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Abstract: Alkali-activated materials have the potential to replace Portland cement in certain ap-
plications. To better understand these binders’ properties, it is relevant to study their rheological
behaviour at early ages, like in the case of Portland cement paste. There are already many studies on
the rheological behaviour of these materials in the available literature, using fly ash, metakaolin, and
ground granulated blast furnace slag as precursors. However, this study discusses the rheological
behaviour, mechanical properties, and porosity of ternary alkali-activated binders based on mining
mud waste, waste glass, and metakaolin. The precursor consisted of a volume mix of 70% of tungsten
mining waste mud, 15% glass waste, and 15% of metakaolin. The activator was a combination of
sodium hydroxide and sodium silicate solution. Five activator/precursor (A/P) ratios (0.37, 0.38,
0.39, 0.40, and 0.4) were studied. The result showed that the activator/precursor ratio affects the
rheology of paste and their rheological behaviour fit the Bingham model. The relative yield stress
(g) and plastic viscosity (h) increased inversely with the A/P ratio, while the workability increased
proportionally. Furthermore, some empirical models are proposed to describe the characteristic of
yield stress: plastic viscosity and spread diameter versus the A/P ratio and time with a correlation
between the rheological parameters and the spread diameter. The increase in A/P ratio has also
followed a decrease in compressive strength in all tested samples for all the ages. As expected, an
increase of the porosity accompanied the increase of the A/P ratio.
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1. Introduction

Nowadays, the protection of the environment is the greatest challenge facing the
building industry [1]. Indeed, 6% to 8% is the percentage of CO2 greenhouse gas emissions
caused by Portland cement production [2]. In the European Union (EU), 63% of the total
waste produced was mineral waste. The construction sector was responsible for about 33%
of the total waste caused by economics activities (821 million tonnes in 2018). In parallel,
the quantity of other hazardous solid waste is the major problem facing Europe in the
last years. The increase of disquiet about waste disposal’s environmental consequences
leads to renewing surveys on new uses or possibilities for reuse of these materials [3].
According to recent data from Eurostat [4], about 55 percent of the total industrial waste is
generated by these activities. Other wastes and various ways for their reuse were explored
in the literature. According to Sedira et al. [5], especially for alkali-activation, many mine
tailings were used as precursors. Tungsten mining mud waste [6], iron ore tailing [7],
copper mine tailings [8], chromite ore processing residues [9], and vanadium tailings [10]
were studied. As all solid wastes, environmental risks can be caused by tungsten tailing
generated from tungsten mine, like soil contamination, water pollution, and air in the
surrounding areas [11]. There is a possibility of adverse effects on humans’ health caused
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by the solubility of tungsten and some of its compounds [12]. However, such tailing may
contain some aluminosilicate minerals that can be used as a precursor for alkali-activation.
For example, the mineralogy of mud waste from Panasqueira was mainly quartz and
muscovite [13]. An alkali-activated material using mud waste from Panasqueira was
obtained by Pacheco-Torgal et al. [14] mixed with calcium hydroxide, NaOH, and water
glass solutions.

To increase the total amorphous SiO2 content, Kastiukas et al. [15] substituted 20% of
tungsten mining waste with glass waste powder, which prevents calcination of mining mud
waste. These studies proved the possible use of mining wastes as an alternative precursor,
to form a material with good performance in terms of mechanical properties. However,
the workability of such alkaline-activated mixtures remains challenging to control or
predict. Indeed, the high viscosity of alkaline activators used to produce the alkali-activated
mixtures affects its workability [16], which requires effective methods to improve such
property. According to Alonso et al. [17], the type and content of precursors and activators
impact the alkali-activated system’s rheology. Puertas et al. [18] observed that ordinary
Portland cement (OPC) and alkali-activated fly ash paste have lower initial fluidity than
that alkali-activated slag pastes. The use of admixture to prepare OPC concretes has often
been unstable at high alkalinity, prevailing in alkali-activated systems [19]. Therefore, when
using typical chemical additives, the workability of alkali-activated products could not be
increased. Alternative methods were discussed too, such as creating new superplasticisers
and rheological regulation by physical effects.

To better understand the alkali-activated materials’ behaviour (noted AAM), rheo-
logical properties have to be detailed. Let us note that rheology is the analysis of matter
(deformation) on the hardness or the fresh state. It stresses that it flows with the relation-
ships between strain, stress, strain rate, and time [20].

In OPC, to determine the rheological properties, generally we use a rheometer. A simi-
lar technique will be used to understand the processes occurring during the alkali-activation
of precursor, consisting of material dissolution and condensation under a polymer form.
Rheological checks consist of the sensitivity of the paste to shear stress at known shear
rates. Also, many models were developed to describe the rheological behaviour of pastes,
such as the Bingham model [20] given by Equation (1):

τ = τ0 + µγ (1)

where, τ: the shear stress (Pa), τ0: the yield stress (Pa), µ: the plastic viscosity (Pa·s), and γ:
the shear strain rate (s−1). These rheological parameters can be obtained in a relative and
satisfactory degree of accuracy by testing pastes and mortars samples in a coaxial cylinder
viscometer. The flow curve can be plotted from the viscometer data in the form of torque,
T, against rotational speed, N, and expressed according to Equation (2):

T = g + hN (2)

where g and h are the constant characteristics of the material. The comparison of
Equations (1) and (2) suggests, in principle, that g is related to the relative yield stress and
h is associated with the relative plastic viscosity [21,22].

Other models, such as the Ostwald de Waele and the Herschel–Bulkley models of
equations given by Equations (3) and (4), may be used to evaluate the rheological activity
of cement paste in particular:

τ = kγn (3)

τ = τ0 + kγn (4)

where k: the consistency coefficient (Pa·sn) and n: the dimensionless fluidity index. Parallel
to the numerous studies on cement pastes’ rheology, some studies exist on the alkali-
activated materials’ rheology. Concerning the rheological models, the rheological behaviour
of activated fly ash could be fitted with the Bingham model by Palomo et al. [23].
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Puertas et al. [18] contrasted the rheological parameters of OPC and AAM paste with
various concentrations of alkali solutions. Some process parameters, such as the type
and concentration of alkali solution, have been documented to have influenced AAM’s
rheological properties. In comparison, the water-glass-activated slag was best suited to
the Herschel–Bulkley model, while the paste activated with NaOH or combined with
Na2CO3 acted like the Bingham model [18]. On the other hand, Torres-Carrasco et al. [24]
showed that when the activator was a commercial water glass solution of NaOH/Na2CO3
combined with waste glass, the rheological behaviour of alkali-activated slag pastes was
near the Herschel–Bulkley model. In other investigation, Palacios et al. [25] confirmed
that the rheological curves obtained on water glass-activated slag presented a better fit
with the Herschel–Bulkley model. Also, Sitarz et al. [26] investigated fresh state rheo-
logical properties of blended Fly Ash (FA) with Ground Granulated Blast Furnace Slag
(GGBFS) geopolymer mortars. Their study aimed to obtain flow curves and to establish
the correlation between shear stress and shear rate. They concluded that the geopolymer
mortars’ rheological behaviour is similar to that of a pseudoplastic liquid representing
shear thinning behaviour—roughly following the Herschel–Bulkley model.

Recently, the authors of Reference [27] showed that the type of alkali cation consider-
ably affects the chloride binding behaviours of metakaolin-fly ash geopolymers and the
sodium activator results in a higher strength development, stronger chloride binding capac-
ity, and better resistance to chloride penetration compared to potassium. Also, the authors
of Reference [28] found that hardened alkali-activated slag paste has an approximately
70–150% stronger chloride binding capacity than ordinary Portland cement (OPC) pastes.

The purpose of this paper is to contribute to a better understanding of the rheological
behaviour of an alkali-activated material, made of several precursors, consisting of mining
mud waste, waste glass, and metakaolin. The study aims to understand the effect of
activator/precursor ratio on the rheology, mechanical properties, and porosity. To reach
this goal, this paper presents experimental results of rheological parameters, flow table test,
compressive strength at 7, 14, and 28 days, and porosity.

2. Materials and Experimental Methods
2.1. Materials
2.1.1. Precursors

Tungsten mining mud waste (TMMW), glass waste (GW), and metakaolin (MK) were
the components used in this study.

The TMMW was obtained from the mud waste deposits of the Panasqueira mine and
was first dried in the oven for 24 h at 100 ◦C. Then, a milling system was used for 7 h to
get more refined and more reactive powders. The mud was mechanically disaggregated,
accompanied by sieving to obtain particles of sizes under 500 µm.

The glass waste was obtained from the collection of glass bottles. The material was
ground and sieved after washing and drying, to pass through a 250 µm sieve. Metakaolin
(MK) was supplied by Badische Anilin & Soda Fabrik (BASF) company and referred to as
“MASTERLIFE Mk”.

TMMW, GW, and MK specific gravity values were determined using a gas displace-
ment pycnometer (AccuPyc1340, Micromeritics, Norcross, GA, USA) and were 3.10, 2.49,
and 2.50 g/cm3, respectively.

The Blaine fineness of the powders used in this study was determined by using Acmel
Labo BSA1 semi-automatic Blaine apparatus according to European Standard EN 196-
6 standard. The obtained values were 742, 2665, and 4467 cm2/g, respectively (which
corresponded to the average value of three tests for each material).

Table 1 presents the chemical compositions of the GW, MK, and TMMW components
that were determined by a Bruker Xflash 5010 Energy Dispersive X-ray Spectrometer.
The results were determined in another study, in which several separate locations were
randomly chosen for each sample for the chemical composition of the raw materials [29].
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Table 1. Chemical composition of tungsten mining mud waste (TMMW), glass waste (GW), and
metakaolin (MK) in wt%.

Materials
Chemical Composition (wt%)

Al2O3 SiO2 Na2O SO3 K2O CaO Fe2O3 MgO

TMWM 17.1 46.67 0.85 7.9 4.9 0.69 15.47 4.83
GW 2.80 68.13 12.52 0.23 0.86 10.52 2.90 2.04
MK 42.99 52.28 0.32 - 0.94 - 1.49 0.47

Grain size distributions of the retained fractions of GW, MK, and TMMW were calcu-
lated using both the sieving process and sedimentation test used to test soils in compliance
with BS1377 part 2 (1990) of the British Standards. The particle size distribution on Figure 1
showed that 90% of metakaolin was less than 0.01 mm and just 50% of waste glass was
less than 0.01 mm. However, only 13% of the tungsten mining mud waste was less than
0.01 mm. This result corresponds with Blaine fineness result of those materials.
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Figure 1. Particle size distribution of TMWM, WG and MK.

2.1.2. Alkaline Activator Solution

The activator was a mix of sodium hydroxide NaOH (noted SH) and sodium silicate
Na2SiO3 (noted SS). A sodium hydroxide solution at 10 M was prepared by dissolving
sodium hydroxide pellets (98% purity obtained from Fisher Scientific, Schwerte, Germany)
in deionised water. It required to be cooled before use. The sodium silicate solution
Na2SiO3 was obtained from Solvay SA Póvoa de Santa Iria in Portugal. It was a commercial
solution with the characteristics given in Table 2 that presents the chemical composition
in weight (g) and the density of activators and their mixture. The NaOH and Na2SiO3
solutions were mixed with a ratio Na2SiO3/NaOH equal to 4 for 3 to 5 min to form the
final activator solution.
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Table 2. Chemical composition (%) and density of sodium hydroxide (SH) and sodium silicate (SS)
in (g/cm3).

Materials
Chemical Composition (%) Density

Na2O SiO2 Al2O3 H2O g/cm3

Sodium hydroxide 23.14 0.00 0.00 76.86 1.0192

Sodium silicate 8.6 27.8 0.4 63.2 1.525

2.2. Experimental Methods
2.2.1. Preparation of the Paste

The alkali-activated (AA) paste was a mix of 70% TMMW, 15% GW, and 15% MK
powder precursors. After dry-mixing for 5 min to obtain the powders’ homogeneity, the
activator solution containing a NaOH and Na2SiO3 mixture was added. The paste was
stirred for 2.5 min at 200 rpm, followed by 2.5 min at 400 rpm at 20 ◦C. The activator
to precursor ratio (noted A/P) varied from one preparation to another. The A/P ratios
were chosen equal to 0.37, 0.38, 0.39, 0.40, and 0.41, respectively. The first A/P ratio was
fixed to 0.37 because lower values (i.e., 0.36, 0.35, 0.34, 0.33, and 0.32) of the rheological
measurements were not possible due to the high viscosity of the mix. The maximum
A/P value equal to 0.41 was chosen because a higher A/P ratio resulted in a drop of the
compressive strength.

2.2.2. Rheological Measurement

A Viskomat NT rheometer supplied by Schleibinger Measuring Systems was used in
this research. This apparatus calculates a range of torque (T) and rotational speed (N) data
points automatically. T and N are connected by the straight line for a Bingham material,
conforming to Equation (2). G (the intercept) in this equation is proportional to the relative
yield stress, and h (the gradient) is proportional to the relative plastic viscosity of the
materials [21].

The calculation begins directly after mixing the paste and puts it in the rheometer
cup. If the cylindrical sample jar rotates in the rheometer, the paste passes through the
impeller’s blades and exerts a torque determined by the transducer. The speed of rotation
of the container was set to change over time as the ramp’s speed profile.

The measurement starts immediately after mixing the paste and putting it in the rheome-
ter cup. As the cylindrical sample container rotates in the rheometer, the paste flows through
the impeller’s blades and exerts a torque measured by a transducer. The rotation speed of
the container was set to vary with time as a ramp speed profile. The rotational speed was
modified to shift over time in the sequential ramp profile (Figure 2). The procedure consisted
of pre-shearing at 100 rpm for 2 min followed by ramping up from 0 to 10 rpm in 1 min and
from 10 to 100 rpm in 1 min, and then ramping down from 100 to 50 rpm in 1 min and from 50
to 0 rpm in 1 min [30]. This cycle was repeated six times, with 5 min pauses in between cycles
This speed profile was used to assess plastic viscosity and yield stress-related coefficients
(h and g, respectively).
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Figure 2. Ramp speed time profile for Viskomat NT rheometer. 
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2.2.3. The Flow Table Test

The paste fluidity was evaluated by a standard flow table test, following EN 1015-
3 [31], where the spread diameter was measured, in mm, on the samples let stand for 7,
16, 25, 34, and 52 min after mixing. The spread diameter value, in mm, is the average of
paste measurements in two directions at right angles to one another using callipers. This
measurement is performed after jolting the flow table 15 times with paste sample moulded
on the flow table disc centre.

2.2.4. Mercury Intrusion Porosimetry Test

The most common tool used to define pore and size distribution is mercury intrusion
porosimetry (MIP). MIP is based on the capillary law that rules the penetration of mercury
into small pores. The Washburn Equation (Equation (5)) expresses this law in a non-wetting
liquid such as mercury:

D = 4Vt/St (5)

where Vt is the total pore volume, St is the total capillary pore surface, and D is the average
pore diameter. A Micromeritics Auto Pore IV 9500 V1.07 mercury porosimeter was used
to determine the minimum pore diameter of 0.005 mm. The sample tested weight varied
between 1.5 and 2.2 g.

2.2.5. Compressive Strength Test

By the EN 196-1 standard, compressive strength tests were carried out using the 3000
KN electro-hydraulic mechanical testing machine ADR Touch 3000 BS EN Compression
Machine with digital reading and self-centring plates. From a test of five 40 mm cubic
specimens, the compressive strength value was calculated.

3. Results and Discussion

Figure 3 shows the torque variations over the time of AA pastes at constant rotational
speed (100 rpm) for different A/P ratios (0.37, 0.38, 0.39, 0.40, and 0.41). The torque T
decreased for each AA paste. For A/P equal to = 0.37, 0.38, 0.39, 0.40, and 0.41, the initial
torque was around 180, 170, 152, 140, and 115 N·mm, respectively. Then, the torque values
declined slightly over time, and by the end of the test, they returned close to the initial
values. This reduction in T is due to the originally developed rupture of the flocs, while its
subsequent increase is due to creating new reaction products [19].



CivilEng 2021, 2 242CivilEng 2021, 2, 13 242 
 

 

0 5 10 15 20 25 30 35 40

80

90

100

110

120

130

140

150

160

170

180  0.37
 0.38
 0.39
 0.40
 0.41

T
or

qu
e 

(N
.m

m
) 

time (min)  
Figure 3. Torque versus time. 

Figure 4 demonstrates the difference in torque versus the rotational speed for AA 
pastes with varying A/P ratios. For very low rotational speeds (such as the speed progres-
sion up to 20 rpm), the variation of the magnitude of the torque is small and the device 
was not able register it. Above that, all the checked pastes behaved in line with the Bing-
ham model (Equation (1)). It can be seen from the modelling of the values obtained in 
Figure 4 that the torque decreases as the A/P ratio increases, e.g., it needed around 97 
N·mm in the paste with A/P = 0.41. In comparison, the mix of A/P = 0.37 required the 
maximum torque of 171 N·mm. Indeed, the shear stress to split the interparticle forces 
was lower when the paste was very fluid than when the paste provided a higher viscosity 
paste. These results do not agree with Puertas et al. [18]. Their study on the activation of 
very reactive slag concluded that the rheological behaviour of AA pastes activated with 
NaOH and water glass (50/50 wt%) fit the Herschel–Bulkley model. They concluded that 
AA pastes activated with water glass fit this model, while AA pastes activated only with 
NaOH fit the Bingham model. The different behaviour found in this study can be ex-
plained as follows. Although the activator solution was made of 20/80 wt% of 
NaOH/Na2SiO3 (also containing water glass), a much lower content of highly reactive pre-
cursor was used, leading to more fluid and less viscous pastes. 
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Figure 4 demonstrates the difference in torque versus the rotational speed for AA pastes
with varying A/P ratios. For very low rotational speeds (such as the speed progression up
to 20 rpm), the variation of the magnitude of the torque is small and the device was not
able register it. Above that, all the checked pastes behaved in line with the Bingham model
(Equation (1)). It can be seen from the modelling of the values obtained in Figure 4 that the
torque decreases as the A/P ratio increases, e.g., it needed around 97 N·mm in the paste
with A/P = 0.41. In comparison, the mix of A/P = 0.37 required the maximum torque of
171 N·mm. Indeed, the shear stress to split the interparticle forces was lower when the paste
was very fluid than when the paste provided a higher viscosity paste. These results do not
agree with Puertas et al. [18]. Their study on the activation of very reactive slag concluded that
the rheological behaviour of AA pastes activated with NaOH and water glass (50/50 wt%) fit
the Herschel–Bulkley model. They concluded that AA pastes activated with water glass fit
this model, while AA pastes activated only with NaOH fit the Bingham model. The different
behaviour found in this study can be explained as follows. Although the activator solution
was made of 20/80 wt% of NaOH/Na2SiO3 (also containing water glass), a much lower
content of highly reactive precursor was used, leading to more fluid and less viscous pastes.
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In this study, pastes were made of 15 wt% metakaolin, 15 wt% of waste glass, and
70 wt% of mining mud waste, of which the metakaolin is the most reactive, due to the tiny
size of its particles—followed by waste glass (particle size is between 0 and 250 µm) and
mining mud waste (particle size is between 0 and 500 µm). Besides, mining mud waste
does not have a fully amorphous structure [32,33]. Mining mud waste is much less reactive
than waste glass and metakaolin. Thus, in this study, the rheology was not mainly affected
by the alkaline activator’s nature but by the characteristics, granular skeleton and reactivity
of precursor materials, which affected the rheological behaviour, which is the reason why
it fits the Bingham model.

The activator concentration was also held stable in this analysis, and the A/P ratios
ranged from 0.37 to 0.41 to cover rheological activity between high and low consistency.

The relative yield stress, g, and the relative plastic viscosity, h, were graphically
determined from torque versus rotational speed curve, where the intercept is proportional
to yield stress, and the gradient is proportional to plastic viscosity.

3.1. Evaluation of Yield Stress

Figure 5 indicates the change in relative yield stress, g, versus time. The relative yield
stress of all mixtures increased with time, which could be clarified by beginning the for-
mulation of Calcium aluminosilicate hydrate C-A-S-H or Sodium aluminosilicate hydrate
(N-A-S-H) gel, taking into account the presence of Ca cation in the waste glass during this
alkali-activation [32]. The paste is getting more and more viscous, e.g., 84.2 N·mm was the
value of yield stress with a ratio of 0.37 A/P in the first 7 min, but after 52 min, it was near
98.4 N·mm. On the contrary, the relative yield stress decreases with the rise in the A/P
ratios. This is due to the reduced number of direct particle interactions and the increased
thickness of the lubricating layer around the solid particles in the higher water-containing
specimens, making it easier for them to slip past each other during the shearing process.
When A/P ratio was equal to 0.37, the value of yield stress was near 98.4 N·mm after
52 min and was near 40.1 N·mm after the same time as when the A/P ratio was equal to
0.41. These results concur the results obtained by References [18,34,35].

CivilEng 2021, 2, 13 243 
 

 

In this study, pastes were made of 15 wt% metakaolin, 15 wt% of waste glass, and 70 
wt% of mining mud waste, of which the metakaolin is the most reactive, due to the tiny 
size of its particles—followed by waste glass (particle size is between 0 and 250 μm) and 
mining mud waste (particle size is between 0 and 500 μm). Besides, mining mud waste 
does not have a fully amorphous structure [32,33]. Mining mud waste is much less reac-
tive than waste glass and metakaolin. Thus, in this study, the rheology was not mainly 
affected by the alkaline activator’s nature but by the characteristics, granular skeleton and 
reactivity of precursor materials, which affected the rheological behaviour, which is the 
reason why it fits the Bingham model. 

The activator concentration was also held stable in this analysis, and the A/P ratios 
ranged from 0.37 to 0.41 to cover rheological activity between high and low consistency.  

The relative yield stress, g, and the relative plastic viscosity, h, were graphically de-
termined from torque versus rotational speed curve, where the intercept is proportional 
to yield stress, and the gradient is proportional to plastic viscosity. 

3.1. Evaluation of Yield Stress 
Figure 5 indicates the change in relative yield stress, g, versus time. The relative yield 

stress of all mixtures increased with time, which could be clarified by beginning the for-
mulation of Calcium aluminosilicate hydrate C-A-S-H or Sodium aluminosilicate hydrate 
(N-A-S-H) gel, taking into account the presence of Ca cation in the waste glass during this 
alkali-activation [32]. The paste is getting more and more viscous, e.g., 84.2 N·mm was the 
value of yield stress with a ratio of 0.37 A/P in the first 7 min, but after 52 min, it was near 
98.4 N·mm. On the contrary, the relative yield stress decreases with the rise in the A/P 
ratios. This is due to the reduced number of direct particle interactions and the increased 
thickness of the lubricating layer around the solid particles in the higher water-containing 
specimens, making it easier for them to slip past each other during the shearing process. 
When A/P ratio was equal to 0.37, the value of yield stress was near 98.4 N·mm after 52 
min and was near 40.1 N·mm after the same time as when the A/P ratio was equal to 0.41. 
These results concur the results obtained by References [18,34,35]. 

7 16 25 34 43 52 61 70
20

30

40

50

60

70

80

90

100
 0.37
 0.38
 0.39
 0.40
 0.41

R
el

at
iv

e 
yi

el
d 

st
re

ss
 (N

.m
m

)

Time (min)  
Figure 5. Relative yield stress versus time. 

In Figure 5, it is observed that the yield stress results are aligned in a linear trend that 
represents on average 99% of the cases. In this way, it becomes interesting from a practical 
point of view to obtain an empirical model that from the experimental data will simulta-
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In Figure 5, it is observed that the yield stress results are aligned in a linear trend
that represents on average 99% of the cases. In this way, it becomes interesting from a
practical point of view to obtain an empirical model that from the experimental data will
simultaneously express the influence of the variable A/P ratio and time. A multiple linear
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regression model presented by Equation (6) allows to predict, in more than 99% of cases,
yield stress over time with different A/P ratios. Figure 6 shows this variation graphically.

Yield stress = 583.627 − 1350.506 × A/P + 0.254 × Time. (6)
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Figure 6. Relative yield stress as a function of activator /precursor A/P ratio and time.

3.2. Evaluation of Relative Plastic Viscosity

Many factors affect the plastic viscosity, such as temperature, particle size, aggregate,
and others. The interparticle forces and content of solid one of these factors. The empirical
expression in Equation (7) proposed in Reference [36] can describe the relationship between
the relative plastic viscosity, h, and the solid volume, Φ:

h = h0 (1 − (Φ/Φ max)) n (7)

where h0: the solution viscosity, Φ: the actual solid volume fraction, and Φ max: the
maximum solid volume fraction. Figure 7 presents the changes in plastic viscosity with
time for all the A/P ratios. The A/P ratio on the relative plastic viscosity was observed,
and found an increase of A/P ratio accompanied by a decrease of relative plastique
viscosity. Also, the relative plastic viscosity increased proportionally with time. According
to Equation (7), the plastic viscosity increases with the rise of the solid material, for
example, after 52 min, it is clear that the plastic viscosity with A/P ratio equal to 0.38 is
greater than the paste with a ratio of 0.40 (for A/P = 0.38, the plastic viscosity was near to
0.47 N·mm·min, and for A/P = 0.40, it was near to 0.40 N·mm·min). Figure 7 shows the
relative plastic viscosity in the paste, which is more fluid, requiring higher shear stress to
break the interparticle forces.
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Figure 7. Relative plastic viscosity versus time. 
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Figure 7. Relative plastic viscosity versus time.

Applying the analysis of variance (ANOVA) to the results of relative plastic viscosity,
one can find the forecast model described by Equation (8), which represents 99% of the
cases. A graphical view of the variation of the plastic viscosity over time with the change
of the A/P ratio is shown in Figure 8. Here, it is possible to easily observe the decrease in
plastic viscosity with the increase in the A/P ratio and its growth over time.

Plastic viscosity = 1.522 − 3.010 × A/P + 0.0016 × Time. (8)
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3.3. The Flow Table Results

The difference between the spread diameter of pastes with a different A/P ratio versus
time is seen in Figure 9. The reduction of the spread diameter over time could be seen, and
it decreased as the A/P ratios increased. This diameter reduction was due to C-A-S-H and
N-A-S-H formation, considering the presence of Ca in the waste glass. The spread diameter
reduction is inversely proportional to the A/P ratio. It is observed that for an A/P ratio
equal to 0.37, the drop between the time of 7 to 52 min is 17%, while for A/P equal to 0.41,
this reduction is only 9%. It also results from the fact that by increasing A/P ratio, the
interparticle forces between grains of paste decrease. Comparing the results obtained for
relative plastic viscosity, in this paper, they were obviously similar to the results found in
References [17,35].

CivilEng 2021, 2, 13 246 
 

 

3.3. The Flow Table Results 
The difference between the spread diameter of pastes with a different A/P ratio ver-

sus time is seen in Figure 9. The reduction of the spread diameter over time could be seen, 
and it decreased as the A/P ratios increased. This diameter reduction was due to C-A-S-H 
and N-A-S-H formation, considering the presence of Ca in the waste glass. The spread 
diameter reduction is inversely proportional to the A/P ratio. It is observed that for an A/P 
ratio equal to 0.37, the drop between the time of 7 to 52 min is 17%, while for A/P equal to 
0.41, this reduction is only 9%. It also results from the fact that by increasing A/P ratio, the 
interparticle forces between grains of paste decrease. Comparing the results obtained for 
relative plastic viscosity, in this paper, they were obviously similar to the results found in 
References [17,35]. 

7 16 25 34 43 52 61 70
100

110

120

130

140

150

160

sp
re

ad
 d

ia
m

et
er

 (m
m

)

Time (min)

 0.37
 0.38
 0.39
 0.40
 0.41

 
Figure 9. Spread diameter versus time. 
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Equation (9) presents the empirical model for predicting the workability measured by
the spread diameter over time, which represents 99% of the cases, depending on the A/P
ratio. This multivariable correlation can be seen in Figure 10, where it is easy to see that the
diameter is reduced over time and with the decrease in A/P ratio.

Spread diameter = −136.95 + 730.00 × A/P − 0.414 × Time. (9)

Some authors [22,30] have studied the correlations between slump, flow table tests,
and the cement-based mortars’ rheological parameters, observing some affinity in these
workability evaluation methods. From a practical point of view, it is interesting to estimate
the rheological parameters of mixtures through a quick and simple test such as the flow
table. In this sense, Figure 11 shows a correlation between the flow table test results and
the rheometer. There is a trend of proportional reduction in the rheological parameters’
values with the increase in the spread diameter. A higher correlation was found between
the spread diameter and the plastic viscosity for the mixtures under study. More than 95%
of the observed cases are represented by the equation presented in the area of Figure 11.
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Figure 10. Spread diameter as a function of A/P ratio and time.

The high correlation found between spread diameter and relative plastic viscosity can
be attributed to the similarity actions that occur during the tests that determine the spread
diameter and those that determine the relative plastic viscosity. The spreading diameter is
obtained on the flow table after a successive dynamic impact over a predefined time. After
each impact, the height of the paste pile decreases with spread. As the height decreases, the
driver for spreading also decreases. Therefore, the incremental spread decreases with the
number of drops. On the other hand, the plastic viscosity, characterized by the resistance
of the paste to flow, is determined by a deformation sequence imposed on the paste by
increasing the rotational speed on the rheometer, which requires a sequential increase in
torque, i.e., force × distance. So, in both tests, results express a resistance to the paste
continuous flow, whereas the yield stress represents only the minimum force that must be
applied to those samples that start to flow.
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3.4. Mercury Intrusion Porosimetry Test

Five alkali-activated pastes were tested with A/P equal to 0.37, 0.38, 0.39, 0.4, and
0.41, respectively. MIP results were obtained by measuring the mercury’s penetration
volume inside the sample’s pores with the pressure-applied variation. MIP measurement
allowed to determine the pore structure, such as the total porosity (accessible to mercury
and considering the parameters of measures) and the pore size distribution.

These measures are to clarify the difference between the porosity and microstructure of
all the AA pastes tested. Figures 12 and 13 present the pore characteristics of samples after
28 days. For all the samples, the total porosity between 25% and 41% was relatively high,
which can be explained by the high A/P ratios used for this study. Indeed, as the rheometer
did not work with a ratio lower than 0.37, only the ratios higher than 0.37 were investigated.
Also, the AA pastes’ implementation into moulds under their gravity (without compacting)
could be responsible for the increase of the total porosity [37]. The total porosity increased
proportionally with the increase of the A/P ratio (the liquid). Such results agreed with
Portland cement pastes’ behaviour when water is added to cement/water mixture. Table 3
shows the total porosity of all mixes at 28 days.
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Figure 12. The cumulative pore volume curve for specimens cured for 28 days.
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Table 3. Total porosity in Alkali-activated AA paste at 28 days.

AA Paste A/P 0.37 A/P 0.38 A/P 0.39 A/P 0.40 A/P 0.41

Total porosity cm3/cm3 0.261 0.275 0.315 0.332 0.337

According to the International Union of Pure and Applied Chemistry (IUPAC) scheme,
there are four pore size ranges [34]. Pores in cementitious materials can be categorized as
micropores (d < 2 nm), mesopores (2 nm < d < 50 nm), macropores (50 nm < d < 10 µm),
and voids and microcracks (d > 10 µm). The hardened paste presented a bimodal behaviour
with the presence of a double type of pores, mesopores between 0.01 and 0.1 µm, while the
macro-pores are between 1 and 10 µm.

The average pore diameter of the samples decreased when the A/P ratios increased,
whereas the sample A/P 0.37 had the value of 0.045 µm of the average pore diameter. This
value increased to 0.060 µm for the sample A/P 0.41. The pastes average pore diameter
values with A/P ratio equal to 0.38, 0.39, and 0.40, were 0.047, 0.051, and 0.054 µm,
respectively.

3.5. Compressive Strength

Many factors can modify the compressive strength (Rc), such as liquid/solid ratio
and the concentration of the activator. Figure 14 presents the compressive strength of
alkali-activated hardened paste measured at 7, 14, and 28 days for the 0.37, 0.38, 0.39, 0.40,
and 0.41 A/P ratios. Compressive strength results are an average of five tests. The standard
deviation for each group of tests for a particular A/P ratio and curing time, varies from
0.59 to 1.52, as indicated in Table 4. In this figure, as expected, the curing time favoured the
increase of Rc for each mixture. The compressive strength decreased with the increase of
A/P ratios at 7, 14, and 28 days. The lowest value obtained at 7 days for A/P ratio equal to
0.41 was 12.5 MPa, and the highest value obtained for the same curing time for A/P = 0.37
was 20.7 MPa. While the decrease of A/P ratio favoured the cohesion increase between
particles during the curing (hardening) time, the extra amount of liquid activator created
pores. At 14 days, the increase of the compressive strength compared to the one at 7 days
was greatly improved. The compressive strength for A/P = 0.38 after 7 days was 18.4 MPa
and at 14 days was 22.1 MPa. At 28 days, the compressive strength was 29.2 MPa for A/P
ratio = 0.37 and was 19.3 MPa for A/P ratio = 0.41, and for the A/P = 0.38, 0.39, and 0.40,
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the compressive strength was 26.7, 25.1, and 22.4 MPa, respectively. The increase in paste
porosity explains these effects, which reflect a reduction in compressive strength of about
34% at 28 days from 0.37 to 0.41 A/P ratios. However, it also decreases due to an increase
in the A/P effect on the cohesion between paste grains.
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Figure 14. Compressive strength versus time.

Table 4. Compressive strength standard deviation.

A/P Ratios

Time (days) 0.37 0.38 0.39 0.40 0.41

7 0.93 0.85 0.59 0.77 0.75
14 0.71 1.52 1.47 0.91 0.80
28 0.71 1.80 1.29 1.36 1.43

4. Conclusions

This study focused on the effect of A/P ratio on the rheological behaviour, the me-
chanical properties, and the porosity of AA pastes based on tungsten mining mud waste,
waste glass, and metakaolin.

The results obtained in this work confirm that the A/P ratio has an effect on rheology,
compressive strength, and porosity of paste, which is confirmed by the following results:

• The rheological behaviour of all the AA pastes tested fit the Bingham model, and
the rheological parameters (yield stress and plastic viscosity) were affected by the
activator/precursor ratios. This rheological behaviour was similar to the OPC be-
haviour since both fit the Bingham model and are characterized as non-Newtonian
fluid. Likewise, the A/P ratio had a similar effect to the water/cement ratio, that is,
the decrease in the liquid portion in the mixtures increased the viscosity of the pastes,
increased the compressive strength, and decreased the porosity.

• The relative yield stress and relative plastic viscosity increased proportionally with
time, which was explained by the starting of C-A-S-H or N-A-S-H gel considering
the presence of Ca cation in the waste glass during this alkali-activation, and they
decreased inversely with the increase of the A/P ratio, which was explained by the
relation between interparticle forces and A/P ratio (the interparticle forces in the
viscous paste are higher than in the fluid paste), and also due to the solid content and
the quantity of the liquid activator.
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• Some empirical models to preview yield stress, plastic viscosity, and spread diameter
were developed, considering the variables A/P ratio and time.

• The spread diameter in all the AA pastes affected by the A/P (an increase of spread
diameter proportionally with A/P ratio) can be explained by the decrease of the
cohesion between the grains in paste caused by the rise of liquid content. Furthermore,
the reduction of spread diameter over time was caused by the processing of alkali-
activation (formation of C-A-S-H or N-A-S-H gel).

• The flow table test appears to be a good method to evaluate the resistance to flow or
the workability of AAM pastes.

• A proportional reduction in the rheological parameters’ values with the increase in
the spread diameter can explain a higher correlation between the spread diameter
and the plastic viscosity, with R2 near to 0.95, and a good correlation between spread
diameter and yield stress, with R2 near to 0.86.

• The paste porosity was high in all the samples (25% with A/P ratio equal to 0.37 and
41% when A/P ratio was equal to 0.41), which was explained by the high A/P ratios
used for this study. Indeed, the rheometer did do not work with a ratio lower than
0.37, and also due to the nature of mud waste that does not react completely.

• The compressive strength was modified by A/P ratio: a reduction of about 34% at
28 days for 0.37 to 0.41 A/P ratios was found.

Finally, the authors would like to stress that although there are already several studies
on rheology, this field has primary practical importance for the broader application of
AA materials. Consistency and workability are of significance for their ease of casting or
placement, and the rheological properties have a strong influence on their microstructure.
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