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ABSTRACT

Hemp-lime mortars are generally used as indoor insulating plasters of building envelopes. They can be
applied in thick coat to allow high enough hygrothermal performances to be reached in retrofit case. This
study investigates hygric and thermal properties of two hemp-lime plasters. These plasters are made
with the same lime-based binder and differ from their kind of hemp shiv. The two kinds of hemp shiv are
defibered but one is smaller than the other. This experimental study is based on the measurement of
sorption isotherm, water vapour permeability, moisture buffer value and thermal properties (conduc-
tivity and diffusivity). The effect of temperature on moisture buffer value and on thermal properties is
also investigated. It is shown that hemp-lime plasters are hygroscopic and breathable materials. They are
good hygric regulators according to the Nordtest classification and their moisture buffering ability is
slightly impacted by temperature in the range from 11° to 23 °C. The hemp-lime plaster with the smallest
hemp shiv is a better hygric regulator than the one with the biggest hemp shiv. Hemp-lime plasters show
a quite low thermal conductivity, around 0.2 W/(m.K). The hemp-lime plaster with the smallest hemp
shiv is slightly more conductive than the one with the biggest hemp shiv. The temperature does not
impact thermal conductivity at dry state. At wet state, for a given relative humidity, when the temper-
ature increases the thermal conductivity decreases simultaneously with water content. This study un-

derlines that hemp-lime plasters show high hygrothermal qualities.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In most constructions, walls are covered with plasters. These
plasters, made of one or several layers, perform several functions.
Firstly, plasters are used to homogenize wall surface. They can also
be used to level or smooth a wall surface. The visual effect of plaster
widely affects the overall look of the building. Thus, plasters have
an aesthetic function. Plasters also have technical functions. The
main technical function of external plasters is to protect walls from
weather conditions, especially from rain and wind. External plaster
are also involved in fire protection. In France, following the great
Fire of London in 1666, a royal edict decreeded that external plas-
ters had to be used as fireproofing material for half-timbered fa-
cades. Finally, new functions have been developed over the last
decades: plasters may be used to increase thermal resistance of the
walls, internal plasters are also used to moderate ambient relative
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humidity variation or to ensure high indoor air quality. Such as-
pects are useful in a context of sustainable development that re-
quires safe and energy efficient buildings.

Traditionally, plasters were based on inorganic binder: lime,
gypsum and, later, cement. Then, charges were added in order to
improve one or several target properties. Finally, in a context of
sustainable development, new products are also developed taking
into account their environmental impact. Such plasters are made of
low impacting materials, renewable raw or recycled material.

Thus, plasters used for building envelopes must meet re-
quirements concerning their physico-chemical, mechanical, hygro-
thermal and aesthetical qualities. It is shown that inadequate
plaster, from a physico-chemical and from a mechanical point of
view, can induce damage to the wall [1]. Their hygro-thermal
characteristics should also keep the wall breathable. Actually, the
negative effect of moisture on walls is well established and should
be avoided. In order to select the most convenient plaster with a
specific structural wall, Karoglou et al. [2] developed a simulator
that allows to compare the effect of various kind of plasters and
various thicknesses. The main moisture transfer mechanisms taken
into consideration in this study are capillary suction and drying
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process.

For external plasters, in order to meet the requirements of his-
torical building's conservator in term of composition and applica-
tion methods, Vejmelkova et al. [3] developed plasters intended for
application to renovation of historical building. They investigated
several lime-pozzolana plasters made of the same lime and
differing by the type of pozzolana admixture. The lime-pozzolana
plasters show much higher mechanical performances than com-
mon lime-plaster. They also lead to lower water transport param-
eters while keeping slightly slower water vapour diffusion than in
common lime-plaster. From a thermal point of view, the thermal
conductivity of lime-pozzolana plasters is 12% lower than the
thermal conductivity of pure lime plaster. Finally, the authors
underlined that the finest pozzolana particles are the most suc-
cessful solution.

Water in liquid state is also one of the main concerns in the
development of external plasters. Actually, such water can induce
several damages to the surface layer or to the structure of the wall
due to freeze/thaw cycles or salt crystallization for example. Studies
of hydrophobization of plasters are thus investigated in order to
reduce the risk of liquid water in walls [4,5].

For internal plasters, the main technical characteristics devel-
oped are their thermal and hygric performances and their ability to
enhance indoor air quality.

In order to improve thermal performances of plasters, organic or
inorganic light aggregates can be mixed in the formulation like
cork, vermiculite or perlite, silica pearls of expanded polystyrene,
bio-based aggregate, recycled material ... [6—8]. Bianco et al. [9]
showed the performance of thermal insulating plaster made from
natural hydraulic lime of Wasselonne and vegetal aggregate ma-
terials derived from the waste of the corn production. Their study
was performed on real buildings where this plaster is sprayed on
walls. It is shown to be a good solution for historical building
retrofit, leading to a reduction in energy losses of about 20—40%.

From a hygric point of view, the use of hygroscopic plasters both
regulate indoor humidity and improve ambient comfort conditions.
Among hygroscopic plasters, clay-based plasters are good hygric
regulators. Zhang and al. [10] underlined that clay-based plasters
reduce the risk of surface condensation and improve the occupant's
health and the durability of the building by reducing humidity
fluctuations. This good performance can be improved by adding
charge in the matrix. Maddison et al. [11] showed that the use of
natural fibres issued from common plants used for wastewater
treatment in clay-sand plasters accelerates and increases moisture
absorption in the material.

Finally, internal plasters impact indoor air quality. Darling et al.
underlined that clay plasters also allows improving perceived air
quality [12].

Among environmentally-friendly raw materials, hemp shiv have
many advantages as they are bio-based materials (renewal, recy-
cling, carbon sequestration ...). Their use was developed within the
last two decades as they allow to reduce density and thus decrease
thermal conductivity. It was shown that the thermal conductivity of
hemp concrete is quite low (about 0.1 W/(m.K)) while these ma-
terials show a high hygroscopic behaviour due to the coupling of
hemp shiv and binder [13—20]. The production of hemp shiv pro-
vides several sizes of aggregates. The smallest hemp shiv are also
used to produce hemp-lime plasters with aesthetical aspect and
good hygrothermal behaviour.

This study investigates two hemp-lime plasters used for build-
ing. These materials differ in their type of hemp shiv: one of them is
made of Chanvribat defibered hemp shiv (CHLP) and the other one
is made of Terrachanvre F defibered hemp shiv (THLP). Such plas-
ters are used on indoor side as thermal and hygric regulator. The
aim of this study is to assess their hygrothermal performances. The

characterization is based on the measurement of thermal conduc-
tivity, thermal diffusivity and moisture buffer value. The effect of
temperature on these properties is also investigated as building
envelopes are exposed to the variation of indoor and outdoor
temperature (climate, vacancy period ...). This may impact the
thermal properties and the moisture buffering ability of materials.
It is thus crucial to quantify the variation of these properties with
temperature.

2. Methods and materials
2.1. Sorption isotherm at 23 °C

The sorption isotherm relates the amount of equilibrium mois-
ture content to the ambient relative humidity for a given
temperature.

Sorption isotherms can be measured according to continuous or
discontinuous methods [21]. The continuous method consists in
measuring the sorption curve under quasi-equilibrium conditions.
The adsorptive is admitted (or removed) at a slow and constant
rate. The variation of the amount adsorbed by the specimen, with
increase (or decrease) in pressure is measured by the volumetric or
gravimetric method. The discontinuous method consists in
measuring the amount adsorbed by the specimen at successive
stages of increasing (and then decreasing) pressure. It can be per-
formed with desiccators and saturated salt-solutions, with climatic
chambers or with DVS (dynamic vapour sorption) that has been
developed to reduce the running time of measurement but can be
used with small specimens only.

In this study, the sorption isotherms are measured according to
the discontinuous method: the moisture content is determined at
successive stages of increasing (and then decreasing) relative hu-
midity. The specimens are placed in a climate chamber (Votsch
V(C4060) which regulates temperature and relative humidity. The
specimens are weighed two to three times a week. The sorption
isotherm is measured at 23 + 0.1 °C as requested by NF EN ISO
12571 standard. Relative humidity rates used for this study are 11,
23, 33, 43, 58, 81, 90, 95 and 97% RH. The water content w is
calculated from the mass of the specimen with Eq. (1).

m—mg
ST M
where m is the mass of the sample in steady state conditions (kg)
and mg is the mass of the sample in the initial dry state (kg).

In order to reduce the time of exposure (to reduce the running
time of measurement and to avoid moulds growing), the kinetic of
water content is modelled [16]. This allows to measure the whole
adsorption—desorption curve within 1.5 year.

Several models have been developed to describe the sorption
curve [22,23]. Guggenheim [24], Anderson [25,26] and De Boer [27]
have developed the GAB model (2). This model relates the water
content to the specific surface area of the material for multilayer
sorption. Even if this model is physically valid when there is no
capillary condensation; the GAB model covers a wide range of
relative humidity (0.05—0.8—0.9) and is convenient to fit experi-
mental adsorption data all over the RH range.

wo_ Cg.k.o 2)
wn (1 —keo) (1-ko+Cs.k.o)

Where wy, is the monomolecular water content (kg/kg), Cg and k
are the fitting parameters of the GAB model, and ¢ is the relative
humidity ().
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2.2. Water vapour permeability

The water vapour permeability characterises the ability of a
material to transfer moisture under a vapour pressure gradient
once the steady state is reached. The commonly called “vapour
permeability” includes (i) vapour transfer by diffusion (transport by
collision of water molecules with each other), (ii) vapour transfer
by effusion (transport by collision of water molecules with walls of
pores) and (iii) liquid transfer (connected with capillary
condensation).

As recommended by NF EN ISO 12572 standard, the water
vapour permeability is measured under isothermal conditions (at
23 °C). Firstly, the dry cup test of this standard (0/50% RH) is per-
formed. Then, in order to access the variation of water vapour
permeability with relative humidity, several pairs of relative hu-
midity are investigated: (0/23), (23/43), (43/58), (58/81), (81/90)
and (81/94). These measurements were performed in adsorption.
Previously to the dry cup test, the specimens were dried and then
tests were carried out from lowest RH to highest RH. Prior to each
test, the specimens were stabilised to the lowest RH of the test.

The specimen is embedded at the top of the cup. The relative
humidity in the cup, ¢int, is controlled by saturated salt solutions or
silica gel while the relative humidity around the cup, @ext, is
controlled by air conditioning. The difference of water vapour
pressures leads to a flux. The device is weighed periodically and
when the gain in mass is constant, the mass change rate G is
calculated by linear regression between mass and time and the
water vapour permeability 7 is then deduced:

¢=57 3)
G-e
™= A(apy) @

Where G is the mass change rate (kg/s), Am is the mass variation
(kg) and At is the time (s).

And 7 is the water vapour permeability (kg/(m.s.Pa)), e is the
thickness of the specimen (m), A is the exposed surface area (m?)
and Ap, is the vapour pressure difference (Pa).

The vapour pressure is calculated from temperature and relative
humidity measured during test period with the usual relationship:

(5)

py:<p~100exp(18.986— 4052 )

235.89+ ¢

Where py is the vapour pressure (Pa), ¢ is the relative humidity
(=) and 0 is the temperature (°C).

The experimental data on water vapour permeability versus
relative humidity are fitted with a power law relationship accord-
ing to (6):

T=A+B.o" (6)

Where 7 is the water vapour permeability (kg/(m.s.Pa)) and A, B
and C are the fitting coefficients with A and B (kg/(m.s.Pa)).

2.3. Moisture buffer value

The dynamic moisture storage and release in hygroscopic
building materials is linked to the moisture exchange on the surface
area of the material and to the moisture flow in the material.

The practical moisture buffer value MBV quantifies the moisture
buffering ability of a material, measured under dynamic conditions.
It is measured according to the method defined in the NORDTEST
project [28]. This value relates the amount of moisture uptake (and

release), per open surface area, under daily cyclic variation of
relative humidity according to Eq. (7). This value is mainly but not
only a property of the material as the mass transfer coefficient at
the boundary plays a role. Though, for many materials, the internal
resistance to moisture transport is significantly larger than the
convective surface resistance.

MBV — am 7)

A (RHhigh - RHlow)

Where MBV is the Moisture Buffer Value (kg/(m?.%RH)), 4m is the
moisture uptake/release during the period (kg), A is the open sur-
face area (m?) and RHpignjlow are the high/low relative humidity
level (%).

Within the NORDTEST project, a round robin test was performed
on nine representative building materials. It gives initial results and
leads to a classification of moisture buffer values from negligible to
excellent (Fig. 1).

The test method requires prismatic specimens to be sealed on
five out of six sides. After stabilization at (23 °C; 50% RH), speci-
mens are exposed to daily cyclic variations: 8 h at high relative
humidity (75%) followed by 16 h at low relative humidity (33%).
This time scheme replicates the daily cycle seen in many rooms (eg
offices, bedrooms ...) where the load comes in approximately 8 h.
The test goes on until the change in mass Am is the same between
the last three cycles with less than 5% of discrepancies. For each
specimen, the MBV is thus the average value calculated from the
last 3 cycles. The MBV of the material is thus the average value of
the three specimens.

The device used for MBV test is a climate chamber Votsch
VC4060 with a temperature range from +10 to +95 °C and a rela-
tive humidity range from 10 to 98% RH. The relative humidity is
switched manually according to the (8 h at 75% RH; 16 h at 33%RH)
scheme. Temperature and relative humidity are measured contin-
uously with Sensirion SHT75 sensors and with the sensor of the
climate chamber. The air velocity is measured in the surroundings
of the specimens: the vertical velocity is in the range 0.07—0.14 m/s
and the horizontal one is 0.1-0.4 m/s like in a normal indoor
environment. The specimens are weighed out of the climate
chamber five times during the absorption period and two times
during the desorption period. The weighing instrument reading is
0.01 g, and its linearity is 0.01 g. The accuracy of the moisture buffer
value is thus about 5%.

The effect of temperature on the moisture buffering ability of

MBV (g/(m*.%RH))
3.0

2.5

2.0

10 .
05

]
0o |

Negligible Limited

Moderate Good Excellent

Fig. 1. Ranges for practical moisture buffer value classes [28].
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hemp-lime plasters is investigated considering a temperature
range representative of temperatures met in buildings. The test is
thus performed at 23 °C (following the Nordtest protocol) and at 20,
17,14 and 11 °C, from the highest to the lowest temperature. For a
given relative humidity, a lower temperature induces a lower water
vapour pressure. The moisture flux over the surface of the material
being proportional to the water vapour pressure gradient, the effect
of temperature on moisture buffering ability is also investigated
considering a corrected moisture buffer value MBV’, defined versus
water vapour pressure as given by Eq. (8):

MBY' — am (8)

A. (Pv high — Py Iow)

2.4. Penetration depth

ARFVIDSSON [29] defines the moisture penetration depth as the
depth where the amplitude of moisture content variation is only 1%
of the variation on the material surface. For sinusoidal variation of
moisture content on the material surface, the penetration depth is
given by Eq. (9):

D -t
dp 1y = 4.61 % (9)

Where d(p;1%) is the penetration depth (m), Dy, is the moisture
diffusivity of the material (m?/s) and tp is the time period (s).

In the NORDTEST protocol, the relative humidity at the bound-
ary of material follows a square wave, not a sinusoidal one. So, this
method for calculation of penetration depth gives only an
approximation.

The moisture diffusivity is calculated from sorption curve and
water vapour permeability with [30]:

Dy = ”_P"S%v (10)
o 3,

Where D, is the water vapour diffusivity (m?/s), « is the water
vapour permeability (kg/(m.s.Pa)), Pys is the vapour pressure at
saturation (Pa), po is the dry density (kg/m?3), 8w/d¢ is the derivative
of the sorption curve.

2.5. Thermal properties

The thermal properties investigated are the thermal conduc-
tivity and the thermal diffusivity. The thermal conductivity is the
ability of a material to conduct heat under temperature gradient
and steady state conditions. It quantifies how much heat flows in a
material. The thermal diffusivity describes the rate at which heat
flows through a material, characterizing unsteady heat conduction.
It quantifies how rapidly heat flows within it.

The measurements are performed with transient state methods:
hot wire which provides thermal conductivity and hot disk which
provides both thermal conductivity and diffusivity. The main
advantage of these methods, compared to steady-state methods
like hot plate, is that transient methods do not induce (or limit)
water migration during test [31]. Thus, they allow measurements at
wet state. For both methods, the sensor is sandwiched between two
specimens. The contact surface of specimens is as flat as possible in
order to ensure the thinner air layer between specimens. For the
two materials, two pairs are realized from three specimens. As
these methods lead to localised measurements, tests are repeated
several times at several places to ensure the representativeness of

the thermal properties values.

The Hot Disk is based on the transient plane source (TPS) theory
to measure thermal conductivity and thermal diffusivity. The
commercial TPS 1500 device allows to measure thermal conduc-
tivity in the range from 0.01 to 400 W/(m.K) and thermal diffusivity
in the range from 0.1 to 100 mm?/s. The Hot disk manufacturer
quotes accuracies better than 5% for the instrument. The TPS sensor
used in the present study is Ref.4922. The outer radius of the
double-spiral heater is 14.61 mm. The heat flow and heating time
are chosen to reach high enough temperature rise (0.4—2.6 °C as
recommended by the manufacturer), probing depth lower than the
available probing depth (2.5 cm) and total characteristic time be-
tween 0.33 and 1. The Mean deviation around the fitted line must
be lower than 0.001 K. The heating power is 50 mW for CHLP and
55 mW for THLP. The heating time is 640 s for both plasters. The
thermal properties of a pair of specimens are the average of the
three values with a variation coefficient lower than 5%. The thermal
properties of one material are the average values of its two pairs.

The measurement of thermal conductivity with hot wire is
based on the analysis of the temperature rise versus heating time.
The heat flow and heating time are chosen to reach high enough
temperature rise (>10 °C) and high correlation coefficient (R?) be-
tween experimental data and fitting curve. In this study, the power
used is 0.23 W for the two plasters and the heating time is 130 s for
the CHLP and 120 s for THLP. The thermal conductivity of a pair of
specimens is the average of five values with a variation coefficient
lower than 5%. The thermal conductivity of one material is the
average value of its two pairs.

2.6. Materials and specimens

This study investigates two kinds of hemp-lime plasters which
differ from their type of hemp shiv (Fig. 2, Table 1). These plasters
are generally used internally but occasionally they can be used
externally with a finishing coat. These indoor plasters are used as
thermal correctors and also play a role as hygric regulators. They
can be built up to substantial thicknesses (about 4—8 ¢cm) to achieve
significant hygrothermal qualities.

The lime-based binder used is a commercial product (Tra-
dichanvre BCB — BCB France) commonly used to produce hemp-
lime plasters. This binder is made of 35% of mineral additions and
65% of lime based binder composed of air-slake lime (85%) and
hydraulic lime (15%).

The shiv used are commercial products Chanvribat (from LCDA
France) and Terrachanvre F (from Terrachanvre France). Their bulk
density is about 100—110 kg/m>. Their particle size distribution,
measured by sieving, are given in Fig. 3. The mean width of shiv
(D50) is 3.2 mm for Chanvribat and 1.7 mm for Terrachanvre F. The
width/length ratio is about 4 for the two kinds of shiv. Terrachanvre
F shiv is thus smaller than Chanvribat shiv.

For this study, hemp-lime plaster blocks are produced by
moulding. First, hemp shiv and lime-based binder Tradichanvre are
mixed with a hemp to binder mass ratio of 0.15. The mixing water is
adjusted to obtain a consistent workability of fresh hemp-lime
plaster with a satisfactory rheology. Moulds are filled with the
mixture and the hemp-lime plaster is slightly compacted. The
density of hemp-lime plasters is about 715—730 kg/m> for CHLP
and 865—895 kg/m? for THLP. Their porosity is high (72 and 66%
respectively) and mainly open, nearly exclusively for THLP
(Table 2). More CHLP shows larger macropores than THLP, visible to
the naked eye (Fig. 2).

For hygric and thermal studies, specimens are cut from blocks
with a band saw or with a core drill and are selected to be repre-
sentative of the material (density and homogeneity). Their sizes
include the elementary representative volume (ERV) which is the
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1 cm

Fig. 2. Picture of specimens: Chanvribat hemp-lime plaster (left) and Terrachanvre hemp-lime plaster (right).

Table 1
Composition of the studied hemp-lime plasters.

Material Notation Binder Hemp shiv Hemp/binder mass ratio
Chanvribat CHLP Tradichanvre Chanvribat 0.15
hemp-lime plaster lime based binder defibered hemp shiv
Terrachanvre THLP Tradichanvre Terrachanvre F 0.15
hemp-lime plaster lime based binder defibered hemp shiv
100  in = = 2 moisture buffer value and thermal properties are 15 x 15 x 8 cm’

5 /
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Fig. 3. Particle Size Distribution of Chanvribat and Terrachanvre F shiv.

Table 2
Physical properties of the studied hemp-lime plasters.

Density (kg/m>) Total porosity (%) Open porosity (%)

CHLP
THLP

723 + 8.8 72 65.5
881 + 16.5 65.9 64.2

smallest volume over which a measurement can be made to yield a
value representative of the whole [32]. Smaller volumes are
impacted by microscopic heterogeneity while highest volumes are
impacted by macroscopic heterogeneity. Specimens used to mea-
sure sorption curve are cylinders 5 cm in diameter and 7 cm high.
Specimen used to measure water vapour permeability are cylinders
11 cm in diameter and 5 cm high. Specimens used to measure

blocks. Their sizes are chosen to meet the requirements of the
NORDTEST project. The thicknesses are higher than the penetration
depth during the test (Section 3) and the total exposed surface area
is higher than 300 cm? for each material (adding the three speci-
mens) [28].

3. Hygric and thermal properties at 23 °C
3.1. Sorption isotherms

Hemp-lime plasters are hygroscopic materials. Fig. 4 gives the
sorption isotherms of the two studied hemp-lime plasters and
Table 3 gives the GAB model parameters. These curves are sigmoid
and are classified as type II or III according to the IUPAC's classifi-
cation [21]. This is consistent with the fact that these classes are
given for macroscopic media. Moreover, these sorption curves
show hysteresis which extends to the lowest pressures.

These sorption curves are close to each other. Their water con-
tents are similar for adsorption and for desorption branches,
leading to similar hysteresis. For low and middle relative humidity,
the gravimetric water content increases slightly versus relative
humidity to reach about 1-1.2% (resp. THLP, CHLP) at 58% RH for the
adsorption curve. For higher relative humidity, the capillary
condensation arises, the water content strongly increases to reach
about 10% at 97% RH. Adsorption and desorption curves are nearly
parallel over a wide range of relative humidity. The hysteresis
ranges from 1.4% to 2.7%, with highest values around 81%RH. This
phenomenon commonly explained by the capillary condensation
hysteresis, the contact angle hysteresis and the ink-bottle effect
[33] is also due to irreversible uptake of molecules in pores (or
through pore entrances) of the same width as that of the adsorbate,
or to irreversible chemical interaction of the adsorbate with the
adsorbent [21]. A part of the residual mass may also be due to the
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Fig. 4. Sorption curves (mass water content) of Chanvribat hemp-lime plaster (left) and Terrachanvre hemp-lime plaster (right).

Table 3
Sorption curves: Fitting parameters of the GAB model for the two hemp-lime
plasters.

Wi, (kg/kg) Ce k
CHLP 0.00455 1045 0.9854
THLP 0.00368 21.40 0.9925

start of lime carbonation that probably occurred during the tests at
high relative humidity. Finally, since the two hemp-lime plasters
are made with the same binder and the same hemp to binder ratio,
it seems that these two parameters are those which determine the
sorption curve of hemp-lime plasters. The kind of hemp shiv has a
low impact on sorption curve in this study.

Compared to hemp concrete, hemp-lime plasters show lower
mass water content than hemp concretes given in Ref. [16]. How-
ever, when expressed as volume water content, the values are
similar for hemp-lime plasters as for hemp concrete (with volume
water content value about 0.9% at 58% RH) (Fig. 5). For a given
volume, the storage capacities of hemp-lime plasters are thus
similar as those of hemp concretes.

3.2. Water vapour permeability

Fig. 6 gives the variation of moisture permeability versus
ambient relative humidity for the two hemp-lime plasters. The

Volume water content (m3/m3)
15%

¢ CHLP ads.
< CHLP des.
GAB CHLP
SHC
10%
J
5% —
o
o . #
N 5 <& %
0% e e ¢ : :
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parameters of the fitting power law (Eq. (6)) are given in Table 4.
The mainly open high porosity of hemp-lime plasters gives

them high water vapour permeability. The moisture permeability

value is lower for THLP than for CHLP. For the two hemp-lime
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Fig. 6. Water vapour permeability versus Relative Humidity of the two hemp-lime
plasters.
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Fig. 5. Sorption curves (volume water content) of Chanvribat hemp-lime plaster (CHLP) and Terrachanvre hemp-lime plaster (THLP), compared to sorption curve of Sprayed Hemp

Concrete SHC (calculated from Ref. [16]).
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Table 4
Variation of water vapour permeability versus relative humidity: parameters of the
fitting power—law relationship (Eq. (6)) for the two hemp-lime plasters.

A B C
CHLP 2.85E-11 4.71 E-11 1.655
THLP 1.63 E-11 4.43 E-11 1.971

plasters, the water vapour permeability gradually increases over
the whole range of relative humidity. These values respectively
range from 1.6 E-11 to 5 E-11 and from 2.8 E-11 to 6.5 E-11 kg/
(m.s.Pa). Actually, for hygroscopic materials, the water vapour
permeability increases with the water content of the material as
moisture transfer mode changes with water content (from vapour
transfer to liquid transfer). The Terrachanvre shiv being smaller
than the Chanvribat shiv, the size of channel in shiv is lower. This
induces higher resistance to moisture flow in the material.

3.3. Moisture buffer value

The steady state is reached from the third cycle: the change in
mass Am and the moisture buffer value vary less than 5% within
each cycle. Table 5 gives the average value of the MBV calculated
from cycles 3 to 5 in adsorption, desorption and average for the two
hemp-lime plasters. The value is very slightly higher in desorption
than in adsorption. Actually, after stabilization at 23 °C; 50% RH, the
test begins under adsorption at 75% RH. These conditions are higher
than the average of the quasi steady state conditions which arise
after some cycles. There is thus a declining tendency in the varia-
tion of mass which induces higher value in desorption than in
adsorption. These two values are approaching each other after
repeated cycles.

The MBV of the CHLP and of the THLP are respectively: 1.23 and
1.64 g/(m%.%RH). According to the classification of the NORDTEST
Project, these materials are good hygric regulators (1 < MBV < 2 g/
(m?%RH)). The THLP is better hygric regulator than CHLP. The
moisture transfer being more efficient in CHLP (water vapour
permeability and diffusivity), the higher MBV value of THLP is
probably due to higher storage in link with hysteretic behaviour.

The moisture buffer value obtained for the two hemp-plasters is
lower than value met in literature for hemp concrete: about 1.99 g/
(m2%RH) [34] to 2.15 g/(m?%RH) [16]. This is due to the lower hemp
to binder ratio in hemp-lime plaster than in hemp concrete. This
induces higher density and lower permeability in hemp-lime
plasters.

The MBV of hemp-lime plasters make them better hygric reg-
ulators than other materials used for plastering like gypsum (MBV
about 0.6 g/(m?.%RH)) [28]. However, to ensure this hygric capacity
a high enough thickness must be used, higher than the penetration
depth.

3.4. Penetration depth

The moisture penetration depth calculated from Eq. (9) and
using the values of relative humidity recorded during the MBV test
are 6.8 cm for CHLP and 5.5 cm for THLP. The penetration depth is

Table 5
Moisture Buffer Value in adsorption, desorption and average for the two hemp-lime
plasters.

MBV ads. (g/(m2.%RH)) MBV des. (g/(m2%RH)) MBV av. (g/(m%.%RH)

CHLP 1.18 1.27 1.23
THLP 1.59 1.68 1.64

higher for CHLP, in link with higher value of hygric diffusivity. Even
if these values of penetration depth are an approximation, they
allow us to validate the results presented here as they are lower
than the thickness of the specimens. More, although these quan-
titative results should be viewed as indications of the order of
magnitude only, they point the required thickness to fully benefit
from the moisture buffering capacity of hemp-lime plasters. If the
thickness is lower, the moisture buffering capacity of the wall also
depends on the type of background which is plastered.

3.5. Thermal properties

For all the measurements performed with the hot wire, the
correlation coefficient between experimental data and fitting curve
is very close to 1 (higher than 0.996).

Table 6 shows the mean values, standard deviations and co-
efficients of variation of thermal conductivity and thermal diffu-
sivity measured with hot wire and hot disk at (23 °C, 50 % RH). Each
value is the average of 10 measures with hot wire (5 per pair) and 6
measures with hot disk (3 per pair).

For the two hemp-lime plasters, the coefficient of variation
between experimental data is lower than 4% as well for thermal
conductivity as for thermal diffusivity. The results obtained with
Hot Disk are lower than those obtained with Hot Wire (less 10%).
This discrepancy is acceptable as the precision of each experimental
device is 5%.

The thermal conductivity of the CHLP is lower than that of THLP
(0.180 and 0.214 W/(m.K) respectively). This was expected as CHLP
has lower density and higher porosity than THLP (Table 2). More-
over, the size of porosity induced by hemp shiv may also play a role.

These results are similar to the values given by Pretot [35],
where the thermal conductivity of hemp-lime plasters is 0.193 W/
(m.K) at 692 kg/m?® and 0.227 W/(m.K) at 808 kg/m>.

Thanks to hemp shiv, the two hemp-lime plasters have lower
thermal conductivity than usual plasters. Actually, it is found in
literature that, at dry state, the thermal conductivity of lime-
metakaolin plasters ranges from 0.650 to 0.726 W/(m.K) with
density about 1750 kg/m® [36]. Hydrophobisation allows to in-
crease porosity, and thus, reduce thermal conductivity of lime-
metakaolin plasters to 0.413—0.499 W/(m.K) (with density of
1450 and 1580 kg/m?) [4]. Lastly, the thermal conductivity of
commercial renovation plasters studied by Vejmelkova [4] ranges
from 0.293 to 0.366 W/(m.K) with respective density of 1296 and
1384 kg/m”>.

Compared with other hemp-based building material, studied
hemp-lime plasters show higher thermal conductivity than the
values obtained from the relationship established by Cerezo for
hemp concrete [15]. Actually, Eq. (11) gives a thermal conductivity
of 0.166 W/(m.K) when the density is 733 kg/m>. This is due to
lower hemp to binder ratio in the case of hemp-lime plaster.

1= 0.0005 x p+0.0194 (11)

Finally, compared with other bio-based materials used as extra
thermal insulation, studied hemp-lime plasters have lower thermal
conductivity than wood-polystyren composite studied by Agoua
(A = 0.274 W/(m.K); p = 664 kg/m?) [37], than clay-cement-wood
composite studied by Al-Rim (A = 0.22 W/(m.K); p = 1010 kg/m>)
[38] and than wood concrete in Ref. [39] (A = 0.25 W/(m.K);
p = 1495 kg/m?).

The thermal diffusivities measured on the two hemp-lime
plasters are similar: 0.25 mm?/s for CHLP and 0.23 mm?/s for
THLP. They are in the range of thermal diffusivity given by Taoukil
for wood concrete [39]. The specific heat capacity calculated from
thermal conductivity and thermal diffusivity are thus 996 ]J/(Kg.K)
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Table 6
Thermal properties of materials at 23 °C, 50% RH.
Hot wire Hot disk
p (kg/m?) A (W/(m.K)) R? a (mm?/s) A (W/(m.K)) Cp (J/(m.K))
CHLP Average value 733 0.1963 0.9979 0.2466 0.1795 996
Standard deviation 7 0.0044 0.0047 0.0099 0.0046 55
Var. Coef. (%) 1.0 22 — 4 2.6 55
THLP Average 887 0.2364 0.9966 0.2277 0.2142 1009
Standard deviation 14 0.0082 0.0034 0.0066 0.0057 63
Var. Coef. (%) 1.6 3.5 - 29 2.7 6.2
for CHLP and 1009 J/(I(g.l(? for THLP. Thes'e values are a¥so close to MBV' (g/(m2.Pa)) SCHTE  miiiie
the values found by Vejmelkova on lime-metakaolin plasters
(911-988 J/(Kg.K) with density about 1750 kg/m>) [4]. Actually, the 0.09
specific heat capacity of building material usually ranges from 800
to 2000 J/(kg.K) (as given in the database of the France's RT 2012 0.08 Pp— —
energy regulation). }9’2%0928 6 G083
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For the two studied materials, the moisture buffer value in- R2=0,9451
creases linearly with temperature. For the CHLP, the moisture 0.03
10 12 14 16 18 20 22 24

buffer value increases by 59% from 0.67 g/(m?.%RH) at 11 °C to
1.23 g/(m%.%RH) at 23 °C. The THLP shows a similar increase of MBV
with temperature: the moisture buffer value increases by 54% from
0.94 g/(m?%RH) at 11 °C to 1.64 g/(m>.%RH) at 23 °C.

The increase of MBV with temperature is partially explained by
the increase of the vapour pressure. Actually the MBV is calculated
from the relative humidity value which depends on temperature.
The corrected moisture buffer value is thus calculated versus
vapour pressure MBV’ (g/(m?.Pa)). The variation of MBV' is given
Fig. 8. This corrected moisture buffer value decreases with tem-
perature. This shows that other parameters, depending on tem-
perature, also play a role as the MBV' is not constant.

Actually, the moisture buffering capacity depends both on
moisture transfer and storage.

The temperature impacts moisture transfer through several

MBV(z/(m %RH) +CHLP  mTHLP
2
1.8 MBYV =0,0584T + 0,2649 l
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1.6 // ‘
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0.6 R = 0,9896
B | \ I T T T
10 12 14 16 18 20 ” |
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Fig. 7. Effect of temperature on the Moisture Buffer Value of the two hemp-lime
plasters.

Temperature (°C)

Fig. 8. Effect of temperature on the corrected Moisture Buffer Value of the two hemp-
lime plasters.

ways. On one hand, under temperature gradient, the moisture
moves by thermo-diffusion. In building physics, the effect of tem-
perature on thermo-diffusion is negligible as shown in Ref. [40].
Furthermore, in this study, there was no temperature gradient
during the tests. On the other hand, increase in temperature results
in acceleration of transport phenomena. This can be explained by
(i) the decrease in drained pore radius for given relative humidity,
and (ii) the decrease of water viscosity which increases the liquid
permeation at high humidity, [41]. In the range of temperature
investigated in this study, these phenomena can be considered as
negligible.

On storage point of view, several studies have shown that
temperature affects the sorption curve shape [42—44]. For a given
relative humidity, the water content of the material decreases
when temperature increases. This phenomenon is mainly due to
thermodynamical evolution of physisorption processes [44,45].
Actually, the adsorption process being exothermic, an increase in
temperature limits the physical process of adsorption and reduces
the number of adsorbed molecules, and thus the water content.
Furthermore, when temperature increases, the capillary conden-
sation threshold at pore level also increases. This induces, for a
given relative humidity, a decrease in water content. Conversely, an
increase in temperature facilitated the desorption process. Thus, an
increase in temperature also induces a decrease of the hysteresis as
shown in Ref. [46]. The storage capacity is thus reduced when
temperature increases. This effect would explain the decrease of
the corrected moisture buffer value with temperature increase.

4.2. Thermal properties

Figs. 9 and 10 give the variation of thermal conductivity with
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Fig. 9. Effect of temperature on the thermal conductivity at dry state of the two hemp-
lime plasters (hot wire).

temperature at dry state and at wet state respectively. Like previ-
ously, the coefficient of variation between measurements are very
low (lower than 3% for CHLP and than 4% for THLP at wet state).

At dry state, for the two hemp-lime plasters, the temperature
does not impact the thermal conductivity in the range of temper-
ature from 10 °C to 40 °C. The average value of thermal conductivity
at dry state is thus 0.204 W/(m.K) for CHLP and 0.238 W/(m.K) for
THLP in this range of temperature. At wet state, the value of the
thermal conductivity decreases linearly with temperature.

These results are quite surprising as usually the thermal con-
ductivity increases with temperature. For example, Tandiroglu [47]
showed that the thermal conductivity of raw perlite aggregate
concrete increases with temperature in the range from —10 °C
to +70 °C. The increase of thermal conductivity with temperature
was also observed on bio-based materials: Vololonirina [48]
showed that the thermal conductivity of wood-based products
scaled linearly with temperature between 10 °C and 40 °C.

Moreover, during the experimental study, it was observed that
the specimens mass increased when the temperature decreased. In
fact, their water content increases when temperature decreases
(Fig. 11). Actually, sorption curve gets higher when temperature
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Fig. 10. Effect of temperature on the thermal conductivity at wet state (50% RH) of the
two hemp-lime plasters (hot disk).
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Fig. 11. Effect of temperature on the water content at 50% RH of the two hemp-lime
plasters.

decreases. So, for a given relative humidity, the water content in-
creases when the temperature decreases. This increase in water
content induces an increase in thermal conductivity. Actually,
whatever the nature of the material, the thermal conductivity in-
creases with water content. This was observed in several studies on
various materials such as brick, autoclaved aerated concrete, lime
plaster, hemp concrete, thermal insulation or even high perfor-
mance concrete [17,39,49—51]. Thermal characteristics are thus
studied versus water content.

Fig. 12 gives the variation of thermal conductivity with water
content for the two types of hemp-lime plasters. Both CHLP and
THLP show an increase of thermal conductivity with water content.
For the CHLP, the thermal conductivity increases by 4.5% from
0.179 W/(m.K) at 1.77% in water content to 0.188 W/(m.K) at 1.80%
in water content. For the THLP, the thermal conductivity rises by
8.4% from 0.208 W/(m.K) at 1.76% to 0.227 W/(m.K) at 1.8% in water
content.

Fig. 13 gives the variation of thermal diffusivity with water
content when water content ranges from 1.76 to 1.80%. The results
are homogeneous for each point, with coefficient of variation about
5%. THLP shows more scattered results when the water content is
1.80%. For this point the coefficient of variation is 10%. The two
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Fig.12. Effect of water content on thermal conductivity of the two hemp-lime plasters.
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Fig. 13. Effect of water content on thermal diffusivity of the two hemp-lime plasters.

hemp-lime plasters show similar value of thermal diffusivity when
water content is lower than 1.79%. The CHLP shows an increase of
thermal diffusivity with water content. Its diffusivity ranges from
0.25 to 0.30 mm?/s. The thermal diffusivity of THLP ranges from
0.23 to 0.27 mm?/s, with a maximal value when the moisture
content is 1.78%. This variation is similar to the one given by Taoukil
for wood concrete [39]. For CHLP, the maximal value of diffusivity
would probably appear for higher value of water content. As Taoukil
state, the variation of thermal diffusivity with water content de-
pends on the relative variations of thermal conductivity and of
volumetric heat capacity. When the thermal conductivity increases
faster than the volumetric heat capacity, the thermal diffusivity
increases. When the thermal conductivity increases slower than
the volumetric heat capacity, the thermal diffusivity decreases.

5. Conclusions

This study provides hygric and thermal properties of two hemp-
lime plasters which differ from their size of hemp shiv. The two
hemp-lime plasters show medium density (about 720—880 kg/m?>)
due to the use of hemp shiv which induces high porosity. Thus, the
two hemp-lime plasters are hygroscopic and show high water
vapour permeability. According to the Nordtest classification, the
two hemp-lime plasters are good hygric regulators. Their moisture
buffer value is twice the value of gypsum. From thermal point of
view, the thermal conductivity of hemp-lime plasters is about
0.2 W/(m.K), much lower than the value of gypsum (about
0.48—0.80 W/(m.K)).

It is shown that the size of hemp shiv slightly impacts hygric and
thermal properties of hemp-lime plasters in link with the effect on
density due to the intermingling of hemp shiv. Furthermore, it is
shown that temperature slightly impacts hygric behaviour and thus
thermal characteristics.

So, this study allows highlighting that hemp-lime plasters can
be used to improve hygric and thermal performances of walls, in
order to reduce energy consumption and to improve hygric and
thermal comfort. The moisture penetration depth, found in this
study, is about 6—7 cm. So, to fully benefit from the moisture
buffering capacity of hemp-lime plasters, their thickness should be
of this magnitude. If the thickness is lower, the moisture buffering
capacity of the wall also depends on the type of background which
is plastered.

Moreover, the measured properties can be used as input data for
numerical modelling of hygrothermal behaviour of building

envelop.

Finally, hemp-lime plasters can be coated (with limewash for
example). In such case, the hygric performances of coated hemp-
lime plasters should be assessed.
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