9601 7 = 0.5880 + 0.0153 7 +3.7770E-05j> 0.9995 7 =0.6815 + 0.0006 ;'8¢ 0.9953
0.8% T=-0.4944 + 0.04717  0.9665 1= 0.2261 + 0.0147 7 + 3.3554E-05;>  0.9990 7= 0.3062 + 0.0008 7*-%4¢1  0.9989
1.2% T=-0.6620 + 0.0451 7  0.9617 1= 0.2150 + 0.0133 7 +3.0604E-05;> 0.9993 1t =0.3194 + 0.0007 7381 0.9974
1.6% T=-0.6132+0.0468 7  0.9694 1 =0.1371 + 0.0127 7 +-2.9996E-05;*> 0.9967  ©=0.3830 + 0.0014 7"#3%°  0.9971
2.0% T=-0.6234 +0.04757  0.9765  t©=0.1295 + 0.0119 7 + 2.7115E-05/>  0.9986 7= 0.2530 + 0.0020 "% 0.9984

Prior Addition 0.4% T =0.0558 + 0.0375 7 0.9753 1= 0.5319 + 0.0264 7 +4.8967E-05;> 0.9942 1T =0.6075 + 0.0426 757**  0.9934
0.8% T=-0.5403 + 0.0524 7  0.9840 1= 0.1318 + 0.0242 7 + 4.4142E-05/>  0.9975 1= 0.2804 + 0.0045 7*°°%>  0.9979
1.2% T=-0.7251 + 0.04947  0.9760 1= 0.1232 + 0.0259 7 +4.5804E-05;> 0.9971 T =0.1802 + 0.0022 %42 0.9985
1.6% T=-0.7254 + 0.0493 7  0.9721 T =0.1164 + 0.0226 7 +4.0525E-05j> 0.9971 T=0.1771 + 0.0015 727182 0.9975
2.0% T=-0.7868 + 0.05627  0.9750 T =0.0946 + 0.0205 7 +4.1105E-05; 0.9981 T =0.1345 + 0.0021 7°7%%  0.9981

increased when the LS and the activator were added separately, indi-
cating a shear thickening rheological behaviour could have occurred
with both the DA and the PA methods, which will be further discussed in
Section 3.5.

It should be noted that the MB model can be considered as an
extension of the linear Bingham model with a second order term being
introduced so that the nonlinear behaviour could be well described [14].

Therefore, as shown in Equation (4), there exists a theoretical rela-
tionship between c¢/u (Fig. 8 (¢)) and n (Fig. 9 (c)) [13]. From the data in
Table 3, it is apparent that the c/u values of all the pastes were positive,
which was closely linked to the results of exponent obtained from the HB
Model, indicating again that the shear thickening behaviour could have
occurred in the LS-superplasticised SSAS.
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Fig. 7. Effect of LS dosage on the rheological properties of SSAS with different
addition methods fitted by Bingham model.

c 1 (n—-1

_—— 4
U 2a (2 - n) “
Where: u stands for plastic viscosity; a for random parameter; c for
second order parameter, and n for exponent.

3.2.2.4. Relationship between minislump and rheological parameters. It
has been well established by various researchers that a correlation exists
between slump/minislump and yield stress [44]. To further verify the
suitability of different rheological models for SSAS systems, the re-
lationships between the yield stress obtained from the three different
rheological models and the minislump spread of the SSASs are compared
in Fig. 10. From the R? of the regression analysis, it can be seen that the
highest R? was obtained from the MB model (0.9248 Vs 0.8773 from
Bingham model and 0.8576 from Herschel-Bulkley Model), which in-
dicates again that, among the three models, the MB model showed the
best prediction of the workability by its yield stress. However, there is no
relationship between the plastic viscosity (or consistence factor) and the
minislump with the change of LS dosage (not shown in this paper) in the
studied SSAS system, which is in agreement with those reported in PC
systems [44].
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3.3. Adsorption isothermal

It is generally believed that the adsorption of the superplasticiser by
hydrating cement particles is linked to the dispersion of cement particles
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Fig. 10. Relationship between initial minislump spread and yield stress
calculated by different rheological model.

in water. That is, the higher the adsorption of SP, the better the
dispersion [45].The influence of the different addition methods on the
adsorption of LS in SSAS was, thus, investigated and the results are
shown in Fig. 11. It is evident from Fig. 11 that, compared with the mix
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Fig. 11. Adsorption of LS in SSAS under different addition methods.

without the activator (i.e. the mix prepared with only slag and water,
which was used as a control in the adsorption test for comparison pur-
pose), the addition of activator by all the three methods (SA, DA and PA)
resulted in a significant reduction in the adsorption of LS on the slag
surface, which implies that either there is a competition between the
activator and the LS during the adsorption to the slag surface or there are
some adverse effects from the activator on the adsorption process of LS,
or both [31,46]. Moreover, in the presence of the activator, compared
with the simultaneous addition method at all dosage levels, the ad-
sorptions of LS with both prior and delayed additions (i.e., PA and DA)
were higher. It, thus, seems that the separate addition of the LS and the
activator at different mixing stages can reduce the possible competition
(if there are any) between the LS and the activator in adsorbing onto the
surface of slag particles. This is, in particular, the case for the PA
method, which might have provided a window (3 min) for the LS to play
its dispersing role before the potential decomposition (if there are any)
could have happened after the high alkaline activator is added. How-
ever, it should be noticed that, even for the PA method, the adsorption of
the LS was still lower than that of the slag without activator, which
suggests that the competitive adsorption and desorption from negatively
charged sodium silicate activator could still have existed [46].

Fig. 11 also shows that the adsorbed amount of the LS increased
rapidly with the increase of the LS dosages up to around 1.2% LS. At
higher dosages (>1.2%), the adsorption increased slowly and gradually
reached a plateau, following the trend of Langmuir isothermal adsorp-
tion. The quantitative analysis of the adsorption isothermal was,
therefore, conducted using Langmuir adsorption (Equation (5)) and the
results are presented in Table 4.

C 1 1
X = A? A_v 5)
where C stands for equilibrium concentration of superplasticiser (LS in
this study) (mg-L 1), A for the adsorbed amount of superplasticiser by
slag (mg-g 1), A, for the saturated adsorbed amount of superplasticiser

Table 4
Adsorption characteristics of the LS in SSAS with different addition methods.
Activator Addition R? Slope Intercept/ k/ A/
method gLt Lg' mgg!
None N/A 0.96 1056.07 1044.73 0.85 0.95
Sodium Prior Addition 0.99 1955.39 1089.06 1.80 0.51
Silicate (PA)
Simultaneous 0.98 2339.25 1015.03 2.30 0.43
Addition (SA)
Delayed 0.99 2178.85 1072.55 2.03 0.46

Addition (DA)
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(mg-g~1) and K for the adsorption constant.

Alinear relationship of C/A (g-L™1) with C is normally observed with
a regression coefficient close to one [47]. The A can be calculated by
1/slope of the regressed straight lines, and constant K can be then ob-
tained by slope/intercept. In this study, both the K and A were calculated
and summarised in Table 4.

As can be seen from Table 4, when no activator was added, the
highest A, value (0.95 mg g~ ) was obtained which could be assumed
that all the slag surface might have been occupied by LS. However, after
the activator and the LS were added simultaneously (SA), the Ag values
dropped by more than half and reached 0.43 mg g}, indicating that
only less than half of the slag surface might have been occupied by the
LS. This suggests that when the activator and the LS were added
simultaneously, the activator was more prone to be adsorbed onto the
surface of the slag. Compared to the SA, the characteristic plateau (A) of
both the PA and the DA were increased from 0.43 mg g~* (the A, for SA)
to 0.51 mg-g 'and 0.46 mg g, respectively. This implies that by
adding the activator and the LS separately at different mixing stages, the
adverse effect that the alkaline activator may have imposed on the
adsorption of LS onto the slag surface could have been reduced. As a
result, the relative amount of the LS adsorbed onto the slag surface was
increased. However, it should be noted that the characteristic plateaus
of DA and PA are 0.46 mg g~ ' and 0.51 mg g *, respectively, suggesting
that although both separate addition methods can reduce the adverse
effect that the alkaline activator might have imposed on the adsorption
of LS onto slag, PA is more effective than DA. Consequently, it can be
deduced that the workability of SSAS with PA should be better than DA
and SA, which is well supported by the minislump results presented in
Fig. 3.

As illustrated in Fig. 12, although it is difficult to establish a quan-
titative relationship between the adsorbed LS and the minislump value
for all the three addition methods, separate trends can be identified for
SA and (DA + PA) respectively, indicating that different mechanisms
might be functioning in SA and (DA + PA). Nonetheless, regardless of
the possible mechanism involved, it still can be seen that, in general, a
higher adsorbed amount of LS fosters a better workability of SSAS.
Moreover, at similar adsorption of LS, the minislumps of the SSAS pastes
produced by the separate addition methods, i.e., DA and PA, were higher
than that from SA. This could be attributed to the reduction of the
possible competitive adsorption as well as the improved chemical sta-
bility of the LS due to the separate addition of the SP and the activator
[48]. As reported by Palacios and Puertas [27], the SPs designed for
Portland Cement are not chemically stable in highly alkaline sodium
silicate solution, and could result in the loss of surface activity. This
might be the reason that adding SPs simultaneously with alkaline
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Fig. 12. Relationship between adsorption and minislump of SSAS.
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activator (i.e., SA) is not suitable for alkali-activated cementitious ma-
terials (AACM) because in this method the SP is directly mixed with the
alkaline activator, which could lead to the loss of surface activity of SP.
On the contrary, in the case of separate addition of SP and activator
(such as DA and PA), the SP is exposed to a less alkaline environment,
which could potentially reduce or even prevent the interaction between
the SP and the activator and, hence, improve the performance of SP in
AACM. The result obtained from the LS-superplasticised SSAS in the
current study is just a good example to exemplify this hypothesis.
Nonetheless, similar to what has already been reported in PC system,
separate addition of SP and activator, in turn, could lead to different
rheological behaviour of the AACM, as, again, exemplified by the
rheological behaviour of the LS-superplasticised SSAS reported in this
study.

3.4. Zeta potential

Zeta potential is the potential at the shear plane between the sus-
pended solid particles and the liquid phase [49], which has often been
used to describe the interactions between the particles and the super-
plasticisers in cement research [50]. Generally, it is believed that a
higher absolute zeta potential value is linked to a better dispersion (and,
hence, a lower yield stress) between solid particles and an increased
workability [51].

The results of the zeta potential of SSAS pastes are shown in Fig. 13.
As can be seen, in the absence of LS, the zeta potential of SSAS was close
to —47.3 mV whereas the ‘pure’ slag mix (i.e., the slag was only mixed
with water without adding sodium silicate) only showed a zeta potential
of around —15 mV.

When slag is mixed with water, it is expected that a basic pH envi-
ronment could be formed [52]. As a result, some sillanol groups on the
slag surface could deprotonate and, thus, induce a net negatively
charged surface. With further dissolution of the alkali and earth alkali
cations from slag into the solution under this alkaline environment,
cationic species such as Na™, Kt and Ca?", will then be released into the
solution. However, since the rate of the dissolution of these cationic ions
is faster than that of their diffusion, some cationic species, in particular,
Ca?*, could accumulate and then be adsorbed onto the surface of the
deprotonated silanol groups, introducing some positively charged sites
in the double-layered structure [53]. This may explain why the initially
formed negative zeta potential is observed to shift to less negative and
sometimes even slightly positively zeta potential over time [54]. In the
current study, a —15mV has been measured from pure slag mix which is
similar to those reported in the literature [55]. When sodium silicate
solution is added into the slag mix (i.e., without adding the LS), not only
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Fig. 13. Zeta potential of LS in SSAS under different addition methods.
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the surface reaction similar to the pure slag mix (i.e., slag/water mix)
could occur, a more intense surface reaction is also to be anticipated due
to the strong alkaline environment introduced by sodium silicate solu-
tion. As a result, one may expect that more cationic species, such as Na™,
K" and Ca*, could be released from the slag surface into the solution
and then adsorbed onto the surface of the slag particles. Consequently, a
more positive zeta potential value should have been anticipated [54]. In
contrast, a more negative, i.e., - 47.3 mV, zeta potential was measured in
this study when sodium silicate solution was added, which indicates
that, as a strong electrolyte, sodium silicate itself has more influence on
the surface charge of slag [55]. This is mainly due to the fact that the
negatively charged silicate species from sodium silicate can also adsorb
or precipitate onto the surface of slag particles, leading to a more
negative zeta potential value, overriding its activation effects on slag.
Similar results have also been reported by Kashani et al. [55].

When the LS was added into the ‘pure’ slag mix (i.e., without acti-
vator), a further reduction of the zeta potential can be observed in
Fig. 13 and, in general, the zeta potential was decreased with the in-
crease of the LS dosages. For example, with 1.2% LS being added, the
zeta potential of the slag without activator was reduced from —15 mV to
around —29 mV and this was then becoming almost stable, which is
similar to the pattern observed from the adsorption results in Fig. 11.
Therefore, the increased absolute value of the zeta potential (i.e., more
negative) might be attributed to the higher amount of LS adsorbed onto
the surface of slag particles. As highlighted before, when the slag is
dispersed in water, depending on the type of slag, a significant amounts
of the cations, i.e., Ca®*, Mg?*, K* and Na*, are released during the
dissolution process [54] and these cations can adsorb onto the nega-
tively charged silanol groups on the surface of the slag particles, intro-
ducing some positively charged sites. Since the LS in hydrolysed form is
a type of negatively charged polymer, once dissolved in water the LS
could then be adsorbed onto the surface of the slag via the electrostatic
attraction to the cations that have already adsorbed onto the surface of
slag particles, leading to a further decreased zeta potential (i.e., more
negative) of the LS-superplasticised slag.

However, when the LS was added into the SSASs, regardless of the
addition methods, the reduction in the zeta potential was less significant
and the reduction pattern as observed in the LS-superplasticised ‘pure’
slag mix was missing. Considering the fact that a zeta potential of —47.3
mV and a range of zeta potentials between —25 mV and —30 mV have
been developed by the pure SSAS and the LS-superplasticised slags (i.e.,
no activator), respectively, it becomes immediate obvious from Fig. 13
that, the combination of the activator and the LS is not just a simple
superimposition of the zeta potentials of these two. Additionally, it can
be noticed from the same figure that the zeta potential trend of the LS-
superplasticised SSASs cannot be correlated with the Langmuir
isothermal adsorption pattern presented in Fig. 11. As it is generally
accepted that a higher superplasticiser adsorption should result in a
higher zeta potential [31], the contradicting results between the
adsorption in Fig. 11 and the zeta potential in Fig. 13 in the current study
would indicate that some interactions could have happened between the
LS and the sodium silicate solution. Because of these interactions, it has
made it rather complex and almost impossible to correlate the zeta po-
tential with the LS adsorption as well as the rheology of SSAS results as
reported before. Consequently, it becomes impossible to make use of the
zeta potential data to interpret the possible mechanisms involved when
different LS addition methods were adopted in this study. For example, it
can be seen from Fig. 13 that, compared with the SA, even though the
absolute values of the zeta potential of SSASs under both separate
addition methods were decreased (i.e. moving towards more positive
direction), instead of leading to a higher yield stress (and reduced
workability), it has actually resulted in a lower yield stress (shown in
Fig. 7) and a better workability (shown in Fig. 3), which just contradicts
to the commonly accepted theory [56]. Although further research is still
needed before the exact nature of these interactions can be fully un-
derstood, the complicated structure of sodium silicate micelle should
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have, at least, partly contributed to this complex [57,58]. Furthermore,
due to this complex nature, one cannot simply interpret the zeta po-
tential results by just considering the effect of LS and activator sepa-
rately. A synergistic effect from both sodium silicate solution and the LS
has to be considered.

3.5. ESEM

The effect of different addition methods on the dispersion of slag
particles in SSAS mixes was further investigated by ESEM, and the
selected images of the SSAS at 10 min after mixing are shown in Fig. 14.
However, as the ESEM images can only provide qualitative information
based on visual observation, a judgement on the dispersion of slag
particles fully based on ESEM images could, thus, be subjective. To
identify the exact effect that different addition methods may have on the
dispersion of slag particles, a more objective method is preferred. In this
study, the ESEM images shown in Fig. 14 were, therefore, quantitatively
analysed by ImageJ [59] and the resulting particle size (i.e., Heywood
diameter of slag particles) distributions and cumulative curves of the
slag particles are presented in Fig. 15.

As can be seen from Fig. 15(a), without adding LS, there exists a
considerable number of agglomerates of slag particles in ‘pure’ SSAS (i.
e., SSAS without adding LS). This observation is further confirmed by the
particle size distribution obtained by ImageJ in Fig. 15 which clearly
showed that the portion of larger particles in SSAS without LS is higher
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than that of the SSASs with LS under different addition methods. For
example, when the Heywood diameter is > 10 pm, the SSAS without LS
showed the highest proportion of particles among the SSASs investi-
gated. In contrast, when the Heywood diameter is < 5 pm, the SSASs
without LS showed smaller proportion of particles. As discussed previ-
ously, the addition of sodium silicate activator into slag could increase
the complexity of the surface chemistry environment of slag due to the
further released alkali and earth alkali cations as well as the increased
electrostatically counter silanol groups [55] generated from the accel-
erated dissolution of slag under this strong alkaline environment.
Moreover, the quick formation of some initially precipitated hydration
products could have also affected the dispersion of SSAS [68]. Therefore,
it is generally agreed that, compared to PC, AAS usually exhibits a poor
workability [28]. Furthermore, as presented in Fig. 5(b), the ‘pure’ SSAS
showed the largest thixotropic area, which can also be used to verify this
observation because it has already indicated that there should exist some
flocculation of slags.

However, when the LS was added into the SSASs, regardless of its
addition methods, less agglomerates and better dispersion of the slag
particles was, in general, observed (Fig. 14 (b), (c) and (d)), which im-
plies that LS can improve the dispersion of slag particles even in a highly
alkaline media. As shown in Fig. 15(a), compared to the ‘pure’ SSAS,
higher portion of small particles with Heywood diameter <5 pm, whilst
less portion of large particle with Heywood diameter >15 pm, was
observed in SSASs with LS. This results was further confirmed by Fig. 15

(c) Delayed Addition

(d) Prior Addition

Fig. 14. Selected ESEM image of SSAS with different LS addition methods (1.2% LS dosage by the mass of slag).
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Fig. 15. Particles size (Heywood Diameter) distribution and cumulative curve
of SSAS with different LS addition methods from ESEM image.

(b), in which the particle size distribution curves of SSASs with LS all
shifted to left of the ‘pure’ SSAS, suggesting that more small particles
exist in the SSASs with LS. This observation also correlates well with the
increased minislump and decreased yield stress of the LS-
superplasticised SSAS in Fig. 3 and Figs. 7(a), 8(a) and 9(a), respec-
tively. Since LS is a highly cross-linked polymer, consisting of various
phenyl-propanoid units with coniferyl alcohol, sinapyl alcohol and p-
coumaryl identified as three main components [60], when it is hydro-
lysed, a negatively charged backbone and countering cations can be
formed. As a result, electrostatic repulsion has been considered as the
dominant dispersion mechanism. Although the deteriorated SP perfor-
mance in AAS has been reported by various researchers [61-64], which
was primarily attributed to the cleavage of some functional groups of the
SPs, the current results would suggest that not all the functional groups
are unstable in alkaline environment and, hence, the addition of LS still
can increase the dispersion of SSAS [48].

Furthermore, as anticipated, out of the three addition methods, less
agglomerates were observed in the SSAS pastes prepared by both DA and
PA (as shown in Fig. 14 (c) and (d), respectively) as compared to that of
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SA (Fig. 14 (b)). In addition, as can be seen in Fig. 14 (a), the largest
portion of particles was obtained from the Heywood diameter <5 pm
under PA, indicating that the best dispersion was achieved from PA
among those three addition methods. This observation again correlates
very well with the results presented in Fig. 5 (b), which showed that
regardless of the LS dosages, the smallest thixotropic area was obtained
under PA. Furthermore, the observation from Fig. 14 can also be
corroborated by the adsorption results presented in Fig. 11 where PA
also showed the highest LS adsorption out of the three different addition
methods which again is expected to show the best dispersion of slag
particles [31].

To conclude, based on the ESEM observation as well as the quanti-
tative analysis by ImagelJ, it is evident that better dispersion of slag
particles can be achieved from the separate addition of LS and alkaline
activator. In particular, the best is achieved by the PA method (i.e.,
adding LS 3 min before activator), which is believed to be due to the
reduced competition in adsorption between LS and alkaline activator as
well as the increased stability of the LS prior to the inclusion of alkaline
activator in the SSASs [48]. It has been well-established that the pres-
ence of sufficient amounts of small particles is one of the prerequisite
conditions for the occurrence of shear thickening behaviour [65].
Therefore, the shear thickening behaviour observed in this paper when
LS and alkaline activator were added separately is mainly attributed to
the improved dispersion of the slag particles as clearly showed in
Figs. 14 and 15. This is because, in theory, a shear thickening behaviour
could occur under two conditions, namely, high-volume fraction of the
solids and non-flocculated particles [11]. Under such a circumstance,
when the hydrodynamic forces overcome the repulsive forces, such as
the electrostatic force, Brownian force and steric force [65,66], tempo-
rary agglomerates can be formed. As a result, shear thickening could
occur as the viscosity increases with increasing shear rate due to the
enlargement of the particle clusters [67].

4. Conclusions

Based on the results presented in this paper, the following conclu-
sions can be drawn:

1) Both the initial workability and the 60-min minislump retention of
lignosulfonate-superplasticised SSAS (in term of the minislump) can
be effectively improved by separate addition of LS and alkaline
activator at the different stages of mixing. Furthermore, the prior
addition of LS has demonstrated even better workability than the
delayed addition of LS. Therefore, the separate addition of LS and
alkaline activator at different mixing stages could be a simple and
effective approach to tackle the incompatibility issue of applying PC
based SPs in alkali-activated slag.

Separate LS addition methods changed the linear rheological
behaviour of SSAS to non-linear. As a result, the Bingham model is no
longer the best rheological model for the SSAS systems when LS and
alkaline activator are added separately. Through a detailed analysis
presented in this paper, the Modified Bingham has been identified as
the best model for describing the rheological behaviour of
lignosulfonate-superplasticised SSAS.

The addition of LS increased the magnitude of the zeta potential of
SSAS. However, compared to the simultaneous addition of LS and
alkaline activator, the magnitude of zeta potential of SSAS decreased
by both prior and delayed addition methods, even though the
workability and rheological behaviour of lignosulfonate-
superplasticised SSASs were improved. This observation contra-
dicts to the commonly accepted theory, although it could be pre-
sumably attributed to the complicated structure of sodium silicate
micelle. Further research is therefore still needed to investigate the
synergistic effect of sodium silicate activator and LS on the SSASs
before the fundamental mechanisms behind the rheological behav-
iour observed in the current study could be fully understood.
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