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ARTICLE INFO ABSTRACT

Keywords: The manuscript provides long-term microstructural study on as-collected wood biomass ash
WOOd ash (WBA) from a pulverised fuel combustor. Analytical methods, including isothermal calorimetry,
Biomass ash X-ray powder diffraction, thermogravimetric analysis, and mercury intrusion porosimetry, were
R‘Jiammy used to assess reaction kinetics, phase development, and porosity. Results show that WBA in-
Microstructure . . . .

scM creases water demand due to its irregular particle morphology and high content of unburnt

carbon and carbonates, causing a dilution effect that delays hydration reactions and extends the
induction period. Microstructural analysis revealed significant changes in porosity, with an in-
crease in pores between 0.01-0.05 pm during early hydration. As a result, early mechanical
strength is reduced. Over time, the pozzolanic activity and carbonation of WBA enhance
compressive strength, improving long-term performance. The study highlights the potential of
WBA as a sustainable cement substitute and emphasises the need for further research to optimise
its integration into concrete applications and assess its durability in various environments.

Blended cements

1. Introduction

The use of supplementary cementitious materials (SCMs) in the cement and concrete industry is the most practical and economical
method for reducing CO, emissions and conserving natural resources, both of which have a positive impact on the environment [1].
The utilization of various wastes or by-products from other industrial streams, such as slag, coal fly ash, and others, is widely used in
the cement and concrete industry, where circularity and material efficiency of these secondary raw materials are integrated and firmly
established through industrial symbioses [2]. Each SCM in a concrete mixture influences the formation of hydration products: a hy-
draulic material sets and hardens under water, while pozzolans need calcium hydroxide (portlandite, Ca(OH)») and water to produce
hydrates. Pozzolanic and hydraulic reactivity and the type and properties of the phases formed during these reactions are parameters
that need to be evaluated when cement is replaced by a novel SCM. Changes in hydration products are followed by changes in pore
structure [3,4], consequently leading to changes in durability and mechanical properties. Understanding microstructural development
in the blended system is important to optimize the use and the replacement levels of SCMs [5].

In recent years, research on the application of wood biomass ash (WBA) as SCM in the construction sector has intensified [6-17].
WBA exhibit varying characteristics and properties when used as a partial cement replacement [18,19]. In a number of studies, the
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effects of WBA on cementitious composites are attributed to the pozzolanic properties [20-23], while in other studies to the hydraulic
properties [20,24-26] and/or a lack of pozzolanic properties [12]. Where detected, pozzolanic activity of WBA is attributed to the high
content of silicon, iron oxides, aluminium, or amorphous silica [21,22]. On the other side, when the lack of pozzolanic activity was
detected, it was explained by the limited silicon content [11,12]. In certain studies, hydraulic activity of WBA was observed, noting its
ability to react directly with water and form cementitious phases without activation [24,27]. Variations in the effect of WBA on the
properties of cement composites observed in the literature are mostly due to differences in the type of biomass, combustion technology
and temperature used in the plant, location of WBA collection, and storage of WBA [18]. In most of the studies investigating the effect
of cement replacement with WBA, regardless of the source and combustion technology used to obtain WBA, replacing 5-10% of cement
with WBA did not significantly affect the workability of cementitious materials and did not have negative influence on mechanical
properties [8,28,29]. Results show that with a higher proportion of WBA used as SCM, a reduction in compressive strength can be
expected [8,10,30,31]. WBA addition enhances durability properties more significantly than mechanical properties. This improvement
is attributed to their pore-filling effect, which leads to the densification of the cementitious microstructure [28].

Previous studies on the microstructure of Portland cement with WBA from grate combustion showed an increased amount of bound
water, ettringite, and calcite, and a decreased amount of portlandite in all pastes with WBA compared to the Portland cement reference
[24]. During early-age hydration, when WBA from grate combustion is used, a large amount of portlandite can be expected due to
higher levels of reactive CaO. However, after some time, portlandite is consumed as a result of the activated pozzolanic reaction [20,
32]. The incorporation of WBA reduces the mean pore size, with a more pronounced effect at higher replacement ratios compared to
the reference mixture [33]. Hydration kinetics decrease with increasing cement replacement levels due to lower reactivity [32,33].
While WBA obtained from grate combustion is to certain extent researched, there is limited understanding and consensus of the
long-term changes in kinetics and microstructural development of cement composites when WBA from pulverised fuel combustion
replaces part of the Portland cement. Pulverised fuel combustor technology involves milling of biomass to fractions smaller than 1 mm
and feeding those fractions into the combustion zone through special burners as dispersed fuel particles. This process differs from grate
or fluidized bed combustion [34,35], leading to significant differences in chemistry and microstructure of obtained WBA. Chemical
and microstructural changes of WBA from pulverised fuel combustion, compared to WBA from grate combustion, are important
because they can modify the microstructure and change the long-term properties of cementitious composites [27].

The manuscript provides a long-term (1-year), multi-technique microstructural study on as-collected WBA from a pulverised fuel
combustor, a system distinct from the more commonly studied fluidized bed and grate combustion. To understand the long-term effect
of this specific WBA on the microstructure of cement composite, cement pastes and mortar with 15 wt% cement replaced by WBA were
prepared and systematically analysed over the long term (up to 1 year), using various analytical techniques such as isothermal
calorimetry, X-ray powder diffraction (XRD), thermogravimetric analysis, and mercury intrusion porosimetry. The results of the
analytical techniques were used to reveal the dominant early-age and long-term effects of WBA from pulverised fuel combustors on the
properties of cementitious composites.

2. Materials and methods
2.1. Characterization of raw materials

WBA was collected from a power plant using pulverized fuel combustor technology and was subsequently characterized. The

Table 1
Chemical analysis and physical characteristics of WBA and OPC (wt%).

Chemical analysis (wt%)

WBA OPC
Ca0 51.90 59.80
SiO, 9.28 21.88
Al,03 2.28 4.94
SO3 3.58 3.33
Fe,03 1.47 3.15
MgO 3.75 2.01
K20 9.20 1.25
Na,O 0.55 0.85
TiOy 0.15 0.23
P»0s 1.84 0.22
NazOeq 6.60 1.67
Si0,+Al,03+Fe,03 13.03 29.97
Free CaO 13.50 2.50
Free MgO 3.80 0.75
LOI (950 °C) 13.80 3.60
pH 13.25 12.86
Density (g/cm®) 2.59 3.10
Bulk density (g/cm?) 0.38 n/a
dso (pm) 43.30 9.60
% passing 21.23 pm sieve 14.50 70.40
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chemical composition of the WBA was analyzed according to EN ISO 16967 [36]. pH values were determined following EN 12176 [37]
The European Committee for Standardization, Charact. Sludge — Determ. pH-Value (EN 12176 1998.The European Committee for
Standardization. Characterization of sludge — Determination of pH-value (EN 12176:1998) 1998.[37], and the loss on ignition (LOI)
was measured according to ASTM D7348-13 [38]. Density was determined using the Le Chatelier flask method in accordance with
ASTM C188 [39]. Free CaO content was evaluated according to EN 451-1 [40]. The morphology of the WBA samples was examined
using scanning electron microscopy (SEM) with a FE MIRA II LMU instrument, operated in high vacuum mode at a pressure of
(30-50)x 1072 Pa and an accelerating voltage of 10 kV. Before imaging, the samples were sputter-coated with a thin layer of gold/-
palladium (Au/Pd) in argon (Ar) plasma. The particle size was analysed using a Sympatec HELOS/BF-MAGIC laser diffraction analyser.
Samples were dispersed in an air stream at a pressure of 0.2 MPa, and the results were interpreted using the Fraunhofer approximation.

X-ray powder diffraction analysis was performed on a PANalytical Empyrean X-ray diffractometer equipped with CuKa radiation
with A = 1.54 A at 45 kV and a current of 40 mA. Powder samples were back-loaded into a circular sample holder (diameter 27 mm) to
avoid the preferred orientation effects. Samples were measured in a range of 5-100 ° 20 with a step size of 0.026 °260 using a 1°
divergence slit and a 15 mm mask. The external standard NIST 676a (alumina powder Al,O3) was used to determine the amount of
amorphous phase. PANalytical's X'Pert High Score Plus v. 4.9 diffraction software was used to analyse the diffraction patterns and
refinements with the Rietveld method, using structures for the phases from the ICDD PDF 4 + 2020 RDB powder diffraction files and
publication references.

WBA is generated in a power plant using pulverised fuel combustor technology, where mainly beech, oak, hornbeam, and mixed
wood are burned at an average temperature of 700-750 °C. The chemical and physical properties of WBA and ordinary Portland
cement (OPC), CEM I 42.5 R as well as their particle size distribution, morphology, and phase composition, are presented in Table 1,
Table 2, and Fig. 1. WBA exhibited significantly higher values of sodium oxide equivalent (Na-Oeq), free calcium oxide (free CaO), and
loss on ignition (LOI) compared to OPC. Specifically, the Na:Oeq content in WBA was 6.60%, while in OPC it was 1.67%. The free CaO
content in WBA reached 13.50%, whereas OPC contained only 2.50%. Similarly, the LOI measured at 950 °C was 13.80% for WBA and
3.60% for OPC.

The mineralogical composition of WBA differs significantly from that of OPC, with a prevalence of non-clinker phases. In WBA,
calcite (33.7%) and portlandite (26.6%) are predominant, along with a notable amount of amorphous phase (22.3%), indicating the
presence of carbonate and hydrated products and suggesting potential reactivity. p-Belite (6.4%), arcanite (K=SOs, 5.7%), quartz, and
periclase are also present, while the content of free (unbound) lime is low (0.4%). In contrast, OPC contains a high proportion of clinker
phases, with alite (59.8%), p-belite (8.5%), ferrite (8.2%), and aluminate (4.3%), which accounts to its hydraulic reactivity. The
amorphous phase in OPC is only 8.3%, considerably lower than in WBA. Calcite (7.4%) and periclase (0.4%) are present in smaller
amounts, while trace amounts of anhydrite and gypsum play a role in setting regulation.

SEM micrographs of WBA reveal irregular particle morphology and heterogeneous surface texture. Particle size distribution data
show that WBA has a significantly coarser grain structure than OPC. The irregular shape and coarser texture of WBA may reduce
packing efficiency and increase water demand, influencing workability and potentially reactivity.

2.2. Cement paste and mortar sample preparation

Analyses were performed on cement pastes and mortars. The reference cement paste and mortar were designated as PO and MO,
respectively, while samples with 15% cement replaced by WBA were designated as P1 (cement paste) and M1 (mortar).

Microstructural analysis was performed on two cement pastes (PO and P1), both prepared in accordance with EN 196-3 [41]. The
reference paste (PO) was made using 500 g of CEM I 42.5 R and 125 g of water, corresponding to the standard consistency. For paste
P1, where WBA was incorporated as a partial cement replacement, the water content was adjusted to achieve standard consistency.
Specifically, for paste P1 166 g of water per 500 g of binder was required. Paste samples with dimensions 4 x 4 x 16 cm were pre-
pared, with three specimens per mix, and their compressive strength was tested at 7, 28, and 90 days in accordance with EN 196-1
[42].

Mortar samples of the reference mix (MO) and the mix with 15% cement replaced by WBA ( M1) were used to determine
compressive strength at 7, 28, 90 and 365 days. The mortars were prepared with a mass ratio of CEN standard sand, CEM I 42.5 R and

Table 2
Phase composition of WBA and OPC as determined by X-ray powder diffraction and Rietveld analysis (wt%).

Phase composition (wt%)

WBA OPC
Calcite 33.7 Y Alite 59.8
Portlandite 26.6 p-Belite 8.5
p-Belite 6.4 Ferrite 8.2
Arcanite 5.7 Aluminate 4.3
Quartz 3.7 Gypsum 2.0
Periclase 1.2 Calcite 7.4
Lime 0.4 Dolomite 0.6
Anhydrite 0.1 Quartz 0.5
Amorphous 22.3 Periclase 0.4

Amorphous 8.3
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Fig. 1. a) Morphology of the WBA sample obtained by SEM/SE; at 800x magnification, b) Particle (volume)-size distribution of WBA and
cement samples.

water of 3:1:0.5 and a w/c 0.5 in accordance with EN 196-1 for compressive strength testing [42].

2.3. Methods

After mixing, various fresh properties of both pastes and mortars were evaluated (consistency, setting times, soundness, temper-
ature, density, air content, and flow consistency), as detailed in the previous publication [8].

The heat of hydration and cumulative heat of the reference cement paste (PO) and cement with WBA (P1) were analysed by
isothermal calorimetry using a TAM calorimeter (TA instruments), with water-binder ratio of 0.5. Approximately 20 g of each sample
was mixed ex-situ for 3 min, and 6 g of the sample was placed in a sealed vial and lowered into the calorimeter. The heat evolution of
the cement was evaluated for 7 days at 20 °C.

After casting the cement pastes, test specimens were covered with plastic sheets to prevent water evaporation and stored for up to
24 h under laboratory conditions (relative humidity about 60% and temperature of 20 °C). They were then stored in a chamber at a
relative humidity above 95% and a temperature of 20 °C until the day of testing. Cement paste samples were first used for mechanical
tests, after which smaller fragments of the sample were taken for microstructural analysis. Before microstructural analysis, the samples
were immersed in isopropanol for 24 h, vacuumed for 8 h and dried in an oven at 40 °C for 24 h to stop hydration and remove free
waster [43]. Oven drying removes free water efficiently but may also remove structural water, leading to the decomposition of
ettringite and AFm phases [44]. However mild the oven drying used in the study, there remains a risk that the chosen drying method
influenced the results of the phase assemblage obtained. This applies to each method of hydration stoppage, whether based on drying
or solvent exchange. Therefore, phase assemblage results in this study should be compared with results where hydration was stopped
using the same procedure, to ensure that changes in phase assemblage are due to WBA addition and not the hydration stoppage
procedure itself.

After hydration stoppage, fragments of the paste sample were used for MIP testing. Other fragments were ground to below
0.063 mm to obtain a fine powder for TGA and XRD analysis. After grinding and before testing, fragments and powdered samples were
sealed in plastic foil and stored in plastic containers. Even though the samples were dried and sealed in plastic foil and plastic con-
tainers, and tests were performed as soon as possible depending on equipment availability, the possibility that the powdered samples
carbonated cannot be fully excluded.

Thermogravimetric analysis (TGA) of the pastes with WBA (P1) and the reference sample (P0) was carried out using a NETZSCH
STA 409 PC/PG in an alumina crucible filled with approximately 30 mg of powder sample. The temperature measurement interval for
all samples was 25 °C to 1200 °C, with a heating rate of 10 °C/min. The sample chamber was filled with inert gas (nitrogen, flow rate:
30 mL/min) to prevent oxidation during measurement. The analysis of bound water (H) and the amount of portlandite (CH) were
calculated according to [44,45].

_ Wso — Wsoo

H
Wsoo

(€Y

where
Wso — weight at 50 °C

Wsgo — weight at 500 °C
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_ Waoo — Weno « M(Ca(OH), 2
Weoo M(H,0)

CH

where
W00 — weight at 400 °C
Weoo — weight at 600 °C

M - molecular masses of water (18 g/mol) and portlandite (74 g/mol)
X-ray powder diffraction analysis of the paste samples was performed in the same as way as for the raw materials (as described in

Chapter 2.1).
The pore size distribution of the samples was determined using an Autopore IV 9500 Micromeritics Mercury porosimeter. Sample

fragments from each mixture, with a mass ranging from 1.4 to. 2.4 g were used.

3. Results

3.1. Hydration kinetics

Fig. 2a) shows the hydration heat flow normalized to the binder content, while Fig. 2b) shows the cumulative heat over 7 days for
the reference mix (PO) and the mix with 15% WBA (P1). The addition of WBA reduced the initial heat of hydration and slightly
increased the induction time, suggesting a delayed acceleration period. Similarly, the authors [46] investigated the heat of hydration of
pastes with fly WBAs as a cement replacement and showed that the induction time increased with the addition of WBAs. The main
hydration peak occurred at approximately 10.6 h for the reference mixture and 14.6 h for the sample with WBA. Comparison of the
cumulative heat flow of the reference mixture and the sample with 15% WBA shows the influence of WBA on the heat of hydration: the
cumulative heat flow at 7 days for the paste with 15 wt% WBA is almost equal to that of the reference mixture (Table 3). Cement
replacement in paste P1 with WBA slightly delays early hydration (lower value in the first 24 h), but the differences decrease over time.
Therefore, it can be concluded that the addition of WBA did not negatively influence the heat of hydration. On the contrary, despite
significant substitution of cement by WBA, the heat of hydration remained similar, indicating reactivity of WBA.

3.2. Evolution of the mechanical properties

Fig. 3 shows the compressive strength values and standard deviation (presented as error bars) of the mortars and pastes at different
ages, indicating that the mixtures with WBA (M1 and P1) have lower compressive strength than the reference mixtures (MO and P0) at
all test periods. The greatest decrease in compressive strength is observed at early ages in the WBA cement samples, which is consistent
with previous studies [10]. The compressive strength at 7 days for cement paste (P1) and mortar (M1) was 21% and 25% lower than
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Fig. 2. a) Hydration heat flow of the reference mix (PO) and the mix with WBA (P1), normalised per mass of the binder; b) Cumulative heat of
hydration of the reference mix (PO) and the mix with WBA (P1), normalised per mass of the binder.



L Carevic et al. Case Studies in Construction Materials 25 (2026) e06244

Table 3
Cumulative heat of hydration of cement pastes PO and P1 at different time periods, normalised per mass of
the binder (J/g binder).

Time
Mixture 24h 72h 186 h
PO 94.6 161.3 195.1
P1 87.9 165.1 193.3

the reference mixes PO and MO, respectively, which exceeds the percentage of cement replaced by WBA. At 28 and 90 days of hy-
dration, the compressive strength of the M1 mix was 13% lower than the reference mix (MO0), while the values for the paste (P1) were
even lower (27% and 18%, respectively). Compressive strength did not change significantly between 90 and 365 days for mortar MO,
while it continued to increase when WBA (M1) is added. A similar trend is observed in previous literature [30], [47], [48].

3.3. Phase composition of hydration products

Fig. 4 presents the TGA and DTG curves of the reference mixture (PO) and the mixture with 15% WBA as cement replacement (P1).
Three main peaks can be identified from the TGA. The first peak occurs between 50 and 250 °C. Mass losses in the temperature range
up to around 105 °C are usually attributed to the release of adsorbed and capillary water from the sample [46]. However, there are
indications that many cement hydrates (especially C—S—H, ettringite, and monosulphate) lose some of their chemically bound water
below 105 °C [44]. Therefore, a temperature below 50 °C is attributed to absorbed water in the sample, while a temperature above 50
°C is attributed to the decomposition of hydration products. The peak between around 100 °C was attributed to C—S—H and ettringite.
According to the literature, C—S—H gel exhibits weight loss in the temperature range of approximately 50-250 °C, while ettringite
decomposes with a characteristic weight loss around 120 °C [44]. Due to the overlapping temperature ranges, it may be challenging to
clearly distinguish the thermal signals of C-S-H and ettringite, especially in complex systems [44]. In the present study, the second
peak was visible at about 450 °C. Portlandite generally decomposes between 400 and 600°C to CaO and H50 [46], [49], [50]. Finally,
the third peak was observed at about 700 °C, and this peak was attributed to the decomposition of calcite to CaO and CO; [46],
[49-51].

Based on these temperature ranges, Table 4 presents mass loss values for samples PO and P1 at different temperature intervals,
where the values represent the decomposition of the most abundant solids in the sample. According to Table 4, the first weight loss,
related to the ettringite and C—S—H gel phases in the P1 samples, increased with longer curing times. This increase was more pro-
nounced for the P1 mixture at the later age (7 days) than for the PO mixture, which has already reached its maximum 7 days after
curing. The second weight loss, related to portlandite, increased for the P1 sample up to 28 days of age and then decreased slightly after
90 days. The third weight loss (calcite) for P1 did not allow a clear conclusion on hydration up to 90 days, but after 1 year the values
rose significantly (from 4.9% after 90 days to 9.0% after 1 year, Table 4). The same trend was observed for sample PO, but it was not as
significant. The decreasing values for the first weight loss after 1 year in P1 samples can be attributed to the carbonation of ettringite
and C-S-H gel, which consequently leads to an increase in the third peak (amount of carbonates). In general, the values for calcite are
slightly higher for sample P1 than for sample PO because WBA contains carbonatable minerals such as lime, portlandite, belite, and
alite [52]. Additionally, a considerable amount of calcite may originate from the WBA itself (33.7% from Table 2), further contributing
to the observed values in sample P1.
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Fig. 3. Compressive strength of a) pastes and b) mortars (the red arrow indicates the percentage decrease in compressive strength of mixtures M1
and P1 compared to the reference mixtures MO and PO).



L Carevic et al. Case Studies in Construction Materials 25 (2026) e06244

100 100
90 90
80 R 80
S S
< <
@) @)
=70 ¢ =70 F %
v
!
v -+ = 7days v
)3 dy - -2 (& - = 7days L o
60 | ===-=-28 days Y
ceeeenees 90 days ), -----28 days
2
365 days r =2 seeeeeees 90 days - -3
— 365 days
50 PN TR TN TR NN TN TR T TN [ TN TN TN N N O O S 1 _4 50|||||||||||||||||||_4
0 200 400 600 800 0 200 400 600 800
T, °C T,°C
Fig. 4. TGA and DTG curves of paste PO and P1 at 1, 7, 28, 90 and 365 days.
Table 4
Mass loss values in the temperature range (Am) with curing time for cement paste.
Mix Age msg mygo Am mgoo Am moso Am
(mso-mag0) (m400-Me00) (mos0-meo0)
% % % % % % %
PO 1 99.2 88.4 10.9 85.0 3.5 81.4 3.6
7 98.9 85.6 13.5 82.7 2.9 78.4 4.2
28 98.9 88.3 10.8 84.4 3.9 79.8 4.6
920 99.6 87.6 12.0 83.8 3.8 80.3 3.6
365 99.5 86.6 13.0 82.6 4.0 77.2 5.4
P1 1 99.5 90.9 8.5 87.3 3.7 81.8 5.5
7 99.8 89.8 10.1 86.4 3.4 78.7 7.7
28 98.6 82.2 16.6 77.9 4.3 73.6 4.3
920 99.6 84.7 15.0 80.3 4.3 75.4 4.9
365 99.4 88.3 11.2 84.2 4.1 75.3 9.0

X-ray powder diffraction analyses of the hydrated reference mix PO and the sample with 15% WBA (P1) at 1, 7, 28, 90 and 365 days
of age are presented in Table 5, while the diffraction patterns are shown in Fig. 5.

The X-ray powder diffraction results indicate the presence of alite, belite, aluminate, ferrite, calcite, dolomite, and quartz as
unhydrated phases, and ettringite and portlandite as the main hydration products. Additionally, an amorphous phase is present in the
hydrated pastes. Both calcium sulfate and periclase, present in unhydrated samples, have already reacted and are therefore not
detectable after 24 h. Alite and belite content gradually decrease over time due to hydration. Alite decreases faster than belite, as belite

Table 5

Phase composition of cement pastes PO and P1 at specified ages (wt%).
days 1 7 28 90 365
sample/phase PO P1 PO P1 PO P1 PO P1 PO P1

(wt%)

alite 21.1 16.1 17.2 15.9 15.7 11.8 12.9 9.8 6.3 5.6
belite 10.3 9.6 12.4 8.2 12.6 5.6 10.9 4.5 7.3 2.8
aluminate 1.3 1.4 0.7 0.8 0 0 0 0 0 0
ferrite 4.2 3.5 3.9 3.4 3.1 2.2 2.7 2 2.1 1.8
lime / 0.2 / 0.3 / 0 / 0 / 0
portlandite 17.2 20.6 17.3 18.9 19.7 19.7 21.3 21 16.9 15.5
calcite 12.4 15.3 13.9 16.9 15 14.3 14.8 14.4 15.2 20.1
dolomite 0.7 0.9 0.7 1.1 0.7 0.9 0.9 1 0.8 0.7
quartz 0.5 1.1 0.4 1.7 0.4 0.9 0.4 1 0.3 0.6
ettringite 4.2 1.7 3.9 3.1 2.7 3.4 2.8 4 3.5 3.4
amorphous 28.1 29.6 29.5 29.7 30.1 40.5 33.3 41.7 47.6 49
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is a slowly reactive phase, and a decrease in ferrite was already observed after one day. The amount of quartz was significantly higher
in the samples with WBA due to the addition of WBA. The amorphous phase is mainly attributed to C—S—H, which, together with
portlandite is the main product of the hydration of alite and belite. The amount of amorphous phase increased over time, which is
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Fig. 5. a) XRD diffractograms of the reference mixture PO at different sample ages. b) XRD diffractograms of the mixture P1 with WBA at different
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consistent with the thermogravimetric results. More portlandite is present in the samples with WBA addition (also present in unhy-
drated WBA). A significant decrease in portlandite at 365 days was observed in the WBA mix due to pozzolanic reaction and/or
carbonation effects. Even though samples were dried and in between testing sealed in plastic foil and stored in plastic containers,
carbonation effect cannot be fully excluded. Ettringite, formed by hydration of the aluminate phase with calcium sulfate, was observed
in both samples; however, less was present in samples containing WBA. Calcite was also observed due to carbonation, with higher
amounts in the WBA samples as a result of the composition of the raw unhydrated WBA. The amount of calcite varies only slightly over
the hydration period, confirming the results of thermogravimetric analysis.

3.4. Evolution of pore microstructure

The pore size distribution (intruded volume) of pastes PO and P1 at 1, 28, 90 and 365 days is shown in Fig. 6. For the PO mixture,
pore size distribution curve shifts to the left after 1 day of curing, with a decrease in the proportion of larger pores (> 1 pm) and an
increase in pores smaller than 0.01 pm (gel pores). This behaviour is characteristic of cement pastes hydration of, as the increase in gel
pores is associated with the formation of C—S—H gel [53]. Replacing cement with WBA resulted in a significant proportion of pores
ranging from 0.01 to 0.05 pm compared to the reference paste. The proportion of these pores increased with curing time. After 365
days, the pore structures of PO and P1 overlap corresponding to the mechanical properties of the samples.

In this study, the critical pore entry radius (d.), threshold pore entry radius (d,), porosity, mean pore diameter and bulk density
were determined (Table 6). The critical pore entry radius corresponds to the highest point on the log differential pore volume curve
[54]. The critical pore size controls the transmissivity of the material [55]. According to [54], the threshold pore entry radius is the
largest pore diameter at which a significant intruded pore volume is detected or where the slope of the cumulative curve increases
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abruptly. The values of the critical pore entry radius, representing the most common pore size for sample PO, were larger than in
sample P1, but the proportion of these pores was smaller than in sample P1. The same trend was observed for the threshold pore entry
radius after 1 day: the threshold pore entry radius was larger for sample PO, possibly indicating that chemical species can penetrate a
hardened Portland cement much more easily without WBA [55]. However, during ageing, the threshold pore entry radius values
become the same. In general, porosity was higher for all P1 specimens across all observed specimen ages. Over time, porosity decreases
in both samples: from 1 to 365 days it is reduced by 8.14% for PO and by 4.19% for P1.

4. Discussion

Wastes or by-products from other industries, such as slags, coal fly ash, and others used as SCMs, are widely used in the cement and
concrete industry. The use of WBAs, their reactivity and their contribution to the mechanical and durability properties of cementitious
composites need to be understood. As part of phase III activities of RILEM TC 267-TRM [56], the R test (cumulative heat release) and
bound water measurement were performed, characterizing WBA as a supplementary cementitious material with low reactivity. The
results for R® bound water were 2.26 + 0.34 g/100 g of SCM at 7 days, while the total heat of hydration was 68.5 + 4.8 J/g of SCM at 3
days and 87.5 + 5,4 /g of SCM at 7 days. Based on the compressive strength results at 7 days shown in Fig. 3, a similar conclusion can
be drawn. The mix with WBA reached only 75% of the compressive strength of the reference mix after one day of curing, which is a
larger decrease than would be expected for a completely non-reactive material, considering that only 15% WBA was added. Difference
in properties of WBA from pulverised combustion compared to cement could be responsible for a significant early-age strength
reduction (21-25% at 7 days) of cement paste and mortar with the addition of WBA,

The results of fresh state properties [8] indicate that the use of WBA delays the setting time and increases the water demand of the
paste, which leads to reduced mortar consistency. Based on the chemical, mineralogical and physical properties of WBA as a raw
material, the following differences from cement can be identified, all of which may negatively affect water demand and setting: (i)
lower density (Table 1) — as mass substitution was used, the mix with 15 wt% of cement replaced by WBA had a larger volume of
substituting particles; (ii) higher LOI (Table 1) — a greater amount of organic and unburnt matter, resulting in prolonged setting and
increased water requirement; (iii) irregular particle morphology (Fig. 1) — internal voids and a larger surface area to be wetted. All
these parameters could negatively affect the water requirement, meaning a greater amount of water is needed to achieve the same
workability of the mixture. This increased water content may cause a dilution effect, delaying the hydration reaction and extending the
induction period, as shown by the heat of hydration results in Fig. 2. Additionally, the coarser particle size distribution of WBA
compared to cement (Fig. 1) may further reduce its reactivity, particularly at early ages. Slower formation of ettringite at 1 day was
also observed in the TGA measurement, Fig. 4 and Table 4 (comparison of Am(m50-m400) for PO and P1, which are 10.8% and 8.5%,
respectively), consequently resulting in slower development of compressive strength, as shown in Fig. 3. Finally, the most prominent
impact of higher water demand and coarser particle size of WBA compared to cement, was reflected on the pore structure of the matrix
obtained from MIP data. Pore structure results (Table 6) show that the WBA mix (P1) has higher total porosity compared to the
reference (P0). Formation of coarser, more porous matrix with WBA addition could be responsible for a significant strength loss of this
mix, compared to the reference mix.

In addition to the differences in physical properties of WBA compared to cement, there are certain chemical differences of
importance. WBA used had a much higher alkali content than the cement, with 6.60% NayOeq compared to 1.67% in the cement
(Table 1). When sufficient sulphate is present in the clinker, the alkalis are normally present as sulphates. If there is not enough
sulphate in the clinker to obtain the alkalis as their sulphates, the alkalis are assumed to enter the clinker minerals, leading to a change
in reactivity [57]. Alkali addition tends to increase the main heat evolution in cements with initially low alkali content, while
shortening the induction period in cements with higher alkali content. At the microstructural level, alkalis promote CsS dissolution and
Ca(OH): formation, but may inhibit AFt (ettringite) formation [58]. According to the XRD data, these alkalis could possibly form
arcanite, K5SOy4, in WBA (Table 2). According to [59], alkali sulphates, including arcanite, cannot promote 1-day compressive strength
and may lead to a decrease in 28-day compressive strength. The increased content of arcanite reduces the formation of ettringite but
promotes the formation of C-S-H and portlandite during cement hydration [59].

Results of the strength development, therefore, indicate that the substitution of cement with WBA from pulverised fuel combustion
led to a decrease of the early-age strength. However, the strength difference between the PO and P1, and MO and M1 mixes decreased

Table 6
Pore parameters (critical pore entry radius, threshold pore entry radius, porosity, and mean pore diameter) and bulk density for pastes PO and P1 at 1,
28, 90, and 365 days, calculated from the MIP data.

Critical pore entry radius Threshold pore entry radius Porosity Mean pore diameter Bulk Density
pum um % um g/mL
PO-1 0.0659 1.8532 22.92 0.0338 2.4774
P0-28 0.0503 0.9164 16.62 0.0218 2.3742
P0-90 0.0503 0.9842 16.97 0.0227 2.3776
P0-365 0.0503 0.6083 14.78 0.0071 2.3158
P1-1 0.0403 1.1084 24.96 0.0258 2.4379
P1-28 0.0403 0.9951 22.08 0.0208 2.3911
P1-90 0.0431 0.9893 21.28 0.0212 2.3247
P1-365 0.0624 0.9146 20.77 0.0228 2.2860
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over time, indicating that the negative impact of WBA on strength development was most pronounced at an early age. Considering the
period beyond 7 days, especially the trend in compressive strength development, it is evident that some reactivity is present and that it
became dominant only after 7 days. Hypotheses regarding the nature of this reactivity are presented below, supported by the results
from the previous chapter.

In the analysis of the heat of hydration behaviour of the samples from Fig. 2, the highest hydration rate occurs within the first 24 h,
particularly in sample PO, while sample P1 exhibits a slower initial reaction but achieves a higher cumulative heat after 72 h. Both
pastes achieve similar value of cumulative heat at the end of the testing period, regardless of the 15% mass substitution of cement with
WBA in the case of paste P1. Therefore, heat flow cannot be attributed solely to the reaction of cement, rather the WBA also contributed
to this heat generation, either through physical effects or latent reactivity.

For some SCMs, the increase in heat of hydration can be attributed to the filler effect, i.e. particles smaller than the cement fill
spaces and enable higher cement reactivity [60]. The WBA particles were larger than those of the cement, as shown by the PSD
(Table 1). Therefore, the filler effect seems unlikely in this case. Some chemical reactivity of WBA is evident, which is significantly
slower than that of cement, but still results in heat generation.

The second change in behaviour occurred between 7 and 28 days of curing, when an increase in compressive strength was observed
for the WBA mixture (26.6% for the M1 mix). The rate of this increase was more significant than that of the reference mixture, as result
of delayed hydration (Fig. 3). One explanation could be that WBA particles act as crystallisation centres around which portlandite and
C—S—H begin to crystallise [61]. WBA has a high specific surface area [62], which has been reported to promote the nucleation effect
[63]. The enhanced nucleation is associated with fine materials, where the additional surface area provided by the SCMs acts as
nucleation sites for the hydration products of the clinker phases [2]. Another hypothesis is the pozzolanic reaction of WBA with
portlandite to form aluminate phases, such as AFm (3Ca0-Al,03-Ca(OH)2-x H20), and/or C—S—H. The study by Ukrainczyk et al. [32]
on the hydration of WBA alone showed that the ash contains reactive aluminate phases, namely brownmillerite and gehlenite
(2Ca0-Al203-Si02), which contribute to a pozzolanic reaction that reduces the content of the most soluble Ca(OH),. Moreover, the
formation of the very stable (desirable and durable) hydration product stratlingite was also confirmed, the origin of which can be
attributed to the combined hydration of belite (2Ca0O-SiO3), aluminoferrite (4CaO-AlyFes0g) and gehlenite (2Ca0-Al,03-SiO5). To test
this hypothesis, the amounts of bound water and portlandite were evaluated from the mass losses at different temperatures. Estimating
of the amount of portlandite (CH) as a hydration product is used to assess the degree of hydration of a paste and indicates its possible
influence on the mechanical properties after curing. The influence of WBA as a partial replacement of cement on the bound water (H)
and the amount of portlandite (CH), as determined by TG analysis, is shown in 7 a) and b).

At the beginning of hydration, the mixture with WBA produced a slightly higher amount of Ca(OH), than the reference mixture.
This can be attributed to both the presence of portlandite as a mineral phase (26.6 wt%) in WBA and the hydraulic properties of the
ash, which contains a relatively high amount of reactive CaO (13.5 wt%). After 28 days, there was a discrete trend of portlandite
decrease (for 2 wt%). Since this decrease is not followed by the increase in the amount of calcite, a decrease in portlandite cannot be
attributed to carbonation, but rather to the delayed pozzolanic reaction [64,65]. A similar decrease in portlandite values due to the
pozzolanic reaction has been observed in the previous studies. According to the study presented in [22], the addition of 30% WBA as a
cement replacement resulted in the decrease in the amount of portlandite compared to the ash-free cement composite, which was also
observed with this WBA. The study by [32] investigated the consumption of portlandite in specimens where only WBA was used as a
binder. The results showed the maximum amount of portlandite at 3 days, which gradually decreased with ageing. The authors [32]
reported that after 28 days the amount of portlandite was lower, which was attributed to the pozzolanic activity of WBA and/or the
activation of pozzolanic additives in the cement (CEM II/A-M (S-V) 42.5 N) used in the mixes. After 365 days, the amount of por-
tlandite in the PO sample increased slightly, while in the P1 sample it decreased more significantly. According to the values in Table 5,
for P1 sample portlandite decreased from 21.3% at 90 days to 15.5.% at 365 days, while calcite increased from 14.4.% at 90 days to
20.1% at 365 days. Therefore, this decrease in portlandite at 365 days for P1 mix can be attributed to carbonation occurring over the
course of one year. In cementitious system with lower amount of available portlandite, C-S-H undergoes carbonation, leading to the
formation of calcium carbonate and a silica gel-like product [66]. This amorphous silica (silica gel) increases reactivity and contributes
to the pozzolanic reaction of carbonated samples. This could also be the case in P1 sample after 365 days, where an increase of
compressive strength could be attributed to the complementary process of pozzolanic reaction and carbonation.

Next, the evolution of bound water can be analysed (Fig. 7b). In the reference mixture, a significant amount of bound water was
present after 7 days of curing. This bound water was attributed to the development of C—S—H and ettringite in the cement mixture,
which is associated with a significant increase in compressive strength. For the WBA mixture (P1), the amount of bound water after 7
days was lower than in the reference mixture (P0), which is consistent with the lower compressive strength at this age. However,
between 7 and 28 days of curing, there was a significant increase in bound water for the WBA mixture, while the reference mixture
showed a decrease in bound water content. The decrease in bound water for the PO mixture could be attributed to carbonation, as an
increase in mass loss was also observed for this mixture between 600 and 950 °C. For the WBA mixture, an increase in bound water can
be attributed to the formation of hydration products, which in turn correlates with an increase in compressive strength. After 28 days,
the WBA mix exhibited a sharp decrease in the amount of bound water, which correlates with the increase in mass loss between 600
and 950 ° and can thus be attributed to carbonation. This sharp drop highlights the particular importance of the storage conditions of
the samples but also indicates the potential for CO, storage [67,68].

Another indication of the reactivity of WBA after 7 days is seen in the evolution of the pore size distribution. Fig. 8 presents the
distribution of pores in the following ranges: gel pores (< 0.01 pm), medium capillaries (0.01 — 0.05 pm), large capillaries (0.05 — 1 pm)
and large capillaries and entrained air (> 1 pm) according to [69]. Between 1 and 28 days, a clear increase in gel pores and medium
capillaries is clearly observed in the WBA mixture. As stated before, during early age the MIP data shows that the WBA mix (P1) has
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Fig. 7. a) Portlandite content; b) Bound water content.

higher total porosity and a larger volume of medium capillaries (0.01-0.05 um), which could be the primary cause of strength loss of
P1 mix at early age. However, at later ages, there is evident refinement of the pore size distribution in the case of P1, which may be
associated with the formation of hydration products and carbonates at later ages. The results further strengthen the hypothesis that the
long-term performance is governed by a slow pozzolanic reaction of WBA from pulverised fuel combustion and carbonation of
cementitious matrix, both causing densifying of the microstructure and te increase in compressive strength at later ages.

5. Conclusions

In this study, as-collected fly WBA from a pulverised fuel combustor was used as a cement replacement to investigate the long-term
effect of WBA on the microstructure of cement composites. Replacing cement with 15% WBA caused a higher water demand and a
dilution effect, leading to a delay in the hydration reaction, prolongation of the induction period in the hydration kinetics, and lower
early mechanical properties. Evaluation of the pore structure showed that replacing cement with WBA resulted in a significant increase
in the amount of medium capillary pores (0.01-0.05 pm). Results presented confirm that the dominant early-age effect of WBA from
pulverised fuel combustion is physical (water demand, dilution) leading to a porous microstructure and strength loss.

Although replacing cement with WBA initially reduces compressive strength, over time samples with WBA exhibit mechanical
performance comparable to the reference samples. The time-dependent evolution of bound water and portlandite in cement pastes,
determined by TGA, showed a slow pozzolanic response and calcite formation, both correlating with increased compressive strength at
later ages. Therefore, results presented confirm that the long-term performance of composite with WBA from pulverised fuel com-
bustion is governed by slow chemical processes, namely a pozzolanic reaction consuming portlandite and carbonation, which together
densify the microstructure by increasing gel pores.

Understanding the effect of WBA from pulverised fuel combustion on the properties of cementitious composites at early age and

100% 100%
80% I I 80% I I
60% B> 1 um u  60% E>1 um

5] 5]
5 5
é 40% H(0,05-1 um g 40% m(0,05-1 um
(=]
~ 0,01-0.05 pm ~ 0,01-0,05 pm
20% 20%
®<0,01 um ®<0,01 um
0o, . . . . 0% - . . .
1 28 90 365 1 28 90 365
a) b)

Fig. 8. Pore size distribution (pore share) after 1, 28, 90 and 365 days for: a) paste PO and b) paste P1, obtained from MIP data.
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over longer curing periods contributes to optimising their use and replacement levels in blended systems. The extensive experimental
results presented in this study confirm the potential of WBA from pulverised fuel combustion as a cement substitute. For further
optimisation and tailoring for use in concrete applications, the durability of cementitious composites with WBA from pulverised fuel
combustion should be assessed across various environments.
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