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Abstract

Presenting a promising option that could be used to encapsulate nuclear waste material
for disposal, supersulfated cement (SSC) is, again, receiving wide attention among research
community as a cementitious system that has noteworthy properties. It is also an
environmentally friendly cement since it is mainly composed of ground granulated blast
furnace slag (GGBS) that is activated by a sulphate source such as gypsum, hemihydrate or
anhydrite. Although there is some research on SSC, little research work has focused on
modelling the effects of the various parameters using a statistical approach which is the aim of
this paper. The effect of dosages of GGBS, anhydrite (ANH) and water-to-binder ratio (W/B)
on the fresh and rheological parameters, induced bleeding, permeability, compressibility, and
compressive strength of supersulfated grouts was investigated. Then, statistical models and
isoresponse curves were developed to capture the significant trends of the tested parameters
using factorial design approach. The models suggested that that W/B had significantly higher
influence on most of the parameters tested while the influence of GGBS and ANH and their
interactions varied depending on the parameter in question. . The findings of this study show
the importance of understanding the role of and optimising the relevant key factors in
producing SSC fit-for-purpose. The statistical models developed in this paper can facilitate
optimizing the mixture proportions of grouts for target performance by reducing the number of

trial batches needed.

Keywords: compressive strength, heat of hydration, permeability, induced bleeding,
rheology, slump flow, supersulfated cement, yield stress, viscosity
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Highlights

» SSC presents a promising option to encapsulate nuclear waste material.
*The constituents' effect on SSC grouts’ properties was studied and modelled.
*Factorial design is a powerful tool for optimizing the mixture proportions of SCC.

*W/B had the highest influence on most of the parameters tested.
1. Introduction

Ancient concrete as well as more recent concrete materials reinvented in the nineteenth century
have performed well in the past. However, over recent decades, a great challenge had emerged
regarding ensuring efficient consumption of natural resources and, hence, there was a pressure
to make construction industry more sustainable. Concrete is widely used within the
construction industry and contributes to a large extent to the global energy consumption and
carbon emission due to the energy intensity and CO, emissions associated with cement
production. So the industry was looking for ways to become more sustainable [1]. This has
resulted in a high demand for new types of cement possessing improved qualities including

strength, toughness, and durability as well as being environmentally friendly.

Cements made of industrial waste materials and by-products emerged as one of the sustainable
options to traditional Portland cement (PC) because it is mainly manufactured using waste and
by-products that require little processing; making the embodied energy and emissions
associated with the production process low. Besides its environmental benefits, such materials
has a great versatility depending on their components and they can be tailored to make them

suitable for a wide range of applications in the structures industry [2].

One of these environmentally friendly cements that was used during the last decades is the
supersulfated cement (SSC) which is a cementitious system composed of ground granulated
blast furnace slag (GGBS) that is activated by a sulphate source such as gypsum, hemihydrate
or anhydrite [3]. Wastes of semi-dry and dry flue gas desulpherisation (FGD) can be used as
source of sulphate [4, 5]. SSC has great advantages that make it attractive for use; firstly, it is
mainly manufactured using by-products and industrial wastes. Secondly, it has lower CO>
emissions compared to PC because clinker burning is reduced. The estimated embodied CO>
of GGBS is 79.6 kgCOz/tonne which is 10 times lower than that of Portland cement (CEM 1)
at 860 kgCO2/tonne [6]. Besides that, SSC produces much lower heat than PC; and also, SSC
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has superior resistance to chemically aggressive environments such as sulfates. Due to the
glassy nature of GGBS, composed mainly of monosilicates, GGBS easily dissolves in low to
mild alkaline solutions. However, it is required that the alumina content (Al.Oz3) of slag to be
no less than 13% to be used effectively in SSC [7]. The most commonly used sources of
sulphate is anhydrite because it has lower solubility rate than other sources [8, 9]. To promote
the dissolution of slag, PC is added because its hydration yields the formation of calcium
hydroxide (CH) which provides the required alkaline environment for slag dissolution. Once
the slag is dissolved, the released aluminium, silicon and calcium ions from slag glass react
with the calcium sulfate present in the mixture to form two main hydration products: ettringite
(CsAS3H32) and calcium silicate hydrate (C-S-H) [10]. Ettringite provides the early strength to
SSC mixtures contributing to the strength development while C-S-H is responsible for later
strength and the continual increase of strength over time [11, 12]. C-S-H formed in SSC has a
Ca/Si ratio between 1.0 and 1.2, which is much lower than that formed in PC mixtures [13].
This means that the chemical composition of slag plays a significant role on the strength
development, dissolution of the slags and the amount of hydration products formed.

After being used for long time in construction for special structures, currently, SSC is very
rarely used and no longer produced in some areas. According to Baux et al. [14] this happened
because of its lack of reactivity. Grounds et al. [10] believed that this is because there is
uncertainty over some of its properties which include its long-term stability and durability. One
of their main concern surrounding SSC is due to the hydration product ettringite or tri-
sulphoaluminate which is known to be unstable in Portland cement and has been found to be
expansive in certain environments. Phelipot-Mardelé et al. [15] state that this could be because,
generally, cement made with blast furnace slag tends to harden more slowly than mortar and
concrete made from PC.

The nuclear power is a promising option for the future in the UK and the world in general,
however, the nuclear waste is still an obstacle in its way to be a vital option for the future and
to gain public acceptance [16]. This can be achieved by making the contaminants to be less
mobile or less toxic by ‘waste stabilization’ that results in converting the contaminants from
the dissolved phase to a solid phase by reactions such as precipitation, sorption or substitution.
This prevents the waste from diffusion to the external environment [16, 17]. Most applications
of stabilization are cement-based where the cement forms a low permeability matrix and where
the contaminant is incorporated into hydrated phases and then precipitated due to the prevailing

pH in the pore solution [18]. This means that the efficiency of the process depends on the
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prevailing pH. The pH resulting from cement hydration results in many metal contaminants
forming hydroxide or mixed hydroxide solids [17]. Portland cement will tend to result in a
higher pH while combining it with lime as well as fly ash, blast furnace slag, and other
pozzolanic binders will result in lower pH. The interactions of these binders with waste

components determine the extent of treatment [18].

There is a lack of data detailing the assessment criteria and performance of nuclear
encapsulation grout/concrete. However, general requirements of a cementitious system for
encapsulation can be summarised as follows: an ability to incorporate waste and harden;
fluidity of initial cemented mix and potential for remote mixing; low permeability; resistance
to water; low temperature rise on setting; workable setting time; low free or unbound water
when setting reaction is complete; low internal pH to avoid ongoing reactions such as
corrosion; long term durability [16].

The solubility of many heavy metals is low at low pH, and therefore low pH cements, such as
SSC, are likely to be particularly desirable cements for nuclear waste management [16-19].
This would help to make the nuclear energy, as a clean and a safe source of energy, a promising
alternative for future generations. This, again, has highlighted some of the noteworthy
properties of the SSC where not only the pH value that makes SSC a promising option that
could be used to encapsulate nuclear waste material for disposal. Also, the heat of hydration in
supersulfated cement is much lower than that of OPC and therefore the heat gradient created
during hydration between the internal and external surfaces would not be as great and thus less
stress caused and less chance of cracking which would be unacceptable with nuclear waste
disposal. It has high non-evaporable water content, that is, it’s chemically bonded to the silica.
Besides that, it has a good durability in aggressive environments, such as structures exposed to

seawater or sulfate-bearing groundwater [9, 14, 15, 20-22].

These technical and environmental benefits have re-simulated recent research on this type of
cement and brought the attention for re-investigating overcoming its drawbacks to offer a green

cement for very essential applications.

Currently, different researches are being carried out on SSC in order to optimize the usage of
SSC. Many researchers have examined its various mixture compositions to determine the best
compositions for some desirable properties, such as strength, low permeability, faster setting
time, etc. A research on slags activated with 15-20% calcium sulfate showed a higher

compressive strength in comparison with other mixtures when they examined slags classified
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as low-lime high-alumina and when various SSC mixture compositions were examined, with
70-85% slag, 10-25% anhydrite, and 5% Portland cement for alkali activation [15].
Gruskovnjak et al. [8] investigated the effect of alumina content in the slag by examining two
types of slag with a high Al,O3 percentage content (12%) and low Al>Oz percentage content
(7.7%). The findings of their study showed that slag with high alumina contents produced more
ettringite and higher strength. This was attributed to the higher dissolution rate of high alumina
slag. SSC hydration characteristics with different fineness has also been investigated [20]. It
showed that when sample particles become finer, the compressive strength is significantly
higher. Also, there is some work, which has been done on modifying the mechanical properties
of SSC with addition phosphogypsum [19, 23]. Recently, the influence of curing temperature
was studied for supersulfated cements made with two slags having different chemical
compositions [20]. It was found that SSC made with high-alumina slag resulted in higher
strengths and presented a more complex mechanism of hydration that was strongly influenced
by the solubility of anhydrite. This is also being shown in [21] where the SSC made using high-
alumina slag exhibited higher compressive strength and the use of higher activator contents

decreased the compressive strength.

Based on recent researches and the fact that there are many factors and parameters involved in
the composition of SSC, there is a demanding need for optimizing the cement grout in order to
effectively utilise it to fit for purpose. The current paper aligns with this demand. The effect of
GGBS, water-to-binder ratio W/B, and anhydrite dosages on the grout fluidity, rheological
properties, induced bleeding, fresh state permeability and compressibility, maximum heat of
hydration and compressive strength will be investigated using factorial design approach and
analysis. Although there is some research on SSC, little research work has focused on
modelling the effects of the various parameters using a statistical approach. Factorial design is
a powerful tool and widely used in experiments involving many factors. It can be utilised to
study the joint effect of factors on responses or dependent variables, and, to develop models
applicable to design and development of experiments. Simulation of models obtained with
factorial design can facilitate the test protocol needed to optimize cement grout within a given

set of performance criteria.
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2. Experimental Programme

2.1 Materials and Test Methods

The grout mixes investigated in this study were prepared with Standard CEM | 42.5N Portland
cement (PC) specified by BS EN 197-1. The ground granulated blast furnace slag (GGBS) in
accordance to BS EN 15167-2 was used. The chemical composition of CEM | and GGBS are
provided in Table 1. Anhydrite (ANH) was used as the source of sulphate in the present study

and it was partially or completely replaced the PC. The proportions of the grout mixes are

shown in Table 2.

Table 1. Chemical and physical properties of cement and GGBS

Chemical analysis Material
CEM I GGBS
SiO2 (%) 21.01 35.18
Al>O3 (%) 4.92 13.96
Fe203 (%) 2.84 0.25
MgO(%) 2.20 8.18
CaO (%) 64.52 41.21
Na20 (%) 0.20 0.19
K20 (%) 0.71 0.42
SO3 (%) 2.53 --
P20s (%) 0.11 --
LOI (%) 1.26 0.64
Physical analysis
Specific gravity 3.08 2.91
Specific surface area [m?/kg] 360 600

Table 2. Mix proportions for the grouts used in the factorial design

Mix Code W/B Percentage (%)
No. W/B GGBS ANH GGBS ANH
M1 -1 -1 -1 0.34 60 0
M2 1 -1 -1 0.44 60 0
M3 -1 1 -1 0.34 60 20
M4 1 1 -1 0.44 60 20
M5 -1 -1 1 0.34 80 0
M6 1 -1 1 0.44 80 0
M7 -1 1 1 0.34 80 20
M8 1 1 1 0.44 80 20
M9 O 0 0 0.39 70 10
M10 O 0 0 0.39 70 10
M1l O 0 0 0.39 70 10
M12 O 0 0 0.39 70 10
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All grout mixes were prepared in 2 L batches using a high-shear mixer with a 4.5 L capacity.
The mixing water was kept at 9.8 £ 0.2 °C to compensate for heat generated during mixing.
The cement and GGBS were mixed with ANH in a sequence that started with adding all of the
water into the mixer. After one minute, the binder was gradually introduced. The grout was
mixed for one minute, followed by 30 seconds of rest. Subsequently, the grout was mixed again

for 2 min at a high speed (285 rpm) and for 1 min at the low speed (140 rpm).

For all tests the timing is given from zero time, i.e. the time when the cement particles first
touch the mixing water. The mini-slump flow test started at 7 min (immediately after the end
of mixing). The transparent cone-shaped mould described elsewhere [24] was placed in the
centre of a smooth Plexiglas plate. After filling with grout, the cone was gently lifted
(approximately 30 s after placement of the grout). When the flow stopped, the spread of the

grout was measured with a ruler in two perpendicular directions.

Marsh cone test was carried out using a metal cone with an orifice diameter of 10 mm and
started at 8 +£ 1 min. One litre of grout was poured into the cone. The cone’s orifice was opened
15 s after pouring the cement grout into the cone. The time taken for each 100 ml of grout to
flow through the orifice was recorded, and the measurements were completed upon collecting

700 ml of grout.

The viscosity of cement grout was determined using a coaxial rotating cylinder viscometer
Fann (smooth cylinders, no serration) that determined apparent viscosity at different shear
rates. The test was contained in the annular space between an outer cylinder (rotor) with a
radius of 18.415 mm and a bob with a radius of 17.245 mm and a height of 3.80 cm. The rotor
and bob were plunged into a cup containing 350 ml of sample grout. Viscosity measurements
were made when the outer cylinder, rotating at a known speed, caused a viscous drag to be
exerted by the fluid. This drag created a torque on the bob, which was transmitted to a precision
spring, where its deflection was measured and compared with test conditions and the
instrument’s constants. The measurement was made for 12 rotor speeds from 0.9 rpm to 600
rpm, where the viscometer reading values (0) were recorded. The value of shear stress t (Pa)
was calculated by including ki, torsion constant of spring per unit deflection (N-cm/degree),
k2, shear stress constant for the effective bob surface (cm) and ks, shear rate constant [s/rpm]
[25, 26].

Rotor speed was increased step by step, and the viscometer readings were recorded with

increasing rotation speeds. The 6 reading was taken when the needle in the viscometer was
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stabilised, or 30 seconds after the change of speed in cases when the needle had not stabilised
due to the thixotropy of the cement grout. The time of 0 reading was generally between 5 and

10 seconds.

In this study, the down-curve was chosen for final evaluation because it offered a better
description of the rheological behaviour of the grouts, including a structural breakdown
phenomenon of inner forces among particles [27]. The values of shear yield stress (the
minimum shearing stress required for the fluid to start flowing) and plastic viscosity used the

modified Bingham model [28] and are expressed as follows:

r=ro+yp;'/+C7}2 (1)
Where 10 is yield stress (Pa), pp is plastic viscosity (Pa's), 7 is shear rate (sh), and c is a

constant.

The cohesion of grout was determined at 30 + 1 min with a Lombardi plate cohesion meter
[29]. A thin galvanized steel plate (100x100x1 mm) was immersed in the grout and hung on a
stand placed on an electronic balance. The weight of the grout still present on the plate was
recorded when the dripping of the grout had stopped. This test was followed by the fresh
density measurement of the grout with a mud balancer. Knowing the fresh density of the grout,
it was possible to calculate the thickness on each side of the plate.

The resistance of the fresh grout to induced bleeding was evaluated using a pressure filter. The
equipment consists of a pressure vessel, filter paper, which is placed on a sieve, and a graduated
cylinder. A 200 ml grout sample is placed in the pressure vessel. After closing the cell, the
graduated cylinder is placed under the outlet of the cell. The cell is pressured by compressed
air to 0.55 MPa. The volume of water going out through the outlet on the bottom of the cell is
recorded at 15 and 30 s, then at every minute up to 10 min, and then at every 5 min up to 30 min
[25].

Considering homogeneous bleeding, the results of the induced bleeding tests allow to derive
the evolution of the permeability of the sample during its compaction under the applied
pressure. The permeability of the material is directly linked to the bleeding rate during the
material consolidation until the tested material is able to sustain the applied pressure [30, 31].

It refers to the material ability to slow down the water filtration process.

The measurement of the flow water allows to compute instantaneous W/B ratio and makes it

possible to link it with the computed instantaneous permeability at a given time of the test [32—

8
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34]. 1 The water flow is computed by dividing the variation of the measured water mass flowing
out the samples by the elapsed time between two successive data sampling. In this study, value
of permeability at 1 and 30 minutes are taken and compared. It corresponds to the initial and
final permeability of the mixes.

The material compressibility is considered in a soils mechanics way [30, 35]. It corresponds to
the ratio of the variation of void ratio (liquid/solid volume ratio) to the variation of logarithm
of applied pressure between the initial and the final state of the induced bleeding test. It
provides the equilibrium state of the sample under a given applied pressure and is valid for

both homogeneous and heterogeneous bleeding [36].

It is worth noting that the computed permeability describes homogeneous bleeding kinetics

while compressibility describes the amplitude of the bleeding phenomenon.

Heat of hydration was evaluated by isothermal calorimetry with an eight-channel heat
conduction calorimeter maintained at 22°C. This equipment measures heat evolved by
comparing the temperatures of a grout sample and an inert reference which are both held under
isothermal conditions. The heat flow results are recorded as a function of time. CEM I, GGBS
and ANH were blended manually for 30 s. After the addition of water, the grout was blended
10 s by hand and then an additional 50 s mechanically. Polyethylene ampoules were filled with

approximately 6 g of each grout, and the experiments were conducted for at least 72 h.

The compressive strength of the grout was determined by crushing three cubes of 50 mm size.
After casting, the samples were covered with a polymer sheet (a cling film) to limit evaporation
of water and stored in a conditioning room at 20 + 2 °C for 24 + 0.5 hours. Afterwards, cubes

were demoulded and placed in water at 20 + 1 °C until tested at 1, 3, 7, and 28days.

In order to perform the pH test a powder sample of the hardened mixes was required. The test
was performed on 1, 7 and 28 day samples. As mixes 9-12 are of identical composition, the
reason is explained later in 4.1 derived statistical model, tests were only performed on sample
10. To get the powder with a fineness of 65um the samples were firstly drained of the acetone.
To remove any remaining acetone, they were placed in a vacuum desiccator. The pieces were
then ground using a mortar and pestle, passed through a 65 um sieve, placed in sample bags
and returned to the desiccator. The samples had then to be mixed with distilled water to enable
the pH test to be performed. A 1:10 ratio of cement to water was used and mixed for 24 hours
using a rotating machine. To get the pH reading the samples were put into a centrifuge machine

to separate the solid and liquid. At this stage the solution should have a pH equivalent to cement
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it was mixed with. To get a pH reading for the samples, a pH device was used where a probe
is placed in the solution. The machine was calibrated with three buffer solutions of 7, 10 and

13 pH levels before measuring the pH of the samples.

SEM (scanning electron microscopy) was carried out using a JEOL JSM6400 on flat fractured
surface specimens obtained from compression testing at 7-day samples. Prior to SEM testing,
the samples were mounted onto metal stubs using carbon paste and coated with gold film to

ensure good conductivity. The accelerated voltage was set at 20 kV.

2.2 Statistical Design and Modelling of Experiments

The technique of analysis used in this study was a 2* factorial experimental design [37] to
evaluate the influence of two different levels (maximum and minimum) for each variable on
the relevant grout properties. Three key parameters (W/B, ANH, GGBS) that should have
significant influence on mix characteristics of supersulfated cements were selected to formulate
the mathematical models for evaluating relevant properties (i.e. k = 3 in this study, thus the
total mixes for the factorial design was 2° = 8). Additionally, a mix at the central point was
replicated four times to estimate the experimental error and improve the reliability of the
models. The coding and levels of the variables (W/B, and dosages of GGBS and ANH) are
given Table 2.

The statistical models are valid for supersulfated grout (SSC) mixes made with W/B, GGBS
and ANH in the ranges of 0.34 to 0.44, 60% to 80% and 0% to 20%, respectively. The modelled
experimental region consisted of mixtures ranging from coded variables of -1 to +1. The coded

factors for variables were calculated by:

Coded Factor = (Actual value-Factor means)/[Range of factor value/2] 2
Hence:

Coded W/B = (Actual W/B —0.39)/0.05

Coded GGBS = (Actual GGBS —0.7)/0.1

Coded Anhydrite = (Actual ANH —0.1)/0.1

The responses modelled were mini-slump, plate cohesion, Marsh cone, yield stress, plastic
viscosity, induced bleeding at 1 min, 5 and 30 mins, permeability at 1 min and 30 mins,

compressibility and compressive strength at 1, 3, 7 and 28 days. The general model associated

10
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with the two-level factorial design incorporating three independent variables (W/B, GGBS,

ANH) is expressed by:

Yi1 = a + a.W/B + 22.GGBS + as ANH+ a4 W/B.GGBS + as.W/B.ANH + as. GGBS.ANH
+ a7.W/B.GGBS.ANH + ¢ 3)

where,
Y1: Response (mini slump, marsh cone, plate cohesion, etc.)
ao: Overall mean factor effect

ai-a7: Regression coefficients representing model constants (contribution of independent

variables and their interaction to each response)
a1.W/B, a2.GGBS, as.ANH: Linear effect of factors W/B, GGBS and ANH

a4.W/B.GGBS, as.W/B.ANH, as.GGBS.ANH, a;.W/B.GGBS.ANH: Interaction effects of
factors W/B, GGBS and ANH

€: Random error term representing the effects of uncontrolled variables

Analysis of variance (ANOVA) was used to test the significance of regression models, and t-
tests were performed to identify the non-significant (NS) variables and second order
interactions, which were subsequently eliminated from the derived models. Model coefficients
were determined using multi-linear regression analysis based on a normal distribution
assumption. The error was assumed to be random and normally distributed, so the residual
terms, which represent the difference between the actual and predicted values should exhibit
similar properties [37]. The probability value (Prob.) obtained from ANOVA determines the
statistical significance of each factor and their interactions. For most of the parameters, the
probability that the derived coefficients associated with the various variables influencing each
response were limited to 10%. This signifies that there is less than 10% chance or 90%
confidence limit that the contribution of a given parameter to the tested response exceeds the
value of the specified coefficient. A negative estimate indicates that an increase of the given

parameter results in a reduction of the measured response.

11



319 3. Results and discussion

320 The results of the experimental work characterize the behaviour of the mortars with different
321 W/B, ANH and GGBS levels. Table 3 summarises all results of the experimental work

322 performed. The results were used to construct the regression models.

323 Table 3. Average results from experimental work
324
Viscometer Induced bleeding
Mix  Mini-  Flow Cohesion Yield Plastic Imin  5min  30min
slump  time meter value  viscosity
(mm) (s (mm) (Pa) (Pa.s) (mt) (mL) (mL)
1 61 230 10.5 19.1 0.923 22.0 47.0 48.0
2 89 25 5.5 9.7 0.323 29.0 78.0 81.0
3 67 200 11.8 17.2 0.802 28.0 58.0 60.5
4 111 12 2.0 8.0 0.199 49.0 86.0 86.0
5 52 360 14.3 25.1 1.203 28.0 52.0 54.0
6 83 69 8.6 9.9 0.403 36.0 70.0 70.0
7 60 250 12.5 21.1 0.980 31.0 58.0 59.0
8 110 13 4.0 7.7 0.224 35.0 91.0 95.0
9 71 150 8.7 10.1 0.617 37.0 72.0 73.0
10 73 102 12.2 10.6 0.681 29.0 62.0 62.0
11 77 192 8.9 12.4 0.660 29.0 64.0 64.5
12 74 83 11.0 10.1 0.641 35.0 715 72.0
325
326 Table 3. Average results from experimental work (continued)
Mix  Permeability Permeability Compre- Compressive strength
ssibility
1 min 30 min f'c 1d f'c 3d f'c 7d f'c 28d
(m/s) (m/s) (MPa) (MPa) (MPa) (MPa)
1 2.16E-09 3.17E-09 0.155 29.9 50.6 58.1 70.4
2 5.12E-08 4.18E-09 0.298 16.8 38.3 54.7 55.8
3 4.48E-08 3.66E-09 0.194 21.3 33.4 40.6 52.7
4 3.74E-08 4.25E-09 0.312 14.0 22.3 25.6 40.8
5 4.48E-08 3.42E-09 0.173 23.3 43.4 50.7 53.5
6 5.12E-08 3.95E-09 0.255 13.6 37.1 37.1 44.8
7 4.40E-08 3.61E-09 0.187 10.8 23.2 34.3 53.2
8 4.51E-08 4.33E-09 0.342 6.8 20.0 26.3 47.3
9 4.46E-08 4.02E-09 0.250 19.6 32.8 39.8 59.2
10 4.68E-08 3.71E-09 0.212 17.1 23.2 36.1 55.6
11 4.23E-08 3.79E-09 0.221 20.7 31.3 45.1 56.5
12 5.16E-08 4.00E-09 0.246 18.3 30.1 43.5 52.0

327

328  The derived quadratic statistical models of grout for mini-slump, flow time, cohesion plate,

329  yield stress, plastic viscosity, induced bleeding at 1 min, 5 min and 30 min, permeability at 1
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min and 30 min, compressibility, and compressive strength at 1, 3, 7 and 28 days are given in
Equations (4) to (18) where W/B, GGBS, and ANH are given in codes values.

Mini-Slump (mm) = 78.81 + 19.19 W/B + 7.81 ANH + 4.44 W/B.ANH - 2.94 GGBS 4)

Marsh flow time (s) = 140.4 - 115.3 W/B — 26.1 ANH + 28.1 GGBS (5)

Plate Cohesion meter (um) = 8.6 - 3.66 W/B + 1.22 GGBS - 1.07 ANH - 0.91 W/B.ANH (6)

Yield Value (Pa) = 14.66 — 5.84 W/B - 1.26 W/B.GGBS - 1.25 ANH + 1.24 GGBS (7)

Plastic Viscosity (Pa.s) = 0.63 - 0.34 W/B - 0.078 ANH + 0.073 GGBS
- 0.047 W/B.GGBS - 0.022 ANH.GGBS (8)

Induced Bleeding at 1 min (ml) = 32.25 + 5.0 W/B + 3.5 ANH - 2.25 W/B.ANH.GGBS (9)

Induced Bleeding at 5 mins (ml) = 67.5 + 13.75 W/B + 5.75 ANH (10)

Induced Bleeding at 30 mins (ml) = 69.19 + 13.81 W/B + 5.94 ANH (12)

Permeability at 1 min (m/s) x 10® =4 + 0.615 W/B + 0.621 AHN — 0.773 W/B.GGBS
- 0.426W/B.AHN - 0.446 AHN.GGBS (12)

Permeability at 30 min (m/s) x 10® = 0.382 + 0.035 W/B + 0.014 ANH
+0.008 W/B.ANH.GGBS (13)

Compressibility = 0.2396 + 0.0623 W/B + 0.0194 ANH + 0.0012 W/B.ANH.GGBS (14)

fo1d (MPa) = 17.05 - 4.26 W/B - 3.84 ANH - 3.43 GGBS + 1.45 W/B.ANH (15)
fe3d (MPa) = 32.15 - 8.79 ANH - 4.12 W/B — 2.61 GGBS (16)
f'e74 (MPa) = 40.92— 9.24 ANH - 5 W/B - 3.83 GGBS (17)
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363 f'c28d (MPa) =53.48 - 5.15 W/B - 3.82 ANH — 2.62 GGBS + 4.36 ANH.GGBS (18)
364

365  The correlation coefficient of most of the proposed models were higher than 0.90 except for
366  plastic viscosity, compressive strength after 3days and compressive strength after 28days,
367  which have coefficients of 0.70, 0.86 and 0.87, respectively.

368  Table 4 shows the average measured responses of the four replicate grouts, the coefficients of
369 variation (COV), as well as the estimated errors with a 90% confidence limit for each of the
370  measured properties. The estimated error levels for mini-slump, plate cohesion meter, Marsh
371  cone, yield stress, plastic viscosity, induced bleeding at 1 min, 5 min and 30 mins, permeability
372 at 1 minand 30 min, compressibility, and compressive strengths at 1, 3, 7, 28 days were + 2.2
373 mm, +0.00Imm, +40s, +0.9 Pa, + 0.02 Pas, + 2.8 ml, £ 4.2 ml, + 4.5 ml, + 3.2x10° (m/s),
374+ 1.3x10%° (m/s), = 0.0153, + 1.3 MPa, + 3.5 MPa, + 3.3 MPa and + 2.5 MPa, respectively.
375  The relative experimental errors for mini-slump, plate cohesion meter, Marsh cone, yiled stress,
376  plastic viscosity, induced bleeding, permeability, compressibility, compressive strengths were
377  limited to 3-11%. On the other hand, relative error for march cone was up to 30%.

378 Table 4. Repeatability of test parameters at the central point
379

Plastic  Induced Induced Induced
Mini- Plate Marsh Yield bleedin  bleeding

Tests slump cohesion cone  stress viscosit bleedlng gath at 30
at1 min : )
min min
_ 73.6 0.01 131.8 10.8 0.65 325 67.4 67.9
Mean (n=4)
mm mm S Pa Pas ml ml ml
Coefficient
of variation 3.7 115 37.2 10.5 4.2 12.7 7.6 8.0
(%)
Estimate
error (90% 2.2 0.001 40.2 0.9 0.02 2.8 4.2 4.5
confidence mm mm S Pa Pas ml ml ml
limit)
380
381
382 Table 4. Repeatability of test parameters at the central point (continued)
383
Permeability Permeability
Tests 1 min 30 min Compressibility fcid  fc3d ferd fc28d
x108 x108
4.63 0.388 189 293 411 558
Mean (n=4) m/s m/s 0.2323 MPa MPa MPa MPa
Coefficient
of variation 8.5 3.9 8 84 144 938 5.3
(%)
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384
385

386
387

388
389
390
391
392
393
394
395
396

397
398

399
400
401
402
403
404

405
406
407
408
409

410

411
412
413

Estimate

error (90% 0.32 0.013 0.0153 1.3 35 33 2.4
confidence (m/s) (m/s) MPa MPa MPa MPa
limit)

3.1  Accuracy of the established models

The ratio of predicted-to-measured properties for grout ranged between 0.87 and 1.15,
indicating good accuracy for prediction of mini-slump, plate cohesion, induced bleeding at 1
min, 5 mins and 30 mins, yield stress, plastic viscosity and compressive strength at 1-d, 3-d, 7-
d and 28-d. In general, the proposed models for mini-slump, plate cohesion, Marsh cone, and
compressive strength appeared to be accurate in predicting fluidity, cohesivity, induced
bleeding, permeability at 30 min, compressibility, and compressive strength, with low scatter
between measured and predicted values. However, the average values of predicted/measured
ratio of yield values were slightly higher (0.74).

3.2 Isoresponses of the proposed models

The isoresponse surfaces and contour plots for mini-slump, plate cohesion, Marsh cone, yield
stress plastic viscosity, induced bleeding at 1 min, 5 mins and 30 mins, permeability at 1 min
and 30 mins, compressibility, and compressive strength at 1-d, 3-d, 7-d and 28-d were obtained
by using response surface methodology (RSM). The isoresponse surfaces and contour plots
were obtained from the regression models, and because the models contained interaction and

second-order variables, the contour lines were curved.

The proposed statistical models can therefore be used to evaluate the effect of a group of
variables on the properties affecting the quality of supersulfated grout. This allowed for the
calculation of isoresponse surfaces from the parameters under study outside the experimental
domain and the optimisation of their effects. The next sections will discuss the results of each

experiment separately.
3.3.1 Mini-slump

As shown in Eq. 4, the mini-slump is influenced in order of significance by W/B ratio,
anhydrite proportion, interaction of W/B and ANH, and the percentage of GGBS content. The
W/B ratio had the greatest effect on fluidity due to better lubrication of the particles in the paste
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427
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429
430
431

[29]. The mini-slump test was accompanied by very low shear. The value of mini-slump is to
characterise yield stress [38], therefore higher mini-slump value indicated a lower yield stress.
The effect of W/B on the increase of mini-slump was two and half-time than that of ANH (19.2
vs. 7.81 in EQ. 4). However, increased ANH resulted in a 2.7 times greater increase in mini-
slump than reduced GGBS (7.81 vs. -2.94 in Eq. 4). Figure 1(a) shows the effect of increased
W/B on mini-slump vs. ANH (when GGBS was kept constant at 70%), and Figure 1(b) shows
GGBS vs. ANH (when W/B was fixed at 0.39). Based on these figures, it is evident that mini-

slump increased significantly when the dosage of W/B and ANH increased.

20 20
10 85
15+ 15+
° 80
S 83 S
I — N—’
z 10 7 Z 10
< <
65 75
5 1 5 |
70
0 | | ‘ 0 \ ‘ ‘
0.34 0.37 0.39 0.42 0.44 60 65 70 75 80
GGBS = 70% WiB W/B =0.39 GGBS(%)
(@) (b)

Fig. 1. Isoresponse curves of mini-slump (mm): (a) W/B vs. ANH, and (b) GGBS vs. ANH

3.3.2 Marsh cone

The time needed for a grout sample to flow through the Marsh cone is proportional to the
viscosity of the cement grout; the flow time becomes an index of fluidity, so the longer the
flow time, the lower the fluidity. Similar to the previous trends, Eg. 5 shows that the values of
Marsh cone are influenced in order of significance by W/B, GGBS and ANH. This is
graphically illustrated in Figure 2.
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Fig. 2. Isoresponse curves for flow time (s): (a) W/B vs. ANH and (b) GGBS vs. ANH

It can be noted that an increase in W/B and ANH, or a reduction in GGBS, led to decreasing
the Marsh cone flow time. For example, at fixed W/B at 0.39 and GGBS of 70%, respectively,
the increase in ANH dosage from 5 to 20% led to a marked reduction of the Marsh cone flow
time from 170 to 140 s (Figure 2(a)). This behaviour is attributed to the change in plastic

viscosity of the grout as will be discussed later.
3.3.3 Cohesion plate

As shown in Eq. 6, the cohesion plate was influenced, in order of magnitude, by the W/B, and
the percentage of GGBS and ANH. The increasing W/B had a 3.4 times the influence on the
reduction of the cohesion plate test results as the increased ANH (for a GGBS constant). By
comparing the effects of W/B and GGBS on plate cohesion, the increased W/B can be
interpreted as having approximately a 3 times greater influence on the reduction of plate
cohesion values than the increase in GGBS (-3.66 vs. 1.22 in Eq. 6), given that ANH is held
constant. The effect of an increase in W/B from 0.34 to 0.44 and ANH from 0% to 20% with a
fixed GGBS dosage of 70% is presented in Figure 3(a). Increased W/B led to a decreased
cohesion plate value. Conversely, an increase in GGBS increased the cohesion plate value and
an increased ANH caused a reduction in cohesion plate (Figure 3(b)).
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Fig. 3. Isoresponse curves for plate cohesion meter: (a) W/B vs. ANH, and (b) GGBS vs.
ANH
3.3.4 Yield stress

As shown in Eq. 7, yield value was influenced, in order of magnitude, by W/B, and dosages of
ANH and GGBS. Based on Figure 4 (a), when W/B was fixed at 0.39, GGBS maintained at
70%, and ANH increased to 5%, the isoresponse curve showed a yield value of 15 Pa. On the
other hand, if the proportion of ANH was further increased to 20% while GBBS was
maintained at 70%, the yield value decreased to 13.5 Pa. This corresponds with Eq. (7), in
which the proportion of W/B and ANH were increased, while GGBS was kept constant,
resulting in a reduction in yield stress. An increase in GGBS content resulted in an increase of

the yield stress.

Figure 4 (b) shows the isoresponse curve of the yield value with a fixed proportion of GGBS
at 70%. When W/B was 0.39 and ANH was 5%, the isoresponse of the predicted yield value
was 15.5 Pa. If ANH was increased to 20% while maintaining W/B at 0.39, the isoresponse of

the yield value was 13.5 Pa.

It can be interesting to note that the observed results for the yield stress are closed to the one
observed with the cohesion plate and mini-slump tests. This is expected as yield stress values

can be derived from those two simple tests.
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Fig. 4. Isoresponse curves for yield stress (Pa): (a) W/B vs. ANH, and (b) GGBS vs. ANH
3.3.5 Plastic viscosity

Plastic viscosity was influenced, in order of magnitude, by W/B, and the dosages of ANH and
GGBS. ANH and GGBS had almost opposite effects on plastic viscosity (-0.078 vs. 0.073 in
Eq. 8). Asshown in Eq. (8), increased W/B had the greatest primary effect on plastic viscosity
(0.34 vs. 0.078 and 0.073). The increased W/B had approximately a 4.4 times greater influence

on reducing plastic viscosity than increased ANH or decreased GGBS.

In the isoresponse curve of plastic viscosity shown in Figure 5 (a), when GGBS was fixed at
70%, W/B set at 0.39, and ANH maintained at 5%, the predicted plastic viscosity value was
0.68 Pa.s. On the other hand, if the dosage of ANHB was increased to 20% while maintaining

a similar W/B, the plastic viscosity was reduced to 0.55 Pa.s.

In Figure 5 (b), W/B was fixed at 0.39, when GGBS was held at 70% and ANH at 5%, the
predicted plastic viscosity was 0.67 Pa.s. However, when ANH was increased to 20% and

GGBS was maintained at 70%, the predicted plastic viscosity dropped to 0.55 Pa.s.
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490 Fig. 5. Isoresponse curve for plastic viscosity (Pa.s): (a) W/B vs. ANH, and (b) GGBS vs.
491 ANH

492 3.3.6 Induced bleeding

493  The induced bleeding equations for 1 and 5 minutes (Egs. 9, 10) and 30 minutes (Eq. 11) are
494  very similar. The two influencing factors of induced bleeding are W/B ratio and anhydrite.
495  W/B ratio has the greatest effect, over two times the effect of anhydrite content. Figure 6 shows
496  the isoresponse for bleeding versus the W/B ratio for a fixed value of GGBS at 70%. It can be
497  seen that when an anhydrite value is selected and the W/B ratio is increased the bleeding will
498  also increase. Similarly, if a W/B ratio is selected and the anhydrite content is increased the

499  bleeding will again increase.
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Fig. 6. Isoresponse curves for induced bleeding at 1, 5 and 30 min: W/B vs. ANH
3.3.7 Permeability

Figure 7 (a) and (b) showed firstly that the permeability decreased significantly from 1 min to
30 min. Permeability at 1 min was influenced, in order of magnitude, by W/B, and the dosage
of ANH. All interactions between 3 parameters had almost opposite effects on permeability
(Eg. 12). As shown in Eq. (12), increased W/B and AHN had the greatest primary effect on
permeability at 1 min. It seems there is an optimum reached at W/B = 40 and AHN at 17%.

Similarly, the permeability at 30 min is affected in order of significance by W/B followed by
ANH (Eqg. 13). In Figure 7 (b), W/B was fixed at 0.39, when GGBS was held at 70% and ANH
at 10%, the predicted permeability was 0.38 x 10® (m/s). However, when ANH was increased
to 20% and GGBS was maintained at 70%, the predicted permeability increased to 0.40x10®
(m/s).
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519 Fig. 7. Isoresponse curves for permeability at 1 and 30 min: W/B vs. ANH

520 3.3.8 Compressibility

521  Asshown in Eqg. (14), the compressibility was influenced, in order of magnitude, by the W/B,
522 and the percentage of ANH. The interaction between 3 parameters affected also the
523  compressibility. The increasing W/B had a 3.2 times the influence on the increase of the
524  compressibility results as the increased ANH (for a GGBS constant). The effect of an increase
525 in W/B from 0.34 to 0.44 and ANH from 0% to 20% with a fixed GGBS dosage of 70% is
526  presented in Figure 8. Increased W/B led to an increase of compressibility. Similarly, an

527 increase in AHN increased the compressibility.

ANH (%)

0.34 0.36 0.39 042 0.44
528 GGBS=70% W/B
529 Fig. 8. Isoresponse curves for compressibility: W/B vs. ANH
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3.3.9 Compressive strength

After one day, from Eq. 15, the influencing factors, in order of significance, are W/B ratio,
anhydrite content, GGBS content and the interaction of W/B and ANH. The effect of the first
three was similar but W/B had 1.1 times greater effect than anhydrite and 1.25 times greater
effect than GGBS. While the interaction of W/B and anhydrite had around a third of the
influence of W/B. Figures 9 (a) and (b) show the isoresponses for 1-day compressive strength.
From Figure 9 (a) it can be seen when the GGBS content is fixed at 70% for a given anhydrite
content, increasing the W/B ratio will decrease the strength. Also, if a W/B ratio is selected and
the anhydrite is increased similarly the strength will decrease. From Figure 9 (b) with the W/B

ratio fixed at 0.39, once again an increase in GGBS led to a reduction of compressive strength

at 1 day.
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Fig.9. Isoresponse curves for compressive strength at 1d: (a) (W/B vs. ANH), and (b) (GGBS

vs. ANH).
Egs. 16, 17 and 18 show the effect of GGBS and ANH percentages on compressive strength at
3-d, 7-d and 28-d. Figures 10, 11, and 12 show the isoresponse of the compressive strength at
3-d, 7-d and 28-d, respectively, with W/B vs, ANH. Increased ANH led to a decrease of 3-d
and 7-d compressive strength. As expected, an Increase in W/B led to a decrease in compressive
strength. The percentage of ANH had a negative effect on compressive strength and showed a
greater influence particularly at 3-d and 7-d (8.79 (3 d) & 9.24 (7d) vs. 3.82 (28 d)). GGBS has

a negative impact on early strength development. The negative effect of GGBS on compressive
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strength at early ages is clearly attributable to the fact that up to 80% of cement has been
replaced by GGBS, and it takes some time for GGBS to start developing its pozzolanic action
at a noticeable level. The results indicate that ANH content influences strength to a greater
extent than GGBS at all ages. The SO3 content was reported to have great influence on the
strength [39, 40].
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Fig.10. Isoresponse curves for compressive strength at 3d: (a) (W/B vs. ANH), and (b)
(GGBS vs. ANH).
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Fig.11. Isoresponse curves for compressive strength at 7d: (a) (W/B vs. ANH), and (b) (W/B

vs. ANH).
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Fig.12. Isoresponse curves for compressive strength at 28d: (a) (W/B vs. ANH), and (b)
(ANH vs. GGBS).

3.3.10 Discussion of the effect of W/B, GGBS, and ANH

As expected, the increase of W/B led to an increase in mini-slump, induced bleeding and a
reduction in flow time, plate cohesion, yield stress, plastic viscosity and compressive strengths.

This can be attributed to more water in the system.

An increase in GGBS content resulted in a reduction of the flow time, plate cohesion, yield
stress and plastic viscosity while the fluidity is improved. This was due to the fact the specific
gravity of slag is lower than that of PC leading to an increase in the paste volume and thus

improving the fluidity of paste.

In case of an increase of ANH proportion, while W/B and GGBS were kept constant, it led to
an increased mini-slump and induced bleeding, while the flow time, plate cohesion, yield stress,
and plastic viscosity were reduced. This was due to the lower reactivity of ANH resulting in an

increase of water needed for lubrication of paste.

As expected, an increase in W/B lead to an increase in induced bleeding, permeability and a
decrease in compressibility [33, 35]. This is due to the increase in liquid volume between the
particles and to the reduction in the amount of interparticle forces. Globally, the compressibility
decreases and the permeability increases with ANH. It can be explained by the reduced specific

area and lower reactivity that can lead to more available water in the samples.

3.3.11 Heat of Hydration
Heat of hydration is considered an important factor in the cement design as low heat of
hydration reduces the effect of thermal cracking. The heat flow results of the calorimeter test

performed over a three days period can be seen in Figure 13.
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Fig. 13: Heat flow graphs for first 3 days of reaction.

Figure 13 presents that the largest peaks were in mixes 1, 2, 5 and 6. This shows that these
reactions generated the most heat, and that they were quick. Mixes 1 and 2 have the highest
OPC content at 40% and this suggests that to lower the heat of the reaction minimal OPC
should be used. This is confirmed by the fact that mixes 5 and 6 have the next highest OPC
contents, the same percentage as mixes 3, 4 and 9 (one of the repeated mixes) which have
anhydrite present. This implies that the presence of anhydrite will lengthen the reaction process
and reduce the heat produced during setting significantly. The graph shows this by the absence
of a sharp peak, instead a gentle curved hump is shown over a 2-day period whereas the mixes
showing a sharp peak occur after about 12 hrs. Mix 7, which has the same solids content as
mix 8 but a lower W/B ratio and no cement present, showed the lowest heat flow during the

hydration process.

Figure 14 shows the cumulative heat generation during the first 3 days of setting. It is clear that
the two mixes (1 and 2) with highest cement content and absence of anhydrite had the highest
cumulative heat development over the 3-day period 643J and 594J, respectively. Mixes 3,4,5,6
and 9 which all have 20% OPC content generated similar heat value over the 3 days. Results
of mixes containing ANH implies that over the period that the anhydrite did not reduce the

cumulative heat generated but slowed the reaction and reduce the peak heat generated. The
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graphs also suggest that a higher W/B ratio produced a lower cumulative and peak heat

generation.
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Fig. 14: Cumulative heat generation curves for first 3 days.

3.3.12 pH measurements

Fig. 15 summarises the results of pH and the nine mixes with different compositions of W/B,
the percentages of cement, GGBS and ANH. It is shown that Supersulfated cements (SSCs)
have lower pH values (< 12.5 at all ages) than PC, which has a pH of 13.9 [41], making SSC

more preferable in essential applications such as nuclear waste encapsulation.

The figure shows that the pH value decreased with time for all samples between 1 and 7 days.
Similar trend was observed in the majority of mixes between 7 and 28 days except for sample
2, 5 and 9 which showed slight increase in the pH values. This decrease refers to the

consumption of ions in the pore structure due to the hydration process.
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Fig. 15. Summary of pore solution pH

The incorporation of ANH replacing the Portland cement (C) results in remarkable decrease in
pH at all ages as introducing the ANH reduced the lower initial pH. Likewise, the increase in
the content of GGBS led to a decrease in the pH value of the pore structure as GGBS has lower
initial pH than Portland cement. The increase of W/B ratio decreased the pH value. This is in
agreement with Collier [41] who found that increasing the w/b ratio from 0.5 to 0.6 increased
the pH by I unit. This was attributed to the increased availability of water in the case of W/B
of 0.6 allowing hydration of more cement powder, thereby releasing more hydroxide anions
into solution. However, in this study, the W/B ratio did not show a significant effect on
lowering the pH. These results are in agreement with [42] which also found that decreasing the
pH improved the bulk resistivity of SSC mixtures.

3.3.13SEM

Figure 16 shows the SEM images of some mixes at various magnifications. The images clearly
show the dense and compact structure of the cement after seven days. The dense structure was
another requirement from the cement chosen to enclose the waste to prevent leaching. The
microstructure consists mainly of C-S-H, the main hydration product, and unhydrated slag
grains. C-S-H is formed after the dissolution of slag grains when contacting the water and
alkalis and then the ionic species saturate the solution and then precipitate as hydrated phases

[8]. There were abundant grains of hydrated and partially hydrated slag grains, some small
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GGBS particles presented rims of reaction products (e.g. Mix 6-Figure 16 (f) and Mix 9-Figure
16 (h)). It was found by [11] that the composition of the reaction rims around slag was similar
to that of the C-S-H from PC. However, [12] found that in the C—S—H of SSC is apparently
more foil like which is different than the fibrillar morphology of C-S-H in OPC. Mix 3 and
Mix 4 (Figure 16 (c) and (d) respectively) exhibits more micro voids in the micrsostructure
which could explain the low strength of these mixes compared to mix 1 and 2. Ettringite was
not detected. Ettringite is not the most abundant phase and it is not easy to detect in dried
polished samples because it is easily decomposed under the drying conditions of the vacuum

of the microscope column [11].

B m &
BOE 1&mm

(c) Particle of unreacted slag, mix3, 7 days (d) An overall image of mix 4 at 7days
showing CSH and BFS particles
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(9) Mix 7 image at 2000 magnification (h) Mix 9 image at 2700 magnification

Fig. 16. SEM results
4. Conclusions

The paper focused on optimizing the SSC cement grout in order to get the best of it. The effect
of GGBS, W/B, and ANH dosages on the grout fluidity, rheological properties, induced
bleeding, maximum heat of hydration and compressive strength was investigated using
factorial design approach and analysis. The models derived in this study are valid for the
experimental area corresponding to grout mixes made with variable levels of W/B, ANH and
GGBS in the ranges of 0.34 to 0,44, 0% to 20% by mass of binder, 60% to 80% by mass of
binder, respectively. Based on the results from this study, the following conclusions are drawn:

- In comparison to GGBS and ANH, W/B ratio had more pronounced effects on the
results of mini-slump, plate cohesion meter, Marsh cone time, yield stress, plastic viscosity,

induced bleeding, permeability, compressibility, and compressive strength.
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- The increase in the dosage of GGBS led to an increase in the values of plate cohesion
meter, Marsh cone time, yield stress and plastic viscosity, while reducing the mini-slump
values, maximum hydration, and compressive strength. This is ascribed to the fine nature

of GGBS particles and pozzolanic effect.

- While the ANH particles caused a decrease in the maximum of heat of hydration, it
increased the induced bleeding, permeability and compressibility due to its dominant effect
on increasing the dormant period and increasing the rates of solid sedimentation and

induced bleeding water.

- Increasing the dosage of ANH in grout reduced the hydrations Kkinetic at early-age, and
thus reduced the compressive strength at 1d, 3d and 7d. However, this effect diminished

at later ages at 28 d in a manner similar to increasing W/B.

- The increase in the dosage of ANH led to an increase in the mini-slump values
(fluidity), but a decrease in the values of yield stress, plastic viscosity, plate cohesion, and

Marsh cone time. This is attributed to better deflocculation of particles at the fresh state.

- The increase of GGBS percentage delayed the reaction process and decreased the total
heat after 3 days, while W/B slightly reduced the total heat it didn’t significantly affect the

reaction process.

- pH measurements in the present study confirmed the suitability of these mixture to low-
pH applications as the increase in both the GGBS and ANH markedly decreased the initial
pH, thereby lowering the pH at different ages.

- The modelling and prediction of the response of other points in the experimental domain
were therefore possible. Although the models are based on a given set of materials, they

can be easily used to generate future results using other materials.

- Dense microstructure was observed for mixes examined in this study. C-S-H is the main
reaction product with presence of unreacted slag grains embedded well in the structure.
However, some micro voids were observed in mixes containing ANH which led to lower

compressive strength of mixes with ANH.
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