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a b s t r a c t

The thermomechanical properties of the bio-fiber composite, as material for the production of thermal
insulation panels, were evaluated. The observed mixtures were composed of Miscanthus � giganteus
bio-fibers, mineral binders (cement or lime), pozzolanic materials (zeolite and fly ash), and water. The
favorable heat transfer behavior of composites based on Miscanthus � giganteus bio-fibers was already
affirmed by literature data of similar natural bio-fiber materials, the author’s previous experimental
results, and consideration of dynamic heat transfer processes in the insulated outer wall exposed to vari-
able ambient conditions. The experimental assessment was focused on the bearing capacity (i.e. compres-
sive and flexural strength), water absorption, and durability (i.e. resistance to freeze-thaw and
carbonation), because there is scarce literature data regarding these properties, whose thorough under-
standing and systematization are highly important for a wider application of biomass-based thermal
insulation materials. The obtained results were evaluated through the comparison to published data from
similar bio-based thermal insulations, as well as from conventional thermo-insulation materials such as
polystyrene and stone or glass wool.

� 2020 Elsevier B.V. All rights reserved.

1. Introduction and motivation

The building sector generates a considerable environmental
impact through the exploitation of non-renewable materials and
energy resources, air, water and soil pollution, land use, biodiver-
sity losses, and waste generation [1,2]. The construction sector is
responsible for approximately 36% of global final energy consump-
tion and 39% of carbon dioxide emissions [3], implying imminent
challenges: increased energy-efficiency and utilization of sustain-
able building materials. Efficient thermal insulation reduces energy
consumption, yet different insulation materials vary in their envi-
ronmental impact [4].

The most important, and customarily the only considered prop-
erty of thermal insulation material, responsible for heat flow and
temperature distribution in the building envelope subjected to
steady-state heat transfer conditions is thermal conductivity, k
[W/(mK)]. Nevertheless, the outer walls of a building are fre-

quently exposed to complex quasi-periodic heat transfer boundary
conditions resulting from fluctuations of ambient air temperature,
humidity, and flow, as well as the intensity of received solar radi-
ation. The insulated wall, then, behaves as a dynamic heat transfer
system with a certain thermal inertia and time-dependent temper-
ature change propagation. The thermo-physical property that
describes the spread of transient heat flow is thermal diffusivity,
a [m2/s]. It is calculated as a ratio between thermal conductivity
and product of density and specific heat capacity [5] and takes into
account how much energy is absorbed in the wall during its heat-
ing to the temperature gradient. In other words, the thermal diffu-
sivity determines how quickly a wall of a certain density and heat
capacity, under transient heat conduction, converges to steady-
state heat transfer. The outer walls, composed of thicker and more
thermally resistive layers, slow down the heatwave and make its
amplitude inside the building considerably smaller, which is espe-
cially important in climates with high diurnal temperature varia-
tion. Although the cumulative amount of heat transferred
conductively through the wall during 24 h is independent of the
wall’s dynamic thermal behavior and is determined principally
by its thermal conductivity, the reduction of cyclical temperature
fluctuation at the inner surface of the building envelope, compared
to its outer surface, is crucial for both comfort and energy effi-
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ciency of the building. Thus, it should be noted that the density of
the thermal insulation material plays an important role in the
building envelope’s dynamic heat flow.

Generally-used synthetic insulation materials, e.g. extruded and
expanded polystyrene, have low and favorable values of thermal
conductivity, often in the range of 0.029 – 0.040 W/(mK), while
biomass-based insulations and their composites rarely reach ther-
mal conductivity values lower than 0.060 W/(mK) [5]. Neverthe-
less, synthetic insulations have lower density and substantially
higher thermal diffusivity than biomass-based insulations [5–8],
which reduces their thermal inertia and weakens their ability to
time-shift thermal waves and minimize temperature fluctuations
inside the building envelope. Therefore, biomass-based thermal
insulations and their composites with mineral binders could per-
form better than the prevailing synthetic insulations in the case
of dynamic ambient temperature changes and sun load conditions
[5]. This, in addition to the clear environmental benefits of the uti-
lization of biomaterials [5–8] in building practice, yields a suffi-
cient motivation for a closer thermomechanical examination of
various types of biomass-based thermal insulation products.

The main objective of this study was to evaluate the thermome-
chanical properties of Miscanthus � giganteus based insulation.
Since mechanical properties of thermal insulation, especially bear-
ing capacity and durability, are often missing in the literature data,
this study intended to analyze and shed more light on these over-
looked features. Likewise, the authors have addressed the advan-
tages of the Miscanthus � giganteus plant as a promising source
of biomass for thermal insulation.

2. Bio-fiber composite preparation

The investigated mixtures were composed of
Miscanthus � giganteus bio-fibers, mineral binders, pozzolanic
materials, and sufficient water.

A positive contribution of Miscanthus � giganteus bio-fibers in
thermal insulation materials was expected based on the data for
similar natural materials (reed, straw and hay types, hemp, corn
stalks, cotton, flax, etc.) that have already shown a convenient ther-
mal behavior when used as insulation [9–11], and because of its
high lignocellulosic fiber content [12,13]. Although it is but one
of many biomaterials suitable for application in thermal insulation
materials, Miscanthus � giganteus excels with its high potential
resulting from a spectrum of favorable properties: this plant was
tailored to provide a range of environmental benefits, e.g. eco-
remediation in poor quality soils, resulting in perennial and fre-
quent harvests of inexpensive and processable biomass, as well
as potential post-remediation use instead of downstream disposal
as waste material. It is resistant to alkali- and Si-based mixtures,
which is important since the composite was prepared by mixing
with alkali binders [14]. Resistance to silicon dioxide is vital for
its later usage and potential contact with standard building mate-
rials such as mortar or concrete.

The binders used for the preparation of samples were based on
cement and hydrated lime (Ca(OH)2). The commercial cement-
based binder, applied in the first four mixtures, was low containing
cement mixture of gypsum (3 – 5%), limestone (35 – 45%), blast
furnace slag (5 – 10%), and cement clinker (40 – 57%). The lime-
based binder, used in the rest of the mixtures, was prepared by
adding 30% of water (by mass) according to the producer’s specifi-
cation, and this percentage was experimentally checked by drying
and weighing the dry residue. Given that lime-mortars have lower
thermal conductivity (0.81 W/(m�K)) than cement mortars
(1.40W/(m�K)) [15], the utilization of a lime binder was considered
more efficient in fulfilling the purpose of this study. In addition, the
use of hydrated lime as a binder stabilizes Miscanthus � giganteus

by creating a mineralized membrane, protecting the bio-fibers
from decay, flammability, or attacks by insects and rodents [16].

The addition of pozzolan materials, which usually do not have
binding (cementitious) properties but tend to increase the worka-
bility and binding of a mixture when reacting chemically with cal-
cium hydroxide in the presence of water, improves the pore
structure and increases the durability and resistance of composites
[17]. Synthetic zeolite and fly ash were used as pozzolanic materi-
als. The zeolite crystals consist of a multitude of pores and fine
channels, resulting in a substantially large specific surface [18].
Zeolites exhibit good pozzolanic properties in alkaline suspensions
[19] with adequate water and gas adsorption [18], minimizing the
formation of mold and reducing the release of unpleasant odors
[20]. Zeolite also shows insulation properties and can be used for
thermal insulation coatings [21]. In this research, a synthetic zeo-
lite was used. Zeolite granulation was 4 – 10 mmwith the following
chemical specification: water (max. 22%), aluminum oxide (34 –
37%), sodium oxide (21 – 23%), silicon dioxide (41 – 43%), and iron
(max. 150 ppm). Investigation of the pozzolanic properties of this
zeolite was previously done according to the pozzolanic material
standard SRPS B.C1.018:2015 [22]. This test showed that a com-
pressive strength of 4.7 MPa was achieved after the treatment,
which was very close to the lower limit of 5.0 MPa for the class
of pozzolan P5 prescribed by the standard SRPS B.C1.018:2015
[22]. Still, it may be concluded that the used zeolite possibly had
weak pozzolanic activity. The fly ash is a fine powder of amorphous
particles (usually 1 – 150 lm), obtained as a by-product of coal
combustion in thermal power plants [23]. As waste, it is deposited
in landfills that are typically located near thermal power plants,
representing a global concern [24]. Most commonly, it is used as
a supplementary cementitious material in the production of Port-
land cement concrete due to its pozzolanic properties. Its utiliza-
tion reduces the consumption of non-renewable natural
pozzolans and has economic significance [24]. In this study, fly
ash from the thermal power plant ‘‘TE Nikola Tesla B”, Obrenovac,
Serbia with chemical specification: SiO2 (64.14%), Al2O3 (19.22%),
Fe2O3 (4.35%), TiO2 (0.16%), CaO (8.32%), MgO (0.01%), Na2O
(0.36%), K2O (0.66%), and P2O5 (0.17%), was used. The basic chem-
ical requirement for the use of fly ash as an addition to Portland
cement concrete [23] is that the sum of silicon dioxide, aluminum
oxide, and iron(III) oxide must be a minimum of 70% for fly ash
class F or 50% for class C. In the fly ash used in this study, the
sum of silicon dioxide, aluminum oxide, and iron(III) oxide was
higher than 70%, according to the ASTM C618 standard [25], thus
fulfilling the prescribed requirements [23]. Previous tests of the
fly ash pozzolanic properties performed according to the standard
SRPS B.C1.018:2015 [22] showed that the compressive strength
following treatment reached 9.1 MPa, indicating a very good poz-
zolanic activity, close to the P10 pozzolan class with 10 MPa as
the lower limit of compressive strength [19,22].

The experimental samples were produced by mixing dried,
chopped, and sieved Miscanthus � giganteus bio-fibers (Fig. 1) with
mineral binders, pozzolanic materials, and water (in sufficient
quantity for the workability of the mixture).

The Miscanthus � giganteus bio-fiber sample represents a mix-
ture of various sizes with a continuous distribution, incorporating
both short fibers, approximately 3 mm thick, and longer, thinner
fibers. The longer fibers significantly contribute to the flexural
strength of the composite material, its porosity, and its ability to
retain an increased amount of air (with thermal conductivity of
only 0.026 W/(m�K), thus decreasing the resulting thermal conduc-
tivity of the material [26,27]. The shorter fibers fill the voids, thus
increasing mechanical properties and density.

Four groups of mixtures (each consisting of four series) were
made, thus providing a total of 16 series. Insulation material mix-
tures of different compositions were obtained by mixing bio-fibers
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(BF), cementitious (C) or lime (L) binders (B for all binders/poz-
zolans mixtures), zeolite (Z) or fly ash (FA) as pozzolans, and water
(W). Portland cement was used in only four series in order to
increase the energy efficiency of the produced thermal insulation.
The composition and mass ratios of the composites are given in
Table 1.

Two types of molds (Fig. 2), complying with the standards SRPS
EN 196-1:2018 [28] and SRPS EN 12390-1:2018 [29] were used for
the sample preparation: cubic (100 mm) and prismatic
(160 � 40 � 40 mm). Tests were performed with two and three
repetitions for cubic samples and prismatic samples, respectively,
and the results were calculated as the mean values.

3. Experimental results

3.1. Density calculation

Following sample dimension and weight measurements and
volume calculation, the densities of the sample mixtures were cal-
culated: the total density in the fresh state (ɤt), the initial density
after 7 days drying in the mold (ɤ0), and the density after demold-
ing and drying for 28 days (ɤ28). The procedure was performed
according to the standards SRPS EN 12350-6:2008 [30] and SRPS
EN 12390-7:2010 [31]. The results of the density measurements
are presented in Fig. 3.

The densities of the tested mixtures after air-drying showed
values that are considerably higher than those of conventional
thermal insulation materials [5], but common for similar bio-
based insulating composites [32]. The most important conse-
quence of the increased density of an insulation material is that

it contributes to the ability of the insulation layer to time-shift
the thermal wave propagation. Thus, the biocomposite insulation
materials have a slower temperature response and higher thermal
inertia than conventional thermo-insulations. This feature is vital
for the comfort and energy consumption of buildings exposed to
large diurnal temperature differences.

Nevertheless, almost all cubic samples with lime binder showed
lower densities after 28 days of air drying than samples with the
cementitious binder, which indicates their higher porosity. A

Fig. 1. The used Miscanthus � giganteus bio-fibers and an insulation panel prototype.

Table 1
Composition with mass ratios of samples by series.

Series BF (g) C (g) L (g) FA (g) Z (g) W (g) B (g) BF + B (g) B:BF (%) B:BF (by weight) BF in paste (%)

MC1 200 600 – – – 300 600 800 33.33 0.67 25.00
MC2 400 420 – – 180 300 600 1000 66.67 1.33 40.00
MC3 300 480 – – 180 300 660 960 45.45 0.91 31.25
MC4 200 480 – – 120 300 600 800 33.33 0.67 25.00
ML1 300 – 880 – – 300 880 1180 34.09 0.68 25.42
ML2 400 – 680 – – 300 680 1080 58.82 1.18 37.04
ML3 300 – 680 – – 300 680 980 44.12 0.88 30.61
ML4 300 – 900 – – 300 900 1200 33.33 0.67 25.00
MLZ1 300 – 700 – 180 300 880 1180 34.09 0.68 25.42
MLZ2 400 – 480 – 200 300 680 1080 58.82 1.18 37.04
MLZ3 300 – 500 – 180 300 680 980 44.12 0.88 30.61
MLZ4 300 – 500 – 400 300 900 1200 33.33 0.67 25.00
MLFA1 300 – 700 180 – 300 880 1180 34.09 0.68 25.42
MLFA2 400 – 480 200 – 300 680 1080 58.82 1.18 37.04
MLFA3 300 – 500 180 – 300 680 980 44.12 0.88 30.61
MLFA4 300 – 500 400 – 300 900 1200 33.33 0.67 25.00

Fig. 2. Cubic and prismatic sample examples.
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higher porosity might indicate a higher air content, and thus a
favorable basis for a lower resulting thermal conductivity of the
insulation material.

3.2. Thermal conductivity and temperature diffusivity

The thermal conductivity of the observed
Miscanthus � giganteus bio-fiber, mineral binders, and pozzolanic
materials composite insulation panels was determined according
to ISO 8302 standard [33]. Sample panels with dimensions of
500 � 500 mm, and a thickness of 60 mm, were made. Panels were
tested by the Hot Plate method, using the thermal heat fluxmeters
TNO TH Delft, number F3g (heated side) and F5n (colder, unheated
side), in a quasi-stationary state in standard test chambers (hot
and cold) in a thermostat with water, Cu-CuNi thermocouples
(0.3 mm wire diameter) and a digital mV-meter, Keithley. After
determining the thermal conductivity of individual measurements,
the laboratory mean value of thermal conductivity was calculated.

The mean values of thermal conductivity of all samples stayed
in the range of 0.08 – 0.10 W/(m�K), while the calculated values
of thermal diffusivity remained in the range of 0.07 – 0.17�10�6

[m2/s]. This range of thermal conductivity was expected, and is
close to similar biomass-based thermal insulations [5–8]. The val-
ues of temperature diffusivity of the observed composites are
rather low due to the increased density of the composite material.
Therefore, it may be claimed that the main constraint for a wider
use of biomass-based insulation panels is not their thermal con-
ductivity, but rather their mechanical features. Hence, the assess-
ment of the properties of the insulation panels of different
compositions and component proportions is focused on their bear-
ing capacity, resistance to freeze-thaw and carbonation, and water
absorption.

3.3. Water content and absorption determination

Sample water content (Ha), i.e. the amount of water that the
material contains in its pore system in laboratory ambient condi-
tions, was calculated for the cubic samples according to the proce-
dure defined by ASTM C 642 – 97 [34]. It represents the ratio
between the water content in the sample and the mass of the
dry sample (after 28 days of free-air drying). The water content
in the sample was recorded as the difference between the mass
of the sample in ambient conditions after 7 days curing in the mold
and the mass of the dry sample.

Samples for the water absorption test were prepared by ‘‘Grad-
ual Immersion Method”, which involves an incremental immersion
of a cubic sample, previously dried to a constant mass. The immer-
sion occurs in a container, at defined time intervals, and in up to
four steps: ¼, ½, ¾ of the sample height, until the entire sample
is immersed in water. The immersion procedure is usually carried
out at two-hour intervals. Water absorption was calculated as the
ratio of the mass of the water-saturated sample and the mass of
the completely dry sample, i.e. after drying for 28 days in the air,
and expressed as a percentage, obtained according to the standard
ASTM C 642 – 97 [34].

The results of water content and water absorption tests for all
the series are shown in Table 2.

The obtained results for water content and absorption are sim-
ilar to the values of other cellulose thermal insulation materials or
wood-based building materials [35,36] and remain between the
values for conventional thermal insulation materials [17], such as
polystyrene which is considered to be waterproof, and stone or
glass wool that represent non-waterproof materials due to their
high water absorption. The materials increasing moisture content
contributes to the rise of its thermal conductivity. Besides, the
hygroscopic properties of the biocomposite thermal insulation
result in a respectable moisture buffering capacity, contributing
to the building’s indoor relative humidity control, thermal comfort,
and indoor air quality, and also to the overall durability of the insu-
lation [37].

3.4. Mechanical behavior testing

As there are no standardized procedures for the measurement
of compressive and flexural strengths of thermal insulation mate-
rials based on bio-fibers, the tests were guided by the good practice
in testing the compressive and flexural strength of mortars. The
strength of the cubic and prismatic samples was determined by
recording the fracture point load of the materials in static load con-
ditions. Cubic samples were tested for compressive strength by
automated hydraulic press Cyber-plus Evolution, Matest, while
the prismatic samples were examined for compressive and flexural
strength by a manual hydraulic press (manual correction of oil
pressure in press) CMC, Amsler.

The compressive strength tests were performed according to
the standard SRPS EN 12390-3:2010 [38] for cubic samples, and
according to the standard SRPS EN 196-1:2017 [39] for the pris-
matic sample halves, following the flexural strength test. The com-
pressive strength was calculated as [17,38,39]:

Fig. 3. Densities of all series in the fresh state (ɤt), after demolding (ɤ0), and after air
drying (ɤ28) recorded on cubic samples.

Table 2
Water content and water absorp-
tion values.

Series Ha (%) u (%)

MC1 47.0 90.6
MC2 58.8 72.9
MC3 53.6 86.3
MC4 51.6 88.8
ML1 55.2 90.3
ML2 58.8 95.7
ML3 75.8 81.8
ML4 55.1 78.4
MLZ1 47.4 94.1
MLZ2 81.4 89.6
MLZ3 22.0 88.6
MLZ4 31.8 80.0
MLFA1 23.3 85.4
MLFA2 29.6 74.2
MLFA3 43.0 89.1
MLFA4 19.3 84.1
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f p ¼ Pp:gr=S0; ½�1000kPa� ð1Þ
where Pp.gr was the load measured at the fracture point, [kN] and S0
represents the initial cross-section area, [cm2].

The flexural strength determination was conducted through a
‘‘three-point bending” test on the prismatic samples, with a span
of 10.67 cm (l) according to SRPS EN 196-1:2017 [39], and the
results were calculated as [17,39]:

f zs ¼ 1:5 � Pzs:gr � l
� �

= b � h2
� �

; ½�1000kPa� ð2Þ

where Pzs.gr represents the applied limit force (up to the breaking
point), [kN], lwas the span (10.67 cm), and b and h were the sample
width and height, [cm], respectively.

Values of compressive strength obtained from the cubes, and
those of compressive and flexural strength obtained from the
prisms are shown in Table 3.

In the groups MC and MLFA, a matrix of calcined-silicate
hydrated minerals provided higher mechanical properties [17]. In
the other two groups, lime created a carbonate (CaCO3) crust of
lower mechanical properties, mixed with still un-carbonated lime
Ca(OH)2, while zeolite showed no substantial influence on the
mechanical properties due to its weak pozzolanic effect [17–19].

These results were expected, based on a comparison to similar
bio-based thermal insulation materials [40,41]. Likewise, it should
be noted that the obtained values were similar to or better than the
known strengths of conventional insulation materials such as poly-
styrene and stone or glass wool [42,43].

3.5. Durability assessment: resistance to freeze-thaw and carbonation

Currently, there are no standards for measuring the freeze-thaw
resistance of thermal insulation materials. Therefore, the test was
performed according to the European standard EN 15304:2010
[44] for the determination of the freeze-thaw resistance of auto-
claved aerated concrete. Nine-months-old prismatic samples of
the materials were subjected to 7 freeze-thaw cycles between
two temperatures: �20 �C (18 h) and +60 �C (6 h) in the Climatic
chamber C700BCXPRO, FDM. Following this treatment, compres-
sive and flexural strength were investigated. For further durability
evaluation, the samples were afterward subjected to accelerated
carbonation in a carbonation chamber with a climate containing
2% carbon dioxide and 50% humidity. Following the carbonation,
another comparative assessment of the effects on both the com-
pressive and flexural strength was performed. The results of the
durability tests are shown in Fig. 4, represented as compressive
and flexural strength values in three stages: before durability treat-

ment, after the freeze-thaw treatment only, and after both the
freeze-thaw and the accelerated carbonation treatments.

In terms of mechanical behavior after exposure to the above-
mentioned treatments, the results showed different effects of
freeze-thaw and carbonation processes, influenced dominantly by
the type of binder used. There was a decrease of approximately
40% in the measured mechanical properties after the freeze-thaw
treatment for the cementitious binder group (MC). For the three
lime binder groups (ML, MLZ, and MLFA), a drop of approximately
50% was observed, which can be attributed to the freeze-thaw
treatment [45,46]. The testing of small samples showed a limited
loss in mechanical properties after freeze-thaw cycling.

Following the freeze-thaw treatment, the samples were sub-
jected to accelerated carbonation. A substantial increase (approxi-
mately 27%) in both compressive and flexural strengths was
recorded in all groups made with lime, which can be attributed
to the carbonation process. The carbonation reaction in mortars,
i.e. all alkaline materials, represents the diffusion of carbon dioxide
through the material’s pore structure and its reaction with capil-
lary pore water and CaO, making calcium hydroxide and its accom-
panying uptake of carbon dioxide followed by precipitation of
calcium carbonate. This process is known as the mechanism of
strength improvement (hardening mechanism) of lime-based com-
posites [47]. The increased CO2 content in the carbonation cham-
ber stimulated the lime carbonation and improved the sample’s
mechanical properties.

Low durability in the face of changing weather conditions
(freeze–thaw) and carbonation by carbon dioxide from the air dur-
ing the exploitation period may lead to poor insulation material’s
mechanical characteristics and influence its future market posi-
tion. Nevertheless, the studies on durability regarding resistance
to freeze–thaw and carbonation of bio-based thermal insulation
do not exist or are limited. There are some studies of freeze–thaw
resistance of wood fiber-plastic composites [45,46] and the dura-
bility of plant concrete [9]. However, the aging protocols for bio-
composites are yet diverse, making a comparison of the results
difficult [40].

4. Summary and conclusions

Thermomechanical characterization of various types of
biomass-based thermal insulation materials is imperative for their
wider application. In this study, the properties of
Miscanthus � giganteus bio-fiber composite thermal insulation
intended for use in outer wall panels were investigated. A total
of sixteen mixtures (four groups of four mixtures) with different

Table 3
Compressive and flexural strength of the investigated series for the cube and prism-shaped samples, [kPa].

Group Series Compressive strength, cubes Compressive strength, prisms Flexural strength, prisms

Series made with a cementitious binder MC1 300 292 159
MC2 728 518 111
MC3 214 284 135
MC4 1116 1349 631

Series made with lime ML1 33 205 263
ML2 31 205 131
ML3 32 188 135
ML4 39 253 272

Series made with lime and zeolite (weak pozzolanic reaction) MLZ1 33 211 135
MLZ2 44 208 138
MLZ3 40 139 138
MLZ4 34 244 135

Series made with lime and fly ash (good pozzolanic reaction) MLFA1 207 633 135
MLFA2 273 465 274
MLFA3 270 475 274
MLFA4 353 526 139
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component proportions were examined. The components
included: Miscanthus � giganteus fibers, mineral binders, poz-
zolanic materials, and water. The observed properties were ther-
mal conductivity, temperature diffusivity, density, water content,
water absorption, compressive and flexural strength, and durabil-
ity, i.e. resistance to freeze–thaw and carbonation.

The densities of tested mixtures after air-drying ranged
between 330 kg/m3 and 819 kg/m3, representing the values con-
siderably higher than those of conventional thermal insulation
materials, but common for similar bio-based insulating
composites.

The thermal conductivity of the observed samples stayed in the
range of similar cellulose-based bio-fiber insulation materials with
values in the range of 0.08 – 0.10 W/(m�K). Due to the increased
density of the composite material the values of temperature diffu-
sivity are rather low, i.e. in the range of 0.07 – 0.17�10�6 [m2/s],
compared to the commonly considered biomass insulation materi-
als. This strongly contributes to the increased thermal inertia of the
insulated wall and the minimization of temperature fluctuations
inside the building.

The results of water content (19.3 – 81.4%) and water absorp-
tion (72.9 – 95.7%) were satisfactory and close to the values of
other cellulose thermal insulation materials or wood-based build-
ing materials, remaining between the values for conventional ther-
mal insulation materials which might be waterproof or non-
waterproof depending on the type of the material.

The compressive strength for the cube- and prism-shaped sam-
ples and the flexural strength for prism-shaped samples were in
the range of 31 – 1116 kPa, 139 – 1349, and 111 – 631 kPa, respec-
tively. The recorded values of compressive and flexural strengths
were satisfactory compared with similar bio-based thermal insula-
tion, and similar or better than the known strengths of conven-
tional insulation materials such as polystyrene and stone or glass
wool.

The series with a cementitious binder (MC) demonstrated a
decrease in the compressive and flexural strength after these two
treatments, while the lime-only series (ML) showed a different
behavior. The freeze–thaw treatment of the ML series resulted in
a drop in compressive and flexural strengths (40–50%), but

subsequent carbonation led to an increase in both strengths of
approximately 27%. The level of resistance to freeze–thaw treat-
ment and carbonation, i.e. durability, was observed to be highly
dependent on the type of binder used.
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