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Abstract
Sintered bottom ash (SBA) and vitrified ash (VA) derived from the incineration of municipal solid waste (MSW) at 1200 °C 
were used in this study as replacements for Type 2 Portland cement (CEM-II) based mortars. This approach negates the need 
to send them to landfill, benefits the circular economy and contributes towards the decarbonisation of cementitious construc-
tion materials in response to international net zero carbon emission agendas. The material (physico-chemical) characteris-
tics of VA and SBA were analysed before being used as partial replacements for CEM-II in mortars, whereby compressive 
strength (CS) was the primary criterion for assessing engineering performance. VA and SBA replaced CEM-II at dosages of 
10%, 25% and 50% based on their high inorganic and pozzolanic contents; whereby the 10% and 25% replacements did not 
compromise mortar strength. The alkalinity and pozzolanic properties of SBA collectively indicated it has greater potential 
as a cementitious material over VA, which possessed a neutral pH. The 28-day CS recorded for mixtures containing 25% 
VA and 10% SBA were 13.74 MPa and 11.77 MPa, respectively compared with 17.06 MPa for CEM-II control samples. 
The use of 2% additional water in 25% SBA mortar designs improved strength further, indicating that SBA’s water retention 
properties permitted further hydration and strength development with curing. Microstructural, mineralogical and infrared 
spectroscopy analyses indicated that these strengths were owed to the formation of silicate-based hydration products. The 
outcomes from this study highlight that SBA has potential for replacing CEM-II and VA as a filler in cementitious mortar.
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Abbreviations
Aft	� Ettringite
ATR​	� Attenuated total reflection
CEM-I	� Type 1 Portland cement
CEM-II/A-L 32,5R	� Type 2 Portland cement (6–20% 

limestone and 80–94% clinker)
CS	� Compressive strength
CSW	� CEM-II, sand and water
EDX	� Energy dispersive X-ray analysis
Emax	� Maximum Young’s modulus
FTIR	� Fourier transform infra-red analysis
GGBS	� Ground granulated blast furnace slag
IBA	� Incinerator bottom ash
LOI	� Loss on ignition
MK	� Metakaolin
MSW	� Municipal solid waste
PFA	� Pulverised fly ash
SBA	� Sintered bottom ash
SCM	� Supplementary cementitious 

materials
SEM	� Scanning electron microscope
TGA​	� Thermal gravimetric analysis
VA	� Vitrified ash
XRD	� X-ray diffraction

Statement of novelty

The novelty of this study is centred around the application of 
sintered bottom and vitrified ashes derived from municipal 
solid waste incineration, as supplementary replacements for 
Portland cement in mortars. Through mortar design opti-
misation, 28-day compressive strengths of up to 13 MPa 
were achieved. Engineering performance testing, along with 
mineralogical and microstructural surveys indicated that 
sintered bottom ash had better prospects as a cementitious 
binder, whereas vitrified ash better served as a fine-grained 
siliceous aggregate. These findings collectively provide cir-
cular economy-friendly solutions for future cementitious 
mortar design.

Introduction

Global cementitious material consumption has increased 
annually since 2012, owing to accelerating rates of urban-
isation. Type 1 Portland cement (CEM-I) manufacture 
is expected to increase from 2.77 Gt in 2007 to 4.6 Gt 
in 2050 [1]. For a European cement plant, the thermal 
energy requirement is 3.75 MJ per tonne of clinker [2]. 
Globally, CEM-I production contributes 8–10% of total 
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CO2 emissions [3]; whereby 1 tonne of CEM-I produc-
tion generates 761–830 kg of CO2 [4]. The United Nations 
Environmental Program Sustainable Building and Climate 
Initiative suggested the following approaches for reduc-
ing the environmental footprint of cement manufacture: 
(1) alternative clinker materials, (2) improved energy effi-
ciency, (3) increased use of renewable energy sources and 
(4) increased use of pozzolanic mineral wastes and by-
products as supplements or replacements for CEM-I [5]. 
Research into low carbon construction materials that uti-
lise readily available pozzolanic industrial and municipal 
wastes is highly topical, especially since the publication 
of UN Sustainability Development Goals and international 
governmental agendas for achieving net-zero carbon emis-
sions by 2050. Examples of supplementary cementitious 
materials (SCM) that are widely used in cementitious mor-
tars include ground granulated blast furnace slag (GGBS) 
and pulverised fly ash (PFA).

Mechanical strength is one of the primary criteria that 
dictates the level of CEM-I replacement within mortars. 
Hence, knowledge of an SCM’s pozzolanic activity is cru-
cial as it defines the availability of siliceous and/or alumi-
nous compounds to react with Ca(OH)2 and water to form 
hydration products. Strength development within mortars 
is also attributed to their packing characteristics, as a func-
tion of the texture of aggregates and binders. Goldman and 
Bentur [6] suggested that the ‘micro-filler effect’ of SCMs 
plays an equal or even larger role in strength development 
compared with cementitious hydrates.

The continued dependence on PFA and GGBS as SCMs 
is unsustainable. PFA availability is declining due to the 
closure of coal-fired power stations, as part of the global 
effort in reverting from fossil fuels to renewable energy 
sources for generating electricity. Furthermore, iron and 
steel-making markets have shrunk considerably since the 
1990’s across the UK and Europe, as have GGBS supplies 
as a consequence. Hence, the UK amongst other Euro-
pean nations now import PFA and GGBS from overseas, 
which further increases the economic and environmental 
costs of construction projects. This serves as motivation 
for investigating low-value large-volume waste streams as 
SCMs, which would be an environmentally sustainable 
waste management solution that negates their disposal to 
landfill.

One of the world’s largest waste streams with reliable 
supplies all-year-round is municipal solid (bin-liner) waste 
(MSW), which has traditionally been disposed to landfill. 
However, since the early 2000’s energy-from-waste tech-
nology has become a viable eco-friendly solution for pro-
cessing MSW, involving incineration at 850 °C [7] whilst 
generating electricity for feeding into national power grids. 
Energy-from-waste markets have steadily grown across the 
UK, Europe and the USA. Between 1990 and 2021, the 

UK’s production of bioenergy and waste as ‘primary fuels’ 
increased from 0.7 to 12.8 million tonnes of oil equivalent 
[8].

Incineration typically produces incinerator bottom ash 
(IBA), which accounts for ~ 80% (by total weight) amongst 
other solid effluents comprising different constituents such 
as glass cullet, ceramics, slag/sintered phases and incom-
bustible materials depending on feedstock composition 
[9–11]. IBA is commonly pozzolanic, albeit heterogeneous 
with variable quantities of inorganic metals, glass, ceram-
ics and residual organic matter. Tang et al. [9] determined 
that whilst variations in IBA composition had negligible 
effects on the CS of CEM-I-based mortars, IBA with high 
fines (< 125 μm) content adversely impacted cement hydra-
tion (by absorbing free water) and reduced CS by 20–50%. 
Subsequently, Tang et al. [12] investigated the role of vari-
ous IBA constituents (e.g. broken glass cullet, ceramics, 
sintered low and high ferrous slags) on CS; whereby IBA’s 
containing powdered glass and ceramics produced higher 
CS performances.

To date, the most common application for IBA has been 
aggregates for concrete and pavement sub-bases [12]. Then-
narasan Latha et al. [13] and Abinaya and Balasubramanian 
[14] stabilised MSW based BA and FA in compressed earth 
blocks. However, IBA may also be used as an SCM given 
its pozzolanic reactivity and calcium content. Yang et al. 
[15] assessed MSW-derived ashes as SCMs at replacement 
dosages of 10–50 wt.%. Relative CS of cement composites 
comprising 30 wt.% MSW ash and 30 wt.% IBA were 66% 
and 43% higher, respectively compared with control mix-
tures. However, some studies have reported that IBA retards 
hydration, thereby reducing strength and increasing leach-
ability [15–17]. Caprai et al. [17] observed that the CS of 
cement pastes decreased by 52% as CEM-I replacement with 
IBA increased from 10 to 50%.

High temperature sintering (> 1200 °C) and vitrification 
can convert residual IBA wastes into more environmentally 
benign materials; from loosely bound fine particles into solid 
consistent masses. Hence, the leachability of hazardous ele-
ments (e.g. Cl, Pb, As, Cd, Hg, Mo and Sb) is reduced [18, 
19]. Thus, sintered bottom ash (SBA) and vitrified ash (VA) 
have valorisation potential as SCMs.

Research on the use of thermally treated ashes such as VA 
and SBA as aggregates or SCMs in mortar is very limited 
[20–22]. Hence, this study aims to fill this knowledge gap by 
developing a new generation of circular economy-friendly 
cementitious mortars that valorise pozzolanic MSW-derived 
SBA and VA as SCMs. Key relationships will be established 
between the physico-chemical properties of SBA and VA, 
the mechanical strength, mineralogy and microstructure of 
composite mortar mixtures, with a view to identifying the 
maximum permissible level of replacement for CEM-II, 
whilst retaining its design strength properties.
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Materials and Testing Methodologies

Mortar Constituents

Due to better availability, lower unit cost and lower carbon 
print (up to 16%) compared with Type 1 Portland cement 
(CEM-I) [23], Type 2 Portland-limestone cement (CEM-
II/A-L 32,5R) was used as the binder for manufacturing 
control mortar samples. CEM-II was sourced from Tarmac 
Cement and Lime Ltd (Birmingham, UK), which com-
prised 6–20% limestone and 80–94% clinker to produce 
2-day CS ≥ 10 MPa and 28-day CS of 32.5–52.5 MPa (in 
accordance with EN 197–1 [24]).

SBA and VA residues were provided by Renewable 
Energy Waste Solutions UK Plc (REWS), which were 
generated from the incineration of MSW; whereby the 
feedstock used was (household) black bin bags (contain-
ing approximately 30% plastic). Prior to incineration, the 
MSW was sorted, shredded and dried within a vertical 
air jet mill. Subsequently, the waste was transferred to a 
chain conveyer dryer to achieve a moisture content < 10%. 
2/3 of the material was then transferred to the incinerator. 
The system required an ‘input’ heat source of 450 °C to 
pre-heat the incinerator from its base, which eventually 
reached an operating temperature of 1200 °C. Incorpo-
rated within the incinerator system was a high-temperature 
cyclone, which served as a gas-particulate separator to 
reduce the ash and char content of the generated syngas. 
The high-temperature syngas ‘output’ was then used to 
power a separate pyrolysis plant, to which the remain-
ing 1/3 of the dried MSW was fed. Once the incinerator 
had reached the required operating temperature and was 

processing MSW, black-coloured glassy vitrified ash (VA) 
was siphoned from the ‘output end’ (top) of the incinera-
tor, whereas a brown-coloured sintered bottom ash (SBA) 
was collected from its base. A summary of this treatment 
process is presented in Fig. 1.

The raw forms of the SBA and VA residues were akin to 
soft rocks. Hence, for ease of sample mixing and maximising 
homogeneity for sample manufacture, they were manually 
broken down into gravel-sized particles by using a hammer 
and then pulverised in a disc mill. The milled residues were 
then passed through a 150 μm sieve to produce particle size 
distributions (PSD) for VA and SBA that were comparable 
with CEM-II, given that particle sizes for CEM-II are gener-
ally 7–200 μm [25, 26].

The fine aggregate component of mortar samples com-
prised sand, which complied with BS EN 12620 + A1 [27] 
and was sourced from Tarmac Building Products Ltd (Wol-
verhampton, UK).

For pozzolanic activity testing, metakaolin (MK) was 
sourced from Sigma Aldrich (Germany) for use as the 
standard reference material (CAS No. 1332-58-7). The 
MK was commercially produced by calcining Kaolin 
(Al2Si2O5(OH)4) at 850 °C.

Testing Methods

Residue Characterisation

The PSD’s for SBA and VA residues were determined 
in accordance with BS 1377–2 [28] through dry sieving, 
whereby the sieve sizes used ranged between 150 and 63 μm. 
Numerous physico-chemical properties of the SBA and VA 

Fig. 1   Schematic of the treat-
ment stages used to process 
municipal black bin bag waste 
for syngas energy generation 
and subsequent pyrolysis
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were assessed, including pH, loss on ignition (LOI), thermal 
gravimetric analysis (TGA) and pozzolanic activity. For pH 
testing, the procedure involved adding 1 g samples of SBA 
and VA to a 250 cm3 HDPE bottle containing 20 cm3 of 
deionized water. The bottle was subsequently shaken using 
an orbital shaker at 100 rpm for 30 min. The mixed solutions 
were then filtered using Whatmans no.1 paper, whereby their 
pH values were measured using Hanna Instruments HI8519 
N microprocessor pH/mV benchmeter.

LOI testing was performed at 830 °C for 3-h to determine 
the organic matter content of the SBA and VA. To deter-
mine their composition and thermal stability, TGA was per-
formed in accordance with ASTM E1131-20 (ISO 11358) 
[29], using a PerkinElmer Simultaneous Thermal Analyzer, 
STA 6000. Samples of 50 ± 5 mg were heated from 30 to 
1000 °C, using a heating rate of 20 °C min−1 and a nitrogen 
flow rate of 40 cm3 min−1.

The pozzolanic activities of the SBA and VA residues 
were assessed using the ‘saturated lime’ and Frattini tests. 
Figure 2 summarises the reactions and testing procedures 
for both methods, which were broadly similar. For saturated 
lime testing, test solutions were prepared by dissolving 2.0 g 
of Ca(OH)2 in 1000 cm3 of deionised water. A 75.0 cm3 
saturated lime solution was placed in a plastic bottle for the 
control sample, whereas 1.0 g of VA or SBA was added to 
the solution to form test samples. Samples were then stored 
in an oven at 40 °C for 1, 3, 7, and 28 days. For each period, 
samples were removed from the oven, cooled and subjected 
to vacuum filtration. Filtrates were analysed for [OH−] by 
titrating against 0.1 M HCl with a methyl orange indicator. 
The pH of the titrated solution was then adjusted to 12.5 
by adding NaOH pellets and analysed for [Ca2+] by titrat-
ing against 0.06 M EDTA solution with Patton and Readers 

indicator. Given that the initial Ca(OH)2 content of samples 
was known, the quantity of Ca2+ and OH− consumed by the 
pozzolan could then be quantified [30].

For Frattini testing, 20 g samples comprising 80% CEM-
II and 20% of either VA or SBA were placed in a plastic bot-
tle containing 100 cm3 of deionised water, which were then 
stored in an oven at 40 °C for 8-days. Samples were then 
cooled, filtered using vacuum filtration and the resulting fil-
trate was analysed for [OH−] through titration against 0.1 M 
HCl with a methyl orange indicator. The pH of the titrated 
solution was adjusted as for the ‘saturated lime method’. 
Results were then presented such that [Ca2+] was expressed 
as equivalent [CaO] (mmol) vs remaining [OH−] (mmol). 
Data points that plot below the solubility curve for Ca(OH)2 
indicate removal of Ca2+— indicative of pozzolanic activity. 
Contrastingly, data points plotting on or above the solubility 
curve indicate zero pozzolanic activity. This approach was 
based on the assumption that no other sources of calcium 
were present in the mortar mixtures other than CEM-II [31].

Mechanical Strength

Two stages of CS testing were performed: ‘Stage 1’ assessed 
control (CEM-II) and hybrid mortar mixtures (i.e. CEM-
II replaced with 10%, 25% and 50% of SBA or VA, based 
on BS EN 197–1 criteria [24]). A summary of the sample 
mixtures considered is presented in Table 1. ‘Stage 2’ was 
informed by the outcomes of Stage 1, whereby for the most 
effective level(s) of CEM-II replacement with SBA and VA 
in terms of strength development, additional mortar mixtures 
were prepared containing an extra 2% water (relative to the 
overall mortar mass) to investigate whether this would pro-
mote further hydration and strength gains.

Fig. 2   Flow diagram of experimental procedures for Saturated Lime and Frattini tests
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Sample Preparation  Triplicate cuboidal (prism) mortar 
samples (40  mm × 40  mm × 160  mm) were prepared in 
accordance with BS EN 196–1:2016 [31], whereby mixtures 
comprised sand to cement ratio of 3:1 and cement to water 
ratio of 2:1. The dried cementitious binders (i.e. CEM-II, 
SBA and VA) were placed in a mechanical mixer for 5 min 
at 60  rpm. Subsequently, water was added to the mixture 
and mixed for a further 5  min at the same mixing speed. 
The sand was then added and mixed for a further 5 min to 
produce a homogenous mortar. Once mixed, the mortar was 
cast into moulds and wrapped in thin polyethylene film for 
curing at ambient air temperature (20 °C at ~ 50% relative 
humidity) for 22 ± 2 h. Samples were then demoulded and 
placed in a water bath (20  °C) for 7- and 28-days curing 
before CS testing. A summary of the sample information 
is provided in Table 1, with an image of demoulded mortar 
samples provided in Fig. 3.

Compressive Strength (CS)  Prior to testing, samples were 
trimmed to size (if necessary)  —  ensuring that end faces 
were parallel with each other. CS tests were performed 
using an Instron 3367 loading frame in accordance with BS 

1377-2 [28], whereby a constant strain rate of 1.27 mm/min 
was used to gain detailed insights into the deformational 
behaviour of the new VA and SBA based mortars.

Microstructure and Mineralogy

The mineralogical composition of CEM-II, SBA, VA and 
cured composite mortar samples were analysed through 
X-ray diffraction (XRD). The apparatus used was a Sie-
mens D5000 Diffractometer (Cu K-alpha radiation of 
wavelength 0.154 nm, generated by a Cu anode operated at 
40 kV and 20 mA). Scans were undertaken over a 2-theta 
range of 10°–90° with a nominal step size of 0.2 and a 
scanning rate of 1 per minute. Mineral phase identification 
was performed using Profex 4.3.6 software.

The microstructure of the residues (post LOI) and cured 
mortar mixtures were investigated using scanning elec-
tron microscopy (SEM), whereby the apparatus used was 
a Hitachi S–3400N. The bulk elemental composition of the 
raw materials was analysed with energy dispersive x-ray 
(EDX) apparatus, which possessed an electron source of 
pre-centred cartridge type tungsten hairpin filament.

To determine the composition of cementitious precipi-
tates within the cured mortars, sub-samples were taken 
from CS prisms and subjected to Fourier transform infra-
red (FTIR) spectroscopy analysis. The apparatus used 
was a Thermo Scientific TM Nicolet TM iS TM 5 FTIR 
spectrometer, with a diamond attenuated total reflection 
attachment, at 1 wavenumber resolution.

Table 1   Summary of mortar designs assessed with corresponding sample mass and density information

Sample ID Residue used Percentage replacement 
of CEM-II with residue

Sample condition after 
1-day upon demoulding

Sample condition after 
7-days

Sample condition after 
28-days

Ave. mass (g) Ave. den-
sity (kg/
m3)

Ave. mass (g) Ave. den-
sity (kg/
m3)

Ave. mass (g) Ave. 
density 
(kg/m3)

Control None 0 605.79 2366 584.99 2285 576.99 2254
SBA10 SBA 10 606.50 2369 586.00 2289 578.00 2258
SBA25 SBA 25 607.57 2373 586.67 2292 578.67 2260
SBA50 SBA 50 609.70 2382 588.70 2300 580.70 2268
VA10 VA 10 609.56 2381 588.72 2301 580.72 2264
VA25 VA 25 615.21 2403 593.54 2319 585.54 2287
VA50 VA 50 624.64 2440 604.64 2362 596.64 2331

Fig. 3   Prism mortar samples after demoulding
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Results

Residue Characterisation

PSD, Microstructure, Composition and LOI

PSD curves for the sand, VA and SBA are presented in 
Fig. 4. Figure 5 shows the visual appearance of the pulver-
ised SBA and VA residue powders, along with SEM micro-
graphs that highlight their microstructure and particle mor-
phologies. SBA was a powdery residue while VA consisted 
of glass like shard particles as a result of the vitrification 
process.

Pulverisation increased sharp angular particulate content 
for VA compared with SBA, as observed in Fig. 5c and d. 
Moreover, the higher fines content of both residues resulting 
from pulverisation promoted improved sample compaction 
properties when included in mortar mixtures.

Bulk elemental composition and LOI values of the resi-
dues are shown in Table 2. It is important to note the Si, Al 
and Ca content of the residues compared with CEM-II, PFA 
and GGBS (as popular SCMs), as these elements play a fun-
damental role in pozzolanic reactions and hydration products 
formation. LOI values for both residues were < 0.3% as they 
were produced at 1200 °C, resulting in the combustion of 
all organics (including aromatics) and chlorides associated 
with original waste feedstocks; thereby leaving a high ash 
content [32]. Hence, SBA and VA possessed high pozzolanic 
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Fig. 5   Visual appearance of pulverised a VA and b SBA. SEM micrographs showing the microstructural features of pulverised c VA and d SBA. 
Note: For scale, images a and b of filter paper = 10 cm (dia)
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contents (and potentially reactivity), thereby making them 
potential SCMs.

Whilst the Al content of the SBA and VA were compa-
rable to GGBS, they were significantly lower than for PFA. 
The Si content of the VA was markedly higher than that 
for the SBA and GGBS, but significantly less than PFA. If 
the silicates present within VA were mostly amorphous, it 
could have promise as a pozzolan [35, 36] and potential for 
producing long-term high strength gains. However, the Ca 
content of both the SBA and GGBS were more than double 
that recorded for the VA. These results suggest that an addi-
tional source of alkali (e.g. CEM-II, NaOH, Na2Si2O5) may 
be required in VA-based mixtures to initiate the dissolution 
of alumino-silicate chains to form new cementitious prod-
ucts and subsequent strength gains.

pH

The pH values measured for the SBA and VA residues were 
10.7 and 8.8, respectively. These values were markedly less 
alkali compared with CEM-II, whose pH was 12.7. Whilst 
the VA did not possess a sufficiently high pH for pozzolanic 
reactions (i.e. pH ≥ 10.5, as per Davidson et al. [37]), the 

higher Ca contents measured from EDX analyses and higher 
pH for SBA compared with VA suggests that SBA has more 
similar chemistry to CEM-II. Overall, SBA has similar phys-
ico-chemical properties as GGBS, which is encouraging as 
GGBS is well known to produce high strength performances 
when added in cements, concretes and mortars.

TGA​

Thermal degradation and stability curves for SBA and VA 
are shown in Fig. 6. The heat flow observed for both sam-
ples was largely consistent, albeit the maximum heat flow at 
1000 °C for VA was slightly higher (841 Wm−2) compared 
with SBA (715 Wm−2). The weight losses observed between 
550 °C and 650 °C were due to the pyrolysis of soot in both 
residues; whereby VA and SBA showed maximum weight 
losses of 0.11% and 0.31%, respectively.

Whilst the general trend in weight loss with increas-
ing temperature was similar for both VA and SBA up to 
600 °C, they exhibited different behaviour for tempera-
tures > 600 °C. The weight loss measured for VA progres-
sively decreased towards a minimum of −0.17% at 1000 °C, 
whereas the weight loss measured for SBA further increased 

Table 2   Summary of LOI values and bulk elemental composition for pulverised SBA and VA residues compared with CEM-II and traditionally 
used SCMs

GGBS data courtesy of Gonzalez et al. [33]; PFA data courtesy of Mahima Kumar et al. [34]

Material LOI
(%)

O (%) Mg (%) Al (%) Si (%) P (%) S (%) K (%) Ca (%) Na (%) Ti (%) Cr (%) Fe (%) Zn (%)

SBA 0.24 42.8 1.2 4.9 16.9 0.6 0.2 0.4 25.8 – 1.3 0.18 3.8 1.9
VA 0.26 48.9 2.1 4.2 21.6 0.7 0.1 1.4 12.8 – 1.0 0.20 5.2 1.9
CEM–II – 51.0 0.6 1.1 4.9 – – 0.6 40.0 – – 1.82 –
PFA 1.2 – – 25.0 72.0 – – 1.2 0.7 3.0 –  < 0.1 3.5  < 0.1
GGBS 1.0 31.8 3.0 4.2 12.9 – 0.7 0.6 29.9 – – 0.3 –

Fig. 6   TGA results for the 
pulverised residues: a VA and 
b SBA
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up to ~ 717 °C before decreasing towards 0.17% at 1000 °C. 
Overall, such weight losses in both residues were considered 
negligible due to the operating temperature (1200 °C) used 
in the incinerator.

Pozzolanic Activity

Saturated lime Method  The pozzolanic activity of the resi-
dues are reported as % CaO removed per gram of test poz-
zolan after intervals of 1-, 3-, 7- and 28-days, as presented in 
Fig. 7. Results for MK and control experiments performed 
by Donatello et al. [30] are also reported to corroborate the 
results obtained in this study for equivalent samples. The 
pozzolanic activity of VA and SBA increased from 1- to 
28-days.

However, the rate at which CaO was removed from the 
residues differed; whereby SBA exhibited a near-constant 
linear increase over the 28-days. Contrastingly, the VA’s 

rate of CaO removal exhibited near-logarithmic behav-
iour — showing significant retardation between 7- and 
28-days. After 28 days, SBA achieved a higher degree of 
CaO removal (55%) than VA (51%).

Frattini Test  Frattini testing results are reported in Fig. 8 as 
millimoles of CaO vs OH− ions in solution after 8-days cur-
ing at 40 °C. The saturated lime curve is also presented for 
enabling comparisons. As anticipated, the result for the con-
trol sample comprising 100% CEM-II plots on the saturated 
lime curve. Contrastingly, data points for VA, SBA and MK 
plot below the curve, indicating removal of Ca2+ from the 
solutions and a reflection of their pozzolanic activity. Based 
on the relative position of the data points for MK, VA and 
SBA with respect to the saturated lime curve, MK possessed 
the highest level of pozzolanic activity, followed by VA and 
SBA respectively.

For an equivalent curing period of 7- to 8-days, the results 
obtained from the saturated lime and Frattini testing meth-
ods are consistent — indicating that VA possessed higher 
levels of pozzolanic activity during the early stages of cur-
ing. However, at the end of the 28-day testing period for the 
saturated lime method, the long-term pozzolanic activity of 
the SBA was superior. This suggests that mortar mixtures 
containing SBA will more likely achieve higher engineering 
strengths.

Compressive Strength (CS)

The compressive stress vs axial strain behaviour for con-
trol mortar samples after 7- and 28-days curing is shown in 
Fig. 9. Longer curing time resulted in higher strength devel-
opment in samples. In general, the mechanical behaviour of 
samples was characterised by near-linear elasticity at small 
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strains before yielding and reaching their peak compressive 
stress, when they experienced a brittle failure. Post-peak 
stress, samples generally exhibited rapid softening behaviour 
before ultimately approaching residual strength.

Stage 1

The mechanical strength behaviour of mortar samples con-
taining 10, 25 and 50% VA by weight of CEM-II after 7-days 
and 28-days curing are shown in Fig. 10. 7-day samples 
containing 10% and 50% VA exhibited more ductile behav-
iour post-peak stress. Whereas samples containing 25% VA 
achieved the highest 7- and 28-day CS and exhibited more 
brittle behaviour upon failure.

The compressive stress–axial strain response of mortar 
samples containing 10, 25 and 50% CEM-II replacement 
with SBA after 7- and 28-days curing are presented in 
Fig. 11. For both curing periods, 10% replacement of CEM-
II with SBA generally resulted in a ductile response after 
peak stress. Using higher levels of CEM-II replacement of 
25% and 50% SBA resulted in more elastic brittle failures. 
However, using 10% SBA produced the highest 28-day CS 
values; whereby increasing SBA content towards 50% had 
detrimental effects on strength development.

The CS results and maximum Youngs Modulus (Emax) 
measurements for the control, VA and SBA-based mortar 
mixes after 7- and 28-days curing are presented in Figs. 12 
and 13, respectively. CS and Emax generally increased over 
the 28-day period for all mixes regardless of the residue 
dosage. The 28-day CS and Emax values for control sam-
ples were 14.64 MPa and 2.06 GPa respectively. 28-day 
CS values for mortars comprising 25% VA (13.74 MPa) 
were similar to those measured for the control mortar. Fur-
thermore, 28-day Emax values measured for control, 10% 
SBA and 25% VA mortars were relatively consistent, rang-
ing between 2.03 and 2.20 GPa. However, using 50% VA 
or SBA had a detrimental effect on the 7- and 28-day CS 

and Emax values, which were markedly lower than those 
recorded for mixtures containing 10% VA or SBA.

Based on the CS results and Emax measurements 
obtained, and this study’s objective to replace as much 
CEM-II as possible in the mortar mixtures, mortars con-
taining 25% replacement with VA and SBA were selected 
for further investigation. Additional (equivalent) samples 
were prepared with 2% additional water to assess whether 
this would promote further hydration and strength gains 
within the mortars.

Stage 2

Figure  14 presents the 7- and 28-day compressive 
stress–axial strain response for the 25% SBA and VA 
mortar mixes with an additional 2% of water. All samples 
exhibited brittle failure, with the exception of the 7-day 
VA25 sample.

The CS results and Emax measurements for the control 
and the 25% replacement VA and SBA-based mortar mixes 
after 7- and 28-days curing are presented in Figs. 15 and 
16, respectively.

As evident in Figs. 12 and 15, the addition of 2% extra 
water had opposite effects on the 7- and 28-day strengths 
recorded for the VA25 and SBA25 mixtures; whereby the 
former experienced weakening and the latter experienced 
strengthening. Hence, the addition of 2% water was suc-
cessful in promoting hydration reactions and strength 
gains in the 25% SBA-based mortar mixtures. This high-
lights the potential of adding more water in the SBA10 
mixture to produce higher strength gains. Contrastingly, 
the additional water in the VA25 mixtures will have likely 
diluted the (already lower) pH of the mortar mixture com-
pared with the control and SBA25 mixtures — thereby 
compromising pozzolanic activity and long-term strength 
development.

Fig. 9   Stress vs strain curves for 
control mortar mixes after cur-
ing for a 7-days and b 28-days
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Microstructure and Mineralogy

Microstructure Imaging

The microstructure of the control CEM-II mortars is shown 
in Fig. 17; whereby in images (a) and (b), the material 

possessed a densely compacted and well cemented micro-
structure. Occasional open pores were also present, with 
some evidence of interconnectivity. Furthermore, tabular 
hexagonal particles were observed throughout the mate-
rial (Fig. 17c)—notably infilling open pores and adher-
ing to the global exterior surface of the mortar. These 

Fig. 10   Mechanical behaviour 
of VA-based mortar mixes: 10% 
replacement at a 7-days and b 
28-days; 25% replacement at 
c 7-days and d 28-days; 50% 
replacement at e 7-days and f 
28-days
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hexagonal particles were identified as calcium carbonate/
hydroxide (CH) phases. Radiating needle-like growths can 
be observed in Fig. 17b and d to be infilling void spaces 
between sand and CEM-II clinker particles. These growths 
were AFt (Ettringite) phases.

Presented in Fig. 18 are SEM micrographs for 28-day 
cured mortars containing 10, 25 and 50% replacement of 
CEM-II with VA and SBA. In general, the range of parti-
cle sizes and shapes present within mortars containing 50% 
replacement with VA and SBA was more diverse compared 

Fig. 11   Mechanical behaviour 
of SBA-based mortar mixes: 
10% replacement at a 7-days 
and b 28-days; 25% replace-
ment at c 7-days and d 28-days; 
50% replacement at e 7-days 
and f 28-days
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with control, 10% and 25% replaced mortars. AFt needle-
like growths could be seen in both VA and SBA-based 
mortars, infilling void spaces observed in Fig. 18a, b and e. 
However, the dimensions of the Aft phases appeared to be 
smaller and less well established compared with observa-
tions made for CEM-II control mortars. Hexagonal tabular 
carbonate minerals were abundant (Fig. 18b), associated 
with the CEM-II content of the mortar mixtures. However, 
features which were absent in the control mortar but present 
in the VA25 mortar specimen were small cubic-like parti-
cles (as seen in Fig. 15c). Based on observations made by 
Liu et al. [38] on similar materials, these were likely to be 
partially carbonated calcium-rich crystals.

For VA based mixtures (Fig. 18 a, c and e) the amount 
of granular material present within pores and on particle 
exterior surfaces (i.e. sand and CEM-II) increased with VA 
dosage. Furthermore, the levels of cementation and compac-
tion present within the samples were at their optimum for the 
25% CEM-II replacement mixtures. Increasing VA dosage 
from 25 to 50% had a significant effect on strength devel-
opment, whereby it effectively introduced more unreactive 
filler material and reduced the cementitious binder content, 
as reflected in the CS data presented in Fig. 12.

Based on global observations for SBA-based mortars 
in Figs. 18b, d and f, increasing the SBA content from 10 
to 50% had the effect of reducing the levels of cementa-
tion and particle packing, thereby increasing the number of 

interconnected pore spaces. As a consequence, increasing 
SBA replacement dosages reduced CS values, which cor-
roborates the CS data presented in Fig. 12.

Mineralogy

XRD spectra for the raw VA and SBA residues are presented 
in Fig. 19. These serve as a baseline for spectra produced 
for the 28-day cured VA and SBA-based mortars (Fig. 20). 
The spectra for VA is relatively simple; whereby it is chiefly 
characterised by a ‘broad hump’ feature over the 2θ range 
of 24°–36°, indicating the presence of amorphous silicates. 
Furthermore, a peak is indicated to be present at 2θ = 27°, 
which indicates the presence of Phillipsite — an aluminosili-
cate mineral (bound to metal ions, Na, K and Ca). Contrast-
ingly, the XRD spectra for SBA is more complex; whereby 
Gehelenite, Akermanite, Wollostanite, Plagioclase and Phil-
lipsite were the principal mineral phases identified. Gehel-
enite (Ca /Al silicates) and Akermanite (Ca/Mg silicates) 
are melilite minerals of the sorosilicate group, whereas Wol-
lastonite (CaSiO3) is an industrial mineral.

Since the XRD spectra for the pulverised VA and SBA 
were dominated by peaks corresponding to quartz, XRD 
analyses for CEM-II-SBA and CEM-II-VA mortars were 
undertaken in the absence of sand, to provide better insights 
into the mineralogical phases present (Fig. 20). XRD spec-
tra produced for 28-day cured control, VA and SBA-based 
mortar mixtures, at 10%, 25% and 50% replacement are 
presented in Fig. 20. The main mineral phases that were 
commonly present within all samples were Calcite (CaCO3) 
originally present in cement, Portlandite (Ca(OH)2) and 
calcium silicate phases produced after hydration, Alite (3 
CaO.SiO2) (C3S), which forms large euhedral pseudo-hex-
agonal crystals and makes up the dominant part of Port-
land cement and Belite silicate (2CaO.SiO2) (C2S), which 
originates from Portland cement clinkers. One of the key 
differences between spectra for VA and SBA samples was 
the presence of a peak at 2θ = 31° within SBA mixtures, 
which corresponds to Ca /Al and Ca/Mg silicates present in 
the SBA residues (Fig. 19).The amorphous content of the 
cured mortar mixtures was negligible, given the absence of 
the ‘amorphous hump’ [39].

Microstructural Bonding Characterisation

To confirm the nature of cementitious products that formed 
within the matrices of the controlled, VA and SBA-based 
mortars as a result of hydration and pozzolanic reactions, 
FTIR analyses were undertaken. Presented in Fig. 21 are 
transmittance spectra for CEM-II (C), CEM-II + sand (CS), 
CEM-II + sand + water (CSW) and 28-day water cured 
CEM-II + sand + water mix (cured CSW), which serve as 

Summary of 7-day and 28-day CS performances for control, VA and 
SBA-based mortar mixtures
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reference spectra to reflect the evolution of mortars over 
28-days.

Table  3 summarises the peaks corresponding to 
CO3

2− anion of CaCO3, which formed through the car-
bonation of CaO in CEM-II. These peaks were mostly 
visible within the C and CSW mixes, whereby curing 
with hydration suppressed these peaks for the cured 

mixture (cured CSW) spectrum. The broad peak within 
the 3200–3550 cm−1 range is indicative of intermolecular 
hydrogen bonds. The band for cured mix (cured CSW) 
shows new resolved peaks in this region compared with 
the fresh mortar mix (CSW), which reflects changes to 
the nature of hydroxyl groups after curing. Furthermore, 
this indicates the formation of novel hydrogen bonds and 

Fig. 14   Mechanical behaviour 
of VA-based mortar mixes: 
25% replacement + 2% extra 
water at a 7-days and b 28-days; 
SBA-based mortar mixes 25% 
replacement + 2% extra water at 
c 7-days and d 28-days
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changes in chemistry after hydration in the cement mortar, 
with the peak assignments listed in Table 3.

The new band of peaks present in the range of 
1000–1250  cm−1 for the CSW and cured CSW spectra 
are indicative of calcium silicate hydrates (C–S–H) dur-
ing cement hydration [33]. The observation of needle-
like growths in the SEM micrographs of control mortars 
(Fig. 17d) are confirmed by characteristic FTIR peak at 
1114 cm−1 for S–O bond (in sulphates) as ettringite.

FTIR spectra scanned in 450–4000 cm−1 wavenumber 
range for the raw VA and SBA residues are shown in Fig. 22. 
The peak at approximately 962 cm−1 in VA could be attrib-
uted to an asymmetric vibration of Si–OH (950 cm−1) [44]. 
Furthermore, based on observations made by Beganskiene 
et al. [45], the band present in the range 800–1260 cm−1 for 
both VA and SBA spectra is likely to be a superimposition 
of different SiO2 peaks.

The FTIR spectra for the 28-day pastes (without sand) 
containing 10, 25 and 50% replacement of CEM-II with VA 
and SBA are shown in Fig. 23. A diminished transmittance 
peak at 1406 cm−1 (corresponding to asymmetric stretching 

of the CO3
2− anion) was observed, compared with the peak 

observed at 1000 cm−1 (associated with the peak for asym-
metric stretching mode of Si–O–Si), due to the addition of 
the VA and SBA residues. This may be due to Ca(OH)2 
consumption by the residues, which fuelled the reaction of 
CaCO3 to Ca(OH)2 conversion to form cement hydration 
products. No spectral changes were observed upon the add-
ing 2% extra water to 25% SBA and VA mixtures as the bond 
chemistry was not affected.

Discussion

Reheating VA during LOI testing resulted in the formation 
of fused particulate and a glassy microstructure, thereby 
increasing the Si content to 22%. Unlike VA, a slight mass 
gain was observed for SBA at temperatures > 600 °C dur-
ing TGA testing. This demonstrates the inability of VA to 
oxidise compared with SBA. Whilst LOI values of < 0.3% 
indicate high inorganic contents for both residues, SBA 
was slightly more alkali compared with VA, which could 

Fig. 17   SEM micrographs showing the microstructural characteris-
tics of control CEM-II mortars cured for 28-days: a CH and ettringite 
phases within pore, b densely compacted and well-cemented struc-

ture, c CH and ettringite adhered to a sand particle, d extensive ettrin-
gite growth within a pore
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be attributed to VA’s reduced ability to hydrate due to its 
vitrified structure.

Whilst the pozzolanic activity of SBA and VA were not 
too dissimilar, with CaO removals of 55% and 51% respec-
tively; mortars containing SBA produced higher mechanical 
strengths when using lower levels (10%) of CEM-II replace-
ment in contrast with VA-based mixtures. Increasing resi-
due content towards 25% replacement resulted in strength 
reductions for SBA-based mortar mixtures, and strength 

enhancement for VA-based mixes. Hence, the mechanisms 
through which VA and SBA-based mortars developed 
strength were different; whereby VA particles acted as: 
1) an additional source of silica for forming new cementi-
tious products and 2) an aggregate providing a ‘micro-filler 
effect’. This corroborates findings by Goldman and Bentur 
[6] in that the micro-filler effect is the primary strengthening 
mechanism in concretes and mortars. However, increasing 
residue content to 50% CEM-II replacement (regardless of it 

Fig. 18   Microstructure of 28-day cured CEM-II mortars replaced with 10% a VA, b SBA; 25%, c VA, d SBA; and 50% (e) VA and f SBA
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being VA or SBA) resulted in lower strengths compared with 
using 10% replacement and control mortars. VA50 samples 
produced markedly lower 7- and 28-day CS compared with 
SBA50 samples. At these higher levels of replacement, the 
strengths recorded were more influenced by the residue reac-
tivity rather than micro-filler effects.

The 28-day CS values achieved by VA and SBA mor-
tar designs were consistently lower (by 21—76%) than 
the control mortar, which achieved CS of 17.06 MPa after 
28-days. These results are considered low for CEM-II based 
mortars. This can be attributed to the CS testing method 
adopted, whereby tests were performed using strain rate 
control rather than load rate control. Whilst this was very 
helpful in providing detailed insights into the stress–strain 
response (including creep) and failure mechanisms for the 
VA and SBA mortars, the CS results are considered to be 
moderately conservative and would be higher if cubic sam-
ples were tested using load rate control.

Additional strength gains observed in 25% SBA sam-
ples containing an extra 2% water suggests that the water 
absorption and retention behaviour of SBA would promote 
hydration reactions with curing beyond 28-days. A similar 
observation was made by Dixit et al. [46] for CEM-I-based 
mortars containing biochar as a replacement agent.

The original organic and chloride contents of the MSW 
feedstock (potentially representing sources of pollution) did 
not impact strength development of mortars, due to their 

combustion during MSW incineration [32]. However, the 
VA and SBA residues contained relatively low concentra-
tions of heavy metals including Cr, Zn and Fe. Whilst the 
concentrations of Cr and Zn were not of concern in terms 
of environmental pollution or interference with strength 
development, the Fe content may have played a role in the 
cementitious reactions. The role of Fe in strength develop-
ment of cementitious materials is unclear. Evidence reported 
by Lemougna et al. [47] indicates that Fe retards strength 
development (due to its higher reactivity compared with 
Si and Al). Conversely, Ngintedem et al. [48] determined 
that increasing Fe content of binders up to 20% can produce 
higher strength gains. Since the Fe contents of SBA and 
VA were markedly higher than CEM-II, PFA and GGBS 
(as reported in Table 2), it is hypothesised that Fe had a 
detrimental role in CS performance — particularly for SBA 
based mortars as it has been demonstrated that SBA is more 
reactive than VA as an SCM.

Conclusions and Recommendations

This study investigated the mechanical behaviour, physico-
chemical (pozzolanic) properties, mineralogy and micro-
structure for a new set of circular economy-friendly cemen-
titious mortars, which valorise thermally treated MSW as 
an SCM (rather than aggregate as previously investigated 

VA 

SBA 

Fig. 19   XRD patterns for the pulverised VA and SBA residues
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Fig. 20   XRD spectra for a VA, b SBA based paste mixes without sand after 28-days curing
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by researchers). The following concluding remarks can be 
drawn from the experimental results presented in this study:

•	 MSW feedstocks treated at high temperatures (~ 1200 °C) 
with high inorganic contents ~ 99% may be used as SCMs 
in composite mortars at replacement dosages up to 50%. 
However, the optimum dosage is dependent on the phys-

ico-chemical characteristics of the incinerated MSW 
residues.

•	 SBA and VA were successfully used to replace CEM-II at 
dosages of 10 and 25% respectively without compromis-
ing the mechanical strength of the mortar. The use of 2% 
additional water in mortar designs containing 25% SBA 
improved strength performance, indicating that SBA’s 
water retention properties permitted the precipitation of 
more hydration products and strength gains with curing.

•	 Using higher levels (50%) of CEM-II replacement 
with VA or SBA resulted in strength reductions, albeit 
strengths were higher when using 50% SBA over 50% 
VA. Overall, SBA had more prospects as an SCM for 
CEM-II compared with VA. Whilst VA and SBA exhib-
ited comparable levels of pozzolanic activity, the slightly 
higher pH of SBA makes it more attractive over VA. 
Therefore, the pH of an MSW residue can provide initial 
insights into the solubility of metal ions and the reactivity 
of the material.

•	 Neutral pH values measured for VA were related to its 
vitrified form and high siliceous content. Additional 
water in the mortar mixtures increased strength gains in 
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Fig. 21   FTIR spectra for CEM-II, sand and water constituents, and 
once mixed and cured for 28-days

Table 3   Peak assignments for FTIR spectra

IR absorption band (cm−1) Assignment Reference peak position 
(cm−1) [reference]

874; 852 (ν2) out of plane bend/deformation of CO3
2− anion 876; 849 [40]

712 (ν4) in plane bend/deformation of CO3
2− anion 714 [40]

1415 (ν3) asymmetric stretching of CO3
2− anion 1458 [40]

1410 [41]
1793; 2511 Overtones of 874 cm−1 peak for out of plane bend/deformation of CO3

2− anion 1794; 2500–2980 [40]
3618 Stretching vibration of internal OH− groups for Al–O–H in aluminosilicates 3618 [42]
3641 Out-of-plane stretching vibrations of internal OH− associated with unreacted 

Ca(OH)2

3641 [40]

3694 Internal surface-free O–H stretching for Al–O–H (in-phase symmetric stretching) in 
aluminosilicates

3694 [42, 43]

514 Si–O vibrations in clinker phase Ca2SiO4 (C2S)
Si–O (unassigned fundamentals) vibrations in clinker phase C2S
Fe–O (unassigned fundamentals) vibrations in clinker phase C4AF
Al–O (unassigned fundamentals) vibrations in clinker phase C3A

518 [41]
509 [40]
500–700 region [40]
506 [40]

524 Si–O (unassigned fundamentals) vibrations in clinker phase C3S 520 [40]
522 [41]

657; 598 ν4 of Syngenite (sulphates) (bands for sulphates generally appear 50 cm−1 apart) 604; 658 [38]
1644 (ν2) H–O–H bending in water 1600–1700 [44]
776 and 795 double band Si–O–Si symmetric stretching vibrations 778 and 792 double band [38]
910 Al–O–H stretching

Si–O asymmetric stretching mode of Si–O–Si
909 [42]
911 [41]

939 Si–O (unassigned fundamentals) vibrations in clinker phase Ca3SiO5 (C3S) 935 [40]
938 [41]

1000 Asymmetric stretching mode of Si–O–Si 1005 [42]
1001 [41]

1029 Asymmetric stretching mode of Si–O–Si 1029 [42]
1114 S–O stretching in sulphates in Ettringite Ca6Al2(SO4)3(OH)12/26H2O 1115 [41]
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SBA based mortars but not in VA based mortars. This 
indicated that VA served as a filler in the mortar whilst 
SBA acted as a reactive binder. Furthermore, since mor-
tars containing 25% VA achieved higher strengths com-
pared with 25% SBA, this indicates that at an equivalent 
dosage, the VA’s micro-filler effect was more significant 
in promoting strength development over SBA’s level of 
cementitious reactivity.

•	 FTIR analyses indicated that both VA and SBA-
based mortars experienced depletions in CaCO3 with 

increased residue dosage, indicating consumption 
of the Ca(OH)2 by the residues to form new silicate 
hydrates. Of the CEM-II replacement dosages consid-
ered, 25% was the optimum for achieving the highest 
strengths. This suggests that there are further mecha-
nisms affecting strength gain in addition to pozzolanic 
activity of SCMs.

There are numerous recommendations for performing 
future works to expand upon the findings of this study. Fur-
ther long-term compressive strength, flexural strength, dura-
bility and leachate testing of the mortars will be required, 
whereby SBA will be used as an SCM and VA as a supple-
mentary or replacement sand aggregate. Bound water meas-
urements are understood to correlate well with mechanical 
strength in cementitious mixtures [49], and therefore war-
rants investigation to determine pozzolanic activity of SBA 
in future studies. Moreover, the water retention capacity of 
SBA as an SCM also requires investigation to quantify the 
amount of physically bound water that can participate in 
hydration and pozzolanic reactions during wet and air cur-
ing. Finally, an environmental assessment (e.g. life cycle 
analysis, involving a cradle-to-cradle approach) of the hybrid 
CEM-II + SBA / VA mortars is necessary to confirm that 
the use of these waste materials in mortars aligns with gov-
ernmental and industrial net zero carbon emission agendas.
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