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Abstract

International agreements oblige our state to develop ecological sources of energy, one of which is biomass.
During its combustion fly-ashes are produced. Several studies have shown that they might be useful in
concrete production. The article presents a comparison of biomass fly-ash and coal fly-ash influence on the
properties of cement composites. The replacement levels of cement by fly-ash (FA) were 20%, 40% and
60%. Biomass fly-ash FA(B) have replaced coal fly-ash by 0%, 50% and 100%. The compressive strength
tests showed similarities in strength development of coal and biomass fly-ashes concretes. Specimens with
biomass fly-ash presented similar or better abrasion resistance comparing to coal fly-ash samples.
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Streszczenie

Zobowigzania migdzynarodowe obliguja nasz kraj do produkeji energii z wykorzystaniem jej odnawialnych
zrodel, jednym z nich jest biomasa. Podczas jej spalania powstaja popioly lotne. Przeprowadzone dotychezas
badania sugeruja, ze produkcja wyrobow betonowych moze stanowi¢ skuteczny sposob ich wykorzystania.
Celem artykulu jest pordwnanie wplywu popiolu lotnego ze spalania biomasy i spalania wegla. Popioly (FA)
stanowily 20%, 40% lub 60% masy spoiwa. Popidl lotny z biomasy FA(B) dozowany byl wilosci 0%, S0% lub
100% masy popioléw. Wyniki badan wytrzymalos¢ na $ciskanie wykazaly podobny rozwoj wytrzymalosci
betondw. Probki z dodatkiem popiotéw z biomasy charakteryzowaly sie zblizong lub wieksza odpornoscia na
Scieranie od probek z dodatkiem popiotow weglowych.

Stowa kluczowe: popioly lotne ze spalania biomasy, cement, beton
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1. Introduction

The industrial-scale burning of carbon-based fossil fuels started at the turn of the 20® c.
Nowadays, global coal production is estimated up to 7-8 billion t/year. In 2015 Poland
produced 72 million t of that resource [1]. In the last decades of the 20" c. the awareness of
global warming raised. The rise of the average temperature on Earth is a direct consequence
of greenhouse gas emissions. One of these is carbon dioxide. Our economy produced 295.8
million t of CO, [2]. The cement industry is a significant source of carbon dioxide, its share
of global emission is estimated at 7-8%. A variety of solutions ought to be considered to
minimize industry’s carbon footprint. One of these is reduction of the amount of cement
in cement composite mixes. Some additives can partly substitute cement in the mix.
V category fly-ash, rich in glassy silica and alumina, is an example of a pozzolanic additive.
W category fly-ash is also considered a hydraulic additive, due to the presence of CaO.
Both of them are a side-product of coal burning in combined heat and power plants. The
utilization of fly-ash in cement composites raises the ecological value of the material [3].
The introduction of biomass fuel to Polish energy production began after its accession to the
European Union. Since then the share of renewable sources in overall energy production
has grown to the value of 11.25% in 2013, most of it derived from solid biomass firing. The
dominant type of biomass in Poland is woody and herbal biomass from forest management
and agricultural production. Further promotion of biomass fuels is planned in Ministry of
Energy document “Energy policy of Poland until 2050” [4, 5]. The introduction of biomass
fuels in power plants has created a new field of study in utilization of their combustion
side-products. An insufficient amount of research prevents biomass fly-ash systematization
in concrete standards [3, 6]. Various biomass fly-ashes have considerable activity and
pozzolanic properties just like coal fly-ash [6, 7].

The PN-EN 450-1 standard defines fly-ash as “fine powder of mainly spherical,
glassy particles, derived from burning of pulverized coal with or without co-combustion
materials, which has pozzolanic properties and consists essentially of SiO, and ALO,"
Their colour is mostly light or dark grey, are alkaline, and have fineness similar to
cement. The main physical properties are related to the combustion method in the
heat or power plant [3, 6]. The biomass fly-ashes chemical composition varies with
the source of combusted biomass. The combustion conditions and fuel influence the
physical properties, the specific surface area, and loss on ignition percentage. Generally,
the biomass fly-ashes have higher alkaline oxides and lower alumina percentages than
coal fly-ashes [3, 6]. As mentioned, the current standards PN-EN 450-1 and PN-EN
206-1 allow utilization of coal and coal co-combusted fly-ashes. Siliceous and calcareous
fly-ashes can become cement components if they meet the PN-EN 197-1 requirements.
Siliceous fly-ashes are the most common type of fly-ash used in the Polish cement and
concrete industry [3, 8]. The growing problem with biomass fly-ashes storage, and
similarities in chemical composition between biomass fly-ashes and coal fly-ashes, are
encouraging enough to research biomass fly-ash and its influence on cement composite
properties. Some suitable ways of utilization in concrete technology have already been



proposed or discussed in the literature, including: dry-cast concrete, lower-class road
pavements, heavy-metals immobilization, and self-compacted concrete. Any of these
must take into consideration the unique properties of this type of fly-ash [9-11].

The addition of rice husk fly-ash is one of the best known biomass fly-ashes. It has an
irregular shape of particles, with a slightly higher specific surface area than cement. Its
consequently significant amount of silica is accompanied by pozzolanic properties [12,
13]. However, the ability to enhance the mechanical properties is also influenced by the
crystalline structure of the material which is more dependent on the combustion process
[14]. The comparative study of the filler-effect of sand and pozzolanic properties of rice
husk fly-ash of the same size has shown that the pozzolanic reaction of the latter can be
considerably more influential on compressive strength from 14 up to 90 days from casting
[15]. It was reported that the replacement of 20% cement with rice husk fly-ash in concrete
can result in the compressive strength results similar to results of cement specimens. Also
barley husk fly-ash can also exhibit pozzolanic properties due to high content of silica [ 16].
The rice husk fly-ash can improve chlorine ions penetration resistance [12]. Regarding
their properties, wood and woody material fly-ash is a more inconsistent material than e.g.
rice husk fly-ash. Currently, wood waste fly-ash is mainly used for soil improvements in
agriculture. Wood fly-ash has a bulk density ranging from 2.1 to 2.6 g/cm’. Its particles are
irregular in shape and porous [17, 18]. The d_| size is about 110-150 um. The combustion
temperature drastically influences the amount of unfired carbonate residue. A temperature
of combustion above 1000°C significantly decreases the amount of carbonates and elevates
the amount of quick lime in the chemical composition. After combustion in 750°C the LOI
is 4.6-8.4%. Also, with increasing combustion temperature the amount of alkaline metals
declines. Despite the contaminants, the sum of silica, alumina and ferric compounds can
be up to 60-80% [17]. Some elevated levels of chlorines and sulphates were detected in
some Polish biomass fly-ashes [S]. Generally, the amount of hydration heat decreases with
the addition of woody fly-ash in a similar manner like in coal fly-ash. However, the addition
of woody fly-ash up to 20% of mass can result in a similar heat of hydration like in pure
cement binder [19]. The wood waste fly-ash influences the setting time. It delays the initial
and final setting time of the concrete mix [20, 21]. The mechanical properties of cement
composites can be enhanced with wood waste fly-ash with the replacement level up to
10% [19]. Other research suggests that a replacement of 25% of cement with wood waste
fly-ash can result in similar compressive strength to coal fly ash up to 7 days from mixing
which suggest a filler-effect [18]. An additional increase of strength between 28 day and
36S day compressive strength of concrete specimens was also reported [22], suggesting
the presence of pozzolanic reaction. The addition of woody biomass fly-ash can reduce the
workability of cement paste and increase its water demand. A similar effect was observed
with fresh concrete samples. A 15% replacement of cement with sawdust fly-ash in concrete
binder can reduce the slump test result by 32%. Other results suggest that an addition
of 10% of woody fly-ash to the binder has no adverse effect on water demand of cement
mortar [19, 23, 24]. Self-compacting mortars with addition of 10% of wood waste fly-ash
can exhibit compressive strength higher than cement control mortars up to 90 days after
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mixing [25]. Incorporation of woody material and rice-husk fly-ashes can improve alkali-
silica mitigation. Those types of fly-ashes were reported to enhance chlorine penetration
resistance in replacements levels up to 25%. The presence of wood fly-ash does not tend
to change the freeze-thaw resistance [17]. Woody biomass fly-ash tend to have less heavy
metals in their chemical composition than coal fly-ash and can present some potential in
the process of immobilization [11].

The aim of this paper is to assess the utility of wood biomass fly-ash for cement composite
production. The coal fly-ash was substituted with wood fly-ash in a blended binder. For
comparison, cement control specimens were made. The experiment program consisted of
compressive strength tests after 7, 28, and 90 days, a density and water absorption test, and an
abrasion test of cement concrete. Workability test were performed on cement mortars. Hydration
heat measurements in the first 48 hrs after mixing of cement binders were also performed.

2. Materials and test methods

2.1. Materials

As a binder material a commercial CEM I 42,5R cement was used. The material
conformed to the requirements of the PN-EN 197-1 standard. The wood biomass fly-ash
was taken from fluidized bed combustion (750°C) while the coal fly-ash was taken from
conventional combustion (1100-1200°C). Both fly-ashes came from the local combined
heat and power plant. The silica content, loss on ignition and pozzolanic activity index of
both fly-ashes are presented in Table 1. The grain size distribution of both materials are
presented in Table 2. Natural sand with a maximum aggregate diameter of 16 mm was used.
Tap water was used in the mixing and curing.

Table 1. The properties of wood biomass fly-ash and coal fly-ash

Propert PN-EN 450-1 Wood biomass Coal
pery requirements fly-ash fly-ash
SiO, content >25% 52% 63%
Loss on ignition <9% 12% 14%
Pozzolanic activity index after > 75% 77.0% 772%
28 days
Pozzolanic activity index after > 85% 80.3% 95.9%
90 days




Table 2. The grain size distribution of wood biomass fly-ash and coal fly-ash

0,5- 0,25- | 0,125- | 0,63-
S <0,01
Fly-ash type mm | 025 | 0125 | 063 | 001 |
Y- YP (%] [%] mm mm mm YR o]
[%] | [%] %] | [%]
Coal fly-ash 0.0 0.0 1.1 154 | 257 | 412 | 166

Wood biomass fly-ash 0.3 0.2 0.4 6.7

112 45.4 35.8

2.2. Mixture composition and specimen preparation

The fly-ash amount changed between series of specimen. The percentage of fly-ash (FA)
— understood as the sum of both fly-ashes — in the binder mass was 20%, 40% or 60%. The
content of coal fly-ash replaced with biomass fly-ash (FA(B)) was 0%, 50% or 100% mass
of FA. The proportions are presented in Table 3. The water to binder ratio (w/b) was 0.5.
The mass of the binder was the same in the series, 380 kg/m®. Table 4 presents the mixture
composition of concrete specimens. In the calorimetric tests binder samples were used. The
binders had also w/b equal 0.5.

Table 3. The content of fly-ash in the binder and the content of biomass fly-ash in fly-ash mass

Series code Biomass ﬂy—as;:l ;?];l)t e[g/:]in fly-ash mass Fly-ash content (FA) [%]
FA(B)0-20% 0 20
FA(B)0-40% 0 40
FA(B)0-60% 0 60

FA(B)50-20% 50 20
FA(B)S50-40% 50 40
FA(B)S0-60% 50 60
FA(B)100-20% 100 20
FA(B)100-40% 100 40
FA(B)100-60% 100 60
CEMI 0 0

The concrete specimens were cast in 10x10x10 cm moulds and completely compacted
by vibration. The specimens were stored in water at temperature of 20 £ 2°C and cured until
test time. They were tested for compressive test after 7, 28, and 90 days. The density, water
absorption and abrasion tests were performed after 28 days. The number of concrete samples
in each series destined for a single test was 3. For the hydration heat measurements the binder
sample was prepared before the test. A single binder sample was made for each series.
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The workability test was performed on fresh cement mortars. The control cement mix was
prepared in accordance to the PN EN 196-1 standard. In the two series with the addition of fly-
ashes 30% by binder mass was replaced with either biomass fly-ash or coal fly-ash respectively.

Table 4. The proportions of concrete mixtures

The proportions for 1 m® of concrete mix [kg]
Series code Cement Biomass Coal Sand Aggregate Water
fly-ash fly-ash 2-4 mm | 4-8 mm | 8-16 mm
FA(B)0-20% 304 0 76 590 220 220 780 190
FA(B)0-40% 228 0 152 590 220 220 780 190
FA(B)0-60% 152 0 228 590 220 220 780 190
FA(B)50-20% 304 38 38 590 220 220 780 190
FA(B)50-40% 228 76 76 590 220 220 780 190
FA(B)50-60% 152 114 114 590 220 220 780 190
FA(B)100-20% 304 76 0 590 220 220 780 190
FA(B)100-40% 228 152 0 590 220 220 780 190
FA(B)100-60% 152 228 0 590 220 220 780 190
CEM1 380 0 0 590 220 220 780 190

2.3. Test methods

The compressive strength tests were performed in accordance to the PN-EN 12390-3
standard. The abrasion test was performed using the Bohme test method in accordance with
PN-EN 13892-3:2005. The water absorption was calculated as the percentage of absorbed
water mass compared to the mass of a specimen dried to constant weight. The workability
test was performed in accordance with PN-EN 1015-3 and was assessed by percentile change
in water demand needed to achieve a slump test result similar to the control specimens.
Three tests on fresh mortar were performed for each series. The 48 hr long heat of hydration
measurements were performed on a conductive calorimeter. The calorimeter enabled the
heat of hydration from the moment of binder and water mixing to be measured [26].

3. Test results and discussion
3.1. Results of hydration heat measurements

The calorimetric measurement results for the binder series with addition of biomass fly-
ash are presented in Figure 1. The addition of biomass fly-ash has caused a diminishment of
hydration peak and has delayed it in time. The replacement of 60% of cement with biomass fly-
ash resulted in a reduction of hydration peak by 53% and its delay by 1.5 hr. There is a visible
and significant peak in the first minutes from mixing water with binder.



With the growing replacement of coal fly-ash with biomass fly-ash the hydration peaks
were bigger. Comparing the binders with 40% cement replaced with fly-ash, the binder with
biomass fly-ash replacement was characterized with a higher hydration peak by 20% (Fig. 2).
The growing addition of biomass fly-ash caused a delay in its occurrence.

The biomass and coal fly-ashes significantly diminished the peak of hydration. The coal
fly-ashes generally have a similar effect [3]. The differences in outcomes between the fly-ashes
might have been the result of different chemical composition. The grain size distribution also
could have been influential. The biomass fly-ash has the grain size distribution shifted towards
smaller particles and those can provide an additional surface for the seeding of the hydration
process. The decrease in the peak of hydration of the 20% replacement of cement with biomass
fly-ash is comparable with the result reported [19] — contrary to the results observed in this
study, the addition of woody biomass fly-ash slightly increased the hydration speed.
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Fig. 1. The influence of biomass fly-ash addition on the calorimetric measurement results of cement binders
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Fig. 2. The influence of 40% replacement of cement with biomass fly-ash addition, coal fly-ash addition
and the mix of biomass fly-ash and coal fly-ash addition on the calorimetric measurement results of
cement binders




3.2. Results of the workability tests

The workability test results of fresh mortar mixes with the addition of biomass and coal
fly-ashes are presented in Table S. The slump test result for the control specimens was 14 cm.
To achieve this result coal fly-ash fresh mortar specimens needed an additional 13% water.
The specimens of biomass fly-ash needed 17% of water in the mixture.

The result are similar to findings reported in the literature. A severe reduction of
consistency was reported [22] and results comparable to this [18, 23]. The researchers
attribute the increased water demand of woody biomass fly-ashes to either a higher specific
surface of their irregularly-shaped particles or a higher content of unfired carbon. The coal
fly-ashes with small percentage of LOI tend to increase workability and have small effect on
water demand [3, 8].

Table S. The results of cement mortar workability tests

) Slump test ‘Water content in the ‘Water content
Series code .
result [cm] mortar mix [g] change [%]
CEMI 14.0 225 100
FA(B)0-30% 13.7 255 113
FA(B)100-30% 14.5 265 117

3.3. Results of the compressive strength tests

The compressive strength results of concretes with the addition of biomass and coal fly-
ashes after 7, 28, and 90 days of curing are presented in Fig. 3-S.

The addition of coal fly-ash has caused a diminishment in the compressive strength
of the concrete with rising dosage. Between 28 and 90 days of curing the compressive
strength of control series did not change. The compressive strength of concrete with part
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Fig. 3. Effect of coal fly-ash addition on compressive strength of concrete
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Fig. 4. Effect of coal fly-ash with 50% replacement with biomass fly-ash addition on compressive
strength of concrete
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Fig. 5. The effect of biomass fly-ash addition on compressive strength of concrete

of cement replaced by coal fly-ash was significantly higher at 90 day than at 28 day. The 90
day compressive strength of FA(B)0-60% specimens was higher by 44,8% comparing to the
series’ 28 day results. In a similar manner, the addition of fly-ash with 50% replacement of
biomass fly-ash influenced the development of compressive strength between 28 and 90 day
of curing - the compressive strength of FA(B)50-20% raised by 21.6% between those test
times (Fig. 4). Comparable results were visible in the series with full-replacement of coal fly-
ash with biomass fly-ash addition (Fig. 5).

The half-replacement and full-replacement of coal fly-ash with biomass fly-ash did not
change the compressive strength of the concrete significantly (Fig. 6). The development of
compressive strength was similar with the addition of each fly-ash composition.

Coal fly-ash addition generally diminishes the strength of the concrete specimens,
especially in its early increase [ 3, 8]. This was observed in this study. The compressive strength
development of biomass fly-ashes specimens was similar. Also an additional gain in the
compressive strength of coal fly-ash and biomass fly-ash can be seen between 28 and 90 days
after casting. This may suggest the influence of a pozzolanic reaction from both fly-ashes. In
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Fig. 6. The effect of 20% cement replacement with coal fly-ash addition, mixed coal and biomass fly-
ash addition, and biomass fly-ash addition on compressive strength of concrete

other research the difference between 28 day and 90 days compressive strength of composites
with the addition of woody biomass fly-ashes was not reported [ 18]. A comparable 6% gain of
compressive strength of sawdust biomass fly-ash cement concrete was reported [22].

3.4. Results of the abrasion tests

The abrasion tests results for concretes with the addition of fly-ashes are presented
in Figure 7. The 20% replacement of cement with either coal, mixed coal and biomass, or
biomass fly ash did not influence the abrasion results. The replacement of 40% or 60% cement
with coal fly-ash reduced the abrasion resistance by about 40%. The replacement of coal fly-
ash with biomass fly-ash resulted in a smaller loss due to abrasion. The full-replacement of
coal fly-ash with biomass fly-ash has resulted in a 24% reduction in abrasion loss of volume.
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Fig. 7. The effect of cement replacement with coal fly-ash addition, mixed coal and biomass fly-ash
addition, and biomass fly-ash addition on abrasion test results



3.5. Results of density and water absorption tests

According to [20] tests on cement mortar with and without 15% replacement of cement
with wood waste fly-ash have shown little effect on water absorption. In another study [27]
the increase of wood waste fly-ash from 5% to 30% of binder mass in cement concrete resulted
in a less than 1% increase in water absorption. The increase in dosage of woody biomass fly-
ash in this study also marginally influenced this property, but the difference between water
absorption measured on control specimens and fly-ash specimens was significantly greater.

The water absorption and density test results are presented in Table 6. All the series
with cement replaced partly by the fly-ashes were characterized by higher water absorption
compared to control specimens. Slightly lower water absorption results were measured on
biomass fly-ash concretes. A significant difference between densities of specimens with an
addition of fly-ash and control specimens was not observed.

Table 6. The results of density and water absorption tests

Water absorption [%] Density [g/cm’]

FA(B)0-20% 722 2.16
FA(B)0-40% 8.18 2.10
FA(B)0-60% 8.52 2.07
FA(B)S0-20% 7.19 2.18
FA(B)S0-40% 7.60 2.15
FA(B)S50-60% 7.09 2.14
FA(B)100-20% 6.90 2.19
FA(B)100-40% 7.11 2.19
FA(B)100-60% 7.36 2.16
CEMI 4.84 229

4. Conclusions

The analysis of the test results shows that the influence of biomass fly-ash and coal fly-
ash on cement concrete and cement binder can be similar. The addition of biomass fly-ash
resulted in a slightly bigger peak of hydration. This could be attributed to the larger specific
surface of biomass fly-ash or its chemical composition. The development of compressive
strength was similar comparing specimens with the addition of coal fly-ash and biomass fly-
ash. This may suggest that the hydration and pozzolanic capabilities of both types of blended
binders were similar. The addition of biomass fly-ash resulted in a similar or up to 24% better
abrasion resistance compared to concrete specimens with the addition of coal fly-ash. There
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were no significant differences between the influences of the addition of biomass fly-ash and
coal fly-ash considering the density and water absorption of concrete.

This study has shown that it is possible to produce concrete with an addition of biomass
fly-ash that has similar properties to concrete with an addition of coal fly-ash. Biomass fly-
ashes vary in chemical composition. Even different batches of fly-ash from the same source
may present different levels of contained oxides. The issue of elevated LOI percentage can
be sufficiently addressed by modern technical means in power plants or fly-ash treatment.
Electrostatic separation of positively charged coal particles from negatively charged minerals
can downsize the LOI percentage of treated fly-ashes below 5%. The separated coal particles
can be reused in the burning chamber [28]. It is tremendously important to check biomass
fly-ashes before adding it to cement composites mixes to maintain their utility. For a better
understanding of the results, more chemical analysis of fly-ashes ought to be performed.
Moreover, for a better assessment of the biomass fly-ash cement composite utility, more
studies should be performed. In particular, there is a lack of sufficient knowledge on the
durability of such composites.

Studies have been carried out in the framework of work no. MB/WBIilS$/8/2016 and work no.
S/WRBIIS/1/2016 financed from the funds for science from Ministry of Science and Higher Education.
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