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Abstract

An increase in the produced amounts of wood ashes (WAs) is seen worldwide. In this study,
the potential use of two representative WAs as a partial cement replacement is investigated.
The WAs originate from combustion of wood chips by grate combustion (WA 1) and circulating
fluidised bed combustion (WA2). Both WAs were found to possess hydraulic properties, no
pozzolanic properties were detected. A substantial difference in strength development was
observed between WA 1 and WA2 attributed to the phases formed; WA2 contributing the most,

ettringite in addition to other phases were formed, while gypsum formed in WA1 pastes.

Keywords: wood ash, hydraulic activity, pozzolanic properties, compressive strength, phase

development

1. Introduction

The production of cement is responsible for 8-9% of the total anthropogenic CO2 emissions
[1]. In order to reduce the global carbon footprint, blended cements are produced, where parts
of the clinker are replaced with other materials [2]. Traditionally coal fly ash from the
combustion of coal has been used in blended cement, however, with the withdrawal of coal-
fired power plants, a decrease in the available amounts of coal fly ash is seen. An alternative

to coal biomass is used in the heating and power production, and the amount of ash originating

* Corresponding author.
E-mail address: nimasi@byg.dtu.dk (N.M. Sigvardsen).

Abbreviations (not standard): WA1: wood ash no. 1, WA2: wood ash no. 2.
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from combustion of different types of biomass increases [3]. In 2018 approximately 10 million
tonnes of biomass ash were produced worldwide from electricity production alone [3].
Potentially these biomass ashes could be used as mineral addition in blended cements. One of
these potential mineral additions is wood ash (WA), which derived from combustion of woody

products [4].

Mineral additions, traditionally used as a partial cement replacement, are divided into
pozzolanic, latent hydraulic materials and (partially) inert fillers [2,5]. Pozzolanic materials,
e.g. coal fly ash, form cementitious binders in reaction with calcium hydroxides. Latent
hydraulic materials react with water and form cementitious binder in the presence of an
activator [5]. Wood ash has varying characteristics [6,7] and varying properties when used as
a partial cement replacement. Pozzolanic activity has been observed for WA in some studies
[8-10] and explained by a high content of silicon, aluminium and iron oxide [9,10] or
amorphous silica [8]. Lack of pozzolanic activity was found in [11,12] and explained by limited
silicon content in the investigated WAs. Other studies [13—17] reported hydraulic activity for

WAs reacting directly with water and forming cementitious products even without activation.

In a recent paper, Sigvardsen et al. [6] presented a multivariate data analysis linking
combustion process with reaction mechanisms based on the nominative requirements to fly ash
from coal combustion, as no requirements are available for the use of WA as partial cement
replacement. Sigvardsen et al. [6] concluded, a WA originating from combustion of biomass
(e.g. wood chips, but not limited to) from whole trees by circulating fluidised bed combustion
at low temperatures is most likely to possess some pozzolanic properties, while a WA
originating from grate combustion from similar biomass is most likely to possess hydraulic
activity. However, results from another recent paper from Sigvardsen et al. [17] indicated that
the contribution to the compressive strength development from a partial cement replacement
with WA, only to a minor extent is due to pozzolanic properties and the main contribution is

the hydraulic properties.

The object of this study was to test the results obtained by the multivariate analysis [6] and
further investigate the results obtained by Sigvardsen et al. [17] by investigating the reaction
mechanisms (pozzolanic vs hydraulic properties) of two representative WAs from the two
different combustion methods; grate combustion and circulating fluidised bed combustion.
Both WA originate from combustion of wood chips originating from trees, including back and

needles, the most commonly used type of biofuel [18].
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A report, published by representatives from Austria, Denmark, Canada, Germany, Italy and the
Netherlands [3] in 2018, determined grate combustion to be predominately used combustion
of biomass. Further is circulating fluidised bed combustion gaining ground in many countries,
due to a high efficiency when only biomass is used as a fuel [19]. This leads to the two WAs
included in this study to be of the most common type of WA produced.

2. Materials and methods

An overview of notations, including descriptions and the linked methods are provided in Tab.

1.
2.1. Materials

The fly ash fraction of two wood ashes (WAs) were used in this study; WA 1 from
Skaerbakvarket Biomass Power Plant, Denmark and from and WA2 Vartaverket Combined
Heat and Power Plant, Sweden. The two power plants use the same type of wood chips from
whole trees, including bark and needle, but uses different combustion methods.
Skaerbakvarket Biomass Power Plant uses grate combustion with combustion temperature
600-1,000°C, whereas Virtaverket Combined Heat and Power Plant use circulating fluidised

bed combustion with combustion temperature 760-930°C.

WAs were collected by the staff at the power plants and transported in S0L plastic buckets.
Each bucket was divided into smaller 20L buckets by taking approximate 100-200g at a time
into each bucket. Subsequently, the buckets were closed and stored protected from light, heat
and moist sources. Before smaller portions of WA were sampled for testing, the uniformity of

the WA was increased by rotating the plastic buckets by hand.

Before use, the WAs were dried (50°C) and sieved to a particle size of <250um. This can lead
to some extent of carbonation, but it was necessary in order to obtain a controlled water content.
Sieving was conducted, since the content of particles > 250um consisted only of large remnants
of charred wood, accounting for ~ 25% of WA1 and less than 2% of WAZ2. This sieving only
removed the large remnants of charred wood, thus smaller particles of charred wood can be

found in the sample fraction < 250um [20].

For castings with Portland cement, Rapid Aalborg Cement (CEM I) with 5% limestone filler

was used. Inert quartz (Qz) was also used for measurements of strength activity index (SAI).
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2.2. Methods
2.2.1. Characterisation of WAs, Oz and CEM 1

The content of major chemical element of the WAs, Qz and CEM I was measured on samples
crushed to a particle size < 200um by X-ray fluorescence (XRF) spectrometry using a
SPECTRO Gmbh X-LAB 2000 with a Pd-tube. Subsequently, the content of oxides could be
calculated from the measured element content. Loss on ignition (Lol) was measured in
accordance with EN 196-2 [21] and the free calcium oxides content in accordance with EN
451-1 [22]. Unburnt carbon content was calculated from the Lol and thermogravimetric

analysis (TGA) measurements.

pH and conductivity were measured on suspensions of WAs, Qz, and CEM [ in a 2.5:1 liquid-
to-solid ratio in distilled water by the use of radiometer analytical electrodes after 1-hour
agitation. After filtration, the concentrations of water-soluble Cl" and SO4* were measured in

the filtrate by the use of Ion Chromatography (IC).

The particle size distribution (PSD) was determined for WAs, Qz, and CEM 1 by laser
diffraction by the use of Mastersizer 2000 and the particle density by helium gas pycnometer
Micrometics AccuPyc 1340 according to EN 196-6 [23].

X-Ray Diffraction (XRD) was used for identifying the crystalline phases in the WAs and CEM
I. Backloading was used to load the materials into the sample holder. For XRD measurements,
a PanAnalytical X-ray diffractometer sat at the PW3064 Spinner stage was used. The x-ray
source was Cu-Ko radiation with a wavelength of 1.54 A. The samples were measured with a
step size of 0.002 °260 and with a 24.8 s sampling time per step between 4 °260 and 100 5 °26.
The obtained XRD plots were qualitatively evaluated by the use of X ’Pert HighScore Plus

software, including data from the International Centre for Diffraction Data (ICDD).

In order to further identify and quantify phases present in the WAs and CEM,
thermogravimetric analysis (TGA) was performed by measuring the weight loss from room
temperature to 900 °C by the use of a NETZSCH STA 449 F3 Jupiter. 40 mg of the samples
were transferred into a 85 pl aluminium oxide crucible, and the weight loss was measured over
two steps: the temperature was raised to 40 °C and kept for 10 min, then increased to 900 °C
with a heating rate of 10 °C/min while the cell was purged with 50 ml/min of nitrogen gas. The

analysis software Proteus Analyzer was used for data processing.
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2.2.2. Determination of pozzolanic reactivity by Frattini test

The pozzolanic reactivity was assessed according to EN 196-5 [24] by measuring the
consumption of the Ca(OH) during curing (Frattini test). A 20g test sample, 80% CEM I and
20% of either of the WAs or Qz, were prepared and mixed with 100ml of distilled water. After
mixing, the samples were sealed in plastic bottles and left in an oven at 40°C until the test of

pozzolanic reactivity. The test was conducted by double determination at both 8 and 15 days.

Results are presented in an x/y-chart, the y-axis representing CaO [mmol/l] and the x-axis
representing OH™ [mmol/l1]. According to EN 196-5 [24], the solubility curve of Ca(OH); is
plotted over OH™ by [CaO] =350/ (JOH]-15) for an alkaline solution at 40°C. Results plotted
below the solubility curve of Ca(OH), indicates the removal of Ca®" from the solution, thus
indicating pozzolanic activity, and results plotted above indicate saturation or oversaturation

with Ca(OH); and thus no pozzolanic activity.
2.2.3. Determination of pozzolanic reactivity by strength activity index (SAI)

For testing of the strength activity index (SAI), mortar prisms (40 x 40 x 160mm) were cast
according to EN 196-1 [25]. The mix composition was 80% CEM I and 20% of either of the
WAs according to ASTM C311/C311M-13 [26]. For comparison, prisms with 20% cement
replacement by Qz and 100% CEM I was cast. The w/b was kept at 0.5, but for mixtures
containing either of the WAs, super plasticiser (Dynamon XTend from Mapei) were used to
achieve standard consistency. Consistency on the mixtures was determinate by flow table (EN
1015-3 [27]). The prisms were demoulded after 1 day of storage in a temperature-controlled
room (20°C) and subsequently stored in separate boxes for each casting (3 prisms) submerged
in 4.5L lime water (3g calcium hydroxide/L distilled water [28]) in a temperature-controlled
room (20°C) until testing. For each mix at the curing ages 7 and 28 days, three mortar prisms

were prepared [25].

SAI was measured on prisms at 7 and 28 days of curing [29]. The mortar specimens were
divided into two by the use of an electro-mechanic test machine (Instron 6022, 10kN) with
loading steps of 0.05 kN/s. The compressive strength of all six pieces of mortar sample was
measured for with a servohydraulic test machine (Toni Technik 300Ton) with loading steps of
2.4 kN/s (EN 196-1 [25]). The air content of mortars was determined from the weight at
demoulding, and the theoretical air void-free mortar [30] and the compressive strength was

normalised to an air content of 2 vol% using Bolomey’s equation [31].
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SAI was calculated from Eq. 1 [26].

A €]
SAl ==
B

Where:
A = average compressive strength of test prisms (80% CEM 1+ 20% WA)

B = average compressive strength of control prisms (100% CEM I).
2.2.4. Compressive strength development of mortar with 100% WA

Mortar cubes were mixed with 100% WAs as described in EN 196-1 [25], but the binder
content was kept constant at w/b = 0.75 and cast in 30 x 30 x 30mm silicone moulds instead
of as mortar prisms. The size of the mould complies with the requirements established in EN
12390-1 [32]. A reference mortar was cast with 100% CEM I and w/b ratio = 0.75, notated
REF. After 7 days of curing in the covered moulds, the cubes were demoulded and stored,

sealed in a box in a temperature-controlled room (20°C) until testing.

The compressive strength of the cubes was measured at 7, 14, 28, 60 and 90 days of curing
using an electro-mechanic test machine (Instron 6025, 100kN) with loading steps of 2.4 kN/s
[25]. All specimens were tested perpendicular to the direction of casting as a laitance layer of
2-3mm was seen on the reference specimens. The measured compressive strength was

normalised to an air content of 2 vol% as described in section 2.2.3.
2.2.5. Casting and testing of 100% WA paste samples for phase development

Paste samples were prepared with 100% WA with high water to binder (w/b) ratio = 0.75 in
order to maintain workability. A high shear mixer (Whip Mix Power Mixer Model B) was used
for mixing of the pastes. The mixing process was adapted from EN 196-1 [25]: mixing for 90
s, resting for 90 s, and mixing for 60 s. A reference was also cast with 100% CEM I and w/b
ratio = 0.75, notated REF. The pastes were cast in 18 ml Nalgene LDPE sample vials with snap
closure (diameter 27.1mm) and stored sealed in a temperature-controlled room (20°C, >90%

RH) until testing.

2.2.5.1. Double solvent exchange

For curing stoppage of the paste specimens after 7, 14, 28, 60 and 90 days of curing double

solvent exchange was used [33]. For each cured paste sample, four 2mm thick slices were cut
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from the middle of the sample. The slices were then crushed in a porcelain mortar to a particle
size of < Imm. 3g of the crushed sample was immersed in 50mL isopropanol, shaken for 30
sec, rest for 5 min and decanted. This procedure was performed twice, before the suspension
was vacuum-filtered. Then the crushed sample was immersed in 10mL diethyl ether, shaken
for 30sec, rest for 5 min and vacuum-filtered. After immersion in isopropanol and ether, the
crushed sample was put in an oven (8 min. at 40°C) to remove remnants of the easily volatile
diethyl ether [33]. Prior to further testing, the paste sample was further crushed in a porcelain
mortar to a particle size of < 63pm sieve [33]. The crushed paste sample was subdivided into

two, and TGA and XRD analysis were conducted right away.
2.2.5.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed on the same powdered paste samples as used
for the pH and TGA, subsequent to double solvent exchange. The XRD analysis was described

in section 2.2.1.

2.2.5.3. Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was performed on the same powdered paste samples as
used for the pH and XRD, subsequent to double solvent exchange. The TGA was described in

section 2.2.1.

TGA was used to measure the loss of bound water and decomposition of portlandite, ettringite
and calcite determined by the use of a horizontal step between 50°C and 550°C [34], 400°C
and 550°C [34], 50°C and 120°C [35], and 600-800°C [33], respectively. The temperature
interval, 50-120°C, which is used for ettringite can also include AFm phases and C-S-H [35].
This can lead to an overestimation of the precipitated ettringite. The equations (2)-(9) are used
for quantification of the bound water (H), portlandite (CH), ettringite (Et) and calcite (C)

content relative to the anhydrous mass binder weight (c.f. [33]).

Hpeasurea = Wlso-ss0 (2)
Hmeasured

H = 3

anhydrous = \yeight at 550°C )

CHmeasurea = Wlaoo-s50 ° (74’/18) (4)
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CHmeasured
CH = 5
anhydrous = yeight at 550°C )

Etmeasurea = Wlso—120 (1255/(32 : 18)) (6)
C6AS3H32measured
Etannyarous = weight at 550°C ™

Crneasurea = Wleoo-g00 (100/44) (8)
CEmeasured

C = 9

anhydrous = \,eight at 550°C ©)

3. Results

3.1 Characteristics of unreacted binders and filler (WAs, Qz and CEM 1)

The chemical composition of the unhydrated materials, WA1, WA2, Qz, and CEM 1 are
presented in Tab. 2 and the physical properties are presented in Tab. 3. PSD for WA1, WA2,
Qz, and CEM I are displayed in Fig. 1. The mean particle size were 15, 9, 24, and 13 for WAL,
WA2, Qz, and CEM 1, respectively (Tab. 3). Fig. 2 and Tab. 4 included the crystalline phases
in both unhydrated WAs and CEM I. CEM I contained alite, belite, ferrite and C3A. Both WA
and WA2 contained portlandite, quartz, lime and calcite. Further WA1 contained arcanite
(K2S0O4), and WA2 contains anhydrite (CaSOs4) and sylvite. DTG curves of unhydrated WAs
and CEMI are displayed in Fig. 3.

3.2. Pozzolanic activity

The Frattini test is a direct method to measure the possible pozzolanic activity of a material
[36], measuring the content of Ca(OH), and its decrease as the pozzolanic reaction proceeds.
The result is given in Fig. 4. All results from the Frattini test are observed above the solubility

curve of Ca(OH): indicating no pozzolanic activity for neither of the WAs nor the Qz.

The strength activity test is an indirect method used to assess the pozzolanic activity by
measuring a physical property [36]. The results for the investigated 20%W As can be found in
Tab. 5. ASTM C618 [29] requires a strength activity index (SAI) above 0.75 for pozzolanic
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materials. 20%WAT1 achieved a SAI of 0.74 and 0.76, 20%WAZ2 achieved a SAI of 0.85 and
0.89, and 20% Qz achieved a SAI of 0.77 and 0.85 at 7 and 28 days of curing, respectively.
Thus, the SAI test indicates pozzolanic activity for WA2.

3.3. Development of the compressive strength of mortar cubes with WAI, WA2 or CEM 1

The development of the compressive strength of mortar cubes with either 100%WAI,
100%WAZ2 or plain CEM I (REF) are presented in Fig. 5. The mortar cubes with WA had at
all time a lower compressive strength compared to cubes with REF. For 100%WA2, a
significant increase was seen in the compressive strength rinsing from 0.6MPa at 7 days of
curing to 6.4MPa at 90 days of curing, reaching 85% of the compressive strength of REF.
100%WAT1 only increased in compressive strength from 0.2MPa at 7 days of curing to 1.7MPa
at 90 days of curing, reaching 22% of the compressive strength of REF.

3.4. Phase development

The phase development in plain CEM I (REF), 100%WAI1 and 100%WA2 pastes were
analysed by XRD and TGA. The phase development in the paste specimens determined by
XRD is presented in Fig. 2 and summarised in Tab. 4. For REF depletion of alite was seen after
28 days of curing. Ettringite and portlandite were seen in REF at all ages (7-90 days), in

addition, increasing amounts of hemicarbonate and some monocarbonate were seen.

The hydrated 100%WA1 pastes were by XRD found to contain portlandite, quartz, calcite,
potassium sulfate (arcanate) and gypsum. Lime and ettringite present in the unhydrated WA 1
were note observed in the hydrated 100%WAT1, while portlandite and gypsum were not found
the unhydrated WAI1. The hydrated 100%WA2 pastes were by XRD found to contain
Portlandite, ettringite, quartz and calcite at 7 days of curing, while lime anhydrite and sylvite
present in the unhydrated WA2 were not detected. At 14 days monocarbonate was detected in
addition to Portlandite, ettringite, quartz and calcite. At later age (> 14 days), depletion of
portlandite was seen. The identified phase assemblage for the 100%W As pastes is supported
by the literature [13,15].

The weight loss (DTG) curves measured by TGA confirmed the hydrate phases identified by
XRD in REF: ettringite, hemicarbonate, monocarbonate and portlandite, see (Fig. 3 (a)). The
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DTG curves for 100%W A2 pastes (Fig. 3 (c)) confirmed the presence of ettringite, portlandite
and calcite, while the DTG curves for 100%WAT1 confirmed the presence of gypsum,
portlandite and calcite. In addition, a weight loss below 100°C was observed for the hydrated
pastes of both WAs (not in the unhydrated WAs). The peak appears at the decomposition
temperature of, among others C-S-H and monosulfate, but the peak is sharper (the temperature
interval more narrow) than expected for C-S-H, and monosulfate was not found by XRD (Fig.

4; Tab. 4), and the peak remains unidentified.

Quantification of bound water, portlandite, and calcite in the pastes, and weight loss in the
temperature range 50-120 °C calculated as ettringite are presented in Fig. 6. The weight loss
between 50-120 °C is calculated as the weight loss due to ettringite, as ettringite is considered
the main contributor responsible for the set, harden and strength development of a water-WA
mixture [15,37]. Three independent quantifications of the bound water, portlandite, ettringite
and calcite of a reference sample (28 days of curing) are used to calculate the standard
deviations; 0.67wt% for bound water, 0.56wt% for portlandite, 0.27wt% for ettringite and

0.33wt% for of calcite, displayed as error bars in Fig. 6.

A larger amount of bound water for REF was determined compared to the 100%WA pastes at
all ages (Fig. 6 (a)). Further, the amount of bound water for 100%WA2 exceeded 100% WAL

at all ages, mainly due to an initial larger amount after 1 day.

Also, the amount of portlandite in REF determined by TGA exceeded the content determined
in the 100%WA pastes (approximately 16 vs 5 and 1wt% after 28 days’ curing). Comparing
the WA, the content of portlandite was higher for 100%WA1 than for 100%WAZ2 (Fig. 6 (b)).

The weight loss which is observed in the temperature range 50 - 120°C is interpreted, based on
XRD, as the amount of ettringite in 100%WA?2 increased notably from zero to 28 days of curing
and exceeded REF at 28 days of curing (Fig. 6 (¢)). No further development was observed from
28 days of curing.

Also, the 100%WAT1 pastes had a weight loss in the temperature range 50 - 120°C. However,
based on XRD this weight loss is not interpreted as ettringite, but attributed to the
decomposition of unidentified phases. The rate of development of the phases decomposing in
the temperature range 50 - 120°C was slower, and the final value lower than observed for
100%WAZ2. A slight increase in the amount of hydrate phases between 50 - 120°C were seen
for 100%WAT (increase 7wt%) from 7 to 60 days of curing until it became constant.

10
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An initial increase is seen in the calcite content from unhydrated to hydrated materials which
might be a result of carbonation during the double solvent exchange. The calcite content for
REF was constant from 7 days of curing (Fig. 6 (d)), indicating no synergetic reaction between
the limestone filler and alumina in CEM I [38]. 100%WAI had a significantly higher calcite
content compared to 100%WAZ2, and for both 100%W A pastes the calcite content was seen to
decrease by 5-7wt% during curing (Fig. 6 (d)).

4. Discussion

The two investigated WAs included in this study originated from combustion of wood chips
by grate combustion (WA1) or circulating fluidised bed combustion (WA2). As mentioned in
the introduction, WAs from the two combustion processes are, based on a multivariate data
analysis [6], most likely to possess hydraulic (WA1) or pozzolanic properties (WA2). Below

results from the present study are summarised and discussed.

4.1. Pozzolanic properties
4.2.1 Comparison to requirements in EN 450

In order to evaluate the applicability of the WAs as a partial cement replacement, the oxide
content of the WAs was assessed based on the requirements in the fly ash standard EN 450
[39]. It should, however, be noted that EN 450 [39] covers fly ash from coal combustion; thus,
the assessment is only indicative. EN 450 [39] specifies requirements for the physicochemical
properties for coal fly ash used in mortar and grouts. According to EN 450 [39], the sum of the
content of Si02, Al2O3 and Fe>Os shall not be less than 70% by mass for a pozzolanic material.
None of the WAs investigated in this study meet this requirement, see Tab. 2. Thus, based
solely on the oxide composition and the criteria established in EN 450 [39], a pozzolanic

behaviour of WA1 and WA2 can be expected to be very limited or absent.

The pozzolanic behaviour is depending on the amount of amorphous silica and aluminosilicate
present in the material [5,40]. The aluminium content was low in both WAs (1.9 and 4.9%
respectively), compared to traditional coal fly ash (> 18%) [40]. Higher content of silicon was

seen for WA2 compared to WAL, 21.8 versus 8.6%, but still lower than required for fly ash

11
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coal combustion (> 32%) [40]. WA2 originates from fluidised bed combustion, where fine inert
quartz of elutriated bed material is carried with the flue gas during combustion and ending in
the fly ash fraction [41]. This might explain the difference in the silica content between WA1

and WA2, however, this also leads to the expectation that much of the silica in WA2 was inert.
4.2.2. Frattini test

The results of the Frattini test are displayed in Fig. 4 in accordance with EN 196-5 [24] as an
x/y-chart, y-axis representing CaO [mmol/l] and x-axis representing OH™ [mmol/l], and the
solubility curve of Ca(OH),. Results appearing below the solubility curve indicates removal of
Ca”' from the solution, attributed to pozzolanic activity, and results plotted above the solubility
curve indicate oversaturation with Ca(OH); and thus no pozzolanic activity. All tested samples
(REF, 20%WAT1, 20%WA2 and 20%Qz) remained saturated with portlandite over the 28 days
testing period and did not show sufficient consumption of portlandite to be categorised as a
pozzolan. A drawback of the Frattini test is the reliance on a) the removal of Ca?’ from the
solution are attributed solely to the pozzolanic reactions and b) no contribution of Ca** from
the mineral addition tested. This might incorrectly lead to negative results for high-Ca mineral
additions which can possibly act as a source for soluble Ca** [42,43] and a false positive
response in case of removal of Ca®" due to precipitation of, e.g. CaSOs if extra SO4* ions are
present [43]. Based on the content of CaO >20% in the WAs, both WAs can be categorised as
high-Ca mineral additions [44] (Tab. 2), potentially contributing with soluble Ca**. Formation
of gypsum was seen for WA1 and formation of ettringite was seen for WA2 (see Tab. 4.),
counteracting the increased Ca®" and leading to a consumption of Ca®" not entailed by the
pozzolanic activity. Nevertheless, based on the low content of silica and aluminosilicate
potentially able to enter into pozzolanic reactions of the WAs, the results obtained from the
Frattini test are considered reliable, and none of the WASs are, based on the combined chemical
analysis (oxide composition of the unreacted ashes) and the Frattini test, expected to possess

any significantly pozzolanic properties.
4.2.3. Strength activity index

Based on the results obtained from the SAI test (Tab. 5), WA2 appeared to possess pozzolanic
properties achieving a SAI of 0.85 and 0.89 after 7 and 28 days of curing, respectively, meeting
the requirements set by ASTM C618 [29] of minimum compressive strength relative to a
reference sample at 0.75 after both 7 and 28 days reaction. However, so did the inert Qz,

achieving a SAI of 0.77 and 0.85 after 7 and 28 days of curing. In contrast, WA1 did not possess
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pozzolanic properties according to the SAI test, achieving a SAI of 0.74 and 0.76 after 7 and
28 days of curing. These results are contradictory to the results obtained by the Frattini test for
WAZ2, and the WA2 compliance with the SAI acceptance criteria might be attributed to the WA
possible possessing hydraulic properties. The positive results for Qz highlight a clear drawback
of the SAI test, due to uncertainty in whether the observed strength development is actually
due to pozzolanic activity or due to hydraulic properties or filler effects as expected for Qz
[43,45]. Based on the relatively coarse PSD (Fig. 1), neither nucleation nor packing effects
were expected for Qz. The increase in the compressive strength seen for the 20%Qz mortar
might be explained by dilution of cement paste, providing more space and water for the cement
reaction. Following this argument, (part of) the observed response of WA2 might also be due
to a dilution effect, but as WA2 is not considered inert as Qz, this contribution is considered
limited, and the contribution to the compressive strength for WA2 can be attributed to reactions
between WA2, cement and water forming strength contributing hydrates. The low SAI
obtained for WA1 can be explained by WAI not acting as a filler, due to the PSD, and
formation of hydrates not significantly contributing to the development of the compressive

strength.

In summary, based on the low content of silica and aluminosilicate, the results from the Frattini
test, and explaining the positive response of WA2 to the SAI test by hydraulic properties, none

of the WAs are expected to possess any significant pozzolanic properties.

4.2. Hydraulic properties

The definition of a hydraulic binder is a binder that chemically reacts with water, facilitating a
solid matrix with the ability to set and harden and, after hardening, retaining strength and
stability even under water [46]. In a blended system with Portland cement (CEM I), the WAs
investigated in this study retained stability even under water, but the 100% WA mortars were,

when hardened, not stable in water.

4.2.1 Comparison to requirements in EN 197-1

To assess the applicability of the WAs as a partial cement replacement, the hydraulic properties
of the WAs were assessed based on the requirements to oxide contents in the European cement

standard EN 197-1 [46]. It should, however, be noted that EN 197-1 does currently not approve
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the use of WA as a partial cement replacement, and thus the assessment is only indicative.
According to EN 197-1 [46] a Portland cement clinker, defined as a hydraulic material, should
comply with a CaO/SiO; ratio above 2 and granulated blast furnace slag, defined as a material
possessing hydraulic activity when suitably activated, should comply with a (CaO+MgO)/Si0-

ratio above 1. The WAs investigated in this study meet both requirements, see Tab. 2.

4.2.2 Compressive strength development

A significant difference was seen between the compressive strength development measured for
the 100%WA mortar cubes and the REF mortar cubes. REF had the highest compressive
strength at all ages (reaching 7 MPa after 90 days) and 100%WAI1 the lowest compressive
strength at all ages (see Fig. 5). 100%WA2 did not exceed the REF, but the compressive
strength of 100%WA2 was increasing substantially from obtaining 10% of the compressive
strength of REF at 7 days of curing to obtaining 85% of the compressive strength of REF at 90
days of curing. In comparison, 100%WA1 obtained 4% of the compressive strength of REF at
7 days of curing and 22% of the compressive strength of REF at 90 days of curing.

In summary, both investigated WAs appear to possess hydraulic properties as the 100%WA
mortars were able to set, harden and develop strength, however, at a very different rate and

extent and only when cured above water.

4.2.3. Phase development

The hydraulic properties of the WAs were further assessed through XRD and TGA of the
reaction products formed in pastes of 100%WA. The development of crystalline phases
identified by XRD is illustrated in Fig 2. and Tab. 4, summarising data for both WAs and CEM
I. Based on TGA the amounts of selected phases were quantified; Fig. 6 illustrates the
development with time of bound water, portlandite, calcite, and ettringite (and other phases

decomposing in the temperature range 50-120°C).
Ettringite and phases decomposing in the temperature range 50-120°C

According to the literature [15,37,47,48], the formation of gypsum and ettringite are viewed as
the most important phases regarding the setting and strength development of WA-water

mixtures. Ettringite formation can lead to an increase in compressive strength, as a result of
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the high content of hydrate water in ettringite increasing the hydrate volume (32 moles vs. 12
mole for AFm [5]), facilitating a to a reduction in the porosity [5,15]. As displayed in Fig. 6
(c), hydrated 100%W A2 contained a large content of ettringite, exceeding REF from 28 days
of curing. No ettringite was found in 100%WAT1 by XRD; instead, SO3 appeared to precipitate
as gypsum (Tab. 4). This is in contrast to results obtained by Sigvardsen et al. [17], where an
increase in the ettringite content are found in cement pastes with 10% cement replacements
with both WA1 or WA2. This indicates an influence of the chemistry of the cement and the
WAs influencing each other; the WAs contributing with an increase in the SO; content and the
cement contributing with C3A leading to an increased SO3/C3A facilitating an increase in the

formation of ettringite [44], not seen for 100%W A pastes.

Ettringite precipitates when sufficient amounts of aluminium, calcium and sulfate are present
[50]. WA1 and WAZ2 have a similar total content of calcium and sulfate, thus the observed
difference in the ettringite content might be attributed to the difference in the alumina content;
1.9wt% for WA1 and 4.9wt% for WA2. This is further substantiated by the findings in
Sigvardsen et al. [17], where aluminium is provided by the C3A in the cement, increasing the
formation of ettringite. The alumina present in WA1 appeared to precipitate as hydrogarnet, if

no monosulfate is considered to be present, see Fig. 3.

The TG curves indicate a potential presence of monosulfate (Fig. 3). However, this was not
confirmed by XRD and monosulphate is not stable in the presence of gypsum as it would react

to form ettringite [49].

Hemi- and monocarbonate were determined for REF (by both XRD and TGA) and
monocarbonate was found in 100%WAZ2 pastes (by XRD). Hemi- and moncarbonate
decompose between 60-300°C [33], which could lead to an overestimation of ettringite for REF
and 100%WAZ2 pastes, however, since the main peak lies above 120°C, this contribution is

considered limited.

Portlandite

Portlandite has been determined in the literature as a hydrate phase which can form during
curing of a WA-water mixture [15,50]. Initially, a similar content of portlandite was seen for
100%WAT1 and 100%WAZ2, see Fig. 6 (b). Between 7 and 14 days of curing, a further increase

was seen in the portlandite content of 100%WA 1, maybe due to the difference in the content

15



442
443

444
445
446
447

448
449
450
451
452
453

454

455

456
457
458
459

460

461

462
463
464
465

466
467
468
469
470
471

of free CaO between WAl and WA2 (Tab. 2). At later age, the portlandite content was
decreasing for both WAs.

The decrease in the portlandite content detected for 100%WA?2 from 7 to 28 days of curing,
corresponds to the formation of ettringite (Fig. 6 (¢)). From 28 days of curing the portlandite
content of 100%W A2 close to 0, corresponding to the constant content of ettringite (Fig. 6 (¢))

from 28 days of curing.

The decrease in portlandite, seen for 100%WAT1 from 14 to 60 days of curing, might be due to
the formation of C-S-H through pozzolanic reactions as observed for other WAs by Illikainen
et al. [15]. However, the amount of C-S-H precipitating as a result of pozzolanic reactions can
be considered limited, both based on the TG curves (Fig. 3 b) and the results obtained by the
Frattini test. Another explanation could be formation of gypsum from sulfate and portlandite,

determined from 7 days of hydration by XTD (Tab. 4).

Calcite

A decrease in the calcite content was seen for both 100%WA1 and 100%WAZ2. The decrease
in calcite for 100%WAZ2 is attributed to the formation of monocarbonate determined by XRD.
Monocarbonate was not determined for 100%WAT1, and no other phases could be identified

explaining the decrease in calcite.

4.3. Comparison to the Multivariate Data Analysis and Perspectives

As previously described, Sigvardsen et al. [6] presented a multivariate data analysis
investigating which types of WAs would be expected to possess hydraulic and/or pozzolanic
properties based on the total content of oxides and nominative requirements. The conclusions

WErec:

e WA originating from grate combustion of wood chips made from whole trees (in this
study represented by WA1) appears as the optimal type of WA when utilised as mineral
additions with hydraulic activity.

e WA originating from circulating fluidised bed combustion of biomass from whole trees
at low temperatures (in this study represented by WA2) is most likely to contribute to

some extent with pozzolanic properties.
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From the presented study, the WAs were found to possess very limited or no pozzolanic

properties and both, however, most distinguishable for WA?2, possessed hydraulic properties.

The difference between the conclusions of the multivariate data analysis [6] and the

observations in this study might be attributed to several reasons;

e The multivariate analysis only considered the relative amount of oxides and did not
take into consideration to what extent the WAs complied with the nominative
requirements established in EN 450 [39] and 197-1 [46].

e The multivariate analysis only considered the total amount of oxides not differentiating
between reactive and inert parts.

e The hydraulic index included in the multivariate data analysis did not take into account

the aluminium content.

Multivariate data analysis can be a powerful predicting tool, however, when assessing the
possible pozzolanic or hydraulic properties of a mineral addition, the total content of oxides
does not necessarily predict the actual performance. For future use of multivariate data analysis
for assessing the possible use of a mineral admixture, more physicochemical characteristics of
the mineral admixture need to be included, e.g. the amorphous oxide content. Furthermore, the

nominative requirements need to be used with.

As a traditional pozzolanic material, WA1 and WA?2 have very limited or no value. However,
especially the hydraulic properties of WA2 could be advantageously utilised as a material
which can be used for non-structural purposes. Further, a combination of either of the WAs
with an Al-rich pozzolanic material in blended cement could increase the amount of
voluminous hydrates leading to an increase in strength, thus further facilitating possible

utilisation of WA in the build environment.

5. Conclusion

Two representative WAs originating from combustion of wood chips by grate combustion
(WA1) and circulating fluidised bed combustion (WA?2) of wood chips were investigated in
this study. When mixed with water, both WAs were able to set, harden and develop strength,
and thus found to possess hydraulic properties. Mortars of 100%WA2 obtained substantially
more strength than mortars of 100%WA1. This was explained by a difference in the hydrate
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phases, mainly gypsum was found in hydrated pastes of WA, while ettringite was found in

hydrated WA2. Neither of the WAs was categorised as a pozzolanic.

The difference in main reaction products was attributed primarily to the content of aluminium
in 100%WAZ2, facilitating ettringite formation and the free CaO content in 100%WAI

facilitating precipitation of portlandite and subsequent formation of gypsum.
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635  Table 1. Overview of methods and notations.

Property/ Method WAl WA2 Qz CEMI
. Elemental composition X X X
B B | Particle size distribution X X X X
5 _g Lol X X X
Free CaO X X
100% 100% 100% REF 20% 20% 20%
WAl WA2 Qz WAL WA2 Qz
Strength activity index on mortar prims X X X X
= 2. .
% Frattini test on WA in water X X X X
B Compressive strength on mortar cubes X X X X
E‘ Phase development (TGA, XRD) on paste X X X
samples

636

637 Table 2. Chemical composition (%) of unreacted WA1, WA2, Qz and CEM 1. + indicates the standard deviation.

WA1 WA2 Qz CEM1
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Si0, 8.6 21.8 99.4 19.7

AlLO3 1.9 4.9 0.10 54
Fe O3 23 2.7 0.03 3.8
CaO 48.9 45.2 0 64.1
MgO 3.8 4.0 0 1.0
KO 16.8 7.2 0 0.4
Na,O 2.2 0.8 0 0.3
SO; 5.4 5.8 0 3.2
SiO; + ALO;3 + Fe O3 12.9 29.4 0 -
CaO / SiO; 5.7 2.1 - -
(CaO + MgO) / SiO, 6.1 2.3 - -
Cr 0.8+£0.0 04+0.0 0.0+0.0 0.0+0.0
S042 3.8+0.0 1.8£0.0 0.0£0.0 0.0£0.0
Lol, 950°C 15.0+0.1 16.2+£0.3 0.0+ 0.0 1.9+0.0
Unburnt carbon >1.0 5.7 - -
Free CaO 12.3+£0.7 6.4+0.2 - -
638
639 Table 3. Physical characteristics of unreacted WA1, WA2, Qz and CEM 1. + indicates the standard deviation.
WALl WA2 Qz CEM I
pH 13.0+0.1 12.7+0.1 7.7+0.1 12.8+0.0
Mean particle size (D50) 15+0.5 9+0.2 24.6+04 13+£0.1
Particle density (kg/m?) 2740 2710 2650 3180
640
641
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642  Figure 1. Particle size distribution of unreacted CEMI, WA1, WA2 and Qz, determined by laser diffraction.
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Figure 2. XRD patterns between 5 °20 and 65 °20 for the unreacted materials and hydrated pastes, (a) Unhydrated
CEMI and cured REF pastes, (b) Unhydrated WA2 and cured 100%WA1 pastes and (c) Unhydrated WA2 and
cured 100%WAZ2 pastes. Et: Ettringite, Hc: Hemicarbonate, Mc: Monocarbonate, P: Portlandite, G: Gypsum, Ar:

Arcanite, C: Calcite, L: Lime, An: Anhydrite, S: Sylvite.

Table 4. Crystalline phases for unhydrated CEM I, WA1 and WA2, and for 100%WAI1, 100%WA2 and REF
paste samples investigated after 7, 14, 28, 60 and 90 days of curing at 20°C determined qualitatively by XRD

diffraction.
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Figure 3. DTG curves of unhydrated and hydrated CEM I, WA1 and WA2 paste samples. (a) Unhydrated CEMI
and cured REF pastes, (b) Unhydrated WA2 and cured 100%WAI1 pastes and (c) Unhydrated WA2 and cured
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665 100%WA2 pastes at 7, 14, 28, 60, and 90 days of curing. C-S-H: Calcium-silicate-hydrate, Mc: Monocarbonate,
666  Hc: Hemicarbonate, Et: Ettringite, CH: portlandige, Ms: Monosulfate.
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669

670 Figure 4. Frattini test results for a reference mixture and three mixtures with 20% replacement of CEM I with
671  WAI1, WA2 and Qz, respectively.

672

673

674  Table 5. Measured compressive strength for 20%WA1, 20%WA2, 20%Qz and REF mortar prims, air content,
675  compressive strength normalised to an air content of 2 vol% and calculated SAL

676
= [5)
2 7 5
£ o= 8 e
g g5 z
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5 E = 2
] *E Z o =
g = 8 g % &
§ = fa) .2 5 5 S <
S & < z 5 74
M7-REF 60 3.6 1.1 58 -
M7-20%WA1 44 0.7 1.0 43 0.74
M7-20%WA2 50 0.7 1.0 49 0.85
M7-20%Qz 46 0.9 1.0 44 0.77
M28-REF 70 1.8 1.1 65 -
M28-20%WAl 51 1.3 1.0 49 0.76
M28-20%WA2 59 14 1.0 57 0.89
M28-20%0Qz 57 14 1.0 55 0.85
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682
683  Figure 5. Compressive strength for 100%WA1, 100%WA?2 and REF mortar cubes investigated after 7, 14, 28,
684 60 and 90 days of curing at 20°C. The compressive strength normalised to an air content of 2 vol% by the use of
685  Bolomeys equation [31]. The error bars indicates the standard deviation.
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Figure 6. Quantification of bound water (a), portlandite (b), ettringite (c) and calcite (d) normalised to anhydrous
binder for 100%WA1, 100%WA2 and 100% CEM I paste samples investigated after 7, 14, 28, 60 and 90 days of
curing at 20°C. Unhydrated 100%WA1, 100%WA2 and CEM I are included as 0. The error bars indicates the

standard deviation.

30



