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A B S T R A C T   

Metakaolin is a well-studied supplementary cementitious material (SCM) and precursor in alkali-activation. The 
utilisation of limited kaolinite content clays generated from large-scale industrial activity, denoted as waste 
clays, in alkali-activation is still largely unexplored. This paper investigates the use of five samples of calcined 
waste clays from different locations in a kaolinite extraction site as precursors in alkali-activated cements (AACs). 
Calcined waste clay precursors are blended with ground granulated blast furnace slag (GGBFS) and activated 
with sodium silicate. The physical and chemical properties of the calcined waste clays are characterised. Both 
Chapelle and R3 tests for pozzolanic reactivity are examined based on calcined waste clay properties. The R3 test 
data obtained for sieved particle fractions < 63 µm show marked improvement in the case of C4, elucidating 
potential calcined waste clay behaviour with prior processing in alkali activated systems. Clay particle size 
distribution and morphology are identified as key factors to be considered for initial calcination and in mix 
designs, strongly affecting both the fresh properties and workability of blended pastes. Good workability is 
highlighted as being crucial for achieving well-behaving calcined waste clay blended binders with resulting 
dense microstructures and high strength values, comparable with other reported GGBFS systems. Quartz, 
muscovite, and alkali-feldspar present in the calcined waste clays remain stable throughout alkali-activation. 
Reaction of the amorphous phase fraction present in the calcined waste clays results in the formation of addi-
tional cross-linked gel. A replacement level of up to 20 wt% calcined waste clay is found to exhibit similar 
compressive strengths to pure GGBFS binders, whilst achieving lower porosity within the bulk. This study 
provides a methodology for characterising the behaviour of calcined waste clays in alkali-activated systems and a 
proof of concept in the formulation of novel binders that incorporate waste clays.   

1. Introduction 

Clay minerals are considered to be abundant, predominating in soils 
and sedimentary rocks found throughout the earth’s crust. Clays are 
easily sourced from various locations globally and are generally not 
considered to be a limited resource. The quality and suitability of clays 
for use as a primary resource for given applications is, however, highly 
dependent on the specific mineral composition, particle morphology, 
and particle size [1]. Careful selection and testing of clay sources is 
necessary to ensure desired behaviour as a raw resource for any given 
process. 

Calcined clays are extensively used as supplementary cementitious 
materials (SCMs) in concrete owing to their pozzolanic properties [2], 
and can be also used as a primary raw material in alkali-activation 
[3–5]. Kaolinite is one of the most common aluminosilicate mineral 
clays. Metakaolin, the anhydrous calcined form of kaolinite, is the most 
widely investigated type of calcined clay [6,7], due to the availability of 
sources with consistent elemental compositions without associated 
minerals, and high pozzolanic reactivity. Alkali-activation technology 
can potentially accommodate residues from the primary extraction of 
kaolinite deposits, and metakaolin sources that do not satisfy purity 
requirements for use as conventional SCMs, providing pathways to 
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valorise clays that are currently considered to be waste materials [8]. 
Literature on metakaolin based alkali-activated cements (AACs) has 

highlighted technical issues ranging from poor workability [9] to high 
water demand [10,11]. These problems are attributed to the inherent 
platelet-like morphology of kaolinite giving rise to high particle surface 
area and strong electrostatic interactions during mixing. Increasing 
water content to overcome these effects can lead to substantial drying 
shrinkage and cracking [12,13]. Changes in mix design, aimed at min-
imising capillary porosity, can help reducing shrinkage [14]. 

Blends incorporating high calcium precursors have shown promise in 
enhancing microstructures, forming both C-A-S-H and N-A-S-H phases 
[15]. The coexistence of both gel types has been corroborated through 
SEM–EDS and solid-state nuclear magnetic resonance (NMR) analyses in 
metakaolin-slag systems [16,17]. It is suggested that the coexistence of 
these gel types may arise from differing kinetics of dissolution and 
precipitation between metakaolin and slag components, without a clear 
dominance of one precursor [16]. This coexistence confers several 
benefits, including improved mechanical properties, enhanced dura-
bility, increased pore refinement and density [15,16,18]. Although the 
addition of calcium or slags to metakaolin has proven beneficial for 
performance in comparison to metakaolin-only alkali-activated mate-
rials [19–21], some studies suggest that incorporating metakaolin into a 
slag-based binder may require an increased concentration of activator to 
reach similar compressive strength to a slag-only binder, [15,18,22,23] 
whilst still achieving higher flexural strength [15]. 

Determining the optimum composition and balance between 
replacement level, activator dosage, and modulus of the sodium silicate 
activator solution proves challenging, as various studies yield differing 
results. Certain studies report a maximum compressive strength with 30 
wt% metakaolin [24], whilst others propose 40 wt% [21], or even 50 wt 
% [22,25], however, some authors observe a reduction in strength with 
metakaolin inclusions [18]. Blends with 15 wt% metakaolin have been 
developed for early strength development, particularly for repair ap-
plications [26]. The controversy surrounding the identification of 
optimal mix design properties has led many researchers to focus on 
mathematical approaches for formulation optimisation. These efforts 
prioritise factors such as replacement level, activator dosage, and 
modulus of the activator aiming to optimise durability performance, 
mechanical properties, workability, and efflorescence. Based on this 
approach, favourable properties for 25 wt% metakaolin replacement 
activated with a modulus 1.5 sodium silicate [27] and 50 wt% meta-
kaolin with a modulus of 1.6–1.8 [25] have been reported. 

Several studies have investigated the impact of metakaolin addition 
on autogenous and drying shrinkage in alkali-activated slag systems. It 
has been observed that incorporating 20 wt% metakaolin can reduce 
shrinkage by 50% whilst causing only a minor reduction in the elastic 
modulus [28]. In cases of higher activator concentration and modulus, 
metakaolin additions can lead to an increase in the magnitude of 
autogenous and drying shrinkage in alkali-activated slag [22,24]. 
Consequently, finding the right balance between mix design parameters 
is crucial to achieving desirable material properties, especially when 
utilising calcined clays with low metakaolin content. 

The utilisation of calcined waste clays sourced from the extraction of 
kaolinite, in mixed blends with a well-studied Ca-rich precursor like 
GGBFS is investigated. The inclusion of calcined waste clays as a possible 
replacement for GGBFS may provide a pathway to achieve tailored 
systems with coexisting C-A-S-H and N-A-S-H phases. 

This study aims at the utilisation and valorisation of waste clays from 
industrial activity in alkali-activation for the partial replacement of 
GGBFS. In the first part of this study, the incorporation of 30 wt% 
calcined waste clays as a replacement for GGBFS in AACs activated with 
sodium silicate is investigated. Isothermal calorimetry, setting time, and 
mini-slump tests are performed to understand the fresh-state and early 
hydration properties. The microstructural development of the resulting 
alkali-activated binders is characterised using X-ray diffraction (XRD) 
and scanning electron microscopy (SEM). The second part of this study 

presents a proof of concept demonstrating that a blended binder based 
on 20 wt% of a selected calcined waste clay blended with 80 wt% GGBFS 
can reach and surpass the properties of a binder formed solely from 
GGBFS. The systems are characterised by isothermal calorimetry, setting 
times, mini slump tests, XRD, SEM, Fourier-transform infra-red (FTIR) 
spectroscopy, solid state NMR, and mercury intrusion porosimetry (MIP) 
techniques. The compressive strength is evaluated for all AACs. 

2. Materials and methods 

2.1. Calcined waste clays characterisation 

Blends of GGBFS and calcined waste clays were used as precursors 
for alkali-activation. The GGBFS used was provided by ECOCEM and the 
calcined waste clays were sourced by Imerys UK, as a waste of kaolinite 
extraction from a primary kaolin deposit located in Cornwall, UK. Clays 
were previously calcined in a muffle furnace during 1 h at either 750 or 
800 ◦C as indicated in Table 1. The densities of precursors, measured 
using a Micromeritics AccuPyc II 1340 pycnometer, and the particle size 
distribution, measured using a Malvern Mastersizer 3000, for all pre-
cursor materials are shown in Table 1 and Fig. 1. Both C1 and C2 exhibit 
multi-modal particle size distributions. C3 and C5 show similar unim-
odal distributions, whilst C4 has the largest average (d50) particle size. 
The chemical oxide compositions of the calcined waste clays obtained by 
X-ray fluorescence are shown in Table 2. C1, C2, and C3 share a similar 
composition with a SiO2/Al2O3 ratio of between 1.2–1.3, whereas C5 
exhibits a SiO2/Al2O3 ratio of ~ 1.8, and that of C4 exceeds 2.8. 

The XRD patterns of the precursors are presented in Fig. 2. GGBFS is 
amorphous with a characteristic broad peak between 25◦ and 35◦ 2θ. 

The main phases identified across all calcined waste clays are 
muscovite (Kal2(AlSi3O10)(OH)2), PDF#00–058–2034), quartz (SiO2, 
PDF#01–087–2096), potassium rich alkali-feldspars (K2O⋅Al2O3⋅6SiO2, 
PDF#00–019–0932), traces of kaolinite (Al2Si2O5(OH)4, 
PDF#04–013–3074), and an amorphous phase fraction distinguished by 
a very broad low intensity signal. C3, C4, and C5 have similar phase 
fractions of muscovite, quartz, and alkali-feldspar. C2 contains large 
quartz particles, small muscovite particles, and traces of anatase (TiO2, 
PDF 01–086–1155), confirmed by the multimodal size distribution 
shown in Fig. 1 and SEM powder analysis shown in Fig. 3. C1 is the only 
sample to contain residual traces of kaolinite. The predominant crys-
talline phase in C1 is muscovite combined with its partially dehy-
droxylated form. Overlap between the main quartz peak (~ 27◦) and the 
indexed muscovite pattern makes it difficult to determine whether 
quartz is in fact present in trace amounts. 

The differences in particle size distribution and particle morphology 
between the calcined waste clay samples are highlighted in SEM images 
in Fig. 3. 

C1 is composed of predominately small plate-like particles with a 
minor fraction of large particles present. C2 powder shows a similar 
multimodal distribution with distinct fine and coarse particle sizes. C3 
and C5 have similar particle sizes but show differences in morphology. 
C5 has uniform plate-like particles, whilst C3 consists of plate shaped 
grains of various dimensions. C4 has the largest particle sizes among the 
calcined waste clays and exhibits regular equiaxed particle 

Table 1 
Density and particle size analysis of the precursors.  

Sample T calcination 
(◦C) 

Density 
(g/cm3) 

Particle size distribution (µm) 
d10 d50 d90 

GGBFS -  2.95  3.75  12.7  31.0 
C1 800  2.59  2.72  10.5  263 
C2 750  2.60  3.62  48.4  282 
C3 800  2.61  7.85  26.2  77.0 
C4 750  2.69  19.8  68.1  152 
C5 800  2.69  8.15  24.5  66.0  
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morphologies. 
Fig. 4 shows the XRD patterns of C4 before and after calcination. The 

kaolinite content present in the uncalcined sample is dehydroxylated to 
form amorphous metakaolin in the calcined sample. The extent of 
structural order of muscovite is partially affected by calcination at 
750–800 ◦C, as the peak intensities appear reduced when compared 
with the uncalcined sample. Dehydroxylation of muscovite is reported to 
proceed over a wide temperature interval via intermediate phases with 
noted changes in basal spacings following the progressive loss of water 
and transformation into a dehydroxylated phase [29]. There exists an 
increasingly disordered layered structure within the dehydroxylated 
phase that persists at high temperatures [30], with local structural order 
maintained between alumina and silica unit pairs [6]. The quartz pre-
sent in C4 remains unaffected post-calcination. The chemical composi-
tion and structural parameters of the alkali-feldspar (K, 
Na)2O⋅Al2O3⋅6SiO2 phase present are not known. The combination of 
varying concentrations of K and Na within the structure and the newly 
formed phase from the dehydroxylation of muscovite both influence the 
phase peak positions in the XRD data, making it difficult to obtain 
structural parameters without more detailed compositional data. It was 
not possible to satisfactorily determine the phase factions of the crys-
talline/amorphous phases via Rietveld refinement due to the afore-
mentioned ambiguities in compositional and structural parameters. 

The thermogravimetric (TG) measurements were conducted by 
heating 20 mg of powder from 30 ◦C to 1000 ◦C at 10 ◦C/min, in an N2 
gas atmosphere. Fig. 5 shows the TGA data of uncalcined C4 waste clay. 
The major dehydroxylation peak associated with kaolinite is centred at 
554 ◦C with a secondary peak at 629 ◦C. The content of metakaolin, 
assuming full dehydroxylation of kaolinite [31,32], is estimated to be 
approximately 30.8% considering the total mass loss between 
450-750 ◦C attributed to the dehydroxylation of kaolinite. 

2.2. Pozzolanicity tests 

Pozzolanic reactivity of calcined clays refers to their ability to react 
with portlandite that is formed during the hydration of cementitious 
materials. Tests were based on a modified Chapelle test [33,34], 
measuring the amount of calcium hydroxide (Ca(OH)2) fixed by the 
reaction of 1 g of calcined clay and 2 g of portlandite at 90 ◦C for 16 h. 
The portlandite content free in solution at the end of the reaction was 
extracted using sucrose and subjected to acid titration to determine its 
exact concentration. According to this test, the pozzolanic activity of a 
calcined clay source should not be less than 700 mg Ca(OH)2/g meta-
kaolin [33]. The results for the calcined waste clays (Table 3) show that 
3 out of 5 samples are within this range, whilst the others are signifi-
cantly below. Most surprising is the drop in pozzolanic reactivity seen in 
C4 compared to C3 and C5, even though all three samples show similar 
phase assemblage (Fig. 2) and particle morphologies (Fig. 3). 

R3 tests [35] were performed to compare the chemical reactivity 
with pozzolanic activity data from the modified Chapelle test. Sieving 
clays may act to separate significant fractions of associated minerals, 
quartz and muscovite, with typically larger particle sizes that show 
limited reactivity, and eliminate any particle size effects on partial 
dehydroxylation of potentially reactive phases present. Using sieved 
fractions < 63 µm for the R3 test elucidates an indicative reactivity 
value achievable for processed calcined clays. The overall impact of this 
sieving step on reactivity is dependent on the particle size distributions 
which is expected to be more significant in the case of C4, exhibiting the 

Fig. 1. Particle size distributions for calcined waste clays and GGBFS.  

Table 2 
Chemical compositions of precursors (% oxide, by weight). L.O.I. is loss on ignition at 1000 ◦C.  

Sample SiO2 (%) Al2O3 (%) CaO (%) MgO (%) Na2O (%) K2O (%) Cr2O3 (%) Fe2O3 (%) TiO2 (%) L.O.I. 
GGBFS  36.4  10.5 43.5  7.0 - -  1.4  0.3  0.5 0.2 
C1  51.3  40.5 0.1  0.6 0.9 3.6  1.2  1.7  0.1 - 
C2  54.4  41.5 0.1  0.2 0.2 1.2  1.2  1.5  0.8 - 
C3  52.5  39.6 -  0.4 0.3 3.7  1.2  2.2  0.2 - 
C4  66.6  23.6 0.1  0.4 0.4 5.0  1.3  2.4  0.2 - 
C5  56.4  31.4 -  0.7 0.6 6.4  1.2  2.9  0.4 -  

Fig. 2. XRD patterns of GGBFS and calcined waste clays.  
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highest particle volume fraction > 63 µm out of the calcined clays 
(Fig. 1). The R3 test correlates pozzolanic activity with total heat 
released by the reaction of calcined waste clay, portlandite, and lime-
stone pastes mixed with alkali-sulfates. Samples are hydrated for 6 days 
at 20 ◦C following the original methodology developed by Avet [35]. 
The results for the calcined waste clays are shown in Fig. 6. C1 shows the 

highest reactivity, whilst C2 has the lowest recorded activity, in agree-
ment with the modified Chapelle test data. The most noticeable differ-
ence is the now similar activity between C3, C4, and C5 samples. 

The pozzolanic reactivity of calcined clays is not a direct measure of 
their reactivity in alkali-activation, where portlandite is absent. These 
tests are included in this work as potential indication of reactivity of 
calcined clays with the activator solution, as there is no specific direct 

Fig. 3. SEM images of calcined waste clay samples C1 to C5.  

Fig. 4. XRD pattern of calcined waste clay C4 before and after calcination.  

Fig. 5. TGA analysis of uncalcined waste clay C4 showing TG (left) and DTG 
(right) data. 

L. Stefanini et al.                                                                                                                                                                                                                                
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test for classifying their reactivity in alkali-activation. Reactive Si and Al 
in calcined clays may interact with alkaline solutions similar to the 
interaction with portlandite. The following results will suggest that a 
potential link between the reactivity of calcined clays in both alkali- 
activation and as SCM systems could exist, although it is crucial in 
alkali-activation to consider other factors, such as clay particle size, 
morphology, and mix design (including activator type, concentration, 
and blends with other solid precursors). 

2.3. Activator 

Sodium hydroxide (NaOH) pellets (purity > 98%, Sigma-Aldrich) 
and a commercial sodium silicate solution (PQ Silicates), with a solids 
content of 44.1% and a modulus (molar ratio SiO2/Na2O) of 2.07, were 
used to synthesis the alkaline activator solutions. 

2.4. Mix design and specimen preparation 

Alkali-activated pastes were initially prepared by mixing GGBFS 
with 30 wt% of each calcined waste clay to obtain five specimens with 
the same water/binder ratio and activator solution. The activator used 
for this study was a solution of sodium silicate with a modulus of 1.3 and 
5.7 wt% Na2O with respect to the sum of precursors (GGBFS and 
calcined waste clays), the amount of which was set to give a constant 
water/binder ratio of 0.4 for all five mixes. 

The second part of this work investigated the effect of the activator 
solution, varying the modulus from 0.9 to 1.2 and the alkali dose (wt% 
Na2O respect to all precursors) from 4.7 to 5.2 wt%, on blends based on 
20 wt% C4 and 80 wt% GGBFS. The control formulation was designed 
on solely GGBFS to give the same Si/Al and Na/Al molar ratios as the 
calcined waste clay and GGBFS blend with lower activator dosage, 

designated type “a”. A water-to-binder ratio of 0.38 was maintained 
constant across all three mixes. 

All pastes were mixed using a Kenwood planetary mixer. The pre-
cursors were intially dry mixed for 60 s to achieve an even distribution. 
Subsequently, the alkali solution prepared 24 h in advance was intro-
duced to the mixer for 30 s, followed by 2 min at low speed (140 rpm) 
and 3 min high speed (400 rpm) to achieve a homogenous mixture. 

Binder formulations are given in Table 4. 

2.5. Testing methods 

2.5.1. Isothermal calorimetry 
The reaction kinetics of pastes were investigated using an isothermal 

calorimeter TAM Air (TA Instruments, USA) collecting measurements at 
20 ◦C. 20 g of solid precursors were transferred into a glass ampoule 
after mixing for ~ 2 min. After sealing, the ampoule was immediately 
transferred into the machine along with a reference sample of a corre-
sponding mass of water, which was measured following the procedure 
described by Wadsö [36]. The duration of measurement spanned two 
weeks. All values of heat release rate were normalised according to the 
total weight of solid binder. 

2.5.2. Setting time 
The Vicat technique was used to evaluate initial and final setting 

times of fresh alkali-activated pastes, with experiments performed in an 
automatic Matest VICATRONIC apparatus (Impact Test Equipment, UK) 
equipped with a 1.13 mm needle, following the standard testing pro-
cedure EN 196–3 [37] considering the nature of the materials being 
tested. Fresh pastes were poured into a conical frustum mould with a 
height of 40 mm, top internal diameter of 60 mm, and bottom internal 
diameter of 70 mm. The initial setting time was determined as the 
moment in which the separation between the needle and the base plate 
reached 6 ± 3 mm. The final setting time was recorded once a maximum 
penetration depth of 0.5 mm into the specimen was achieved. 

2.5.3. Mini-slump tests 
A mini-slump test was conducted on fresh mixtures after 30 min to 

determine paste workability. A slump cone with a height of 40 mm, and 
internal top and bottom diameters of 38 and 60 mm respectively was 
used. For each slump test, the slump cone was placed on a flat sheet and 
gradually filled with the fresh mixture. The cone was then lifted slowly 
(< 1 cm/s) [38] and the mean value of the flow diameters measured in 
two perpendicular directions recorded as the spread. 

2.5.4. X-ray diffraction (XRD) 
XRD analysis was performed using a PANalytical X′Pert3 (PAN-

alytical, USA) diffractometer operating in Bragg-Brentano geometry 
with a Cu Kα radiation source at 45 kV and 40 mA, fitted with a PIXcel- 
Medipix3 detector. Samples were analysed between the 2θ range of 
5–60◦, using a step size of 0.02◦. Phase identification was carried out 

Table 3 
Result of the modified Chapelle test to determine 
the pozzolanicity of the calcined waste clays.  

Sample mg Ca (OH)2/g 
C1 1011 
C2 567 
C3 967 
C4 576 
C5 943  
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Fig. 6. Results of R3 test for calcined waste clays, based on the total heat 
released from a formulated paste during 6 days at 20 ◦C [35]. 

Table 4 
Mix proportions of alkali-activated blends using GGBFS and calcined waste clays 
C1 to C5.  

Sample Precursors Activator solution w/b  
Calcined waste 
clay 

GGBFS Modulus 
(MR SiO2/ 
Na2O) 

Alkalinity 
(% Na2O) 

mass 
ratio 

30C1 C1: 30 wt% 70 wt% 1.3 5.7 0.4 
30C2 C2: 30 wt% 70 wt% 1.3 5.7 0.4 
30C3 C3: 30 wt% 70 wt% 1.3 5.7 0.4 
30C4 C4: 30 wt% 70 wt% 1.3 5.7 0.4 
30C5 C5: 30 wt% 70 wt% 1.3 5.7 0.4 
0C4-a - 100 wt 

% 
0.6 4.0 0.38 

20C4-b C4: 20 wt% 80 wt% 0.9 4.7 0.38 
20C4-c C4: 20 wt% 80 wt% 1.2 5.2 0.38  
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using ICDD PDF+ 4 (ICDD, USA) and HighScore plus (Malvern Pan-
alytical, UK). 

2.5.5. Fourier-transform infra-red (FTIR) 
FTIR analysis was performed using a PerkinElmer Frontier FTIR 

spectrometer (PerkinElmer, USA). 2 mg of precursor material were 
mixed and ground together with 200 mg of KBr. The mixed powder was 
transferred to a 13 mm pellet die and pressed with a10 tonne-force to a 
form a transparent pellet which was subsequently tested in the spec-
trometer. FTIR spectra were collected between 4000 and 400 cm−1, with 
a resolution of 2 cm−1, averaged over 32 scans. 

2.5.6. Solid-state nuclear magnetic resonance (NMR) 
Solid state single pulse 27Al and 29Si magic angle spinning (MAS) 

NMR spectra were acquired on a Bruker Avance III HD 500 spectrometer 
at 11.7 T (B0) using a 4.0 mm dual resonance CP/MAS probe, yielding a 
Larmor frequency of 130.32 MHz for 27Al and 99.35 MHz for 29Si. 27Al 
MAS NMR spectra were collected using 1.7 μs nonselective (π/2) exci-
tation pulse, a spinning speed of 12.5 kHz, 5 s relaxation delay, for a 
total of 512 scans, and were qualitatively interpreted. 29Si MAS NMR 
spectra were acquired using a 5.5 μs nonselective (π/2) excitation pulse, 
a spinning speed of 12.5 kHz, 60 s relaxation delay, for a total of 256 
scans. Gaussian curves were used to deconvolute the 29Si MAS NMR 
spectra, fitting the minimum number of peaks and maintaining consis-
tent the peak position and full width at half maximum (FWHM) of each 
resonance. The chemical shifts were compared to an external standard of 
1.0 M Al(NO3)3 for all 27Al spectra and to pure tetramethylsilane (TMS) 
for 29Si spectra. All analysis was performed using Bruker Top Spin 4.0. 

2.5.7. Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) was conducted using Hitachi 

TM3030 instrument coupled with the EDS (Energy-dispersive X-ray 
spectroscopy) software Bruker QUANTAX 70. Powder specimens were 
prepared by placing a small amount of powder material on a carbon dot 
adhered to a 12.5 mm Al SEM pin stub. Loose powder was removed 
using compressed air. Hardened paste fragments were mounted in epoxy 
resin, left to cure overnight, and demoulded ready for polishing. Sam-
ples were polished using SiC sandpaper in ascending grits, and carbon 
coated prior to SEM analysis. 

2.5.8. Compressive strength 
Compressive strength tests were carried out using a Shimadzu 

300 kN compression testing machine applying 1200 N/s. Paste speci-
mens were tested according to relevant sections of the ASTM C109 [39] 
standard adapted for use with AACs, consisting of 50 mm cubes, 
demoulded after one day, and then sealed and cured in an environ-
mental chamber at 20 ± 1 ◦C and relative humidity of 45 ± 1% until 
reaching designated testing ages (7 and 28 days). The strength values for 
the mixtures at each testing age are reported as the mean value of three 
tests. 

2.5.9. Mercury intrusion porosimetry (MIP) 
The porosity of samples was analysed via MIP tests. Prior to analysis 

the specimens were crushed into 10 mm pieces and immersed in iso-
propanol for two days in order to stop the hydration process. Preserved 
specimens were then dried at 35 ◦C and stored under vacuum at ambient 
temperatures for one week. MIP measurements were carried out using 
an AutoPore V (Micrometrics, UK) porosimeter. Pieces of ~ 10 mm size 
were selected to give a total charge of 2.2 ± 0.2 g. The mercury/mate-
rial contact angle was set to 130◦ [40]. The analysis was conducted with 
a gradual reduction of pressure (up to 50 µHg) and a surface tension of 
mercury of 0.485 N/m was used in the calculations. Pore size and vol-
ume were measured at ~ 200 mPa. 

3. Results and discussion 

3.1. Alkali activated blends of GGBFS and 30 wt% of calcined waste 
clays 

3.1.1. Isothermal calorimetry 
Isothermal calorimetry experiments were carried out to determine 

the reaction kinetics of blended mixes. Fig. 7(a) shows the heat flow 
developed by the five alkali-activated mixtures with different calcined 
waste clays. The general reaction occurs in two stages, identified by the 
appearance of two exotherms in the calorimetry data. The first stage (I) 
takes place from the onset of reaction lasting up to ~ 5 h. This initial 
heat release is associated with wetting and dissolution of reactive pre-
cursor material and an initial formation of reaction gel products [41]. 
The intensity of this initial exotherm is similar across all mixes except for 
30C2 and 30C5, reaching a maximum around 1 h. The initial exotherm 
for the 30C2 mix has a lower intensity and is slightly delayed compared 
to the other mixes. The relative intensity of the initial exotherm for 
30C2, related to the degree of wetting and dissolution, is reflective of the 
stability of quartz in alkaline environment [42], identified as the pre-
dominant crystalline phase in C2 from XRD data. Differences across the 
calcined waste clays may indicate variations in the availability and 
reactive nature of Si and Al phases present in each sample in alkaline 
environments [43]. This stage is followed by a dormant period during 
which the rate of heat evolution is low but non-zero. The dormant period 
appears brief for all mixtures except 30C2 which is noted to have the 
lowest pozzolanic reactivity (Table 3). The second reaction stage (II) is 
attributed to polycondensation, further nucleation and growth of gel 
reaction products, from 5 to 60 h. The appearance of this stage (II) 
exotherm is associated with the formation of more ordered C-A-S-H and 
N-A-S-H gels [44]. Many factors affect the (II) exotherm stage, however, 
having the same level of alkalinity in all systems, the high intensities 
shown by 30C5 and 30C4 might be the result of availability of Si and Al 
from the calcined waste clay resulting in large amounts of reaction 
products [43]. This second exotherm is not seen in the 30C2 mix, sug-
gesting minimal gel condensation and transformation attributed to a 
clear lack of reactivity at early ages. Initial limited gel formation is not 
followed by significant transformation into a more ordered gel structure. 
The intensity and timing of this second exotherm follows the general 
trend in pozzolanic reactivity seen in the R3 test (Fig. 6). With the 
exception of C1, the more reactive calcined waste clays show more 
intense second exotherms at shorter reaction times. The lower than ex-
pected heat release recorded for 30C1 is attributed to the formation of 
microstructural clusters that can hinder ideal reaction kinetics, and is 
further discussed in the following sections. After deceleration of the 
second exotherm, the reaction enters into a steady state in which min-
imal heat is continuously released as the reaction proceeds. 

Fig. 7(b) illustrates that after a reaction time of 150 h, the total heat 
evolved for 30C1, 30C3, 30C4, and 30C5 is in a similar range, whilst the 
total heat release by the 30C2 mix was approximately half that of the 
other mixes. Over time, it becomes apparent that the total heat evolution 
curve for the 30C1 mix surpasses that of the 30C4 mix as particle 
agglomeration becomes less of a limitation to reaction, enabling the 
higher pozzolanic reactivity of the C1 material to be fully realised. 

Within the investigated systems, a consistently elevated level of 
alkalinity persists throughout the entirety of the reaction process. This 
high alkalinity provides the necessary conditions to drive the dissolution 
of metakaolin contained in the calcined waste clays [15]. 

3.1.2. Setting time and mini-slump tests 
Table 5 displays the initial and final setting times for all mixtures 

containing 30 wt% calcined waste clays. The range of values across all 
calcined waste clay mixes is quite narrow, spanning from 80 to 170 min 

Previous studies report that the incorporation of metakaolin into slag 
systems can result in prolonged setting times [28,45], although the 
opposite effect has been reported with increasing activator dosage [24, 
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46] due to the increased dissolution rate of Si and Al species from 
metakaolin in high pH systems [47]. The results in this study align with 
the latter observation, as evidenced by the relatively short setting times. 
In particular, the 30C5 mixture exhibits the fastest initial and final 
setting times of 80 min and 120 min, respectively. This supports the 
understanding that C5 contains high amounts of reactive Si and Al, as 
indicated by the calorimetry data in 3.1.1, which may be associated with 
a large metakaolin fraction. 

Mini-slump test results indicate a range from 75 mm (30C1) to 
132 mm (30C4), noting that the original cone base diameter (i.e. the 
zero slump measurement) is 60 mm. Particle size distribution is an 
important factor determining workability, with larger particle size dis-
tributions showing improved flow and lower water demand in mix de-
signs [48]. The trend in slump values seen in Table 5 agrees with the 
particle size data reported in Table 1, with larger particle sizes resulting 
in greater slump values. Particle morphology, especially in the case of 
metakaolin which has been reported to lower workability due to its 
distinct plate-like particle morphology [49], may also affect slump re-
sults. Large particle surface area to volume ratios may increase the op-
portunity for inter-particulate forces, such as van der Waals forces, to 
form agglomerates upon particle collisions [50] by disrupting the uni-
formity of particle double layers and promoting electrostatic in-
teractions [51]. 

3.1.3. X-ray diffraction 
Fig. 8 displays the XRD patterns of alkali-activated blends of GGBFS 

with 30 wt% calcined waste clays. The formation of multiple new phases 
during alkali activation is evident upon comparison with the XRD pat-
terns of both calcined waste clays and raw GGBFS shown in Fig. 2. The 
presence of calcite (CaCO3), which displays a prominent peak at 
approximately 29◦ 2θ, hydrotalcite characterised by distinct broad 

peaks around 11◦ 2θ, and C-S-H (or C-A-S-H) identified by broad peaks 
at approximately 29◦ and 50◦ 2θ, can be observed in all of the alkali- 
activated blends investigated; these phases are generally associated 
with the alkali-activation of GGBFS [52]. The main difference between 
the calcined waste clays is seen in the 30C2 pattern which exhibits a 
markedly reduced intensity of the broad C-S-H peak. The low gel phase 
fraction is expected, as evidenced by the suppression of the secondary 
polycondensation exotherm in the calorimetry data shown in Fig. 7. 
Muscovite, quartz, and alkali-feldspar are seen in the XRD patterns as 
remaining components of the calcined waste clays. It cannot be ruled out 
that the dehydroxylated fraction of muscovite has undergone some form 
of reaction, however it is clear that unreacted muscovite persists (Fig. 8). 
Temperatures > 800 ◦C are reported to be necessary for complete 
transformation [29,53], and the distinction between the hydroxylated 
and dehydroxylated forms of muscovite is non-trivial from XRD data 
[54]. The K-feldspar may also slowly release alkalis in highly alkaline 

Fig. 7. (a) Rate of heat evolution and (b) cumulative heat of alkali-activated blends of 30 wt% calcined waste clays/70 wt% GGBFS, at 20 ◦C.  

Table 5 
Initial and final setting times for alkali-activated paste samples including 30 wt 
% calcined waste clay and 70 wt% GGBFS.  

Sample Setting time (min) Mini-slump diameter  
Initial Final (mm) 

30C1 100 140 75 
30C2 110 150 105 
30C3 120 160 97 
30C4 120 170 132 
30C5 80 120 100  

Fig. 8. XRD patterns of alkali-activated blends with 30 wt% of calcined waste 
clays after 28 days. 
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environments, however this effect is not easily determined [55–57]. 

3.1.4. Scanning electron microscopy 
Backscattered electron (BSE) images of alkali-activated blends of 

GGBFS and 30 wt% calcined waste clays after 28 days are shown in  
Fig. 9. The brightest Z-contrast particles seen in all samples are identi-
fied as unreacted GGBFS due to the presence of Ca, as seen in the EDS 
spot analysis corresponding to one such particle. Ca is not expected to be 
present in significant quantities in the calcined waste clay particles. 
Unreacted GGBFS is surrounded by a gel matrix phase, consisting of 
predominantly C-(A)-S-H gel, that also encapsulates the associated 
mineral phases present in the calcined waste clays. Each sample shows 
distinctive particles with varying Z-contrast, representative of the 
differing composition of each mineral phase. 

Fig. 9(a) shows a large agglomerate of small clay (C1) particles 
within the gel matrix. The presence of high remnant porosity in this 
agglomerate indicates poor particle wetting by the activator solution, 
which if found throughout the specimen would result in less dissolution 
and polycondensation reactivity. This lack of reactivity is observed as 
lower heat evolution during the reaction, as shown in Fig. 7. These de-
fects which are seen all across the specimen might be responsible for the 
disparity between pozzolanic reactivity (Table 3), determined under 
near ideal conditions, and mix reaction kinetics (Fig. 7), which are 

heavily influenced by the completeness of wetting of agglomerated 
particles, and thus the relative ability to reach homogenous mixing. 
These porous regions are expected to be relatively mechanically weak 
and vulnerable to crack formation and propagation compared to the 
bulk binder. Therefore, it is crucial to take extra precautions to ensure 
complete mixing [58], particularly in cases where small particle sizes 
and high electrostatic interactions promote cluster formation. In the case 
of 30C2, a clear reduction in overall gel phase fraction is seen by the 
large number of both fine and coarse unreacted GGBFS particles 
throughout the matrix in Fig. 9(b). The interparticle spacing between 
GGBFS particles is substantially smaller than is seen in the other sam-
ples, indicating a lack of enhanced gel formation as observed from the 
complete suppression of the secondary exotherm in the 30C2 calorim-
etry data (Fig. 7). Around both agglomerate phases identified in Fig. 9(a 
and b), an N-A-S-H phase with low calcium content is slowly forming as 
determined from EDS. The presence of calcium in the N-A-S-H gel sug-
gests that calcium from the GGBFS diffuses into the gel, consistent with 
reported findings [18,59]. 

Conversely, the chemical composition of the bulk reaction products 
exhibited high concentrations of Si, Ca, Al, and Na, indicating the for-
mation of a C-A-S-H gel with Na+ partially absorbed into the interlam-
inar space of the structure, (C-(N-)A-S-H). Associated minerals such as 
muscovite, quartz, and feldspar can be distinguished in the 30C3, 30C4, 

Fig. 9. Backscattered electron (BSE) images of alkali-activated blends of GGBFS and 30 wt% calcined waste clays after 28 days of curing. EDS values are included for 
particles and characteristic features and calculated as an average of at least five points. (Error ± 1%). 
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and 30C5 microstructures surrounded by a dense gel matrix (Fig. 9(c, d, 
e)). The varying Z-contrast of the mineral particles combined with EDS 
analysis allow for identification of the unreacted mineral phases present, 
with the most prominent being elongated muscovite and alkali-feldspar 
particles seen in Fig. 9(c), and a large quartz particle in Fig. 9(d)], 
consistent with the XRD data discussed in Section 3.1.3. 

3.1.5. Compressive strength 
The compressive strength results for the alkali-activated blends, as 

seen in Fig. 10, can be categorised into two general groups: group (I) 
including both 30C1 and 30C2 which achieve compressive strengths of 
< 40 MPa after 7 days, and group (II) including 30C3, 30C4, and 30C5 
which develop similar compressive strengths of around 60 MPa after 7 
days. 

All samples show an increase in compressive strength from 7 to 28 
days, with 30C5 attaining a maximum compressive strength of 80 MPa. 
Out of the group (II) samples, 30C4 shows the lowest compressive 
strength gain from 7 to 28 days. The high early strength exhibited by 
30C4 can be ascribed to combinations of physical effects such as dilution 
and nucleation effects [60]. This is attributed to the substantial presence 
of unreactive quartz in C4, which promotes a higher degree of poly-
condensation of GGBFS and metakaolin within C4, increasing the acti-
vator availability per unit mass. As a result, a more efficient paste 
product is formed at early ages. This also explains the limited increase in 
strength observed from 7 to 28 days, as physical effects are likely to be 
noted in the initial stages [60]. The improved flow and dispersion 
characteristics of group (II) calcined waste clays, as seen in the 
mini-slump tests (Table 5), contributes to the development of a dense 
microstructure that underpins higher compressive strengths. The partial 
amorphous content in these calcined waste clays is believed to react 
during alkali activation to provide a greater volume fraction of binder 
phases. In group (I), the lower compressive strength of 30C1 in spite of 
the high pozzolanic reactivity of the C1 clay is explained in terms of the 
poor mixing and dispersion issues highlighted by lower workability 
(Table 5) and visible microstructural defects in Fig. 9(a). The poor 
pozzolanic reactivity of C2 has a detrimental effect on the achieved 
compressive strength of 30C2 due to reduced gel phase formation. 
Clearly the dispersion and homogenisation of precursors during mixing 
is a key factor in producing optimised blends, which if overlooked, can 
result in the discrepancies between high initial precursor reactivity and 
low compressive strengths seen here. 

The current results are comparable with previous studies 

investigating 50 wt% pure metakaolin and GGBFS with similar activator 
concentrations (modulus 1.5 and alkaline dosage of 5 wt%) reporting a 
compressive strength of 80 MPa after 28 days [18]. Increasing the 
GGBFS content to 70 wt% effectively compensates for the lower meta-
kaolin content of the calcined waste clays. This is clearly supported by 
the fact that the compressive strength achieved by group (II) aligns 
closely with the results reported in [18], whilst for group (I), the devi-
ation from these results confirms that the issue extends beyond just the 
low metakaolin content, as their results fall below 50 MPa. 

3.2. Proof of concept: developing a blended binder with 20 wt% calcined 
waste clay C4 maintaining comparable properties to a solely GGBFS binder 

The current expectation from the concrete industry is that calcined 
clay replacement fractions in cements do not greatly exceed 20 wt% due 
to operational limitations, and to excessive shrinkage and porosity, and 
strength reduction [61]. Thus, 20 wt% replacement of GGBFS with 
calcined waste clay C4 was selected for further investigation of the effect 
of varying the modulus of sodium silicate activator solutions compared 
to an unblended GGBFS-based system. Achieving satisfactory mixing 
properties is also a key factor in further upscaling blended mixtures 
[62], and for this reason C4 was selected. The mix designs are described 
in Table 4. 

3.2.1. Isothermal calorimetry 
The heat evolution profiles of alkali activated GGBFS, and 20 wt% C4 

/ 80 wt% GGBFS blends varying the modulus of the activator solution, 
are shown in Fig. 11 (a). The large exotherm seen before 5 h in all mixes 
is identified as the pre-induction period representing wetting of the solid 
precursors followed by initial particle dissolution and gel formation 
[63]. This first stage (I) is followed by an induction or dormant period 
characterised by a low but non-zero rate of heat release in which the 
dissolution process continues [63]. The presence of an induction period 
in slag-rich AACs is characteristic of sodium silicate activated systems 
rather than systems activated purely by sodium hydroxide [44]. The 
0C4-a sample has a relatively short induction period of ~10 h followed 
by a second exotherm with a maximum rate of heat release recorded at 
15 h. This second reaction stage (II) is again (as discussed in Section 
3.1.1) associated with the precipitation, nucleation, and growth of re-
action gel products during polycondensation [63,64]. Sample 0C4-a 
shows reaction acceleration and deceleration all within the space of 
24 h. Data obtained for the 20C4-b and 20C4-c mixes show profiles with 
two distinct exotherms, similar to 0C4-a. The initial exotherms are more 
intense with a higher activator modulus giving the presence of reactive 
dissolved Si species, and slightly broader implying a longer dissolution 
period of the less reactive C4 component. The second stage exotherms of 
20C4-c and 0C4-a are remarkably similar in intensity, albeit with a 
broader acceleration deceleration period for 20C4-c concluded within 
48 h, suggesting that the increase in modulus between activators “a” and 
“c” may compensate for the lower reactivity of the calcined waste clay 
than GGBFS. The 20C4-b sample exhibits a much longer induction 
period of ~16 h before the second exotherm. The second stage is again 
slightly depressed in intensity and broader, reaching a steady state after 
50 h with both 0C4-a and 20C4-c, explained by the reduced availability 
of initial reactive gel-forming species present within the system when 
replacing GGBFS with C4. 

These observations on reaction kinetics of these binders are agree-
ment with previous studies on sodium silicate activated slags [63,65] 
and GGBFS systems activated by mixtures of sodium hydroxide and 
sodium silicate [66] that report two exotherms separated by an induc-
tion period. The inclusion of calcined waste clay prolongs the overall 
dissolution period, highlighted by a general broadening of the exo-
therms. It is interesting to notice in Fig. 11 (b) that after ~50 h of re-
action the total heat released by both 20C4-b and 20C4-c is in fact larger 
than 0C4-a. 

Fig. 10. Compressive strength of alkali-activated blends of 30 wt% calcined 
waste clays and GGBFS after 7 days and 28 days. 
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3.2.2. Setting time and mini-slump tests 
The blended systems 20C4-b and 20C4-c exhibit faster initial and 

final setting times than 0C4-a. This could be simply explained on the 
basis of increasing activator concentration. However, the inclusion of 
C4, known to contain an amorphous metakaolin fraction, may also 
enable synergistic effects between its reactive metakaolin component 
and the Ca-rich GGBFS to accelerate the reaction and lower the setting 
time [67]. Table 6. 

Mini-slump results show an increase in workability of around 40% 
with C4 inclusion and increased activator concentration. This effect can 
be explained by the morphology of the C4 particles, predominantly large 
and equiaxed particles (d50 ~ 68 µm) which are much larger than the 
GGBFS particles (d50 ~ 12 µm) and undergo greater dispersion during 
mixing (Fig. 1). It is known that smaller particles have an increased 
tendency to flocculate due to high surface area and increased weak 
physical interactions; the resulting dispersion problems are usually 
alleviated by either an increase in water content or the addition of a 
superplasticizer [68]. 

3.2.3. X-ray diffraction 
Fig. 12 shows the XRD patterns for the alkali activated mixes. The 

pattern for 0C4-a shows distinct amorphous humps centred in ~7◦, ~ 
29◦, ~ 32◦ and ~ 50◦ 2θ indicative of C-S-H/C-A-S-H gel formation [69]. 
The minor crystalline phase identified is a hydrotalcite-group phase 
(HT) which has been studied extensively in alkali-activated slag systems 
[70–72]. The formation of hydrotalcite-group phases involves the 
dissolution of Mg2+ present within GGBFS, and precipitation with 
recrystallisation. The inclusion of hydrotalcite is known to impart 
beneficial properties on overall binder behaviour including resistance to 
carbonation and chloride ingress [66,73]. 

The primary crystalline phases of the precursor calcined waste clay 
C4 – muscovite (M) and quartz (Q) – are present throughout the 20C4-b 
and 20C4-c patterns obtained after 2, 28, and 90 days. Again the broad 

response at ~ 29◦ 2θ highlights the formation of C-S-H/C-A-S-H gel after 
alkali-activation. The formation of hydrotalcite in the 20C4-b mix is seen 
after 2 days, but hydrotalcite formation is barely detected in the 20C4-c 
pattern. The higher activator modulus is expected to limit the degree of 
XRD-observable HT formation, with much smaller HT precipitates 
(nanoscale) favoured in higher modulus environments [74]. 

3.2.4. Fourier transform infra-red spectroscopy 
FTIR spectra of raw GGBFS, calcined waste clay C4, and the alkali- 

activated pastes 0 C-a, 20C4-b, and 20C4-c after 2 and 28 days, are 
displayed in Fig. 13. 

The GGBFS absorption spectrum shows a major absorption band with 

Fig. 11. (a) Heat evolution and (b) cumulative heat of alkali-activated blends of 20 wt% C4 and 80 wt% GGBFS, reacting at 20 ◦C.  

Table 6 
Mini-slump tests and initial and final setting time results for alkali-activated 
blends of 20 wt% C4 and GGBFS.  

Sample Setting time (min) Mini slump  
Initial Final mm 

0C4-a 200 280 92 
20C4-b 145 265 129 
20C4-c 125 180 132  

Fig. 12. XRD patterns of alkali-activated GGBFS (0C4-a), and blends of 20 wt% 
C4 and 80 wt% GGBFS (20 C4-b and 20C4-c). 
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a peak at ~ 970 cm−1 relating to asymmetric silicate (Si-O-T, with 
T = tetrahedral Si, Al) bond stretching vibrations, whereby the 
stretching of the Si tetrahedron in question results in a simultaneous 
contraction of adjacently bonded tetrahedral Si or Al, i.e. opposite 
atomic motion [75]. The absorption band ~ 700 cm−1 is due to sym-
metric Si-O-Si bond stretching along with the final absorption band ~ 
540 cm−1 indicative of Si-O-T bond bending [76,77]. C4 has a main 
band with centred around 1052 cm−1 indicative of bonding vibrations 
Si–O-T seen in quartz, but also in metakaolin, which is responsible for 
the broadness of this band [78]. Other bands at 776 cm−1, attributed to 
the Al–O bending of AlO6 octahedral sites within metakaolin [79], at 
546 cm−1, and 478 cm−1 can be attributed to crystalline quartz and 
muscovite [80]. 

Looking at the absorption spectra obtained for the alkali-activated 
specimens, the first absorption band ~ 3454 cm−1 is due to H-O-H 
bond stretching from weakly bonded water molecules trapped on the 
surface or in pores within the samples, along with the corresponding H- 
O-H bond bending at ~ 1655 cm−1 [77,81]. The bands between 1490 
and 1410 cm−1 are related to O-C-O bond stretching [82,83]; in 
particular the absorption peak ~ 1489 cm−1 corresponds to aragonite or 
vaterite [84,85]. These phases were not detected in the XRD data as 
discussed above, but which may be present in trace amounts due to 
atmospheric carbonation of the samples during preparation and/or 
analysis here. Again the major absorption band between 1200 and 
900 cm−1 is associated with asymmetric Si-O-T bond stretching. This 
particular band is the most significant in understanding the formation of 
reaction products [47,86]. It should be noted that for all binders formed 
after alkali-activation, this band shifts to lower wavenumbers and be-
comes narrower when compared to the unreacted precursors GGBFS and 
C4. Incorporation of Al tetrahedra within the gel structure is seen by a 
shift towards lower wavenumbers due the change in local environment 
and bond vibrations. In the discussion that follows, the remaining 
symmetrical Si-O-T bond stretching ~ 700 cm−1 and Si-O-T bond 
bending ~ 460 cm−1 vibration bands are considered to include contri-
butions from substituted Al. 

Increasing the curing times to 28 days resulted in narrowing of the 
band at ~ 950 cm−1, and a shift to lower wavenumbers compared with 
the 2 day samples [87]. This is reported in the literature to arise from 
increased incorporation of Al within the silicate structure. The bands in 
question contain contributions from Al-O-Si linkages, of which the Al-O 
bonds are less stiff than Si-O [88], that result in perturbations of local 

Si-O bonding [89]. The C4 component is acting as an Al source, grad-
ually increasing the number of Si-O-Al bonds within the gel structure 
over time. 

3.2.5. Solid state nuclear magnetic resonance spectroscopy 
The 29Si MAS NMR spectra of the precursors (GGBFS and calcined 

waste clay C4) are shown in Fig. 14. The GGBFS spectrum exhibits a 
single broad resonance with maximum intensity at ~ − 75 ppm (Fig. 14 
(a)) suggesting a wide distribution of tetrahedral Si environments 
Qn(mAl) and chemical shifts. The overall chemical shift and shape 
indicate that low cross-linked species and/or high degrees of Al substi-
tution dominate the GGBFS structure. This is in agreement with the 
glassy, highly-depolymerised nature of the precursor and with previous 
studies [66,90,91–93]. The GGBFS spectrum can be adequately simu-
lated with a single peak centred at − 74.7 ppm as seen in Fig. 13 (a); it is 
not claimed that this is representing a single site environment, but it is a 
useful description of the GGBFS contribution to the spectra of hardened 
binders. 

The complex spectrum for C4 in Fig. 14 (b) is a combination of res-
onances attributed to quartz, muscovite, and K-rich feldspar. The narrow 
resonance at – 106.6 ppm is attributed to quartz SiO2 (Q4) whilst the 
broader resonance at − 110 ppm can be attributed to a partially amor-
phous phase obtained as a result of clay calcination at 750 ◦C [7]. The Fig. 13. FTIR spectra of precursors and alkali-activated samples based on 

GBBFS with and without 20 wt% C4, after 2 and 28 days of curing. 

Fig. 14. 29Si MAS NMR spectra of precursors: (a) GGBFS and (b) calcined C4.  
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main resonance bands for muscovite are found at − 87 ppm, 
− 91.2 ppm, and −95.5 ppm [94] along with the resonance bands of 
various forms of KAlSi3O8 alkali-feldspar reported in the range − 97 to 
− 103 ppm, assigned here as resonances at − 99 and − 102.6 ppm 
[94–96]. Dehydroxylation of muscovite has been reported to provide a 
shift of the muscovite resonances towards the feldspar region [94]. Only 
partial dehydroxylation of the muscovite phase may occur after calci-
nation at 750 ◦C, meaning that both muscovite and the dehydroxylated 
phase will be present [53,97]. 

The deconvolution curves for the 29Si MAS NMR spectra for alkali- 
activated GGBFS, 0C4-a, and blended 20C4-C after 2 and 28 days can 
be seen in Fig. 15. Five main resonance bands are identified for all 
spectra, centred at − 76 ppm, − 78 ppm, − 81.5 ppm, − 84 ppm, and 
− 89 ppm which are assigned to Q1(I), Q1(II), Q2(1Al), Q2, and Q3(1Al) 
environments, respectively [91,98,99]. Q1(I) and Q1(II) represent two 
non-equivalent Q1 environments, depending on the charge balancing 
ions [98]. The resonances identified are consistent with the formation of 
C-A-S-H type gels [100]. Table 7 gives the deconvolution results of the 
29Si MAS NMR spectra using Gaussian curve fitting as reported in the 
literature [101–103]. It is assumed that GGBFS undergoes congruent 
dissolution into the sodium silicate activator solution [103,104], and so 

its spectral contribution is described by linearly scaling the intensity of 
the GGBFS spectrum without adjustment to its shape or position. 

The deconvolutions shown in Fig. 15 highlight a reduction in the 
residual GGBFS fraction in both 0C4-a and 20C4-C mixtures, along with 
greater C-A-S-H and reaction product formation with increased curing 
time from 2 to 28 days [87]. The initial degree of reaction for 0C4-a is 
slightly lower than that of 20C4-c at early ages, as indicated in the 
calorimetry data in Fig. 11(b), although 0C4-a undergoes sustained 
greater reaction from 2 to 28 days as shown by the larger difference in 
the remnant slag phase. This difference in reaction behaviour between 
GGBFS and the C4-GGBFS blend is expected based on the known effects 
of C4 inclusion. The inert quartz phase fraction acts as a filler whilst 
increasing the number of nucleation sites and the available interparticle 
space for the polycondensation reaction to proceed. The fast generation 
of binding phases results in high early strength, however the lack of 
reactivity (chemical stability) of certain mineral phases limits the degree 
of reaction in the following 2–28 day period [105]. 

Highly cross-linked Si sites such as Q4(3Al) or Q4(4Al) could overlap 
with the regions assigned to Q3(1Al) at − 89 ppm [98,106]. It is not 
unreasonable to assume that the amorphous fraction identified in C4 
from the comparison of its calcined and uncalcined XRD patterns (Fig. 4) 

Fig. 15. 29Si MAS NMR spectra with fit and deconvolution of: (a) 0C4-a 2 days, (b) 0C4-a 28 days, (c) 20C4-c 2 days, (d) 20C4-c 28 days. The grey band represents 
the contribution of the unreacted GGBFS which is directly scaled from the raw GGBFS spectrum under the assumption of congruent dissolution. 
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could react to form highly cross-linked N-A-S-H type gels, in addition to 
the C-A-S-H gel formed by reaction of the GGBFS. This process is hinted 
at by the increase in resonance intensity at about – 89 ppm in 20C4-c 
[90]. There are no significant bands corresponding to traces of the 
remnant waste clay C4 (Fig. 14 (b)). This is also highlighted in Fig. 16 
which shows superimpositions of 0C4-a and 20C4-c at 2 days and 28 
days, whereby an overall shift of the resonance towards more cross-
linked species of C-A-S-H and N-A-S-H for samples containing C4 is seen. 

Fig. 17 shows the 27Al MAS NMR spectra of the precursors GGBFS 
and C4 along with the alkali-activated pastes. The broad resonance with 
a maximum intensity at ~ 63 ppm attributed to tetrahedral Al envi-
ronments [93] is seen in the GGBFS spectrum. The broadness of the band 
is indicative of local disorder and asymmetry consistent with the 
amorphous nature of GGBFS as highlighted in the XRD data (Fig. 2) [87, 
92]. Three distinct environments are identified in the 27Al MAS NMR 
spectrum of the calcined waste clay C4. Two resonances at 72 ppm and 
59 ppm within the tetrahedral Al(IV) region are associated to well 
defined Al tetrahedra found in alkali feldspar and muscovite. The crystal 
structure of muscovite consists of layers of tetrahedra (T) and octahedra 
(O) in a 2:1 tetrahedral to octahedral ratio (i.e. T-O-T)[107]. The reso-
nance at ~ 6 ppm in the region below 20 ppm is associated with Al(VI) 
in octahedral coordination which only present in muscovite [108]. Be-
side the presence of Al in these well-defined coordination states, there is 
a weak broad signal between ~ 30–40 ppm that can be attributed to 
distorted tetrahedral environments of Al(V), and most likely also a broad 
feature underlying the sharper peaks in the Al(IV) region. The appear-
ance of these broad bands is consistent with the amorphous content of 
C4 formed after calcination [109]. 

Fig. 17 shows the 27Al MAS NMR spectra of the pastes. The reso-
nances seen at chemical shifts of 11 ppm are attributed to the formation 
of hydrotalcite-group compounds which contain Al(VI) in octahedral 
coordination. The resonances observed in the range 80–60 ppm are 
associated with the formation of C-A-S-H type gels [98,101]. 

The narrow resonance band at ~ 75 ppm seen in the 0C4-a spectrum 
increases in intensity with longer curing times, representing an increase 
short-length ordering of C-A-S-H and greater degree of polymerisation as 
the reaction proceeds [70]. This resonance is associated with Al in a 
well-defined Al(IV) coordination and incorporated in bridging 

tetrahedra, whereby Al tetrahedra are bonded to Q2(1Al) Si sites. Two 
main resonances are distinguishable in the 20C4-c spectrum at 75 ppm 
and 68 ppm. These bands also become more intense and slightly nar-
rower with longer curing, because of increased incorporation of Al and 
crosslinking of the network in the form of Al(IV) bonded to Q3(1Al) sites 
[91,101,110]. This may also hint at the partial formation of N-A-S-H (i. 
e., Q4 sites) along with C-A-S-H, as discussed above. 

3.2.6. Mercury intrusion porosimetry 
Pore size distributions of alkali-activated materials are often classi-

fied into gel pores with diameters between 10 and 50 nm, capillary pores 
with diameters between 50 nm and 10 µm, and air voids above 10 µm 
[111]. Fig. 16displays the pore size distributions of the pastes after 28 
days of curing. The predominant type of porosity seen in alkali-activated 

Table 7 
Deconvolution results for 29Si MAS NMR spectra of the alkali-activated blends. Estimated uncertainty in absolute site percentages is ± 2%.  

Sample ID Reaction products Unreacted   
Q0 Q1 (I) Q1 (II) Q2 (1Al) Q2 Q3 (1Al) or Q4 (4Al) Q4 (3Al) GGBFS 

Chemical shift ppm -71 -76 -78 -81.5 -84 -85.5 -89 -91 -74.7 
0C4-a 2 days 1% 26% 10% 3% 21% - 4% - 36%  

28 days 1% 23% 14% 2% 29% 9% 4% 3% 16% 
20C4-c 2 days - 8% 12% 11% 13% 11% 11% - 34%  

28 days - 14% 13% 13% 15% 11% 12% - 22%  

Fig. 16. 29Si MAS NMR of samples 0C4-a and 20C4-c superimposed after (a) 2 days and (b) 28 days.  

Fig. 17. 27Al MAS NMR spectra for precursors GGBFS and C4, and for alkali- 
activated GGBFS with or without 20% calcined waste clay C4, after 2 and 
28 days. 
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pastes is within the gel pore size range. 0C4-a has a well-defined peak in 
this region, whilst 20C4-b and 20C4-c show remarkably limited porosity 
in general, although may contain pores below the size range that can be 
accessed in these MIP experiments. No notable capillary pores are 
detected in any of the pastes. 

Table 8 shows the measured values of total porosity for all paste 
samples. Samples containing C4 exhibit lower total porosity than the 
GGBFS-only sample. This suggests that 20C4-b and 20C4-c have formed 
dense binders due to effective particle dispersion with enhanced flow, 
and due to the higher modulus of the activating solution used. The 
partial formation of N-A-S-H type gel coexisting with the large amounts 
of C-A-S-H formed by the GGBFS may also result in a dense binder. 
Literature on gel coexistence has reported that this can lead to mini-
misation of porosity with improved material performance [15,17,112, 
113]. 

3.2.7. Compressive strength 
The compressive strength results are shown in Fig. 17. 20C4-b 

samples showed similar values (43 MPa after 7 days and 61 MPa after 
28 days) to the 0C4-a sample. The two mixes in question were designed 
to reach the same Si/Al and Na/Al molar ratios by adjusting the modulus 
and Na2O dosage of the activator solution, as C4 clay has a larger Al 
component than GGBFS. Figs. 18 and 19. 

The 20C4-c sample, with increased activator concentration with 
respect to the other formulations, recorded the highest 7-day strength 
which exceeded 60 MPa, although only a minor increase was obtained 
after 28 days (67 MPa). Increasing the modulus of the activator solution 
from 0.9 to 1.3 makes a larger concentration of soluble silica in the 
liquid media available for the polymerisation of both Al and Si species. 
This results in the formation of an enhanced gel structure, reflected in 
the mechanical properties especially at early ages [15]. 

4. Conclusions 

Calcined clays from waste sources, with low metakaolin content, 
have been blended with GGBFS and alkali-activated using sodium sili-
cate, and their properties were discussed. 

Investigation of physical properties including particle size, 
morphology, and phase assemblage is necessary to understand the effect 
of clays in blended systems with GGBFS. It was shown that calcined 
waste clays have a strong effect on the fresh properties, especially on the 
workability of blended pastes. Clay particle size distribution and particle 
morphology are key factors in the mix design, requiring an under-
standing of their effects in blended systems. 

Good workability can translate in a well-behaving binder with a 
dense microstructure, low porosity, and high strength. A 20 wt% 
calcined waste clay replacement level maintained similar compressive 
strength as a solely GGBFS system whilst achieving a denser binder. The 
quartz, muscovite and alkali-feldspar contained in the calcined clays 
appear to remain stable throughout the first stages of alkali-activation, 
whilst the reaction of the amorphous phase fraction resulted in the 
formation of a cross-linked binder gel. 

This work has highlighted a methodology for characterising the 
behaviour of calcined waste clays in alkali-activation, and provides a 
basis for design high performance binders to accommodate clay 

inclusions in novel binder systems. 
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Mixture Total porosity (vol%) 
0C4-a 21.07 ± 0.75 
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Fig. 18. Differential porosity of alkali-activated GGBFS with and without 20 wt 
% calcined waste clay C4, after 2 and 28 days of curing. 

Fig. 19. Compressive strength of alkali-activated GGBFS pastes, with and 
without 20 wt% calcined waste clay C4. 
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[33] E. Ferraz, S. Andrejkovičová, W. Hajjaji, A.L. Velosa, A.S. Silva, F. Rocha, 
Pozzolanic activity of metakaolins by the French standard of the modified 
Chapelle test: A direct methodology, Acta Geodyn. Geomater. 12, 2015, pp. 
289–298. https://doi.org/10.13168/AGG.2015.0026. 

[34] French Standard, Chapelle Test Modified, NF 18–513 Annex. A, 2012. 
[35] F. Avet, R. Snellings, A. Alujas Diaz, M. Ben Haha, K. Scrivener, Development of a 

new rapid, relevant and reliable (R3) test method to evaluate the pozzolanic 
reactivity of calcined kaolinitic clays, Cem. Concr. Res. 85 (2016) 1–11, https:// 
doi.org/10.1016/j.cemconres.2016.02.015. 
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