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Abstract. The requirement to improve the environmental impact of buildings has driven changes in
their design and the materials used to build them. Notably the amount of thermal insulation has
increased together with improvements in envelope airtightness, with the aim of reducing operational
energy use. However, an unintentional consequence of these changes has in some cases been a
reduction in the indoor environment quality due to insufficient ventilation.

Some bio-based building materials, including aggregates, as well as lime and clay, have the
potential to improve indoor environment quality due to their hygrothermal properties. Bio-based
insulation materials are currently used as a direct replacement for higher environmental impact
materials, however, their use as an aggregate in a plaster allows them to become part of the exposed
surface area of walls, contributing to an improved indoor environment quality through passive
humidity buffering. The incorporation of bio-aggregates within lime plasters has therefore been
investigated to understand their potential for improving hygrothemal properties. In this study hemp
shiv and straw have been added in various mass fractions to lime plaster. The effects of aggregate
size and mass fraction on performance have been investigated.

Introduction

European Union directive (2010/31/EU) [1] will require that all new buildings within the EU
will be nearly zero-carbon by 2020. The current focus to improve building energy performance is
through the reduction in heat losses through increased levels of thermal insulation, and a reduction
of unintended heat losses through improved airtightness. Space heating accounts for up to two
thirds of a European domestic houses’ fuel consumption [2]. However, an unintended consequence
of the improved airtightness has been a deterioration in the indoor air quality [3]. A significant
parameter is Relative Humidity (RH) of the air, which influences both the comfort of occupants and
Indoor Air Quality (IAQ). Optimum levels of RH are between 40% and 60%, with levels outside of
this optimum range associated with discomfort, health risks and possible degradation of building
materials [4, 5, 6].

The passive, rather than active, regulation of indoor environment minimises energy
consumption. However, as the operational energy of buildings’ reduces the proportion embodied
within the fabric becomes increasingly important; some forecasts suggest the embodied element
could account for up to 95% of the full life-cycle carbon footprint [7]. Materials with a low
environmental impact, that can passively regulate the indoor environment, are therefore desirable.
The development of plasters, optimised for the improved hygrothermal properties, is the focus of
this paper.

Clay and lime based plasters have been shown to passively interact with the internal
environment [8, 9, 10]. Padfield [9] showed experimentally that clay has a greater capacity to buffer
humidity than lime based plasters. Lime, however has also been increasingly used in combination
with hemp to form a rigid insulation material: hemp-lime [11, 12]. In 2006 Evrard [13] suggested
that the creation of a hemp-lime plasters would improve humidity buffering potential. Straw is
another potential bio-aggregate that has been increasingly investigated with respect over its
insulative properties [12]. Therefore, there is scope for the inclusion of bio-based aggregates such as
straw and hemp within a lime plaster to help to passively regulate indoor environment through



hygrothermal action, which considers the combined movement of heat and moisture. The addition
of lightweight aggregates will also reduce plaster density, and consequently thermal conductivity.

The aim of this study is to develop a low impact coating material that can aid in the passive
regulation of the indoor environment. This paper presents the findings from an experimental study
that investigated the influence of bio-based aggregate additions on the hygrothermal properties of
lime coatings. The investigation considered straw and hemp as bio-aggregates within a lime based
plaster. As the cell structure of these two bio-aggregates is inherently different, the effect of
aggregate size may have varying effects and so has also been considered. Thermal conductivity and
moisture buffering potential were the focus of the testing, as these give a clear indication of the
potential improvements in the regulation of temperature and relative humidity of an internal
environment.

Materials

The lime used the study was a commercially available pre-formulated lime plaster with no
additional sand or other aggregates, manufactured by BCB. Two different types of bio-based
aggregates were considered for this study: straw and hemp. These aggregates were added in
different mass fractions and different fibre lengths.

Wheat straw takes the tubular form of its stalk, which creates a large void ratio for the same
density compared to other cellulose material. Hemp shiv is the inner part of hemp plant stem, in the
form of ligneous particles, left after stripping the outer fibres [14]. Hemp shiv particles have a
tubular, anisotropic structure composed of conducting vessels with a diameter between 10 to 20pm.
The effect of the size of the bio-based aggregate was investigated through the preparation of mixes
with two aggregate sizes. The variation of aggregate size was achieved through the testing of
otherwise identical mixes with two different aggregate sizes. The different sizes were achieved
through first cutting the straw and hemp using a conventional food processor and grading the sizes
by sieving. The two sizes of aggregates therefore represent relatively narrow ranges of particles
sizes as shown in Table 1.

Table 1 Range of test straw and hemp particle sizes

Designation Range
mm

‘Small’ 0.5-1.0

‘Large’ 2.0-4.0

The effect of aggregates on lime plaster performance, including the variable particle sizes, was
investigated through two mass fractions in addition to control samples without aggregates. The two
different sizes of straw and hemp particles were tested in proportions s of 10% and 20% by mass of
lime.

Experimental Methods

While the focus of the paper is on the determination of the improvement of thermal conductivity
and humidity buffering properties, workability as well as physical and mechanical properties were
also measured..

Workability properties: The consistency of the freshly prepared plaster was determined using a
flow table in accordance with EN1015-3 [15]. The water content of the mix was adjusted to ensure
a flow of 165+ 5 mm was achieved with each mix.

Physical and mechanical properties: The bulk density of the hardened mixes were determined in
ambient conditions following EN 1015-10 [16]. The flexural and compressive strength was
determined in accordance with EN 1015-11 [17]. Specimens were loaded under displacement



control at a rate of 0.2 mm/min and 0.5mm/min for the determination of flexural and compressive
strength respectively.

Determination of thermal conductivity: Thermal conductivity of the specimens was measured at
the University of Bath using a heat flow meter, LaserComp FOX600, following ISO 8301:1991
[18]. The temperature dependent nature of thermal conductivity was considered using the same
standard and measured at 10°C, 20°C and 30°C with 20K temperature differential between the
plates. Prior to the testing the specimens were dried for two days at 60°C.

Moisture buffering properties: Moisture buffering properties were determined in accordance with
ISO 24353:2008. This method required specimens to be preconditioned at a Relative Humidity of
63% and a temperature of 23°C, followed by a cyclic climatic test. Four cycles of the following
conditions are run whilst the mass of the specimen is continuously recorded:

e Step 1: 12h, relative humidity of 75% and temperature of 23°C;
e Step 2: 12 h, relative humidity of 50% and temperature of 23°C.

Specimens were prepared in phenolic plywood moulds measuring 150 x 150 x 20 mm thick.
Aluminium tape was used to seal the back and sides of the specimens to ensure vapour exchange
only occurred through a single face of the material. An air-permeable shield was placed around the
mass balance to minimize the influence of air movement over the surface of the specimens during
the testing. An anemometer was used to measure wind speed at the specimen surface and was found
to be an average of 0.1 m/s.

Results and discussion

Workability and mechanical properties. The flow table test provides the amount of water needed
to achieve the desired spread of 165 + 5Smm; Table 2. Three specimens of each mix were tested for
the density and flexural strength with six specimens tested for compressive strength. The mean

results are presented in Figs. 1- 3.

Table 2 Workability properties of lime with the addition of bio-aggregates

Aggregate  Designation = Mass Water content Slump
fraction [% binder mass] [mm]

Straw Small 10.00 65.7 162
Small 20.00 140.0 161
Large 10.00 66.6 162
Large 20.00 144.0 167

Hemp Small 10.00 54.0 163
Small 20.00 93.7 169
Large 10.00 52.9 165

Large 20.00 52.9 165
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Figure 1 Density versus bio aggregate mass fraction

For certain mixes, even with water to achieve the desired flow, the workability was deemed
undesirable. While the spread of the material was comparable to the desirable slump, the material
was observed not to flow as common with other plasters tested by this method. This can be
attributed to the large amount of aggregates that prohibited cohesion and therefore plastic flow of
the material.

As intended, the addition of bio-aggregates reduced the density of the coatings and as expected
this reduced the mechanical strength properties. The addition of small quantities of bio-aggregates
resulted in disproportionate decreases in the physical and mechanical properties both types of bio-
aggregate used.

As expected there is a strong correlation (r value of 82%) between the increasing water content
and the decrease in density. The addition of bio-aggregates is likely to increase water demand to
meet workability criteria, as the open pore structure of the aggregates has the capacity to absorb
significant quantities of water. Absorption of the water into the bio-aggregates has also altered the
setting reactions of the lime over time, similar to that observed with organic admixtures into cement
[19]. In addition, the presence of the bio-aggregates would have imparted a distinct porous structure
dependent on the bio-aggregate of the resulting coating materials.

Mechanical performance levels of the lime based coatings with bio-aggregates have been
significantly reduced compared to the control. This is partially attributed to the reduction in density,
with a very strong correlation of 95% between density and both compressive and flexural strength.
However, as seen from Figures 2 and 3, and there is a statistically significant difference in
performance at 10% of hemp and straw regardless of particle size. The particle sizes had a
negligible effect considering the mechanical properties.
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Figure 2 Flexural strength versus bio aggregate mass fraction
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Figure 3 Compressive strength versus bio aggregate mass fraction

Thermal properties. Three specimens of each lime mix were tested; the average results are
presented in Figures 4-6. Addition of bio-based aggregates was expected to reduce thermal
conductivity. While the inclusion of bio-based materials may have other beneficial hygrothermal
properties only the temperature dependent thermal properties were considered.

As expected the decrease in density resulted in decreases in thermal conductivity. As with the
mechanical properties reductions in thermal conductivity generally seemed independent of the
length of straw or lime tested, but there were notable variations between the two types of bio-
aggregates. This is likely to be due to the inherent chemical and physical nature of the aggregates
including the micro-porosity and the surface properties of the aggregates [20]
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Figure 4 Thermal conductivity of lime-based coatings at 20°C
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Figure 5 Temperature dependent thermal conductivity of straw addition to lime-based
coatings
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Figure 6 Temperature dependent thermal conductivity of hemp and straw addition to lime-
based coatings

Moisture buffering properties. An important objective of making bio-based aggregate additions to
lime coatings was to enhance their moisture buffering potential. The inclusion of straw and hemp
aggregates was expected to either change the pore structure of the lime coating and/or actively
participate in the internal environment regulation. The data for adsorption and desorption mass
content are presented below in Figure 7 and Figure 8. As anticipated the inclusion of bio-aggregates
improved the adsorption and desorption mass content, however, the extent of this improvement
varies considerably.

The results for the hemp and straw aggregate additions suggest that the use of longer (2-4mm)
straw and shorter (0.5-1mm) hemp provide better moisture buffering capacity than short straw and
long hemp. However, this is only really notable at the 20% mass fraction at which point the
workability of the mix was also significantly compromised.
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Figure 7 Moisture adsorption versus bio aggregate mass fraction
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Figure 8 Moisture desorption versus bio aggregate mass fraction

Summary and conclusions

The addition of bio-aggregates has, as expected, changed the properties of lime plasters,
ultimately improving the hygrothermal properties. These improvements were however at expense of
significant reductions in mechanical performance. The addition of aggregates, particularly those
intended to improve the hygric properties of the final plaster, meant that significantly more water



was required to achieve the desired workability. For certain mixes, even with sufficient water to
achieve the desired flow, the workability was deemed undesirable. The appropriateness of the flow
table as a method for determining the suitable workability of coatings with high fractions of bio-
aggregates could be potentially investigated.

The type, size and amount of bio-aggregate were all shown to contribute, in varying degrees, to
the hygrothermal performance of the coating. The significance of type and size of bio-aggregate to
the measured properties is strongly observed at 10% mass fraction, but the significance of type and
size is diminished at 20% mass fraction. The effect of the fibre lengths are considered to be less
important. While there is scope for a more detailed study into the effect of bio-aggregate size, there
was considerable effort required to cut and filter the particular size and an appropriate methodology
would need to be developed for larger commercial scale production.

There is no universal plaster that performs the best across the range of tests considered.
Therefore, an optimised lime based plaster would depend on the required design parameters. This
could mean further developments into the mix design are recommended. This would included
optimisation of the lime binder and other non-bio based aggregates.
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