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Abstract

The hygroscopic, insulating and agronomic propsrtiehemp concrete make it a promising
building material for addressing the sustainablémg challenge. Part | of this series of two
papers described a characterization of the thepnaglerties of a prefabricated hemp concrete
block, confronting the impact of different methoolsmeasurement. Part Il focuses on the
hygric properties, which describe moisture transfied storage. The sorption isotherm was
measured at 23 °C and 45 °C, considering distirpeemental procedures (saturation salt
solution (SSS) methods with single relative huryidstep or stepwise equilibrium, and
Dynamic Vapour Sorption (DVS)). Differences weresetved in the results and hypotheses
are formulated considering the distinct drying maduares between SSS and DVS methods or
the specific water vapour sorption process on hmatbased materials. With the
measurements at two temperatures, the isosterichsarption is evaluated which allows an
evaluation of the sorption at any temperature. Whaeer vapour permeability was measured
with dry and wet cups. Different parameters westeid thickness (5 and 8 cm), air velocity
(0.5 and 2 m and calculation method (standard calculationsisicteration of the water
vapour interface resistances). Each parameter, thithchosen values, had an impact of
around 10% on the final water vapour permeabili@jcelated. The capillary absorption
coefficient was evaluated through capillary uptakeasurements, leading to an estimation of
the liquid transfer coefficient, albeit 12 timesvier than the one evaluated thanks to the dry
and wet water vapour permeabilities. All these olm#ons underline the significant impact
of experimental parameters and methods on the rdetation of hemp concrete hygric
properties and support the necessity to develoge repecific measurement methods for such

permeable and hygroscopic bio-based building neteri
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NOMENCLATURE

Latin symbols

A
Aw
G
d
Dw
Qv
he

Le

Muw

Pv,sat

Ost

area (f
capillary absorption coefficient (kghst?
specific heat capacity J.kg".K™)
thickness (m)

liquid transfer coefficient (G
vapour flux density (kg.fhs™)

convective heat transfer coefficient (WA™)

mass transfer coefficient (kgas™.Pa’)
Lewis number )

mass (ka)

water molar mass (kg.mo)l
water vapour pressure (Pa)

saturation water vapour pressure (Pa)

isosteric heat of sorption (IR

gas constant (k™
temperature (K)

time of absorption (s)
moisture content (kg.KYy
velocity (m.sh
volumetric moisture content (kgin
water vapour resistance 1=Pa.kd)
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Greek symbols

Oy water vapour permeability

U water vapour resistance factor
Ern  Moisture capacity

p density

Subscripts

0 dry state

air air

int

mat

free saturation
interface
monolayer sorption
material

vapour

(kghst.Pat)
()
(kg
(kg
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1. Introduction

The building sector is responsible for major enwnental impacts, mainly in terms of
consumption of non-renewable raw materials, emisxd greenhouse gases and waste
production. The design and characterization of watiwe eco-friendly building materials has
thus become a priority. The use of bio-based ravwen@s could be a response to this
environmental challenge as bio-based aggregateeaesvable, mainly by-products of local
crops, and contribute to the reduction of buildimgjsnate impacts (Pefialoza et al., 2016).
Over the last fifteen years, these environmentakfits have contributed to the development
of a specific building material commonly called hemroncrete, lime-hemp, hemp lime or
hempcrete. This composite combines a mineral bjrgiarerally based on lime and possibly
including pozzolanic additions, and a plant aggreghemp shiv, extracted from the hemp

stalk by a mechanical defibration process.

Numerous scientific studies have shown the efficiesulating and hygroscopic properties of
hemp concrete. However, one of the main disadvastal hemp shiv aggregate is its high
water absorption rate, which generates the needrf@xcessive amount of water at the time
of mixing and, consequently, a very long dryingdiminsuitable for modern construction. In
this context, previous works (Escadeillas et al1® Gazagnes et al., 2010) led to the
development of hemp concrete blocks produced usingibro-compaction process at

industrial scale by the SEAC company, France.

The first paper of this series focused on the ataraation of these precast hemp concrete
blocks in terms of physical and thermal performanicehis second paper, the emphasis will
be on the hygric properties. The characterizatibthis material is performed in order to

simulate its hygrothermal behaviour in a furthandgt using a heat and moisture model
presented by Seng et al. (2017) and to confrorsetinesults with experimental data obtained

at wall scale from a bi-climatic chamber (Vu et 2D15).
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The hygric experimental characterization of hempceete is still open to discussion. Thus,
depending on the author, the chosen parameterratheé/onethod of measurement can differ.
For example, when tackling the high range of hutpjdhere are several ways to describe the
moisture transfer phenomena. Nevertheless, sing® lw@ncrete is not a structural building
material, it is designed to fill a timber frame andbe protected from liquid water by exterior
cladding and capillary barrier. Consequently, untmal use, hemp concrete should not be
submitted to very high humidity. The hygric propestcommonly studied in the literature on
biobased building materials are thus the sorpsotherm, the water vapour permeability and

sometimes a value based on capillary uptake.

The sorption isotherm is generally measured baset® EN ISO 12571 (AFNOR, 2013)
with saturated salt solutions or a climatic chamf€ollet et al., 2013; de Bruijn and
Johansson, 2013; Mazhoud et al., 2016; Rahim et28l16a). This protocol is well
established, even though the approach is time ooingu Ongoing research in experimental
measurement and numerical modelling focuses onchegluthe measurement time, the
consideration of hysteresis and the impact of teatpee. Feng et al. (2015) made an
advanced study suggesting that the effect of teatpey is not consistent. Moreover, the
impact can be confused or drowned by the experiahemtors of the measuring apparatus.
The study by Feng et al. ( 2015) was performed oreral materials only. In contrast, recent
studies based on bio-sourced materials have unddrthe need to take the temperature effect
into account for good prediction of sorption beloavi(Ait Oumeziane et al., 2016; Colinart
and Glouannec, 2017; Rahim et al., 2016b). Coliaad Glouannec (2017) compared the
results of autoclaved aerated concrete, hemp cienarad wood fibre insulation. In spite of
measurement uncertainties, they showed that theeimfe of temperature is accentuated for
bio-sourced material. Ait Oumeziane et al. (2016evved that the impact of temperature is

particularly noteworthy when hysteresis phenomera taken into account. Alternative
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measurement methods have emerged for studyingotipian of building materials, such as
the dynamic vapour sorption method. This has beenl by Latif et al. (2015), for example.
Nevertheless, this technique is questionable gikierimited size of the sample and the great
heterogeneity of hemp concrete. The measuremetasnel with these two techniques will

be compared in the present article.

The water vapour permeability is measured accorttirgiandards such as NF EN ISO 12572
(AFNOR, 2001), using the “cup method” with a diface of relative humidity across a
sample. Some questions have emerged concernirggsieeof permeable materials, namely on
the influence of the air layer in the cup. Recendynew approach has been proposed for
evaluating the water vapour resistance of theagier in the latest version of standard NF EN
ISO 12572 (AFNOR, 2016). Another axis of researealsl with the surface resistance, i.e. the
resistance of the air at the top of the cup. NFIEN 12572 (AFNOR, 2016) points out that it
can be neglected when the air velocity is suffigiea. at least at 2 m*sThis hypothesis was
investigated by some authors, e.g. Vololonirinalet(2014). The literature rarely indicates
whether both the air layer and surface resistaacesconsidered, except in the works of
Rahim et al. (2016) who took account of the aiefayapour resistance as well as the surface
vapour resistance. Other authors have expressedchffoar permeability as a function of the

RH. This approach was chosen by Collet et al. (20d8 example.

When considering the capillary condensation regiba,description method of the moisture
transfer phenomena remains varied. Some authorshaseater vapour permeability in the
full moisture range or use the water vapour perifigabssessed by the wet-cup method to
determine a liquid transfer coefficient in the hgggopic region (Kiinzel, 1995). Others rely
on measurements based on capillary uptake. Advatecdahiques allow precise observation
of the moisture profile over time (Roels et al.,02p) gamma-ray attenuation, neutron

radiography or NMR techniques. However, these stidire heavy and require expensive
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apparatus. Another, easier approach uses a grawimedthod, resulting in the expression of
a capillary absorption coefficient,Akg.m2s?), regulated by a standard or equivalent, such

as the one presented by Arliguie and Hornain (2007)

The present paper aims to characterize the hygpigepties of a precast hemp concrete (water
vapour permeability, liquid transfer coefficientdasorption isotherms). All the measurements
are made on samples directly extracted from thastihlly produced bricks. Therefore, the
large variability of performance often reportedtire literature due to the manual casting
method is limited. The second objective of the enéstudy is to investigate the impact of the
experimental methods and protocols on the assgeséatmances. When possible, different
methods are used to measure the same parameteth@nesults are compared to the

literature, where “homemade” protocols or non-sji@standards have often been applied.

2. Material and methods
21. Material

The material we are interested in came from SEA@rapany specializing in concrete walls
and floors, and also developing sustainable coctstru materials. The design of the brick
was the result of previous research works on theemad formulation, performed jointly by
SEAC and LMDC, and which led to two patents foil&ra-compacted precast hemp concrete
(HC) (Escadeillas et al., 2010; Gazagnes et alpp0The precast block was made of hemp
shiv aggregates and an innovative lime-metakaal) (binder (Dinh et al., 2015; Magniont

etal., 2012).

The hemp shiv aggregates are ligneous particlesaagt from the core of hemp stems
(Cannabis sativa) through an industrial defibraiwacess using mechanical breaking. The
particles are then dusted and calibrated. The paamo matrix was made of lime and

metakaolin, produced by flash calcination of kaitdirat 700 °C, and mainly composed of

amorphous silicon-aluminates and quartz.

9/44



The precast block, previously cured in the prefaiion plant, can be used directly on a
construction site without a long drying time. Howevthe material is not a load-bearing
construction product, and it needs a framework sigch post and beam structure. At present,
the bricks are intended to be used as filling niatenly. In Figure 1, two types of block are
presented. Type B block, with an empty space, alléov the passage of the load-bearing

structure. In this study, we focus on type A bricks

Figure 1: Type A brick (left) and type B brick (ng for framework post

As presented (Seng et al., 2018), the apparenttderdfishe HC is 466 +25 kg.thwith a total

porosity of 0.78 £0.04, most of which corresporuthe open porosity (0.76 £0.01).

For the different experiments, samples were cuhftbe slabs of the bricks with a circular
bridge saw for rectangular samples and with a daiting machine for cylindrical samples.

The dimensions of the samples are given in Table brder to avoid shredding, the cutting
lines on the samples were soaked with water poiding cutting process. All the samples were
taken off in such a way that the studied transfas wn the same direction, i.e. along the

horizontal axis of the brick, even for capillarytemabsorption.

Parameter studied Geometry — Dimensions Balameeigion

Sorption isotherm Rectangular
(Saturated salt solution) 60x100x25mm

Sorption isotherm
(Dynamic Vapour Sorption

Precisa XT 620M| 18g

Few hundred mg - -
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Cylindrical:
Water vapour permeability radius=110 mm, Precisa XT 620M 16g
height=25 mm
Capillary water absorption Rectangular ,
coefficient 100x60x30 mm Sartorius LP 6207 10g

Table 1: Samples geometry and balance informatoméight stabilization monitoring and
experimental study

2.2. Methods

Prior to the measurement, all the samples weraddnean oven at 50 °C for saturated salt
solution sorption, water vapour permeability andidary water uptake measurement. For the
water vapour permeability measurement, the sanwdes placed in equilibrium in a climatic
chamber (WEISS WK3-2000) at 23 °C and 50% RH. Tiyend and the equilibrium with the
surroundings were considered to be achieved whersé@imple mass change was less than
0.1% between three weighings at least 24 hourst gpé&6 for the vapour permeability
equilibrium study). A specific drying process wagpked for dynamic vapour sorption

measurement.

All the measurements in this paper were gravimetrethods. The balances used and their

precisions are presented in Table 1.

2.2.1. Sorption isotherm
The sorption isotherm expresses the amount of oreishat a material contains when in
equilibrium with its environment. It is characteviz by the moisture content u (kgkgf

material) or w (kg.ii of material) as a function of the relative humjidiRH).

The assessment of the water vapour sorption isothefr HC was performed with the
saturated salt solutions method and by means ofyaamic Vapour Sorption (DVS)

apparatus. Both methods are detailed below.
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The saturated salt solution method is based orstidnedard NF EN ISO 12571 (AFNOR,
2013). After drying, the samples were placed irealexd ventilated box with a saturated salt
solution that set the required relative humidity.order to maintain the targeted temperature,
all the boxes were placed in a climatic chamberaseét3 °C. Five relative humidities were
investigated (Table 2). Eight samples were initidhiserted into each box. In time, the
samples reached mass equilibrium due to water piisofdesorption. Equilibrium was
considered to be reached when the change of massdrethree consecutive weighings, at
least 24 hours apart, was less than 0.1% of tle moass. The moisture content u (kg‘kg

was calculated according to Eqg. (1):

u= (m—-mg)/my (1)

where m is the mass of the sample in equilibriug) @&d ng is the mass of the dry sample

(kg).
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Saturated salt solution Relative humidity at 23°C Relative humidity at 45°C

(NF EN ISO 12571) (NF EN ISO 12571)
Sodium hydroxide, NaO 7.9&£1.9 % 3.61+0.65%
Magnesium chloride, Mg@Gl 32.9+0.17 % 31.10+0.13%
Sodium chloride, NaCl 75.36x0.13 % 74.52+0.16%
Potassium nitrate, KN 94.00+0.60 % 87.03+1.8%
Potassium sulfate, 260, 97.42+0.47 % 96.12+0.40%

Table 2: Relative humidities and correspondingrsatul salt solutions according to NF EN
ISO 12571 (AFNOR, 2013)

In order to evaluate the impact of the relative ity history applied to reach moisture
equilibrium, two approaches were chosen in sorptiirect sorption from the dry state to
each chosen relative humidity (single RH step), gratiual sorption from the dry state to
successive relative humidities (gradual RH stepgsorption started at the highest relative
humidity (97% RH) and decreased through the differgteps of relative humidity. The

desorption study was performed with eight samples.

A sorption and desorption study was also perforate¢b °C. Only the gradual approach was

chosen for this temperature, due to space anddimstraints.

Dynamic Vapour Sorption (DVS) is also a gravimetrieethod, initially used in the
pharmaceutical and agrofood industries. The samipheaterial was placed in a crucible that
was continuously weighed by a microbalance. Thgemible was in a closed chamber where
the temperature and relative humidity were corgblby mixing a dry gas, nitrogen, and

water vapour, Figure 2.
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Temperature controlled incubator

,—/_D< Vapour ° L Microbalance

Dry gas U humffier
=

:D = Sample — Reference
Mass holder holder
Flow — Temperature &

Controllers l u L humidity

sensors

¢ —

Figure 2: Scheme of the DVS device, based on (Beifféeasurement Systems, 2000).

Prior to the measurement, a drying stage was peédrfor two hours at 50°C and about
0%RH (dry dinitrogen flush) followed by 30 minutas 23°C and similar RH conditions.
Then a sorption test was performed, by steps of RBVawith an additional step at 95% RH.
The mass of the sample was monitored continuouliye two stopping criteria were a
stabilization criterion set at T0% relative mass change per min and a duratioerimit (6

hours for RH<80%, 12 h for 80%<RH<90% and 18 h R#=95%). Two samples were

tested at 23 °C. Their initial masses in the dayestvere around 317 mg and 154 mg.

Many models exist for linking moisture content aethtive humidity. Based on physical or
mathematical considerations, they are convenienimfodelling heat and moisture transfers.
One of the most commonly used, the GAB model (fagg&nheim, Andersen and de Boer
(Anderson, 1946)), is frequently used for descgltime isotherm in a wide range of relative
humidity. It is given by Eqg. (2):

B Uy C-K-RH
~ (1-K-RH)(1+K(C—1)RH)

(2)

u

whereu,,, C and K are, respectively, the moisture content with omget of adsorption

(kg/kg), the energy coefficient dealing with mutier and bulk liquid water, and the
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coefficient dealing with monolayer and multilayeater sorption. In fact, these coefficients

are chosen to fit the experimental data.

2.2.2. Vapour permeability
The water vapour permeabilify;, (kg.m*.s*.Pa’) is the ability of a material to allow water

vapour to pass through it, under a difference pbwua pressure.

The measurement of this parameter was based onNNFSP 12572 (AFNOR, 2016) and
used the so called cup method with saturated ehltien (SSS) (Figure 3). There are two
main types of standard measurements: “dry cup”amd cup”. As described in NF EN 1ISO
12572 (AFNOR, 2016), the “dry cup” test gives imf@tion on the water vapour permeability
at low relative humidities, i.e. when moisture sfar is mainly due to vapour diffusion. A
“wet cup” test is performed in higher humidity catiehs and accounts for both water vapour
and liquid water transfers as condensation oceutisd pores. As the aim was to measure the
vapour permeability here, the study focused on tny” tests, described below, in which two
thicknesses and two air velocities were assessegdertheless, to fully characterize the
material, a standard measurement was performed Wit cup” conditions, giving a

comparison point for liquid transfers with the dipy absorption coefficient test.
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Air velocity (= 2 m.s?)

RH=50% P,

<+— Sealing

RH=8% P,

(a)

Samples
Air space

Saturated salt solution

Air velocity (= 2 m.s?)

RH=50%P,, )9

' RH=8% P,,

1
L ). £y ———

(b)

Zint interface resistance

Zma: Material resistance

Zint interface resistance

| Z» air layer resistance |

Figure 3: Scheme of the dry cup assembly for vapeameability measurement (a) and the

different water vapour resistance layers (b) (ae@ftom (Vololonirina and Perrin, 2016)).

For the “dry cup” measurement, a solution of sdaadasodium hydroxide (NaOH) in the

bottom of the aluminium cup established an insielative humidity of around 8+2% at 23

°C. Two sample thicknesses were tested. They weadenby stacking layers of hemp

concrete for which the interface surfaces were ednd order to limit the air layer. The

samples were 5 cm (2 layers) and 8 cm (3 layersli.tihe cups were sealed with a mixture

of wax and paraffin and put into a climatic chamata temperature of 23 °C and 50% RH.

The air velocity above the cup was measured whbtavire anemometer. Two air velocities

were tested for 5cm thick samples: around 2™'mamd 0.5 m3. For “wet cup”

16/44



measurements, a solution of potassium nitrate (JN@sured an inside relative humidity of

around 94+1%, and the outside environment wast$€1% RH by the climatic chamber.

The cups were regularly weighed until a steadyestats reached (Precisa XT 620M t1g)
and Sartorius CPA 4202 S (1@)), i.e. when the mass gain G (kb.svas constant, Eq. (3).

Am
G =— (3)
At

The vapour flux density \g(kg.m?s?) can be linked to the difference of water vapour
pressure Ap, (Pa) described by Fick's law, Eg. (4). The wateapaour resistance {Z
(m?.s.Pa.kd) is defined in Eq. (5). Finally, the apparent watapour resistance includes
three main components (Eq. (6)): the interface weas@our resistancej,Z at the top of the
material and probably between the material andaindayer, the material water vapour
resistance &, and the water vapour resistancg & the air layer between the material and

the saturated salt solution.

G 1 A @
g]} - A - Zapp p]}
d;
Zi=— S
=3 (5)
whered; is the thickness of component i (m).
Zapp =Zint ¥ Zmat + Zair (6)

The interface resistancg,,; is defined as the inverse of the mass transfefficeat h,,
(kg.m?2.s*.Pal), Eq. (7). The mass transfer coefficiént can be determined with the Lewis

equation, based on an analogy between mass anttdnesfers, Eg. (8).

Zine = 1/hp (7)
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R,-T-(pc
RIS GO ®)
o he

whereR, is the gas constant for vapo®;,£461.5 J.kg.K™), T is the temperature (T=293.15
K here), puir is the air density(;=1.2 kg.n?), Cpair 1S the specific heat capacity of air
(cpair= 1004 JkG.K™), b, (W.m*K™) is the convective heat transfer coefficient amdis
the Lewis number (for air/water vapour, the Lewisnier is close to one). We can actually
identify two mass transfer coefficients,, ;,, inside the cup, between the air layer and the

material, andh,, ,,,; outside the cup,

In the literature, the convective heat transferfficient h, (W.m?2K™) is expressed as a
function of the air velocity. Based on a literatamalysis, the values given in NF EN 15026
(AFNOR, 2008), and by Hens et al. (2007), McAdarhi85@) and Pedersen (1990) were
chosen as they showed similar results. The correbpg mass transfer coefficients,
(kg.m?.s'.Pa') were calculated with the Lewis equation (Eq..(8)he standard NF EN
15026 (AFNOR, 2008) also proposes a direct calculadf mass transfernf,) coefficient
(hm = (67 + 90vair) 6y qir, Wheredy,qir is the water vapour permeability in air ang is the
air velocity). For comparison, all the mass transfeefficientsh,,, are presented in Figure 4.
As hy, from direct calculation seems to stand out frora tther values, it will be not
considered. A mean value of the four other valuess wetained, for #=0.5 m.s

Lh

' MM Vgqir,0.5

=4.51 10° kg.m”s*.Pa* and, for = 2 m.§", hy, . ,=8.18 10° kg.m?.s*.Pa",
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2.0 107

© 15107 -
a%
0
E
2 10107
1S3
Ny
5.0 108

Air velocity (m.s™?)
(McAdams, 1954) - Lewis relation

——(Pedersen, 1990) - Lewis relation
NF EN 15026 (AFNOR, 2008) - Lewis relation
===NF EN 15026 (AFNOR, 2008) - Direct calculation of h,,
=== (Hens, 2007) - Lewis relation
Figure 4: Calculated mass transfer coefficiepts h

According to the standard NF EN ISO 12572 (AFNOR1&), the water vapour interface
resistance can be neglectegh(Z O mz.s.Pa.kgl) when the air velocity is high enough, i.e.,
higher than 2 m5 In the case of very permeable material, the matpour resistance of the
air layer inside the cup is taken into account (@&nm of NF EN ISO 12572 (AFNOR,
2016)). So, using Eg. (6), Eq. (4) becomes Eqgaf®) the material water permeability can be

deduced from Eq. (10):

1
S — )
v Zmat + Zair Py
_ d
8vmat = MAPV (10)
v 6v,air

whered is the material thickness (mj,;, is the air layer thickness (m) afgl,;, is the water
vapour permeability in air (kg.ths*.Pa") which can be expressed by the Schirmer formula

(AFNOR, 2016). We will take the value at 23°C anlat, 8, 4;-=1.95 10" kg.mi'.s*.Pa’.
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An alternative expression, proposed in Annex Ghefdtandard NF EN ISO 12572 (AFNOR,
2016), evaluates the water vapour resistance ofathéayer Z;. Two tests must then be
performed: the first evaluates the total water vapesistance 1, EQ. (11), and the second,

which contains two layers of material, evaluatesttial resistancei,, Eq. (12):

Ztot,l =Zuc + Zair (11)
Ztot,z = 2Zyc *+ Zair (12)

Thus, the water vapour resistance in the air lager also be determined experimentally by

Eq. (13):
Zair = ZZtot,l - Ztot,z (13)

The permeability of a material can also be chariexetd by the water vapour resistance factor

W (Eq. (14)):

n= 6v,air/6v (14)

2.2.3. Capillary absor ption coefficient

The capillary absorption coefficient,Akg.m?.s*?) is used for describing capillary suction
phenomena. The measurement was based on the mathAntiguie and Hornain (2007)
(Figure 5). Prior to the test, the samples weredd@nd put into a desiccator at room
temperature to reach temperature equilibrium (193R(section 2.2). The samples were then
placed in contact with water to a depth of a fewlimétres. In order to ensure one-
dimensional transfer, the sides were sealed witterpeoof aluminium tape. The samples
were then weighed regularly. Due to the fast kasetf absorption, the weighing times were

adapted to: 0, 1, 3, 5, 7, 10, 15, 20 and 30 mimafd 2 h. Six samples were tested.
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Sample with
lateral sealing

Water

a4 4 4 4 4 4 4 4 4 4 4 4 Sand

Figure 5: Sketch of the apparatus for measuringlagpabsorption coefficient.
When the specific mass gain is plotted againsstfugre root of time, the capillary absorption

coefficient corresponds to the slope of the lingat of the curve. (Eq. (15)).

A_Am
W_A\/E

whereAm is the mass gain (kg}, is the area of sample surface exposed to watd &mdt

(15)

is the time of absorption (s).

The moisture content at “free saturatiory’was evaluated through hydrostatic weighings on
4 samples (25x10x2.5 &n These samples were saturated without vacuumthieesamples
were only immersed in water. The moisture contdntfee saturation” can be used to

evaluate the liquid transfer coefficient for absmmp.

3. Resultsand discussion

3.1. Sorption isotherm

Figure 6 compares the adsorption isotherm of hemmgrete found using different methods: a

single RH step, gradual RH steps and DVS.
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Figure 6: Adsorption isotherm measured with a €rigH step equilibrium, gradual RH steps

and DVS.

First, we can see that sorption isotherms with B®% quite low dispersion, unlike the DVS
measurements. In addition, the latter method worksmall samples and thus the apparatus
may suffer from representativeness issues. Thiaiigcularly noticeable for RH>70% where

the coefficient of variation ranges from 18 to 38%.

It can be observed that the DVS measurement peesafgorption with higher moisture
content over the whole RH range. Similar observatican be found in the literature: Cagnon
et al. (2014) reported this on earth brick and lrebBrénéron (2017) on three plant
aggregates. The drying procedure was differen8#% and DVS methods. The drying step in
DVS permitted more precise control of the RH anchgerature conditions. Therefore a

possibly lower initial dry mass could lead to high@isture content during the measurement.
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Although the possible problem of representativemesyg be a drawback, the DVS results had
the advantage of being obtained in a shorter tameyund 3.5 days, and automatically; while
the SSS method with gradual RH steps lasted ar@é60ddays and needed regular weighing
operations. However the SSS methods also allowedemus samples to be studied in

parallel.

Regarding the SSS methods at low and medium huesdihe results of the two approaches
were similar. For high RH, it appears that the radthsing a single RH step leads to a higher
moisture content than the stepwise approach: for3¥%0, the moisture content was 8% in a
single step against 6.8% for the stepwise appr@B¥ higher), and for RH=97%, the single

step reached 12.1%, against 9% for the stepwiskad€84% higher).

The reason for the difference of equilibrium betwélee two methods using the SSS (single
RH step and gradual RH steps) could be linked ¢ositecific sorption kinetics of water on
cellulose-based materials or, more generally, bigfpers. Previous studies have shown that
this sorption process can be described as a fasegs and a slow process occurring at the
same time, with, for example, a parallel exponétiizetics (PEK) model (Hill et al., 2010;
Oliver and Meinders, 2011; Popescu et al., 201%628harratt et al., 2011; Xie et al., 2010;
Zaihan et al., 2010). In this interpretation, we cansider the sorption process as absorption
since it includes both adsorption at the surfactefsolid (fast process) and integration of the
water molecules directly into the solid matrix (glprocess): the fast process can be depicted
by Fickian diffusion behaviour connected to the emsible sorption sites while the slow
process may be linked to the biopolymer matrixxat@mn process due to a rearrangement of
the solid structure with the water molecules. AyfrhRH (93% and 97% RH), with the single
RH step method, there was a marked difference ofidity state between the initially dry

samples and the environment, while this differem@es smaller in the stepwise approach.
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Thus, based on the Fickian diffusion interpretatittre mass gain rate was expected to be
higher in the single RH step method for high RHditbans: this can be observed from the
steeper slope in Figure 7. Considering the slovegss, in a critical review on wood-water
interactions, Tang Engelund (2013) reported thaddveubjected to a higher RH step reached
equilibrium more promptly. After studying the kiret of water vapour adsorption in gluten
and starch films, Oliver and Meinders (2011) sutgpbshat the polymer matrix relaxation
process can lead to a progressive rejection ofrwakese observations underlined the impact
of the sample moisture history on the equilibriuratev content and the importance of the
recommended stabilization criteria, which might chée be adjusted for cellulose-based
materials in order to allow for the slow rearrangetnphenomena. However, very long times
of stabilization induce an increased risk of mogtdwth on bio-sourced materials for high
RH (Bui et al., 2017). Further experiments are theguired to confirm these assumptions
since the single RH step method is often preferdeg to the time needed for this

measurement.
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Figure 7: Typical initial sorption kinetics at RH&% and RH=97%.
For low and medium relative humidities, our reswdte similar to those in the literature
(Figure 8), namely close to the works of Colletiet(2013), de Bruijn and Johansson (2013),
Evrard (2008) and Rahim et al. (2016) (Figure &wdver, for high RH, i.e. for RH>90%,
the moisture content is more scattered betweeditfexent references. Our material reached
9% of water content with the stepwise method arfh 1dth the single RH step method at
97% RH. For a similar RH condition, moisture comgefound in the literature range from
10% to 44%. This result emphasizes once again #jernmpact of experimental parameters

on the determination of equilibrium water contemtliigh RH.
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Figure 8: Adsorption isotherm measured with a €rigH step equilibrium, gradual RH steps

and DVS compared to a few literature references.

moisture content is lower than that at 23 °C.

(Figure 9). The GAB fitting parameters are presgmeTable 3.

Desorption was also performed at 23 °C (FigureA8)expected, a hysteresis effect occurred.
Likewise, the adsorption (gradual RH steps) andge®n at 45 °C are presented in Figure

9. We can see that the experimental discrepanegdentuated at 45 °C. As expected, the

The GAB model was used for fitting the adsorptionl @esorption at both 23 °C and 45 °C

Sorption curve U C K
Adsorption 23 °C (Gradual RH steps) 0.0138 15.202| .86%83
Desorption 23 °C 0.0182 18.048 0.8219
Adsorption 45 °C (Gradual RH steps) 0.0129 5.0296| .8321
Desorption 45 °C 0.0153 12.825 0.7974

Table 3: GAB fitting coefficients for adsorptioncadesorption at 23 °C and 45 °C
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Figure 9: Adsorption (Ads) and desorption (Des2&fC and 45 °C, experimental data and

GAB model.

No consensus has been reached on the impact eéri@erature on the sorption isotherm.
The subject has been treated experimentally in gbientific literature, mainly with

conventional building materials, such as concraté &ardened cement: Daian (1988)
measured the adsorption for concrete material9aB2, 45 and 55 °C, as did Ishida et al.
(2007) for temperatures at 20, 40 and 60 °C. Ratljgl. (2003) studied cement pastes for
temperatures from 0 °C to 60 °C. All these workevetd that, with higher temperature, the
moisture content at equilibrium is lower even isthmpact is limited. However it appears that

the effect is accentuated for desorption (Ishidal.e2007; Poyet and Charles, 2009).

Feng and Janssen (2016) focused on the gravinmegticod in order to evaluate the impact of
temperature on sorption. Their study dealt withre¢hmaterials (aerated concrete, calcium
silicate and ceramic brick). They found that th@act could be smaller than the experimental

error and even observed an inconsistent tendencyheftemperature impact in their
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experiment. Although their study was performed morganic material, they noticed from the
literature that the impact of the temperature cdaddhigher on organic materials (wood and
foodstuffs). The case of bio-aggregate-based mgjldnaterials was also considered recently:
Ait Oumeziane et al. (2016), Colinart and Glouan{28d7) and Rahim et al. (2016b) focused
on hemp concrete. In addition, Colinart and Glowan(2017), who compared an autoclaved
aerated concrete, a wood fibre insulation and apheancrete, showed that the effect of

temperature was more accentuated on organic nlatdrén on inorganic ones.

The work of Ait Oumeziane et al. (2016) and Colireard Glouannec (2017) relied on the
Clausius-Clapeyron equation, which showed rathesdgagreements with experimental
sorption at different temperatures. According tourBruer (1945), the isosteric heat of
sorption @ (J.kg"), which corresponds to the energy released duhiegorption process for

a quantity of water, can be defined by the Clau€ilapeyron relation, Eq. (16):

R |[0Inp
qst(W) = ——— .

el ()],

(16)

whereM,, is the water molar mass (kg.rithl p, is the water vapour pressure (Pa) and T the

temperature (K) at equilibrium with a moisture @nttu (kg/kg).

The integration of Eq. (16) between two statesapfildorium (pw, Ti1) and (py, T,) for an

arbitrary moisture content u gives, Eq. (17):

= 0 (20) ()

Therefore, knowing the sorption isotherms at twoperatures allowed the isosteric heat of

sorption to be calculated as a function of the tooéscontent. Nevertheless, a reciprocal
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sorption model was adopted as there was not enexghrimental data. As presented by

Poyet and Charles (2009), the reciprocal GAB retagives, for a temperature(Eg. (18)):

_ Ds (Ti)
Pyi(w) = K1 =C) [ai - \/aiz —4(1- Ci)] (18)

whereaq; = 2 + [% — 1] C; K;, C; andu,,; are the three parameters used to characterize a

GAB sorption curve.

Combining Egs. (17) and (18) gives an evaluatiothefisosteric heat of sorptiog.qrhe

result of g; as a function of the moisture content is presemtédgure 10.

6 106

— (5, hemp concrete
5106 - === (g (Colinart and Glouannec, 2017)

\ = = (g (Oumeziane et al., 2016)

4108
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Figure 10: Calculated heat of sorption.
With the isosteric heat of sorption, it is then sibke to evaluate the sorption isotherm at a
given temperature T (Eqg. (19))
MW(T_TTBf)

T s
RH(T,u) = RH(Tref: u)M ! (W) TTref (19)
pv,sat(T)
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This model will be applied to evaluate the impdcth@ temperature on the heat and moisture

transfers by a numerical approach at wall scale.
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3.2. Water vapour permeability

Table 4 sums up the apparent water vapour pernityaiibpand the apparent water vapour
resistance coefficient,,,, deduced from four experimental campaigns thaedattie method
(dry or wet), the air velocity on the top surfadehe cup (0.5 or 2 m™ and the thickness of

the sample (5 or 8 cm).

. . d
Air velocity Sample Svapp =5 8o air
Method ) el Mapp = 6_
S i v,app
(m.s?) thickness (cm) (kg.mi~.s™ Pal)
1
0.5 5 +7'17§71§1)u 2,59+ 0.42
-11
Dry cup 5 fé3ll4li012 2.36+0.14
9.61 10"
2 8 +1.03 10" 2.05+0.22
-1C
Wet cup 5 Jrl'zlgolio” 1.77+0.36

Table 4: Apparent water vapour permeabiity,,,,, and water vapour resistance coefficient
Happ for different sets of measurements

Table 4 shows the influence of the different experital parameters on the assessment of the
apparent water vapour permeability. As expectes afpparent permeability is higher with the
wet cup than with the dry cup, due to additionquid transfer through the sample. A lower
velocity of the air on the top surface of the coguces an additional resistance to the water
vapour transfer and a consequent reduction of thmarent water vapour permeability.
Finally, different sample thicknesses lead to dddtivalues of apparent water vapour
permeability, highlighting the need to evaluate Weter vapour resistances of the air and
interfaces (inside and outside the cup) and takemthnto account for an accurate
determination of the water vapour permeability loé themp concrete under study. This is
done in Table 5, which gathers together the resiltwater vapour permeabilities,, and

water vapour resistance factors, u, while detailiregair, and the inside and outside interface
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water vapour resistances, and using different naistiod calculation. The calculation methods
come from NF EN ISO 12572 Annex G (AFNOR, 2016) .(E®)), NF EN ISO 12572

Annex H (AFNOR, 2016) (Egs. (11) and (12)) or cdeasithe interface resistances inside the
cup and/or outside the cup as the inverse fundidhe mass transfer coefficient, which itself

relies on the Lewis equation as detailed in thehdés$ section.

Vair = 0.5 m-_Sl ZLair Zint, in Zint, out 6v,mat M
(m”.s.Pa.k™) (kg.mt.st.Pad)
NF EN ISO 12572  9.0110 8.63 10"
Annex G +5.32 16 ) ) +139100 | 230034
) 7 T
SEVEUIEE 9-0110 - 22210 | 89710 15555034
considering the aif *5.32 10 +1.51 10
layer and the 9.0110 7 9.10 10™
interface +5.32 16 3.0510 ) +1.56 10" 2.180.34
resistances - Dry|  9.0110’ . . 0.48 104
cup ceap1g | 305100 | 22210 | PUU e 210+0.35
Vair = 2 m.31 Zair Zint, in Zint, out 6v,mat M
(m®.s.Pa.kd) (kg.m*.s*.Pa)
NF EN ISO 12572  9.0110 9.67 10"
Annex G +5.32 16 ) ) 1635102 | 202%0.13
NFENISO 12572 5 3516422816 - 1.3110° 1.49
Annex H
Calculation 9.0110 i 7 9.89 10" +
considering the aif +5.32 16 1.2210 +6.64 10 1.98x0.13
layer and the 9.0110 7 1.02 10
interface +5.32 16 3.0510 ) +7.10 10* 1.91£0.13
resistances - Dry|  9.0110’ . . 1.05 10%°
cup +53216 3.0510 1.2210 + 744 102 1.87£0.13

Table 5: Water vapour permeabiliti®&s and water vapour resistance factors p, with the
air/interface resistance details, according tcedéht methods of calculation (5 cm sample,
Vair = 2 m.§ and ; = 0.5 m.8)
Depending on the method of calculation, the watgrour permeability value of the hemp
concrete ranges from 8.6310to 1.31 10° kg.m*.s*.Pa’ (Table 5). When the air layer is

neglected, the apparent water vapour permeabdliground 8.31 I8 kg.m'.s.Pa’ (Table

4), 14% lower than the value given in NF EN ISO 22%\nnex G. Looking at the different
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values measured when the air velocity was 2'mag can see that the impact of the outside
interface resistance is indeed limited, with anréase of around 2% on the water vapour
permeability, compared to the value in NF EN ISG®72 Annex G. The inside interface

resistance has a slightly higher impact, with amease of around 6%.

The method proposed in Annex H of standard NF EN 12572 leads to a particularly high
value of water vapour permeability: 1.31™0kg.m*.s*.Pa’, which is 31% higher than
calculated in NF EN ISO 12572 Annex G. It can b&eddhat the standard estimation of the
air layer water vapour resistance (Eg. (10)), atiogrto annex G, would lead tQidannex ¢
=8.4 10 n.s.Pa.kg while the method of Annex H of NF EN ISO 12572d8d0 Zi annex
1=2.4 16 m?s.Pa.kd, 2.3 times higher. This can suggest that Eq. (h@lerestimates the air
permeability when applied to an air layer, or ttreg value found by Egs. (11) and (12) may
also take other water vapour resistances into atcauch as interface water vapour

resistance inside or outside the cup.

Comparing the air velocities, we see that decregtsia air velocity from 2 m’sto 0.5 m.g

decreases the apparent water vapour permeabiligydynd 10%.

The “wet cup” measurement gives a value of 1.42°1kg.m™.s*.Pa’ according to the

calculation of standard NF EN ISO 12572 Annex G1(43).

The NF EN ISO 12572 Annex H calculation can alscobtined with Egs. (20) and (21),
considering the general expression of the appavater vapour resistances at 2 thasd 0.5

m.s* with 2 layers of material:

A 1= Zint, 2ms~t T 2Zmat + Zair (20)

app.2, 2m.s—

Zapp.z, 0.5ms™1 = Zint, 05ms=t T 2Zmar + Zair (21)
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Subtracting Eq.(21) from Eq.(20) QivesAZiy = Zit o5ms—t — Zint, 2ms—1=
510 (m?.s.Pa.kd) experimentally. In contrast, the theoretical elihce of interface water
vapour resistances is shown in Table 6 with thaildeof the calculations. They are based on
the values of NF EN 15026 (AFNOR, 2008), Hens et(2007), McAdams (1954) and
Pedersen (1990). Thus the experimental results shairthe air velocity may have a higher

impact on the interface air resistance than expecte

Theoetical Experimente

Vair hc hm Zint,th AZint,th AZint,expe

(m.sh | W.m2K?Y | (kg.m%st.Pal) | (m’s.Pakd) | (m’s.Pakd) | (ms.Pa.kd)

0.5 7.4 4.51 1(° 2.31( 110 510

2 13.F 8.1€1C° 1.31( +3.116 +2.310

Table 6: CalculatedZ;,; i according to NF EN ISO 12572 Annex H and experimaleralue
AZint,expe

Perfect control of the value and the homogeneityhef air velocity at the top of the cup is
quite difficult to obtain in a standard climatic ashber. Vololonirina and Perrin (2016)
warned that it can be difficult to apply Lewis amgy because of lack of control of the air

flow.

Nevertheless, we note that, even with a more exdrr@oretical difference of the air velocity,
we still obtain aAZj.,i, that is smaller than the experimental one: fotainse, if we choose

Viow = 0.25 m.8 and \igh = 5 M.&", AZy = 1.9 16 m’.s.Pa.ki< AZin expe

To conclude on this results analysis, the interfisestance inside and outside impacts the
value of the water vapour permeability by about 1@%creasing the air velocity from 2 f.s
to 0.5 m.§ also increases the final value by about 10%. Hesafronting the two extreme

approaches, i.e. the standard calculation at loweddcity and the calculation considering all
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surface resistances at high air velocity, givesfiference of 22% on the value of the water
vapour permeability. So, for highly permeable buédmaterials such as hemp concrete, the
water vapour measurement method is experimentahgisve to the air velocity and to the

evaluation of the air resistance above the cup,tarttie air layer and the surface resistance

inside the cup.

Whatever the approach, the measured water vapaarepbilities appear to be higher than
most of the literature values: Rahim et al. (201f8h)nd 2.23 18* kg.m*.s*.Pa’ (u=8.8)
when considering the interface and air layer rassts. Evrard (2008) and Strandberg-de
Bruijn and Johansson (2014) measured 4.0 #@.m'.s'.Pa’ (u=4.9) and 3.6-3.9 18
kg.mi'.s'.Pa’ respectively (u=5-5.5), taking the air layer imtcount. Note that the relative
humidities used in the latter study were 33.1% &4d4%. Thus, the water vapour
permeability measured from a standard dry cup misghtower. Collet et al. (2013) found
2.51 10" kg.m'.s™.Pa' (u=7.8) for a precast hemp concrete without cansid the air
layer. Only Walker and Pavia (2014) reported highater vapour permeability, of 3.9940

kg.m*.s*.Pa’.

A high level of discrepancy can be noted in therditure values. Different parameters
contribute to this dispersion: the design of thmpeoncrete itself, the method of calculation
of the water vapour resistance of the air layeidinand outside the cup and the experimental
protocol parameters (among which the most impactingld be the air flux direction, the
sealing material and method, the nature of thecdast or saturated salt solution and the area
and thickness of the material). Thus, a round-rdbst could be interesting for setting a
protocol suitable for highly permeable materialhwifor example, a multi-parameter study

among different laboratories from the same batamaterial.

35/44



Despite the discrepancy of the water vapour peritigaln the literature, all these values
present high permeabilities and confirm the pottrif hemp concrete as a hygroscopic
material. For comparison, the water vapour pernfigaloif concrete (=2250 kg.nt), light
weight aggregate concretp=0500 kg.n?), brick (p=1600 kg.r¥) and cellular concrete
(p=500 kg.n’) are respectively 5 16 (u=39), 1 16" (u=20), 3 16" (u=7) and 7 18" (u=3)

(kg.m™.s*.Pa") (Rode et al., 2005).

3.3. Liquidtransfer coefficient

Figure 11 presents the results for capillary alsamp i.e. the linear part of the curve
presenting the mass variation as a function osth&re root of the time, which begins after 1
min of testing and stops when the water reachetothef the sample. Before 1 min, there is a
change of slope, indicating that the mass incréasmt ruled by capillary absorption only.
The mean water absorption coefficient ig A0.14 + 0.01 kg.f.sY2 This value is higher
than the value measured by Evrard (2008) and WalkdrPavia (2014): 0.07 kg7s™? but

it is in the same range as for the hemp concretdiest by de Bruijn et al. (2009), who

measured 0.15 kg frs'/2.

36/44



4.0

y =0.1477x - 1.0707
3.5 - R2=0.9915

y =0.1468x - 1.0426

3.0 - Rz =0.9894
y =0.1452x - 1.0083
2.5 R2=0.9812

£
g 2.0 -
e _
i y = 0.1392x - 1.0228
< 15 R? = 0.9948
i y = 0.124x - 0.886
1.0 R2=0.9942
0.5 - y =0.1318x - 0.9758
R2 = 0.997
OO T - T T T T
0 5 10 15 20 25 30 35

V) (™)

Figure 11: Water mass absorption as a functiomoée root of time.

Kiinzel (1995) expressed the liquid transfer coifitfor absorption R (m?.s%):

2

A w_

D, = 3.8 (—W) 1000%7 (22)
Wr

where A, is the liquid absorption coefficient, w is the istoire content (kg.i) and w is the

moisture content at free saturation (k§)mwith A, = 0.14 kg.rf.s¥? and the moisture

content at free saturation w541 kg.n?, we findDy, cap. aps,7205 = 3.2 10° mP.s™

According to Kinzel (1995), the wet-cup method daip with determining the liquid
transfer coefficient in the hygroscopic regioq, d:-cup (m?.s%). As can be observed in the
literature, the apparent water vapour permeabilityeases with RH; for instance Collet et al.
(2013) obtained value from 1.7 Ybkg m* s* Pa' at low humidity and up to 1.3 Thkg m

1 st pa® at high humidity. As explained previously, incriemsthe RH will increase the part

played by liquid transfer in the apparent waterotappermeability. Thus, Kinzel (1995)
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separated the contribution of the water vapour ¢rdferred as ¢), identified from the value

at low RH, from the apparent measurement, thuatisg the liquid contribution, Eq. 23:

_ pv,sat 6v,air (i 1 ) (23)

Dw,wet—cup - -

¢RH (TR VP

wherep,, s, is the saturated vapour pressure (Bg), is the water vapour permeability in
air (kg m*s* Pal), & is the moisture capacityédy = dw/dRH in kg.m®), p* is the
apparent water vapour resistance factor (wecpu=1.4 in this case) angd, is the water

vapour resistance factor in dry conditiong=<L0).

The calculated liquid transfer coefficient at RH&@2the average RH between the two
conditions of 50% and 94% RH, B, et cup72%=3-8 10° m’.s*, which is almost 12 times

the value found with capillary absorption.

4. Conclusion

This paper has characterized the hygric propesfiesprecast hemp concrete.

The adsorption and desorption of the hemp conavete measured at 23 °C and 45 °C. For
the standard measurement at 23 °C, different msethegte confronted: two methods with

saturated salt solutions (SSS) (single RH step ode#éimd stepwise method) and a DVS were
used. Differences were observed: for all RH, theSD¥oisture contents were higher than the
other measurements, and the single RH step meétbtblhigher moisture content than the
stepwise approach for high RH. For DVS measurementsh observations have been made
previously in the literature and could be linkedlistinct drying procedures for SSS and DVS
methods. For the two SSS methods, the differencéddwe explained by the specific water

vapour sorption process on cellulose-based materiako different sorption mechanisms
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coexist: a fast process linked to the sorptiorssite the solid and a slow process linked to the
rearrangement of the solid matrix. Thus the immddhe method needs to be clarified since

the single RH step method is often adopted in aimeeduce the experimental time.

The measurement of the isotherm at two temperatltews the impact of temperature on
sorption to be evaluated through an isosteric h#asorption and GAB model. This
temperature-dependent model will be used to ewaltrs impact of the temperature on the

heat and moisture transfers with numerical studies.

The water vapour permeability was measured withdityeand wet cup tests, based on the
standard NF EN ISO 12572 (AFNOR, 2016). Two thicdges of material and two air
velocities were tested, together with different moeis of calculation, which either took into
account or ignored the several additional wateouapesistances (air layer, inside interface
resistance, outside interface resistance). Thefawe resistance inside and outside was found
to impact the value of the water vapour permeabiiiy about 10%. Decreasing the air
velocity from 2 m.g to 0.5 m.g also increased the final value by about 10%. Here,
confronting the two extreme approaches, i.e. stahdalculation at low air velocity and
calculation considering all surface resistanceBigtt air velocity, gave a difference of 22%
on the value of the water vapour permeability. Tinethod proposed by NF EN ISO 12572
Annex H was also tested but led to a water vapeumpability 31% higher than the NF EN
ISO 12572 Annex G calculation, i.e. the calculatemmsidering the air layer water vapour
resistance with Fickian diffusion. The water vapoueasurement protocol appeared to be

sensitive to several factors in the case of veryngable materials such as hemp concrete.

The capillary absorption coefficient was measureth wapillary uptake tests and showed
good agreement with the literature. The liquid $fan coefficient for absorption presented by
Kinzel (1995) was also evaluated and appeared tb2beémes lower than the evaluation

based on wet cup water vapour permeability (KUnzed5s).
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This paper completes the thermal characteriza@oned out in the first of this pair of articles
(Seng et al., 2018) and highlights the sensitivitythe results to the selected experimental
methods. An inter-laboratory round robin test basedhe same bio-sourced materials is now
needed for a comprehensive comparison of the difteprotocols and to draw up

recommendations for the accurate hygrothermal ckeniaation of such materials.

The hygrothermal properties of a precast hemp etacwill be used with the thermal
properties measured in the first paper of thisese(Beng et al., 2018) as input for heat and
moisture transfer modelling (Seng et al., 2017)esEh numerical results will then be
confronted with measurements made on a wall-satigps(Vu et al., 2015). A sensitivity
analysis of the model should allow the most infliEdnhygrothermal properties to be

identified.
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