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12 Highlights:

13 e Chemical and physical properties of bio-based building materials are presented and analysed

14 e Interaction mechanisms and their influence on the properties of the composites are examined

15 o Mechanical and thermal properties as a function of mix designs are summarised

16 e Acoustic performance of the bio-based materials is reviewed

17  Abstract

18 Bio-based building materials are composites of vegetal particles embedded in an organic or
19  mineral matrix. Their multi-scale porous structure confers to them interesting thermal, hygroscopic
20  and acoustic properties. These performance properties have spurred research on these materials as
21  alternative building materials with low embodied energy. This review contains a comprehensive
22  critical analysis of mechanical, thermal, and acoustic properties of bio-based building materials
23 with a particular focus on the interactions of various constituents and manufacturing parameters.
24 Alkali-activated binders are reviewed for their potential use in high strength bio-based composites.
25 A detailed physico-chemical characterisation of the aggregates and compatibility analysis allow a
26  comprehensive understanding of fundamental phenomena affecting mechanical, thermal, and
27  acoustic properties of bio-based building materials. A wide range of biomass materials is available
28  for building composites, and hemp shives remain the most prevalent bio-aggregate. In the context
29  of England, the farming of industrial hemp remains limited, due in part to the long, costly licencing
30  process and the abandonment of processing subsidy as part of the EU common agricultural policy
31 in 2013. On the other hand, Miscanthus (elephant grass) is a perennial, low-energy, and well-
32  established crop in the England which is gaining interest from farmers in the South West region.
33  Its development aligns with actual agricultural, land management and environmental policies with

34  potential to fuel innovative industrial applications. This review performs a critical assessment of
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the performance of bio-based materials in an attempt to identify potential frameworks and

opportunities to develop building insulating materials from miscanthus.
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1. Introduction

The production of conventional building materials (bricks and concrete blocks) and insulation
materials (rock wool, glass wool, extruded polystyrene) consumes substantial energy resources
and in return contributes largely to greenhouse gases emissions. The actual environmental
challenges and the great contribution of buildings to environmental degradation and resources
depletion on one hand, and the increasing energy performance targets for dwellings and other
buildings as well as the national and international commitments on CO2 emission cuts on the other
hand, have contributed to channelling research and industrial interests towards low-carbon / bio-
based and energy-efficient materials with low embodied energy [1,2]. A successful attempt has
been the use of bio-based particles and fibres in combination with mineral binder matrices. Bio-
based materials have a triple advantage over traditional materials considering their thermal,
hygroscopic and acoustic performances suitable for building envelopes in additional to proven
durability and fire resistance [3,4].

Although plant particles-based materials have various sources, hemp shiv has been explored
since 1990’s. Substantial amount of literature has been published on mechanical, hygroscopic,
thermal and acoustic characterization of bio-based building materials [5,6]. Subsequent studies
were conducted for in-depth understanding of chemical and physical interactions between
components to optimise the performance properties of these materials. The latter include particle-
matrix interface-oriented design [7,8], mechanical optimisation through mix design [9] and mix
design in combination with manufacturing techniques optimisation [10]. The hygrothermal
behaviour of hemp-lime composites was investigated in [11-14] and more recently, the
hygrothermal behaviour of hemp-based insulation materials in the UK context was assessed [15].

Mechanical, thermal, and acoustic properties of bio-based building materials (BBBMs) are the
basic and benchmarking assets for BBBMs against petrochemical-derived insulating materials. A
range of BBBMs exist considering mix designs, envisioned use, and manufacturing techniques.
Considering the particularly high porosity of bio-aggregates (59.4 — 78.6% inter particle porosity),
interesting thermal performance has been reported to confirm the effectiveness of BBBMs as
insulating materials [6,7,9,10]. Literature covering these materials has been recently been

published by Chabannes [16] and Amziane [17]. There is an extensive range of BBBMSs depending
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on mix design (binder to aggregate ratio, water to binder ratio), binder nature (lime-based, cement,
pozzolanic materials, alkali-activated materials) and other production parameters (aggregates
mineralization, compaction, projection, etc.). The transversal analysis of basic properties of these
materials is often delicate due to the variety of parameters and samples manufacturing techniques
[18].

The objective of this paper is to conduct a critical analysis and summarise mechanical,
thermal, and acoustic properties of BBBMs with hemp and miscanthus particles for a
comprehensive understanding of the behaviour of these materials. There is a considerable acquired
experience on hemp-lime composites over 30 years of research, mainly in France. Furthermore, a
recent review summarises factors that influence the performance of hemp concrete [19]. This
currently available substantial literature is used to evaluate the potential of miscanthus as an
alternative biomass aggregate in the context of the South West England. This paper provides
complementary literature data analysis while emphasizing on crucial aspects of microstructural
interactions of binders and vegetal aggregates. In addition, alkali-activated binders are explored as
potential green binders for BBBMSs from the micro-structural point of view. There is an established
experience of growing miscanthus, and the potential of reclaiming contaminated mining sites for
a further development remains a plausible option in this region. This review covers the chemical
composition of bio-aggregates, their physical and chemical interactions with matrices of mineral
binders (compatibility) and existing techniques to improve the microstructure and performances
of the bio-aggregates composites are presented. In parallel with the literature of chemical
behaviour and microstructure, a synthetized and concise presentation of mechanical behaviour,
hygroscopic, thermal, and acoustic properties of BBBMs has been made. Finally, the paper
discusses environmental motives of developing bio-based building materials and the potential of

miscanthus — bio-aggregates in the regional context of South West England.

2. Lignocellulosic materials: physico—chemical properties and

mineral matrix interactions mechanisms

2.1. Chemical, physical and microstructural properties of lignocellulosic particle aggregates
/ fibres.

Contrary to relatively inert mineral aggregates used in concrete; bio-aggregates are
chemically sensitive to alkaline aqueous environments. The organic compounds they are made of,
dissolve in water, alkaline and acid environments to interact with mineral binders. Their chemical

compositions vary from species to species and strongly influence the setting and hardening
2
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chemistry of mineral binders. Hemp and miscanthus are non-woody lignocellulosic materials
primarily made of cellulose, hemicellulose and lignin, and hence would be subject to interactions
when in contact with mineral binders.

2.1.1 Chemical composition of non-wood lignocellulosic materials

Lignocellulosic aggregates and fibres are composed primarily of carbohydrate polymers (cellulose
and hemicellulose) and aromatic polymers (lignin), representing at least 70% of the biomass [7].
Advanced chemical analysis of wood and non-wood aggregates and fibres reveals four
components: cellulose, hemicellulose, lignin, and extractives (pectins, waxes and fats) in
proportions that vary depending on the species and across plant parts. Cellulose occurs in the form
of long and slender polysaccharide polymer filaments that develop within the cell walls. The length
of chains defines the degree of polymerisation (number of anhydroglucose units) and varies
substantially even within one cell wall. Cellulose is a homopolysaccharide and consists of glucose
units linked together by glycosidic bonds. Nevertheless, an advanced analysis of the cellulose
molecule has resulted in the acceptation of cellobiose as the structural basic unit rather than
glucose [20]. It is insoluble in most solvents due to its strong inter and intra polymer hydrogen
bonds but remains highly hydrophilic [7,8].

Contrary to cellulose, hemicellulose is a short-chained polymer made of several sugar units
(glucose, galactose, mannose, arabinose, xylose, rhamnose) and uronic acids. It is amorphous in
structure, soluble in water and easily extractable by dissolution in alkaline medium. Hemicellulose
is hydrophilic and surrounds the crystallized cellulose chains within cell walls[7,8]. Lignin is a
complex organic polymer of aromatic chains of phenyl-propane responsible for stiffness and
impermeability of plant cell walls (hydrophobic). It is mainly found in the middle lamella, the
woody-core, and the epidermal and cortical cells of the plant stems [21].

Extractives are made of pectins and non-structural chemicals extractable using polar and
non-polar solvents [21]. Pectin is made of units of a-1, 4 galacturonic acid and can be found in
primary cell wall and middle lamellae. It is eliminated throughout the retting process of fibres.
Pectins are responsible for chemical interactions with hydraulic binders. They attach divalent
cations (Ca®*) to form cross linkages between adjacent polymers creating stable gels and hence
interfering with setting mechanism. Carbohydrates, lipids, proteins, hydrocarbons, and
minerals/inorganic components are present in cell walls albeit at relatively low concentrations
compared to holocellulose’s, lignin or pectins. The chemical composition varies considerably
within different parts and cell walls of a plant. Table 1 shows the chemical compositions of hemp

and miscanthus reported from literature.
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Insert Table 1.

The chemical composition of bio-aggregates can be assessed using the Fourier Transformed Infra-
Red spectroscopy (FTIR). Dasong et al. [27] investigated the chemical composition of a hemp
fibre with FTIR and identified the basic stretching bands corresponding to the principal
constituents (cellulose, hemicellulose, lignin and pectins). Table 1 summarises the vibration bands
and associated chemicals. Chabannes et al. [28] have reported similar hemp shiv FTIR pattern
with corresponding mean absorbance peaks.

Insert Table 2.

2.1.2. Microstructural and physical properties
Bio-Based Building Materials inherit all their sought—after properties (hygroscopic-thermal and
acoustic insulation) from the porous and lightweight structure of their aggregates. Therefore, this
porous structure of the aggregates explains the interest in understanding their internal structure,
density, and pore-sizes distribution. The intra-particle voids, which are the vestiges of the dense
water and minerals transportation system, constitute the internal porosity of the bio-aggregates.
Plant cell walls have specific chemical composition. Their unevenly distributed cellulose fibrils
have the potential to affect the overall physico-chemical properties of the aggregates, and hence
those of their composites.

From outside towards inside, cell walls are made of middle lamellae, primary cell wall and
secondary cell walls. The middle lamellae are mainly made of pectins and provide the bonding
between adjacent cells. The primary and secondary cell walls consist of cellulose micro-fibrils
(chains of crystallized cellulose) embedded in an amorphous hemicellulose and pectin matrix. The
secondary cell wall exhibits high lignin content and specific orientation/tilt angle of cellulose
micro-fibrils. These elements display a highly hierarchised structure. The secondary cell wall
structure is thought of allowing large shear deformations of cellulose micro-fibrils into the
cohesive lignin reinforced hemicellulose matrix [29]. An illustrative 3D structure of a spruce cell
wall rebuilt from electron microscopy, x-ray diffractions and atomic force microscopy (AFM)
results is provided in [30]. Cell wall microstructure (and pore size distribution) of hemp shiv have
been extensively studied using advanced imaging techniques: scanning and transmission electron
microscopes (SEM and TEM). It was reported to have identical general structure that is similar to
that of miscanthus, with clear foam-like honeycomb structures [31]. Furthermore, it was reported

2
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to contain little variations in vessels dimensions (50-80um) that are surrounded by thick cell walls
(~3.0 um), with a vessel distribution of ~ 20.8 vessels per mm?.

The undisturbed bulk arrangement of hemp shives/hurds constitutes inter-particle porosity
due to the stacking of parallelepiped aggregates. The bulk density, particle density (apparent
density) and solid phase density (true density) of the hurds allow the determination of intra and
inter-particles porosities [16]. The inter-particle porosity can be further distinguished into several
types according to their shape (cylindrical, ink-bottle shaped, funnel shaped) and their accessibility
(open, blind, and closed ). While the bulk density can be measured straightforwardly, particles and
solid densities are relatively delicate to measure. Solid density can be obtained using pycnometric
principles (helium, air or C7Hg) and particle density deduced from the Archimedes law for particle
volume determination [32] or through the inter-particle porosity and solid (true) density as shown
in equations 1 and 2 [6].

Piner =1 — pp/ps (Ea.1)

Dinter = Ws X ps/pW + (M/s X ps) (Eq.2)

Where ps is the solid phase (true) density, pp is the particle (apparent) density, pw is the water
density and ws is the water absorption at saturation. Table 2 summaries the densities and porosities

of hemp and miscanthus.
Insert Table 3.

The porosities shown in Table 2 (in bold) were calculated using the equationsl, 3 and 4.
or=1-P/y (Eq.3)
Dintra = Pr — Prnter (Eq.4)

Where py, is the bulk density, ®iner the inter-particle porosity, ®@ina the intra-particle porosity and

@7 the total porosity.
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2.2. Vegetal fibres/mineral matrix interactions and fibres treatment techniques

2.2.1 Lignocellulosic materials — lime and cement interactions

Scientific literature discussed the chemical interactions between lignocellulosic aggregates and
mineral matrices in bio-based composites. These include the disturbance of setting and hardening
mechanisms at early ages, modification of basic properties in the mid-age of the hardened
composites and durability in the long term [17].

In-depth investigations on the stability and reactivity of the hemp particles in alkaline and
calcium-rich medium reported low dissolution rates of sugars (11.4, 17.5 and 22.0 mg/g) and
organic acids in water (glucuronic:10.3, 0.6 mg/g and galacturonic acids :5.9 mg/g), lime solution
(pH of 12) and CacCl. solution (pH of 6). The released sugars and acids have an impact on chemical
properties of the leachate and interfere with setting and hardening mechanisms of the composites
[8]. Sedan et al. [34] reported low dissolution levels of pectin contents. Pectins carboxyl can react
with Ca?* ions to form stable gels. The absorption of Ca?* ions constitute a competition for both
C-S-H hydration and lime carbonation, in addition to sugars retarding effects [8].

The majority of interaction mechanisms reported concern cement matrix composites, and
mechanisms involved in lime and pozzolanic binder matrices can be fundamentally different
depending on the alkalinity of matrix pore solution and individual matrix mineralogy, as observed
for C3A and CsS cement phases [35]. Some of these phases exist in lime-based binders, even
though in smaller amounts. Arizzi et al. [36] investigated the chemical, morphological and
mineralogical interactions between hemp hurds and aerial and natural hydraulic lime. The authors
highlighted high water competition among the constituents causing weak adhesion and delayed
hardening process associated to high contents of portlandite, vaterite (u-CaCOs) and calcium
silicates after three months curing period.

Important phenomena occurring in chemical interaction of bio-aggregates with mineral
binders at early age and mid-term have been observed in the wood-cement composites science
since 80’s [37]. Recent literature relevant to this subject include: the influence of sugar cane
bagasse fibre on setting of reinforced cement composites [38]; wood-cement interactions and
modification of hydration mechanisms [39,40]; the impact of extracted components from
aggregates on cement setting and hardening [24], hemp and lime-flash metakaolin binder
composites [41]. Although the chemical interactions are the most prevalent, the binder—aggregate
interface can be affected by physical phenomena dominated by water flow routes through
constituents. This affects associated drying-wetting mechanisms [28] and the shrinkage-swelling
of the aggregates influencing the interfacial transition zone.
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Studying the curing conditions of hemp-lime composites, Chabannes et al. [28] tested
different curing conditions of hemp-lime and evaluated their influence on mechanical properties
and composites microstructure, in addition to lime water treatment. Indoor standard curing
conditions (ISC: 20°C and 50% relative humidity), moist curing conditions (MC: 20°C and 95%
RH) and thermal activation (TA: 50°C and 95% RH) were the applied curing protocols. The
scanning electron microscope imaging (SEM) was used to observe the interface zone of the
aggregates-binder matrix of hemp-lime composites (HLC) under ISC , MC and TA curing
conditions (Fig. 1). Under MC/TA curing conditions, the aggregate-matrix gap thickness increases
about 40 times as per ISC curing conditions. This is presumably due to capillary pressure and
moisture transport between aggregate and binder [28] similar to those observed in brick-mortar

interactions in masonry.

Insert Figure 1. (1.5 column width)

2.2.2. Treatments of lignocellulosic aggregates for bio-based materials

The improvement of aggregate binder compatibility is of great significance for the performance
and durability of bio-aggregate concretes. Multiple physical, chemical, and thermal treatment
techniques were investigated as attempts to address the incompatibility concerns. Treatment
methods can be classified as: (a) physical treatments, intending to prevent water absorption and
leakage of chemicals, (b) thermal treatments aiming at the heat degradation of hemicellulose
responsible for aggregates swelling and carboxylic acids (glycolic, pyruvic, malic or o-salicylic)
release after hydrolysis, and (c) chemical treatments preventing the hydroxy! groups from binding
with water or chemical acceleration of hydration kinetics [16,17].

The presence of silica in rice husks has resulted in a pozzolanic effect in composites, and
hence, the introduction of silica in aggregates using saturation treatment has been investigated.
Coatanlem et al. [42] evaluated the properties of wood chippings - cement concrete with a 24 h
aggregate treatment in sodium silicate (100g/l). The use of a binder to aggregate (b/a) weight ratio
of 3.0 and water to binder (w/b) ratio of 0.75 resulted in compressive strength of 9.85 N/mm? at
510 kg/m® unit weight corresponding to a 30.11% improvement compared to water treated
aggregates. Ettringite needles were observed at the surface of silica-treated aggregates as a
consequence of improved bonding between aggregates and cement matrix.

Olorunnisola [43] investigated coconut husk-cement composites (particleboards) and the
effects of calcium chloride on mechanical properties. Calcium chloride was used as an accelerator

to counterbalance the inhibitory effects of coconut husks on cement. The use of 3.0% CacCl;
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resulted in compressive strengths (for 0.85 mm sieved fibres) of 2.6 N/mm? for untreated
aggregates (896.8 kg/m®) and 4.1 N/mm? for calcium chloride treated aggregates (942.7 kg/m?3).
Compared to untreated specimens, the results show 57.69%, 47.85% and 57.14% increases for
compressive strengths, modulus of elasticity and modulus of rupture, respectively.

Although sucrose is considered a cement retarding agent as it accelerates ettringite
development while retarding the hydration of tri-calcium silicate (C3S), cement - sucrose coating
of flax shives improves flax shives concrete properties [44]. The addition of large amounts of
sucrose resulted in opposite effects to those of small sucrose quantities (1-3%), i.e. the increase of
compressive strength (0.4 to 3.5 N/mm?) and the reduction of setting time. The retarding effect
limited the amount of sucrose to be included at 40 wt % of cement. This treatment, when applied
to flax shives, reduces the absorption of water from 200% to 54% and results in a 50% reduction
of drying shrinkage [44].

In an attempt to reduce the dimensional variations of wood sand concretes, Bederina et al.
[45] explored various wood shaving treatments and their impact on mechanical and thermal
properties. In their study, cement and/or lime coating and oil impregnation were investigated. All
the evaluated treatments methods resulted in reductions of dimensional variations, and shrinkage
reductions of 43.6% and 35.9% reported for oil and lime treatments leading, respectively. Cement
and cement-lime treatments reduced shrinkage by 25.6% and 28.8% respectively. The compressive
strength improved from 23% for lime treatment to 58% for cement treatment. However, these
evaluated treatments did not improve the thermal insulation of the wood-sand concretes. On the
contrary, the thermal conductivity increased by 14% for cement treated wood shavings.

Le Troédec et al. [46] investigated numerous physico-chemical treatments of hemp fibres
and their effects on the interaction of fibres with lime matrix. The use of combined Scanning
electron microscope (SEM), x-rays diffraction (XRD), differential scanning calorimetry (DSC)
and FTIR analytical techniques allowed to evaluate different treatments of fibres including: alkali
treatment for 48 h in an NaOH solution of 0.06 M; immersion in a solution of 5.0 g/l - 0.06 M
ethylene diamine tetra-acetic acid (EDTA :pH of 11) for 3 h; soaking in a solution of 2000 g/mol
of poly-ethyleneimine (PEI) for 48h and saturation with lime (pH of 12.7). The treatment of fibres
with a NaOH solution of 0.06 M improved their crystallinity through the hydrolysis of amorphous
compounds resulting in high rigidity of the composites. EDTA and PEI reacted with calcium ions
adsorbed on pectins and carbonyl groups of cellulose, increasing the crystallinity of fibres and the
stiffness of composite [46].

Chabannes et al. [28] investigated the effects of lime-water treatment on hemp shives. The

lime-treatment reduced by half the compressive strength of samples :0.44- 0.22N/mm?. From FTIR
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analysis results, the authors reported leaching of polysaccharides as a result of strong disintegration
of the primary cell walls. The most remarkable disintegrations included the disappearance of 1730
cm™ band corresponding to unconjugated C=0 bond of the hemicellulose’s xylan; a decrease of
1030 cm™ peak associated with C-C,C-OH and C-H cellulose and hemicellulose rings and
disappearance of 895 cm™ and 1370 cm™ bands attributable to polysaccharides glycosidic bonds
and in plane C-H bonding of polysaccharides, respectively [28].

Accelerated carbonation or fibres treatment in slurred silica fume / blast furnace slag are
some of the methods to improve the durability of lignocellulosic fibres (sisal and coconut) in the
alkaline medium that is generated by the hydration of cement [47]. The authors concluded that
immersing fibres in silica fume slurry reduces long-term embrittlement of composites. The
investigation of silica treatment of hemp shives using tetraethyl-orthosilicate (TEOS), nitric acid,
hexadecryltrimethoxysilane (HDTMS) and absolute ethanol in the sol-gel process resulted in
250% reduction of water absorption [48]. Moisture absorption was reduced by 30% with a
maximum moisture content of 12.81% and 19.68% for coated and uncoated shives at 90% relative
humidity [48]. Ramlee et al. investigated the impact of silane (triethoxy-ethyl) and hydrogen
peroxide (H20>) treatments on oil palm empty fruit bunch and sugar bagasse, for potential use in
thermal insulation materials [49]. A 2% silane treatment removed hemicellulose and lignin, as
observed using coupled SEM-FTIR analysis, and resulted in an increase of tensile strength.
Furthermore, the authors reported that 4% H20O: silane treatment enhanced the bonding of fibres
to the resin matrix. In a comparable study on the effects of alkali (NaOH) and/or silane (triethoxy-
ethyl) treatments on kenaf and pineapple fibres, Asim et al. [50] reported an increase of strength
and removal of hemicellulose and lignin.

Calorimetric analysis suggested that miscanthus had little effect on cement hydration. The
only concern was the high-water absorption of miscanthus [47]. Different methods to improve the
compatibility of cement and miscanthus fibres (in terms of water competition and adhesion) were
proposed: (a) modification of the cement matrix using pozzolanic materials that reduce its
alkalinity; (b) modification of fibres using pre-saturation, cement - slag impregnation (0.5 w/b and
2.0 b/a), immersion in sodium silicate (water glass) at 50% dilution (100 ml NaSiOsz / 200 g H.0
and 50 g fibres), acting both as a water reduction agent and providing rough surface, lignin
coating, linseed oil impregnation (2.0 linseed oil/ fibre ratio) and thermal treatment (hornification).
The water absorption at saturation was reduced to 140% for water glass treatment, 180 — 200 %
for linseed oil and 215% for cement treatment compared to 300% for untreated fibres. The

treatment of fibres using lignin provided limited improvements.
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The production of cementitious composites using residues of miscanthus enzymatic
saccharification (cellulose, B glucosidase and xylanase) preceded by chemical treatments (2%
H>S04, 121°C for 1h and 33% NHzs, room temperature for three days) was investigated in [51].
Both treatments resulted in a reduction of lignin and cellulose-hemicellulose content of fibres.
Nevertheless, the chemical treatment increased water absorptions (525-550%) with reference to
untreated aggregates (300%), six times higher setting times were reported, and 62% reduction of
compressive strength (without significantly impacting the flexural strength).

The alkaline treatment of bamboo fibres using a 4.0 wt% NaOH solution at 20:1 volumetric
ratio for 1 h was proposed in the literature. Zhang et al. [52] used thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to highlight modifications in the chemical
structure of fibres. Treated fibres exhibited a higher thermal stability than untreated fibres,
confirming a decrease of hemicellulose, lignin, and pectin content. The FTIR results corroborated
the foregoing statements with the removal of hemicellulose and lignin that increased the relative
amount of cellulose. Furthermore, an alkaline treatment was applied to Ensete fibres to reinforce
a polymer matrix as described in [53]. The authors investigated the treatment of fibres using 2.5%,
5.0% and 7.5% NaOH solution for the reinforcement of unsaturated polyester and reported
mechanical improvements in the order of 14.5% and 43.5% for flexural and Young modulus,
respectively. Additionally, the observed shifting of glass transition temperature and the SEM
microstructural observations confirmed enhancements of fibre-matrix interface. The increased
performance of alkali-treated fibres is linked to the removal of hemicellulose/lignin and the
increased rough surface area available for the bonding of fibre - matrix. These elements are
valuable for both mineral and organic binders.

The use of vegetal fibres in conjunction with mineral binders such as Portland cement
remains challenging. A recent review reported substantial advancements considering a wide
variety of proposed treatments to address the problems related to fibre-matrix compatibility [54].
However, most of these treatments exhibit little practical potential due to the economic, safety and
environmental aspects of the involved chemicals. This is one of the many drawbacks that favoured

the use of lime-based mineral binders in preference to cement in bio-based building materials.

2.2.3 Interactions of lignocellulosic materials and alkali - activated binder matrices

e Geopolymer-lignocellulosic composite materials constitute a relatively recent research subject
and most of the scarce literature available covers the reinforcement of geopolymer matrix with
vegetal fibres. A limited number of studies investigated wood-geopolymer concretes.

Nevertheless, fundamental chemical processes involved should be theoretically the same for
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both fibres and particles interactions with geopolymer matrix. Korniejenko et al. [55] studied
the mechanical properties of fly ash geopolymer composites (8.0 M NaOH + NaSiOs)
reinforced with natural fibres (cotton, raffia, sisal and coir/coconut fibres). The cohesion of
natural fibres examined through SEM revealed voids around the coir, raffia and cotton fibres
as shown in Fig. 2. A Comparable phenomenon was observed for flax fibres in cement matrix
(Fig. 3) [56] with different chemistry though. Nevertheless, compressive and flexural strengths
of reinforced composites remained relatively higher than those of non-reinforced materials.
The fibres occupied 1% volume of the matrix and the incorporation of higher proportions of
fibres and the increase of fibres dimensions resulted in reductions of strength.

Insert Figure 2. (1.5 column width)

Insert Figure 3. Single column width

Chen et al. [57] observed well-coated and void surrounded fibres in their study of sweet
sorghum bagasse fibre for the reinforcement of fly ash-based geopolymer. However, the authors
did not provide an explanation for the observed phenomenon. Results on fresh properties,
mechanical strength and microstructure of fly ash geopolymer paste reinforced with untreated
sawdust (~2.0 cm long and 790 kg/m?® bulk density) at ratios of 5-20 wt% are reported in [58].
Conversely, sawdust inclusion up to 20% in the concrete improved both strength and
microstructure. The main reported results are:

e The incorporation of sawdust (SD) reduced workability at ratios exceeding 5%
(150- and 113-mm slumps at 0 and 20%SD respectively) and significantly increased
the setting time (425 and 600 min at 0 and 20% SD respectively);

e The sawdust reduced cracking and drying shrinkage (~35.21% at 14 days for
20%SD);

e Compressive and flexural strengths improved by ~16.6 and ~ 31.58 % respectively
for 20%SD (1600 kg/mq) at 28 days of curing (40°C/24h - 20+2°C and 90+5% rh);

e The microstructure of SD geopolymer composites, investigated using SEM
micrographs, exhibited better features, such as the absence of micro-cracks for SD
composites. The strength improvement was associated to the enhanced pore
structure of the composites with a decrease of both pore sizes < 50 um and critical

pore diameters (~20 and 50 um for 20 and 0%SD respectively).

Sarmin and Welling [59] studied lightweight composites of wood particles (3 - 5 mm) and class F

fly ash — metakaolin alkali-activated binders. The compressive strength was increased by 62% for
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a 10wt% wood incorporation compared to Owt% wood composites. Furthermore, the field
emission scanning electron microscope images revealed a dense wood/gel geopolymer matrix
interface with wood particles fully embedded in the aluminosilicate matrix. Through the reported
literature, weak interface zone was identified for fibres - geopolymer matrix system [55]. While a
volumetric concentration of fibres exceeding 1.0% reduced strengths [55], the use of 20wt%
sawdust increased strength in [58]. A direct comparison across various studies is not
straightforward: matrix microstructure, curing conditions and different surface areas due to the
fibres and sawdust incorporations explain the encountered differences in compressive strength

trends.

3. Bio-based building materials mix design and manufacturing

techniques

3.1 Mix design and manufacturing techniques of bio-based building materials

Mixes of construction materials incorporating biomass / vegetal derived aggregates are
difficult to design due to high water absorption and compressibility of the aggregates and the
influence of the binder on the compactness of the aggregates. Various approaches can be used for
the purpose mix of design. In their study of rice husk-cement composites, Doko et al. [60] proposed
the use of absolute volume approach. The absolute volume of fresh composite mix (Vgps.comp) IS
calculated from the sum of absolute volume of cement (V,ps cement), Fice husks aggregates

(Vabs aggr.) and water (Vy,q¢er) according to equations 5 et 6.

Vabs.Comp = Vabs cement + Vabs .aggr. + Vwater Eq- S

k,C
Vabs cement = C/pC; Vabs .aggr. = a/pa; Vwater = /,Dw

Eq. 6

Where C is the mass of cement, a the mass of aggregate, p. the specific density of cement, p, the
specific density of the aggregates, p,, the specific density of water and kw the water to cement
mass ratio (w/c). The mass of the aggregate of the mix was calculated considering a unit absolute

volume of fresh composite miX Vs comp = 1 as shown in equation 7.

A= pa(1=C/pc = /) Eq. 7
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Akkaoui [61] proposed a mix design method for wood-cement composites, assuming that
the binder has no influence on the compactness of wood aggregates. This applies for low
volumetric proportions of binders (lower than the volume of intergranular pores of the aggregates).
Considering the compactness of wood at 0.38, the mass of the aggregates was estimated: A =
PabsVaCa (Where V, the total apparent volume of aggregates, C, the compactness and p,;s the
absolute density of the wood aggregates). The mass of binder and water were calculated from the
ratios of cement to aggregate (1.25 — 2.75) and water to cement (0.5). The volume of cement paste

and the volume of inter-granular pores were estimated respectively from equations 8 et 9.

Vo = “/pc + Y /ou Eq. 8

Vo =Va(1=Cp) — Vg Eq. 9
Where V,is the volume of cement paste, V, volume of the pores, C the mass of cement, p. the
density of cement, W the mass of water and p,, the density of water.

Chabi et al. [18] proposed a method for the design of rice husk-cement concrete considering
aggregates as ‘suspended’ into a continuous matrix of mineral binder. The volume of the
aggregates was estimated from the application of the Compressible Packing Model (CPM) and the
volume of cement and water calculated from the Feret’s equations (equations 10 et 11) for concrete

mix design (a compactness value of 0.4 was retained considering a compactness index of K of 3).

2
0c28 = KF (/¢ 4+ w + a) Eqg. 10
V+f+c+w+a=1.0 Eq. 11

Where KF is the constant for the quality of binder, and ¢ the volume of cement, w the volume of
water, a the volume of residual air and Va the volume of the aggregates.

Nguyen [10] proposed another method of mix design for hemp concrete using a targeted
initial density (hence final dry density), a fixed binder to aggregate mass ratio (b/a) and water to
binder mass ratio (w/b). Considering a fixed initial fresh density of hemp concrete p;,,, the mass
of aggregate (a) was calculated from equation 12. The mass of binder was obtained from b/a ratios
(1.112, 2.15 and 3.48) and that of water from w/b ratios (0.55, 0.86 and 0.93).
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Ppin=a+b+w

1+ (Ya) + (%) (*/a)

q = Pin Eq. 12

The mix proportioning of hemp-lime concretes depends on the manufacturing processes
and the intended materials use, hence, fixing an initial target density allows to determine the
constituents mass and /or volumes from their unit weights [10]. From the same principle, other
approaches based on compactness were successfully developed for wood-cement composites [59]
and rice husk-cement composites [60].

Specimen manufacturing techniques applied in different studies intend to simulate
materials manufacturing at the factory/building construction level: manual casting - tamping for
on-site wall construction; compaction and vibro-compaction for wall panels and hemp bricks pre-
casting; and projection for onsite walls and roof panels. For the manual tamping manufacturing
technique, the b/a ratio ranges from 1.5 to 2.5 [16]. Compaction and/or vibro-compaction is applied
to reduce the total inter-particle voids, increase density and ensure minimum required strength.
These techniques allow to increase the final density and to reduce the b/a and w/b ratios for mix
designs. Additionally, higher aggregate content can be used to achieve low thermal properties
[10,12].
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summarises mix design methods depending on manufacturing process and curing regimes in
comparison to the French reference recommendations for hemp concrete ‘Construire en Chanvre’
[62].

A detailed schematic illustration of hemp- lime applications in a building is shown in [11].
In the UK, the main use of hemp-lime is for non-structural applications in walls [61]. The actual
trend is the manufacturing of load bearing blocks using high compaction pressures. The
compaction process has evolved from pressures about 2.80 N/mm? for hemp-lime [10], 5.0 N/mm?
for hemp and sunflower aggregates in pumice — lime binder matrix [63] and 10 N/mm? for hemp
— lime composites [64]. A special device was developed for the compaction of fresh mixes in [16]
to adapt a ®11 x 22 cm® mould that is filled in three steps using layers of measured materials
according to the desired density. This equipment can be adapted to cubic moulds. For higher
compaction pressures, the equipment described can be connected to a hydraulic transmission
machine. This system was applied to hemp-lime samples using a compacting device in PVC
designed for the application of 0.1-2.0 N/mm? stresses in ®100 x 200 mm?® moulds [10]. Tronet
etal. used a modified device to apply a pressure of 10 N/mm? in the midst of hemp concrete casting
[64].

Vibro-compaction is a manufacturing process combining compaction at specific stress and
perpendicular direction vibration of samples at specific frequencies. Soil vibro-compaction device
(VCEC from MLPC®) was adapted to accommodate ®100 x 200 mm? cylindrical hemp and rice
husk - lime concrete samples [16]. This equipment was used to cast samples of of @160 x 320
mm? for compressive strength testing with applied compaction pressure of 0.6 N/mm? and a 30
seconds vibration period [63]. In addition to differences in individual materials mixing steps,
demoulding and curing conditions vary from one study to another as reported in
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. Common binder formulations used in conjunction with bio-based aggregates are shown
in Table 5.

3.2 The influence of mix designs on physical properties

The properties of bio-based composite materials depend on several parameters. In addition
to the manufacturing techniques, the weight ratios of constituents (water to binder: w/b and binder
to aggregate : b/a) constitute basic mix design parameters that influence final mechanical and
thermal properties of composites. Data from literature shows that various mix designs
incorporating different types of binders exhibit linear correlations of density and both binder to
aggregate (b/a) and (w/b) ratios (Fig. 4) [6,65,66]. The application of high compaction stress
values results in outliers as shown in Fig. 4.a). The mixing water of the composite (water to binder
ratio) depends on the nature of aggregates which is highly water absorbent with rates of absorption
~ 220-280 % in 5 minutes [6,7,10,65]. In fact, high content of aggregates (low b/a) requires high
amounts of water (w/b) in the range of 0.9-2.0 and leads to low final densities (250-550 kg/m?3) as
illustrated in Fig. 4.b).

Insert Figure 4 (1.5 column / width: 120 mm)
Insert Table 4.
Insert Table 5.

4. Mechanical properties of bio-based materials

4.1. Compressive strength — density relationships and evolution as a function of formulations

and manufacturing techniques

The most studied mechanical property of bio-based materials is their compressive strength, its
correlation with the weight ratios of constituents, the unit weight of composites and porosity. The
morphology of hemp hurds reveals high internal porosity [65] with reported value of 57.0% using
3D tomography. Similar porosity values are reported: ~ 59.90% for hemp [10] and 52.24% for
miscanthus particles (calculated from particle and skeleton densities)[32]. High porosity
aggregates lead to high porosity composites resulting from both the internal structure and bulk
arrangement of particles. The binder matrix itself presents high porosity (~50% for lime-based and
~ 39% for Portland cement). The latter influences the density of the composites and its
compressive strength. Hence, considering aggregates and binders, the parameters affecting the

mechanical properties of hemp concretes include mix design proportions, curing conditions and
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age, binder content and the particle size distribution of aggregates. The influence of these
parameters has been covered [65] and reported results can be summed in three points:

e Bio-based building materials (BBBMs) present low compressive strength and high
deformation values under compressive stress, limiting hemp concrete to non-structural
applications.

e The higher the binder content, the closer the mechanical behaviour of hemp concretes to
that of pure binder paste.

e Neither high humidity curing (75% and 98%rh) nor low humidity curing (30%rh) are

suitable for hemp concretes as they slow down the setting of hydraulic lime binder.

The evolution mechanical compressive strength as a function unit weight and mix composition
was analysed from literature data (Fig. 5 a). In fact, as shown in Fig. 5 b), the effect of unit weight
on compressive strength of samples can be attributed to the binder content of composites [6]. On
the other hand, from the experimental results in [10], it was observed that different values of
density can be obtained from similar b/a ratio mixes as illustrated in Fig. 6. The linear correlations
of binder content, strength and density can be obtained for tampered concrete (Fig. 6 a) in contrast
to the compacted concrete (Fig. 6 b).

Insert Figure 5 (Double column / width: 185 mm)

Insert Figure 6. (Single column/ Width 90 mm)

Macroscopic porosity regulates the density of samples and the application of high
compaction pressures (0.30 — 2.89 N/mm?) explains that difference from un-compacted samples
(Fig. 6 a). However, in both cases the density remains the principal factor influencing strength.
Considering low weight materials (no compaction), the strength of binder matrix itself controls the
strength of composites since the aggregates will not transfer loads. The same b/a values,
considering different types of binders, result in composites with different strength values (0.025 —
0.175 N/mm?) for composites of ~ 250 kg/m? [67]. Hemp-lime mixes of b/a ratio of 2.15, initial
unit weight of 860 kg/m® and water to binder (w/b) ratio of 0.86 containing different binders
(Natural hydraulic lime, Ordinary Portland Cement and Tradical PF70) were investigated in [10].
Strength values reported at 7.5% strain and after 28 days of curing were 2.5, 2.3, 1.5 and 1.45
N/mm? respectively.

It was shown that volumetric proportion of paste controls the development of strength in
hemp concretes. An increase in paste volumetric proportion by 30% increases the compressive
strength by 360% [6]. However, Nguyen [10] reported a reduction of strength as the b/a ratio

increased while keeping the same unit weight and w/b ratio. In fact, low b/a ratio imposes high
18
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compaction of aggregates to achieve unit weight similar to that of mixes with high b/a, resulting
in higher strength values. Table 6 summarises some basic mechanical properties of low to medium

density hemp-lime composites.

Insert Table 6.

4.2 Stress — strain behaviour of BBBMs

The analysis of stress-strain curves of hemp concretes provides valuable information about the
mechanical behaviour of hemp concretes. In fact, depending on the mix designs, hemp concretes
show a strain hardening - plastic behaviour and a comparative analysis of mechanical behaviour
of different formulations is only achievable through benchmarked strains [10]. From the analysis
of the stress-strain behaviour using the observation of optic deformation fields, a classification of
mechanical behaviour was defined and reference strains set at 1.5% (the upper end of the linear
elastic behaviour) and 7.5% ( the limit of strain hardening) as illustrated in Fig. 7 [10]. The four
major steps of hemp-lime typical stress-strain kinetics with controlling mechanisms were
identified as:
)} the initial elastic zone corresponding to matrix response to loads;
i) the elasto-plastic zone corresponding to a progressive cracking of the matrix at the
interfacial transition zone (ITZ2);
iii) the strain-hardening plastic zone corresponding to aggregates compaction - cohesion
and;
iv) the eventual rupture peak and stress recession appearing for high binder containing

formulations.

Insert Figure 7. (Single column / width: 90 mm)
These observations were confirmed by Cérézo[6], highlighting the bi-phases mechanical
behaviour of hemp concretes. The author described an initial linear elastic behaviour followed by
a second elasto-plastic phase. The latter having an inflexion of the stress-strain curve under the
crack development in the matrix (non-linearity) and residual strains under cyclic loading. The
importance of the compaction has been highlighted since the compressive strength increases with
compaction level and this is reflected by the initial unit weight for identical b/a and w/b ratios [10].
The binder content is an additional influencing parameter over the mechanical behaviour of hemp-
concretes.

Mazhoud [33] and Kioy [71] reported similar behaviour with a distinction between

composites of high and low content binder, the latter presenting no stress peak at large strains. The
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peak of stress — strain curves identifies the transition from binder matrix load transfer path to fibre
- cohesion load transfer path. The foregoing mechanical descriptions highlight the particular effect
of binder content on the stress-strain behaviour and failure mechanism of hemp lime composites
(HLC) [4]. Niyigena reported a highly distinguishable fragile behaviour of composites with high
binder content versus a ductile behaviour of composites with low binder content [85]. The author
reported the values of strain in the range of 4.0- 15 % for 10-40 v/v% binder content (compared to
strain of 1.2% for pure binder). The literature [6,10,65], corroborates the aforementioned trend and
behaviour similar to the mechanical profile of pure binder for composites with high content of
binder versus a behaviour similar to that of pure aggregates for composites with low content of
binder.

Insert Figure 8. (Single column)

Additionally, the stress-train behaviour of lime-hemp concrete (LHC) depends on the applied
compaction stress at the mixing process. The application of compaction stresses in the range of
0.05 — 2.5 N/mm? distinguishes the strain - softening from strain - hardening failure mechanisms
[10]. Tronet et al. [64,73] showed that, as for most of the building materials, the most important
factor affecting strength remains its compactness in the hardened state, which depends on water
content and compaction at fresh state as shown in Fig.8. The compactness threshold of 0.25 was
found the limit at which the binder matrix is no longer the sole parameter controlling the
compressive strength. Tronet et al. [73] developed a mechanical model that considers the mix

design and casting process. Equation 13 was proposed for a 28-days compressive strength based

on power law principle (application boundaries are S > pg and B/S < 5.42).

0, = 05(B x )% + 05(S[Vps + (B/OK]) K= (Ypy +E~ 1) (Eq.13)

With o3 the specific strength of binder, K is adapted from the volumetric solid fraction of the
binder, ‘a’ constant (computed from compression tests on binder at various w/b ratios and equals
to 2 for cement and 3 for lime), pg the specific density of the binder, p, the specific density of the
shiv, p,, the density of water, B and S the binder and shiv masses in a cubic metre of material, b
the fitting parameter, t the hydration degree (1.0 for aerated lime and 1.25 for Portland cement).

Williams [66] proposed an empirical relationship between strength and constituents weight
ratios (Eq.14) based on internal structure, and considering the binder as the sole contributor to
strength. The author used a weighted mean of optimized and minimized arrangements of the binder
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in a cross section of composite. This internal structure is described by a shape factor (Eq.15), a
function of mean particle aspect ratio, mass of the binder, interquartile range of particles sizes,
proportion of particles in the primary axis and compaction ratio.

Occ = SCOCJ_ + (1 - SC)GCll (Eq14)
S = F(®,,B,V,/V,,IQR,,C) (Eq.15)

With o., and o, idealized series and parallel cased basic models, S. the shape factor in the
loading direction. The shape factors in parallel and perpendicular loading directions were applied
to weighted arithmetic means of series and parallel basic models, as illustrated in equation 14, and

resulted in a predictive empirical model.

4.3 Flexural strength of bio-based building materials

Flexural strength represents an important mechanical property of building materials as it defines
the ability of the material to resist bending stresses for load-bearing materials and handling stresses
for non-load bearing materials. Pavia and Walker [86] studied the flexural behaviour of different
hemp-lime composites at 7, 28 and 90 days of curing. The lime-hemp composites were made of
hydrated lime and a pre-formulated commercial binder (hydraulic lime and pozzolanic additions)
mixed with hemp shivs at b/a volumetric proportions of 0.33, 1 and 9 (respectively for wall, floor
and plastering applications). It was observed that flexural strength increased with the increase of
volumetric proportion of binders generally. An increase of commercial binder proportion from 25
to 50% increased flexural strength by 12 times at 7 days (0.25 to 3.0 N/mm?) with no further impact
on flexural strength for an increase up to 90% of binder. Composites with high proportions of
commercial binder (TH10 and TH50) have higher strength and brittle behaviour while lime-based
composites (CL90H10, CL90H50 and CL90H75) generally have lower strength (increasing with
binder proportion) and a ductile mode of failure. Williams [66] reported flexural strength ranging

from 0.14 N/mm? to 0.33 N/mm? for hemp-lime composites of density of 379-431 kg/m?.

4.4. Mechanical anisotropy and shear strength of bio — based materials

Hemp-lime is an anisotropic material with preferential orientation of the aggregates in the direction
perpendicular to the direction of compaction force. It can be appreciated from literature [72] that
hemp-lime composites exhibit higher stiffness and brittleness in perpendicular direction compared
to parallel direction of compaction. The authors presented the results obtained for an HLC of b/a

1.18 and 2.6 in both loading directions and confirmed a brittle strain-softening behaviour in
21
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perpendicular direction and a more ductile strain-hardening behaviour in parallel loading direction.
Williams et al. [87] corroborated the former statements. Parallel loading yields higher strength
values both in compression and flexure at high strains with higher values corresponding to higher
b/a ratios.

The analysis of compressive strength values of BBBMs across different studies might be
impractical owing to differences in materials and manufacturing processes. Nevertheless,
according to results and perceiving observations from literature, it can be assumed that anisotropic
mechanical behaviour applies to other bio-aggregates composites manufactured using external
compaction/vibration or projection techniques. Although used as a non-load bearing infilling
material, LHCs contribute to the mechanical performance at the structural scale for the in-plane
racking resistance [88-91]. Investigations on the shear strength of LHCs were conducted at the
material scale, using an adapted triaxial testing equipment [92] and a special shear box test [74,93].
Chabannes et al. investigated a 90 days shear strength of the LHC (b/a ratio of 2.3, w/b ratio of 0.8
and fresh unit weight of 975 kg/m®) under increasing confining pressures (50 — 150 kPa) [92]. The
authors reported a peak friction angle of 46° and a cohesion of 355 kPa. Increasing the confining
pressure led to the increase of the peak deviatoric stress and a stronger strain-hardening ductile
behaviour of the composites. The observed mode of failure was a combination of bulging and

shear banding.

5. Thermal properties of bio—based materials

The thermal performance of a building envelope is associated with the thermal conductivity of
materials and thermal transmittance (U-value) of wall assemblies, which are good indicators of
thermal performance in steady conditions. The majority of literature covers the experimental and
modelling of thermal conductivity of BBBMs as discussed in section 5.1. Still, considering real
environmental conditions, constantly changing temperatures impose predominantly a transient
state in walls. Studying the hygrothermal performance of hemp-wall, Shea et al. [94] reported ~240
hours period, for a 300 mm hemp-wall, to reach steady state conditions from a -20°C temperature
change and a 17% variation of energy consumption compared to steady state. This confirms that
U-values method for the evaluation of energy performance of BBBMs of buildings remains
arguable. 1t was shown that dynamic thermal performance simulations and measurements improve
the accuracy thermal performance assessments in [11]. The thermal diffusivity and effusivity
discussed in section 5.2, are some of the hygro-thermal properties involved in dynamic thermal

performance assessments.
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5.1 Thermal performance of BBMs in steady state conditions: thermal conductivity

It can be assumed from literature that important specific parameters affecting the thermal
conductivity of hemp concrete are the density, moisture content and the method of manufacturing
of materials. In addition to influencing strength, density controls the thermal and acoustic
properties of bio-based materials as it is related to pore structure of these materials [95]. Porous
composite materials with specific pore size distribution must be considered separately. In fact, the
predominance of certain pore sizes can affect heat transfer mechanisms, moisture transfer and
condensation at the microstructural level and, hence influence the thermal properties [96]. Fig. 9
a) shows the evolution of thermal conductivity as a function of unit weight for projected LHC [69]
and compacted LHC [10] with differences attributable to internal structure of the composites as a
function of the manufacturing techniques.

Hemp concrete is an effective insulating material with thermal conductivity values of 0.05 —
0.20 W/m.K depending on specific internal structure, density and moisture content of the
composite [97]. Thermal conductivity highly depends on the pore size and internal structure of the
composite materials. Air enclosed within pores with very low thermal conductivity (~ 0.025 W/mK
at 20°C) is responsible for the insulating behaviour to the composite. The results reported from
different studies [6,10,69,87] highlight a linear evolution of thermal conductivity as a function of
unit weight. Composites with low density (< 300 kg/m?) exhibit low values of thermal conductivity
(0.06 - 0.08 W/mK) while those with medium density (300-550 kg/m?) show thermal conductivity
values in the range of 0.08 - 0.12 W/m.K. Comparable results were reported with thermal
conductivity values of 0.12 — 0.160 W/mK for unit weights of 400 — 500 kg/m? [97].

The impact of compaction direction was investigated in different studies [7,10,41] preceding
the development of empirical [87] and analytical models [98]. Compaction induces high
anisotropic internal structure of composites to resemble that of natural wood. Similar results have
shown high values for thermal conductivity measured in the direction perpendicular to the
compaction direction. Fig. 9 b) shows the values of thermal conductivity of LHC in both parallel
and perpendicular directions to compaction direction. Reported results show that thermal
conductivity in a direction perpendicular to the compaction is higher than that in parallel direction.
The ratio of perpendicular to parallel values of thermal conductivity (range of 1.01-1.80) is
attributable to the nearly horizontal direction of aggregates inside the concrete and the anisotropy
of the aggregates themselves [10,12]. Investigations on the effect of compaction levels have
highlighted that high compaction leads to higher thermal conductivity values in perpendicular
direction compared to un-compacted samples in dry unit weight range of 450 — 650 kg/m? [16].
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However, lower thermal conductivity values in the parallel direction were recorded, compared to

values obtained on manually tampered samples in the same direction.

Insert Figure 9. (Double column)

In addition to the density and compaction direction, humidity has an influence on the thermal
conductivity of hemp concrete. Cérézo [6] measured the thermal conductivity of hemp concretes
at 50 and 75% RH and compared them to measures at 0% RH with a noticeable impact of elevated
humidity values on thermal conductivity. From the reported results, clear distinguishable three
zones were identified. For first zone of density values in the range 200-300 kg/m?3, the thermal
conductivity increases by 41.6 % (0.06 to 0.085 W/m.K) for humidity increase from 0% to 50%
rh and an increase of up to 83.33 % for 75% rh with thermal conductivity reaching 0.11 W/m.K.
This range of density values remains the most sensitive to humidity change. The second zone
corresponds to density range of 300 — 450 kg/m®. An increase of the thermal conductivity of 10%
and ~ 40.0% were recorded for the humidity from 0 % RH to 50% RH and 75% RH, respectively.
The third zone considers values of density higher than 650 kg/m® with an increase of thermal
conductivity of 15% from 0 to 50% RH. It is obvious that for all values of humidity, the thermal
conductivity is higher than for 0% RH. In fact, with regard to the Kelvin - Laplace law of capillary
condensation, the higher the rh, the lower the minimum radius required for condensation,
increasing the amount of pore water [99]. The capillary water is responsible for the rise of thermal
conductivity at high rh conditions given the high thermal conductivity of water (0.59W/mK
compared to 0.025 W/mK for air at 20°C). Comparable results (Fig. 9 c) were obtained by Collet
and Pretot [97].

Gourlay et al. [100] reported that water content can reach 10wt% for hemp concrete at 50%
RH and ~ 25% at high levels of humidity (95% RH). An increase in water content linearly increases
the thermal conductivity of hemp concretes. This supports the hypothesis of condensation water
in pores which increases the thermal conductivity of hemp concretes. Comparable relationships of
water content - thermal conductivity have been reported in literature [97,99,101].

Hamilton and Crosser [102] conducted the earliest studies on the thermal conductivity of
heterogeneous two-components systems. Thermal conductivity models for hemp-lime were
developed using the self-consistent scheme model [6] inspired from the studies on autoclaved
aerated concrete [103]. The other homogenization techniques (Mori-Tanaka and Halpin Tsai)
along with the self-consistent model were tested on hemp concrete [104], and later a multi-scale

homogenization approach was applied on LHCs [105]. Tran-Le et al. [98] developed an
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anisotropic analytical model for the determination of the effective thermal conductivity tensor of
hemp-lime, considering various preferred spatial distributions of hemp particles. Dartois et al.
[106] applied an iterative micromechanical model for both thermal and mechanical properties of
hemp-lime taking into account the shape and orientations of ‘parallelepiped’ particles. Mom [107]
developed a non-linear 3D resolution-enriched homogenization model for hemp concrete. Thermal
[14,96] and hygrothermal [15] performance studies of the hemp — lime at the building scale allow
an upscaling of the foregoing numerical and experimental studies.

5.2 Thermal performance of BBBMs in transient conditions: heat capacity, thermal

diffusivity and effusivity.

The heat capacity of a material measures its ability to store energy. It is defined by the
amount of heat required to increase by unit degree of temperature a unit mass of the material. A
high specific capacity allows to delay and dampen heat waves through a material. The phenomenon
is referred to as thermal mass or thermal buffering and can significantly influence energy
performance estimations of buildings [108]. The specific heat capacity intervenes in the
determination of thermal diffusivity, which assesses the rate of heat transmission through a
material in a temperature-varying environment, considering its ability to store and exchange heat
energy. The thermal diffusivity is the ratio of thermal conductivity to the product of density and
specific heat capacity [109]. Even though these properties allow accurate determination of thermal
performance of whole buildings, in the context of BBBMs, the data remains largely limited
compared to steady state thermal performance.

Hemp concrete has a relatively high heat capacity considering its low density. Collet-
Foucault reported specific heat capacity of 1.0 kJ/kg.K for a density of 392.9 kg/m? [5]. Walker
and Pavia reported a comparable value for hemp-lime (1.068 kJ/kg.K) for slightly higher density
(602 kg/m?), and Mazhoud et al. reported similar values in the range 0.99-1.01 kJ/kg.K for even
denser hemp-lime plasters (723-881 kg/mq). Slightly higher value (1.56 kJ/kg.K) were reported
for a hemp-lime having a dry density of 480 kg/m® in [11]. Reilly et al. reported a specific heat
capacity value of 1.63 kJ/kg.K for a hemp concrete with density equal to 508 kg/m®. The results
were obtained using a novel measurement method on 900x900x30 mm?® samples. The wide range
of hemp concrete (HC) composites and existing experimental techniques are reflected in the
discrepancy of available literature data. The thermal diffusivity values of HC are in the range 0.14
— 0.40 mm?/s [11,110-113]. The reported values of HC thermal diffusivity are relatively lower
than those of other common building materials. Fig. 10 shows the evolution of thermal diffusivity
of HC compared to other standard building materials. It can be seen that the thermal diffusivity of
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hemp concrete remains low even near free saturation humidity values. The diffusivity of HC is ~
5.3 times lower than that of mineral wool (0.04 W/mK) and 2.6 times lower than that of bricks.
The values reported by Gourlay et al. [100] vary in the range ~ 0.33-0.65 mm?/s and remain higher
that those reported thus far in literature [11,110-113]. The actual discrepancy of thermal
diffusivity literature values (data boundary shown in Fig. 10) impedes thorough integrative data

analysis.

Insert Figure 10. Double column (Width 180 mm)

6. Hygroscopic behaviour of bio — based building materials

Bio-based building materials in general and hemp concrete are porous materials with a high ratio
of open porosity. This particularity confers them with special hygroscopic behaviour. In fact, hemp
concrete can adsorb large amounts of water vapour at increasing relative humidity. The adsorbed
water vapour condenses in smaller pores and adhere on their inner surfaces. Inversely, in low
relative humidity conditions, they release the adsorbed water vapour. These are absorption /
desorption phenomena which consist in mass transport depending on water vapour permeability
of the material that characterizes its ability to exchange moisture under a water vapour gradient at
a steady state. This hygroscopic behaviour influences the thermal properties of bio-based building
materials [6].

6.1. Pore structure and sorption — desorption.

The porous structure and water vapour sorption of hemp concretes have been extensively
characterized by Collet et al. [75] using mercury intrusion porosimetry (MIP) and sorption
techniques. The reported results for a hemp concrete of 76.5 % total porosity (70.6 % open
porosity) and a unit weight of 440 kg/m?, display a mono - modal pore size distribution with a
peak diameter of 1 micron and a predominance of macropores (® >0.05 microns) representing ~
94% of the mercury intrusive volume. The results show an intrusion / extrusion hysteresis which
was attributed to the ‘ink bottle’ and ‘contact angle’ effects [75]. The hysteresis phenomena should
be taken into account for precise hygrothermal behaviour modelling of hemp concrete [114].

To study the water vapour absorption kinetics of BBBMs, Rahim et al. [115] evaluated the
moisture intake for hemp and rape straw concretes. The reported kinetics results have shown that
adsorption phenomena are extremely slow with hemp and straw-lime concretes taking more than
350 and 200 days respectively to achieve equilibrium at 95% rh from 81% rh. The slowness of

LHC sorption was reported for an equilibrium time of ~ 250 days at 97% rh after stabilization at
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81% rh corroborating aforementioned pace reported by Collet-Foucault [5]. This long time for
measurement presents limitations in terms of cost and risks associated with mold development
during testing. Collet et al. [116] proposed a kinetic model to reduce adsorption measurement time
to 20-40 days. The phenomena of adsorption and desorption are described using absorption —
desorption isotherms coupled with the pore structure of materials. The obtained sorption curves
are typical of meso and macro-porous materials with the observed hysteresis attributed to the ‘ink-
bottle’ effect and the difference in contact angle at adsorption and desorption [5].

In some measurements of sorption, the initial points corresponding to the dry state at 0%
rh differ in adsorption and desorption. This recorded increase in mass at dry state, was suggested
to be a result of a chemical combination of some capillary pore water leading to the observed slight
mass increase [13]. Contrary to the former phenomenon, other hemp concrete sorption isotherms
have recorded perfect moisture recovery from adsorption back to desorption [110].

Temperature dependence of absorption isotherms (obtained from isosteric heat of
adsorption and Clausius - Clapeyron equation) is associated to linear and instantaneous variations
of relative humidity with temperature in a supposedly constant moisture content environment. A
hygrometric coefficient of 0.5% rh/ °C at 50% rh was reported and a reduction in temperature
associated with increasing relative humidity in the range 50 - 90% rh was confirmed [117]. Similar
temperature dependence of sorption isotherms has been recorded where a decrease in temperature
led to an increase in moisture content [118]. Tran-Le et al. discussed this temperature dependence
behaviour of lime-hemp sorption and its influence on the hygrothermal behaviour using the

experimental and coupled transient heat and mass transport modelling [119].

6.2. Moisture buffering potential of BBBMs

The moisture buffering potential of a material is measured using the moisture buffer value, MBV
of the Nordtest. MBV relates the moisture exchange (equation 16) (uptake or release) from a unit
surface under relative humidity gradient according to equation 17. This allows a classification of

the moisture performance of materials in five classes for 8/16 h humid/dry testing period.

t t
G(t) = [, g(t)dt = bm x Ap X h(a),| */x £q16

h@ =23z, sm2 MO/
T n’2

— Am
MBV = Eq.17
/ A(RH;;, — RHyip) q
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With G(t) the accumulated moisture exchange (kg/m?) within time period tp , 9(t) the moisture

flux over the surface, o the high relative humidity time period, b,,, the moisture effusivity.

Collet et al. [116] reported MBV values of 2.14 and 2.15 g/m? % rh for sprayed and tamped hemp
concrete respectively (430 kg/m?® and 78.5 % total porosity) and 1.94 g/m?% rh for precast concrete
(460 kg/m? and 72% total porosity). Literature suggests that taking into the account the dynamics
of thermal and hygric exchanges of BBBMs can potentially enhance predictions of hygrothermal
performances at scales higher than materials level. Several experimental and numerical
investigations of hygrothermal performance of BBBMs walls highlighted positive effects on
thermal performance and indoor comfort [120-126].These results were attributed to temperature
dampening and relative humidity regulation abilities of BBBMs. Furthermore, a recent dynamic
hygrothermal numerical simulation of hemp-lime wall assemblies by Alam [127], corroborated
earlier statements [11]. These hygrothermal performances were reported in several other studies
at the building scale [128-131].

7. Acoustic properties of bio—based building materials

Materials with a porous structure are capable of absorbing sounds through dissipation and
conversion to heat of the incident waves within their pores [132]. Hemp concrete, having high
porosity (70 - 90%), was investigated for its sound absorption properties through experimental and
numerical modelling. Cérézo [6] carried out the earliest acoustic characterization of hemp concrete
and recorded sound absorption values of 0.3-0.9 for the range of studied frequency values (100-
2000 Hz). Transmission loss values of 43 dB for hemp concretes blocks (31 cm width and 700
kg/m®) were reported [133]. Glé performed an extensive acoustic investigation of bio-materials
reinforced with fibres and particles and developed numerical models inspired from porous
materials transport phenomena [134].

In their investigations of the effects of hemp shiv size and binder type/content, density and
manufacturing process on sound absorption and transmission loss of BBBMs, Glé et al. [95] found
that for the same binder type, the influence of the aggregate size was negligible for all the
absorption frequencies. On the other hand, the type of binder, degree of compaction and binder
content were identified as principal parameters influencing sound absorption. Hemp-lime exhibitss
higher sound absorption than hemp-cement due to matrix high porosities (50 -52% for binders for
air and hydraulic lime respectively and 39.0% for quick natural cement). The degree of compaction
has a more interesting double effect with higher compaction translating absorption peaks towards
lower frequencies and decreasing their intensities at high frequencies (1200-2000 Hz) while

increasing them at low frequencies (400-700 Hz). The influence of binders on multiscale properties
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of hemp concretes was conducted, and the acoustic performances of hemp-lime and hemp-cement
composites (4 cm thick and 130 kg/m3) were reported in [135]. The sound absorption of the
composites was recorded at peak values of ~ 0.90-0.98 at 1250Hz. The composites exhibit higher
absorption and transmission loss values than the shiv particles.

Hemp-lime composites made of different binders including calcic lime (CL90s),
metakaolin (MK) and ground granulated blast furnace slag (GGBS) [136] showed different
behaviour, confirming the effect of binder type on the acoustic performance of BBBMs. Glé et al.
[137] observed a similar behaviour on lime-based binders and hydraulic binders. A single
absorption peak at 450 Hz was observed with a generalized low absorption over the whole
frequency range 400-2000 Hz reflecting the values observed for quick natural cement dense
matrices [95]. Compared to un-rendered HLCs, the application of 1 mm thick hemp-lime render
reduced the sound absorption by 1.5, 2.17 and 1.86 times for 500, 1000 and 2000 Hz frequencies
respectively (binder of 80% CL90 + 20%GGBS + 0.5% methyl-cellulose for b/a 1, w/b 1.5). The
acoustic properties of miscanthus-cement were studied in [32]. Like for hemp-lime, the recorded
absorption coefficients were 0.6 for the frequency range of 1.0-1.25 kHz and 0.5 for 1.25-1.60
kHz, respectively for the volumetric ratios of miscanthus of 20% and 30%. The authors report a
shift of the absorption peak to higher frequencies as the miscanthus ratio increases.

A comparative analysis of the hemp - lime and hemp - clay composites confirmed similar
behaviour with regard to their profile of sound absorption and transmission loss [88]. In fact, the
similitude of behaviour is a result of inter-particle pores structure. It was observed that for low
density values (< 375kg/m?®), the absorption peak (0.6-1.0) appears within the frequency range of
700-1500 Hz for hemp-clay while it appears within the range of 600-2000 Hz for hemp-lime.
Nevertheless, for the same unit weight, the transmission losses recorded for both composites were
around 5 dB for all the frequency ranges. It was reported that the absorption frequency range
decreases and peaks diminish in intensity for high density composites [138]. Fernea et al. [139]
have studied the acoustic properties of hemp-cement composites and found the highest absorption
peaks at 1000 Hz and 1500 Hz with values of 0.80 and 0.90 for shiv and fibres, respectively (b/a
2.0 and w/b 1.0). The lowest absorption coefficients reported were 0.50 and 0.65 in the 2000 —
2800 Hz frequency range for shiv and fibres, respectively. Hemp concrete show comparable
transmission loss values to those of cellular concrete blocks, (43 and 52 dB for hemp and cellular
concrete respectively) and higher sound absorption coefficient (0.4-0.6 and 0.09-0.18 for hemp
and cellular concrete respectively) with 1.50 times less energy consumption and global warming

potential ( - 14 to -35 and 52.3 for hemp and cellular concrete respectively) [140].
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Literature reports values of acoustic absorption coefficients in the range 0.3-0.9 for hemp
concrete made of a variety of binders. The binder content is the most relevant parameter that affects
the acoustic performance of BBBMs. In fact, the increase of binder volume reduces the open
porosity and hence the permeability of composites. The analysis of absorption profiles in [6,134]
shows that an increase of binder content results in a reduction of the absorption amplitude, a
narrowing of the absorption bands and their shifting towards low frequencies. Absorption
coefficients can be analysed per octave to reduce local variations of absorption profiles, and hence
allowing a critical comparison amongst different materials and wall systems as shown in Fig. 11.
Hemp-concrete (HC) has a high open porosity (~70%) [5], which allows high air permeability and
thus, it exhibits relatively high acoustic absorption coefficients compared to common materials
used in buildings (0<0.15)[141]. HC and aerated autoclaved concrete (AAC) have comparable
total porosity values in the range 70-90%. Though, that of hemp concrete is ~90% open porosity
as opposed to 38.6 — 47.3% for AAC [142]. Therefore, the acoustic absorption of AAC is < 0.4,
which is less than that of most hemp concretes. Optimistically, the acoustic absorption
performance of hemp concrete can be compared with acoustic systems used in buildings such as
mineral fibre and perforated panels. Literature data (Fig. 11) show that the acoustic absorption of
200 mm hemp concrete can be higher than that of 14% perforated panel - 25 mm cavity containing
mineral fibre (¢=0.5-0.8), and in some cases, near that of a 50 mm mineral fibre (0=0.79-0.9).
However, the application of rendering/coating on the surface of hemp concrete can significantly
reduce the air permeability and hence the acoustic absorption. Kinnane et al. [136] reported

reductions of 50% of the absorption by the application of 10 mm rendering on hemp-lime.

Insert Figure 11. Double column / width: 180 mm

8. Life cycle analysis of bio-based building materials

The analysis of the environmental (energy and carbon) flows of the aggregates and binders
is the precursor to the study of environmental impact of the bio-composites. Life cycle assessment
of hemp cultivation and use of hemp-based insulating materials in buildings was covered in [143]
considering the impact of production practices on environment [144]. Results report values of
production energy requirements of 11 400 MJ/ha (compared to 18 100MJ/ha for wheat and 23
000MJ//ha for maize).The earliest UK environmental analysis / LCA of bio - based constructions
concerned straw bales and carbon reduction potential of 61.0% was reported for a 60-years life

building [145]; confirming the de-carbonation or ‘carbon-sink’ potential of bio-based buildings.
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Life cycle assessment of sprayed hemp concrete wall (considering wall thickness and wall coating)
was performed and results reported in [2]. The authors set the functional unit to meet thermal
regulations of maximal heat transmittance U of 0.36 W/m?K and the lifespan of 100 years with
coating renewal at 33 and 50 years respectively for outdoor (2 cm sand-lime) and indoor (1 cm
hemp-lime). The scenarios considered nine environmental indicators and the results have shown
that the highest contribution to all indicators at 49.33-89.54% is attributable to raw materials
production. The operational phase of the building recorded the lowest impact, with 5-15 % of the
total impact (attributed to the refurbishment of coatings). Components of the wall contributed to
the impacts in different proportions with the largest contribution attributed to binders (68% of
water consumption, 49% of primary energy demand and 47% of the air pollution) for overall
binder weight by weight content of 26.65 (w/w%). The overall impact related to the climate change
is estimated at 0.21 kg CO.eq and net emissions at —0.016 kg CO.eq (considering the use phase
evaluated at -0.20 kg CO2eq.)

A comparative life cycle of hemp-lime wall constructions in the UK was conducted
considering a functional unit (FU) of a timber framed wall (1.0 m? x 300 mm) using SimaPro with
the guidelines of ISO 14040, UK PAS 2050 for a period of 100 years [1]. The authors reported a
high contribution to GHG by lime (77.4%) compared to hemp hurds (12.4%). The total reported
GHG emissions amount to -36.08 CO2eq/FU and 46.63 kg CO2eq/FU respectively with and
without considering hemp and lime CO; absorption/sequestration. Arrigoni et al. [146] studied the
life cycle of hemp-based materials emphasizing on the role of carbonation of hemp concrete
blocks. The authors found that considering complete carbonation of the hemp concrete during the
use phase was unrealistic, and concluded that the negative GHG balance observed was due to the
biogenic CO; uptake estimated at 58.0 kgCO-eq (representing ~ 84% of all the CO> uptake at 240
days of curing). On the other hand, Berge [147] reported that 90% of the lime-production CO; can
be re-carbonated (0.63 tonnes of CO2/ ton of lime). Arrigoni et al. [146] reported a net GHG
balance of - 12.09 kgCO2eq/FU. The authors estimated a net balance of - 26.01 kgCOZ2eq/FU
considering full lime carbonation. Ip and Miller [1] reported carbon storage values of -36.08
kgCO2eq/FU for hemp concrete, corroborating figures reported by Boutin et al.: -35.53
kgCO2eq/FU [140].
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9. Resources availability for bio-based materials in South West

England: an opportunity for miscanthus ?

Miscanthus giganteus (elephant grass) is a perennial hybrid of miscanthus sacchariflorus
and sinensis originating from South — East Asia. Introduced in Europe in the 1930’s, it can grow
on barren marginal contaminated land with long-term harvestable yield of 13 dry tonnes per
hectare per year [148]. It was introduced in the UK for use in the heat and electric energy
production in power stations, combined heat and power units or heating systems. According to the
Department of Environmental Food and Rural Affairs (DEFRA), 55 000 tonnes were used in UK
power stations to produce electricity in 2016/17 (around %2 of all miscanthus produced in England
in 2017). Industrial and non-food crops (energy crops) agricultural land surface was estimated at
2.0% of all the arable land with 129 000 hectares in 2017, and this could be potential source for
bio-based materials, in addition to agricultural wastes/co-products in the UK. Miscanthus
represented 7 366 hectares (ha) in 2017 (0.1% of the total arable land in England) with a slight
decrease compared to the highest developed land in 2009 (9 213 ha) with a production of 74 — 110
(lower and upper estimates) thousands of oven dried tonnes. The UK biomass strategy estimates
that up to 350 000 ha could be grown in the UK with no impact on the food production
(Agrikinetics).

Crops absorb carbon through CO> to biomass conversion and their contribution is
considerable. Hemp (cannabis sativa) can absorb 15 tonnes of CO. per hectare. Miscanthus x
giganteus has a sequestration rate of 1.96 + 0.82 Mg C ha year for over six years (~ 7.19 + 3.00
tonnes of CO, ha! year?) [149]. These crops can be used to produce carbon sinks of bio-based
materials. Nonetheless, the estimation of GHG mitigation of crops remains a relatively complex
subject due to the interaction of bio-climatic and soils conditions in addition to the dynamics of
carbon capture, exchange, and storage in the soil-air-plant system. Mining associated activities in
the South West England (Devon and Cornwall) have been thriving and are renowned historically
for tin, copper and arsenic production since the Bronze Age [150]. The exploitation of numerous
metalliferous mining sites in this region has led to heavy metals contaminations namely in water
(Thallium) [151] and soils (Arsenic) [152]. On the other hand, several studies have pointed out the
potential of Miscanthus for phytoremediation of heavy metals contaminated lands [153,154] and
former mining sites [155]. These sites could be potentially reclaimed for the development of
Miscanthus in the Devon and Cornwall.

Vegetal particles and fibres (hemp, sisal, jute, flax) have been applied in thermoplastic

polymers reinforcement: polyethylene [156], polypropylene [157-159], and polyvinyl-chloride
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[160], as well as thermosets reinforcement such as polyester [161] and epoxy resin [162]. A recent
extensive review on phenolic polymers and their composites detailed the use of hemp, sisal, oil
palm fibres, coir fibres, jute, banana, and cotton fibres in phenolic resin matrices [163]. The authors
reported promising mechanical properties of composites with several potential applications in
aircraft, transportation, and construction. The presence of a wide spectrum of potential
applications, as well as their economic-environmental potentials, have revitalised interests in the
development of bio-composites in both academia and industry. Some recent works on bio-fibres
composites include Gheith et al. [164], Saba et al. [165,166], Asim et al. [167], Khan et al. [168],
Hanan et al. [169], Sanjay et al. [170] and Pickering et al. [171]. Cement reinforcement using
natural fibres has been summarized in a recent review covering the effects of fibre type and
characteristics over fresh and hardened properties of the composites [172]. The use of miscanthus
in construction industry is a novel application. Some recent research covered the use of
saccharification by-products of miscanthus for cement reinforcement [51] and the influence of the
chemical treatments on miscanthus stems [173,174]. Chen et al. [32] investigated the acoustic
performance of cement-miscanthus lightweight concrete and Lv et al. [175] evaluated the
influence of miscanthus ash on autogenous shrinkage of Portland pastes and reported results
encourage both the incorporation of miscanthus aggregates in lightweight composites and the
incorporation of miscanthus ash in cement. Miscanthus is a potential crop that is particularly
interesting in the context of South West England. It constitutes a potential sustainable solution to
barren lands, a possibility of regional carbon capture and storage, a prospective development of

insulation materials for regional buildings considering actual energy directives.

10. Conclusions

Bio-based composite materials have multiple potential applications that range from mineral
binders-based buildings insulating materials to organic binders-based composites for aircraft and
transportation industries. The recent growing attention paid to sustainability and low-carbon built
environment has spurred research on mechanical, thermal, and acoustic properties of these
composites. The wide range of applications and associated manufacturing techniques has resulted
in an ever-extensive literature. This paper attempts to cover the existing knowledge on vegetal
fibre based composite materials from the chemical and microstructural aspects to the macro
properties (mechanical, hygrothermal and acoustic properties) with an emphasis on mineral
binder-based materials. A number of major findings from the reviewed literature can be listed:

o The basic chemical composition of lignocellulosic materials (polysaccharides) results in

incompatibility problems related either to water absorption of hydrophilic groups or to
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the leakages of chemicals that interfere with the setting and hardening of mineral binders.
Chemical, physical, and mixed treatment techniques were developed to address the
compatibility of biomass aggregates and mineral/organic binders. The use of alkali
solutions is the most widespread technique and allows the effective removal of
hemicellulose and lignin, enhancement of mechanical and microstructural properties.
However, the efficiency of those treatments varies in terms of water absorption reduction,
increase of the surface area, fibre-matrix bonding, strength enhancement and highly
depend on the nature of the vegetal fibre.

Mechanical properties of BBBMs are extensively covered in the literature. The impact of
compactness, i.e. density of samples on the uniaxial compressive strength, was critically
examined. The ratio of mix constituents and manufacturing techniques play a significant
role in the development of compressive strength of BBBM composites. In particular, the
binder to aggregate ratio (b/a) is responsible for controlling the density and strength at
constant compactness. The compaction and projection manufacturing processes result in
preferential orientation of aggregates within the composites, resulting in anisotropic
mechanical behaviour. In general, BBBMs have low compressive strength values in
general (0.1-3.5N/mm?) compared to lightweight concrete blocks (7-14 N/mm?) and
bricks. However, relatively high strength values can be achieved using high compaction
stresses during the casting process. The shear resistance of BBBMs highlighted values of
cohesion strength of 355 kPa (peak friction angle of 46°), suggesting the potential
contribution in design of lighter structural timber frames.

Thermal conductivity of BBBMs is lower (0.06-0.20 W/m.K) than that of common
building materials (concrete blocks and autoclaved aerated concrete blocks) due to their
high porosity (70-90%). However, the reported thermal conductivity values vary
significantly depending on the composition of the mix, manufacturing techniques and
water content of the composites. Relatively high thermal conductivity values were
obtained for projected hemp concrete (~0.3-0.8 W/m.K) compared to tampered or
compacted hemp concrete (<0.2 W/mK). BBBMs remain anisotropic composites due to
both the manufacturing techniques and the shape aggregates.

Transient thermal performance of BBBMs is less covered in literature even though a
number of studies reported the increased transient thermal performance associated with
the low thermal diffusivity of BBBMs (0.14-0.60 mm?/s), owing to their high specific
heat capacity (0.9-1.5 KJ/kg.K). The actual thermal performance regulations use thermal
transmittance U-values to estimate performance of buildings. However, literature
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revealed that dynamic thermal performance including the thermal capacitance of walls
allow to suggest that the actual thermal performance of BBBMs is underrated.

The reported data on acoustic performance of BBBMs highlight values of acoustic
absorption coefficients in the range of 0.3 — 0.9 over the frequency zone 125 — 2000 Hz.
In some cases, BBBMs can provide a performance comparable to that of the actual
commercial acoustic panels. It should be considered that the acoustic performance relies
on the availability of open porosity and air permeability. Therefore, the application of a
rendering significantly reduces the acoustic absorption of BBBMs.

The sustainability aspect of BBBMs is a highly discussed subject and advanced as a
motivation for their development. However, literature data remains scarce to support the
previous statement quantitatively. Existing data suggests carbon storage potential of
26.01 — 36.08 kgCO2eq./m? for walls of 260 — 300 mm thickness. However, these values
although indicative, remain case-specific and the environmental performance of BBBMs
remains closely related to the local availability of bio-aggregates.

Although the existing literature covers effectively various aspects bio-based building materials,

continued research on the chemical-microstructural and macro-properties is crucial to improve the

understanding of these novel materials, and thus promote their widespread acceptance and use.

Potential future research on the aspects of chemical-microstructural elements of BBBMs could

include amongst others :

The in-depth investigation of mineral binders and vegetal aggregates interactions focusing
on the physical and chemical impacts of binder matrix on the vegetal aggregates on mid
and long term, and vice versa.

The effects of chemical and physical treatments on hardening reactions and mechanisms
of binder matrices.

The behaviour of vegetal aggregates in alkali activated binder matrix (chemical and

morphological evolutions).

Considering macro-properties, a number of technical elements would ultimately revitalise the

interest in the application of BBBMs at large scale by providing further information. These

include:

The study of combined effect of compaction and fibre size optimisation on strength and
insulation (thermal and acoustic).
The use of alkali-activated binder matrices and their effects on strength and insulation
properties (thermal and acoustic).
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e The long-term durability of BBBMs at the wall / building scale.

There is significant potential in reducing carbon footprint of the built environment using bio-based
building materials. This context provides authentic opportunities for miscanthus crop growers in
the South West of England, to add value to miscanthus products while addressing the actual
environmental challenges. Continued research to address the identified research questions will
thrust the acknowledgement of bio-based building materials from the construction industry and
building regulating bodies, and bring about a widespread utilisation of bio-based building
materials in the South West of England, and the UK in general.
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1665

1666

1667

1668

1669

1670

1671

1672  Table 1. Chemical composition of bio-based aggregates (hemp and miscanthus)

Species Genotype Lignin Cellulose Hemicellulose H:L* Ash
Hemp (cannabis sativa)

Vignon et al. [22] n/a 28.00 44.00 18.00 221 2.00
Thomsen et al. [23] n/a 17-19 48.00 21-25 3.90 n/a
Sedan [8] n/a 6.00 56.10 10.90 11.17 n/a
Diquelou et al. [24] n/a 21.80 47.30 18.30 3.01 3.70
Viel et al. [25] n/a 9.52 49.97 21.42 7.50 0.67
Mean 16.33 49.34 17.16 5.97 2.12
SD** 8.93 4.00 3.85 3.34 1.24

Miscanthus (Hodgson et al. [26])

M. x Giganteus EM101 12.02 50.34 24.83 6.25 2.67
M. sacchariflorus EM105 12.1 49.06 27.41 6.32 2.29
M. Sinensis (hybrid) EM108 9.27 43.06 33.14 8.22 3.47
M. sinensis EM111 9.69 43.18 33.98 7.96 3.19
M. sinensis EM115 9.23 47.59 33.00 8.73 244
Mean 10.46 46.65 30.47 7.50 2.81
SD** 1.47 3.36 4.09 114 0.52
*H:L Cellulose + Hemicellulose / lignin ratio and ** SD standard deviation

1673

1674

1675  Table 1. Infra-red vibration bands and associated chemical components [27]

wavenumber
(cm-1) Vibration bonds Chemicals
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1676
1677
1678
1679
1680
1681
1682

1683
1684
1685
1686
1687
1688
1689

3336
2887
1729
1623
1506

1423
1368, 1362
1317
1246
1202
1155

1048, 1019, 995

896
662

OH stretching
C-H symmetrical stretching
C=0 stretching vibration
O-H bending of absorbed water
C=C aromatic symmetrical stretching
HCH and OCH in-plane bending
vibration
In-plane C-H bending
CH2 rocking vibration
C=0 and G ring stretching
C-0O-C symmetric stretching
C-0O-C asymmetrical stretching
C-C, C-OH, C-H ring and side group
vibrations
COC, CCO and CCH deformation and
stretching
C-OH out of plane bending

Cellulose, Hemicellulose
Cellulose, Hemicellulose
Pectin, waxes
Water
Lignin

Cellulose
Cellulose, Hemicellulose
Cellulose
Lignin
Cellulose, Hemicellulose
Cellulose, Hemicellulose

Cellulose, Hemicellulose

Cellulose
Cellulose

Table 2. Physical properties (densities and porosities) of hemps hurds and miscanthus particles.

References - indications po(kg/m3)  pp(kg/m3)  po(kg/m®)  Diner(%0) Dinra(%) D

(%)
Hemp shiv particles

Cérézo, 2005 [6] 130.0 320.0 1455 59.4 31.8 78.0

Nguyen, 2010 [10] - Un-fibered 102.8 256.5 1465 59.9 33.1 93.0

Nguyen, 2010 [10] - Fibered 54.9 256.4 1438 78.6 17.6 96.2

Nozahic, 2014 [7] 114.2 256.0 1540 55.1 37.2 924

Chamoin, 2013 [9] 110.0 250.0 1348 56.0 36.1 92.1

Mazhoud, 2017 [33] 107.4 256.4 1376 58.1 34.1 92.2

Miscanthus aggregates
Chenetal., 2017 [32] - 0-2 mm 77.60 222.20 1406 65.1/65.1 58.1/29 94.5
Chenetal.,, 2017 [32] - 2-4 mm 119.4 250.0 1400 52.2/52.2 38.3/39 91.5
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Table 3. Constituent ratios, production and curing methodologies for bio-based building materials (hemp) (Adapted from Hirst [67]). (+) T70 is a commercial binder with 37%

hydraulic lime, 63% calcic lime; Tradichanvre is a commercial plastering lime made of 22% hydraulic lime, 58% calcic lime and 20% fine sand. (++) Tradical PF70 is made of
75% calcic lime CL90s, 15% hydraulic binder, 10% pozzolanic binder and ~0.5% of additives; Tradichanvre is made of 65% of Tradical PF70 and 35% of sand (CaCOs). (*) A

detailed account of composition of binder blends used in bio-based building materials is shown in Table 5.

. A . . Specimen Fabrication and demoulding . .
*
Binder type (*) (kg) B(kg) w(l) Mixing regime dimensions regime Curing regime
(Cérézo) [6]
T70 and
Tradichanvre(+) 1 1.73 3.05 Mix dry hemp for 2 minutes, add
1 2.59 3.36 and mix with the pre-wetting Tamped in 80mm layers at o 0 .
water for 5 minutes, add the 0.05MPa (1kN over 200cm?). Kept at 20°C and S0% relative
1 1.81 3.4 binder and mix for 2 minutes, add Kept in moulds until testing humidity until testing dates at
. Lo @ 160 x 320 mm? ; ; 21 days, 3, 6, 9, 12, 15, 18, and
1 241 335 the binder water and mix for 5 waxed carbonated date. Stored horizontally with 24 months
minutes. Total mixing time: 14 Ids f all faces exposed. '
1 361 382  minutes mouds Tor
compression
1 4.82 4.29 testing
(Construire en Chanvre) [62]
. . Drum mixer (slow mixing rate,
A T“I'(X of !_lme, 1 1 2 maximum tilt) — mix water and
quic settlg%PC 1 2.2 3.5 binder to slurry, add hemp until
cement and g . . . homogeneous. Pan mixer o/ o n/a
recommenade : (slowest rate of rotation) —mix
hemp and 1/3 of water.
Progressively add binder and rest
1 5 5 of water until homogeneous.
(Evrard) [11]
i ivi H 3
pd(ljgthPFm azti 1 2 3 _’I\_lotrT'X'.ng de:fauls. £~ 4 minut ® 190 x 35 mm Loose-drop into moulds and Kept at 20°C and 100%
radichanvre (++) 1 2 otal mixing time minutes surface level with hand. relative humidity for 3to 5
Demould 3 to 5 days after days, then at 23°C ; 65%
1 6 4 casting. relative humidity for 1 month
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Error! Not a valid result for table.. Continued

References & A . . Specimen Fabrication and . .
sample ID (kg) Blkg) W) Mixing regime dimensions demoulding regime Curing regime
(Strandberg, P.) [68]
Phase 1 — cured for 12 weeks at
1o 357 3.78 150x150x150mm? 20°C then in carbonation room for
1.0 3.03 4.03 S Tamped in 50mm layers 40 days. Testing at 18 weeks. Phase
Mix binder and water to slurry, add steel moulds for - : .
" ; with a 45x45mm wooden 2 — stored in carbonation room for
1.0 3.33 4.00  hemp and then add additional water to compression tests. . . .
. . . stave. Then subjected to 40 days immediately after de-
achieve desired consistency. Removeto @ 150 x 300mm - ] .
NHLS5, 1.0 3.57 3.96 . . . 50Hz vibrating table for ~ moulding. Testing at 12 weeks.
cast five minutes after all constituents steel moulds for - . )
CEMII/A-L 10 455 405  have been added splittin 1 minute. De-moulded Carbonation room: 4.5% CO: at
and calcined ' ' ' ' tgsts g after 2 days. 20°C and 50%rh at 40" day CO,
gypsum (beta- ' levels reduced to 0.038% until
hemihydrate) 1.0 4.55 6.68 testing.
(Nguyen) [10]
10 111 0.6 . . . Samples compacted
Aggregate introduction and mixing for ]
1.0 215 142 2 minutes, pre-wetting water addition (0.07MPa -2.08 MPa) . o .
. and mixina for 5 min. binder addition @ 100 x 200 mm kept in moulds and 20°C + 2°C; 75% RH £ 15% until
Tradical PF70, 10 215 118 IXIng o o height demoulded 48 hours testing at 28 and 180 days.
NHL2. NHL3.5 and mixing for 2 min, the addition of - o
Z and bEMI 1.0 2.15 1.99 mixing water and mixing for 5 minutes later. Curing at 20+2°C
an ' and 75+5% rh
525N 1.0 384 3.57
(Williams) [66]
. Samples were compacted
Trdical PF70 10 22 3 400x150x150 mm?  at 30%,45% and 60%
1.0 18 3 Binder and water mixed for 3 min with ~ prisms for strength  into weighted layers of
an initial hand mixing of 01 min and testing, 25mm, 50mm and 150 Indoor Standard Conditions at 20°C
1.0 22 3 shiv added to the slurry and mixed for ~ 400x400x50 mm®  mm and kept at ISC and 50%rh
1.0 26 3 another 2 min prisms for thermal conditions at 20°C and
conductivity 50%rh and demoulded
1.0 2.2 3 after 06 days

A: aggregate mass, B: Binder mass, W: Water volume (A,B and W in a cubic metre of composite), @ : diameter, n/a: not available, OPC: Ordinary Portland Cement
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Table 4. The composition of pre-formulated binders presented by different studies (weight

percentages). Adapted from Williams [66].

Binder composition

References Binder Hydrated Hydraulic
lime lime Cement Pozzolans Others
Elfordy et al. [69], Nguyen et
al. [70], Nguyen [10], Kioy . i
[71],Kashtanjeva et al.[72], Tgag;ga' 70-75 15 0 1015 d%i?i'ses)
Tronet et al.[64,73], Youssef
etal. [74]
Cérézo [6], 20-35
Evrard [11], Collet Tradicanvre 55-58 10-22 0 0 (Sand)
etal.[75]
Batichanvre 70 30 0 0 0
Hirst et al. [76], Hirst [67] Tradical HB 50-80 10-70 0 5-10 0
Walker et al. [77], Cement
Pavia et al. [78], blend 50-70 0-20 10-50 0 0
Stevulova et al.[79],
Walker et al. [77],
Magniont et al. [80], Pavia Metakaolin i i
and Walker [81], Sinka et blend 30-80 0 0 20-70(MK) 0
al.[82], Dinh [41]
Walker et al. [77],
Pavia and Walker [81] GGBS 70 0 0 30(GGBS) 0
Nozahic et al. [63], Amziane Pumice i i 0-4
etal. [83] blend 10-19 0 0 790 (NaxS0y)
Balcitinas et al.[84] Clay blend 33 0 33 0 33(clay)
(GGBS): Ground granulated blast furnace slag, (MK): Metakaolin
Table 6. Mechanical properties of manually tamped hemp - lime composites.
Reference Binder vol. p (kg/m®  omax(N/mm?)  E(N/mm?) €(omax) v
ratio (Poisson)
Cérézo [6] 10% 250 0.25 4.00 0.15 0.05
19-29% 350-500 0.35-0.80 32-95 0.05-0.06  0.08-0.16
40% 600-660 1.15 140-160 0.04 0.20
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1729
1730

1731

1732
1733

1734
1735

1736
1737

Figure 1. Lime—aggregate interfaces by SEM on pellets cured 14 days. (a) indoor standard curing
and (20°C and 50%rh), (c) moist curing (20°C and 95%rh) and thermal activation (50°C and
95%rh) Ag: Aggregate, B: Binder and ITZ: Interfacial transitional zone [28].

Figure 2. SEM micrographs at 80x (left) and 350x (light) of the coir / coconut fibre - geopolymer
matrix interface [55].

i oK 10 pm EHT = 5.00 kV Signal A = InLens
g — WD = 68mm Aperture Size = 30.00 ym

Figure 3. SEM micrograph of the interface between a flax fibre and a cementitious matrix [56].
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Figure 4. The evolution of final unit weight of hemp concretes: (a) as a function of binder /

aggregate weight ratio (b/a ratio) and (b) water/ binder ratio (w/b ratio).
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Figure 5. (a) The evolution of compressive strength as a function of unit weight (density) and (b)

the strength as a function of binder content of hemp-lime reported in literature.
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Figure 6. The evolution of unit weight and compressive strength as a function of binder to

aggregate ratio for un-compacted samples (a) versus compacted samples (b).
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Figure 7. Stress — strain behaviour of hemp concrete and benchmarked strains at 1.5 — 7.5% [10]
and different methods to determine the stiffness modulus [85]. Ein. is initial module, Esec. the
secant module, Etan. the tangential module and Ecycl. the cyclic module at the 2" phase of

loading.

- Nguyen et al [5]

- Arnaud & Gourlay [10]
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* —_—
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Figure 8. The different stress - strain curves of LHC taken from literature: lightly compacted
LHC [10; 4; 11] behave as lightweight concretes, with a stress softening and densest LHC [5]
having a large hardening area. Adapted from [73].
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Figure 9. The evolution of thermal conductivity as a function of dry unit weight of hemp

concrete and manufacturing techniques for projected and compacted hemp concrete.

Hemp concrete 315-410 kg/m® (Gourlay et al. 2017)
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Fig. 10. Thermal diffusivity of hemp-lime concrete compared to standard wall construction

materials (Mineral wool of 0.04 W/mK, Brick, aerated autoclaved concrete AAC — 500kg/m? and

spruce wood). Adapted from [11].
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(1) Hard finish: Plaster on solid backing

Acoustic absorption ()

(4) Perforated panel (14%), 25 mm cavity containing mineral fibre

(2) 9 mm ply, 50 mm cavity containing 25 mm mineral fibre (5) 50 mm mineral fibre 50 kg/m3
(3) Aerated autoclave concrete - 500 kg/m® (Laukaitis and Fiks 2005) Data in (1), (2), (4) and (5) from BS 8233:2014
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Fig. 11. Comparative analysis of acoustic absorption per octave of building materials and systems.
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