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HIGHLIGHTS. 

- sunflower-based concrete is highly hygroscopic and has self-insulating properties; 

- glycerol carbonate limits shrinkage of earth plasters; 

- clay-rich earth plaster exhibits higher sorption and moisture buffer capacity; 

- a coupled heat and moisture transfer model satisfactorily estimates MBV. 

ABSTRACT. The hygrothermal behaviour of bio- and geo-based bilayer wall assemblies is 

investigated. The highly hygroscopic nature and thermal insulating properties of a sunflower-based 

concrete make it a promising building material. However, vegetal concretes are usually coated to satisfy 

aesthetic requirements. Therefore, the finishing layer is taken into consideration when investigating the 

hygrothermal behaviour of a wall. To improve the heat and mass storage and transport properties, 

without jeopardizing the general behaviour of plasters, an organically admixed mortar formulation was 

developed and the hygrothermal properties of each layer (sunflower concrete and plaster) were 

determined experimentally. The data were included in a coupled heat and moisture transfer 1D-model, 

which was applied to simulate the hygrothermal behaviour of the sunflower concrete specimen coated 

with earth plaster. The comparison of numerical moisture buffer values with experimental data for the 

wall assembly gave satisfactory results in spite of the heterogeneity of the materials and the experimental 

uncertainty. As expected, the numerical results show that the bilayer structure with the optimised plaster 

exhibits higher moisture buffer capacities than one with the reference formulation. 

KEYWORDS. bio-based concrete, earthen plaster, bilayer wall, hygrothermal properties, moisture 

buffer value, simulation. 

 Introduction 

The use of environmentally friendly materials with good thermal and hygroscopic properties appears 

to be a good way of reducing the environmental impact of buildings. Among such materials, bio-based 

concretes exhibit satisfactory thermal properties and, more importantly, high hygric abilities. Their 

thermal conductivity is approximately 0.1 W/(m.K) [1], so these composites can be considered as self-

insulating materials. Moreover, the use of such material buffers indoor humidity, delays the transmission 

of outside climate variations and improves indoor air quality more efficiently than other traditional 

walls: its water vapour resistance factor usually ranges from 5 to 12 [2]–[10] and its Moisture Buffer 

Value (MBV) is higher than 2 g/(m².%RH) [7]–[9], [11]–[14]. Hence, vegetal concretes help to reduce 

energy needs while maintaining good indoor comfort. 

Nevertheless, in practice, bio-based concrete walls are coated for aesthetic reasons and the use of 

coating or inner layers can influence the moisture buffering ability of the vegetal concrete wall. 

Since they are less porous than vegetal concretes, plasters present higher thermal conductivity and 

vapour resistance factor, and weaker hygroscopic behaviour [15]. Consequently, the coating induces an 

additive vapour resistance that reduces and delays the vapour transfer through the wall [16], [17]. 

However, it does not stop the sorption-desorption and/or the evaporation-condensation phenomena in 

vegetal concrete, preserving their breathing properties as underlined by Collet and Prétot [16], [18] and 

Aït Ouméziane et al. [19]. 



As the storage and transfer potentials are altered by the presence of a plaster, the moisture buffering 

capacity of the multi-layer structure is likely to decrease. Colinart et al. [15], Maalouf et al. [20] and 

Tran Le et al. [21] have shown that the use of a less hygroscopic material on the surface of a vegetal 

concrete wall lowers the vapour exchange between the wall and the atmosphere inside the room. The 

ability of the wall to attenuate ambient variations in relative humidity is thus reduced by 15 to 50%; the 

humidity amplitude is greater in the presence of a plaster [15], [20]–[22]. However, Latif et al. [12] 

pointed out that adding 18 mm of lime plaster did not significantly reduce the MBV of lime-hemp 

concrete. The coating did not compromise the water capacity of the bio-based wall, which remained 

excellent. The numerical simulations by Evrard and De Herde [23] on hemp concrete characterised by 

Evrard [3] seem to agree with this observation. These opposite observations show the dependence of the 

materials’ properties on ambient variation attenuation abilities of the wall assembly. When the substrate 

and the coating exhibit similar storage and transfer potentials, the moisture buffering capacity of the 

multi-layer structure is less impacted. 

The thickness of coating plays a key role in the capacity of the wall to capture, transfer and store 

moisture [17], [19]. For a given coating formulation, numerical simulations show that the increase in 

thickness lowers the quantity of moisture in the vegetal concrete: the relative humidity in hemp concrete, 

at a depth of 8 cm, decreased by 45 to 47% when the plaster thickness increased from 3 to 5 cm [19]. 

Regarding mix design, sand-lime or hemp-lime coatings are usually applied to bio-based walls. Their 

higher porosity gives lime-based plasters stronger sorption capacities than conventional ones [17], [24]. 

The ability to mitigate hygric variations is more marked inside the wall when the pores are 

interconnected and the water vapour permeability of the plaster is high. Among the coatings applied and 

characterised, earth-based plasters showed the best performances in terms of moisture buffer capacity, 

comfort, and energy consumption [22], [25]. The clay-based formulations appear to be promising and 

should therefore be favoured for the coating of walls made of vegetal concrete. 

The limited environmental impact [26] and the positive effect of earth plasters on hygric comfort 

[13], [27], [28] have already been proved. As hygric regulators, clayish plasters are considered as good, 

or even excellent, their MBV ranging from 1.1 to 3.7 g/(m².%RH) [13], [27], [28]. The moisture 

buffering effect of unfired clay plaster has demonstrated the strong influence of clay content and the 

mineralogy involved on indoor humidity. The works of McGregor et al. [28] and Palumbo et al. [29] 

consider that the nature of the soil (grain size and mineralogy) has a major effect on the MBV. Kaolinite-

based materials exhibited a limited buffering ability compared to coatings formulated with clays having 

stronger sorption properties [29]. 

The work reported in the present paper aimed to develop a high-performance hygrothermal bilayer 

wall composed of a sunflower-based concrete coated with an earth plaster. The choice of the two 

constitutive materials of the wall for this study was based on previous works [30], [31], in which the 

formulations have demonstrated their high potential as self-insulating/self-supporting wall filling 

material and interior plaster, respectively. Their performance as components of a bilayer structure is 

discussed here. 

The two layers are characterised individually in the first part of this article, regarding their water 

sorption and vapour permeability behaviours as well as thermal conductivity and specific heat capacities. 

The second part of the study is dedicated to the assessment of the assembly with both experimental and 

numerical approaches for the estimation of the buffering potential of such a bilayer structure. 



 Materials and methods 

 Sunflower-based concrete 

Previous work led to the definition of the design and manufacturing procedure for the vegetal 

concrete produced here [30]. This material is composed of sunflower bark aggregates and a metakaolin-

based pozzolanic binder. 

New specimens of Metakaolin-Sunflower concrete were produced, according to the same mix 

proportions and methodology as the one defined in [30].  Vegetal concrete specimens were 

manufactured in cylindrical moulds 11 cm in diameter and 6 cm in length for water vapour permeability 

tests, and cast in 15 cm x 15 cm x 15 cm moulds for moisture buffering tests. 

 Unfired clay plasters 

The earth plasters studied were composed of earth, a siliceous river sand (0-2 mm) and tap water. 

The soil selected for this study was investigated in previous work [31], [32]. It was composed of quarry 

fines from aggregate washing processes. 

Various proportions of sand and water were mixed with the earth to design a valid plaster regarding 

shrinkage cracks. The plaster with the highest earth to sand ratio that did not exhibit cracks was selected 

as the reference formulation. The selected formulation was designed with 15% earth content (i.e. soil to 

sand ratio of 1:6.5). 

The combination of two admixtures, Flax Fibre (FF) and Glycerol Carbonate (GC), was tested here 

to develop a high-clay-content earth plaster. Previous work to evaluate the potential of organic stabilisers 

[31] had demonstrated that, among six admixtures, only flax fibre showed sufficient crack reduction to 

meet the aesthetic and mechanical requirements for indoor plastering. This study also explores the 

effects of glycerol carbonate addition. This additive was prepared from a renewable raw material, 

glycerol, which is generated by the chemical conversion of vegetable oils. Glycerol is thus a co-product 

in the industrial productions of fatty acids (surface active agents) and of biodiesel [33]. Glycerol 

carbonate was used by Magniont et al. [33] as a green admixture in a hydraulic lime and metakaolin-

based binder. This work demonstrated the positive effect of glycerol carbonate on the reduction of 

shrinkage: thanks to its low surface tensions in the capillary fluid, the level of microcracking was 

significantly reduced. 

In all cases, mortars were prepared by using the mixing procedure: 

- mix the clay and sand at low speed; 

- add water to the solid phase and adjust the amount to ensure a flow table value of 175 ± 5 mm as 

proposed in the German standard [34], while mixing at low speed; 

- mix the mortar at higher speed; 

- stop the mixer and leave the mixture to rest for a few minutes; 

- complete mixing at high speed. 

When required, glycerol carbonate was mixed with water before being incorporated into the solid 

phase. In contrast, fibres were added directly into the wet mixture. The water content of fresh plaster 

was measured by drying at 60°C. 

 Manufacturing of coated samples 

The plasters were applied either on a fibrewood panel or on a sunflower-based concrete. Either way, 

the substrate was oiled and sprayed with water in advance. Once dry, the substrate was lightly and evenly 

water sprayed again immediately before the application of a plaster coating. The fresh mortar was the 

directly applied to the prepared substrate with light impulsion. The plaster was easily levelled using a 

wooden frame and a trowel. The thickness of the plasters was either 1 cm or 2 cm. 



 Procedures 

2.2.1. Shrinkage assessment 

The shrinkage test was conducted according to the procedure proposed in [35]: an earth plaster is 

considered to be of acceptable mechanical quality if, after shrinkage, there are no cracks through which 

water can penetrate into the wall and if the plaster is not detached (even partially) from the substrate. 

After drying, the presence or absence of cracks in two 25 x 25 cm² and 1 cm thick plaster samples 

per formulation was detected by image analysis. The cracking assessment was processed by numerical 

isolation of the fissures using Matlab and a specific algorithm. This work enabled the cumulative 

developed length of cracks to be characterised quantitatively. 

Regarding the coating adherence, shear tests are performed: samples were loaded by a 2 kg device, 

which corresponded to the plaster self load with a safety coefficient of 10, considering a thickness of 

30 mm. If, after 30 seconds, all specimens resisted the load, it was considered that the substrate had been 

well prepared and that the mortar was of sufficient quality [36]. The assembly was identical to the one 

presented in [31]. 

2.2.2. Mercury porosimetry 

Tests were performed using an AutoPore IV 9500 (Micromeritics) mercury porosimeter, which has 

a measuring range of 0.0007-420 MPa. Common values of 𝛾 and 𝛼 were used [37]–[39]: the mercury 

surface tension was 485 J/m² and the contact angle was 140°.The contact angle, 𝛼, was assumed to be 

constant during intrusion and extrusion. Total porosity and pore size distribution were obtained over the 

entire operating diameter range (from 0.4 nm to 400 µm). Before testing, samples were dried in an oven 

at 50°C. 

Two samples of each material were tested to check that the mercury intrusion behaviour was similar 

for both. 

2.2.3. Hygric properties 

Sorption isotherms 

Dynamic Vapour Sorption (DVS) is a gravimetric technique that measures the amount of water that 

is adsorbed by a sample at equilibrium. First, the test specimens were dried in the DVS for 3 hours at 

60°C. The sorption isotherm was measured at 23°C, according to the standard EN NF ISO 12571 [40]. 

The amount of water adsorbed was measured at successive stages of increasing relative humidity: 0, 20, 

40, 60, 80 and 95% RH. The water content was calculated from the dry mass of the specimen. For each 

step, moisture balance was considered to be reached in the specimen when the mass variation [%] over 

the period of time (dm/dt) was less than 5.10- 5%/min over a ten-minute period or in a maximum time 

interval of 720 min for the first three steps, 1440 min for 60 and 80% RH and 2160 min for the last step. 

Water vapour permeability 

Tests were performed on three cylindrical specimens 6 cm in height and 11 cm in diameter. Both the 

wet and dry cup methods were applied as specified in standard NF EN ISO 12572 [41]. Before testing, 

samples were stored and were initially in equilibrium with air at 25 ± 1°C and 60 ± 5% RH. The criterion 

for equilibrium was that the weight of the sample must have stabilized so that two successive daily 

determinations (24 hours apart) of the weight agreed to within 0.1% of the mass of the test specimen. 

The specimen was positioned in an aluminium cup in such a way as to avoid contact with the saline 

solution, which was placed at the bottom of the cup (Figure 1). The whole set- up was surrounded by 

an aluminium tape at the junction of the support and the specimen. The system was placed in a climatic 

chamber regulated at 25 ± 1°C and 60 ± 5% RH and ventilated so that the air velocity at the surface of 

each specimen was greater than 2 m/s. The relative humidity in the cup was controlled by a saturated 

salt solution of potassium nitrate (93.58 ± 0.55% at 25°C) for the wet cup and of sodium hydroxide 



(8.24 ± 2.1% at 25°C) for the dry cup, while the relative humidity around the cup was controlled by air 

conditioning. The gradient of relative humidity created an outgoing flow of water vapour in the case of 

the wet cup and an incoming flow with the dry cup. 

 
Figure 1. Test cup scheme adapted from Vololonirina and Perrin [42]. 

The systems were weighed regularly until a steady-state vapour flux was reached. The transmission 

rate of water vapour through the sample, G, determined by linear regression of the kinetics of mass and 

the water vapour permeability, 𝛿𝑃, was then deduced: 

𝐺 =
∆𝑚

∆𝑡
 (1) 

𝛿𝑃 =
𝑒

𝐴. ∆𝑃𝑣
𝐺

−
𝑑𝑎
𝛿𝑃,𝑎

 
(2) 

where 𝐺 is the mass flow rate [kg/s], 

∆𝑚, mass variation [kg], 

𝑡, time [s], 

𝛿𝑃,𝑎, water vapour permeability [kg/(m.s.Pa)], 

𝑑, thickness of the specimen [m], 

𝑑𝑎, thickness of the air gap [m] 

𝐴, exposed surface area [m²], 

∆𝑃𝑣, vapour pressure difference [Pa]. 

The vapour pressure was calculated using: 

𝑃𝑣 = (𝑅𝐻2 − 𝑅𝐻1) ∗ 610.5 ∗ 𝑒
17.269𝑇
237.3+𝑇 (3) 

where 𝑅𝐻1 and 𝑅𝐻2 are the relative humidity inside and outside the cup, respectively [%], 𝑇 is the 

temperature [K] and 𝛿𝑃,𝑎 is the water vapour permeability in air [kg/(m.s.Pa)]. The air permeability can 

be expressed by the Schirmer formula. At 25°C and standard atmospheric pressure, 

𝛿𝑃,𝑎 = 1.96 10- 10 kg/(m.s.Pa). 

The water vapour diffusion resistance factor, 𝜇, corresponds to the ratio of the diffusion coefficients 

of water vapour in air and in the building material. Thus, it represents the factor by which the vapour 

diffusion in the material is impeded with respect to diffusion in stagnant air. For very permeable 

materials, such as mineral wool, the resistance factor is close to 1 whereas impermeable materials show 

a much higher value. For instance, polyethylene sheet resistance factor ranges from 50 000 to 320 000. 

 



Moisture buffer value 

The moisture buffering performances of the specimens were assessed according to the NORDTEST 

protocol [43]. For each the wall assembly, measurements were conducted on four specimens of bio-

aggregate-based materials (7.5 x 7.5 x 15 cm3) coated with 1 cm or 2 cm of earth-based plaster. Before 

testing, the test specimens were sealed on all but the coated side with aluminium tape. Then they were 

stored and initially in equilibrium with the air at 23 ± 5°C and 50 ± 5% RH. The test specimens were 

placed in a climatic chamber where the air velocity was about 0.1 ± 0.05 m/s, set to expose samples to 

a daily relative humidity cycle (8 hours at 75% RH - 16 hours at 33% RH). The temperature was kept 

constant at 23°C. 

The weight gains and losses of samples were tracked with an accuracy of 0.01 g using an adaptation 

of the NORDTEST protocol: instead of the frequently recommended technique, the samples were 

weighed twice per cycle, immediately before the change of RH step, to minimize the disturbances caused 

by frequent opening of the climatic chamber. 

The NORDTEST protocol determined the MBV value at the steady state, i.e. when, for three 

consecutive cycles, the material satisfied the following conditions: change in mass, Δm [g], less than 

5% between the last three cycles; and difference between weight gain and weight loss within each cycle 

less than 5% of Δm. In each cycle, Δm was determined as the average of the weight gain during the 

moisture uptake branch of the cycle and the weight loss during drying. The steady state was reached 

after about 3 weeks of daily variation. 

2.2.4. Thermal properties 

Thermal conductivity 

The thermal conductivity of the dried materials was measured by the hot wire transient method. This 

technique consists of placing a shock probe between two pieces of material so that power can be 

broadcast and the rise of temperature within the material can be measured. 

This transient method only allows local measurements. To tackle the question of accuracy and 

representativeness for heterogeneous materials such as plant concrete, thermal conductivity was defined 

as the average of at least ten measurements. For each formulation, the device was placed at several 

locations on different samples. Due to the anisotropic arrangement of vegetal concretes in the sunflower-

based concrete, the hot wire was located in a plane parallel to the direction of compaction of the 

specimens, in diverse positions. The measured value therefore corresponds to an intermediate value 

between conductivity in the directions parallel and perpendicular to the direction of compaction. 

Nevertheless, deviation from the mean value was only of 7%. A Neotim-FP2C hot wire apparatus was 

used for this study. The heat flow and heating time were chosen so that a temperature rise higher than 

5°C and a correlation coefficient between experimental data and theoretical behaviour higher than 0.999 

could be reached. 

Specific heat capacity 

The specific heat capacity of a material is its ability to store thermal energy. The method used was 

based on detecting the changes of temperature and heat flow caused by endothermic and exothermic 

processes of the materials. A direct measurement was made by means of differential scanning 

calorimetry (DSC) on each component of earth plaster and sunflower based concrete. 

DSC measurements followed standard ISO 11357-4 [44], using a continuous-scan programme in 

which the temperature increased from about 16°C to 140°C. The heating rate was 20 K/min. One 

measurement was performed for each material. The specific heat capacity was then determined at 23°C. 

To overcome problems of the representativeness of small samples taken from composite materials, 

determination of the heat capacity of the composite materials in the dry state was based on the specific 

heat capacities of each component: 



𝑐𝑝
𝑑𝑟𝑦

=∑𝑥𝑖
𝑖

𝑐𝑝,𝑖 (4) 

From the dry specific heat capacity, the heat capacity at 50% RH could be estimated: 

𝑐𝑝 =
1

1 + 𝑢
𝑐𝑝
𝑑𝑟𝑦

+
𝑢

1 + 𝑢
𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 (5) 

with 𝑢 the moisture content [kg/kg] and 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 the specific heat capacity of water 

(𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 = 4187 J/(kg.K)). This method of calculation was previously used and validated by Seng et al. 

[45]. 

 Numerical simulation 

The experimentally measured properties of the two materials were used as input data for the 

numerical simulations of the moisture buffering behaviour of the coated bio-based concrete. The model 

was implemented in the FEM software COMSOL, using the Partial Differential Equations module. 

 Heat and mass transfer 

The model developed by Seng et al. [46] was used for the heat and moisture transfer in 1D through 

the earth plaster and sunflower concrete layers in the wall. The resulting system of equations describing 

the moisture transfer, energy transfer and moisture phase change rate are the following: 

{
 
 
 

 
 
 

𝜕𝑤

𝜕𝑃𝐶

𝜕𝑃𝐶
𝜕𝑡
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𝜌𝑙
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𝑇
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𝑖
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1

1 −
𝜌𝑣

𝜌𝑙⁄
)
𝜕𝑤

𝜕𝑡
= −𝜵(𝛿𝑃,𝑙𝜵𝑷𝑪) + 𝑆

 (6) 

where 𝑤 is the total moisture content [kg/m3] and 𝑤𝑖 the moisture content [kg/m3] with 𝑖 =  𝑙 for 

liquid water and 𝑖 =  𝑣 for water vapour, 

𝛿𝑃,𝑙 and 𝛿𝑃,𝑣 are respectively the liquid and vapour permeabilities [kg/(m.s.Pa)], 

𝜌𝑙, 𝜌𝑣 and 𝜌𝑠 are respectively the liquid water, the water vapour and the material apparent densities 

[kg/m3], 

𝑃𝑣 is the vapour pressure [Pa] and 𝑃𝑣
𝑠𝑎𝑡 is the saturated vapour pressure [Pa], 

𝑐𝑝,𝑖 is the specific heat capacity of water vapour or liquid water [J/(kg.K)], 

𝜆 is the material thermal conductivity [W/(m.K)], 

𝓥𝑖 is the velocity of water vapour or liquid water [m/s] and 𝐿𝑣 is the latent heat of vaporisation [J/kg]. 

The parameters studied were the capillary pressure 𝑃𝐶 [Pa], the temperature 𝑇 [K] and the source 

term 𝑆, which corresponds to the moisture phase change rate [kg of moisture/m3 of material/s]. 

 Initial values and boundary conditions 

The boundary conditions between the outer wall layer and the air in the climatic chamber were 

described with a convective heat flux 𝑞𝑐𝑜𝑛𝑣 [W/m²] and a convective mass transfer flux 𝑔𝑚 [kg/(m².s)]. 



{
𝑞𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣 (𝑇𝑎𝑖𝑟,𝑠𝑢𝑟𝑓 − 𝑇𝑎𝑖𝑟)

𝑔𝑚 = ℎ𝑚 (𝑃𝑣,𝑠𝑢𝑟𝑓 − 𝑃𝑣,𝑎𝑖𝑟)
 (7) 

where ℎ𝑐𝑜𝑛𝑣 is the convective heat transfer coefficient (= 2.5 W/(m².K) based on NF EN 15026 [47]) 

and ℎ𝑚 is the convective mass transfer coefficient [kg/(m².s.Pa)]. Based on scale analysis, the latent 

effect was found negligible and thus is not considered in the boundary condition of the thermal equation 

[46]. 

Temperature and capillary pressure continuity were considered at the interface between material and 

air cavity: 

{
𝑇 𝑎𝑖𝑟,𝑠𝑢𝑟𝑓 = 𝑇𝑚𝑎𝑡,𝑠𝑢𝑟𝑓
𝑃𝑐,𝑎𝑖𝑟 = 𝑃𝑐,𝑠𝑢𝑟𝑓

 (8) 

As a multi-layered building material, the coated sunflower concrete wall requires us to focus on the 

interface when choosing the contact. Even though there may be some air pockets at the interface between 

the two composites, the contact is assumed to be perfect. In consequence, heat and moisture flows are 

continuous between layers, which implies that vapour and capillary pressures are continuous across the 

interface. 

 Results and discussion 

 Sunflower-based concrete hygrothermal characterisation 

4.1.1. Hygric properties 

Vegetal concrete adsorption isotherms were determined in a previous work [30]. From this 

measurement, it was possible to determine the moisture capacity in the 33-75%RH range: this value is 

of 0.057 kg/kg, which demonstrates the great hygroscopicity of the material. 

Complementary tests were carried out to characterise the hygric behaviour of the sunflower-based 

concrete. Water vapour permeability tests were conducted according to both the wet and the dry cup 

methods. Average values are given in Table 1. 

 
Water vapour permeability, 𝜹 

[x10-11 kg/(m.s.Pa)] 

Water vapour diffusion 

resistance factor, 𝝁 [-] 

Dry cup 

(8-60% RH) 
15.0 ± 5.2 1.4 ± 0.4 

Wet cup 

(60-93% RH) 
13.9 ± 4.4 1.5 ± 0.5 

Table 1. Average water vapour permeability and resistance factor of sunflower concrete. 

While surprisingly close, the water vapour permeability values obtained with the two assembly types 

attest to the high permeability of the tested material to water vapours. This result is consistent with the 

very open porous structure (71.5 ± 5.3% of open pores) revealed by both mercury intrusion porosimetry 

and X-ray tomography in [30]. 

The diffusion resistance values are in accordance with the results obtained previously [30], for the 

same material mix design used for a different batch. The values were found to be much lower than 

factors from the literature [3], [5], [7]–[9], ranging from 4 to 12. This difference can be attributed to test 

parameters as stated by Vololonirina and Perrin [42], in particular to the relative humidities applied. 

Tests were conducted under 10/60%RH and 60/93%RH conditions here, while most authors determine 

water vapour permeability under 0/50%RH and/or 50/93%RH. Due to surface diffusion and capillary 

condensation, which become noticeable at higher humidities, the variation of local relative humidity 



from the values found in literature is likely to explain the higher values of water vapour permeability 

encountered in the present study. As evidenced by Chamoin et al. [6], for hygroscopic materials, the 

water vapour permeability increases with relative humidity. 

Moreover, the air velocity on the surface of the specimens also seems to impact significantly the 

water vapor flow. Even if the minimum value of 2 m/s as recommended for highly porous materials in 

the standard NF EN ISO 12572 [41] is verified, it can be observed that air velocity varying between 2 

and 4 m/s leads to water vapor permeability values quite distinct. The influence of this parameter was 

not properly assessed in this study and to the authors’ knowledge, no publication on the matter is yet 

available. 

4.1.2. Thermal performances 

The thermal conductivity value of concrete was determined in [30]. It is recalled, along with the 

measured and calculated heat capacities of the sunflower and metakaolin-based concrete, in Table 2. 

 

Bio-based concrete 

Metakolin-based 

binder paste 

Sunflower 

aggregate 

Mass ratio [%] 0.69 0.31 

Specific heat capacity at 23°C [J/(kg.K)] 870 1541 

Heat capacity [J/(kg.K)) 
dry state 1078 

50% RH 1184 

Density [kg/m³] 461.71 ± 16.27 

Thermal conductivity [W/(m.K)] 0.128 ± 0.009 [46] 
Table 2. Thermal properties of the vegetal concrete. 

The specific heat capacity of the self-insulating material is consistent with results from other studies. 

In the literature, the specific heat capacity of bio-based concretes varies between 770 and 1560 J/(kg.K) 

[2], [3], [37], [48], [49]. 

 Clay-rich plaster 

4.2.1. Optimal plaster formulation research 

The objective of this work phase was to define an earth-based coating formulation that was richer in 

clay minerals than a reference formulation (5% of clay minerals) and not stabilized, without 

compromising its mechanical behaviour. Thanks to the effect of additives, a higher clay content in 

plaster should improve the hygric performance of earthen materials. 

To check that the mechanical performances of the plaster were not compromised, two tests were 

carried out: the shrinkage cracking of dry plasters was evaluated before the adhesion between the plaster 

and its substrate was tested. This methodology, developed by Hamard et al. [35], aims to assess the 

validity of a coating formulation and its compatibility with the substrate. A plaster is valid from a 

mechanical standpoint when, after drying, it shows no cracks through which water could penetrate and 

is not detached, even partially, from the support. 

In order to guarantee the maximum objectivity of the comparative analysis of mortar cracking, a 

Matlab program was developed. Two elements were considered to quantify the cracking network: the 

cumulative length of cracks on a plaster specimen and the percentage of cracked surface compared to 

the total surface area of the wall coated were evaluated. Thus, for each formulation tested, quantified 

data were obtained, cumulating crack lengths or surface areas for the two 250 x 250 mm² plaster 

specimens. 



Table 3 summarizes the formulations tested to maximise the clay content in plaster while 

guaranteeing the absence of shrinkage defects. 

 Earth content [%] Admixture Cracking 

Reference 

formulation 
15 - no 

Cracking 

reduction test 

formulations 

20 - 

first non-stabilised 

formulation exhibiting 

cracks 

20 0.5% flax fibres no 

20 1% glycerol carbonate no 

33 - yes 

33 
0.75% flax fibres + 2% 

glycerol carbonate 
few small cracks 

Optimised 33 
0.75% flax fibres + 

1% glycerol carbonate 
no 

Table 3. Summary of the tested formulations. 

The effect of the adjuvants on the cracking of the plasters was first assessed in relation to the mortar 

having a 20% soil content (Figure 2), which was the first non-stabilised formulation exhibiting cracks 

potentially compromising the durability of the wall. Figure 3 shows the evolution of cracking on the 

surface of the plaster specimens thanks to the addition of 0.5% by mass of the solid phase in the form 

of flax fibres or 1% of glycerol carbonate. 

20% soil 20% soil + 0.5% FF 20% soil + 1% GC 

   
Figure 2. Shrinkage test binarised images. 



 
Figure 3. Evaluation of the reinforcement effect of flax fibres (FF) and glycerol carbonate (GC) through cumulative cracking 

length and cracking area ratio assessment. 

These measurements highlight the efficacy of the two adjuvants tested in reducing the cracking of 

20% soil plasters. The cumulative length of the cracks is halved as a result of flax fibre reinforcement, 

while the glycerol carbonate allows a reduction by a factor of 10 compared to the non-adjuvanted 

formulation. These additives therefore have a high potential for decreasing the cracking of earth plasters. 

For the formulations richest in clay, a search for the optimal amount of adjuvant was undertaken. For 

33% soil plaster, the fibre content had to be increased - but without exceeding 0.75% in order to meet 

workability requirements. The effect of glycerol carbonate, introduced at 1% or 2%, was also 

investigated. Figure 4 shows the impact of glycerol carbonate content on the 33% soil mix reinforced 

with 0.75% flax fibres. 

 
Figure 4. Evaluation of the impact of glycerol carbonate on the cracking reduction of 33% soil + 0.75% FF formulation. 

It has emerged from this numerical assessment that increasing the surfactant content does not 

necessarily have a beneficial effect on reducing cracking. While the addition of 1% glycerol carbonate 

greatly helps the reduction of shrinkage cracks, doubling the dose is likely to have a deleterious effect. 

This observation was also expressed by Magniont et al. [50] regarding pozzolanic-based binder paste. 

The incorporation of up to 1% glycerol carbonate induces an increase in the amount of water evaporated 
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from the capillary pores, generating limited shrinkage as the evaporation of the capillary water leads to 

only little capillary tension, due to the larger diameter of the capillary pores [51]. Magniont et al. 

demonstrated the existence of a limit concentration of glycerol carbonate, beyond which the total 

shrinkage of the admixed paste rose again. The dose was about 1.5% for pozzolanic binder. This 

outcome is consistent with the trends found in present study. 

In view of the cracking analyses carried out, the formulation containing 33% of earth, admixed with 

1% of glycerol carbonate and reinforced with 0.75% of flax fibres was selected as the optimal 

formulation. 

To ensure its validity, a shear stress test was conducted. The compatibility with the substrate (i.e. the 

sunflower-based concrete characterised in Section 4.14.1) was tested for both the non-admixed 15% 

earth-based plaster and the optimised formulation plaster. Since no specimen collapsed under loading, 

the plasters are considered as satisfactory with regard to their mechanical behaviour. Their hygrothermal 

performances can therefore be evaluated. 

4.2.2. Physical and hygrothermal characterisation 

Porous structure and apparent density 

The porous structure was evaluated by means of mercury porosimetry measurements. The results, 

along with apparent density values, are given in Table 4. 

 
Apparent density [kg/m3] 

Total porosity [%] 
measured by MIP geometrical measurement 

15% earth-based 

plaster 
1917 ± 22 1881 ± 39 31.2 ± 0.4 

33% earth-based 

admixed plaster 
1593 ± 46 1601 ± 38 41.2 ± 0.8 

Table 4. Physical properties of earth-based plasters studied. 

The density of the materials is in the 1500 - 2000 kg/m3 range, and thus in accordance with the results 

available in literature on clayish coatings [27], [29], [52]–[60]. The effect of clay content on density 

differences was not obvious. While Lima et al. [58] witnessed a slight upward trend in bulk density 

when the clay fraction was greater, Gomes et al. [56] noted the opposite effect. 

On the other hand, the addition of vegetal particles tends to lower the density of earthen plasters [27], 

[56], [60]–[62], as agroresources, occupying a volume no longer filled with clay matrix, have a lower 

density than the latter, so the plaster density is logically lowered. 

Moreover, the porosity exploration within plasters epitomized the evolution of the volume of voids 

between the non-stabilised formulation and the optimised one. In the range of pores explored, the total 

porosities of the coatings were found to be 31.19 ± 0.35% for the raw mix and 41.19 ± 0.77%, for the 

optimised formulation. These total porosity values are in agreement with studies by other authors, which 

generally report open porosities ranging from 25 to 40% [27], [55], [56], [59], [60], [63], [64]. 

In particular, the present results show that the optimised formulation clearly has a greater quantity of 

void than the non-stabilised mortar does, with a variation of 32%. To better understand the origin of this 

change in the porous structure, the pore distributions of the two plasters are presented in Figure 5. 



 
Figure 5. Pore size distributions, with and without optimisation of earth-based plasters. 

In both cases, two main pore families can be identified: a peak between 1 and 6 µm and a second one 

corresponding to pores larger than 20 µm are evidenced. It can be noted that the pore distribution of the 

plaster without admixture is largely preserved despite the organic additions. Regarding the pore families, 

only the peak related to cavities with a diameter ranging from 30 to 300 µm on the 15% soil-based 

plaster is shifted; their size is reduced, passing into the 10-70 µm range when stabilised. 

The figure shows a clear increase in the amount of voids irrespective of the size. More specifically, 

the greater presence of pores with diameters larger than 100 µm can be pointed out. This finding is 

consistent with the values obtained regarding the total porosity of materials. 

Thanks to their large porous network, earth plasters have the ability to capture, store and transport 

both water and heat. 

Sorption isotherms 

The sorption capacities of plasters are plotted in Figure 6. 

 
Figure 6. Sorption isotherms of basic plaster without admixture and optimised coating formulation. 
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The sorption curves show the same sigmoidal shape, type II according to the IUPAC classification 

[65], characteristic of macro- and mesoporous media. At low and medium humidities, the two 

formulations tested achieve similar sorption capacities with, at 40% RH, a moisture content of 

approximately 0.7% in the adsorption phase and 0.8% in desorption. It can come from the fact that, for 

smaller pores, the two coatings show similar pore size distribution which is consistent with a comparable 

sorption capacity below 40% RH in the monolayer adsorption domain. Beyond 40% RH, the optimised 

material has higher moisture storage capacity than the plaster without admixture, reaching nearly 2% at 

saturation state, compared with 1.2% in the case of the sandy mix design. In the range of 33-75%RH, 

the moisture capacity of the optimised formulation (0.0124 kg/kg) is about twice as high as the reference 

one (0.0066 kg/kg). The differences are marked on high relative humidity levels in the area of capillary 

condensation in large pores since the optimised coating exhibits a larger volume of pores than the 

reference plaster. 

This behaviour is in agreement with the adsorption capacities of earthen plaster described by 

McGregor et al. [28] and confirmed by the greater void content in optimised plasters as evidenced by 

the mercury porosimetry measurements. The difference between the moisture-trapping properties of the 

two tested clayish materials is consistent with the increased clay content between the benchmark 

formulation and the optimised mortar, the amount of clay in the latter being twice as high as in the 

former. The sorption capacities of earthen materials are known to be mainly dictated by clay minerals: 

the decrease in clay content in plasters, due to sand additions, leads to a significant decrease in the 

hygroscopic properties of the material [58]. The presence of vegetal particles would also tend to promote 

moisture absorption according to some authors [27], [64], [66], [67]. 

Water vapour permeability 

The permeability measurements were carried out according to both the wet and the dry cup methods. 

The values of permeability and water vapour diffusion resistance factors are given in Table 5. 

 Water vapour permeability 

[x 10-11 kg/(m.s.Pa)] 
𝝁 [-] 

Formulation dry cup wet cup dry cup wet cup 

Reference 4.0 ± 1.0 6.3 ± 2.1 5.2 ± 1.3 3.3 ± 1.1 

Optimised 3.4 ± 0.1 5.9 ± 2.2 5.8 ± 0.2 3.4 ± 0.6 
Table 5. Test results of the water vapour permeability and diffusion resistance factor obtained by dry and wet cup methods. 

The difference in water vapour permeability values between the two formulations are within the 

measurement margin of error. It is therefore not possible to formally conclude on the evolution of the 

moisture transfer capacities of the optimised plaster formulation compared to non-admixed mortar. 

These mixed results might be explained by the fact that the previously evidenced increase in porosity, 

thanks to adjuvantation, can be counterbalanced by the effects of the plant particle additions. Such 

additions are likely to reduce the connectivity of the capillary pores, thus lowering their ability to 

transport moisture, as observed by Laborel-Préneron [68]. 

The water vapour resistance factor is about 3 for the wet cup test, while it ranges from 5.9 to 6.3 

when the dry cup test is used. As mentioned in Evrard et al. [3], the vapour permeability measured with 

the wet cup method is usually higher than dry cup results. In the opinion of the authors, referring to Krus 

[1996], the difference between moist and dry values is due to a liquid flow superimposed on vapour 

diffusion. 

Moreover, the values obtained in this study are below values found in the literature for earthen 

plasters, where the factors generally vary between 4 and 15 for the wet cup test. This difference may 

also be justified by the moisture transportation modes involved, among other things. In the same way as 

for bio-based concrete, this parameter is directly dependent on the choice of the hygrometries applied 

on either side of the material. The increase in vapour permeability with the ambient humidity leads to 

surface liquid diffusion, in a first phase, followed by a capillary condensation for the moistest conditions 

[6]. In the literature, the relative humidity on the outer side of the material under test is usually 50% RH 



(0-50% RH for the dry cup and 50-93%RH for the wet cup). Here, the outside humidity was set at 

60% RH and the inside value was 8%RH. It can therefore be supposed that the liquid transport occurring 

along with vapour diffusion is greater at 60% RH than at 50% RH, leading to higher water vapour 

permeability values. 

Finally, a strong dispersion of the measurements can also be noted. It can be explained by the 

heterogeneity of air velocity inside the climatic chamber, which can differ from one specimen to another. 

Thermal conductivity 

Table 6 shows the thermal conductivity of earth plasters. 

Formulation Density [kg/m3] 
Thermal conductivity 

[W/(m.K)] 

Reference 1881 ± 39 0.629 ± 0.051 

Optimised 1601 ± 38 0.518 ± 0.036 
Table 6. Density and thermal conductivity of earth plasters in dry conditions. 

With a thermal conductivity of approximately 0.5-0.7 W/(m.K), the earth plasters studied cannot be 

considered as thermal insulators. The values obtained are consistent with scientific literature data 

regarding earth plasters [27], [29], [55]–[58], [60]–[62]. Insulating properties have been found to be 

highly dependent on the density, even though density alone does not allow the thermal conductivity of 

earthen plasters to be defined. 

The thermal conductivities of the two coatings can therefore be largely explained by their 

composition. Although sandy materials have better insulating properties than highly clayish plasters 

[56], [62], due to the presence of plant fibres, the reference formulation exhibits higher thermal 

conductivity than the optimised mix design, richer in clay particles. This result is mainly explained by 

the increase in porosity and, thus, the decrease in mortar density. 

Specific heat capacity 

Based on the mass ratios and specific heat capacities of the mortar constituents, the heat capacity of 

earth plasters can be determined. Table 7 summarises the 50% RH heat capacity calculations. 

Composite Raw material 
Mass ratio 

[%] 

Specific heat 

capacity at 23°C 

[J/(kg.K)] 

Heat capacity [J/(kg.K)] 

Dry state 50% RH 

Reference 
sand 0.15 679 

979 1001 
earth 0.85 1032 

Optimised  

sand 0.66 679 

742 766 earth with 1% GC 0.33 843 

flax fibres 0.01 1789 
Table 7. Heat capacity and emissivity determination based on specific heat capacity measurements. 

The heat capacity values obtained for earth plasters are higher for the reference formulation than for 

the optimised one. This finding underlines their greater ability to store thermal energy. These values are 

consistent with results from the literature, which vary between 640 and 1000 J/(kg.K) for earthen 

materials [40], [77]–[82]. 

The results emphasize the significant influence of the porous structure on the hygrothermal behaviour 

of the plaster. While the standard deviation of the water vapour permeability does not allow to draw any 

conclusion on the impact of the tested formulation, higher moisture storage ability is evidenced for more 

porous materials, especially for relative humidities higher than 40%. The higher void content in the 

optimised plaster is responsible for the lower density and thus for the greater insulating potential. 



However, the more porous and hence lighter materials, the lower their capacity to store heat and to delay 

its transmission. 

 Moisture buffering capacity of the coated wall 

4.3.1. Comparison between simulation and experimentation 

The Moisture Buffer Value calculated according to the Nordtest protocol is given in Figure 7. 

 
Figure 7. Numerical estimations and experimental results of the moisture buffer value of bilayer walls. 

Both methods agree on the fact that the tested wall assemblies can be considered as good – or, in 

some cases, even excellent − hygric buffering materials. 

Numerical moisture buffer values for the wall assemblies give results that are quite satisfactory 

compared to experimental findings since boundary conditions were not strictly identical and, given the 

heterogeneity of the materials (composition, air velocity and thickness) and the experimental 

uncertainty, theoretical values differ from the experimental results to a certain extent, particularly for 

the 1 cm optimised wall assembly. Except for the last-mentioned formulation, the deviation between the 

simulation and experimentation data is within the experimental margin of error. 

4.3.2. Influence of plastering 

A value of 3.7 ± 0.6 g/(m².% RH) was measured experimentally for uncoated sunflower concrete. 

When the concrete substrate was coated with an earth-based plaster, the MBV was reduced by 32 to 

52%, to a value ranging from 1.7 to 2.5 g/(m².% RH), depending on the thickness and formulation of 

the coating. A similar trend was observed with numerical values: the MBV was reduced by 30 to 40%. 

This confirms that the coating with less hygroscopic and permeable materials reduces the moisture 

buffer value of building materials. When comparing hemp concrete coated with lime-based plasters to 

uncoated concrete, Lelièvre et al. [75] observed a 40% deviation. Despite these moisture buffering 

capacity decreases, the performances recorded for the sunflower and earth-based wall assemblies still 

fall within the good, or even excellent, class of the moisture buffering materials classification. 

From a plaster formulation standpoint, both experimental results and numerical simulations are likely 

to present a higher MBV of the assemblies with optimised plaster than the ones with the reference mortar 

formulation, as intended. The higher clay content and the fibre additions contribute an MBV increase of 

about 10 and 30% for the 1 cm and 2 cm coated walls, respectively, compared to the reference coated 

assembly wall. It can also be pointed out that the plaster thickness influences more the specimens coated 
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with optimised plaster than with the reference one. This is reminiscent of the theoretical concept of 

penetration depth: the additive vapour resistance that reduces and delays the vapour transfer through the 

wall is plausibly greater for the reference plaster and consequently, the penetration depth is lower than 

for the optimised formulation. Consequently, increasing the thickness of the plaster is of greater 

influence on the penetration depth of the more porous plaster. Similar results can be found in [22]. 

Finally, both experimental and numerical outcomes underline the impact of plaster thickness on the 

MBV of the wall assemblies. As the coating is less hygroscopic than the sunflower substrate, the 

moisture buffering capacity is lowered when the plaster thickness increases from 1 to 2 cm, regardless 

of the coating formulation. Thus, the experimental MBVs are reduced by 5 to 20%, for the reference 

and optimised plasters respectively. The impact of plaster thickness has already been reported in the 

literature [17], [19], [22]. 

 Conclusion 

The present paper focused on investigating the hygrothermal behaviour of bio- and geo-based bilayer 

wall assemblies. The sunflower formulated concrete developed in a previous work was characterised for 

a wall filling application. Its highly hygroscopic and thermal insulating properties make this plant-based 

concrete a promising building material. 

However, bio-based materials are usually coated to satisfy aesthetic requirements within a building. 

Therefore, the finishing layer must be considered when investigating the hygrothermal behaviour of 

building materials. In earth-based plasters, the clayey phase gives the global cohesion of the plaster and 

is responsible for the dry strength, the water vapour permeability and the sorption capacity of earthen 

plasters. However, clay also induces drying shrinkage of the mortar, leading to cracking of the plaster. 

One of the objectives of this work was to improve the moisture buffer capacity of earthen plaster by 

increasing its clay content without jeopardizing the general behaviour of plasters. Based on numerical 

cracking control and a shear test, an optimised formulation was developed. Organic admixture and plant 

fibre addition allowed the clay content to be more than doubled. The optimised material was assessed 

on its hygrothermal properties, comparing its performances with a non-stabilized, low-clay-content earth 

plaster. 

Finally, a coupled heat and moisture transfer 1D-model was applied to simulate the hygrothermal 

behaviour of the coated sunflower concrete specimen with earth-based plaster. The experimentally 

determined hygrothermal properties of each layer (sunflower concrete and plasters) were included in the 

model. Perfect contact was assumed between the two layers. The comparison of numerical moisture 

buffer values with experimental data for the wall assembly gave satisfactory results in spite of the 

materials’ heterogeneity and the experimental uncertainty. As expected, the numerical results showed 

that the bilayer structure with the optimised plaster had higher moisture buffer capacities than the one 

with the reference formulation. The use of such a model could be an alternative to experimental 

measurements of the MBV to estimate the moisture buffering capacity of bilayer walls with variable 

coating layer compositions more quickly. Further investigations could be carried out to increase the 

model accuracy, taking hysteresis and temperature/humidity dependencies into consideration for all 

input data. 
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