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A B S T R A C T

The shift from fossil fuels to bioenergy has led to increased wood ash output. Since a large proportion of this
waste ends up in landfills, recycling wood ash in construction materials is one of sustainable approaches of
managing this by-product. However, the amount of biomass ashes currently recycled in building materials is still
limited. This study therefore explored the feasibility of valorising four different types of wood ashes in large
quantities in the production of lightweight building materials. Thirty pastes with different levels (80, 90, 95 and
100 wt%) of wood ash and (0, 5, 10 and 20 wt%) of natural hydraulic lime (NHL) or ordinary Portland cement
(PC) were developed. Partial replacement of wood ash (WA) by NHL or PC accelerated the setting and improved
the mechanical properties of blended pastes. The initial and final setting times decreased with increasing NHL or
PC content in the mixes. The strength of the pastes increased with increasing NHL or PC levels and curing time.
However, wood bottom ash (WBA) mixes were controversial because their mechanical properties gradually
weakened over time. For WA-NHL blends, the 28-day flexural and compressive strength ranged from 0.02 to
1.12 MPa and from 0.05 to 2.59 MPa, respectively. On the other hand, for WA-PC pastes, the flexural and
compressive strengths at 28 days varied from 0.07 to 2.72 MPa and from 0.13 to 5.49 MPa, simultaneously.
These results prove that wood ash can be used effectively as a main component of binding matrices for light-
weight building materials.

1. Introduction

Biomass is the world’s largest source of renewable energy, repre-
senting 55 % of renewable energy and over 6 % of the global energy
supply [1]. In 2018, around 10 million tons of biomass ashes were
produced from renewable electricity production alone [2,3]. The annual
production of wood ash is estimated at around 18.5 million tons,
including 2.42 million tons in Europe [4]. In France, about 92 % of
feedstock used for heating is solid biomass which includes wood and its
by-products, agricultural and food residues. According to Ref. [5], in
France, the gross biomass ash production stood at around 200000 tons in
2015, and was set to surge to 300000 tons by 2020 [5]. Wood ash output
has been increasing and this trend is expected to continue due to
increasing demand for bioenergy [1,6].

The physicochemical characteristics of biomass ashes vary

enormously [7–10]. However, wood ashes typically consist of particles
with various sizes and shapes (angular, spherical, irregular). they also
contain mineral elements and vital plant nutrients such as calcium, sil-
icon, aluminium, iron, potassium, sodium, magnesium, sulphur, phos-
phorus, etc., but also large quantities of heavy metals [11–14]. Despite
these harmful substances, wood ashes can successfully be recovered in
the agriculture, forestry [10] and construction sector [15]. In this last
field, an increased interest in wood ash applications in road construc-
tion, geopolymers or as an alternative cementitious material to partially
replace cement or aggregates in pastes, mortars and concretes has
emerged in recent years [11,15–20]. This approach not only reduces the
environmental risks associated with wood ash disposal in landfills or
random sites, but also contributes to the decarbonization of cement and
concrete industry [12]. Despite this, the amount of wood ash used in
building materials (i.e.: binders, mortars, concretes) remains limited
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[15,20–22]. Numerous studies have noted a slight improvement and
marginal decrease in the strength of cement-based materials incorpo-
rating wood ash (at low levels) and chemical additives (activators,
air-entraining agent, water reducing agent, plasticizers, etc.) [23–25].
Omran et al. [26] studied the behaviour of biomass fly ash (BFA) con-
cretes made by replacing 15–25 % of cement with BFA. In addition to
BFA, some concretes contained also a polycarboxylate (PCE)-based
high-performance water-reducing admixture (HPWRA). The study
revealed that concrete containing 25 % BFA and a higher dosage of
PCE-based HPWRA had greater compressive strength, splitting tensile
strength and modulus of elasticity than the reference concrete made
with 100 % Portland cement, particularly at 91 days and beyond. This
was ascribed to densification of the BFA concrete microstructure,
reduction of pores in the system and pozzolanic reactivity of BFA as the
curing age increased. However, at 91 days, the flexural strength of both
concretes was similar. In addition, wood ash has also been reported to
improve most of the durability parameters of cementitious materials
[25–30].

On the other hand, wood ash reportedly has an adverse impact on the
water requirement, workability, consistency, setting and strength
development of the cement-based materials. Carević et al. [31] observed
an increase in water requirement as the wood biomass ash (WBA) con-
tent increased in cementitious composites. The study also demonstrated
that replacing cement with 5, 10 and 20 %WBA levels lead to a decrease
in consistency and workability of mortars due to the morphology of
WBA particles and the high alkali content, loss on ignition (LOI) and
content of heavy metals. Elinwa and Mahmood [32] investigated the
rheological and mechanical properties of concrete mixes made by
replacing cement with sawdust ash at different fractions ranging from

0 to 30 %. The study revealed an increase in the water required to
achieve the desired consistency, an extension of setting time and a
decrease in workability and slump as the percentage of sawdust ash in
the mix increased. The compressive strength at 28 days decreased from
23.12 MPa for the control mix (without sawdust ash) to 8.76 MPa for the
mix containing 30 % sawdust ash.

Abdullahi [17] studied the behaviour of wood ash/PC concretes,
produced by substituting cement with 0, 10, 20, 40 wt% wood ash. The
author found that wood ash is slightly pozzolanic, and that water de-
mand and setting time increase with increasing ash content. The initial
and final setting times increased from 100 min to 160 min respectively
for the control paste to 436 min and 789 min simultaneously for the
paste with 40 % wood ash. The study also revealed that compressive
strength decreased with increasing ash content but increased over time.
Similarly, Ban and Ramli [29] observed a minor increase in water de-
mand to achieve standard consistency and delayed setting of cement
pastes following partial replacement of cement with 16 % high-calcium
wood ash.

Kula et al. [33] and Wang et al. [34] ascribed the slow setting of
cement mixtures blended with wood fly ash, coal fly ash and bottom ash
to the higher ratio of ash replacing cement, the chemical and physical
characteristics, especially the ash fineness and free lime (CaO) content in
the mixtures. Berra et al. [11] attributed prolonged setting time of pastes
with 15–30 wt% wood fly ash as a cement replacement to high levels of
sulphate and heavy metals in wood fly ash. Furthermore, it has also been
reported that a high unburnt content prevents wood ash from solidifying
in contact with water [35].

Focusing on mechanical performance, Table 1 presents some previ-
ously published data on the flexural and compressive strengths of pastes

Table 1
Reported flexural and compressive strength of the pastes and mortars containing wood ash at 28 days.

WFA
(%)

PC
(%)

Other SCM
(%)

Rf (MPa) Rc (MPa) Produced material Reference

100 0 – – ≈0.6 Paste [36]
100 0 – – ≈0.7
100 0 – – 3
100 0 – – 6
0 100 – 9.5 ± 0.6 61.7 ± 2.3 Mortar [37]
10 90 – 8.8 ± 0.7 58.2 ± 2.4
20 80 – 8.7 ± 0.8 54.3 ± 3.2
30 70 – 8.1 ± 0.6 49.1 ± 2.7
40 60 – 8.1 ± 0.3 42.7 ± 3.4
50 50 – 6.4 ± 0.5 24.4 ± 1.8
60 40 – 4.9 ± 0.3 19.4 ± 2.3
70 30 – 4.2 ± 0.4 13.1 ± 1.3
20 80 – 3.63–4.16 42.45–46.08 Mortar

A Glenium 26 SCC superplasticizer was used
[30]

30 70 – 3.57–4.50 32.20–50.19
20 70 MK: 10 6.34–7.28 36.36–41.81
0 100 – – ≈46 Mortar [11]
15 85 – – ≈39-40
30 70 – – ≈38-39
0 100 – – 78 ± 4 Mortar cured in water at room temperature [38]
5 95 – – 71 ± 5
10 90 – – 62 ± 8
20 80 – – 49 ± 4
30 70 – – 42 ± 4
WBA (%)
0 100 – 11.1 ± 1.3 49.5 ± 1.8 Mortar [24]
5 95 – 10.4 ± 0.4 47.5 ± 1.3
10 90 – 10.1 ± 1.0 44.3 ± 2.1
5 95 – – 82 ± 4 Mortar cured in water at room temperature [38]
10 90 – – 74 ± 4
20 80 – – 66 ± 4
30 70 – – 57 ± 4
A blend of WFA and WBA (%)
0 100 – 9.9 61.3 Mortar cured in a highly humid environment for 24h (approx. 98%RH) and in water having a

temperature of (23 ± 2)◦C for 27 days
[22]

10 90 – 10.3 64.5
15 85 – 9.8 58.4
20 80 – 9.4 56.3

Note: WFA: wood fly ash; WBA: wood bottom ash; PC: ordinary Portland cement; SCM: supplementary cementitious materials; MK: metakaolin.
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and mortars incorporated with wood ash (i.e., wood fly ash, wood bot-
tom ash). The wood ash inclusion appears to alter the above strength
parameters, as they decrease with increasing levels of ash in the mix.

The reduction in strength of cementitious materials blended with
wood ashes is due to multiple factors, including low rate of hydration
[39,40], low reactivity of wood ashes, etc. In terms of chemical in-
teractions, wood ash can react either through its hydraulic properties or
its pozzolanic properties. However, depending on the oxide compo-
nents, some ashes may possess both or one of the mentioned properties.
Sigvardsen et al. [2] have studied two wood ashes originating from
wood chips combustion by grate and circulating fluidised bed combus-
tion, and the authors found that both wood ashes had no pozzolanic
properties but did have hydraulic properties.

Ohenoja et al. [36] investigated the reactivity and self-hardening
properties of fly ash derived from the combustion of different biomass:
paper industry, forest industry residues and various wood wastes. Their
study revealed that the compressive strength of fly ash pastes was low in
the short term (0.6–6 MPa at 28 days), but due to continuous
self-hardening reactions, it gradually increased to between 3 and 11
MPa after 1 year. Zmamou [41] also mixed 90–100 % paper fly ash with
0–10 % PC and found that both pastes containing 90 and 95 % paper fly
ash had equal compressive strength (2.6 MPa), while that of control
paste (100 % paper fly ash) dropped to 2.1 MPa. To the authors’
knowledge, apart from these two studies, no published study has
attempted to massively use biomass ash in large quantities into a ma-
terial. Further data is therefore needed to develop these new materials.

Previous research has focused on adding wood ashes at a limited
level (<50 % by weight of cement), mainly to avoid compromising the
technical properties of the final materials. Nevertheless, as the demand
for bioenergy continues to expand, and thus the production of ash, the
construction sector needs to increase the amount of biomass ash it re-
cycles. Biomass ash-based materials could be suitable for applications
such as non-load-bearing walls, building insulation, etc. Moreover, scant
attention has been paid to the hardening and mechanical properties of
materials in which wood ash is dominant and blended with commercial
binders, such as natural hydraulic lime (NHL3.5) and ordinary Portland
cement (CEM II/B-LL 32.5N), at low levels (less than 20 % by weight of
ash).

Therefore, this study investigates the feasibility of utilizing four
types of wood ashes as alternative eco-friendly binders for lightweight
building materials. Wood ash was the main mix constituent, represent-
ing 80 to 100 wt%. While, natural hydraulic lime (NHL) and ordinary
Portland cement (PC) were added separately to partially replace the ash
at various levels (0, 5, 10, 20 wt%). The hardening and strength
development of the wood ash-NHL or wood ash-PC blends were inves-
tigated via the Vicat test (on the fresh pastes) and mechanical tests:
flexural and compressive strength (on the hardened pastes) at different
curing ages (7, 14 and 28 days). Meanwhile, the influence of NHL and PC
on the bulk density of the resulting blends was also evaluated.

2. Experimental procedure

2.1. Materials

Four types of wood ashes were used in the preparation of the pastes
(see Fig. S1 in supporting information (SI)). The wood fly ash (WFA3)
and wood bottom ash (WBA), originated from combustion of wood
pallets, were supplied by Veolia. The other two batches of wood fly ash,
named WFA8 and WFA9, were provided by a local biomass heating plant
known as Coriance (Mont-Saint-Aignan) Energie Verte (MAEV). The
latter is equipped with boilers with a power input of 6 and 8 MW. The
feedstocks are burnt in the furnace at high temperatures (900–1100 ◦C).
Biomass fuels used include a range of wood chips (forestry wood chips,
bocage wood chips, removal from the waste status (SSD) wood chips
class A, pallet shavings), wood bark, etc., mainly from the departments
of Orne and Calvados, France.

Furthermore, two commercial binders, namely natural hydraulic
lime (Saint Jacques PRB hydraulic lime NHL3.5) designated NHL, and
ordinary Portland cement (Cement Pro CEM II/B-LL 32.5N) denoted PC,
complying respectively to NF EN 459-1 and NF EN 197-1, were intro-
duced to partially replace wood ash.

2.2. Characterization methods

The wood ash samples (WFA3 andWBA) were received in the form of
slurry. Therefore, before being used, they were dried in a ventilated
oven at 105 ◦C for 48h to remove excess moisture and ground with a
hammer and passed through a 500 μm aperture sieve to extract large ash
particles and carbonaceous matter. On the other hand, WFA8 and WFA9
were supplied in a dry state as fine powders and used without any
treatment.

The physical properties of wood ashes (WA), NHL and PC, the par-
ticle size distribution (PSD) was measured on powder samples soaked in
Milli-Q water under agitation, using a Malvern Mastersizer 2000 laser
diffractometer equipped with a hydro 2000 MU dispersion unit. Bulk
and skeletal densities of all raw materials were measured with a glass
cylinder according to Ref. [42] and a pycnometer operating under
argon, respectively. Subsequently, their pH was determined by WTW
and Mettler Toledo SevenMulti pH-meters according to Refs. [43,44].
For each sample, three measurements were taken to determine the
average bulk density and pH. The average skeletal density was obtained
from nine replicates.

The chemical composition of WA, NHL and PC was determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
and X-ray fluorescence (XRF). XRF was used on selected samples to
verify ICP-AES results. The loss on ignition (LOI) of wood ashes, PC and
NHL was determined by taking 1g of sample and calcinating it in a
muffle furnace (Nabertherm) at 950 ◦C for 15 min according to
Ref. [45]. The pozzolanic activity of WFA8 was measured by the modi-
fied Chapelle test as per NF P18-513 [30,37,46,47]. The experimental
protocol is as follows: 1g of WFA8 was mixed with 2g of calcium oxide
(CaO) and 250 mL of distilled water. The solution was then boiled at 90
◦C for 16h with continuously stirring (400 rpm) in a glass Erlenmeyer
flask connected to a reflux condenser to prevent water loss. After 16h,
the Erlenmeyer containing the solution was cooled down at ambient
temperature in tap water.

Moreover, a solution of 61.7g of sucrose 0.7 mol/L and 250 mL of
distilled water was added to the cooled WFA8 and CaO solution. The
newly formed solution was agitated for 15 min and filtrated with help of
a Buchner filter. A filtrate of 200 mL was taken, and each 25 mL of this
filtrate was titrated with hydrochloric acid (HCl 0.1(N)) using 2–3 drops
of phenolphthalein as an indicator. Ultimately, the amount of fixed
calcium hydroxide Ca(OH)2 was calculated based on the volume of HCl
solution added, as shown in equation (1).

P=2×
V1− V2

V1
×
74
56

× 1000 (1)

where P is pozzolanic activity of wood fly ash, expressed in mg Ca(OH)2
fixed by g wood fly ash; V1 is volume of HCl 0.1N required to titrate 25
mL of the filtrate obtained without wood fly ash (blank test); V2 is vol-
ume of HCl 0.1N required to titrate 25 mL of the filtrate obtained with
wood fly ash. It should be noted that the pozzolanic activity reported in
this study is an average value obtained from three repetitions.

The morphology of the wood ashes was evaluated with a scanning
electron microscopy SEM (JEOL JSM-IT100). Observations were made
on a small quantity of the powder sample dispersed on a carbon double-
sided sticker covering the sample support. SEM micrographs were ob-
tained in high-vacuum (HV) mode using a secondary electron detector
(SED) with an energy of 5 kV and a distance (WD) of 12 mm.

Thermogravimetric analysis TGA (NETZCH-TG 209 F1) was used to
study the thermal stability and composition of wood ashes. The tests
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were carried out on powder samples with a mass of 20–40 mg, in an
argon atmosphere, at a heating rate of 10 ◦C/min and over a tempera-
ture range from 25 to 1000 ◦C. At least one duplicate was analysed for
each sample.

The mineralogical composition, especially the crystalline phases of
all raw materials, was assessed using a Bruker D8 Advance X-ray
diffractometer. The latter had 2 Theta (θ) configuration, uses a copper
anode Ni-filtered Cu Kα radiation generator (λ = 1.540 Å) at 40 kV & 40
mA (primary soller slit of 2.5◦ and divergence slit of 0.6 mm; secondary
soller slit of 2.5◦) and was equipped with LynxEye OD detector (slit of
0.1 mm and antiscattering slit of 0.6 mm). The double diffraction angle
(2θ) ranged from 3 to 70 with step size of 0.015◦ and acquisition speed of
0.5 s per step. The diffractograms were treated using DIFFRAC.EVA
software.

The setting of wood ash pastes was evaluated in accordance with
[48] using a manual Vicat apparatus. Due to the longer setting time of
wood ash pastes and time constraints, only WFA8 was considered for this
experiment. The initial setting time was achieved at a needle penetration
depth of 35 mm. The final setting time was reached when the needle was
unable to penetrate the paste by more than 0.5 mm or when the needle
penetrated the paste and made a slight imprint on the surface, whereas
the circular attachment has not done so. Nine different fresh pastes were
assessed and the measurements were carried out nine times for each
paste.

The mechanical properties of the blended pastes were measured with
a hydraulic press (Shimadzu, model AGS-X) at a loading rate of 0.5 mm/
min. Examples of the samples subjected to the flexural and compressive
strength tests are shown in Fig.1 (a, b). The three-point flexural strength
(Rf) test was carried out on prism specimens (40 × 40 × 160 mm3). The
fragments from the flexural strength testing were cut into 40 × 40 × 40
mm3 cubes by a Bosch metal saw. The resulting cubic specimens were
then used to determine the compressive strength (Rc). The measure-
ments were taken on 3 replicates for Rf and 3 or 4 replicates for Rc at 7,
14 and 28 days.

2.3. Preparation of the mixtures

Thirty different pastes featuring two binary systems, labelled WA-
NHL and WA-PC were developed. According to Table 2 (a, b, c), wood
ash (WA) was used as the main ingredient (80–100wt%), while NHL and
PC represented a minor fraction (5–20 wt%) of the mixtures.

The dry raw materials were mixed with tap water using a standard
mortar mixer (Controlab) as per [49]. The fresh mixes (WFA8-NHL and

WFA8-PC) destined for measuring setting time were poured into plastic
truncated cone molds (height 40 mm, diameter 60 mm at the top and 70
mm at the bottom) and placed on glass plates. On the other hand, those
designed for mechanical tests were casted in steel molds (40× 40 × 160
mm3) and compacted using a mini-proctor with a compaction energy of
600 kN m/m3 [50,51]. The specimens were subsequently removed from
the molds after 24h of curing. Then, they were placed in the laboratory
and cured at ambient temperature and humidity until the test date.

As can be seen in Table 2 (a, b, c), the water/ash ratio (W/A) was 0.5
for pastes containing WFA8 and WFA9, while that of pastes made of
WFA3 and WBA was 0.7. These two optimum amounts of mixing water
were estimated as follows: numerous wood ash pastes were prepared
using different water/ash (W/A) ratios ranging from 0.40 to 0.70. The
strength development of the wood ash pastes over time was monitored
by measuring the compressive strength at 3, 7, 14 and 28 days. The
optimum W/A ratios, shown in Table 2 (a, b, c), were selected based on
the 28-day compressive strength and the texture of the fresh pastes.
Table S1 (see in SI) summarizes the observations made on the texture of
fresh mixes with their respective W/A ratios. For the control mixes
comprising 100 wt% NHL and 100 wt% PC, the water/lime and water/
cement ratios were 0.5 and 0.35, respectively. Those ratios were selected
as they gave pastes with the best texture compared to the other ratios
tested.

The water demand varies depending on mix components. The wood
ash pastes require more water compared to their cement counterparts.
Besides, the WFA3 and WBA pastes required more mixing water than
WFA8 and WFA9 mixes. The high water requirement of wood ash pastes
can be attributed to high specific surface area, high porosity, irregular
particle shape and loss on ignition (LOI) [23,34,36,52].

3. Results and discussion

3.1. Physical and chemical properties of raw materials

3.1.1. Particle size distribution, bulk density and skeletal density
Fig. 2 shows the particle size distribution of raw materials used in

this study. Commercial binders (NHL and PC) comprise finer particles
compared with wood ashes. The WFA3 and WBA samples are coarser
than WFA8 and WFA9. The average particle size (D50) and proportion of
ash grains (medium, fine, and very fine) are presented in Table 3. It is
worth noting that no coarser particles (diameter >1000 μm) were
observed in all wood ashes (WFA3, WBA, WFA8, WFA9).

The bulk and skeletal densities of each raw material were also
determined, and the results are given in Table 3. Of all wood ashes, WBA
had the highest bulk density. This can be attributed to sand-like struc-
ture of the WBA grains, even after manual grinding. The ash samples
WFA3, WFA8 andWFA9 exhibited lower bulk densities than NHL and PC.
Compared with the literature, the bulk density of wood ashes varies
between 490 and 760 kg/m3 [17,53–55], whilst for NHL, is around
700–846 kg/m3 [56,57]. For PC, according to the safety data sheet, its
bulk density is 900–1500 kg/m3 [58].

Moreover, the average skeletal density of all raw materials ranged
from 2030 ± 7 to 4532 ± 79 kg/m3, suggesting differences in their
porosity. The SEM micrographs of WFA3, WBA, WFA8 and WFA9 are
shown in Fig. S2 (see SI). All ash samples show irregular, spherical and
fibrous particles of various sizes. Wood bottom ash WBA shows larger
coarse particles than other ashes observed. This is consistent with the
results previously reported in Fig. 2 and Table 3. Several unburnt wood
chips have been also noticed, particularly in wood fly ash samples
(WFA8 and WFA9).

3.1.2. Chemical composition
The chemical composition of wood ashes, NHL and PC is reported in

Table 4. The comparison between ICP-AES and XRF methods revealed
remarkable disparities in their results. There are three main raisons for
this discrepancy: 1) mineralisation of the sample before ICP-AES

Fig. 1. Examples of samples undergoing flexural (a) and compressive strength
(b) tests.
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analysis, whereas the XRF was carried out on the sample itself without
preparation; 2) the laboratory where ICP-AES was performed provided
us with the analysis report covering only the ten oxides listed in the
service contract. 3) the calculation uncertainties, as it was assumed that
each element was in its oxidised form.

Both methods showed that all samples showed similar oxide com-
ponents, with levels varying from powder to powder. Regarding ash
samples, the major oxide components included CaO, SiO2, K2O and SO3.

According to the ICP-AES, CaO represents (17.70–22.50 %), SiO2
(3.48–17.30%), K2O (4.31–9.26%) and SO3 (1.52–15.40%). The sum of
pozzolanic oxides %SiO2, %Al2O3 and %Fe2O3 in each ash was below 30
%. The LOI of all analysed powders (PC, NHL and wood ashes) range
from 13.44 % to 26.54 %. The least amount of organic matter was found
in PC, while the highest amount was recorded in WFA3. When
comparing only the wood ashes (WFA3, WBA, WFA8 and WFA9), it is
clear that they contain high levels of organic matter (or unburnt carbon)
as their LOI values are between 15.52 % and 26.54 %. These LOI rates
fall within the range of 1–36 %, reported by Refs. [2,11,13,15,26].

Table 2
Composition of the mixtures.

a. Control pastes.

Mix notation Substitution (wt.%) Wood ash (g) Lime (NHL) (g) Cement (PC) (g) W/NHL and W/PC ratios W/A ratio

100NHL – 0 1000 0 0.5 –
100PC – 0 0 1800 0.35 –
100WFA3 0 1000 0 0 – 0.7
100WBA 0 1000 0 0 – 0.7
100WFA8 0 1000 0 0 – 0.5
100WFA9 0 1000 0 0 – 0.5

b. Wood ash pastes incorporated with natural hydraulic lime.

Mix notation Substitution (wt.%) Wood ash (g) Lime (NHL) (g) W/A ratio

95WFA3 + 5NHL 5 950 50 0.7
95WBA + 5NHL 5 950 50 0.7
95WFA8 + 5NHL 5 950 50 0.5
95WFA9 + 5NHL 5 950 50 0.5
90WFA3 +10NHL 10 900 100 0.7
90WBA + 10NHL 10 900 100 0.7
90WFA8 + 10NHL 10 900 100 0.5
90WFA9 + 10NHL 10 900 100 0.5
80WFA3 + 20NHL 20 800 200 0.7
80WBA + 20NHL 20 800 200 0.7
80WFA8 + 20NHL 20 800 200 0.5
80WFA9 + 20NHL 20 800 200 0.5

c. Wood ash pastes blended with ordinary Portland cement.

Mix notation Substitution (wt.%) Wood ash (g) Cement (PC) (g) W/A ratio

95WFA3 + 5PC 5 950 50 0.7
95WBA + 5PC 5 950 50 0.7
95WFA8 + 5PC 5 950 50 0.5
95WFA9 + 5PC 5 950 50 0.5
90WFA3 +10PC 10 900 100 0.7
90WBA + 10PC 10 900 100 0.7
90WFA8 + 10PC 10 900 100 0.5
90WFA9 + 10PC 10 900 100 0.5
80WFA3 + 20PC 20 800 200 0.7
80WBA + 20PC 20 800 200 0.7
80WFA8 + 20PC 20 800 200 0.5
80WFA9 + 20PC 20 800 200 0.5

Where A: ash; W: water.

Fig. 2. Particle size distribution of WFA3, WBA, WFA8, WFA9, PC and NHL.

Table 3
Physical properties of wood ashes, NHL and PC.

PC NHL WFA3 WBA WFA8 WFA9

Bulk density (kg/
m3)

1303
± 12

715 ±

7
631 ±

22
1035
± 101

374 ±

14
379 ±

14
Skeletal density
(kg/m3)

3078
± 2

2667
± 4

2030
± 7

2318
± 48

3606
± 140

4532
± 79

Average particle
size D50

– – 120.2 181.9 26.3 34.5

Medium particles
(80–1000 μm)
%

– – 56.7 68.5 22.1 27.8

Fine particles
(2–80 μm) %

– – 41.9 30.6 75.3 70.6

Very fine
particles (<2
μm) %

– – 1.4 0.9 2.6 1.6

±: Standard deviation.
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Moreover, the wood ashes investigated were highly alkaline (pH =

11.4–12.8), falling within the pH range of 9–13.5 reported by Refs. [2,8,
31,55,59–61]. The higher pH of ashes analysed can be ascribed to the
presence of highly alkaline compounds like potassium hydroxide (KOH)
and sodium hydroxide (NaOH) [62]. The Chapelle test revealed a fixa-
tion of 352 ± 34 mg Ca(OH)2/g of WFA8, which is notably lower
compared with 1134 mg Ca(OH)2/g reported by Ref. [22]. The lower
pozzolanic activity of WFA8 is due to multiple factors including its high
unburnt carbon levels (Table 4). Owing to time constraints, the pozzo-
lanic activity of WFA3, WBA, WFA9 was not determined.

It is noteworthy that, based on the above findings, the analysed wood
ashes do not meet all physical and chemical requirements set out in
ASTM C618 [63] for coal fly ash and natural pozzolans. However, this
does not prevent them from being considered as alternative supple-
mentary cementitious materials in cement-based materials.

3.1.3. Microstructure and mineralogical composition of wood ashes
The TGA and DTG curves of wood ashes (WA) are shown in SI Fig. S3

(a, b). Four main endothermic reactions were identified. The mass loss
occurring at 25–200 ◦C was attributed to evaporation of free water, and
decomposition of C–S–H and ettringite [64,65]. This peak was more
pronounced in WFA3 and WBA. The second peak was observed at
350–450 ◦C on samples WFA8 and WFA9, and was assigned to the
decomposition of portlandite (Ca(OH)2) [65–67]. The large and deep
endotherm at 500–800 ◦C indicated the decomposition of CaCO3 [65,
68]. The latter was identified in all WA but the highest intensities were
seen on WFA3 and WFA9. Finally, the endotherm between 850 and 1000
◦C is probably due to the decomposition of dolomite [69,70].

Table 5 and Fig. S4 (shown in SI) show the mineralogical composi-
tion, particularly the crystalline phases detected in wood ashes, NHL and
PC. The major crystalline phases of WFA3 are albite (Na[AlSi3O8]),
arcanite (K2SO4) and calcite (Ca(CO3)). WBA contains albite (Na
[AlSi3O8]), orthoclase (K[AlSi3O8]), alite (Ca3SiO5), portlandite (Ca
(OH)2), calcite (Ca(CO3)) and quartz (SiO2). The samples WFA8 and
WFA9 are predominantly composed of albite (Na[AlSi3O8]), alite
(Ca3SiO5), calcite (Ca(CO3)), dolomite (CaMg(CO3)2), portlandite (Ca

Table 4
Chemical properties of wood ashes, PC and NHL.

Method of analysis PC NHL WFA3 WBA WFA8 WFA9

ICP-AES XRF ICP-AES ICP-AES ICP-AES ICP-AES XRF ICP-AES XRF

Components Content (%)

SiO2 15.90 15.72 15.00 7.48 17.30 4.96 15.54 3.48 14.98
Al2O3 3.27 3.91 0.30 1.98 3.77 1.25 2.3 1.14 2.15
Fe2O3 3.02 2.85 0.18 1.01 2.30 1.39 7.19 2.28 2.39
CaO 43.30 58.18 44.30 22.50 18.20 17.70 37.24 19.50 40.54
MgO 1.00 1.22 0.50 2.63 2.33 2.68 2.55 2.97 3.02
TiO2 0.20 0.22 0.02 0.14 0.33 0.12 0.18 0.10 0.18
MnO 0.05 0.06 0.01 0.35 0.38 0.95 0.82 1.59 1.34
P2O5 0.23 0.21 0.03 2.28 1.77 2.73 1.95 2.76 2.4
K2O 0.82 1.1 0.06 5.80 4.31 8.14 12.82 9.26 15.01
SO3 3.01 2.96 0.66 7.36 1.52 15.40 2.9 14.00 1.38
NaO2 0.04 0.08 0.09
LOI 15.4 ± 0.2* 13.44 22.7 ± 0.1* 26.5 ± 0.1* 17.6 ± 0.9* 16.3 ± 0.2* 15.69 16.2 ± 0.1* 15.52
SiO2 + Al2O3 + Fe2O3 22.19 22.48 15.47 10.47 23.37 7.60 25.03 6.90 19.52
pH 12.6 ± 0.1 12.7 12.6 ± 0.2 11.4 ± 0.1 12.8 12.8

±: Standard deviation; *: Determined at UniLaSalle Rouen.

Table 5
Crystalline phases detected in PC, NHL and all wood ashes (WFA3, WBA, WFA8 and WFA9) studied.

Compound PC NHL WFA3 WBA WFA8 WFA9

Albite Na [AlSi3O8] ++ ++ ++ ++

Alite Ca3SiO5 ++ ++ ++ ++ ++

Alunite KAl3(SO4)2(OH)6 ++

Anhydrite CaSO4 ++

Antigorite-T Mg3 [Si2O5]OH4 ++

Arcanite K2SO4 ++

Calcite CaCO3 ++ ++ ++ ++ ++ ++

Diopside MgCa [Si2O6] ++

Dolomite CaMg(CO3)2 ++ ++

Ettringite Ca6Al2(SO4)3(OH)12⋅26H2O +

Gehlenite Ca2Al [AlSiO7]
Goethite FeO(OH) +

Gypsum CaSO4⋅H2O ++

Lime CaO +

Microcline K [AlSi3O8] ++

Orthoclase K [AlSi3O8] ++ ++

Periclase MgO + ++

Portlandite Ca(OH)2 + ++ + ++ ++ ++

Quartz SiO2 Trace ++ + ++ + ++

Sylvite KCl + ++ ++

Syngenite K2Ca(SO4)2⋅H2O ++

Variscite AlPO4⋅2H2O ++

Note: ++: major compounds and +: minor compounds.
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(OH)2) and sylvite (KCl). WFA8 also shows important levels of diopside
(MgCa[Si2O6]), orthoclase (K[AlSi3O8]) and syngenite (K2Ca
(SO4)2⋅H2O), whilst WFA9 exhibits anhydrite (CaSO4), periclase (MgO)
and quartz (SiO2). In addition, the dominant crystalline phases in PC are
alite (Ca3SiO5), calcite (CaCO3), gypsum (CaSO4⋅H2O) and antigorite-T
(Mg3[Si2O5]OH4) while in NHL the most prevalent phases include
alite (Ca3SiO5), portlandite (Ca(OH)2), calcite (CaCO3) and microcline
(K [AlSi3O8]).

As shown in Table 5 and Fig. S4 (see in SI), the mineralogical com-
positions of hydraulic binders, such as PC and NHL, differ from those of
the four distinct types of wood ashes evaluated in this study. However,
the common mineralogical characteristic of these materials is the pres-
ence of calcite, portlandite and quartz, but in varying proportions. The
mineralogical compositions of WFA8 and WFA9 are comparable. In
addition, both ashes had more crystalline phases than WFA3, WBA, NHL
and PC. It is worth mentioning that there was a large variability in the
XRD results of the samples, which is related to the chemical composition
(Table 4) and thermogravimetric analysis (Fig. S3 given in SI) data.

3.2. Setting time of wood ash pastes

To assess the effect of natural hydraulic lime (NHL) and ordinary
Portland cement (PC) on the hardening of wood ash pastes, initial and
final setting times were determined. As shown in Fig.3 (a, b), the setting
time typically shortens with increasing NHL and PC contents in the
mixes.

For WFA8-NHL pastes (Fig. 3 (a)), the initial setting time dropped
from 25h for the control paste (100WFA8) to 12.5, 16.5 and 14.5h for the
WFA8 pastes containing 5, 10 and 20 % NHL, simultaneously. The final
setting time decreased from 56h for 100WFA8 to 46, 25 and 24h for the
WFA8 pastes incorporating 5, 10 and 20 % NHL, respectively. WFA8-
NHL blends show faster setting times compared to the paste made
entirely fromWFA8 (100WFA8), due to not only the greater reactivity of
NHL, but also the presence of alunite [KAl3(SO4)2(OH)6]. In fact,
aluminium-containing mineral reacts with Ca2+ and SO42− to form
ettringite. Thus, the rapid generation of ettringite thanks to gypsum and
aluminium-containing minerals, improves the setting speed of cemen-
titious materials [71,72].

Regarding WFA8-PC blends (Fig. 3 (b)), the initial setting time of the
control paste (100WFA8) was twice that of pastes incorporating 5 and
10 wt% PC. In addition, the 80WFA8-20PC paste achieved an initial
setting time of 4.5h, which was closer to the 3.5h recorded for the
control paste (100PC). Furthermore, the final setting time decreased
from 56h for the control paste (100WFA8) to 38.5, 33.5 and 30h for
WFA8 pastes with 5, 10 and 20 wt% PC respectively. These values are
notably greater than for 100PC, which had a final setting time of 7h.

The delayed setting time of WFA8 pastes was attributed to the
physicochemical properties (low reactivity, high lime (CaO) content,
high loss on ignition, high levels of sulphate, etc.) of WFA8, which is in
line with the previous studies [11,33–35,73]. In contrast, the acceler-
ated setting, or drastic reduction in setting times, achieved by WFA8-PC
pastes (Fig. 3 (b)) is mainly due to the high reactivity of cement (PC) and
its hydration products (i.e., portlandite, ettringite and C–S–H phase).
The presence of gypsum in PC (Table 5) also favoured stiffening. In
addition, the inclusion of cement in the mixes appeared to reduce the
retarding effect of sulphates and organic matter (expressed as LOI) of
WFA8 (Table 4) on setting [11,35]. Furthermore, although the heavy
metals concentrations for WFA8 have not been quantified, previous
studies have shown that wood ash generally contains heavy metals and
that zinc (Zn), lead (Pb) and copper (Cu) are setting retarders [11,74,
75]. It should also be noted that the physicochemical properties (i.e.,
fineness, bulk density, amounts of SiO2, Al2O3, Fe2O3 and CaO) of
cement, which differ from those of WFA8 (Tables 3 and 4), were crucial
for setting.

3.3. Mechanical properties of wood ash pastes

3.3.1. Wood ash pastes comprising 0, 5, 10 and 20 wt% natural hydraulic
lime

3.3.1.1. Flexural strength. Flexural strengths (Rf) of binary systems
made of wood ashes (WA) and natural hydraulic lime (NHL) are shown
in Fig. 4. As can be seen, the flexural strength of WFA3-NHL, WFA8-NHL
and WFA9-NHL pastes increases with increasing NHL levels and curing
time. In contrast, WBA-NHL pastes with 10 and 20 wt% NHL showed
higher Rf values at 7 days, but then fell significantly at 14 days and
remained more or less stable until 28 days. The mixes with 20 wt% NHL
exhibited the highest flexural strengths. However, no significant
improvement was observed among WA pastes containing 5 and 10 wt%
NHL. The average flexural strengths of pastes at 28 days varied between:

− 0.38 MPa (100WFA3) and 0.44 MPa (80WFA3-20NHL) for WFA3-
NHL pastes;

− 0.02 MPa (95WBA-5NHL) and 0.15 MPa (100WBA) for WBA-NHL
pastes;

− 0.65 MPa (100WFA8) and 1.12 MPa (80WFA8-20NHL) for WFA8-
NHL pastes;

− 0.57 MPa (90WFA9-10NHL) and 0.70 MPa (80WFA9-20NHL) for
WFA9-NHL pastes.

Fig. 3. Initial and final setting times of: (a) WFA8 pastes blended with NHL and
(b) WFA8 pastes incorporating PC.
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3.3.1.2. Compressive strength. Fig. 5 reports the compressive strengths
of WA-NHL pastes at 7, 14 and 28 days. The results suggest a similar
trend to that for flexural strength. Indeed, the compressive strength (Rc)
appears to increase with increasing NHL and curing time. In contrast, in
case of WBA-NHL pastes, the highest Rc values were reached after only 7
days, but then gradually decreased as the curing time rose. The exact
cause of this unusual behaviour could not be determined. However, the
low compressive strength of WBA-NHL pastes was ascribed to their
unpacked microstructure caused by poor bonding between WBA and
NHL due to very low reactivity, high porosity, sandy texture, large grain
size and irregular grain shape of WBA. Additionally, it is also speculated
that the slow evaporation of water may have increased pores in the paste
matrix and thus impaired the mechanical performance of the pastes as
the curing time rose.

The average 28-day compressive strength of wood ash pastes ranged
between:

− 0.92 MPa (100WFA3) and 2.59 MPa (80WFA3-20NHL) for WFA3-
NHL pastes;

− 0.05 MPa (95WBA-5NHL) and 0.24 MPa (100WBA) for WBA-NHL
pastes;

− 0.77 MPa (100WFA8) and 1.82 MPa (80WFA8-20NHL) for WFA8-
NHL pastes;

− 0.72 MPa (100WFA9) and 0.96 MPa (80WFA9-20NHL) for WFA9-
NHL pastes.

Overall, the highest compressive strength (2.59 MPa) at 28 days was
obtained fromWFA3-NHL20, suggesting that WFA3 is more suitable with
NHL than other ashes studied.

3.3.1.3. Correlation between compressive strength and bulk density. To
further evaluate the mechanical behaviour of WA-NHL pastes, the
relationship between their compressive strength (Rc) and bulk density
(ρ) at different curing ages (7, 14 and 28 days) was established. As seen
in SI Fig. S5, the compressive strength increases with increasing bulk
density and curing time. However, it is worth mentioning that bulk
density seems to drop slightly with longer curing time. This is typical for
all mixes, except WBA pastes, which exhibit the highest Rc and ρ values
at 7 days, and the lowest at 28 days.

Overall, the bulk density and compressive strength of the WA-NHL
blends were respectively within the range of:

Fig. 4. Flexural strength of wood ash pastes: (a) WFA3-NHL, (b) WBA-NHL, (c) WFA8-NHL and (d) WFA9-NHL.
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• 972–1210 kg/m3 and 0.37–2.77 MPa for WFA3-NHL pastes;
• 917–1212 kg/m3 and 0.04–2.46 MPa for WBA-NHL pastes;
• 1218–1407 kg/m3 and 0.40–2.05 MPa for WFA8-NHL pastes;
• 1148–1388 kg/m3 and 0.30–1.03 MPa for WFA9-NHL pastes.

From this section, it is evident that the addition of NHL significantly
improved the strength of WA-NHL blends. This was mainly attributed to
the hydration and carbonation of NHL [67]. Also, the increase in
strength can be ascribed to the alunite present in NHL that dissolved to
release SO42− and Al3+, which then reacted with portlandite to form
ettringite. In the literature, it has been shown that the higher amount of
alunite, the more the amount of ettringite and the greater the strength
and expansibility of the pastes [71,76]. Besides, the physical and
chemical characteristics of NHL, such as fineness, high bulk density and
adequate amounts of SiO2 and CaO (Fig. 2, Tables 3 and 4) also
contributed favourably to the strength of WA-NHL pastes. Finally, the
correlation between compressive strengths and bulk densities of wood
ash-based hardened pastes indicated a trend consistent with that typi-
cally observed for cement-based materials.

3.3.2. Wood ash pastes containing 0, 5, 10 and 20 wt% ordinary Portland
cement

3.3.2.1. Flexural strength. The flexural strength (Rf) results of wood ash-
PC pastes at 7, 14 and 28 days are given in Fig. 6. Although the overall

flexural strength of WA-PC pastes was lower than that of the control
paste (made of 100 wt% PC), the addition of PC had a positive impact on
the blended pastes. Similar toWA-NHL (stated in paragraph 3.3.1.1), the
flexural strength of WA-PC blends was also dependent to the PC levels
and curing time. The blends containing WFA8 and WFA9 showed better
flexural strengths than those of WFA3 and WBA mixes. At 28 days, the
average flexural strength of the wood ash pastes varied between:

⁃ 0.32 MPa (90WFA3-10PC) and 0.71 MPa (80WFA3-20PC) for WFA3-
PC pastes;

⁃ 0.07 MPa (95WBA-5PC) and 0.22 MPa (100WBA) for WBA-PC
pastes;

⁃ 0.89 MPa (100WFA8) and 2.72 MPa (80WFA8-20PC) for WFA8-PC
pastes;

⁃ 0.65 MPa (100WFA9) and 2.11 MPa (80WFA9-20PC) for WFA9-PC
pastes.

Compared with the findings reported in paragraph 3.3.1.1, NHL and
PC had a negligible influence on the flexural strengths of WFA3 andWBA
pastes. On the contrary, both commercial binders significantly boosted
the flexural strengths of WFA8 and WFA9 mixes. It should be noted that,
overall, PC outperformed NHL.

Fig. 5. Compressive strength of wood ash pastes: (a) WFA3-NHL, (b) WBA-NHL, (c) WFA8-NHL and (d) WFA9-NHL.
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3.3.2.2. Compressive strength. Fig. 7 shows the compressive strength
(Rc) of WA-PC binary systems. The 28-day compressive strength of
control paste (100PC) was expected to reach 32.5 MPa, but the test was
interrupted and stopped at 29 MPa due to the restricted capacity of the
hydraulic press load cells. Also, it should be noted that due to a large gap
between Rc values of 100PC and wood ash-based pastes, the Rc results of
100PC were excluded from Fig. 7 in order to better represent the
compressive strength data of wood ash-containing mixes.

The compressive strengths of WA-PC blends follow a similar trend to
that of WA-NHL mixes (mentioned in paragraph 3.3.1.1). It means that
the compressive strengths of WA-PC pastes improve as both PC content
and curing time increase. However, WBA pastes remain controversial, as
their best results in terms of Rc were observed at an early age (7 days),
but declined slowly over time. As mentioned earlier in paragraph
3.3.1.2, the underlying cause of the loss of strength is still unknown.
Nevertheless, some of the physicochemical features of WBA, namely its
sandy texture, large grain size, porosity, lack of compactness, high water
demand, poor or even a lack of pozzolanic activity, etc., have been
pointed out as major factors contributing to the poor mechanical per-
formance of WBA-based pastes.

On the whole, the average compressive strength of WA-PC pastes at
28 days oscillated between:

⁃ 1.65 MPa (100WFA3 and 95WFA3-5 PC) and 3.87 MPa (80WFA3-
20PC) for WFA3-PC pastes;

⁃ 0.13 MPa (95WBA-5PC) and 2.56 MPa (80WBA-20PC) for WBA-PC
pastes;

⁃ 1.40 MPa (100WFA8) and 5.49 MPa (80WFA8-20PC) for WFA8-PC
pastes;

⁃ 0.62 MPa (100WFA9) and 4.01 MPa (80WFA9-20PC) for WFA9-PC
pastes.

These results are in line with the data previously reported in Refs.
[36,41] (0.6–6 MPa). It is also noteworthy that Rc values of WA-PC
pastes tend to increase with increasing PC content, and this is
coherent with the observations in Refs. [11,37].

3.3.2.3. Relationship between compressive strength and bulk density.
Fig. S6 (see SI) plots the compressive strength (Rc) as function of bulk
density (ρ) data of WA-PC pastes at 7, 14 and 28 days. WA-PC shows the
same trend as previously witnessed for WA-NHL. In fact, the compres-
sive strength WA-PC appears to increase with increasing bulk density
and curing time. Also, bulk density slightly drops as curing duration
extends.

Ultimately, the bulk density and compressive strength of the WA-PC
binary systems respectively fluctuate from:

• 986–1261 kg/m3 and 0.39–3.99 MPa for WFA3-PC pastes;
• 895–1272 kg/m3 and 0.11–4.03 MPa for WBA-PC pastes;
• 1110–1442 kg/m3 and 0.46–5.75 MPa for WFA8-PC pastes;

Fig. 6. Flexural strength of wood ash pastes at 7, 14 and 28 days: (a) WFA3-PC; (b) WBA-PC; (c) WFA8-PC; (d) WFA9-PC.
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• 1126–1453 kg/m3 and 0.45–4.35 MPa for WFA9-PC pastes.

To summarise this section, the improved mechanical performance of
WA-PC blends was mainly attributed to the inclusion of cement.
Replacing the less reactive wood ashes (WFA3, WBA, WFA8 and WFA9)
with a more reactive material, such as cement, played a vital role in the
densification and stiffening of the binary systems [73]. Other factors
contributing to the strength of WA-PC pastes include (i) the physico-
chemical properties (i.e., fineness, high density, high reactivity, etc.):
and mineralogical composition (i.e., alite, gypsum, etc.) of cement (ii)
cement hydration products (i.e., portlandite, ettringite, C–S–H gel);
[77]; (iii) reduction of the adverse effects of setting retarders (i.e.,
organic matter, sulphates and heavy metals) present in wood ashes after
the addition cement. Furthermore, pastes densities have also increased
thanks to high bulk density and hydration products of cement. It should
be noted that the bulk densities and compressive strengths of WA-PC
pastes are dependent on each other.

4. Conclusions

This study investigated the potential for developing alternative
binders for lightweight building materials based on wood ashes (WA).
Four batches of WA, including three fly ashes (WFA3, WFA8 and WFA9)
and one bottom ash (WBA) were evaluated. The physicochemical and
mineralogical properties of wood ashes received in dry state (WFA8 and
WFA9) were different from those of ashes delivered as slurry (WFA3 and
WBA). WFA8 and WFA9 were finer and had lower bulk densities, higher
skeletal densities and many crystalline minerals than WFA3 and WBA.
No significant differences were noted in the chemical composition of
ashes, except a high content of SiO2 seen in WBA and high alkali levels
(i.e., K2O, SO3) in WFA8 and WFA9. The presence of NHL and PC, which

were added as WA partial replacements, offset the negative effects of
wood ash constituents and therefore shortened the setting times and
significantly improved the mechanical properties of the pastes. For WA-
NHL blends, the flexural and compressive strengths vary from 0.02 to
1.12 MPa and 0.05–2.59 MPa, respectively. In the case of WA-PC pastes,
the flexural strength ranges from 0.07 to 2.72 MPa, whereas their
compressive strength comprises between 0.13 and 5.49 MPa. The opti-
mum mechanical properties were achieved by the wood ash pastes
containing 20 wt% PC. Most of the binding matrices developed in this
study show sufficient compressive strength to allow the incorporation of
plant fibres and particles (hemp, flax, sunflower, etc.). It is therefore
feasible to use large quantities of wood ashes in eco-friendly binders for
lightweight insulating building materials.
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[47] E. Ferraz, S. Andrejkovičová, W. Hajjaji, A.L. Velosa, A.S. Silva, F. Rocha,
Pozzolanic activity of metakaolins by the French standard of the modified Chapelle
test: a direct methology, Acta Geodyn. Geomater. (2015) 289–298, https://doi.
org/10.13168/AGG.2015.0026.

[48] NF EN 196-3, Methods of testing cement - Part 3 : determination of setting times
and soundness, Afnor EDITIONS. https://www.boutique.afnor.org/Store/Preview/
DisplayExtract?ProductID=79422&VersionID=14, 2017. (Accessed 10 August
2022).
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[67] Ö. Cizer, C. Rodriguez-Navarro, E. Ruiz-Agudo, J. Elsen, D. Van Gemert, K. Van
Balen, Phase and morphology evolution of calcium carbonate precipitated by
carbonation of hydrated lime, J. Mater. Sci. 47 (2012) 6151–6165, https://doi.org/
10.1007/s10853-012-6535-7.

[68] Z. Zhu, H. Chu, M. Guo, M. Shen, L. Jiang, L. Yu, Effect of silica fume and fly ash on
the stability of bound chlorides in cement mortar during electrochemical chloride
extraction, Construct. Build. Mater. 256 (2020) 119481, https://doi.org/10.1016/
j.conbuildmat.2020.119481.
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