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ABSTRACT 

This study examines the evolution of the functional properties of two hemp concretes formulated with 

two different binders over 2 years in different environmental conditions. Stable environmental 

conditions (50% RH – 20°C) have been applied to hemp concretes to obtain the reference aging AREF. 

An accelerated aging process AWD is chosen, consisting of cycles of wetting and drying. In relation to 

the reference aging, no significant variation of the chemical, microstructural and functional properties 

is observed, whether in terms of the thermal, acoustic, hydric or mechanical behavior. During 

accelerated aging, variations of properties are observed: an increase of thermal conductivity, and 

water vapor sorption capacity for both binders and a decrease of acoustic performance for the lime-

based binder. No variation of mechanical properties is observed. These results are linked to 

alterations of the chemical and microstructural properties: hydration and carbonation of the binder, 

mineralization, swelling and shrinkage and consumption of vegetal walls by micro-organisms. By 

comparing these results with measurements carried out under real conditions, this work shows that the 

performance of hemp concretes should remain stable for several years. 

1. INTRODUCTION 

Hemp concrete is an insulating material used for its thermal, hygrothermal and acoustic properties [1–

3]. It is composed of vegetal aggregates, called shiv, which are coated and bound by a thin layer of 

mineral binder (<0.5 mm thickness). The functional properties of the material are related to its 

microstructure, and in particular to the porosity of hemp shiv [4]. Porosity is a key parameter 

controlling thermal and acoustic dissipation phenomena in these materials. 
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A range of disorders have been observed in early hemp concrete constructions, such as binder 

powdering in the core of the material, development of micro-organisms, cracking of the renders 

applied on its surface, or delamination of renders [5]. These issues stem from an unsuitable 

implementation of materials, which causes high water content in the hemp concrete, due, for example, 

to insufficient drying, capillary rise or water infiltration. The validation of construction rules made it 

possible to greatly reduce the occurrence of these construction defects [6]. Today, with a view to 

increasing the use of these materials, the question of the evolution of their long-term performance 

arises. Indeed, the durability of hemp concretes is not yet known, and it is not possible to guarantee 

that a minimum level of thermal, hygrothermal and acoustic performances will be preserved for a given 

time. In this context, some reservations still remain that limit the use of these biobased insulating 

materials. 

The evolution of the properties of hemp concretes depends on the conditions of their use and the 

environment to which they are exposed. Parameters such as relative humidity, temperature, liquid 

water and UV radiation cause changes in chemical and microstructural properties, altering the 

functional properties. Previous studies have shown that water has many impacts on the properties of 

hemp concrete. As a matter of fact, as hemp shiv is hydrophilic, the presence of water leads to a 

swelling of the aggregates which increases the stresses at the interface between the vegetal particles 

and the binder [7], and can lessen the mechanical properties of hemp concrete. In addition, the 

presence of water and mineral binder causes a high pH within the material, causing alkaline 

degradation [8] and/or mineralization of shiv [9,10]. The moisture content also affects the hydration 

reactions [11,12] and the carbonation kinetics [13] of mineral binders. 

Moreover, the presence of plant-based material in the concretes presents an increased risk of fungal 

development: during the retting process, the vegetal compounds can serve as nutrients for the 

development of micro-organisms. These micro-organisms damage the plant structure, resulting in a 

loss of mechanical properties and an increase of water sorption capacity of hemp concretes [14,15]. A 

study on the aging of bulk shiv also highlighted the variation of its hydric properties as well as the loss 

of acoustic properties when it is subjected to cycles of relative humidity (98% for 5 days and 40% for 2 

days) or to outdoor conditions [16]. However, a high relative humidity, greater than 90%, is necessary 

for the proliferation of microorganisms. Thus, no fungal development is observed on hemp concretes 

stored at 30°C and 80% RH for 7 months [17] or submitted to humidification-drying cycles [18]. 

In recent years, initial studies have focused on the durability of hemp concretes. In order to understand 

the evolutions of the material’s properties, laboratory accelerated aging processes have been 

proposed. These tests consist of varying the environmental conditions, and particularly the amount of 

water in the material. Aging protocols are based on variations of relative humidity [19,20], immersion in 

water [21] and freeze-thaw cycles [17,22]. The materials can also be stored in a humid environment (> 

95% RH) [10,13]. During wetting/drying cycles, small variations in functional properties are observed, 

but the aging durations are too short to draw any conclusions on the durability of hemp concretes 

using hygrometry as an aging factor [23]. Such aging conditions are close to the actual conditions of 

use of the material and do not produce changes in the cohesion of the material. During more severe 
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aging conditions, such as cycles of immersion in water and drying, leaching of plant or mineral matter 

is observed. In this case, the aging conditions do not correspond to the environments in which hemp 

concretes are typically used, but rather to accidental situations such as water damage, infiltration or 

capillary upwelling in a building. 

On the basis of the different studies on accelerated aging of vegetal concretes in a laboratory, two 

aging conditions were chosen in this study to assess the durability of hemp concretes. The first is a 

static and controlled environment (AREF) used as a reference. The second is an accelerated aging 

process (AWD), consisting of applying cycles of wetting and drying of the samples, by varying relative 

humidity, at a temperature favorable to the development of micro-organisms. A multiscale and 

multidisciplinary approach reveals possible evolutions of functional properties (thermal, acoustic, 

hydric and mechanical) and allows us to correlate them with an evolution of the microstructural and 

physicochemical properties of the hemp concretes. In order to study the impact of formulation on all 

the long-term properties, two binders, commonly used on site, having a different chemical 

composition, are used. Firstly, the characterization of the functional, microstructural and chemical 

properties of hemp concretes is presented as a function of time, type of aging and binder used. Then, 

the link between the different properties of the material is analyzed in order to identify aging indicators. 

2. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Hemp shiv 

A commercial hemp shiv HS for insulation of buildings and labeled for the manufacturing of hemp 

concrete is used in this study. The main characteristics of the shiv are presented in Table 1: apparent 

bulk density, fiber and dust contents, initial rate of absorption (IRA), water absorption coefficient K1 

and chemical composition. Their particle size distribution and water absorption capacity are plotted in 

Figure 1. All these parameters are measured according to the recommendations of the RILEM 

technical group 236-BBM [24] and the standard NF V18-122. 

Table 1. Physical parameters and chemical composition of hemp shiv 

Physical parameters  Chemical composition (%) 

Apparent bulk density (kg.m
-3

) 118 ± 3  Cellulose 53.3 ± 0.9 

Fiber content (%) 3.3 ± 0.6  Hemicellulose 12.1 ± 0.9 

Dust content (%) 0.5 ± 0.2  Lignin 15.0 ± 0.2 

Initial rate of water absorption (%) IRA = 209 ± 9    

Water absorption coefficient 

(%/log(t/min)) 
K1 = 50 ± 4  Extractive compounds 20 ± 2 
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Figure 1. (a) Particle size distribution and (b) water absorption capacity of hemp shiv 

2.1.2. Mineral binders 

Most of hemp concretes are formulated with lime as a binder. Therefore, a commercial binder, 

composed of 70% natural hydraulic lime (NHL5), and 30% hydraulic binders, pozzolans and adjuvants 

are used for the study. Thermogravimetric analysis shows that 36% of this binder is composed of 

aerial lime (Table 2). The other binder used is a hydraulic, prompt natural cement. Flash hydration of 

aluminates is delayed by the addition of citric acid to delay the setting time. 

In this study, the binders will be referred as FL for the lime-based one, and NC for natural cement. 

Table 2. Properties of binders: mineralogical composition determined by ICP-AES and 
thermogravimetric analysis, and apparent density* 

ICP-AES analysis  Thermogravimetric analysis 

 NC FL  NC FL 

CaO 55.1% 65.7% Ignition loss (1200°C) 11.8% 11.4% 

SiO2 12.7% 10.7% Portlandite (aerial lime) 6.7% 36.5% 

Al2O3 6.1% 2.9% Calcium carbonate 24.7% 3.0% 

Fe2O3 1.9% 1.4%    

SO3 3.3% 1.9%  NC FL 

MgO 3.3% 1.1% Apparent density* (kg.m
-3

) 700 900-1100 

K2O 1.1% 0.7%    

Na2O 0.18% 0.1% * Supplier’s data   

 

The hardening of the lime-based binder consists of three reactions. The first is the hydration of the 

calcium silicate phases ((CaO)3-SiO2 and (CaO)2-SiO2 respectively denoted C3S and C2S) to form 

hydrated calcium silicates (CaO)1,7-SiO2-H2O, denoted CSH) and calcium dihydroxide (Ca(OH)2), also 

called portlandite or aerial lime (equations 1 and 2). The second reaction takes place between 

pozzolans, water and portlandite (equation 3) [25]. The final reaction is the carbonation of portlandite 

(equation 4) and CSH (equation 5) to form calcium carbonates. 

C3S + H2O → CSH + Ca(OH)2  [Eq. 1] 

0.1 1 10
0%

20%

40%

60%

80%

100%
A

m
o

u
n

t 
o

f 
p

a
rt

ic
le

s
 

Particle size (mm)

 length

 width

(a)

0.1 1 10 100 1000 10000
0

100

200

300

400

W
a

te
r 

a
b

s
o

rp
ti
o

n
 (

m
in

)

Immersion time (min)

(b)



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

C2S + H2O → CSH + Ca(OH)2 [Eq. 2] 

Pozzolans + Ca(OH)2 + H2O → CSH [Eq. 3] 

Ca(OH)2 + CO2 → CaCO3 + H2O  [Eq. 4] 

CSH + CO2 → CaCO3 + H2O + SiO2 [Eq. 5] 

In the case of natural cement, the rapid setting is due to hydration reactions of the aluminate phases, 

present in large quantities (Table 2). For example, C3A (Ca3Al2O6) phases form hydrated calcium 

aluminates (C4AH13 or C2AH8) and sulfoaluminates (AFt or ettringite) in the presence of sulfates 

(equations 6 and 7) [26]. The long-term hardening of this binder is due to the hydration of C2S 

(equation 2), which is the major component of natural cement [26] and contributes to mechanical 

strength from 28 days [27]. 

C3A + H2O → C4AH13 + C2AH8 [Eq. 6] 

C3A + H2O + SO4
2-

 → AFt [Eq. 7] 

2.2. Hemp concrete manufacturing and curing conditions 

Two batches of hemp concrete corresponding to a wall formulation are manufactured according to 

French construction rules [6]. The same formulation is used for both batches, with a total water-to-

binder ratio of 1, and a binder-to-shiv mass ratio of 2. The shiv is introduced with half the water and 

the setting retarder for the natural cement, in a mixer suited to hemp concrete (Hemp Eco System 

mixer – 200 L). Then the binder and the remaining water are added. Fresh hemp concrete is then filled 

into molds and manually compacted to obtain a fresh density of 530 kg.m
-3

. The hemp concrete 

containing the lime-based binder is called FL-HC, and the one containing natural cement is NC-HC. 

After manufacturing, the samples are stored for 90 days to ensure the hardening of the binder through 

hydration and carbonation, as well as the drying of hemp concretes. The specimens are demolded 7 

days after their manufacture and kept in a conditioned room (65% RH and 20°C) for 81 days. To 

control the water content of hemp concretes, which has a significant influence on their properties [28], 

the samples are dried for two days at 40°C. At the end of this curing period, the densities of the hemp 

concretes in the dry state are, respectively, 350 kg.m
-3

 and 348 kg.m
-3

 for NC-HC and FL-HC. The 

initial properties of these hemp concretes are detailed in Delannoy et al. [4]. 

2.3. Aging protocols 

After the curing period and the drying of hemp concrete samples, they are subjected to two different 

aging protocols for a period of two years. 

The first batch of specimens is stored in a static environment in a conditioned room at 50% RH and 

20°C. This aging AREF is used as a reference . 

The second batch of specimens is subjected to accelerated aging in the laboratory. The specimens 

are exposed to wetting and drying cycles in a climatic chamber at a constant temperature of 30°C. 

One cycle lasts one week, with 5 days at 98% RH and 2 days at 40% RH. The choice of these levels 
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was made on the basis of a previous study [29] and some additional measures. This aging is denoted 

AWD. 

During the two years of aging, samples are taken and analyzed in the initial state after hardening (A90), 

then after 3 months, 6 months, 12 months, 18 months and 24 months of aging under AREF and AWD 

conditions. All samples are dried for 48 hours at 40°C before any characterization. 

2.4. Functional properties 

2.4.1. Thermal conductivity 

Thermal conductivity  is a parameter that describes the ability of a material to conduct heat. The 

measurements are carried out by a transient method with the Hot Disk device (measuring time 80 s, 

heating power 0.1 W), on 5 test specimens at 24°C. The probe is placed between two cylindrical 

specimens 10 cm in diameter and 4 cm thick. The device is covered with a bell jar to limit convection. 

These non-destructive tests are carried out on the same batch of samples. 

2.4.2. Acoustical properties 

The acoustic properties are measured using a Kundt tube (AcoustiTube AFD). Two types of properties 

are recorded: the sound absorption coefficient  and the transmission loss TL. The sound absorption 

coefficient is the fraction of sound energy absorbed by a material. Its value is expressed between 1 

(total absorption, no reflection) and 0 (no absorption, total reflection). The transmission loss, 

expressed in decibels, corresponds to the sound insulation provided by the material. 

The tests are conducted over a frequency range [250-2000 Hz] on the same samples as those used 

for thermal measurements. In order to avoid any peripheral leakage and sound loss during the 

measurement, the gap between the specimen and the tube is filled with Teflon tape and petroleum 

jelly. These non-destructive tests are carried out on the same batch of samples. 

2.4.3. Compressive strength 

The compressive strength of hemp concrete is measured as recommended by Rilem Technical 

Committee TC-236 BBM [30]. Three cylindrical specimens 10 cm in diameter and 20 cm in height are 

used for the measurements and a Zwick hydraulic press is used. Three new specimen are analyzed 

for each aging time. 

2.4.4. Sorption isotherms 

The hydric behavior is determined on the basis of the water vapor sorption isotherms using a DVS 

system (Dynamic Vapor Sorption – SMS DVS Advantage). A sample of a few tens of mg is extracted 

from the samples collected after compression tests. It is suspended in a microbalance within a sealed 

thermostatically controlled chamber at 25°C. The moisture content is determined at successive stages 

of increasing relative humidity. Change of stage occurs if the variation in mass is less than 0.005% per 

minute for 30 min. Failing that, the maximum duration of a stage is 12 h. Sorption isotherms are 

obtained by plotting mass change against relative humidity (RH) and illustrate the water vapor sorption 

capacity as a function of the relative humidity. 
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The water content ω is calculated by means of the following equation: 

  
       

  
 [Eq. 8] 

where mDVS is the mass recorded at the end of each stage and m0 the mass of the dry sample. 

To describe the overall behavior of isotherms, the GAB model (Equation 9) is used with the 

experimental data, as described in other studies [31]. The GAB model is physically valid when there is 

no capillary condensation (<40% RH). However, it fits with experimental data over the whole RH 

range. 

    
      

                       
 [Eq. 9] 

with ωm representing the monomolecular water content (kg.kg
−1

), RH the relative humidity, and C and 

K the fitting parameters: 

From this model, the specific surface area Sm (m
2
.g

−1
) of the material is given by the following 

equation: 

        
  

 
 [Eq. 10] 

with σm being the surface of an adsorbed water molecule (≈ 10Å²), N the Avogadro constant (6.023 × 

10
23

 mol
−1

) and M the molar mass of water (18 g.mol
−1

). 

2.5. Microstructure 

The microstructure of hemp concretes is characterized by scanning electron microscopy observations, 

density measurements and acoustic parameters. Scanning electron microscopy (SEM) (FEI Quanta 

400) allows a qualitative analysis of the microstructure of hemp concretes extracted from the samples 

collected after compression tests. Two detection modes are used: secondary electrons (SE) for cuts of 

aggregates from hemp concrete and backscattered electrons (BSE) for fractions of hemp concretes 

embedded in a resin, sawn, polished and metallized. 

In quantitative terms, the microstructure of hemp concretes can be described by the volume fractions 

of the different phases of the material, illustrated in Figure 2. Hemp concrete consists of a skeleton 

comprising the plant cell walls of the hemp (cell wall) and the binder (binder) that surrounds them, as 

well as different types of porosities . The non-optimal arrangement of particles creates voids or pores 

between particles whose sizes are of the order of a millimeter. They constitute the interparticular 

porosity inter of the material. Shiv also has an internal porosity intra, consisting of a succession of 

plant cells, tracheids and vessels. Tracheids are the most common cells, and have a diameter of 10 to 

20 µm. The vessels are less numerous and have a larger diameter, around 50 µm. The cells are 

connected by pits, whose diameter is 1 to 2 μm [32]. Porosities are also present inside the binder 

layer. Their diameter is the order of a micrometer, up to a nanometer between hydrates. 
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Figure 2. Framework of different phase volume fractions in hemp concretes 

Given the size of the interparticle pores, the interparticular porosity inter is expected to be open and 

accessible to a liquid or gas [2]. On the other hand, intraparticular porosity intra is thinner and can be 

either open (intra_open), open but not accessible to fluids when the inlet diameter of pores is too small, 

or closed, so inaccessible (intra_closed). These different types of porosities have already been observed 

on bulk hemp shiv [16]. 

To quantify these different phases after different aging times, the open air porosity air of hemp 

concretes is measured for the same set of four cylindrical samples of hemp concrete (3 cm in diameter 

and 4 cm in height) using an air porosimeter as described by Leclaire et al. [33]. air represents the 

volume fraction of open porosity, which is the sum of the interparticle porosity inter and the open 

intraparticle porosity intra_open. The skeletal volume of hemp concrete Vsk is determined by Boyle-

Mariotte's law. Knowing the mass m of the sample, we calculate the skeletal density sk by applying 

equation 11. During measurement, the volume of closed pores is included in the skeletal volume. 

    
 

   
 [Eq. 11] 

From the hemp concretes skeletal density sk and bulk density  values, the open porosity is 

calculated according to equation 12. 

       
 

   
 [Eq. 12] 

Other parameters describing the microstructure of the material are obtained from the acoustic 

measurements [34]: 

- acou, effective porosity in acoustics; 

- σ, airflow resistance of the material; 
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- , tortuosity describing the sinuosity of the porous network; 

- , viscous characteristic length corresponding to an estimation of the size of the 

interconnections between pores. 

2.6. Chemical analysis of binders 

The chemical composition of the binders is determined on a sample of hemp concrete manually 

crushed with a pestle and mortar to separate the mineral part from the shiv and sieved at 315 μm. 

Thermogravimetric and X-ray diffraction have been used on binder powders. 

Thermogravimetric analysis (ATG, Netzsch STA 449 F1 Jupiter) is coupled with a mass spectrometer 

(Netzsch QMS 403 C Quadrupole). The thermal analysis is carried out between 40°C and 1200°C at 

10°C.min
-1

. The loss of mass measured between 100°C and 400°C is attributed to the dehydration of 

the hydrated phases, between 400°C and 530°C to the decomposition of the portlandite and between 

530°C and 1000°C to decarbonation of the calcium carbonates. 

X-ray diffraction experiments are performed on a Philips PW 1830 diffractometer with Cobalt Kα 

wavelength and 0.02 scan step size.  

2.7. Statistical processing of data 

A one-parameter analysis of variance (ANOVA) is performed on the results obtained at different dates 

of the same formulation kept under the same aging conditions (Excel - XLToolbox - modified version of 

Levene’s test [35]). This test determines whether the evolutions of properties observed over time are 

statistically significant. At the end of this test, the probability p that there is no difference between the 

different groups of values is calculated. If p is greater than 5%, then it is estimated that there is no 

difference between different groups of values, and if p is less than 5%, statistically significant 

differences are obtained. The probabilities p are calculated for all aging periods, or between two given 

aging periods of x and y months (in this case, denoted as px-y). 

3. RESULTS 

3.1. Functional properties 

3.1.1. Thermal properties 

The thermal conductivity results for both formulations of hemp concretes and for both types of aging at 

different times are shown in Figure 3. For aging AREF, no significant variation in thermal conductivity is 

observed for two years (p > 0.68). In contrast, with aging AWD, the thermal conductivity increase is 

about 19% for FL-HC after 24 months and 7% for NC-HC. These changes are significant after 6 

months of aging for FL-HC (p0-6 = 10
-3

 and p0-24 = 3.6.10
-6

). In the case of NC-HC, the conductivity 

increases significantly only after 18 months of AWD aging (p0-18 = 5.10
-2

 and p0-24 = 3.5.10
-3

). 
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Figure 3. Evolution of the thermal conductivity of FL-HC and NC-HC concretes during AREF and AWD 
aging 

3.1.2. Acoustic behavior 

The acoustic properties of hemp concretes are presented in Figure 4. These figures illustrate the 

variation of the sound absorption coefficient  and of transmission loss TL as a function of frequency 

for both types of concrete and both aging processes. 

For both formulations, no significant difference was observed during the two years of aging under 

reference conditions AREF. The curves measured for  and TL are in a range represented by a gray 

band in Figure 4. 

For AWD aging, no significant variation is visible for NC-HC: the set of curves is included in the AREF 

aging batch of curves for both the sound absorption coefficient  and the transmission loss TL. On the 

other hand, for FL-HC, there is a slight shift of the maximum of  towards the higher frequencies, from 

1250 to 1350 Hz, with a slight decrease of the maximum value, from 0.98 to 0.95. This deviation 

occurs between 0 and 3 months. For longer aging times, the results remain similar to those obtained 

at three months. The same shift is observed for the transmission loss with a decrease of TL between 0 

and 3 months, then a constant behavior between 3 and 24 months. 
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Figure 4. Sound absorption and transmission loss for FL-HC and NC-HC concretes as a function of 
time and aging types AREF and AWD 

3.1.3. Hydric properties 

The sorption isotherms shown in Figure 5 are plotted for FL-HC and NC-HC at A90 and after 12 and 18 

months of accelerated aging AWD. From 80% RH, the mass of the sample does not reach a constant 

value before the 12 hours of measurement. Therefore, the measured masses do not correspond to the 

behavior of hemp concretes at high humidity and only the values obtained for relative humidity below 

60% RH will be analyzed later in this section. 

The isotherms obtained are S-shaped and can be classified as type II according to IUPAC 

classification [36]. These results are consistent with previous studies on hemp concrete [37] since type 

II isotherms are obtained for macroporous solids. The inflexion point indicates the stage at which 

monolayer coverage is complete and multilayer adsorption about to begin. For both formulations, there 

is an increase in the water vapor sorption capacity between 20 and 60% RH after 18 months of AWD. 

This increase in water content does not occur at the same time for both formulations. Indeed, a 

modification of the isotherm profile is visible from 12 months for NC-HC whereas no change is 

observed for FL-HC at this time. 

250 500 750 1000 1250 1500 1750 2000
0.0

0.2

0.4

0.6

0.8

1.0
S

o
u
n

d
 a

b
s
o

rp
ti
o

n
 

Frequency (Hz)

FL-HC

 A
REF

 12m

 3m  18m

 6m  24m

250 500 750 1000 1250 1500 1750 2000
0.0

0.2

0.4

0.6

0.8

1.0

S
o

u
n

d
 a

b
s
o

rp
ti
o

n
 

Frequency (Hz)

NC-HC

 A
REF

 12m

 3m  18m

 6m  24m

250 500 750 1000 1250 1500 1750 2000
0

2

4

6

8

10

T
L
 (

d
B

)

Frequency (Hz)

FL-HC

 A
REF

 12m

 3m  18m

 6m  24m

250 500 750 1000 1250 1500 1750 2000
0

2

4

6

8

10

T
L

 (
d

B
)

Frequency (Hz)

NC-HC

 A
REF

 12m

 3m  18m

 6m  24m



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

    

Figure 5. Water vapor sorption isotherms for FL-HC and NC-HC at A90 and after 12 and 18 months of 
AWD aging 

The water vapor sorption specific surfaces are estimated from the GAB model (equation 10), whose 

values as well as the parameters of the model are presented in Table 3. It is observed that the specific 

sorption surface increases by more than 30% between A90 and 18 months of aging AWD. Therefore, 

AWD aging increases the capacity of hemp concretes to absorb water vapor. 

Table 3. Fitting parameters from the GAB model and specific surfaces of FL-HC and NC-HC concretes 
at A90 and after 12 and 18 months of AWD aging 

  
Fitting parameters of GAB model 

Specific surface (m
2
.g

-1
) 

ωm (kg.kg
-1

) C K 

FL-HC 

A90 0.021 163 0.86 71 

12m AWD 0.023 45 0.83 78 

18m AWD 0.028 27 0.79 95 

NC-HC 

A90 0.021 138 0.87 72 

12m AWD 0.027 24 0.82 90 

18m AWD 0.029 23 0.83 97 

 

3.1.4. Mechanical properties 

The compressive strengths of specimens of hemp concretes are presented in Figure 6. In view of the 

values obtained and their dispersion, no significant evolution of the mechanical behavior is observed, 

whatever the formulation and the type of aging (p > 0.29). As discussed during the characterization of 

hemp concretes before aging [4], the low measured mechanical resistance results from an incomplete 

hydration of the binders. Their setting is delayed because of the molecules extracted from particles, 

such as sugars [38]. 
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Figure 6. Compression strength for hemp concretes as a function of aging type and time 

3.2. Mineralogical composition of binders 

Mineralogical analyses are carried out at A90 and at different aging times on the binder powders 

collected from the surface and in the core of the hemp concrete specimens. They demonstrate the 

evolution of the proportions of the different compounds in the binders over time for the two aging 

conditions. The syntheses of the results obtained by X-ray diffraction and thermogravimetric analysis 

of the mineral part of the concretes are presented in Figure 7 for NC-HC and FL-HC. The four most 

abundant phases are represented: non hydrated compounds (anhydrous), hydrates, portlandite and 

calcium carbonates. 

Comparing the quantity of anhydrous compounds measured on the non-hydrated binders and after the 

three months of hardening (A90), it is observed that the hydration is not complete for either NC or for 

FL, as observed previously [4,38]. These components still represent more than 30% of FL binder in 

the core of the samples, and about 20% in the case of natural cement NC. During these three months 

of hardening, the carbonation of portlandite is visible by the presence of calcium carbonates. Hydration 

and carbonation reactions are more advanced on the surface than in the core of the samples for both 

binders. 

After 24 months of storage in the reference conditions AREF, no significant variation in the chemical 

composition of the binders collected from hemp concretes is observed, either at the core or at the 

surface of the samples, whatever the formulation. On the other hand, during AWD aging, hydration and 

carbonation reactions of the binder continue. These reactions are prominent on the surface, where a 

total hydration of the natural cement NC can be observed after 24 months. In the core of the samples, 

the progress of the reactions is slower for NC-HC concretes, with a decrease of 2% of the anhydrous 

content compared to 9% for FL-HC. In the case of the lime formulated binder FL, hydration and 

carbonation take place essentially during the first three months of aging. From 3 to 24 months, the 

mineral phases no longer evolve at the surface but continue to do so in the core of the specimen. 
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Figure 7. Mineralogical composition of binders FL (left) and NC (right) in the core (top) and at the 
surface (down) of concrete samples and as a function of hardening and aging time 

3.3. Microstructural properties 

3.3.1. Evolution of density 

The variation of the bulk density of hemp concretes  during the two years of aging is presented in 

Figure 8. The assumption is made that the volume of dry specimens no longer varies after curing. 

For the reference aging AREF, a decrease in density of about 2% and 3% is observed for NC-HC and 

FL-HC, respectively. The density of the samples then stabilizes up to 18 months and a slight decrease 

is observed at 24 months. The decrease of density measured are due to the loss of weakly bound 

particles during sample handling. 

In contrast, during accelerated aging AWD, an increase of density is visible over time and more 

significantly for FL-HC. This increase occurs up to 18 months (p0-18 = 3.3.10
-5

), then the density 

stabilizes at 24 months (p18-24 = 0.83). Assuming that the mass loss due to handling of the test pieces 

observed on AREF is the same for all the samples, the total density increase of the test specimens 

subjected to aging AWD can be estimated at 10% and 5% respectively for FL-HC and NC-HC after 24 

months of aging. 
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Figure 8. Evolution of density of hemp concretes as a function of time and aging type 

The skeleton density of hemp concretes measured by air porosimetry during AREF and AWD aging is 

shown in Figure 9. No significant variation over time is visible for either formulation exposed to the 

reference environment AREF (p = 0.42), and the range of values obtained is represented by a gray 

band in Figure 9. In contrast, the skeletal density increases during AWD aging between 0 and 18 

months. This increase is more obvious for FL-HC (25% increase - p = 3.5.10
-14

) than for NC-HC (16% 

increase - p = 1.6.10
-12

). Between 18 and 24 months, the skeletal density is constant for FL-HC (p18-24 

= 0.5) and decreases for NC-HC (p18-24 = 1.7.10
-2

). 

  

Figure 9. Evolution of the skeleton density of hemp concretes as a function of time and aging type 

3.3.2. Porosity 

From density and skeleton density values, open air porosity air of hemp concretes can be calculated 

and the results are shown in Figure 10. air is stable for AREF aging for both types of binders (p > 0.41). 

On the other hand, for AWD accelerated aging, the open porosity values increase for FL-HC up to 12 

months and then stabilize (p0-12 = 2.3.10
-5

 - p12-24 = 0.6). For NC-HC, the porosity increases over the 

first 18 months and decreases between 18 and 24 months (p0-18 = 2.9.10
-5

 - p18-24 = 1.3.10
-2

). For both 
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types of hemp concretes, the increase in porosity during the 24 months of accelerated aging is 

between 0.03 and 0.04. 

  

Figure 10. Evolution of the open-air porosity of hemp concretes as a function of time and aging type 

3.3.3. Scanning electron microscopy observations 

Scanning electron microscopy observations were carried out on both concretes to qualitatively 

observe the evolution of their microstructure during aging. 

Representative images of the samples after three months of curing and after 24 months in the AREF 

environment are shown in Figure 11. On these images, several hemp particles are observed in 

mid-range gray, covered with a binder layer in light gray. The interparticle porosity inter, corresponding 

to the darkest areas, is also visible. Comparing the observations made at A90 and during the reference 

aging, no variation of microstructure can be highlighted. 
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Figure 11. SEM observations of hemp concretes after 3 months of curing (A90) and 24 months of 
storage in reference conditions AREF 

SEM observations carried out during AWD accelerated aging are shown in Figure 12. EDX mappings of 

these surfaces are also presented for images 12-c and 12-d. These observations show a higher 

amount of binder in the porosity of vegetal particles for FL-HC type concretes (Figure 12-d). EDX 

mapping confirms this observation and allows us to identify the presence of calcium within the 

aggregates of FL-HC concretes, visible in yellow in Figure 12-d. This is an indication of the presence 

of portlandite or calcium carbonates in their porosity. During the stages of wetting at 98% RH, the 

calcic phases are dissolved, diffuse into the porosities of the aggregates and re-precipitate into these 

porosities during the drying phases. This layer of binder deposited on the cell walls indicates 

mineralization of the plant aggregates, as already observed in hemp [9,10].  
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Figure 12. SEM observations of hemp concretes during AWD aging (a) slightly mineralized hemp shiv in 
NH-HC after 18 months, (b) mineralization after 24 months in FL-HC, (c) NC-HC after 24 months with 

EDX Ca mapping, (d) FL-HC after 24 months with EDX Ca mapping 

These observations also reveal cracks within the hemp shiv. The amount of such cracks increases 

with AWD aging time for both hemp concretes (Figure 13). Generally, they are a few hundred 

micrometers in size (Figure 13-a), but they can also be larger as shown in Figure 13-b. 

 

Figure 13. SEM observations of hemp shiv in concretes during AWD aging: crack within hemp shiv 
(a) in NC-HC after 12 months, (b) in FL-HC after 18 months 

In order to better observe the structure inside hemp shiv, some vegetal particles are also collected 

from concretes and cut with a scalpel to observe cross-sections of the aggregates. For these 

observations, raw particles are analyzed without any preparation or metallization that could damage 

the plant cell walls. On these samples, hyphae are observed in plant cells (Figure 14-a). These 

hyphae are filaments that constitute the vegetative system of molds. Their formation during AWD aging 

means that fungal growth has occurred in the aggregates. A second phenomenon – decohesion of the 

vegetal cells – is also observed. It is characterized by the appearance of porosities between cells, 

corresponding to lignin degradation (Figure 14-b). A third type of degradation is the erosion of cell 
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walls, visible through perforations in the plant wall (Figure 14-c). The diameter of a few tens of 

micrometers of these perforations and their random shapes distinguish them from visible pits in the 

lower left of the image, naturally present in plant walls. In this case, it indicates a degradation of the 

cellulose and hemicelluloses which are the main components of the cell wall. This wall degradation is 

also visible in Figure 14-d, obtained on a fragment of coated and polished hemp concrete. Indeed, 

while the plant wall initially has a thickness between 1 and 3 µm (right side of the image), it is almost 

no longer visible on the lower left side of the image. 

 

Figure 14. SEM observations on hemp shiv collected during AWD aging (a) Hyphae inside particles in 
NC-HC, (b) decohesion of vegetal cells in NC-HC, (c) erosion of cell wall in NC-HC, (d) decrease of 

vegetal wall thickness in hemp shiv in FL-HC 

3.3.4. Acoustical parameters 

From acoustic measurements, it is possible to determine parameters that describe the microstructure 

of hemp concretes: acoustic porosity acou, resistivity , tortuosity  and viscous characteristic length 

 [34]. The results obtained for FL-HC and NC-HC during aging are presented in Figure 15. In the 

case of reference aging AREF, the acoustic parameters do not change significantly over time and all the 

results obtained under these conditions are included in the gray band in Figure 15. 

For AWD aging, acoustic porosity acou decreases from 0 to 3 months, and increases between 3 and 24 

months for FL-HC (p0-3 = 9.6.10
-4

 - p3-24 = 5.6.10
-8

). For NC-HC, no evolution of acoustic porosity is 

observed between 0 and 3 months. An increase is then visible between 3 and 24 months (p0-3 = 0.13 - 

p3-24 = 1.2.10
-5

). 

With regard to resistivity , an increase is visible between 0 and 3 months for FL-HC, followed by a 

decrease to 12 months and a further smaller increase to 24 months (p0-3 = 4.1.10
-4

 - p3-12 = 1.3.10
-4

 - 

p12-24 = 8.5.10
-4

). The same trend is observed for NC-HC but to a less marked degree. While the 
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variations are significant according to the ANOVA test, p values are close to the fixed limit value of 

0.05 between 0 and 3 months and between 3 months and 12 months (p0-3 = 0.03 - p3-12 = 0.03 - p12-24 

= 3.3.10
-3

). Moreover, the variations remain of the same order of magnitude as the measurement 

variations for AREF. 

Concerning tortuosity,  decreases drastically between 0 and 3 months for FL-HC (p0-3 = 1.3.10
-9

). 

Then, it increases statistically significantly but does not return to its initial value after 24 months (p3-24 = 

5.6.10
-8

). This decrease of tortuosity does not appear in the first three months of aging for NC-HC. For 

this concrete, tortuosity increases up to 24 months (p0-24 = 4.5.10
-4

). 

Finally, the viscous characteristic length  determined for FL-HC follows the same variations as the 

resistivity, with an increase in its value between 0 and 3 months, a decrease up to 12 months, followed 

by a further increase to 18 months (p0-3 = 3.8.10
-3

 - p3-12 = 1.1.10
-3

 - p12-18 = 0.03 - p18-24 = 0.13). No 

significant variation of this parameter is observed for NC-HC. 
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Figure 15. Evolution of the microstructural acoustical parameters 

0 6 12 18 24
0.55

0.60

0.65

0.70

A
c
o
u
s
ti
c
a
l 
p
o
ro

s
it
y
 

a
c
o

u

Aging time (months)

FL-HC

          A
REF

     A
WD

0 6 12 18 24
0.55

0.60

0.65

0.70

A
c
o
u
s
ti
c
a
l 
p
o
ro

s
it
y
 

a
c
o

u

Aging time (months)

NC-HC

         A
REF

    A
WD

0 6 12 18 24
3000

3500

4000

4500

5000

5500

6000

R
e
s
is

ti
v
it
y
 

 (
N

.m
-4
.s

)

Aging time (months)

FL-HC

          A
REF

    A
WD

0 6 12 18 24
3000

3500

4000

4500

5000

5500

6000

R
e
s
is

ti
v
it
y
 

 (
N

.m
-4
.s

)

Aging time (months)

NC-HC

         A
REF

  A
WD

0 6 12 18 24
1.50

1.75

2.00

2.25

2.50

T
o
rt

u
o
s
it
y
 



Aging time (months)

FL-HC

          A
REF

    A
WD

0 6 12 18 24
1.50

1.75

2.00

2.25

2.50

T
o
rt

u
o
s
it
y
 



Aging time (months)

NC-HC

         A
REF

  A
WD

0 6 12 18 24
150

175

200

225

250

275

300

C
h
a
ra

c
te

ri
s
ti
c
 v

is
c
o
u
s
 l
e
n
g
th

 
 (

µ
m

)

Aging time (months)

FL-HC

         A
REF

  A
WD

0 6 12 18 24
150

175

200

225

250

275

300

C
h
a
ra

c
te

ri
s
ti
c
 v

is
c
o
u
s
 l
e
n
g
th

 
 (

µ
m

)

Aging time (months)

NC-HC

         A
REF

  A
WD



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

4. DISCUSSION 

The evolution of the properties of hemp concretes exposed to the two types of environments has been 

characterized at different scales, from functional to microstructural and mineralogical properties. The 

objective of this discussion is to link these different scales of analysis to highlight the main phenomena 

related to the aging of the materials studied in this work. 

4.1. Hemp concretes exposed to reference aging 

The various analyses presented in part 3 have shown that there is no significant evolution of the 

functional properties (thermal, acoustic, hydric or mechanical), the microstructure of hemp concretes 

or the mineralogical properties of the binder, whatever the formulation, during the 24 months of aging 

under reference conditions AREF. Therefore, both hemp concretes have stable properties over time 

under static conditions of 50% RH and 20°C. 

4.2. Hemp concretes subjected to accelerated aging 

The functional properties of hemp concretes evolve during accelerated aging AWD, which consists of 

subjecting the samples to humidification and drying cycles. The variations measured depend on the 

type of binder used in the concrete. The thermal conductivity increases more significantly for FL-HC 

than for NC-HC. The sorption isotherms evolve similarly for both formulations. The acoustic properties 

change substantially only for FL-HC concrete while the mechanical properties do not change for either 

type of concrete. The microscopic analyses carried out account for these evolutions. 

4.2.1. Evolution of mineral matrix 

The chemical characterization of the binders during AWD aging shows a resumption of hydration of the 

binders for the two formulations, both at the surface and at the core of the specimen (Figure 7). This is 

due to the fact that, in the AWD conditions, the samples are exposed to a relative humidity higher than 

the 65% applied during curing. During periods of high relative humidity, the reaction of anhydrous 

compounds in the binders with water to form hydrates is favored. These chemical analyses of the 

binders also show that the humidity variations during the cycles promote the carbonation of portlandite 

or the CSH phases (equations 4 and 5) that react with the CO2 in the air (Figure 7). These reactions 

have impacts on several properties of the materials. 

On the one hand, an increase in the density of the concretes is observed (Figure 8). At the same time, 

there is an increase in the thermal conductivity of the materials (Figure 3). This evolution of the 

thermal conductivity is directly related to the increase in density, and thus to the densification of the 

mineral phase (Figure 16). Several studies have already shown this link between thermal conductivity 

and density [39,40]. In addition, this densification is greater for FL-HC. It depends on the chemical 

nature of the binder [3]. 
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Figure 16. Thermal conductivity of hemp concretes as a function of density during AWD aging 

On the other hand, Figure 7 shows that the chemical composition of the binders evolves rapidly on the 

surface of the specimens between 0 and 3 months; then, the hydration and carbonation reactions 

continue more slowly between 3 and 24 months. The same variations are observed as regards the 

resistivity of concretes (Figure 15): this parameter increases significantly between 0 and 3 months. 

The increase in resistivity between 12 and 24 months is attributable to the same phenomenon, which 

is always more marked for FL-HC (Figure 7). An additional phenomenon must be preponderant over 

the increase of density to explain the decrease in resistivity observed between 3 and 12 months. This 

phenomenon is described in the next paragraph. 

However, despite the continuation of hydration and carbonation reactions during AWD aging, the latter 

take place more prominently at the surface and do not appear sufficiently advanced in the volume of 

the specimens to cause a significant increase in mechanical properties. Moreover, though the 

densification of the mineral matrix can lead to mechanical reinforcement, it is probably compensated 

by the degradation of the structure of hemp shiv, visible on SEM images (Figure 14). This being the 

case, it is difficult to decouple the behaviors of the two phases of the material in order to demonstrate 

a reinforcing effect on the concretes. 

4.2.2. Mineralization of hemp shiv porosity 

Electron microscopy observations on hemp concretes (Figure 12) show a mineralization of the porosity 

of hemp particles during AWD aging, mainly for FL-HC concretes. This mineralization is due to the 

diffusion of portlandite initially present in the binder around the vegetal particles [10,41]. During the 

humidification phase, water absorption by the concrete induces the solubilization of the portlandite, 

which can then diffuse inside the highly hydrophilic hemp shiv. During drying, the evaporation of water 

causes the precipitation of portlandite on the walls of the plant cells. This mineralization, visible from 3 

month of AWD aging for FL-HC, modifies the porosity of the hemp particles (Figure 12). 

This modification of pore dimensions has an impact on the dissipation of acoustic waves, as generally 

observed for porous materials [42]. In the initial state, before aging, tracheids (vegetal cells present in 

large quantities in hemp particles) have diameters of the order of 10 to 20 µm and do not participate in 

acoustic dissipation [34]. In contrast, vessels, that have a larger diameter of about 50-80 μm, can 
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participate in sound dissipation. The porosity of these vessels represents less than 20% of the total 

pore volume of a particle [43,44]. The system is therefore considered to have a double acoustically 

sensitive porosity: interparticular porosity inter and hemp shiv vessels. 

During the three first months of AWD aging, the vessels are mineralized and the pore size decreases, 

limiting the acoustic wave’s access in the aggregates. The system evolves from double porosity to 

single porosity, with only the interparticle porosity inter being retained. The penetration of the acoustic 

wave into hemp particles is lower and the path through the material is more direct, which results in a 

decrease of tortuosity, as well as of acoustic porosity (Figure 15). These variations of  and acou 

shift the acoustic absorption curve towards the higher frequencies between 0 and three months of 

aging (Figure 4). This mineralization is much less visible for NC-HC (Figure 12), which contains less 

portlandite. This explains why, for this formulation, the acoustic properties remain stable over time 

during AWD aging. 

4.2.3. Degradation of vegetal cell walls 

Hemp concretes have a skeletal density sk and an open air porosity air that increases with aging 

time up to 18 months (Figure 9 and Figure 10). This increase in open air porosity, also observed in the 

case of bulk hemp shiv [16], has an impact on acoustic parameters. In fact, acoustic porosity and 

tortuosity increase between 3 and 24 months for FL-HC and between 0 and 24 months for NC-HC. 

This means that the acoustic wave solicits more pores in the material – above all, the intraparticle 

porosity intra. 

This seems contradictory with the decrease in intraparticle pore size of plant particles observed in 

Figure 12 due to the mineralization of vegetal cells. However, observations of Figure 13 show cracks 

and holes that appear on vegetal walls. The cracks can be very wide (from 50 to 100 μm), and thus 

create a connection between porosities. This allows some porosities that were initially closed or 

inaccessible (intra_closed in Figure 2) to be opened (intra_open) and accessible to acoustic waves. They 

can be due to two phenomena: tearing of plant tissues during wetting and drying cycles of AWD aging, 

which cause particles to swell and shrink [7], or the consumption of plant walls by micro-organisms. 

Indeed, even if no mold growth has been observed on the surface of hemp concretes [18], hyphae are 

observed inside the particles (Figure 14). These two phenomena cause a modification of the 

microstructure of the plant – e.g. decohesion of the cells and reduction of the cell walls (Figure 14). 

This destructuration of vegetal cells increases the intraparticular porosity intra accessible to acoustic 

waves. The mass loss associated with these degradations explains the decrease in resistivity 

highlighted between 3 and 12 months of AWD aging (Figure 15). These phenomena also lead to an 

increase in the water vapor content with AWD aging (Figure 5) and in the specific surface of hemp 

concretes obtained from GAB model (Table 3). 

The same results were observed on the aging of the bulk hemp shiv, subjected to the same aging 

conditions as the hemp concretes in this work [16]. In this study, the opening of the porosity of initially 

closed plant particles is almost complete, and their skeletal density varies from 860 to about 1400 

kg.m
-3

. This latter value is close to that of the plant wall ( ≈ 1480 kg.m
-3

 [16,45]). 
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Using a mixing law based on the skeletal density of a hydraulic lime or cement [2] and assuming that 

they do not contain any closed porosity, the orders of magnitude of hemp concrete skeleton densities 

can be calculated. The values obtained are respectively 2300 and 2660 kg.m
-3

 for a lime concrete and 

a cement concrete considering that the density of the cell wall is 1480 kg.m
-3

. However, the values 

measured in this study for hemp concretes are much lower, between 1400 and 1800 kg.m
-3

, both at 

A90 and after 24 months of AWD aging (Figure 9). This indicates that a large proportion of closed 

porosity is still present in the material, but it is difficult to attribute it to the aggregate or binder. The 

opening of the porosities is similar for the two formulations of hemp concretes, meaning that the nature 

of the binder does not seem to have an impact on this modification of microstructure. 

Consequently, given the increase in the porosity of hemp concretes compared to A90, these materials 

can absorb a greater amount of water vapor, which is visible on the sorption isotherms, as observed in 

Figure 5 after 18 months of AWD aging. 

4.3. Durability of hemp concretes at the building scale 

The objective of this study is to assess the durability of hemp concretes through aging protocols 

applied in the laboratory to specimens of uncoated bulk materials, imposing static conditions of 

temperature and humidity or relative humidity variations. In order to be able to validate the variations 

of the properties measured over the course of two years in the two environments AREF and AWD, it is 

necessary to compare these results with those from studies carried out on walls or buildings made of 

hemp concrete. Before any comparison, it is important to note that in a building, hemp concrete is part 

of a construction system where it is protected inside and outside by a coating, for example. The choice 

of this construction system has an influence on the water content of hemp concrete walls. 

Studies of real instrumented buildings or walls provide data on actual relative humidity in a hemp 

concrete wall, enabling us to evaluate the impact of coatings. 

In a real building, the hygrothermal wall behavior of hemp concretes is monitored for four years [46]. In 

this study, a sand-lime plaster was immediately applied after the walls were built, which greatly slowed 

the drying of the walls. Therefore, high values of relative humidity, with daily outdoor variations 

between 60 and 95% RH, are measured the first year after construction. In addition, the excessively 

quick application of the coating to the wall before it has dried completely limits the carbonation of the 

binder [11]. Actually, the accumulation of water in hemp concrete behind the coating limits the diffusion 

of CO2 through the coating, as CO2 diffuses more rapidly in air than in water [13]. This water can also 

help to extract certain molecules from shiv that can inhibit hydration reactions [47,48]. Finally, 

micro-organisms can grow if the relative humidity remains high for a long time [29]. All the results 

show that these high relative humidity values can lead to early degradation of hemp concrete. In this 

study, they are due to the fact that the manufacturing conditions of hemp concretes are not those 

described in the building codes [6]. 

Other studies also focus on the impact of the properties of the coating applied on walls. First, it is 

shown that the render delays and reduces the diffusion of water vapor through the walls [49]. On 

hemp concrete test cells, exposed to external conditions but not inhabited [50], moisture content of the 
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walls may increase in case of rain if the coating is permeable to liquid water. In the same way, if the 

coating is not sufficiently permeable to water vapor, the relative humidity in the wall gradually 

increases because of the low diffusion of water vapor through the walls, which limits drying. Fungal 

development is then observed. 

Vapor barrier films, often used to prevent fungal growth for insulating wools, do not prevent fungal 

growth in hemp concretes, as the amount of water present in the material is initially high [51]. On the 

contrary, damage can occur if vapor-impermeable materials are used, because it is then impossible for 

the hemp concrete to dry [5]. 

Under normal building usage conditions, when the hemp concrete building codes are followed [6], the 

relative humidity and temperature conditions are close to those corresponding to the reference aging 

AREF applied in this study. The results then show that the amount of water absorbed by the material is 

not sufficient to cause changes in the properties of hemp concretes, which have only been observed 

for higher relative humidity (98% RH). 

In studies on walls or buildings, where a coating has been applied to the surface of hemp concrete, it 

appears that processing not suited to the materials, either because of too short a drying time or an 

unsuitable choice of plaster, causes a high water content in hemp concrete. The conditions of use may 

then be close to the accelerated aging AWD applied in this study. The characterization of hemp 

concretes subjected to these conditions showed that they could lead to mineralization, swelling and 

shrinkage and fungal development in plant aggregates, causing degradation. Moreover, hydration and 

carbonation reactions are less advanced for mineral binders. 

The results of this study will nevertheless have to be validated on hemp concrete collected from a real 

building after several years of use, as can be done for glass wool [27], in order to confirm the 

phenomena highlighted in this study and assess the lifetime of the materials. 

5. CONCLUSION 

In this study, the evolution of the functional properties of two hemp concretes formulated with two 

different binders is studied for two years according to different environmental conditions. These 

binders are a natural cement (NC) and a formulated lime-based binder (FL). 

Stable environmental conditions (50% RH – 20°C) have been applied to hemp concretes and 

constitute the reference aging AREF. In this case, no significant variation of the chemical, 

microstructural or functional properties is observed, whether in terms of the thermal, acoustic, hydric or 

mechanical behavior. 

Accelerated aging in a climatic chamber is chosen to evaluate the evolution of hemp concretes when 

they are subjected to cycles alternating periods of high relative humidity (5 days at 98% RH) with 

phases of drying at lower relative humidity (2 days at 40% RH). Variations in functional properties are 

observed for both formulations. The thermal conductivity increases during aging and this increase is 

greater for FL-HC than for NC-HC. Regarding the hygric properties of the materials, an increase in the 

water vapor sorption capacity is observed between 20% and 60% RH. The acoustic properties do not 
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change for NC-HC, while a decrease in acoustic performance is measured for FL-HC. Finally, no 

variation of mechanical properties is observed. 

In order to understand these results obtained from the characterization of the functional properties, the 

chemical and microstructural properties of hemp concretes are analyzed during the two years of 

accelerated aging AWD. Different factors having an impact on the properties of the materials are then 

highlighted: 

- The hydration and carbonation reactions of the binder cause an increase in the density of the 

specimens and therefore in the thermal conductivity of the hemp concretes. The material is then a less 

effective insulator. However, these reactions are not sufficiently advanced in the core of the specimen 

to modify the mechanical strength of the concretes; 

- The mineralization of the vegetal particles porosity by portlandite reduces the pore diameter of the 

shiv, limiting the accessibility of the aggregates to acoustic waves. The acoustic performance of the 

hemp concretes decreases compared to their initial state; 

- The fungal development inside the aggregates and the swelling and shrinkage phenomena during 

the wetting and drying cycles lead to the opening of some porosities of the vegetal particles which 

were initially closed. The acoustic properties are then modified and more water vapor can be adsorbed 

in the hemp concrete, increasing the water vapor sorption capacity of the material. 

The chemical nature of the binder has an impact on long-term variations of the performances of hemp 

concretes. Indeed, it has a role in the densification of the binder by carbonation and mineralization of 

the aggregates, which leads to modifications in thermal and acoustic properties. 

Finally, the hygrothermal conditions measured in concrete walls of hemp under real conditions indicate 

a relative humidity lower than 70% RH when the manufacturing conditions correspond to those 

described in the construction code. In this case, the evolution of the properties of the material over 

time is close to that observed in our study during reference aging AREF. The performance of hemp 

concrete should therefore be stable for several years. This hypothesis must be verified by 

characterizing hemp concrete collected in a real building after several years of use. It will then be 

possible to validate the aging mechanisms proposed in this work and to evaluate a lifetime for the 

material. 
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