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Abstract

Most building materials, and more particularly bio-based materials, are subjected to
hygrothermal transfers in the environment in which they are disposed. These transfers depend
on the thermophysical characteristics and the ambient humidity and temperature conditions. In
this environment and despite these variations, the material must be able to ensure in a
sustainable manner, the functions for which it was implemented (thermal, mechanical, acoustic
...). In this paper we treated the coupled heat and mass transfer within bio-based building
material problematic. We have chosen the hemp concrete and we proceed as follow: a
thermophysical characterizations are done, in order to obtain the thermal, hygroscopic and
physical properties of hemp concrete. These values are then used as input parameters for a
numerical modelling. Philip and De Vries mathematical model which predicts heat and mass
transfer within porous media is implemented. The model takes into account thermal and hygric
transfer phenomenon. For the purpose of the model validation, experimental facility is carried
out, which consist of monitoring a sample made of hemp concrete. The temperature and relative
humidity are recorded with temperature and humidity sensors placed at the interface and inside
the material. The sample is positioned into the wall of laboratory, in order to separate the inside
and the outside conditions. The sample is submitted to real indoor and outdoor ambient
conditions. We aim to investigate the hygrothermal behaviour of hemp concrete and observe its
response versus ambient variation on the one hand, and to assess the mathematical model’s
ability to predict the hygrothermal behaviour on the other hand. The experimental and the
modelled results are compared and then discussed.

Keywords:
Hemp concrete, Thermal conductivity, Specific heat, Water vapour sorption, Heat and Mass
Transfer, Numerical simulation.

Nomenclatures

A Thermal conductivity [W.m-1.K1] RH Relative humidity [%] ht Heat convective coeff [W.m2.K1]

@ Heat flux [W.m"2] T Temperature [°C] hm Mass convective coeff [m.s]

p Density [kg.m-3] w Water content [%] C, K, Wm GAB model parameters [-]

¢ Specific heat [J.kg1.K1] 0 Water content [%] D Thermal diffusivity [m2.s1]

1 INTRODUCTION

Building, industrial and transport sectors are the three
responsible of the environmental crisis. We are
particularly interested in the building sector, which is
the biggest cause of pollution, producing waste and

The growing interest in sustainable development and
the efficient use of energy leads to the adaptation of
legal measure, through a strong acceleration of
thermal regulations, to meet the need supply of
energy, occupant comfort and achieve optimum

AJCE - Special Issue

consuming large quantities of energy [1] [2] [3].
Furthermore, In France, the building sector is
responsible for about 40% of the energy consumed
and 25% [4] of greenhouse gas emissions (GHG),
mainly Co2. One of the key issues to contain the global
warming and climatic derivative is to divide by factor of
four by 2050 the GHG, and consequently reduce the
associated energy consumption.

efficiency power supply facilities.

Moreover, the building material factor is one of the
most weighting coefficients in the issues cited before
[1] [5]. The bio-based materials represent an ecological
solution for the construction sector, in term of thermal
performance [6] [7] [8], hygroscopic quality
characterized by humidity storage [9] [10], life cycle
assessment [11], Comfort [12]...
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Among the bio-based materials, the hemp concrete is
one of the most interesting insulation material. Hemp
concrete is a bio-composite made of the inner woody
core of the hemp plant mixed with a lime-based binder.
The hemp core or “Shiv’ has a high silica content
which allows it to bind well with lime. This property is
unique to hemp among all natural fibers. The result is a
lightweight cementitious insulating material weighing
about a seventh or an eighth of the weight of concrete.

Several works have been carried out in order to assess
the mechanical properties of hemp concrete. One of
them [13] proposed a mixing process to develop a high
mechanical performance blocks made from hemp
concrete. Other studies conducted an investigation on
the effect of binder type on mechanical strength and
durability of hemp concrete [14].

The hemp concrete has a high quality with respect to
the storage and the moderation of the humidity
ambient conditions. In order to study the hygrothermal
behaviour of hemp concrete, many authors aim to get
the thermal and hygroscopic characteristics of hemp
concrete. Elfordy et al [15] assess the impact of the
material density on the material thermal and
mechanical properties. F. Collet et al [9] determined
experimentally the dynamic hygro-characteristics of
hemp concrete, represented by the Moisture Buffer
Value (MBV). Other authors studied the impact of
transient hygrothermal behaviour of hemp concrete on
the envelope [16] [17]. Moreover D. Lelievre et al [18]
investigated the hygrothermal behaviour of hemp
concrete at different scales (sample and wall) under
various conditions.

This study deals with hygrothermal behaviour of hemp
concrete subjected to dynamic real ambient conditions.
Thermal and hygroscopic material properties are
experimentally determined, according to the standards.
Then, the measured hemp concrete properties are
used as input parameters in a mathematical model
describing the transient hygrothermal behaviour of
hemp concrete.

Moreover, a sample of hemp concrete is equipped by
thermocouples and humidity sensors, the whole
assembly is placed into the wall of the laboratory.
Therefore, the two faces of the sample are both
subjected to the laboratory and external conditions.
The numerical and the measured data are compared
and then discussed.

2 CHARACTERISATION METHODS
2.1 Thermal characterisation

Measurements of thermal conductivity and specific
heat is performed by the guarded hot plate and flow
meter method according to the standard NF EN 12664
[19]. The experimental setup allows to maintain a
temperature difference between two parallel flat plates
(AT), a sample with known thickness (e) is placed
between them. The sample four sides are insulated
with material having a low conductivity in order to
prevent edge effect. Thermal conductivity A is
calculated in steady state conditions as follow:

_e9
AT

Where ¢ [W.m?] is the measured heat flux.

A

Likewise the specific heat is evaluated with the same
device, and between the steady-state at the

(1)
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temperature Tinit and the temperature Trn, in this case
the heat capacity C [J.K"".m™?] is calculated according
to the equation (2):

c=2 2)

N

t
Where AT = Tin- T, and Q= JA.dt
t

init

The specific heat ¢ [J.K".kg™]:

c=-C 3)

pAe

Where e is the material thickness, concerning the heat
flux density measured we assume that A =1 m2

The measurement of thermal conductivity and specific
heat is held for different water contents. The sample is
subjected to different relative humidity to evolve its
water content in a first time, then covered by
waterproof material, and with the same way the
thermal conductivity was evaluated. The sample is
weighed before and after the test to ensure that the
mass variation does not have a significant impact on
the result. The test lasted a few hours, until reaching
the steady stat. Several studies have shown that the
thermal conductivity of a material in the dry state is
always lower than when the material is saturated. Fig.
1 represents the evolution of thermal conductivity
versus water content. We observe that the dry thermal
conductivity Ao = 0.073 [W.m'.K'], and A=0.096
W.m'.K"] at w = 10%, representing an increase in
thermal conductivity of 23.95%. Fig.2 shows the
volumetric heat evolution versus water content. The
measured dry value is pco = 2,7 105J.m3.K7],
however pc growth of 48.90 % for a value of w = 10%.
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Fig. 1: Thermal conductivity evolution versus water
content.
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Fig. 2: Volumetric heat evolution versus water content.
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In order to ensure that the temperature gradient did not
affect moisture migration during the test, the gradient
was reversed between the top and bottom of the
exchanger plates, the difference between the two tests
was estimated less than 3% and was considered
negligible.

2.2 Water vapour sorption

Concerning the hygroscopic behaviour, materials
showing open porosity adsorb surrounding gas. The
water vapor sorption isotherm relates the water content
of a material to the ambient relative humidity at
constant temperature.

The water vapour sorption is measured according to
the to the discontinuous method NF EN ISO 12571
[20]. A sample of hemp concrete was dried and placed
inside a climatic chamber. The relative humidity is
monitored and the water content is determined for
successive steps of relative humidity increasing and
then decreasing. The temperature is controlled and set
to 23 °C.

Modeled and experimental water contents versus
relative humidity are shown in Fig.3. The low value of
water content at dry conditions wo = 0%, then the
evolution continue with the increase of relative
humidity, until reaching the maximum of 18 % of w at
RH = 97 %. The water vapour sorption curve was
modelling by fitting the experimental data according
the GAB model [21].The GAB model is described in
equation (4).

20 A

®  Ads measured ------ Ads modelled ;
16 !

4 Des measured ------ Des modelled

12

Water content (%)

0 20 100

Relative hg?nidity (%)

Fig. 3: Sorption isotherm of hemp concrete
Tab.1 represents the fitted parameters by the GAB
model and the experimental measured data for the

hemp concrete. The values of errors E shows the good
agreement of the fittings.

CKW_,HR
W= (4)
(1-KHR).(1-KHR + CKHR)
Where w is the water content (kg.kg™"), C (-) and K (-)

are the model parameters, W (kg.kg™") corresponding
to the water content of a monolayer sorption.

Tab. 1: Fitted parameters for the GAB model

Material C(H K W E
(kg-kg") (%)
Hemp Ads 16564 0834 0.0342 0.5
concret
e Des 25754 0784 00422 050
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3 MATHEMATICAL MODELLING
3.1 Philip and De Vries Model

Several model have been carried out in order to predict
the heat and mass transfer in porous media. In all
modelling cases, the basic principle of heat and mass
conservation is respected. The renowned models are
Luikov [22] Whitaker [23] Philip and De Vries [24].

The model of Philip and De Vries [24] is taken as the
basic model for our work. The aim is to predict the
hygrothermal behaviour of hemp concrete. Philip and
De Vries model [24] takes into account moisture
transport under two phases (liquid and vapour). It
assumes that the vapour phase moves under a
gradient of partial vapour pressure and the water
phase moves under capillarity.

The model of Philip and De Vries is represented by
Equations (5) and (6), which describe mass and heat
transfer respectively:

2 _(pgve)(py ) o
PoCPm T;r =(AVV)+ p|LV( D-,-,VVT)
+ pILv ( DB,Vv o ) ©6)

Where 0 [kg.kg'] is the water content, T is the
temperature [K], Dt [m2s'K'] and D¢ [m2s] are
respectively, the mass transport coefficients
associated to temperature and moisture content
gradient. The relationships that relate transport
coefficients of mass with transport coefficients of
vapour and liquid phase are

D; = Dy, + Dp, [m2.s'K1], (7)
Dy = Dy, + Dy, [m2sT], (8)

The diffusion coefficients are the most important
factors used in the mathematical model, while the use
of the experimental ways is required, so a great
attention is paid to these coefficients. For this purpose
the vapour diffusion coefficients are determined
according to Zeknoun et al [24], and Maalouf et al [25].
The transport coefficients associated with moisture
gradient are related to water vapour permeability do
and the specific hygric capacity &, which is the slope of
sorption curve: ©)

DH — 50 Pv,s %

Po (10)
5 %
°

Where §, is the vapour permeability to air and it is
equal to 2.107"0 kg.m™".s"".Pa', u is the water vapour
resistance factor.

Vapour transport coefficient under a temperature
gradient is given by the relation:

p. = %0¢ dhs (11)
T, v pl dT
P8, / 1 1
Dy, = =P ( — _> (12)
Sop \W(P) Mo

pu* (¢) is the coefficient of water vapour resistance
measured at high relative humidity, po is the coefficient
of water vapour resistance Correspond to the
beginning of the capillary condensation.
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The associated boundary conditions of mass and heat
transfer are represented by the equation (13) and
equation (14):

(8] (Deve + DTW) = hm,i,e (pv,a,i,e - pv,s,i,e ) (1 3)
ANVT pILvDT,VVT + p,LVVG = hT,i,e (Ta,e - s,e)
+pILv(pv,a,e ‘pv,s,e)+ (prad,i,e (14)

Where him,ie) [m.s"] h (rie) [W.m2K"] are respectively
the convective mass and heat coefficients from
external and internal sides, pw.ei [kg.m3] is the air
density, while the subscripts e and i correspond,
respectively, to the external and internal side,
neighboring environment (a) air or solid surface (s), ¢
rade,i iS @ radiation term [W.m-?].

4 EXPERIMENTAL VALIDATION

In order to validate the mathematical model,
represented by the equation (5) and equation (6) the
following experimental setup is performed:

A sample made of hemp concrete, with dimensions
300 x 300 mm and 80 mm of thickness is placed
through the laboratory wall in the ventilation opening.
However, both large faces are exposed to the
surrounding conditions (Fig. 4) and the other faces are
insulated by waterproof sealant in order to ensure a
unidirectional transfer.

In order to assess the relative humidity and
temperature values of the surroundings and inside the
hemp concrete, the sample is fitted with sensors
placed at three different depths x = 20mm, 40mm and
60 mm. The uncertainty of sensors positions is
evaluated to be + 3 mm. We opted for the
thermocouples type T, and commercial humidity
sensors type HIH-4000 from Honeywell®. Accuracies
are evaluated by the supplier to + 3.5% for humidity
and + 0.02 °C for temperature. The test has been
conducted between 13 July and 08 September, for this
reason we observe that a huge relative humidity
variation in the external side.

Laboratory\
Hemp concrete
Temperature & ~ sample
np —
humidity Sensors \\A <
Sy oA Internal conditions
- HEE RN
External conditions 6 4 2
cm cm cm RH
RH ‘/\Nall :
T 4

Fig. 4 Schema of the experimental set-up

5 RESULTS & DISCUSSION

The modelling phase is performed using Comsol
Multiphysics© [25] software, it is designed to solve the
partial differential equations PDE highly coupled with
high flexibility by the integrated PDE module. Hemp
concrete properties obtained from the hygrothermal
characterisation are used as input parameters of the
model. The two-dimensional modelling is done with a
mesh size of 1 mm and a time step of 300 s. Dirichlet
boundary conditions are adopted and the logged data
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at the interfaces of the samples are implemented in the
model.

Fig .5 and Fig. 6 represent the internal and the external
ambient conditions, measured on either side of the
sample, as illustrated in (Fig.4). We recorded daily
cyclical variations with an average value for RH = 73%
and T = 20°C outside.

T

20 —EXT

co
o

(2]
o

RH [%)]

—INT

0 >
0 20 Time [Day] 40 60

Fig. 5 Internal and external measured relative humidity

—INT

0 20 Time [Day] 40 60

Fig. 6 Internal and external measured temperature

While, inside the laboratory a quasi-steady conditions
are logged (Fig.6). The average value recorded for T is
21.5°C + 2.7°C, and a maximal and minimal values of
RH 36% and 12,2% respectively.

The previous measured data are used as boundary
conditions for the simulation. Fig.7 (a-b-c) shows the
confrontation of the measured and simulated relative
humidities versus time, at different positions inside the
sample (depth x = 2cm, 4cm and 6cm). We observe a
compatibility between the simulated and measured
data in terms of kinetics but a difference exists in terms
of amplitude. According to the three graphs, the
accuracy is related to the position inside the sample.
We note that the accuracy decreases close to the
inside. This may be justified by the accuracy of the
boundary conditions logged for the inner side, and the
condensation risk which is very likely especially around
the sensors, which generates systematically peaks in
the humidity curves. For this reason we note that the
minimum value of the humidity at 4 cm is close to that
at6cm

The decrement factor and time lags are determined
from experimental data. The average values of
decrement respectively evaluated to be 14%, 20% and
24% at 6cm, 4cm and 2cm. With regards to the phase
delay, the following values were found: 2h45, 3h22
and 5h15 at 6cm, 4cm and 2cm. Fig.8 shows a
histogram that illustrates hemp concrete decrement
and phase delay for the relative humidity. We observe
that decrement and phase delay increase with respect
to the thickness, which is usually observed for
insulation material.
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Fig. 7(a-b-c) Measured and simulated relative humidity
inside the sample at x = 2cm, 4cm and 6cm
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Fig. 8 Decrement and phase delay evaluated at
different depths from external to internal side.

Results found for temperature variations at different
depths are presented in Fig.9 (a-b-c) and compared
with experimental results. In one hand, we note that
only minor differences are observed between the
simulated and the measured data. The same remark
can be done for the temperature at 6 cm a high
accuracy. On the other hand, a difference is observed
at 2cm. This is due to several causes, the uncertainty
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of the sensors position, the infiltration of moisture and
condensation risk which increases significantly the
thermal conductivity and

The thermal decrement and phase delay are very
important characteristics from thermal efficiency point
of view. Fig.10 illustrates the hemp concrete ability to
mitigate the external variations. The mean values of
the decrement respectively calculated at 6cm, 4cm and
2cm are 7%, 11.4% and 14.4%. These values coincide
with the values calculated from the following formula:

0.023 e
Phase _delay = 5 9)

Where D [m2.s] is the thermal diffusivity, the
thermal diffusivity characterizes the capacity of
the material to transmit a signal of temperature
from one point to another. It is a function of
thermal conductivity and specific heat and is
written as follows:
A
D=_
p.c

(10)
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Fig. 9 (a-b-c) Measured and simulated temperature
inside the sample at x = 2cm, 4cm and 6¢cm
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Fig. 10 Decrement and phase delay evaluated at
different depths from external to internal sides.

6 CONCLUSION

In the present work, we investigated the hygrothermal
behaviour of hemp concrete used as a bio-based
building material. The main objective was to compare
the numerical and the experimental results at three
depths inside hemp concrete block. First, thermal and
hygroscopic characterization methods were performed
to a sample, in order to determine its thermal
conductivity, specific heat and water vapour sorption.
These characteristics were used as input parameters
in a numerical modelling. Philip and De Vries model
describing the coupled heat and mass transfer was
presented, based on a system of two partial differential
equations, with associated boundary conditions. The
model was implemented in Comsol Multiphysics®
software. For the purpose of studying the hygrothermal
behaviour of hemp concrete, and its response with
respect to the ambient variations, an experiment was
carried out. A sample of hemp concrete was equipped
with humidity and temperature sensors at different
positions and then positioned into the ventilation
opening in the laboratory wall. The aim of this
configuration is to separate the atmosphere on both
sides of the sample. The hemp concrete was
submitted to ambient conditions, on one side the
laboratory conditions and, on the other side the
outdoor real conditions. Temperature and relative
humidity were recorded at the interfaces of the sample
and then were used as boundary conditions for the
modeling

The measured and the modelled data at different
positions are confronted, compared and discussed.
Generally good agreement was found in the analysis of
the material behaviour at depths of 4cm and 6cm,
indicating that the main material properties were
accurately defined. A slight difference was observed at
a depth of 2cm but remains into the uncertainty of
+3.5% given for the sensor. Furthermore, the
condensation phenomenon was suspected to be the
main factor of the observed peaks on the temperature
curves.

The heterogeneity of hemp concrete could be one of
the factor causing the difference observed between the
simulated and the measured results. This point should
be investigated in the future. One must keep in mind
that hemp concrete is coated with permeable and
hygroscopic plaster inside and impermeable coatings
outside, thus creating a multi-layered wall. For this
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reason, this should be further

investigated,

configuration

7 ACKNOWLEDGMENT

This work is done as part of the project “Projet citoyen
P2AR” financed by the region Nord Pas de Calais,
France.

8 REFERENCES

[1] K. Biswas, S. S. Shrestha, M. S. Bhandari, and A.
O. Desjarlais, “Insulation materials for commercial
buildings in North America: An assessment of lifetime
energy and environmental impacts,” Energy Build., vol.
112, pp. 256-269, Jan. 2016.

[2] K. E. Thomsen et al., “Energy consumption and
indoor climate in a residential building before and after
comprehensive energy retrofitting,” Energy Build., vol.
123, pp. 8-16, Jul. 2016.

[3] T. Khadiran, M. Z. Hussein, Z. Zainal, and R. Rusli,
“‘Advanced energy storage materials for building
applications and their thermal performance
characterization: A review,” Renew. Sustain. Energy
Rev., vol. 57, pp. 916-928, May 2016.

[4] ADEME, “http://www.ademe.fr/Batiment-chiffres-
clés-2013.”

[5] S. Lasvaux, F. Achim, P. Garat, B. Peuportier, J.
Chevalier, and G. Habert, “Correlations in Life Cycle
Impact Assessment methods (LCIA) and indicators for
construction materials: What matters?,” Ecol. Indic.,
vol. 67, pp. 174-182, Aug. 2016.

[6] A. Limam, A. Zerizer, D. Quenard, H. Sallee, and A.
Chenak, “Experimental thermal characterization of bio-
based materials (Aleppo Pine wood, cork and their
composites) for building insulation,” Energy Build., vol.
116, pp. 89-95, Mar. 2016.

[71 O. Vololonirina, M. Coutand, and B. Perrin,
“Characterization of hygrothermal properties of wood-
based products — Impact of moisture content and
temperature,” Constr. Build. Mater., vol. 63, pp. 223—
233, Jul. 2014.

[8] T. M. Tuzcu, “Hygro-Thermal Properties of Sheep
Wool Insulation,” Civil Engineering Faculty Delft
University of Technology, 2007.

[9] F. Collet and S. Pretot, “Experimental investigation
of moisture buffering capacity of sprayed hemp
concrete,” Constr. Build. Mater., vol. 36, pp. 58—65,
Nov. 2012.

[10] M. Palumbo, A. M. Lacasta, N. Holcroft, A. Shea,
and P. Walker, “Determination of hygrothermal
parameters of experimental and commercial bio-based
insulation materials,” Constr. Build. Mater., vol. 124,
pp. 269-275, Oct. 2016.

[11] C. Bories, E. Vedrenne, A. Paulhe-Massol, G.
Vilarem, and C. Sablayrolles, “Development of porous
fired clay bricks with bio-based additives: Study of the
environmental impacts by Life Cycle Assessment
(LCA),” Constr. Build. Mater., vol. 125, pp. 1142—-1151,
Oct. 2016.

[12] R. Holopainen, P. Tuomaala, P. Hernandez, T.
Hakkinen, K. Piira, and J. Piippo, “Comfort assessment
in the context of sustainable buildings: Comparison of
simplified and detailed human thermal sensation
methods,” Building and Environment, pp. 60-70, Sep-
2013.

Volume 35 - Issue 2

399



AJCE - Special Issue

[13] V. Dubois, E. Wirquin, C. Flament, and P. Sloma,
“Fresh and hardened state properties of hemp
concrete made up of a large proportion of quarry fines
for the production of blocks,” Constr. Build. Mater., vol.
102, pp. 84-93, Jan. 2016.

[14] R. Walker, S. Pavia, and R. Mitchell, “Mechanical
properties and durability of hemp-lime concretes,”
Constr. Build. Mater., vol. 61, pp. 340-348, Jun. 2014.

[15] S. Elfordy, F. Lucas, F. Tancret, and Y. Scudeller,
“Mechanical and thermal properties of lime and hemp
concrete (““hempcrete”) manufactured by a projection
process,” Construction and Building Materials, pp.

2116-2123, Oct-2008.

[16] A. D. Tran Le, C. Maalouf, T. H. Mai, E. Wurtz,
and F. Collet, “Transient hygrothermal behaviour of a
hemp concrete building envelope,” Energy Build., vol.
42, no. 10, pp. 1797-1806, Oct. 2010.

[17] C. Maalouf, A. D. T. Le, S. B. Umurigirwa, M.
Lachi, and O. Douzane, “Study of hygrothermal
behaviour of a hemp concrete building envelope under
summer conditions in France,” Energy Build., vol. 77,
pp. 48-57, Jul. 2014.

[18] D. Lelievre, T. Colinart, and P. Glouannec,
“Hygrothermal behavior of bio-based building materials
including hysteresis effects: Experimental and
numerical analyses,” Energy Build., vol. 84, pp. 617—
627, Dec. 2014.

ICBBM & ECOGRAFI 2017

[19] NF EN 12664, “Thermal performance of building
materials and products. Determination of thermal
resistance by means of guarded hot plate and heat
flow meter methods. Dry and moist products of
medium and low thermal resistance,” pp. 75-225,
2001.

[20] “NF EN I1SO 12571 Hygrothermal performance of
building materials and products- Determination of
hygroscopic sorption properties,” 25-Oct-2013.

[21] E. Guggenheim, “Application Of Statistical
Mechanics,” Oxford University Press, 1966.

[22] A. V. Luikov, “System of differential equation of
heat and mass transfer in capillary porous bodies,”
International Journal of Heat and Mass Transfer, pp.
1-14, 1957.

[23] S. Whitaker, “Simultaneous Heat, Mass, and
Momentum Transfer in Porous Media: A Theory of
Drying,” Advances In Heat Transfer, 1977.

[24] J. R. Philip and D. A. De Vries, “Moisture
Movement in Porous Materials under Temperature
Gradients,” Transactions, American Geophysical
Union, pp. 222-232, Apr-1957.

[25] Comsol Multiphysics,
http://www.comsol.com/products/multiphysics/.

Volume 35 - Issue 2

400



