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BAMBOO ASHES AS AN ECO-FRIENDLY ALTERNATIVE TO CEMENT - A
SYSTEMATIC REVIEW!
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ABSTRACT

Cement production impacts the environment from raw materials extraction to its industrialized
production. Implementing supplementary cementitious materials (SCM) to replace cement is
an economical and sustainable practice. Agricultural wastes, for example, represent a new
source of SCM studied over the last decades, mainly due to its high generation around the world.
Among the published review papers about agro-waste in civil construction, bamboo ashes (BA)
appear secondary in large-scale studies. Thus, this work aimed to evaluate BA potential use in
the construction industry as cement replacement by identifying their behavior in cementitious
compounds and discovering the research gaps about this topic. We overviewed the published
literature about concrete made with BA, synthesizing data about BA chemical composition and
mechanical and physical characteristics of cementitious materials made with these ashes. We
identified a preference for bamboo leaves ashes as SCM, potentially due to its high silica
amount. However, other biological and environmental parameters that alter the bamboo
chemical composition were not discussed in the papers. Concerning compressive strength, 90%
of the studies with BA reported cementitious materials with a strength activity index acceptable
for use. This review also identified an optimal percentage of cement replacement with BA
ranging from 8% to 12% in concrete specimens. Concrete and mortar with BA also showed a
lower density than the reference samples made only with cement. We concluded that BA are
promising alternatives to replace cement since they provide desirable mechanical and physical
characteristics to concrete and meet sustainability requirements. Besides that, we raised some
topics that may guide future researches: (1) the natural and artificial parameters that affect BA
composition; (2) BA chemical and physical behavior under microscopical conditions in
cementitious composites; and (3) the economic advantages associated with replacing cement
with BA.

Keywords: Cement substitutes. Addition. Artificial pozzolan. Sustainability. Supplementary
cementitious materials.

CINZAS DE BAMBU COMO ALTERNATIVA ECO-AMIGAVEL AO CIMENTO - UMA
REVISAO SISTEMATICA
RESUMO

A producéo de cimento impacta 0 meio ambiente desde a extracdo de matérias-primas até sua
producdo industrializada, o que reforca a demanda por materiais cimenticios suplementares
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(MCS) para substituir, mesmo que parcialmente, o uso do cimento. Os residuos agricolas, por
exemplo, sdo um bom exemplo de MCS estudado nas Ultimas décadas, principalmente devido
a sua alta geragdo em todo o mundo. Dentre os artigos de revisdo publicados sobre o uso de
residuos agricolas na construcao civil, as cinzas de bambu figuram apenas como subtopico em
estudos maiores. Logo, esse trabalho objetivou avaliar o potencial do uso de cinzas de bambu
na industria da construcdo civil como substituinte parcial ao cimento identificando seu
comportamento em compostos cimenticios e sugerindo temas para pesquisas futuras. Esta
revisdo sistematica fornece uma visdo geral da literatura publicada sobre argamassas e
concretos feito com cinzas de bambu, sintetizando dados sobre a composicdo quimica dessas
cinzas e as caracteristicas mecénicas e fisicas dos materiais cimenticios feitos com elas.
Identificou-se uma preferéncia pelo uso de cinzas de bambu advindas da calcinagéo das folhas
dessa planta, potencialmente devido ao seu alto teor de silica. No entanto, existem parametros
bioldgicos e ambientais que alteram a composicao quimica do bambu e que ndo sao discutidos
pelos artigos. Quanto a resisténcia, 90% dos estudos que empregaram cinzas de bambu
reportaram a resisténcia compressdao admissivel para uso em construcdes. Levantou-se,
também, que a porcentagem ideal de substituicdo de cimento por cinzas de bambu varia de 8%
a 12% em amostras de concreto. Os materiais cimenticios com cinzas de bambu também
apresentaram densidade menor que a das amostras de referéncia feitas apenas com cimento.
Conclui-se pelo estudo que as cinzas de bambu séo alternativas promissoras para substituir
parcialmente o cimento visto que elas proporcionam boas caracteristicas mecanicas e fisicas ao
concreto e atendem a demandas sustentaveis. Além disso, foram levantadas lacunas na literatura
que podem guiar futuras pesquisas, quais sejam: (1) os parametros naturais e artificiais que
afetam a composi¢do quimica das cinzas de bambu; (2) o comportamento quimico e fisico de
cinzas de bambu em compdsitos cimenticios sob condi¢gdes microscopicas; e (3) as vantagens
econdmicas associadas a substituir parcialmente cimento por cinzas de bambu.

Palavras-chave: Substitutos do cimento. Adicdo. Pozolana artificial. Sustentabilidade.
Materiais cimenticios suplementares.

1 INTRODUCTION

Concrete is the most widely employed material in the world, being used from road
construction to skyscrapers. However, cement production is responsible for 5% of the annual
anthropogenic global carbon dioxide (CO.) production (CROW, 2008) — each ton of concrete
produced generates about 1 ton of CO, (RODIER et al., 2019). To reduce the detrimental
impacts of the cement industry, researchers investigate an alternative to cement known as
supplementary cementitious materials (SCM) — a vast group of materials that possess cementing
properties (DAMTOFT et al., 2008) and also contribute to the reduction of environmental
problems (CROW, 2008; DAMTOFT et al., 2008; TAMBICHIK et al., 2018; DUCHESNE,
2020).

Agricultural wastes, for example, can be used as SCM, as shown by many researchers.
Besides having pozzolanic properties, which favors their application as cement replacement
(MO etal., 2016; LUHAR; CHENG; LUHAR, 2019; RODIER et al., 2019), agricultural waste

attract interest due to its great generation around the world, only smaller than that of industrial
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waste (KAZA et al., 2018). Among the investigated agro-wastes in civil construction, there are
corn cob ash (OLAFUSI; OLUTOGE, 2012; MUJEDU; ADEBARA; LAMIDI, 2014), elephant
grass ash (CORDEIRO; SALES, 2015; NAKANISHI et al., 2016), rice husk ash (HABEEB,;
MAHMUD, 2010; ABU BAKAR; RAMADHANSYAH; MEGAT AZMI, 2011; DHENGARE
etal., 2019; LI et al., 2019), sugarcane bagasse ash (SHAFIQ et al., 2018; DHENGARE et al.,
2019; YADAV et al., 2020), and wheat straw ash ( MEMON et al., 2018; AMIN et al., 2019).
These plants belong to the Poaceae family and are known to accumulate silica during their
lifetime, thus presenting silicon (Si) content higher than calcium (Ca) content (MA,;
TAKAHASHI, 2002).

Like other agricultural wastes from the Poaceae family, bamboo ashes can also be an
alternative for cement replacement. Distributed worldwide through about 1600 species
(HIDALGO-LOPEZ, 2003), bamboo fastest-growing among other plants — even without
fertilizers and pesticides — and its great Oz release — which is 35% greater than trees (MOSLEY,
2013) — supports bamboo use in comparison to other plants. Although its many advantages,
there is no published paper until now concerned only to review the use of bamboo ashes as
SCM in concrete production and displays its pros and cons. Chemical and physical properties
of concrete made with bamboo ashes usually appear secondary in large-scale reviews of agro-
waste materials used in civil construction (MO et al., 2016; MARTIRENA; MONZO, 2018;
LUHAR; CHENG; LUHAR, 2019).

Therefore, to fill this gap, this systematic review aims to answer the research question:
"what are the chemical properties of bamboo ashes, and what are the mechanical and physical
properties of concrete and mortar samples containing bamboo ashes as partial cement
replacement?". By evaluating bamboo ashes potential use as partial cement replacement in the
construction industry, this work will contribute to the scientific community synthesizing the

literature regarding using bamboo ashes as SCM and rising new research topics.

2 MATERIAL AND METHODS

The systematic review protocol (Figure 1) was undertaken following the
recommendations of Carvalho (2019). We established keywords and inclusion and exclusion
criteria based on an exploratory evaluation of the published literature about agro-waste in civil
construction (since there is no review that specifically approaches bamboo as cement
replacement). We decided to include only original papers published until the end of 2019 to

give an assertive synthesis about what has been studied until this year. We accessed six
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databases (EBSCO, Ei Compendex, Google Scholar, Pro-Quest, ISI Web of Science,
ScienceDirect, and Scopus) to achieve a broader view on bamboo ashes as SCM, using the
search string “bamboo AND ash AND (concrete OR mortar)”.

Research question:
What are the chemical composition of bamboo ashes (BA) and what are the mechanical and
physical properties of concrete containing BA as partial replacement of cement?

Records written in English identified through sistematic searching Duplicated
(n = 117 from EBSCO, Ei Compendex, ISI Web of Science, ScienceDirect, and Scopus) _ rgcor ds
Adopted search string: bamboo AND ash AND (concrete OR mortar) St

\

Records evaluated .
through title and - Records that did not approach the

abstract reading " research question
(n = 56) i

\

Original papers .
evaluated through - Papers that did not approach the

full-text reading > research question

(n = 10) (=2
\
Original papers manullay Original papers
collected from Google Scholar #| included in the review
(n=11) (n=19)

Figure 1 - Literature review process. The colors indicate the accepted (green) and excluded (red) studies per
review stage (n is the number of records)
Source: The authors (2021).

We used the StArt tool (SILVA et al., 2016) to improve the selection of the papers. The
software (developed by the Laboratory of Research on Software Engineering (LaPES) of the
Federal University of Sdo Carlos (UFSCar), Sdo Paulo, Brazil) supports planning, evaluation
(inclusion and exclusion of papers), and summary steps of the systematic review. The tool is
free and available for download on the laboratory website. Except for the papers manually
selected from Google Scholar, we uploaded the records from the other databases (in RIS and
BibTeX form) to the StArt tool to remove duplicates and to optimize titles and abstracts
evaluation.

When applying the inclusion and exclusion criteria, we included the records accepted
by at least one researcher for the next steps of the review to avoid personal bias. The selected
papers should contribute with at least one of the three main categories approached in this
review: (1) chemical composition of bamboo ashes and (2) mechanical and (3) physical
characteristics of concrete and mortar made with bamboo ashes. Afterward, we collected,

synthesized, and analyzed the relevant information of the selected papers.
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3 RESULTS AND DISCUSSION

3.1 Chemical composition

Bamboo ashes are produced by calcining the plant culm (ABOLUWARIN et al., 2017;
RODIER et al., 2017; DAVID; HASSAN, 2018; MUJEDU et al., 2018; IKEAGWUANI et al.,
2019) or its leaves (DWIVEDI et al., 2006; FRIAS et al., 2012; ARUM; IKUMAPAYI;
ARALEPO, 2013; ADEMOLA; BUARI, 2014; UMOH; UJENE, 2014; KOLAWOLE;
OLUSOLA; ATA, 2015; UMOH; ODESOLA, 2015; DHINAKARAN; CHANDANA, 2016;
IKUMAPAYI, 2017; OLONADE; JAJI; ADEKITAN, 2017; OLUTOGE; OLADUNMOYE,
2017; MORAES et al., 2019; ONIKEKU et al., 2019; RODIER et al., 2019) (Figure 1).

Bl Leaf

26,32%

73,68%

Figure 2 - (A) Schematic representation of a bamboo plant and (B) recurrence of bamboo parts calcined for ash
production in literature
Source: The authors (2021).

The preference for producing ashes from bamboo leaves can be associated with the high
amount of silica (SiO2) accumulated in the leaves along the plant life cycle (MOTOMURA,;
HIKOSAKA; SUZUKI, 2008). After calcining the leaves, SiO. corresponds to about 70% of

the ashes’ chemical composition (Table 1).
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Table 1 - Bamboo leaves ashes chemical composition

SiO; | CaO |AlOs3 |Fe03| KO | MgO | LOI Calcination
[1] 75,90 | 7,47 413 | 1,22 | 5,62 | 1,85 - 600 °C, 120 min
[2) |78,71|7,82 | 1,01 | 0,54 | 3,78 | 1,83 | 3,83 | 600 °C, 72 min
Air dried for 3
months, then
[3] 430 | 2,4 32,0 | 16,1 - 0 2,0 burned at 700 °C
for 6h.
[4] |7590|7,47 | 413 | 1,22 | 5,62 | 1,85 - -
Open air burnt
followed by
) [5,6] | 72,25 | 4,23 | 4,08 | 1,97 | 3,15 | 1,01 | 2,93 calcination (500
§ °C, 120 min)
% [7] |80,27 |6,00 | 1,99 | 1,92 | 3,05 | 1,73 - 500 °C, 240 min
I [8] |53,00 3,40 |21,00 11,50 1,30 | 0,88 - 600 °C, 60 min
g [9] |6752| 1,26 | 2,55 | 1,55 | 1,90 | 0,85 | 0,52 | 600 °C, 240 min
% [10] | 75,90 |7,47 | 413 | 1,22 | 562 | 1,85 - -
o Auto-combustion
process
[11] | 74,23 | 3,30 | 2,27 | 2,34 | 2,11 | 1,46 | 11,34 | (maximum
temperature: 738
°C at 15 min)
[12] |69,11 10,81 | 2,52 | 1,74 | 4,81 - 8,15 | 650 °C, 120 min
400 °C, 60 min (to
remove  organic
[13] | 70,50 | 7,86 0,63| 0,47 | 514 | 1,84 7,79 | matter) followed
by 600 °C, 120
min
Mean | 969|579 | 6,70 | 348 |383 | 138 | 523
Values
3tar.‘d"?‘rd 11,01 | 2,84 | 9,62 |4,955 | 1,63 | 0,61 | 3,92
eviation

Mean and standard values were calculated considering only the filled cells. Abbreviations: LOI - loss on ignition
Source: [1] Dwivedi et al. (2006); [2] Frias et al. (2012); [3] Arum, Ikumapayi and Aralepo (2013); [4] Ademola
and Buari (2014); [5] Umoh and Ujene (2014); [6] Umoh and Udesola (2015); [7] Dhinakaran and Chandana
(2016); [8] Ikumapayi (2017); [9] Olonade, Jaji and Adekitan (2017); [10] Olutoge and Oladunmoye (2017); [11]
Moraes et al. (2019); [12] Onikeku et al. (2019); [13] Rodier et al. (2019).

Great amounts of silica contribute to produce ashes in accordance with American
(AMERICAN SOCIETY FOR TESTING AND MATERIALS, 2019) and Brazilian
(ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS, 2014) standards — which state that
artificial pozzolans must have 70% of their chemical composition formed by SiO, aluminum

oxide (Al.O3), and Fe>Os. However, other parameters must be attended to classify a material as
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a pozzolanic ash such as (AMERICAN SOCIETY FOR TESTING AND MATERIALS, 2019;
ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS, 2014): an alkalis content lesser
than 1.5% (high alkali content increase the possibility of an alkali-silica reaction, which can
lead to concrete crack (NEVILLE, 2016)), a sulfuric anhydride (SOz) content lesser than 5%
(even in small amounts, SO3 can delay the binder setting time (AMARAL, 2016)), and a loss
on ignition (LOI) lesser than 10% (high LOI values may suggest high amounts of organic matter
and carbonate contents of sediments in ashes, even though previous report indicates other
parameters that may influence on results (HEIRI; LOTTER; LEMCKE, 2001)). Regarding
those parameters, we can discard the ashes produced by Olonade, Jaji e Adekitan (2017) (Na2O
= 1.9%) and Moraes et al. (2019) (LOI = 11.34%).

Regarding bamboo culm ashes, only Rodier et al. (2017) and Mujedu et al. (2018)
reported its chemical composition — and they had contrasting findings. Rodier et al. (2017)
calcined bamboo culm at 600 °C with a heating rate of 30 °C/min for 180 min and obtained a
sum of SiO2, Al>O3, and Fe.O3 equal to 69,05%, which is very close to the one recommended
by ABNT NBR 12653:14 (ASSOCIA(;AO BRASILEIRA DE NORMAS TECNICAS, 2014)
and ASTM C 618:19 (AMERICAN SOCIETY FOR TESTING AND MATERIALS, 2019).
Mujedu et al. (2018), in their turn, obtained bamboo ashes with a sum lesser than 40% (SiO2 =
21,14%; Al,O3 = 0,08%; Fe>0Os = 16,46%) by open burning the plant culm. The researchers
opted for this method because they were searching for an economical way to encourage the
replacement of cement by bamboo ashes in rural areas. This difference in chemical composition
is strongly related to the calcination conditions; therefore, to draw adequate conclusions about
bamboo culm ashes use as SCM, new studies should evaluate the ashes chemical composition
and its pozzolanic reactivity under different calcination temperature and duration.

In general, differences in chemical composition of bamboo plants occurs according to
biological and environmental parameters. Plant species (VASSILEV et al., 2010; COLLIN et
al., 2012; HELANDER et al., 2013), plant part (MA; TAKAHASHI, 2002; VASSILEV et al.,
2010; COLLIN et al., 2012), plant age (MA; TAKAHASHI, 2002; VASSILEV et al., 2010),
harvesting time and technics, and growing conditions, such climate and relief of the plantation
region (MA; TAKAHASHI, 2002; VASSILEV et al., 2010; UMEMURA; TAKENAKA,
2014), contribute for chemical composition diversity. However, the reviewed papers only
reported the calcined bamboo-part and the geographical site where the plant was collected, with
few exceptions (DWIVEDI et al., 2006; ADEMOLA; BUARI, 2014; DHINAKARAN;
CHANDANA, 2016; IKUMAPAYI, 2017) that did not specify the bamboo origin. The
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accessed studies of bamboo ashes as SCM lacks data about the bamboo species, its average age,
and the harvest season/process, which implies some barriers for results generalization.

Researches (VILLAR-COCINA et al., 2011, 2018) also reported variation in calcination
temperature and duration as a criterion correlated to bamboo ashes chemical composition.
Certain amounts of heat can turn bamboo leaves in siliceous ashes with more than 70% of SiO>
in its chemical composition (DWIVEDI et al., 2006; VILLAR-COCINA et al., 2011; FRIAS
et al., 2012; UMOH; UJENE, 2014; ROSELLO et al., 2015; UMOH; ODESOLA, 2015;
DHINAKARAN; CHANDANA, 2016; OLUTOGE; OLADUNMOYE, 2017; MORAES et al.,
2019; RODIER et al., 2019) and, also, reduce potassium (K) and chloride (Cl) levels in the
ashes (ROSELLO et al., 2015). As well as in sugarcane bagasse ashes (YADAV et al., 2020),
temperature and duration of the calcination process directly implies the pozzolanic reactivity
and the amorphous silica content in the ashes (VILLAR-COCINA et al., 2018).

Previous studies with sugarcane bagasse (CORDEIRO; TOLEDO FILHO;
FAIRBAIRN, 2009) and rice rusk (JAYA et al., 2013) estimated optimum temperature and
duration conditions to produce the ashes. Concerning BLA, studies pointed the controlled
calcining of bamboo leaves at 500-600 °C for 120 min as a suitable condition to get a totally
amorphous material with high pozzolanic reactivity (VILLAR-COCINA et al., 2011, 2018).
However, other research reported greater silica content by calcining bamboo leaves at 850 °C
for 60 min (ROSELLO et al., 2015). In this context, further studies must evaluate the pozzolanic
reactivity of bamboo ashes under different calcining conditions; the energy demanded to
produce the ashes should also be analyzed to avoid creating a SCM with a high carbon footprint.

Therefore, developing a methodology that recognizes a higher number of variables
associated with bamboo chemical composition, and ensures the research reproducibility, can be

a promising topic for future studies.

3.2 Compressive strength

Most of the accepted studies analyzed the compressive strength of the cementitious
materials with bamboo ashes. Other properties, such as tensile and flexural strength, were not
very explored in the papers; therefore, we did not approach them in this review.

In general, the optimal percentage for cement replacement with bamboo ashes, which
corresponds to greater compressive strength, ranged from 8% to 12% for concrete. However,
the papers did not show an established pattern for mortars since bamboo ashes optimal

replacements ranged from 5 to 20% (Table 2).
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Table 2 - Compressive strength of concrete and mortar samples made with an optimal replacement percentage of
cement by bamboo ashes compared to reference samples (made only with cement) at 28 days. The optimal

replacement percentage indicates the replacement value that reported better strength performance

_ Compressive Strength

Collected icati Calcined | OPHM! Strength (MPA) | Activity

references | ~PPICaUON B amhoo part repla(c):ement

(%) |with BA[ 09 BA | Index (%)
[1] Mortar Culm 15 2,05 1,32 155,30
[2] Mortar Leaves 5 19,1 14,9 128,19
[3] Concrete Leaves 8 17,7 15,2 116,45
[4] Mortar Leaves 20 43,0 37,0 116,22
[5] Mortar Leaves 20 49,2 43,5 113,10
[6] Mortar Culm 10* 71,0 63,0 112,70
[7] Concrete Leaves 10 28,5 26,9 15,95
[8] Mortar Leaves 10-20 70,0 70,7 99,01
[9] Concrete Culm 10 23,5 24,5 95,92
[10] Concrete Leaves 10 28,6 30,2 94,70
[11] Concrete Leaves 5 23,1 25,4 90,94
[12] Concrete Leaves 15 20,4 22,7 89,87
[13] Concrete Leaves 10 21,0 23,6 88,98
[14] Mortar Leaves 20* 60,0 70 85,71
[15] Concrete Leaves 5 19,9 24 82,92
[16] Mortar Culm 5 11,8 14,3 85,52
[17] Mortar Culm 4 4,0 5,89 67,91
[18] Concrete Leaves 10 18,3 29,2 62,67

*researchers only investigated one cement replacement percentage by bamboo ashes. Abbreviations: BA-bamboo
ashes. Source: [1] Aboluwarin et al. (2017); [2] Umoh and Odesola (2015); [3] Ikumapayi (2017); [4] Rodier et
al. (2019); [5] Moraes et al. (2019); [6] Rodier et al. (2017); [7] Onikeku et al. (2019); [8] Frias et al. (2012); [9]
Ikeagwuani et al. (2019); [10] Olutoge and Oladunmoye (2017); [11] Umoh and Ujene (2014); [12] Dhinakaran
and Chandana (2016); [13] Ademola and Buari (2014); [14] Dwivedi et al. (2006); [15] Olonade, Jaji and Adekitan
(2017); [16] Mujedu et al. (2018); [17] David and Hassan (2018); [18] Kolawole, Olusola and Ata (2015).

Presumably, the standardization lack in bamboo ashes production can be correlated with
the differing results in compressive strength since it implies different chemical and physical
compositions of the ashes (Figure 3). Other variables — such as water-cement ratio (MEHTA,;
MONTEIRO, 2006; NATARAJAN; KARUPPIAH, 2014; CHEN et al., 2018), cement type
(MEHTA; MONTEIRO, 2006), additions (MEHTA; MONTEIRO, 2006; NATARAJAN;
KARUPPIAH, 2014), and curing conditions (MEHTA; MONTEIRO, 2006) — also need to be
evaluated to improve the understanding of bamboo ashes effect in the mechanical behavior of

cementitious materials.
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Figure 3 - Increase and decrease (percentage) in compressive strength of cementitious materials made with
bamboo ashes in comparison to reference samples
Source: [1] Aboluwarin et al. (2017); [2] Umoh and Odesola (2015); [3] Ikumapayi (2017); [4] Rodier et al.
(2019); [5] Moraes et al. (2019); [6] Rodier et al. (2017); [7] Onikeku et al. (2019); [8] Frias et al. (2012); [9]
Ikeagwuani et al. (2019); [10] Olutoge and Oladunmoye (2017); [11] Umoh and Ujene (2014); [12] Dhinakaran
and Chandana (2016); [13] Ademola and Buari (2014); [14] Dwivedi et al. (2006); [15] Olonade, Jaji and Adekitan
(2017); [16] Mujedu et al. (2018); [17] David and Hassan (2018); [18] Kolawole, Olusola and Ata (2015).

The high amounts of SiO2 in bamboo ashes helps increasing the compressive strength
of cementitious materials (IKUMAPAYI, 2017; MORAES et al., 2019; ONIKEKU et al., 2019;
RODIER et al., 2019). According to Mehta and Monteiro (MEHTA; MONTEIRO, 2006),
siliceous compounds are responsible for the formation of hydrates in a process called
pozzolanic reaction. The reaction consists of slow lime production and subsequent
consumption, which provides the mass hydration. Then, lime consumption results in the
formation of hydrate compounds that commonly improve the performance of concrete. Those
reactions contribute to later strength development in cementitious materials. Since the
improvement in strength by pozzolanic materials is a slow process (MASSAZZA, 1993), the
decrease in compressive strength at 28 days in some studies (DWIVEDI et al., 2006; FRIAS et
al., 2012; UMOH; UJENE, 2014; DHINAKARAN; CHANDANA, 2016; OLUTOGE;
OLADUNMOYE, 2017) is an expected outcome that does not refute possible advantages of
cement replacement with BA.

The increase in compressive strength can also be related to the ashes fineness (RODIER

et al., 2019). When pozzolanic particles are smaller than the cement, they fill the voids between
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cement grains and aggregates; consequently, the mixture becomes more compacted, improving
the compressive strength in a phenomenon called filler effect (MOOSBERG-BUSTNES;
LAGERBLAD; FORSSBERG, 2004). Moreover, the ashes fineness directly influences particle
reactivity: smaller particles increase the dissolution rates of ashes, which increases the
pozzolanic reaction and the later strength gain (ARVANITI et al., 2015).

However, Dhinakaran and Chandana (2016) reached lesser strength values in their tests
even using ashes sieved below 90 pum, which is similar to Portland cement fineness. They
associate this result with the addition of water in the mixture to obtain the same workability as
concrete without bamboo ashes as SCM. Ashes with irregular shape (ABU BAKAR,;
RAMADHANSYAH; MEGAT AZMI, 2011; YADAV et al., 2020), high specific area
(HABEEB; MAHMUD, 2010), high LOI content (THOMAS, 2013), high presence of carbon
(ARUM; IKUMAPAYI; ARALEPO, 2013), or with porous structure (MEMON et al., 2018;
YADAV et al., 2020) grant higher water demand when applied in concretes and mortars.
Previous studies (HABEEB; MAHMUD, 2010; NAKANISHI et al., 2016) recommended using
plasticizers as an alternative to reduce the water use in cementitious materials with agro-waste
as SCM and to improve workability. Given that, we recommend that bamboo ashes must be
analyzed under microscopic conditions to characterize and evaluate its potential use.

Despite the lack of a direct relationship between bamboo ashes as cement replacement
and the compressive strength of cementitious samples, almost 90% of the researchers reported
a strength activity index above 75% — which enables its use in constructions, following ASTM
C 1709:18 test procedures (AMERICAN SOCIETY FOR TESTING AND MATERIALS,
2018). Therefore, if meeting this requirement, the use of pozzolanic material is acceptable and

can be very advantageous, economically and environmentally.

3.3 Physical Characteristics

Table 3 summarizes physical characteristics of cementitious materials (samples made

with bamboo ashes at optimal rate and the ones made only with cement) related to void index

and ashes particles size (water absorption, porosity, and density).
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Table 3 - Physical characteristics of concrete and mortars made with an optimal replacement percentage of
cement by bamboo ashes compared to reference samples (made only with cement)

Aches Water absorption Porosity (%) Density (g/cm?)
Collected . at 28 days
maximum : _ .
references| .. (mm) | 0% | With|Increase| 0% | With |Increase| 0% | With | Increase
BA | BA rate | BA | BA | rate BA | BA rate
[1] 0,075 | 249 | 189 |-25,00% - 4,04 | 1,82 |-10,78%
[2] 0,075 |4,18%|4,80%| 0,62% | 6,52 | 7,2 | 0,68% | 2,30 | 2,00 |-13,04%
0,300 (then
[3] milled) - 27,6 | 26,1 |-1,50% -
[4] 0,150 |7,38%|4,21%| -3,17% | 15,6 | 8,3 |[-7,30% | 2,75 | 2,56 | -6,91%
[5] 0,212 - - 2,64 | 2,58 | -2,27%
[6] 0,045 |2,60%|1,30%]| -1,30% - -
[7] 0,090 - 62 | 7.8 | 1,60% -
[8] 0,075 (2,10%(4,23%| 2,13% | 2,2 | 43 (2,130%| 2,11 | 2,07 | -1,90%
[9] - 169 | 139 |-16,88% - 2,38 | 2,29 | -3,78%
[10] - - - 3,10 | 2,25 |-27,42%

Abbreviations: BA - bamboo ashes. Source: [1] Aboluwarin et al. (2017); [2] Umoh and Odesola (2015); [3]
Moraes et al. (2019); [4] Onikeku et al. (2019); [5] Olutoge and Oladunmoye (2017); [6] Umoh and Ujene (2014);
[7] Dhinakaran and Chandana (2016); [8] Mujedu et al. (2018); [9] David and Hassan (2018); [10] Rodier et al.
(2017).

Some authors obtained a decrease in water absorption, which may be attributed to the
initial filling of voids by the bamboo ashes in the mixture (UMOH; UJENE, 2014; ONIKEKU
et al., 2019). This phenomenon can occur due to the packing of particles (DAMINELI;
PILLEGGI; JOHN, 2017), which consists of the successive filling of voids between larger
particles by smaller ones. Using particles with different sizes decreases the void volume, thus
reducing porosity and water absorption rate. Another explanation comes from the increase in
chemical reactions (MEHTA; MONTEIRO, 2006): hydration reactions products fill the
capillary void, which reduces porosity and, consequently, water absorption.

However, a few researchers obtained a small increase in water absorption, which they
have associated with the porosity from the delay in the hydration reaction (UMOH; ODESOLA,
2015; DHINAKARAN; CHANDANA, 2016; MUJEDU et al., 2018). Initially, the reduction
of the cement percentage in the mixture implies lesser initial hydration rates; this delay in
calcium hydroxide releasing to react with bamboo ashes cause late calcium silicate hydrates
formation, which increases porosity (UMOH; ODESOLA, 2015). Moreover — considering the
lower pozzolanic reactivity at early time of hydration (SINGH et al., 2007) —, we could imply
that the bamboo ashes only partially reacted at 28 days, allowing water to ingress into the

samples.
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Properties as water absorption and porosity directly influence the durability of
cementitious materials. The greater the porosity and water absorption, the lower the durability
because of possible physical-chemical degradation promoted by water in concrete (MEHTA,;
MONTEIRO, 2006). Moreover, porosity also affects compressive strength by an inversely
proportional relation: when the number of pores exceeds a specified limit, strength trends to
zero (LIAN; ZHUGE; BEECHAM, 2011).

Concerning density, all researches reached lower values for concrete and mortars with
bamboo ashes as cement replacement. Since bamboo ash has lower specific mass than cement,
the use of ashes contributes to produce lighter specimens without changing volume (UMOH;
ODESOLA, 2015; RODIER et al., 2017). As seen in lightweight concrete, using low-density
materials reduce the load of structures, which permits to shorten structural elements size
(LIBRE et al., 2011; ALTUN; AKTAS, 2013; VANDANAPU; KRISHNAMURTHY, 2018).

Further researches should investigate the influence of bamboo ashes on the physical
properties of cementitious materials since the literature has fewer and contrasting results
regarding materials characteristics such as ashes maximum size, water absorption, porosity, and
density. This lack of data hindered us from inferring a substantial-conclusion about the effect
of adding bamboo ashes as a partial substitute for cement in concrete and mortars. In general,
the studies pointed that bamboo ashes can improve cementitious materials’ durability by
reducing their porosity and water absorption — two generally related properties. The ashes'

lower density can also help to produce light concrete structures.

4 CONCLUSIONS

Bamboo ashes are an agro-waste material with few discussions in English scientific
literature concerning its use and its properties as SCM. This study aimed to overview the
publications about concrete made with bamboo ashes to evaluate their potential use in the
construction industry as cement replacements.

We identified a preference for using bamboo leaves instead of other parts of the plant
due to the silica accumulation in the leaves during the bamboo life-cycle. Due to their high
silica content, bamboo ashes high pozzolanic activity, which supports their use as SCM.
However, other biological and environmental parameters that affect the bamboo chemical
composition were not approached in the raised studies, such as bamboo species, its average age,
and its harvest season. Thus, we recommend additional research considering those parameters

to identify the better conditions to produce a qualified SCM with bamboo ashes.
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Calcination temperature and duration, as well, directly imply the content of the oxide in
bamboo ashes. Further studies must consider identifying the optimum values for temperature
and duration of the bamboo calcination process to produce ashes with better properties as SCM.

Concerning compressive strength, the optimal cement replacement with bamboo ashes
ranged from 8% to 12% for concrete since the samples achieved optimal strength values at 28
days in these percentages. Nonetheless, we recommend that future studies focus on determining
the effect of bamboo ashes addition on concrete strength at advanced ages.

Regarding physical characteristics, concrete and mortar with bamboo ashes reported
lower density than the reference samples made only with cement, which reduces the structural
load. We also identified that making samples with bamboo ashes decreased their water
absorption, highlighting those ashes' potential to improve cementitious materials’ durability.

In general, the papers differed on bamboo ashes effects as SCM on mechanical and
physical characteristics of cementitious materials. New research must identify the causes of
these divergences in results and verify a relationship between ashes characteristics (chemical
composition, microscopic behavior, particles fineness) and concretes and mortars properties
(compressive strength, water absorption, porosity, density). Moreover, we suggest that further
studies concentrate on determining the costs of implementing bamboo ashes as SCM, such as
their availability to be applied on an industrial scale.

Therefore, this study achieved its aim of evaluating bamboo ashes potential use in the
construction industry as SCM, such as their behavior in cementitious compounds and the gaps
about this topic in literature. Thus, we contributed to the scientific community by synthesizing
the published studies regarding using bamboo ashes as SCM. Besides, we proposed new
research topics, which may encourage future research with bamboo ashes in civil construction,
especially regarding their production and use on large scales and their potential to build a green

economy.
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