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GENERAL INTRODUCTION 
 

 

Today, the use of materials with a low environmental impact, such as bio-based 

mortars, which are already recognized for their thermal and acoustic insulation qualities, is 

attracting increasing attention in the construction sector. Unlike conventional building materials, 

they present a renewable resource derived from plant biomass. Thus, they are low-cost materials 

that save energy and are responsible for low CO2 emissions and therefore they are environmentally 

friendly.  

Hemp mortars are one of the bio-based materials that are widely used in Europe and 

especially in France. Thermally, hemp shivs have a low thermal conductivity, which makes them 

suitable as insulating materials well adapted to function with mineral binders making light mortars. 

In fact, hemp mortars exhibit double porosity (having both intra- and interparticle porosity), which 

provides better insulating performance. The porous parts can contain a very variable proportion of 

water vapor that are subject to external excitations such as moisture sources and temperature. The 

combination of these phenomena will create a coupled transfer of heat, air and moisture within the 

material, which has a significant influence on the durability of buildings and represents one of the 

major causes of their degradation. Simultaneously, the durability of these materials with respect 

to internal and external environmental excitations is essential. Indeed, during their life cycle, bio-

based mortars are exposed to various factors, such as microorganisms that can cause their 

degradation and affect the air quality of the buildings. 

The objective of this thesis is the study and the analysis of the properties evolution and 

durability of biosourced materials, and particularly hemp mortar. Different aspects of durability 

are approached by taking into account various phenomenon during the life cycle of hemp mortar, 

as the hygro-thermal durability and the microbiological proliferation. 

To do so, this work consists firstly in experimental characterization the microscopic, 

hygrothermal and chemical durability of the material. Particular attention was devoted to the 

choice of the experimental aging protocol taking into account the literature data and previously 

proposed protocols. In second part, this work consists in complete analyzing of microbiological 

contamination: its influence on the chemical composition of the mortar and precise, elaborated 

analysis of the proliferation. This approach allows a better understanding of the hemp mortar / 

microorganisms interconnection and the main sources of the microbiological contamination of the 

bio-based building materials. 
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To address these issues, this research paper has been organized into six interconnected 

chapters: 

In CHAPTER I, the general context of this work is presented. It includes an evaluation 

of the multiscale and anisotropic structure of bio-based materials, in particular hemp mortars, as 

well as a bibliographic study of its behavior and its thermo-hygro-mechanical properties. Particular 

attention was devoted to the overview of the works available in the literature dealing with the 

durability and microorganism proliferation of hemp mortars. This chapter gives a critical vision 

on the need to consider the coupled behavior of this material and includes all the essential concepts 

for the realization of the present work. 

In CHAPTER II, the experimental investigation of the durability of hemp mortar was 

proposed. The first part of this chapter describes the choice of the experimental aging protocol. In 

a second step, chosen aging protocol was applied to the material and the microstructural, chemical 

and hygro-thermal properties were analyzed before and after the aging. Finally, all these results 

were analyzed and interpreted, linking the various microstructural quantities characteristic of hemp 

mortar and their variation due to proposed accelerated aging protocol. 

In next chapters the complete precise analysis of microbiological proliferation was 

conducted. CHAPTER III represents the study of the fungal proliferation influence on the chemical 

composition of the hemp mortar. Different technics allowed to identify the fungal growth of the 

hemp mortar specimens and to analyze the chemical composition of the hemp mortar mineral 

matrix. 

CHAPTER IV deals with the fungal species identification and is complementary to the 

study presented in the CHAPTER III. Indeed, for more precise risk assessment, the specie 

identification of the fungal growth is necessary. To do so, in the first part of this chapter the choice 

of the fungal identification technique was conducted. The method consists in microscopic 

observation of the molds present in hemp mortars and their comparison to the catalogs. The results 

showed that this phenotypical method is not reliable enough to ensure the exhaustive analysis of 

the fungal growth. 

That is why, CHAPTER V and VI propose the metagenomic analyze of the fungal and 

bacterial contamination of hemp mortar and hemp shivs. In the first parts of both chapters, the 

principle of DNA extraction and sequencing are proposed. Obtained results allowed to make the 

conclusion on the main source of the microbiological contamination of bio-based materials. 

  



 16 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I.  
 

GENERAL INFORMATION ON HEMP MORTAR: 
 FROM ANATOMY TO HYGROTHERMAL 

BEHAVIOR AND DEGRADATION 



 17 

 

CHAPTER I. GENERAL INFORMATION ON HEMP MORTAR: FROM 

ANATOMY TO HYGRO-MECHANICAL BEHAVIOR AND DURABILITY 

 

 

I.1. INTRODUCTION 

In this chapter, the context and the problematic in which this work is carried out are 

presented. Thus, a bibliographical study is presented in a structured way for a better description of 

the environmental conditions of hemp mortars and their influence on their properties and 

durability. Then, a description of the current environmental challenges and possible solutions is 

made to underline the need to reduce energy consumption and carbon impact in the building sector 

using bio-based materials. Then, the anatomical structure and composition of hemp mortar was 

presented with emphasis on the chemical composition of organic fibers. Thereafter, the thermal, 

hygroscopic, acoustic and mechanical properties of hemp mortars will be presented. Finally, a 

bibliographical review of the durability studies carried out on hemp mortars will reveal the limits 

and the lack of knowledge of the work already existing in the literature. Particular attention was 

devoted to the research of hemp mortars degradation under hygrothermal and microbiological 

stresses. 

I.2. ECOLOGICAL AND THERMAL INTEREST IN USING BIO-BASED 

MATERIALS 

Since the beginning of the age of industrialization and the first use of fossil energy sources 

(e.g., coal, oil), human activities have provoked climate changes. These last ones have been 

accelerating since the second half of the 20th century and are manifested in rising of global 

temperatures. This can cause more frequent meteorological events, melting of glaciers, or rising 

of ocean levels. This, in turn, is leading to a shortage of drinking water, the migration of large 

populations, and the disappearance of biological species (IPCC, 2013). 

The goal of reduction of emissions is to avoid a global temperature rise of more than 1.5 

degrees by 2100. Numerous subsequent climate conferences have emphasized the importance of 

the path taken and tightened control measures. Proposed solutions vary by the sector of activity.   

The last climate conference in Madrid in 2019 emphasized different solutions to reduce the 

rate of global warming. In the construction sector, several solutions could be adopted, such as: 
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using of materials with low carbon footprint, using of local building materials that decrease the 

necessity of the transport, decreasing of the energy consumption at all stages of construction. As 

regards the building sector in France, 45% of final energy was consumed (see Figure 1) and 22% 

of CO2 was emitted (see Figure 2) due to the functioning of the residential and tertiary sectors in 

2016 (ADEME, 2018).  

 
Figure 1. Final energy consumption by sector in France: 140 megatons of oil equivalent in 2016 

(ADEME, 2018) 
 

 
Figure 2. CO2 emissions by sector in France in 2016 (ADEME, 2018) 

 

A design phase is critical for the construction of low-energy buildings. From 1974, as a 

consequence of the oil shock, several thermal regulations were regularly adopted. Over time, 

different thermal regulations have been implemented in 1974 (RT 1974), 1982 (RT 1982), 1988 

(RT 1988), 2000 (RT 2000), 2005 (RT 2005), 2012 (RT 2012) and 2022 (RT 2020). They all 

contributed to the reduction of the maximum authorized consumption in new buildings. The new 

thermal regulation RT 2020 is based on the concept of a low energy building. It lies on three main 

pillars: decrease of the energetic price of the building, summer comfort and decarbonation of the 

elements (materials and energy consumption). Nevertheless, all the thermal regulations could be 

applied for new buildings but not for the existing building park. 
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Nowadays, the main idea of the building insulation is the total reduction of thermal bridges 

in order to eliminate heat loss. This technique represents a risk for old buildings whose external 

walls are often made of stones, bricks, wood, rammed earth or daub. These are materials that have 

the ability to absorb moisture from the atmosphere (e.g., wood) or the rising damp (e.g., stone, 

rammed earth) that increase the moisture content in the walls and can provoke mold proliferation 

and structural degradation (Agence Qualité Construction, 2016). That is why it is so important to 

choose the appropriate insulation materials that allow moisture and water vapor pass through. The 

need to both to reduce the amount of greenhouse gas emissions and to properly insulate the existing 

old houses leads us to use of new unconventional materials that respond to today’s ecological 

challenges. 

The development of new building materials with low environmental impact requires the 

analysis and comparison of the impact of these materials on ecology and the environment. To do 

so, different methods were proposed in the literature. We can distinguish Carbon Footprint 

evaluation (CF) (ISO 14067, 2018),  Life Cycle Analysis (LCA) (ISO 14040, 2006; ISO 14044, 

2006), Eco-Efficiency Analysis (EEA) (Kounetas, 2021). All of them allow to evaluate different 

impacts of the product on the environment, the main difference being the number of parameters. 

According to quantitative comparison of various building materials used in construction, bio-based 

materials represent lower carbon footprint (Figure 3). Similarly, it was approved by the results of 

other studies (Magwood, 2014; Tettey et al., 2014) for different types of structural insulation (roof, 

floor, walls). Indeed, as organic fibers being the by-product of the agricultural industry, they 

represent a low carbon footprint at the production stage. Additionally, the bio-based materials are 

the natural stock of CO2 that allow to decrease its quantity in the atmosphere. All of these aspects 

make bio-based materials a good solution for environmentally friendly insulation. 

First of all, it is advisable to define what are bio-based materials. In fact, bio-based materials 

are materials derived from biomass (plant or animal). These materials can be transformed or 

contain a part of non-organic materials. The use of local materials is also important as it decreases 

the impact of transportation and thus reduce the embodied energy of the material (Akbarnezhad 

and Xiao, 2017). Also, they are interesting from the point of view of their thermal, acoustic and 

hydric properties (El Hachem et al., 2019, 2017; Garikapati and Sadeghian, 2020; Jerónimo et al., 

2020; Ren et al., 2019; Walker et al., 2014). 

Nowadays, different organic fibers, such as straw, cork, flax or hemp, are used for bio-based 

thermal insulation. Also, we can distinguish different types of applications of materials. We can 

use bio-based materials in bulk or fabricate insulation boards (flax boards), organic wools (i.e., 

wood, flax, hemp, sheep) or mortars (i.e., hemp mortar, wood mortar). Concerning the bio-based 

mortars, they are characterized by the presence of mineral matrix that enrobe organic particles and 
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allow to ensure their cohesion to protect them from environmental impacts of different nature (i.e., 

hygrothermal solicitations, insects, rodents). One of the most promising bio-based mortars in 

France is hemp mortar that is the object of this study. 

 
Figure 3. Carbon footprint of different building materials 

I.3. HEMP MORTAR 

In this section, the general information on hemp mortars will be presented. Firstly, the 

chemical composition and the structural analysis of hemp shivs and mineral matrix is detailed in 

order to better understand interconnection of the microstructure and properties. Then, different 

applications’ methods of this material will be presented. 

I.3.1. Composition of hemp mortar 

The hemp mortar is obtained by mixing hemp particles, mineral binder, water and possible 

additives. It could be used as the layer of insulation or as a filling material for a supporting 

structure.  
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Hemp concrete has a very high and essentially "open" porosity (more than 70% in volume 

for a "wall" type formulation (Collet et al., 2008; Evrard and De Herde, 2005)) with several 

characteristic pore sizes: 

- macropores (about 1 cm in diameter) due to the imperfect arrangement of the various hemp 

particles in the mixture; 

- mesopores (0.1 mm to 1 mm) between the particles and the binder; 

- interhydrate micropores (less than 0.01 µm) in the binder matrix. 

As hemp mortar is a composite material, first we must study the components separately in 

order to better understand the microstructure and properties of the total material. 

I.3.1.1. Hemp particles and their characteristics 

The hemp (Cannabis sativa L.), that has been used as a source of organic particles, has been 

well known in agriculture for over 8000 years for its textile fibers and oleaginous seeds (Terres 

Inovia, 2020). In France, after reaching its peak in the middle of 19th century (176,000 ha) with 

outlets for paper mills and the sailing navy, the surface area was reduced to a few hundred hectares 

in 1960 (700 ha) due to the emergence of cotton, synthetic fibers and the arrival of the motorized 

navy. Never abandoned, the crop has seen a revival since the 1970s for paper markets. In 2019, 

the hemp cultivated surface reached 15,200 ha, which represents 40% of the total European hemp 

production. This is due to the increased interest towards hemp industry and agricultural advantages 

(Amaducci et al., 2015; Horne, 2020). Data on cultivated hemp by regions and main processing 

units are represented in Figure 4. It is cultivated mainly for its fibrous stem, being widely used in 

paper, textiles, construction, isolation, agriculture, composites, automotive, medicine, etc. 

Nowadays, the global hemp market is estimated to consist of more than 25,000 products (Salentijn 

et al., 2015) and new applications for hemp products are continually emerging (Adesina et al., 

2020). 

Hemp is composed of two products that generate three raw materials: straw, separated into 

fiber and hemp particles and hemp seeds. Also, it is possible to distinguish the third product of 

defibering of hemp straw – an organic powder. All these materials could be valorized (Amaducci 

et al., 2015). The seeds are rich in protein, fibers, fatty acids and others minerals. Thus, they are 

interesting from the point of view of their use for food or cosmetics. They represent about 11% of 

the plant mass. The fibers that represent 24% of plant’s total mass are widely used for textiles, 

composites or organic wool insulation. Hemp particles are the most abundant product of hemp 

(44% of total mass). They are used for animal bedding, horticultural mulch or in construction (in 

bulk or in hemp mortars). The organic powder represents 21% of total hemp mass but only 2% of 
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its economic value. It is composed of small particles of organic fibers as well as mineral materials. 

It can be used as cow begging or fuel in industrials boilers after compression (Terres Inovia, 2020). 

 
Figure 4. Hemp cultivated surface and processing units by regions in France (Scrucca et al., 

2020) 
 

Hemp particles that are used in construction are technically composed of hemp particles 

themselves and organic powder. Because of its high absorbent capacity, the quantity of organic 

powder must be regulated. It allows to control the difference between the properties of final hemp 

mortar. Nevertheless, the main part is hemp particle. 

Organic hemp particles are natural composites with a cellular structure. They are composed 

of several elements, at different scales. The hemp particle at a first scale (the largest) consists of 

cell walls with lumens (voids). As can be seen in Figure 5, from the outside to the inside, the hemp 

fibers consist of a meddle lamina (a), a primary wall (b), a secondary wall (c), a tertiary wall, and 

a lumen (Shuvo, 2020). 

The middle lamina is mainly composed of pectins (galacturonic acid macromolecules) which 

hold the fibers together in a bundle. Next to the middle lamella, the primary cell wall is made up 

of disorganized fibers (a polymer based on glucose units) consisting of fibrils in an organic matrix 

of hemicelluloses, lignin and proteins. The secondary cell wall is composed of three layers of 

cellulose fibrils with different axial orientation bound by lignin (Mohanty et al, 2000). 

On a finer scale, lignocellulosic materials refer to plants composed of cellulose, 

hemicellulose and lignin. Cellulose microfibers (formed by ordered polymer chains that contain 

tightly packed crystalline regions) are incorporated into the hemicellulose and lignin matrix, as 

shown in Figure 6. 

The strength and stiffness of the fibers are mainly provided by hydrogen bonds between the 

different chemical components. Other characteristics such as thermal stability, UV resistance or 
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biodegradation depend on the concentration of each component characterized by its individual 

properties. Hemicellulose is responsible for biodegradation, moisture absorption and thermal 

degradation of the fiber (Sahed and Jog, 1999). Lignin is mainly a structural material that adds 

strength and rigidity to cell walls and constitutes between 15% by total weight and 40% by weight 

of the dry matter of plants. It is a cross-linked macromolecular material based on a 

phenylpropanoid monomer structure. Typical molecular weights of isolated lignin are between 

1000 and 20,000 g/mol, but the degree of polymerization in nature is difficult to measure, as lignin 

is always fragmented during extraction and consists of several types of substructures that repeat in 

an apparently disordered manner (Doherty, 2011). Indeed, lignin is more resistant to most forms 

of biological attack than cellulose and other structural polysaccharides (Akin and Benner, 1988, 

Baurhoo et al., 2008, and Kirk, 1971). 

 

 
Figure 5. Schematic representation of the general structure of a plant fibre cell wall displaying 

the distribution of cellulose microfibrils with hemicellulose and lignin (Shuvo, 2020) 
 

 
Figure 6. Structure of lignocellulosic tissue 
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Thus, plants with higher lignin content are more resistant to direct sunlight and frost (Miidla, 

1980). In vitro, lignin extracts and lignin have antimicrobial and antifungal activity (Cruz et al., 

2001), act as antioxidants (Ugartondo et al., 2008), absorb radiation (Toh et al., 2005; Zschiegner, 

1999) and have flame retardant properties (Reti et al., 2008). 

I.3.1.2. Mineral binder 

The second component of hemp mortar is a binder or a mixture of binders. It binds all hemp 

particles together, ensures their mechanical properties and protects them against insects and 

animals. It also can contain certain additives. 

Various types of binders were used for hemp mortar as cement (Bütschi et al., 2004; de 

Bruijn et al., 2009) or different mixes of hydraulic lime, hydrated lime and pozzolanic admixtures 

(Arizzi et al., 2015; Chabannes et al., 2018). According to (SEBTP, 2012), 4 types of binders could 

be used, such as lime (according to NF EN 459-1), quick-setting cement (NF P 15-314), ordinary 

cement (NF EN 197-1) or another material with a pozzolanic effect. 

The most adapted binders are those which represent the aerial hydration. This is explained 

by the high absorbance that negatively affect the hydraulic setting. The use of lime-based binders 

allows to get the biobased mortars with lower density and enhance their hygrothermal properties. 

Nevertheless, other hydraulic binders are used to get the minimum of mechanical performances 

that will be sufficient to resist against drying shrinkage. The main mineral binders used in the 

present work are listed in following paragraphs. 

I.3.1.2.1. Lime 

Calcic and dolomitic lime (CL and DL according to EN 459-2) 

Calcic lime is fabricated by the decarbonation of the limestone at 900°C: 

!"!#$	

&''°)
*⎯⎯, CaO + !#1 ↑                                (1) 

Then, the quicklime (CaO) is slaked by adding water: 

CaO + 31# → 	!"(#3)1	                                     (2) 

Calcic limes contain more than 80% of Ca(OH)2 and about 5% of CaCO3. Their hardening 

occurs due to the reaction of carbonation, that needs the access of air (specifically, CO2). It is the 

best type of binder from the point of view of the bio-based mortars. In fact, from the first moment 

of adding of water in the mortar, organic particles absorb water because of their hygroscopicity. It 

decreases the quantity of water available for binder hydration that is important for hydraulic 

binders. As for carbonation reaction, the presence of water speeds up but is not critical. A 

carbonation reaction occurs between 30 and 90% RH and proceeds in three steps (Cizer et al., 

2012; Rackley, 2017): 
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1. CO2 dissolves in water to form carbonic acid containing protons (H+) and 

bicarbonate ions (HCO3−): 

!#1	 + 31# → 31!#$ → 37 + 3!#$
8                                 (3) 

2. The presence of free protons (H+) enables the release of Ca from the mineral matrix: 

!"(#3)1	 + 237 → !"17 + 231#                                   (4) 

3. The metal and bicarbonate ions combine to precipitate carbonate: 

!"17 + !#$
18 → !"!#$                                 (5) 

This setting starts quickly but then the phenomenon slows down and takes several years. 

 

Hydraulic lime 

Another type of lime is hydraulic one. It is obtained from limestones that contain silicates. 

The CaO/SiO2 ratio influences the quantity of the C2S that give their hydraulic properties. Natural 

limestones are often composed of siliceous and silicate minerals known as reactive minerals. At 

the temperature around 1200°C, calcium oxide CaO combines with these elements to form calcium 

silicates. The schema of the hydraulic and calcic lime is represented in Figure 7 (Martinet and 

Souchu, 2009). 

 

 
Figure 7. Manufacture and setting mechanisms of natural hydraulic lime1 

 

                                                
1 http://www.stastier.co.uk/nhl/info/hydraul.htm 
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Natural hydraulic limes (NHL) are composed of Portlandite Ca(OH)2 (30-50%), belite C2S 

(20-40%) and calcite CaCO3 (5-20%). They have the property of setting and hardening both by 

hydration reaction with the mixing water (hydraulic setting) and by reaction with CO2 from the air 

(non-hydraulic setting). The hydration of C2S for hydraulic and natural hydraulic limes is carried 

out according to the following reaction: 

2!1:								 + 								4	3					 → 							 !$ − :1 − 3$ 																		+ 																			!3                  (6) 
         Belite                 Water       CSH (C/S = 1.5 et H/S = 1.5)               Portlandite 

I.3.1.2.2. Portland cement 

Portland cement is the most used mineral binder in construction. It is composed of clinker, 

gypsum and different additives. Its production consists of three main stages: preparation of the raw 

materials, baking and treatment. In the first stage, the raw materials (clay and limestone) are dosed, 

dried, ground, homogenized to 800°C and fed into the rotating cement kiln. In the kiln, raw 

materials are heated up to 1450°C. The resulting Portland clinker is mainly composed of alite (≈ 

60%, Ca3SiO5), belite (≈ 20%, Ca2SiO4), tricalcium aluminate (≈ 5 to 15%, Ca3Al2O6) and 

tetracalcium aluminoferrite (≈ 0 to 15%, 4CaO•Al2O3•Fe2O3). Clinker is also composed of a few 

percent alkali sulphates, free lime or periclase. Later, during the last stage, the obtained Portland 

clinker is ground with different additives. These steps are illustrated in Figure 8:  

1. Preparation of raw materials: a mixture of clay (20%) and limestone (80%) is dried, ground, 

homogenized and preheated to 800°C. About a ton and a half of raw materials are used to 

produce a ton of cement; 

2. Baking: It takes place in a rotary oven at 1450 ° C. We thus obtain the clinker; 

3. Treatment of clinker: The clinker is finely ground with additions (gypsum, limestone, ash, 

slag, etc.) whose properties and quantities determine the quality of the cement. 

 

 
Figure 8. Couvrot cement plant (France): (1) preparation of raw materials, (2) baking and (3) 

treatment of clinker 

u 
w 
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As for hydration process, it is based on the dissolution. In fact, after adding water to the 

cement, the anhydrous clinker compounds that are soluble dissolve and enrich the solution with 

ions, mainly calcium, silicon, aluminium and sulphur (Bullard et al., 2011). When the solution 

becomes supersaturated, hydrates that are less soluble than clinker precipitate and become in 

thermodynamic equilibrium with the interstitial solution. These reactions are called heterogeneous 

because they take place in two distinct media: a liquid medium (water) and a solid medium 

(hydrates). These chemical equilibria have enabled the thermodynamic modeling of cement 

hydration. 

Dissolution reactions are exothermic phenomena that can be monitored by calorimetry. 

Schematically, under standard conditions, four periods of hydration of a Portland cement can be 

distinguish as indicated in Figure 9: 

1. Initial reaction (during the first few minutes). When Portland clinker compounds are mixed 

with water, a strong release of heat occurs; it corresponds to the rapid dissolution of the 

clinker, especially the alkaline sulfates (Na2SO4, K2SO4); 

2. Period of slow reaction is of almost one hour (between 1 and 2 hours after mixing) during 

which the heat flow is low. The anhydrous compounds then dissolve very slowly. Several 

theories (formation of a metastable hydrate barrier or slow activation of dissolution) are 

proposed to explain this phenomenon. During this period, the cement has not yet hardened, 

allowing it to be used; 

3. Acceleration period of almost 9 hours when reactions accelerate abruptly and release a 

large amount of heat. This acceleration can be explained by the breaking of the metastable 

hydrate barrier, nucleation and growth of amorphous gel (CSH) or Portlandite. The 

hydrates formed (CSH and Portlandite) cover the aggregates, form a porous network and 

ensure the cohesion of the concrete, leading to hardening and an increase in strength;  

4. Deceleration period (after 9 hours) during which the heat flow gradually decreases. 

Hydration is then controlled by diffusion and continues for several months. The lack of 

water, the formation of the cementitious matrix and the exhaustion of the finest grains 

explain this slowing down, which also results in a slow rise in resistance. 

Hydration of Portland cement leads to the formation of Portlandite (Ca(OH)2 or CH) and 

CSH "gel". CSH is a hydrate whose crystallinity is very low (amorphous compounds) and whose 

composition can vary greatly depending on Ca/Si ratio, alkali, aluminum and quantity of water. 

The main hydration reactions of calcium silicates are proposed below. They are written in 

cementitious notation. 
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Figure 9. Typical Portland cement heat flow (mW/g) as a function of time given by isothermal 

calorimetry measurements (Bullard et al., 2011) 
 

An alite is the most reactive and starts the hydration before others forming the CSH and 

portlandite: 

6!$:								 + 								20	3					 → 							 !& − :? − 3@@ 																+ 																	9	!3                  (7) 
     Alite                    Water    CSH (C/S = 1.8 et H/S = 1.4)             Portlandite 

A belite starts its reaction later but it also results in forming of CSH and portilandite: 

6!1:													 + 											14	3					 → 							!& − :? − 3@@ 																				+ 																	3	!3                  (8)  
     Belite                        Water  CSH (C/S = 1.8 et H/S = 1.4)      Portlandite 

A tricalcium aluminate reacts with the formation of ettringite and a monosulfoaluminate. In 

fact, ettringite formation occurs early in the hydration of cement (Eq. 9). When a calcium sulfate 

is consumed, the monosulfoaluminate formation starts (Eq. 10): 

!$D											 + 									3!$								 + 				323					 → 				 !?D$$3$1                          (9) 
                    Tricalcium aluminate         Anhydrite      Water           Ettringite 

!?D$$3$1 							+ 											2!$D										 + 							43					 → 				3!FD$3@1                       (10) 
                           Ettringite        Tricalcium aluminate       Water          Monosulfoaluminate 

The hydration of the last phase, C4AF, tetracalcium ferroaluminate involves calcium 

aluminoferrite and is very similar to that of C3A. However, the reaction kinetics are much slower 

and the formed hydration products will substitute some of their aluminum with iron, the 

microstructure being the same. 

!FDG					 + 		!?D$$3$1 	+ 	2	31# + 	2!3 →					 		2!FD$3@1 					+ 					!FG$3@1      (11) 
Tetracalcium aluminoferrite Ettringite    Water   Portlandite    Monosulfoaluminate 

The volume occupied by the hydrates formed during these 5 reactions is smaller than that 

occupied by their respective anhydrous compounds and water. That is why Portland cement 

exhibits a volume contraction which can be the cause of chemical shrinkage and cracking. 
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Besides classical composition of the Portland cement, mineral binder could consist of some 

additives. They could decrease the mechanical properties because of the dilution effect (Hamidi, 

2013). At the same time, they are known for their ability to improve the binder performance due 

to their granulometry or hydration reactions (Bucher et al., 2021). In fact, granulometry of the 

additives is very important as smaller size of the additive particles increases the contact surface 

between the water and the aggregates and therefore the number of possible nucleation sites. Also, 

it allows them to optimize stacking, fill small pores and improve the mechanical performances. 

Among such additives we can distinguish additives with pozzolanic properties such as silica fume, 

flue ash or metakaolin. The Portlandite formed by the hydration of Portland cement enables the 

binding properties of these additives. However, these compounds generally react slowly and affect 

short-term strength. Essentially siliceous additions, such as silica fume, lead to the formation of 

CSH: 

2:									 + 										3!3										 + 						53			 → 				 !$ − :1 − 3I									                          (12) 
                    Silica fume         Portlandite      Water       CSH (C/S = 1,5 et H/S = 4,0) 

Another pozzolanic additive is a metakaolin. It can contain significant proportions of 

aluminum or calcium. The metakaolin is metastable and presents a strong pozzolanic activity, 

whose reaction in the presence of lime leads to the formation of CSH, strätlingite (C2ASH8) or 

katoite (C3AH6) or hydrogrenat (C3ASHx): 

4D:1 			+ 			20!3			 + 				153				 → 				 !&:?3@@ 			+ 		 		!$D:3F 		+ 			 		2!$D3? + 		!1D:3I	(13) 
 Silica fume   Portlandite    Water           CSH             Hydrogrenat        Katoite      Strätlingite 

I.3.1.2.3. Calcium Sulfoaluminate Cements (CSA) 

Calcium sulfoaluminate cement is made from about 40% of limestone (instead of 80% for 

Portland cement), a source of aluminum such as bauxite (40%) and a source of sulfate (20%). The 

obtained sulfoaluminous clinker is mainly composed of ye'elimite (≈ 65%) and belite (≈ 20%). 

Nevertheless, these proportions could change depending on the manufacturer. For example, (Le-

Bihan et al., 2012) studied the CSA cement with 73.3% of ye'elimite and 16.12% of belite, or 

(Khalil et al., 2017) had 54.3% of ye'elimite and 29.1% of belite. 

In order to better understand the origins of the different hydration kinetics, it is important to 

discuss the hydration of pure stoichiometric ye'elimite. Five steps of pure ye'elimite hydration can 

be distinguish (Bullerjahn et al., 2019a): 

1. The initial period is characterized by the rapid dissolution of a small amount of 

ye'elimite. This results in a rapid increase in solution concentrations, resulting 

in a constant slowing down of the dissolution, starting in a few seconds. During 

the first step, only the formation of an amorphous phase is detected by X-ray. 



 30 

2. The period of slow reaction is marked by the slow dissolution of ye'elimite. 

Ettringite, the only crystalline phase detected by XRD, forms progressively 

throughout this stage. This leads to a slow but constant decrease in sulfate ion 

concentration. 

3. The acceleration period is marked by the rapid depletion of sulfate ions from 

the solution and the reacceleration of ye'elimite dissolution. These effects 

coincide with an increase in pH, an increase in the concentration of aluminum 

ions and the beginning of monosulfate formation in conjunction with 

microcrystalline aluminium hydroxide. 

4. The main hydration period is characterized by the rapid rise in conductivity 

and pH, linked to the reaction of all the hydrated phases and the massive 

precipitation of hydrates. The degree of hydration is almost complete at the end 

of this stage, but its fall is slightly slowed down. On the contrary, the pH 

remains relatively constant at a high level. 

5. The last stage represents a slow and constant decrease in the concentration of 

aluminum ions and a slight increase in pH. The formation of monosulphate and 

microcrystalline aluminium hydroxide continues, apparently at the expense of 

ettringite and amorphous phases. 

These steps for hydration of ye'elimite in the presence of sulfates can be presented by the 

following equations: 

!FD$$							 + 							2!$						 + 						383				 → 						 !?D$$3$1 					+ 						2D3$                  (14) 
                   Ye’elimite          Anhydrite       Water              Ettringite             Gibbsite 

!FD$$							 + 							8!$							 + 					903					 + 						6!3					 → 					3!?D$$3$1                   (15) 
                   Ye’elimite          Anhydrite       Water            Portlandite      Ettringite 

!1:							 + 								D3$ 					+ 			53				 → 			 !1D:3I                                    (16) 
                                      Belite            Gibbsite        Water        Strätlingite 

Moreover, the importance of the mayenite for ye’elimite hydration was stated. In fact, the 

rapid dissolution of mayenite alters the Ca/Al ratio in solution. This results in acceleration of 

ettringite formation and faster depletion of primarily sulphate from solution. Consequently, the 

duration of the other hydration periods is shortened. However, the impact of mayenite depends on 

the w/b ratio. It was also shown, that the addition of 1% mayenite to the stoichiometric ye'elimite 

is sufficient to accelerate its hydration and a bigger quantity results in a delay of the main hydration 

peak (Bullerjahn et al., 2019b). 



 31 

I.3.2. Applications of hemp mortars in construction  

I.3.2.1. Different formulations of hemp mortars 

Hemp mortar is generally used for thermal or acoustic insulation of different parts of 

buildings. According to (Chabannes et al., 2018), hemp mortars could be used in different 

structures in buildings, such as a roof or a floor insulation, non-load bearing walls or a coating for 

walls. The examples of such applications are represented in Figure 10. Different formulations have 

been proposed in the literature, some of them are referenced in Table 1. 

 
Figure 10. Different application of hemp mortars in construction (roof and wall insulation) 

(Chabannes et al., 2018) 
  

Table 1. Examples of the hemp mortar formulations in function of the application type 

Reference 

Binder / 
shivs ration 
(%w/w in 
total dry) 

Water / 
binder 
ratio 

(%w/w) 

Density (kg/m3) 

Wall Roof Floor Coating 

(Gourlay et 
al., 2017) 

2 1.3 
573-700 (fresh), 

340-415 (dry) 
- - - 

(Marceau et 
al., 2017) 2 1.5 

573-578 (fresh), 
325-327 (at 100 

days) 
- - - 

(Sinka et 
al., 2014) 1.66 1.5 330-540 - - - 

(Cerezo, 
2005) - - 391 256 460 782 

 

The formulations depend on the type of application, as a compromise between mechanical 

and thermal properties must be achieved. For example, roof insulation is applied on a pitched or 
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flat roof. It is not intended to bear any loads, so it could be formulated with less of binder (to fix 

hemp shivs together) and be lighter. Hemp mortar is also used for filling the walls in the buildings 

which is called non-load bearing walls. Hence, hemp mortar needs to save the form and support 

its own weight. In this case, the amount of binder and density must be higher than for the roof 

insulation. A compromise between mechanical and thermal properties must be achieved. The hemp 

mortar floor insulation is made in multiple layers including an abrasion protection. For this 

material, it is crucial to bear the effective load of the floor. That is why the quantity of binder is to 

be higher than for the walls. As for the coating, hemp mortar is applied with a thickness from 2 to 

8 cm. It must therefore be sufficiently adhesive to remain on the support and retain its shape that 

needs more binder. 

 

Table 2. Composition and performances of hemp mortars in function of its application 

Hemp 

mortar 

application 

Binder 

dosage 

(%w/w in 

total dry) 

Hemp 

particles 

dosage 

(%w/w in 

total dry) 

Dry density 

(kg/m3) 

Modulus of 

elasticity (MPa) 

Compressive 

strength (MPa) 

Wall 

50-90 10-50 200-1000 

> 15 > 0,2 

Roof > 3 > 0,05 

Floor > 15 > 0,3 

Coating > 20 > 0,3 

 

In order to match the type of application of hemp mortar, the dosage of components must be 

selected. Formulations are regulated by the professional construction rules (SEBTP, 2012). The 

rules identify limits of the hemp mortar formulation and performances for each application. The 

main characteristics of hemp mortar for four different applications are represented in the table 2. 

The minimal performances must be identified in standard conditions (20°C and 50% HR) at 60 at 

90 days after hemp mortar fabrication. Also, the formulation of hemp mortar depends on the 

application technic. 

I.3.2.2. Application techniques 

There are different technics for fabrication of hemp mortar structures. Four technics can be 

distinguished: bricklaying, casting of monolithic walls, prefabrication and spraying, as indicated 

in Figure 11. Every type of application represents different advantages. 
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Prefabricated blocs or structures are transported to a construction site already prepared for 

use. They don’t need the time for drying and the rendering could be applied directly after their 

installation. This technic is used to for non-load bearing walls with thermal insulating properties 

and could be used for new building (Figure 11-a-b).  

Another way of manufacturing is a casting monolithic wall. In this case, the fresh hemp 

mortar is mixed on site and then placed in a formwork that creates and compacts a structure. The 

disadvantage of this method is the time of drying of hemp mortar. In fact, in order to allow the 

hydration of the binder a great amount of water is added. This is why the drying of monolithic 

walls takes several months. This technic is used for internal or external insulation or even for non-

load bearing walls of new or existing buildings (Figure 11-c). 

 

  
(a) (b) 

  
(c) (d) 

Figure 11. Hemp mortar techniques: (a) bricklaying2, (b) casting monolithic walls3, (c) 
prefabrication4, (d) spraying5 

                                                
2 https://www.solution-biosys.fr/ 
3 http://www.technichanvre.com/techniques/conseils-techniques/banchage-chanvre-et-chaux/ 
4 https://www.batirama.com/article/15380-le-beton-de-chanvre-passe-a-la-prefa.html 
5 https://www.lemoniteur.fr/photo/une-coque-en-beton-de-chanvre-pour-l-arche-des-petites-betes-du-parc-animalier-
de-thoiry.1196994/projection.3 
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Spraying is an interesting technic that allow to apply large surfaces of hemp mortar using 

special rendering machines. Even if it could be used for new buildings as internal or external 

insulation, this application method is well adapted to old building. These walls are often of 

irregular thickness and the spraying allows to level the surfaces and to compact the hemp mortar 

under the pressure. Moreover, as the quantity of water is lower, the time of drying is less than 

during casting of monolithic walls (Figure 11-d). 

There two main methods of spraying: dry- and wet-mix process shotcrete. In the case of dry-

mix process shotcrete, the dry or slightly moist mixture with a powdery consistency is fed into the 

blending machine. The mixture is transferred from the machine to the lance by a compressed air 

flow (high speed transfer). Water is added to the lance. In the case of wet-mix process shotcrete, 

the mixture, of plastic consistency, already contains all the necessary water. The transfer is 

mechanical: the concrete is pumped, possibly with the addition of compressed air to facilitate its 

transit (this is called diluted flow). The projection is ensured by adding compressed air to the lance. 

The consistency of the two mixes is therefore not comparable. It induces differences in terms of 

behavior during spraying, concrete compaction, production of losses and dust, and output.  

When talking about hemp mortar spraying, the quality of supports must be controlled to 

ensure the durability of insulation. Walls before application must be scraped and brushed to 

remove dust or insufficiently cohesive parts. Supports must not be waterlogged or frozen. Existing 

coatings must be completely removed. All external hemp mortar insulation must be protected by 

finishing layer and coating to reduce the influence of the environment. 

I.3.2.3. Cure conditions 

Available research results show that hemp mortars provide adequate mechanical and 

interesting insulating properties if properly designed and cured (SEBTP, 2012; Arnaud and 

Gourlay, 2012). Nevertheless, the improper curing cause some problems like hemp mortar 

cracking, dissociation or microbiological proliferation (Agence Qualité Construction, 2016; 

Kosiachevskyi et al., 2018; Parexlanko, 2020). All these factors decrease the durability of the hemp 

mortar structure, that is why the curing conditions must be controlled to allow the hydration of the 

binder. Hemp mortars represent an important quantity of water which cause a significant mass loss 

after drying. According to (Nguyen, 2014), the mass loss of a hemp mortar could be more than 

30% in 3 months (at 20°C and 75% RH) depending on the formulation. As for mineral binder, 

hydraulic ones need enough water for their hydration. Non-hydraulic binders set during the action 

of carbonatation, which is not a quick phenomenon and is ideally done between 45% and 75% RH. 

Figure 12 indicates the influence of the curing conditions on the mechanical performances of the 

lime-based plant mortars. 
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Figure 12. Diagram of the influence of the curing conditions on the mechanical performances of 

the lime-based plant mortars (Chabannes, 2015) 
 

(Arnaud and Gourlay, 2012) and (Colinart et al., 2012) investigated the influence of the cure 

mode and the formulation on final properties of hemp mortars. Figure 13 shows an example of 

results of compressive strength tests on the hemp mortar after 28 days of setting in curing 

conditions of 20 °C and various relative humidities. These results revealed that the treatment at 20 

°C and 50% RH is the best from the point of view of mechanical performances of hemp mortar. 

 

 
Figure 13. Compressive strength tests on the hemp mortar after 28 days of setting in curing 

conditions of 20 °C and various relative humidities (Arnaud and Gourlay, 2012) 

I.4. PROPERTIES OF THE HEMP MORTARS 

All points described previously (formulation, cure conditions, etc.) influence the 

characteristics of hemp mortar and are critical for creating of the functional material. This section 

presents a description of the hemp mortar’s mechanical and hygrothermal and acoustics properties. 

I.4.1. Mechanical properties of hemp fibers and hemp mortars  

Since hemp mortars are used additionally as non-load bearing insulation materials, their 

mechanical properties are not the most important characteristic. There is a lot of research in the 
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literature that focuses on the mechanical properties of hemp mortars. They investigate compressive 

and flexural strengths (Arnaud and Gourlay, 2012; Chabannes, 2015). Unlike synthetic fibers, 

organic particles have lower mechanical properties (Table 3) due to the presence of surface defects 

and hierarchical internal microstructure (Luo et al., 2014). That is why their use needs detailed 

investigation. 

Concerning hemp mortar, its mechanical strength under compression is similar to the most 

of cellular materials, e.g. wood (Gibson, 2003). (Walker et al., 2014) stated that under compressive 

loading, the stress-strain curve represents three regions: linear, plateau and densification, as it is 

shown in Figure 14. There are two cases: (a) with more distinct plateau region (large deformation 

for small increase in stress) and (b) with no plateau region. Figure 14-a demonstrates that initially, 

the curve is linear and the concrete behavior is quasi-elastic. Later, a cracking noise and binder 

powder appear indicating that the binder is failing. The behavior then departs from linearity and 

deformation significantly increases for a small stress increase (plateau region). During this phase, 

the hemp cells begin to collapse and the intensity of the cracking noise increases indicating that 

binder failure is becoming greater. Following the plateau region, there is a strain densification 

where the stress increases rapidly in relation to the strain. This is attributed to the collapse of the 

hemp particles which increases the stiffness of the concrete as the contact between cell walls 

provides additional mechanical strength. Hemp mortars of different formulations showed 

compressive strengths between 0.25 and 1.15 MPa with a corresponding elastic modulus between 

4 and 160 MPa (Cerezo, 2005). 

 

Table 3. Mechanical properties of natural fibers compared to conventional 
reinforcement available from the literature (Bentur and Mindess, 2006; Bledzki and Gassan, 

1999; Lewin and Pearce, 1998; Li et al., 2000) 
Fibre Density 

(g/cm3) 

Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

Specific Young’s modulus 

(GPa x cm3/g) 

Flax 1.20–1.50 345–1035 28–90 19–75 

Hemp 1.14–1.51 500–900 30–80 20–57 

Sisal 1.45–1.50 67–635 4–22 3–15 

E-Glass 2.50–2.60 2000–3500 70–80 27–32 

Carbon 1.40–1.78 4000–5000 230–240 129–171 

Steel 7.75–8.05 500–2000 200–210 25–27 
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Figure 14. Two representative diagrams of the typical behavior of hemp-lime mortar under a 

compressive axial load (Walker et al., 2014) 
 

As for flexural load, results are low comparing to ordinary concrete. For most of 

compositions they do not exceed 0.2 MPa at 1 year (Costigan and Pavía, 2012). At the same time, 

there are also some exceptions investigated for example by (Brümmer et al., 2017). Nevertheless, 

hemp mortars show a similar pattern of bending deformation as rigid materials – constant , and 

then the formation of a crack between the underside of the sample and the main axis (Sinka et al., 

2014).  

I.4.2. Thermal properties 

Hemp mortars are known for their insulating properties (Chabannes et al., 2018; Elfordy et 

al., 2008). Indeed, the main thermal characteristic is thermal conductivity l (W.m-1.K-1). It shows 

the ability of the material to conduct heat as a function of a given temperature difference. It is one 

of the intrinsic properties that most affect the hygrothermal behavior of the building.  

There is a multitude of methods for the experimental evaluation of thermal conductivity. 

They can be regrouped according to different criteria. One of these criteria is the thermal regime. 

Using this characteristic, a distinction can be made between steady-state and variable-state 

measurements. The steady-state regime concerns the test made at the medium subjected to a flow 

independent of time (stationary). Some examples are the hot plate method and the hot box method. 

The second regime is represented by the measurements made under transient flow (e.g., the hot 

wire or hot disk method).  

Another criterion of classification of thermal conductivity identification methods is the type 

of measurements. They can be relative and absolute. In the first case, the measurements are relative 

when the thermal conductivity of a material is determined in relation to a reference specimen 

whose thermal conductivity is known. Measurements are absolute in the opposite case. 

There are many scientific works on the subject of thermal conductivity of hemp mortars. 

Different aspects have been shown to be important when talking about prediction and preservation 

(a) (b) 



 38 

of thermal properties. Such parameters as fiber orientation, compaction and application method 

must be taken into account as they affect thermal conductivity of a material (Nguyen et al., 2016). 

It was shown that the type of the binder has a little effect on the thermal properties (Nguyen et al., 

2010). Hemp mortars can have up to 30% greater thermal conductivity in the perpendicular 

direction of compaction because of the anisotropic pore structure of hemp shivs (Dartois et al., 

2017; Williams et al., 2016). 

Thermal conductivity also increases as a function of moisture content and temperature of 

hemp mortar as indicated in Figures 15 and 16, respectively. In fact, (Bennai et al, 2017), 

investigated the influence of aging on the thermal conductivity of hemp mortars. They reveal that 

with aging, after 30 days, the thermal conductivity increases due to the microstructure evolution 

of the material. 

Also, mechanical properties improve with increasing density (Collet and Pretot, 2014; 

Delannoy et al., 2018). Typical hemp-lime formulation exhibits a moderate thermal conductivity 

from 0.06 to 0.12 W.m-1.K-1 (Latif et al., 2015). Lower values could be obtained by spray 

application or use of organic binders (Hussain et al., 2019). (Stevulova et al., 2012) showed that 

the smaller hemp particles have a minimal effect on the thermal conductivity of hemp mortars. 

The thermal conductivity values of hemp insulation mortars are not as good as those of 

traditional insulating materials (polystyrene and glass wool with values of 0.04 W.m-1.K-1). In fact, 

hemp mortars hygroscopic behavior contributes to better thermal performance associated with the 

latent heat transfer caused by the process of liquid phase to vapor transition of water contained in 

its porous structure in solid, liquid and gaseous phases (Tran Le, 2010). The absorption abilities 

of hemp particles and fibers vary considerably due to differences in their physical structure and 

chemical composition (Sáez-Pérez et al., 2020). 

 

 
Figure 15. Evolution of thermal conductivity depending on the water content of the material at 

23 °C, and 30 days of age (Bennai et al., 2017) 
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Figure 16. Comparison of thermal conductivity as a function of hemp mortar temperature at 30 

and 60 days of age (Bennai et al., 2017) 
 

Further, (Collet and Pretot, 2014) indicated that the increase in the moisture content decrease 

the thermal performance of hemp mortar, especially the thermal conductivity as indicated in Figure 

17. As it is indicted in this figure, thermal conductivity of sprayed hemp mortar wall increases 

with the increase of the water content and dry density. 

 
Figure 17. Thermal conductivity of sprayed hemp mortar wall versus dry density and water 

content (Collet and Pretot, 2014) 

I.4.3. Hydric properties 

Hemp mortars are known for their ability to absorb significant quantity of water because of 

the hygroscopicity of hemp particles and the high open porosity of hemp mortar. There are a lot 

of different technics and methods to evaluate the hydric performance of hemp mortars, such as 

sorption-desorption curves, water vapor permeability or moisture buffer value (MBV).  
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I.4.3.1. Sorption-desorption curves 

Sorption-desorption isotherms describe the amount of vapor adsorbed at equilibrium in a 

material at a given relative humidity and temperature. In fact, the adsorption of water proceeds in 

4 steps as shown in Figure 18. Firstly, isolated sites on the surface begin to adsorb gas molecules. 

Then, the water molecules cover the surface of the pores in a single layer. They are maintained 

under the effect of the forces of VAN DER WAALS: it is monolayer or monomolecular 

adsorption. Then, when humidity becomes more important, other layers of molecules are adsorbed. 

This is known as multilayer or polymolecular adsorption. Finally, at higher relative humidities, the 

polymolecular layers bind together, join and form a liquid bridge separated from the gaseous phase 

by a meniscus. The water is retained on the surface of the pores by capillary forces. This results in 

the filling from the thinner pores to the larger pores: this is capillary condensation (Chamoin, 

2013). 

In order to predict the adsorption isotherms there are a lot of different models that were 

proposed, for example models of Henry, Freundlich (1909), Langmuir (1918), a Brunauer–

Emmett–Teller (BET) model (1938) or Guggenheim–Anderson–de Boer (GAB) model. Two last 

models are the most commonly used for the determination of the sorption isotherms for different 

materials. 

 
Figure 18. Stages of water vapor adsorption under rising relative humidity6 

 

                                                
6 https://www.micromeritics.com/ 
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The relationship between water content and relative humidity in experimental practice is not 

unique but depends on the direction of change of the relative humidity RH, showing a "hysteresis". 

Different forms of buckles can be schematized. They are grouped by (IUPAC, 1985). In addition, 

hysteresis may be related to the shape of the pores ("bottles") or to the structuring of the pores 

(interconnections). 

A lot of studies were conducted to evaluate the sorption-desorption isotherm (Collet et al., 

2013; Gourlay et al., 2017; Piot et al., 2017a). Most of researches reveal that hemp mortar has high 

moisture content as wood (~27	%). (Bennai et al., 2017) investigated the sorption-desorption 

isotherm of hemp mortar in function of the samples age, after 7, 30 and 60 days (Figure 19). This 

curve represents the change in the water content of the material depending on the water activity or 

relative humidity of air in equilibrium. The presence of hysteresis was observed between 

absorption and desorption that extends to the lower pressures. The effect of the material age was 

noted on the sorption behavior of hemp concrete. In fact, the adsorption desorption rate decreases 

with increasing material age. For example, at 89% of relative humidity, the adsorption decreases 

from 21.51% between 7 and 60 days. At early-age, the binder hydrates do not form a connected 

network yet, over time, the hydrates connect together, and the volume of the solid phase increases 

which causes a change in the internal structure of hemp concrete and reduces the material porosity 

and its water adsorption capacity. 

 

 
Figure 19. Comparison of water vapor adsorption-desorption isotherm of hemp mortar at 7, 30 

and 60 days hemp concrete age at 25 °C (Bennai et al., 2017) 

I.4.3.2. Water vapor permeability 

In the building, relative humidity is one of the most important factors to consider when 

assessing hygrothermal comfort. High indoor humidity influences air quality and can cause 

structural degradation of the building structure and significantly shorten their durability 
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(Kosiachevskyi et al., 2018; Roulet, 2004). That is why the question of water vapor permeability 

is so important. Indeed, hemp mortar, as insulating material, is applied as a structural part of the 

wall. It means that this material should be permeable to water vapor in order to avoid any problems 

during its life cycle. 

Environments with open porosity represent an ability to transfer a moisture flow when they 

are subjected to gradients of different potentials (total pressure, vapor pressure, temperature). The 

total moisture flow gh is then the sum of vapor flow gv and liquid flow gl according to (Eq. 17). 

g = PQ + PR = −ST
UT

UV
− WX,R

UX

UV
                                             (17) 

Where  
gQ - vapour flux density; 
gR - liquid moisture flux density; 
dp - water vapor permeability [kg.m-1.s-1.Pa-1]; 
WX,R  - moisture content - driven liquid diffusion coefficient [m2/s]. 

 

The criterion that characterize a material’s ability to allow the water vapor to pass through 

is water vapor permeability dp. This value is the sum of three terms relating to the transport of 

vapor by diffusion, vapor by effusion and liquid by capillarity. As for hemp mortars, their water 

vapor permeability value is at the range of 10-11  kg.m-1.s-1.Pa-1 - 10-10 kg.m-1.s-1.Pa-1 (Hussain et 

al., 2019; Moujalled et al., 2018). It is several times higher than for a conventional concrete. This 

makes the use of this material interesting, especially for ancient buildings, where the question of 

the durability of the walls arises. 

I.4.3.3. Moisture buffer value (MBV) 

Many authors (Hussain et al., 2019; Rahim et al., 2015) have shown that hygroscopic 

materials contribute to moderate indoor relative humidity variations, thus improving the comfort 

of the occupants and reducing energy consumption. That is why the Nordtest project (NORDTEST 

project, 2005) proposed an experimental protocol to evaluate the hygroscopic inertia of 

hygroscopic materials through the definition of the Moisture Buffer Value (MBV). 

According to (NORDTEST project, 2005), the MBV of a material is measured 

experimentally by its exposition to the cycles of relative humidity (8 hours at 75% RH and 16 

hours at 33% RH at constant temperature of 23°C). These cycles are repeated until reaching the 

constant mass. Then, the MBV value is calculated using the following expression: 

Z[\T]^_`a_^R =
∆c

d(efghi8efgjk)
                                    (18) 

Where, Dm – mass change [kg]; 
S – exposition surface of the sample [m2]; 
HRmax – maximal relative humidity (75% RH); 
HRmin – minimal relative humidity (33% RH). 
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Apart from experimental value of MBV, the Nordtest project defines also the theoretical 

MBV. It proposes the equation for identification of MBVideal, basing on the material’s properties 

(Eq. 19) (NORDTEST project, 2005). 

Z[\aUl^R = 0,00568 ∙ nQo ∙ pc ∙ qrT                                    (19) 
Where, Ptu – saturation vapor pressure [Pa] ; 
bm – moisture effusivity [kg.m-2.Pa-1.s-1/2]; 
tp – time [s]. 

 

Moisture effusivity value bm is identified basing on the water vapor permeability (Eq. 20).  

pc = v
wx∙yz∙

{|
{}~

�ÄÅ
                                      (20) 

Where, dp – water vapor permeability [kg.m-1.s-1.Pa-1]; 
ρ0 – dry density [kg.m-3], 
u – moisture content by mass [%],  
RH – relative humidity [%]. 
 

This MBVideal identification model requires that the measurements be performed in a semi-

infinite environment. It means that the thickness of the sample must be higher than the distance 

between the exposed surface and the point where the amplitude of change in water vapor 

concentration does not exceed 1% of that at the surface. This distance is named penetration depth 

and is calculated using the Eq. 21 (NORDTEST project, 2005). 

Ç = 4,61É
ÑÖ,Ä∙`x

Ü
                                      (21) 

Where, d – penetration depth [m], 
WX,Q – hydric diffusivity [m2.s-1], 
tp – time [s]. 
  

As the mass convection coefficient at the boundary plays an important role, technically the 

MBV value is an intrinsic property of the material. Nevertheless, this value can be assimilated to 

an intrinsic property of the material when this coefficient tends towards infinity. 

A lot of studies were conducted to evaluate the MBV value of hemp mortars. For example, 

(Tran Le, 2010) studied the moisture buffer value of cast hemp concrete from analytical and 

experimental points of view. The moisture buffer values obtained are 2.35 (kg/(m2 ×%RH)) for the 

analytical value, 1.99 (kg/(m2 ×%RH)) and 1.89 (kg/(m2 ×%RH)) for experimental value for the 6 

cm and 3 cm thick sample respectively. It should be mentioned that the penetration depth 

calculated by this author was of 3.7 cm. Thus, the 3 cm thick sample is too thin to give a 

representative MBV value. (Collet and Pretot, 2012) studied the moisture buffer value of sprayed 

hemp concrete. The determined MBV value was 2.15 ± 0.06 (kg/(m2 ×%RH)) with the penetration 

depth of 5,8 cm. 
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I.4.4. Acoustic properties 

Acoustic properties of building materials are important when talking about everyday 

comfort. Indeed, 86% of French people say that they are bothered by noise in their homes. 67 % 

and 65% stated being bothered by road traffic and by neighborhood noise respectively (Bendavid 

and Chasles-Parot, 2014). These nuisances have negative effects on our health, leading to sleep 

disorders, reduced performance at work and increased stress (AFSSE, 2004). 

When talking about acoustic performance of a building, we note two main types of 

consideration: 

• Acoustic insulation is used to reduce as much as possible the noise transmitted 

by the external environment. 

• Acoustic correction concerns all the methods used to control the response to 

acoustic excitations of the same room. 

Depending on the objectives, insulation or acoustic correction, the means can be very 

different. Thus, a massive and impermeable structure is preferred for good insulation, while porous 

and permeable materials are used for acoustic correction. Thus, the performance of building 

materials is generally described by two quantities, the sound transmission loss noted TL, and the 

sound absorption coefficient noted α (Glé, 2013). 

 

 
Figure 20. Sound absorption of hemp concrete 

according to the binder content (Glé et al., 
2011) 

 
Figure 21. Sound absorption of hemp shiv in 
bulk for 3 different sizes of the particles (Glé 

et al., 2011) 
 

The main factor that affect the acoustic properties of hemp mortars is the porous 

microstructure (Glé, 2013). Therefore, the question of the finishes of hemp mortar walls is 

important. Indeed, the surface rendering decrease significantly the sound absorption coefficient. 
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As for unrendered hemp mortars, they represent a sound absorption at the range between 40 and 

50% for certain frequencies (Kinnane et al., 2016). Additionally, it was stated that the sound 

absorption increases with the increase of amount of binder (Figure 20) or use smaller hemp 

particles in bulk (Figure 21) (Cerezo, 2005; Glé et al., 2011). Also it is greater for mortars made 

with lime-pozzolanic binders than hydraulic ones (Kinnane et al., 2016). Further retting and aging 

can affect the acoustic absorption capacity of the hemp aggregate by changing the pore size 

distribution (Delannoy et al., 2018). When the hemp shivs are aged via exposure to real weather 

conditions they tend to swell up. Greater open porosity was found to have an important influence 

on acoustic absorption (Delannoy et al., 2018; Sáez-Pérez et al., 2020). 

I.5. DURABILITY AND AGING OF THE HEMP MORTARS 

Hemp mortar is very interesting material from ecological and economical points of view. 

Also, their mechanical, acoustical and hygrothermal properties make them one of the reliable 

solutions for sustainable construction. At the same time, the use of this bio-based material raises a 

large number of questions, especially with regard to the durability of materials. Indeed, their 

hygroscopic aspect means that there are complex interactions between the microstructure of hemp 

shivs and humidity. Thus, the solid and porous phases of such materials present local thermal, 

hygro-mechanical and mechanical phenomena, which are at the origin of various dimensional 

variations due to hygroscopic stresses. Moreover, multiscale factor and anisotropy of hemp mortar 

represents some difficulties when predicting the evolution of their properties over time. In order 

to ensure the proper life cycle of hemp mortar, its durability need to be mastered. 

I.5.1. Concept of the durability 

According to the international standard ISO 15686, the durability of a building or its 

components is an ability to perform its required functions during a specified period under the 

influence of climatic agents and intended use (ISO 15686, 2011). This specified period is named 

“service life” which is defined as a period of time after implementation during which a building 

or building components meet or exceed the performance requirements. The expected service life 

identified at a particular assembly or/and service conditions that can be basic for prediction of 

service life during real use is named reference service life (ISO 15686, 2011).  

The modification of the performance comparing to initial properties during service life is 

named the “degradation of a material”. It is characterized by a phenomenon and a state of 

degradation. The moment when one or more properties are below the level of their requirements 

is called the level of failure. All these notions are presented in Figure 22 (ISO 15686, 2011; Talon, 

2006). 
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Figure 22. Representation of the concepts of performance and service life (ISO 15686, 2011; 

Talon, 2006) 

I.5.2. Factors of hemp mortar’s durability 

Many factors affect the durability and service life of building materials. They depend on the 

performance requirements for the material. This vary depending on the type of material and its 

destination. For example, the durability requirements for precast concrete structures differ from 

those for interior finishes. 

As a thermal insulation material, hemp mortar must perform its insulating function. 

However, the question of the durability is more complex subject that depends on their 

microstructural characteristics, mechanical, hygrothermal and acoustic properties and their 

behavior towards the air quality and hygiene (moisture content, microorganism’s proliferation). 

Also, these factors affect each other, as indicated in Figure 23. For example, an evolution of hemp 

mortar’s porosity affects its acoustic and hygrothermal properties. The properties, such as 

hygroscopicity, of a material can provoke a high moisture content and, thus, microorganisms’ 

proliferation. In their turn, microbiological agents (mold and bacteria) can change the properties 

by changing, at the same time, hemp mortar’s microstructure (chemical composition and porosity). 

Also, some characteristics of microstructure can be more favorable for mold and bacteria growth 

(i.g. low pH level or surface roughness). 

Various studies have been conducted to examine hemp concrete's durability across these 

parameters (Arizzi et al., 2016; Bourdot et al., 2020; Delannoy et al., 2018, 2020a; Rima et al., 

2021). Moreover, durability can be investigated at different period not only of service life, but 

even before. This is because the organic granulate is a material whose composition and properties 

are formed before the hemp mortar is made - during the growing period of the hemp. There are 

different stages: harvesting of hemp, its preparation and grinding, storage, hemp mortar 

manufacturing and service life. At all stages there are different interactions with the environment 
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and other compound of hemp mortar that can provoke a degradation resulting in decrease of the 

material’s performance. That is why, all periods and interconnections must be mastered. 

 

 
Figure 23. Diagram representing different parameters and their interconnections that affect the 

durability of hemp mortars 

I.5.2.1. Impact of agricultural methods: retting 

After harvesting the hemp, hemp stems are exposed to so-called period of retting. It This 

period allows to naturally occurring organisms (fungi, bacteria, enzymes) to break down the pectic 

compounds (a glue-like substance made up from galacturonic acid units) of the middle lamellae 

binding the plant cells together (Bengtsson, 2009). This then facilitates the subsequent grinding of 

the hemp (Zhao et al., 2016). Retting method had a significant influence on fiber chemical 

composition (Jankauskienė et al., 2015). Without retting, there can be significant fiber loss during 

the subsequent refinement processes (Bócsa and Karus, 1998).  

There different technics of retting: 

Ø Water-retting 

Ø Dew-retting (field retting) 

Ø Dam-retting 

Ø Chemical retting 
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Water-retting is a method where stalk bundles are submerged in water (normally in tanks, 

streams or ponds) for about 10 days (Ranalli, 1999). As a result, the water becomes rich in pectin-

degrading bacteria. This method is not sustainable from ecological point of view due to the high 

quantity of used water and the pollution of water with high concentration of bacteria (Ranalli, 

1999). Nevertheless, according to (Östbom, 2007), the water retting method provides a better 

quality of hemp fibers (length, color and smoothness). Dew-retting is also named field method. 

Hemp stalks are left in the field after harvest for exposure to climatic phenomenon (rain and dew) 

for about 2-3 weeks (Bócsa and Karus, 1998). Available researches on the subject of dew-retting 

showed the chemical evolution and degradation of hemp stems at different periods of retting 

(Bleuze et al., 2020, 2018) , as shown in Figure 24, by SEM images of the transverse sections two 

types of hemp stems. This method is environmentally friendly which gives good quality fiber 

which is strong yet fine (Haugaard-Nielsen et al., 2003). Dam-retting consists in immersing of the 

stems into dams or ponds for about 10 days and is no longer practiced except Egypt. Chemical 

retting is done by boiling the hemp with alkali or oxalic acid at atmospheric. It is quicker process 

but costly. The most widely used are dew- and water-retting methods, both carried out by pectic 

enzymes secreted by indigenous microflora (Bengtsson, 2009). 

Drying is important to halt the retting process (Ranalli, 1999). Over-retting adversely affects 

fiber thickness and leads to discoloration of the fibers which turn dark grey or brown (Östbom, 

2007). Under-retting where the humidity is insufficient, can also lead to reduction in fiber quality 

(Bengtsson, 2009). 

Fibers from unretted hemp stalks become cheaper since the handling time is shorter. They 

also contain a lower degree of microorganisms and do not require bleaching, which is more 

environmentally safe (Bengtsson, 2009). 

After the process of the retting, hemp is dried and grinded. Then, in the case of hemp mortar, 

hemp shivs are transported and incorporated with mineral binder on the construction site. 

Conditions must be regulated in order to protect hemp shivs from wetting and possible degradation. 

Nevertheless, the next stage where durability must be assessed is the hemp mortar manufacturing 

because of the intercommunion between mineral binder and hemp shivs. 
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Figure 24. SEM images of the transverse sections two types of hemp stems (a, c, e, g and b, d, f, 

h) during retting. Before retting (a,b), after 14 (c,d), 28 (e,f) and 42 days (g,h) of retting; (ba) 
bacteria, (bf) biofilm, (co) conidiophore, (ef) elementary fibre, (ep) epidermis, (fb) fibre bundle, 

(fbd) fibre bundle decohesion, (fl) fibre lumen, (hy) hyphae, (mc) microbial colonization, (p) 
parenchyma, (tr) trichome and (xy) xylem. Scale bar =200 μm 

I.5.2.2. Interconnexion mineral binder / hemp shivs 

Hemp shivs represent some quantity of organic particles (sugars, lignin, other organic 

compounds), that affect hemp mortar setting and properties during the manufacturing process. At 

the same time, mineral binders represent aggressive environment for organic tissue of hemp. It is 
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characterized by high pH level and saturation with minerals that provoke degradation of hemp 

shivs. This, in turn, leads to more emission of organic compounds.  

I.5.2.2.1. Influence of the mineral binder on organic granulates 

Several studies have focused on the influence of the mineral binder on the organic particles 

(Melo Filho et al., 2013; Wei and Meyer, 2015). (Elfordy et al., 2008) worked on hemp-lime 

mortar and determined the presence of calcium on the entire external surface of the hemp particles 

using energy-dispersive X-ray spectroscopy (EDS) analysis. This shows that the mixing process 

is effective in completely covering the hemp particles with the binder. Other researchers 

investigated the degradation of molecular chains and the reduction in the degree of polymerization 

and the tensile strength due to the dissolution of lignin and hemicellulose in a cement pore solution 

and alkaline hydrolysis of cellulose molecules (Tolêdo Filho et al., 2000). Also, it was 

demonstrated that mineralization of lime in lumens decrease the fiber flexibility and strength 

(Tolêdo Filho et al., 2000). Further, (Melo Filho et al., 2013) basing on their studies of sisal-

Portland mortars suggest two mechanisms for the organic fiber degradation (Figure 25). The first 

step is the deposition of calcium hydroxide crystals at the fiber surface that leads to a 

mineralization process. It provokes the reduce of the quantity of cellulose in the fibers and decrease 

of fiber’s ductility and strength. The second step consists in hemicellulose and lignin degradation. 

It is provoked by adsorption of calcium and hydroxyl ions by the organic fiber surface. These 

elements are known to remove from the surface amorphous materials, like waxes, fats, 

hemicelluloses and lignin that, therefore, leads to a reduction in the macro mechanical properties 

of the organic fiber. 

 
Figure 25. Organic fiber degradation (sisal example) mechanisms in a Portland cement 

environment (Melo Filho et al., 2013) 
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(Wei and Meyer, 2015) demonstrated the organic particles’ mineralization. Also, in their 

study, they proposed a more detailed four-stages schema of alkaline degradation of natural fiber 

in a cement matrix, due to the high alkalinity of cement solid phase and pore solution (Figure 26): 

Ø Degradation of lignin and part of hemicellulose, which leads to the exposure 

of holocellulose in the pore solution and solid phase of the matrix; 

Ø Degradation occurs mainly on hemicellulose, which causes the decrease of 

integrity and stability of the cell wall of natural fiber; 

Ø After the degradation of lignin, hemicellulose and intra-molecular hydrogen 

bonding, there remains no binding for cellulose micro-fibrils, and as a result 

cellulose fiber disperse in the pore solution of the matrix, which in turn, 

accelerates the degradation of cellulose; 

Ø The last step is the failure of cellulose micro-fibrils, which is caused by alkaline 

hydrolysis of amorphous regions containing non-reducing end and leads to the 

complete degradation of natural fiber. As the degradation proceeds, the 

hydration products, such as C-S-H and soluble Portlandite, gradually infiltrate 

into the cell wall, which in turn leads to mineralization and embrittlement of 

organic particles. 

 

 
Figure 26. Diagrammatic sketch of natural fiber's alkaline degradation process (Wei and Meyer, 

2015) 

I.5.2.2.2. Influence of organic compounds on the mineral binder 

Apart from the degradation oh hemp by mineral binder, there is another aspect – the 

influence of organic compounds on the reactivity and properties of the binder. There are several 

studies on this subject. Some authors investigated the influence of the organic compounds on the 

properties of hemp mortars (Delannoy et al., 2020b; Nadif et al., 2002), others showed their 

influence on the setting (Delannoy et al., 2020b; Sedan et al., 2008). 
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Figure 27. Representation of the flow of mortar with admixed lignin samples from different 

organic fibers (flax, hemp, wheat straw) obtained with the small-scale testing apparatus (Nadif et 
al., 2002) 

 

(Nadif et al., 2002) showed the influence of lignin extracted from organic fibers (flax, hemp, 

wheat straw) on the flow of the mortars. Every sample of lignin improved the mortar flow, that in 

the reference state was calculated for the sample without additives at 49%. Two proposed levels 

of 53% and 72% demonstrate the limits for the 10% and 50% improvement towards the reference 

mortar’s flow (Figure 27). The effect of increasing of mortar’s flow was explained by other 

researches (Delannoy et al., 2020b; Sedan et al., 2008). 

(Sedan et al., 2008) investigated the influence of the presence of hemp particles on the 

Portland cement-based binder setting. Firstly, they were interested in the trapping of calcium by 

organic particles. To study this phenomenon, they observed organic fibers before and after the 

immersion for 24h into the lime-saturated solution as shown in the SEM micrographs of cortical 

fibers in Figure 28. These images indicate the formation of spherical nodules after the immersion. 

The EDS analysis shows that these nodules are calcium rich compared to a nodule free region. 

(Sedan et al., 2008) explains this result by the organic particles’ adsorption of a high quantity of 

OH− ions, that, then, attract the calcium form the solution. Indeed, the free carboxylate and alcohol 

functions found in the chemical structure of the fiber compounds (in particular in the pectin) trap 

OH− ions, become ionized in alkaline media and carries an electrical negative charge. They, later, 

attract calcium ions to form Ca(OH)2 nodules. Pectin contained in the fibers can also react with 

calcium ions in an alkaline environment and form a very stable “egg box” structure responsible of 

the decrease of Ca2+ concentration in lime-saturated solutions.  

The decrease in the quantity of Ca2+ affects the setting as it depends on the concentrations 

of calcium, silicon, aluminium and iron. Figure 29 shows that the increase in the quantity of fibers 
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decreases the concentration of calcium that cannot produce calcium silicate hydrates (CSH) 

responsible for setting (Sedan et al., 2008). 

(Delannoy et al., 2020b) investigated the influence of the hemp shivs extractives on 

hydration of Portland cement. In their study they used the isothermal calorimetry to assess the 

hydration process. Figure 30 demonstrates the heat flows over time of pure CEM I and CEM I / 

hemp shiv powders admixtures in different proportions (hemp shivs/cement = 0.01; 0.02; 0.05; 

0.1; 0.5). These results show the same pattern - the increase of the quantity of organic particles 

slow down significantly the hydration time. Indeed, the first peek of hydration for CEM I sample 

is observed at about 9 hours after the beginning of the hydration and is connected with the C3S 

reaction and precipitation of the Portlandite and the CSH (Delannoy et al., 2020b). The hydration 

of the mixtures with hemp shivs are slowed by 3.5 hours, 13 hours, 26 hours for the samples with 

ratios hemp shivs/cement of 0.01; 0.02; 0.05 respectively. No heat flow peek during first six days 

was seen for the samples of the mixture with hemp shivs/cement ratio of 0.1 and hemp mortar with 

the ration 0.5. 

Given the risks of the interaction between organic fibers and mineral binders, several works 

have been carried out to increase the durability of natural fibers in inorganic matrices, different 

approaches have been proposed in the literature. (Gram, 1983) proposed different treatments of 

fibers with blocking agents, such as sodium silicate, magnesium sulphate, iron or copper 

compounds and others, but the durability of the fibers did not increase significantly. (Melo Filho 

et al., 2013) proposed the use of silica fume products to reduce degradation due to alkaline attack. 

(Bilba and Arsene, 2008) studied a silane coating of natural fibers to reduce the external 

aggressions and then the degradation of the mechanical properties. 

Latex coating is also proposed as one of possible solutions to overcome the problem of 

degradation of physical and mechanical properties (Asprone et al., 2011). The objective is to 

provide external protection, to isolate the fibers from alkaline agents and moisture. The results 

show that latex coating can improve the durability of hemp fiber in the mortar environment and 

that the bonding behavior between hemp fibers and mortar is improved by latex coating. 

Another possible technic is a treatment with aqueous NaOH solution. It removes certain 

hemicelluloses, waxes and impurities from the surface of the fibers. The surface is chemically 

more homogeneous. In the literature it has also been observed that treatment with NaOH tends to 

roughen the fiber surface (Sedan et al., 2008). Therefore, in the case of the study conducted by 

(Sedan et al., 2008) the gain in flexural strength can be attributed not only to the improved adhesion 

at the interface but also to the improved tensile strength of the fiber. For fibers treated with AlCl3, 

the effect of the treatment on the flexural strength of the composite is less noticeable. Indeed, it 
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only removes impurities or waxy substances on their surface and has little effect on the 

morphology of the fibers. 

 

 
Figure 28. SEM micrographs of cortical fibers before (a and b) and after immersion in a lime-

saturated solution (c and d) for 24h (Sedan et al., 2008) 
 

 
Figure 29. Variations in the concentrations of calcium (□), silicon (∆), aluminium (+) and iron 
(×) as a function of the amount of hemp fibres introduced into a diluted cement paste (W / C = 

2). Measurements made 30 min after the start of mixing (Sedan et al., 2008) 
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Figure 30. Heat flow for pastes of CEM I, CEM I mixed with hemp shiv powder and hemp 

concrete (Delannoy et al., 2020b) 

I.5.3. Hemp dimensional variations at hygric loads 

As hemp is hygroscopic, their particles, start to absorb the high quantity of water when 

exposed to water during hemp mortar manufacturing (Fourmentin et al., 2016). It leads to the 

swelling of hemp shivs (as shown in section I.4.3.1). Then, during the period of the setting and 

drying of hemp mortar structures, hemp shivs liberate stocked water and shrink. It provokes 

dimensional variations that cause the damage of the material. This effect was noted also during 

hygroscopic solicitation not only at early-age but also at the whole period of service life of organic-

based mortars (Abahri et al., 2020; Bennai et al., 2019; Fourmentin et al., 2016).  

There are several studies that are interested at the hemp shivs’ water absorption and their 

dimensional variations (Rima et al., 2021). For example, (Fourmentin et al., 2016) followed the 

evolution of the distribution of NMR relaxation time to quantify the effective amount of water 

entering the hemp (Figure 31). They showed that water intake occurs in two steps, a fast one taking 

place in less than two minutes, corresponding to water entering the pith, and a slow one, taking 

place over days, corresponding to water diffusing into the woody part of the shiv (Figure 32). 

(Bennai et al., 2019) used another technic, digital image correlation, to study the 2D 

hygromorphic behavior of hemp mortar to better understand the swelling and shrinkage of the 

material due to variations in its hydric status. Results showed that humidification of the hemp 

mortar leads to swelling of the vegetable particles and decrease of the porosity present between 

the binder and the hemp shiv. In addition, hydric drying causes shrinkage of vegetable aggregates 
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and the dilation of interparticle porosity. For example, figure 33 shows the hemp mortar sample at 

the dry state (a) and the strain fields for the passage from dry state to 76% RH (b,c,d). 

Recently, (Rima et al, 2021) studied the microscopic estimation of swelling and shrinkage 

of hemp concrete in response to relative humidity variations. This work is based on the analysis of 

the 2D microstructure of both hemp concrete and hemp shiv aggregates, in order to estimate these 

dimensional variations for sorption and desorption cycles. In this context, a new experimental 

optical setup was investigated to quantify the hemp shiv and hemp concrete swelling and shrinking 

by analyzing variations in their microstructure at different relative humidity levels. The findings 

of this study underline the real influence of relative humidity on the hemp concrete, that present a 

hysteretic swelling (Figure 34) due to the porous structure and hygroscopic behavior of this 

material. 

 
Figure 31. Evolution of the middle slice of hemp during water absorption as seen by MRI, higher 

brightness means higher water content (Fourmentin et al., 2016) 

 
Figure 32. Water to hemp mass ratio in time as measured by T1 relaxometry (squares) and by 

weighing of an immersed sample (crosses). The inset shows the additional water to hemp mass 
ratio in phase 2 of imbibition as a function of time in logarithmic scale. The continuous line has a 

slope 1⁄2 (Fourmentin et al., 2016) 
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Figure 33. Hemp mortar’s sample at (a) dry state, and strains equivalent to 76% RH (b) exx (d) 

eyy and (d) exy (Bennai et al., 2019) 

 
Figure 34. Swelling of hemp concrete (%) as a function of relative humidity (%) 

I.5.4. Degradation of hemp mortar and their properties during its 

service life 

Several works in the literature show that the physical and mechanical properties of natural 

fibers can be affected by important modifications due to environmental factors (Gram, 1983). In 

particular, works of (Tolêdo Filho et al., 2000) showed that problems of durability are associated 

with an increase in fibre damage and a decrease in pull-out force due to a combination of fibre 

weakening as result of the inorganic matrix environment and high-water absorption. Indeed, 

alkaline attack and mineralization of the fibers caused by the migration of hydration products to 

the lumens can induce a significant degradation of the fiber properties and provoke the mechanical 

properties’ degradation (Tolêdo Filho et al., 2000). It was found that hemp shivs do not completely 

0

1

2

3

4

5

6

7

0 10 20 30 40 50 60 70 80 90 100

Sw
ell
ing

	(%
)

Relative	Humidity	(%)

Width	of	hemp	fiber
Length	of	hemp	fiber



 58 

decompose within the composite because of the mineralization, which takes place as a result of 

the precipitation of calcium carbonate on the individual elementary fibers, following an alkaline 

degradation mechanism. Such mineralized hemp particles become inert within the composite, but 

also brittle, less porous, and weak in tension (Marceau and Delannoy, 2017). Further, (Walker et 

al., 2014) studied the mechanical properties and durability of hemp-lime concretes of various 

mixes. Different parameters were investigated, such as resistance to freeze-thaw or salt exposure. 

It was found that hemp concrete had poor resistance to freeze-thaw due to the washout of mass 

during the freeze and thaw cycle, thereby leading to a reduction in compressive strength. Hemp 

concretes had good resistance to sodium chloride salt exposure as the large pores did not allow 

crystallization to occur. 

In other aging tests such as wetting and drying cycles, and full immersion and drying cycles, 

it was found, especially with calcic lime binders, that the binder leaches out and the mass reduces, 

leading to a reduction in compressive strength. In cases of hydraulic binders, the cyclic wetting 

and drying has improved the compressive strength of the composite (Jami et al., 2019; Marceau 

and Delannoy, 2017). 

(Benmahiddine et al., 2020) used the total immersion/drying weathering cycles that have 

shown a significant influence on the mechanical performances. Indeed, the compressive strength 

of hemp mortar samples decreased by 51% after the weathering cycles. Apart from mechanical 

properties, these authors investigated the evolution of hygrothermal properties. Results highlighted 

the cracking of the binder/hemp shivs interfaces the degradation of hygric properties as for 

example the MBV. 

As for hygrothermal properties, a lot of researchers stated the influence of the environmental 

conditions (humidity, temperature, etc.) on the hemp mortar performance (Abahri et al., 2020; 

Collet and Pretot, 2014; Gourlay et al., 2017; Kosiachevskyi et al., 2017). Other researchers 

demonstrated the evolution of hygrothermal properties under different types of aging (Abahri et 

al., 2020; Benmahiddine et al., 2020; Delannoy et al., 2020a). For example, (Delannoy et al., 

2020a) followed the evolution of different properties of hemp mortar using the accelerated 

environmental aging. Results show that the samples at the stable environmental conditions (50% 

RH and 20°C) do not represent any significant changes of microstructure, thermal, acoustic, hydric 

or mechanical properties. As for samples under accelerated aging cycles, they showed the increase 

in the thermal conductivity and water vapor sorption capacity (Bourdot et al., 2020; Delannoy et 

al., 2020a). In fact, in their investigation, (Delannoy et al., 2020a) studied the evolution of the 

thermal conductivity of the lime-based (FL-HC) and natural cement-based (NC-HC) binders of 

the reference samples AREF and aged samples AWD in function of time. Figure 35 demonstrates that 

no significant variation in thermal conductivity was observed for two years. In contrast, with aging 
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AWD, the thermal conductivity increase is about 19% for FL-HC after 24 months and 7% for NC-

HC. 

Another problem that was often noted and affect directly the durability is a carbonation of 

the mineral matrix over time. In a modern hemp mortar the pH-value of the pore water normally 

exceeds 12 (depending on the binder). This high alkalinity occurs due to the formation of calcium 

hydroxide, Ca(OH)2, during the hydration of mineral binder. However, calcium hydroxide can be 

consumed by the carbon dioxide to form calcium carbonate (CaCO3) as it was described in the 

paragraph I.3.1.2.1.  

(Elfordy et al., 2008) studied the carbonation kinetics of lime-hemp mortar. He detected by 

X-ray diffraction that a mortar contains significant amounts of calcite (CaCO3) already after 

mixing (Figure 36). The carbonation then follows a classical evolution and the saturation of the 

calcite content during the setting of the lime appears approximately after 20 days of drying. 

Carbonation opens another durability question, as several studies showed the interconnection 

between the level of pH and other characteristics of hemp mortar and the microbiological activity 

(molds, bacteria and other microorganisms) (Kosiachevskyi et al., 2018; Sinka, M. et al., 2019; 

Viel et al., 2019). 

 
Figure 35. Evolution of the thermal conductivity of the lime-based (FL-HC) and natural cement-
based (NC-HC) binders of the reference samples AREF and aged samples AWD (Delannoy et al., 

2020a) 

 
Figure 36. Lime carbonatation kinetics, followed by the intensity of the (104) X-ray diffraction 

peak of calcite (Elfordy et al., 2008) 
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I.5.5. Microbiological contamination 

I.5.5.1. Concept of bioreceptivity for building materials 

The microbiological colonization of building materials is a complex process as it is dynamic 

in time and space due to the interrelationships among the colonizing organisms, as well as between 

their populations, the inorganic substrate and the surrounding heterogeneous environment 

(Sanmartín et al., 2021).  

The microbiological growth depends on three sets of factors to be considered which relate 

to the properties of the organisms themselves (including dispersal mechanisms, growth 

requirements, etc.), the characteristics of the environment (including climatic conditions and 

microclimatic parameters, such as solar exposure, shading and water availability), and the 

properties of the building materials (including physical and chemical characteristics) (Sanmartín 

et al., 2021). (Guillitte, 1995) proposed to regroup intrinsic properties of materials and name them 

the “bioreceptivity” of material. This term is defined as the “ability of a material to be colonized 

by living organisms” and is consists of physical (porosity, roughness and hydrodynamic 

properties) and chemical properties (chemical composition, pH surface). 

 

Figure 37. Visualization of the conceptualization of bioreceptivity proposed by (Sanmartín et al., 
2021) 

 

Additionally, (Guillitte, 1995) proposed the classification of bioreceptivity by types: 

primary, secondary and tertiary ones. The primary is related to the intrinsic properties of fresh 

material after its implementation for final function (concrete casting, montage or manufacturing 

of structures). Secondary bioreceptivity’ appears when the material properties change due to aging 
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by different environmental and microbiological factors. Tertiary bioreceptivity’ appears after any 

human activity affecting the material, like cleaning or restoration of the material. At the same time, 

(Sanmartín et al., 2021) proposed to split the tertiary bioreceptivity into two types, with “tertiary 

bioreceptivity” regrouping the human actions that provoked the physical changes of the material 

(mechanical (with abrasives) and laser cleaning treatments) and “quaternary bioreceptivity” 

regrouping different treatments when new materials are added (coatings, chemical products, 

biocides) as shown in Figure 37. 

 

I.5.5.2. Microbiological degradation of different building materials 

Several studies were conducted to evaluate the influence of different properties on the 

bioreceptivity of the material. For example, (Guillitte and Dreesen, 1995) aimed to make a 

comparison of the influence of different materials’ properties on the ability to be colonized. Results 

demonstrated that the bioreceptivity of building materials is highly variable and that it is mainly 

controlled primarily by their surface roughness, initial porosity and mineralogical nature. 

Although the relative importance of each property on the bioreceptivity of the building 

material is not clarified, there are some studies that try to systemize them. It was demonstrated that 

physical properties affect more the bioreceptivity than chemical composition. For example, such 

parameters as high open porosity, capillary water content or roughness facilitate the colonization 

of granite by phototrophs (Vázquez-Nion et al., 2018). Other researchers (Dubosc, 2000; Tran et 

al., 2014, 2012) interested in bioreceptivity of building mortars and concrete also confirmed the 

high influence of the roughness that provides many asperities which allow the physical anchorage 

of the microorganisms. Nevertheless, for the most of building materials, the key factors remain 

unclear (Coutinho et al., 2016; Rodrigues et al., 2014). For limestone there is no consensus about 

intrinsic properties most influencing the bioreceptivity (Miller et al., 2012). (Coutinho et al., 2016; 

Rodrigues et al., 2014) used the concept for ceramic tiles and glass. Results showed that water 

absorption by capillarity and water vapor permeability affect the most the bioreceptivity of tiles. 

As for stained glass, chemical composition is a kay factor for fungal growth (Rodrigues et al., 

2014). 

Additionally, microbiological colonization is various in time, different taxonomic groups 

can be involved in it depending on the conditions. For example, results of the study conducted on 

different materials by (Guillitte and Dreesen, 1995) demonstrated that after two weeks the first 

dominant microorganism were green algae on concrete. After four weeks, the green algae on 

concrete was replaced by cyanobacteria and mosses. At the same time, sandy limestone, brick and 

mortar just started to be colonized by algae. After one month, cyanobacteria became the most 
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abundant colonizer on all materials. After 6 months, the concrete and sandy limestone represented 

the highest colonization and brick and mortar were hardly colonized.  

I.5.5.3. Microbiological contamination of hemp mortars  

The use of hemp mortars requires the consideration of several criteria towards 

microbiological contamination that make them vulnerable.  The mold growth is one of the most 

important criteria when assessing the degradation of bio-based materials (Lähdesmäki et al., 2011). 

Also, there are other types of microorganisms (bacteria, lichens, algae) that can be involved into 

the material’s contamination and, thus, affect hemp mortars. Several researches were conducted 

to evaluate the ability of hemp mortars to be colonized by these microorganisms. 

(Viel et al., 2019) studied the resistance of hemp mortars towards the mold development. 

Results demonstrated the inhibition of the microbiological proliferation by high pH of material 

surface. It was also confirmed by other studies in case of mold growth for mortars (Tran et al., 

2014) and hemp mortars (Sinka, M. et al., 2019) and algal growth for different materials (Grant, 

1982). Several researchers state the resistance of hemp mortar towards mold growth because the 

alkalinity of mineral binder (Bevan and Woolley, 2008; Walker et al., 2014). Also, (Jami et al., 

2019) note the importance of a good quality, non-water absorbing render shall to prevent the mold 

growth.  

(Marceau et al., 2017) investigated the mold growth on hemp mortars subjected to the 

wetting/drying cycles and mold inoculation. Figure 38 shows SEM observation of molds on hemp 

shivs. Results demonstrated high dependence on the high relative humidity (98% RH was used in 

the study) the pH level of the material surface (lower than 10 that was also stated by (Sinka, M. et 

al., 2019)). 

 
Figure 38. Observation of molds on shiv by scanning electron microscopy (Marceau et al., 2017) 
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I.6. CONCLUSION 

As time goes by, construction sector and especially building insulation industry face new 

challenges and requires new sustainable, eco-responsible and economically profitable solutions. 

One of such materials that are interesting for their low CO2 emissions, renewability and functional 

properties are bio-based materials. Among different types of organic fibers, hemp attracts great 

interest of researchers because of its high abundance, simplicity of cultivation and the 

advantageous hygrothermal properties when mixing to mineral binder. Nevertheless, the 

anisotropy, hygroscopicity and heterogeneity of hemp provoke the evolution of microstructure and 

functional properties. Also, it can lead to the dimensional variations of hemp shivs and, thus, 

degradation of the material. That is why a reliable characterization of the durability of hemp 

mortars is therefore necessary. 

In this chapter, a detailed bibliographical study was presented that allowed to highlight the 

real situation of the hemp mortars in the industry, their mechanical, acoustical and hygrothermal 

properties and hemp mortar durability. Also, literature analysis demonstrated the characteristics of 

hemp shivs as hygroscopicity, presence of different types of water, multiscale composition and 

complex interactions with the mineral binder matrix. Within the scope of representing hemp mortar 

durability, different parameters of durability were identified from the stage of the gathering of 

hemp in the fields to the aspects that need to be taken into account during the service life of hemp 

mortars. The results of the literature analyze demonstrated that the subject of the hemp mortar 

durability is under-researched and need further investigations. In the next parts of the document, 

different aspects of hemp mortar durability will be investigated. Chapter 2 proposes the analyze of 

the influence of the organic compounds on the setting of mineral binders. 
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CHAPTER II. ANALYZE OF THE HEMP MORTAR DURABILITY: 
IMPLEMENTATION OF NEW TOTAL WEATHERING AGING 

PROTOCOL 
 

 

II.1. INTRODUCTION 

Hemp mortar is represented as a constitutive part of the envelope or as a multiphase material 

with interphases between hemp particles and a cementitious matrix to the nanoscale of organic cell 

walls tissues or cement hydrates. This multiphase nature offers a double porosity to the material: 

intra- (hemp particles porosity) and inter-particular (hemp/matrix interface), that improves the 

performances of the insulating hemp-based mortar. Consequently, such compositional and 

structural complexity complicates the investigation of hemp mortar when talking about the 

durability. 

Another important point to be considered, when talking about the durability, is the 

hygroscopicity of hemp mortar and its sensibility to thermal and hygric loads and to the 

environmental conditions of its life cycle. In fact, directly after the hemp mortar cast at early-age, 

cracks appear at the interfaces between the hemp particles and the cementitious matrix. Later, these 

cracks increase due to dimensional variations of hemp particles caused by the relative humidity 

and temperature solicitations and leads to the degradation of the material. Thus, the evolution of 

the microstructural properties must be investigated in order to understand the behavior and 

durability of the bio-based composite as regards to the hygrothermal stresses.  

Aging tests of biobased materials are very slow. To overcome this constraint, part of this 

research work was devoted to accelerated ageing tests. The objective of this part is to study the 

response of the materials to extreme climatic constraints carried out in the laboratory 

(humidification/drying cycles). This step will allow to evaluate in detail the impact of these stresses 

on the materials after their degradation by making comparisons with the morphological and 

hygrothermal properties of the materials in their initial state.  

For this purpose, a literature review is first presented in this chapter. It will clarify the limits 

of knowledge in the literature, regarding the experimental aging protocols and the resulting 

changes in the properties of hemp mortar. Basing on the literature review, a representative 
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accelerated aging experimental protocol is proposed. It is described along with the composition 

and manufacturing technique of the studied hemp mortar.  

In a second step, the experimental investigations related to the aging of microstructural 

characteristics, chemical composition and hygrothermal properties of hemp mortar are presented, 

specifying experimental protocols adopted for this study. The evaluation of total porosity, the pH 

level and crystallographic composition is also investigated before and after aging. Special attention 

was devoted to the cracking at the interface between hemp mortar particles and the mineral matrix 

and the carbonation of hemp mortar.  

Finally, all these results were analyzed and interpreted, linking the various microstructural 

quantities characteristic of hemp mortar and their variation due to proposed accelerated aging 

protocol. 

II.2. CHOICE OF ACCELERATED AGING EXPERIMENTAL 

PROTOCOL 

Before carrying out the study on the evolution of hemp mortar’s properties under 

hygrothermal stresses, an appropriate accelerated aging protocol must be chosen. Indeed, natural 

aging takes a long time, the protocol of real conditions can last several years, is not reproducible 

because of climate changes and depends on the region. To decrease the time of experimental 

procedure, the accelerated aging protocols are used. At the same time, the choice of the aging 

procedure is important as it must be the most representative of the real-life. 

When talking about the durability of hemp mortars, few researchers studied the hygrothermal 

stresses impact on the hemp mortar properties. For example, (Sentenac et al., 2017) studied the 

performance and durability of treated hemp mortar. To estimate the evolution of the different 

properties and physical characteristics, the full immersion test was used. The conditioning 

represents 12 to 15 cycles of water immersion at 20 °C during 48 hours and drying at 40 °C during 

48 °C depending on the samples. (Benmahiddine et al., 2020) adopted another protocol of 

immersion during 48 hours followed by drying in an oven at 50 °C for 72 h, over a period of 40 

days. This immersion protocol has often been criticized because it is highly aggressive and also 

not very representative of the real aging conditions of the materials. 

Other researchers used accelerated wetting and drying cycles to investigate the aging of 

hemp mortars. For example, (Marceau et al., 2017) adopted the wet/dry cycles protocol at constant 

temperature of 30°C (each cycle lasts 8 hours). Each conditioning consists of 8 cycles: 4 cycles of 

40% / 90% RH and 4 cycles of 40% / 98% RH. They studied the changes in the microstructure 

(density evolution, hemp particles / cementitious matrix interface) and physical properties (thermal 

and acoustical performance). Delannoy et al. (Delannoy et al., 2020a) proposed another 
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accelerated aging protocol consisting of 5 days at 98% RH and 2 days of 40% RH constantly at 30 

°C. Their study examines the evolution of the different properties of hemp mortar and its chemical 

composition. 

(Bourdot et al., 2020) used 6 cycles of immersion in water for 48 h followed by freezing at 

-18 °C and drying in oven at 50 °C for 72 h. (Abahri et al., 2020) adopted the immersion/drying 

test of (Sentenac et al., 2017), the immersion/freeze test, and the wet/dry cycles (using a climatic 

chamber) of (Marceau et al., 2017) (Figure 39). These protocols allow both to make aggressive 

accelerated aging, and less-aggressive tests, as indicated in Table 4.  

Table 4. Description of one cycle of different aging protocols 

Protocol Conditioning Reference 

Immersion/Drying (ID) Immersion in water for 48 hours. Drying in 
an oven at 40 °C for 48 hours 

(Sentenac et al., 
2017) 

Immersion/Freeze (IF) 
Immersion in water for 48 hours. Freezing 

during 24 hours. Drying in an oven at 50 °C 
for 72 hours 

(Abahri et al., 2020; 
Bourdot et al., 2020) 

Climatic Chamber (CC) 5 days of wetting (HR=98 %, T=30 °C) and 
5 days for drying (HR=40 %, T=30 °C) 

(Delannoy et al., 
2020a; Marceau et 

al., 2017) 
 

  

Figure 39. Example of wetting/ drying cycles (a) and immersion and drying cycles (b) (Abahri et 

al., 2020) 

 

In all of the proposed literature works, non-standardized accelerated aging protocols were 

adopted that are not representative of the real-life cycle conditions of hemp mortar insulation. This 

is explained by the direct contact with water in the case of the protocol of (Sentenac et al., 2017) 

or high relative humidity in the works of (Marceau et al., 2017) and (Delannoy et al., 2020a), that 

do not appear under standard conditions of application and use (Piot et al., 2017b). 
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Therefore, in this chapter we adapt and propose the accelerated aging protocol basing on the 

standardized one used for External Thermal Insulation Composite Systems (ETICS) with 

rendering (EOTA, 2013). Experimentally, microstructural characteristics, chemical composition 

and hygrothermal properties are investigated. 

II.3. EXPERIMENTAL PROTOCOL 

This section presents the studied material formulation, the accelerated weathering aging 

cycles conditions and the experimental characterization methods. The studied hemp mortar can be 

used for both external and internal insulation. Characterization of hemp mortar was conducted on 

two benchmarks: before and after the exposure to aging protocol. This allows to compare the 

results and study the influence of the conditioning on hemp mortar microstructure, chemical 

composition and hygrothermal properties. 

II.3.1. Hemp mortar’s composition and fabrication 

The hemp shives of France origin were used for manufacturing the hemp mortar samples. 

Their photo and granulometric curve are presented in Figure 40 and 41 respectively. The 

granulometric curve demonstrates that shives are mainly composed of the particles of the size 

lower than 1 mm. 

 

 
Figure 40. Hemp shives 

 
Figure 41. Granulometric curve of hemp 

mortar by image analysis 
 

The binder represents a commercial mix designed by ParexGroup SA. Its composition is not 

disclosed by the manufacturer for commercial confidentiality. The mix proportion ratios of the 

used hemp mortar are represented in the Figure 42. The mixing was done in two stages: firstly, 
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hemp shives (initially conditioned at 23 ± 2°C and 50 ± 5%RH during one month) were premixed 

with water during 1 minute at 140 rpm, secondly, the binder was added and it was mixed during 5 

minutes at 140 rpm. After their manual manufacture, the specimens were dried for 28 days at 

laboratory conditions (23 ± 2°C, 50 ± 5%RH) as shown in Figure 43. The adopted sample sizes 

depend on experimental procedure and are presented for every type of test in section 2.3. 

 

 
Figure 42. Mass ratios of hemp mortar composition 

 
Figure 43. Hemp mortar samples 

laboratory drying 

II.3.2. Accelerated weathering aging cycles 

After the 28 days of drying, the hemp mortar samples were conditioned in two different 

ambiences. Total weathering protocol is represented in Figure 44-A as is explained in the 

following: 

• The first batch of specimens was subjected to the laboratory conditions (23 ± 2°C, 50 ± 

5%RH) for the whole period of the aging cycles. These samples were used later as a 

reference. 

• The second part of the specimens was exposed to the accelerated aging cycles that consist 

of two parts: heat – rain and heat – cold cycles that are described below: 

ü Heat - rain cycles: Samples are subjected to a series of 80 cycles, comprising the 

following phases: 1- heating to 70°C (rise for 1 hour) and maintaining at (70 ± 5)°C 

and 10 to 30% RH for 2 hours, 2 - spraying for 1 hour (water temperature at + 15 ± 

5°C, and amount of water 1 l/m² min), 3 – leave for 2 hours (drainage). These cycles 

are represented in Figure 44-B. 

ü Heat-cold cycles: After a subsequent conditioning of at least 48 hours at temperatures 

between 10 and 25°C and a minimum relative humidity of 50 %, the same test rig is 

exposed to 5 heat/cold cycles of 24 hours comprising the following phases: 1- exposure 

to (50 ± 5)°C (rise for 1 hour) and maximum 30% RH for 7 hours (total of 8 hours), 2- 
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exposure to (- 20 ± 5)°C (fall for 2 hours) for 14 hours (total of 16 hours) (Figure 44-

C).  

 
Figure 44. Diagram of the total accelerated aging cycles (A) with detailed heat-rain (B) and heat-

cold (C) cycles 
 

 
Figure 45. Disposition of the hemp mortar specimens in the climatic room before accelerated 

aging cycles 
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Specimens from two batchs were characterized later after aging cycles. As hemp mortar is 

used as insulation material with rendering, it is protected against direct access of water. That’s 

why, in this study, we used a roofing to avoid direct spraying of water on the samples, as shown 

in figure 45.  

II.3.3. Experimental procedure  

This paper investigates the evolution of the hygrothermal properties, the microstructural and 

the chemical composition of the hemp mortar before and after aging cycles. Thermal conductivity, 

water vapor permeability and moisture buffer value (MBV) tests were conducted to analyze the 

evolution of the properties of the material. Identification of total porosity, pH level values, 

scanning electron microscope SEM and X-ray crystallography analysis provided more information 

about microstructural evolution. Experimental protocols for each test are proposed further. For 

each type of characterization test, three specimens were analyzed before and after the weathering 

aging cycles. The overall protocol schema is presented in the figure 46. 

 
Figure 46. Experimental protocol schema 
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II.3.3.1. Microstructural characteristics and chemical analysis 

The total porosity tests 

In order to measure the total porosity, the water porosity test was used accordingly the NFP 

18-459 standard (AFN, 2010). Measurements of water-accessible porosity were carried out 

because, in addition to being one of the main indicators of durability, these tests provide 

information on the total porosity which is thought to affect the microstructure after aging.  

Measuring this porosity involves determining by weighing the apparent mass in water after 

immersion in water (hydrostatic weighing) of a concrete test body previously impregnated with 

water under vacuum; dry samples masses. The standard required to put samples in desiccators 

under vacuum at a constant pressure of during 4 hours and then gradually inject water inside the 

desiccator ensuring that samples are covered by a minimum of 20 mm of water level during 48h. 

Hydrostatic whetting at 0.01 % were carried out (Mw) accompanied with air weighing (Ma). 

Finally, the mass after drying (Md) (at 100°C) was determined for all samples and when the mass 

becomes stable (no variation up to 0.05% between two successive weightings in an interval of 

24h) we calculate the porosity according Eq. 22:  

á =
àh8àâ

àh8àÖ
∙ 100       (22) 

It is based on the hemp concrete saturation in water under vacuum. Then different weightings 

were done to calculate the total porosity of the samples. The scales reading is 0.01 g. One of the 

weightings is the weighting of wet sample. As hemp mortar becomes fragile after wetting, we used 

a cotton tissue in order to protect the wet sample from damage (Figure 47). Three specimens 

(15x15x7 cm3) were tested for each time of conditioning to warranty the repeatability of the test. 

 

 
Figure 47. Hemp mortar samples without (A) and with (B) protective cotton tissue 
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Scanning Electron Microscopy (W-SEM) microstructural analysis 

The microstructure of hemp mortars was analyzed before and after aging using Scanning 

Electron Microscope (W-SEM). All observations were performed using a Hitachi S-3400N device 

(Figure 48). The surface of the hemp mortar and the interface zone between cementitious matrix 

and hemp particles were observed and analyzed before and after aging. Particular attention has 

been devoted to the identification of the same observation area for these two states. Micrographs 

are recorded by using secondary electrons detectors at an acceleration voltage of 15 kV, in high 

vacuum mode (pressure <1Pa). Previously to observations, the specimens were covered by carbon 

in order to improve the image quality (Figure 49). 

 

 
Figure 48. Hemp mortar samples in the 

Hitachi S-3400N 

 
Figure 49. Preparation of hemp mortar 

samples (coverage with carbon) 

PH level evolution 

Measuring the pH of biobased materials is an important step to assess their durability. In 

fact, pH is one of the critical parameters for the molds proliferation that is one of the most 

important aspects that degrade the biobased materials (Marceau et al., 2017; Sinka, M. et al., 2019). 

There are a lot of different methods of the identification of a pH level. Measuring the pH of hemp 

mortar is a difficult task due to the high heterogeneity of this material. Some authors identify a pH 

level of interstitial solution by compression that allow to get the most reliable results as we don’t 

modify the pH level adding water (Alonso et al., 2007). Nevertheless, this method is a heavy 

procedure that requires special equipment and a large quantity of cement. Others propose another 

method – of cementitious suspensions (Codina, 2007). It consists of suspending of some part of 
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the mortar in water and measuring a pH level of obtained suspension. At the same time, the use of 

suspensions implies problems of dissolution of the solid phases but especially of dilution, 

moreover if talking about hygroscopic composite material. That is why in this work a surface 

electrode WTW Sentix Sur was used (Tran et al., 2014). It allowed us to get a reliable result and 

especially on different parts of samples to evaluate a chemical degradation of the mineral matrix.  

In order to better understand the degradation of the samples, we have investigated two 

different areas for the measurement of pH: the surface and the middle of the sample. The idea is 

to understand whether or not the degradation caused by hygrothermal stresses has actually 

propagated inside the sample or not. In fact, most of the works in the literature studding hemp 

mortars do not pay attention to the position of pH measurement in the sample. Nevertheless, it is 

important as the chemical degradation starts from the surface and is a long process. 

For this test the specimens of the same composition, made with the same raw materials, of 

the size 16x4x4 cm3 were used. For each value three measures were performed at different 

positions on the specimen. As the pH level measurements are possible just in solution, the constant 

volume of demineralized water (0.2 ml) was deposed on the studied surfaces. Then, the electrode 

was kept on the sample surface, so that the electrode’s membrane remains in contact with the hemp 

mortar (Figure 50). At equilibrium, the WTW Sentix Sur displays a constant value of PH which 

will be subsequently recorded. For the inner pH level measures the protocol is the same, but the 

measurements were conducted in the middle of the specimen. 

 

 
Figure 50. Measurement of the surface pH level using a WTW Sentix Sur electrode 

 

X-ray diffraction (XRD) crystallography analysis 

Prior to XRD crystallography analysis, hemp mortar samples of the size 16x4x4 cm3 were 

grinded and sieved to remove organic fibers. This step allowed us to decrease the influence of the 

dilution on the final result as in this case we analyze only mineral matrix. To link the results of 
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chemical composition to the pH level, the crystallography at the surface and in the middle was 

analyzed.  

Free water was removed using the acetone. Then, the specimens were dried at 50°C in order 

not to modify the composition of the sample. XRD crystallography patterns were obtained using 

Cu Ka anode tube (λ= 1.54182 Å) radiation at 40kV and 20mA with a Bruker D8 diffractometer 

(Bruker, Karlsruhe, Germany) (Figure 51). The diffractometer was scanned from 5° to 60° (2θ°) 

in step size of 0.015° and the counting time per step was 1.2 s. 

 

 
Figure 51. Bruker D8 diffractometer used for crystallography analysis 

II.3.3.2. Hygrothermal properties evolution 

The water vapor permeability (WVP) (wet cup method) 

The water vapor permeability is the ability of a material to transfer or retain water vapor due 

to a difference in the partial pressure of water vapor at the same atmospheric pressure on both sides 

of the material. It was identified according to the NF EN ISO-12572 standard using the wet cup 

method (ISO 12572, 2016). Firstly, specimens of diameter 11 cm and thickness of 2.4 cm (3 

samples for each test) were dried at 23°C, 50% RH during 28 days. Then, they were sealed on cups 

containing a saturated salt solution that ensures constant relative humidity in the cup (Figure 52). 

In the case of wet cup, ammonium dihydrogen phosphate was used that maintains the relative 

humidity at 93±1%. The cups are conditioned in a constant ambiance of 23°C and 50% RH.  
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Figure 52. Hemp mortar sample sealed on the experimental cup 

 

The water vapor permeability value was determined in function of the vapor transmission 

through the specimen. To do so, the mass monitoring was conducted every day during 18 days for 

each cup to calculate the kinetics of mass variation: 

∆ä̇@1 =
cå8cç

`å8`ç
        (23) 

where ∆ä̇@1 is a mass variation velocity (kg/s); ä@ and ä1 are masses of the cups with hemp 

mortar samples at the time r@ and r1 respectively (kg); r@ and r1 are the successive times of 

weighting (s).  

Then, the water vapor flux density was calculated: 

g =
é

è
               (24) 

where G is an average value of five successive measurements of ∆ä̇@1 and A is an exposed area 

(m2). 

The water vapor permeance was calculated as 

W =
é

è∙∆ë
        (25) 

where ∆p is difference of water vapor during the test. 

The water vapor resistance is an inverse value to permeance: 

Z =
@

î
               (26) 

In fact, there are several resistances in the experimental montage:  

ïñ = ïó + ïu + ï@ + ï1       (27) 
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where ïñ is an experimental calculated value of resistance, ïó is a water vapor resistance of air, 

ï@and ï1 are the water vapor resistances that take into account the interface diffusion at the 

sample/air and air/saline solution interfaces respectively. 

Finally, the water vapor permeability value was calculated: 

δ =
U

ôö
         (28) 

where d is a thickness of our sample (mm). 

The thermal conductivity tests 

For measuring thermal conductivity, there are two types of experimental methods: steady-

state and non-steady-state ones. When talking about measurement setups, we can distinguish four 

main types: the guarded hot plate (GHP), the heat-flow meter (HFM), the hot wire, and laser flash 

diffusivity (Yüksel, 2016). In this work the method of hot wire is used as it is well adapted for bio-

based materials. Thermal conductivity measurements were taken on three different pairs of the 

15x15x7 cm3 samples under transitory conditions using the device CT-Metre (Figure 53). Before 

measurements, these samples were conditioned at 23°C and 50 % RH until a constant mass, 

according to (ISO 12571, 2000). 

Measurements were made according to the device precautions on the measurements. The 

used protocol consists of placing a probe between two samples keeping the maximal parallelism 

of the surfaces to avoid the distortion of results. The thermal conductivity values were calculated 

by the CT-Metre automatically, coefficients of correlation of presented results were 0,999. 

 

 
Figure 53. CT-Metre measurement device 

 

Moisture buffer value (MBV) tests 

The moisture buffer value represents the ability of the material to mitigate the relative 

humidity changes in ambient air. It refers to the amount of water that could be absorbed/released 
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when exposed to relative humidity change. In this paper, the Nordtest protocol was used to 

investigate the MBV of the studied hemp mortar. During this test the samples of hemp shives 

placed in the aluminum recipient of 10x10x3 cm3 size and hemp mortar samples of 15x15x7 cm3 

size were used. To do this, variable cycles of relative humidity of 75% (for 8h) and 33% (for 16h) 

were applied. Samples were weathered at laboratory conditions (23 ± 2°C, 50 ± 5%RH) 

beforehand. The MBV value was calculated: 

Z[\ =
∆c

d∙(feghi8fegjk)
     (29) 

where Dm: sample mass variation [kg], 
S: exposed area of sample [m2], 

3úc^V : maximal relative humidity [%], 

3úcaù : minimal relative humidity [%]. 
 

According to (NORDTEST project, 2005), building materials are classified using the MBV 

range represented in Figure 54. 

 
Figure 54. Moisture buffer value (g/%RH.m2) standardization according to Nordtest protocol 

(NORDTEST project, 2005) 

II.4. EVOLUTION OF MICROSTRUCTURE, CHEMICAL 

COMPOSITION AND HYGROTHERMAL PROPERTIES OF HEMP 

MORTAR 

Hygrothermal stresses have a great impact on the hemp mortar’s microscopic morphology, 

its chemical composition and hygrothermal properties. In fact, microscopic degradation of hemp 

mortar, especially cracking, and the total porosity or crystallographic composition evolution, affect 

significantly its macroscopic behavior and functions.  

In this section, the assessment of the microstructure, the chemical composition and its 

hygrothermal performance evolution under the accelerated aging cycles are presented.  
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II.4.1. Microstructural characteristics and chemical analysis 

In order to study the microstructure evolution, firstly the total porosity was analyzed before 

and after the accelerated aging cycles. Then, the interface between cement matrix and hemp 

particles was observed and the evolution of the chemical composition was studied. The analysis 

of these results was complemented by SEM. 

We note that the studied hemp mortar has a porosity of 85.2% which is more important than 

the other mortars, presented in literature (Bennai et al., 2017). This is explained by the organic 

fibers porosity and the properties of the cementitious matrix that ensure good insulation properties. 

In order to ensure repeatability of the porosity measurement, there samples of hemp mortars 

were tested and the results are presented in Table 5 and the average total water porosity value (%) 

are presented in Figure 55.  

 

Table 5. Total water porosity values (%) evolution of hemp mortar samples before and after the 
weathering aging cycles 

Values Before the weathering aging 
cycles 

After the weathering aging 
cycles 

Total water porosity value of 
the sample 1 (%) 83.9 87.7 

Total water porosity value of 
the sample 2 (%) 86.5 84.8 

Total water porosity value of 
the sample 3 (%) 85.2 84.9 

Standard deviation (%) ± 0.87 ± 1.23 

 

 
Figure 55. Total water porosity values (%) evolution of hemp mortar samples before and after 

the weathering aging cycles 
 

According to the results given in Figure 55 weathering aging cycles affect very slightly the 

total porosity, increasing the value from 85.2% to 85.8%. This result remains in the range of a 

standard deviation. Such slight evolution of porosity could be explained by the dimensional 
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variation of the hemp mortar due to hygrothermal solicitations. In fact, hygrothermal stresses cause 

swelling or shrinkage of the organic fiber causing cracking of the interface and, consequently, an 

increase in porosity. At the same time there is another effect – a carbonation of mineral matrix and 

such porosity change could be explained by competition between these two phenomena. Both 

effects are investigated in detail. 

In order to study the hemp mortar cracking before and after proposed weathering aging 

cycles, the W-SEM observation of the hemp particles / cementitious matrix interface was 

conducted. To do this, the surface areas of 2 samples for each type of conditioning were observed.  

For each sample, 10 interfaces were examined and the crack sizes were measured in 10 spots all 

along the crack. example of the image before and after aging are present in Figure 56. We notice 

the cracking of the hemp mortar and mineral matrix interface that show the nature of the hemp 

mortar damage. That explains the results of the water vapor permeability evolution. Moreover, the 

mean results of the crack size show the important increase of the crack size from 5.5 to 24.8 µm 

(Figure 57) in the longitudinal direction of fibers. These results emphasize the influence of 

hygrothermal solicitations on the morphology of the hemp mortar. 

 

 
Figure 56. W-SEM observation of the surface of the specimens before (a) and after (b) the 

weathering aging cycles 
 

The carbonatation of the cementitious matrix was investigated by the X-ray diffraction 

crystallography (XRD). It was conducted for the samples before and after the weathering aging 

cycles which allowed estimate the chemical composition evolution. For each specimen the analysis 

of the composition on the surface and in the middle of the studied samples was performed.  
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Figure 57. Mean size (µm) of the hemp particles / cementitious matrix interface cracks for 2 
samples before and after the weathering aging cycles (10 measurements for 10 interfaces) 

 

The XRD patterns presented in Figure 58 showed the main mineralogical compounds of the 

hemp mortar as Mg4Si6O15(OH)2.6H2O (sepiolite), Ca6Al2(SO4)3(OH)12.26H2O (ettringite), 

Ca(OH)2 (portlandite), CaCO3 (calcite), SiO2 (quartz), Ca3SiO5 (tricalcium silicate), Ca2SiO4 

(dicalcium silicate) and Ca3Al2O6 (tricalcium aluminate). Figures 58 (a) and 58 (c) present the 

crystallographic analysis of the hemp mortar specimen before the weathering aging cycles in the 

middle and on the surface, respectively. We note that after one month of drying at 23°C and 50% 

RH there is non-hydrated Ca3SiO5 (tricalcium silicate), Ca2SiO4 (dicalcium silicate) and Ca3Al2O6 

(tricalcium aluminate), which means that hydration is not completed. As for carbonatation of the 

cementitious matrix, we note that the quantity of the ettringite and portlandite is lower on the 

surface, is more visible in Figures 59 (I (a and c)) and 59 (II (a and c)) respectively. On contrary, 

Figure 59 (III (a and c)) shows the increase of calcite. 

The same pattern was noted for the sample after the weathering aging cycles. The results 

show that the ettringite and portlandite almost vanished in the middle and on the surface of the 

sample (Figure 59 (I) and (II)), and calcite quantity increased (Figure 59 (III)). This shows that 

after the aging protocol the matrix is almost carbonated. 

The carbonation of the calcium hydroxide is accompanied by a decrease in pH. That is why 

the measurements of the pH level were carried out to study the influence of the pH on the 

crystallographic composition. The results presented in Figure 60 show that the pH levels on the 

surface and in the middle of the sample were equal to 8.46 and 12.18 respectively before the 

weathering aging cycles and 8.71 and 8.69 – after. It demonstrates the effect of the carbonatation 

of the cementitious matrix. In fact, the diffusion of the air dioxide carbon in the hemp concrete 
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provokes its reaction with the portlandite and decrease the pH level. As the surface of the sample 

is exposed to the air, the quantity of portlandite at the surface is lower because of the carbonation. 

Later, that leads to the degradation of the ettringite, as it is very sensible to the ambient pH level. 

 

 
Figure 58. X-ray diffraction patterns of: (a) interior part of the hemp mortar samples before the 
weathering aging cycles; (b) interior part of the hemp mortar samples after the weathering aging 

cycles; (c) surface part of the hemp mortar samples before the weathering aging cycles; (d) 
surface part of the hemp mortar samples after the weathering aging cycles 

 

 
Figure 59. Zoomed X-ray diffraction patterns for ettringite (I), portlandite (II) and calcite (III) 
evolution: (a) interior part of the hemp mortar samples before the weathering aging cycles; (b) 
interior part of the hemp mortar samples after weathering aging cycles; (c) surface part of the 

hemp mortar samples before the weathering aging cycles; (d) surface portion of the hemp mortar 
samples after the weathering aging cycles. 
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Figure 60. Diagram of pH level evolution on the surface and in the middle of the samples before 

and after the weathering aging cycles 

II.4.2. Hygrothermal properties evolution 

Hemp mortar is used for external or internal insulation applications. It is also considered as 

a hygroscopic material with a good ability to moderate variations in relative humidity of the 

external environment. The results of their evolution investigation are present below. 

Water vapor permeability 

First, the water vapor permeability evolution due weathering aging cycles was investigated. 

This parameter expresses the quantity of water vapor that passes through sample’s porosity. Thus, 

the evolution of this parameter also gives information on the evolution of the porosity and cracking 

caused by the hygrothermal dimensional variations after aging. The results of water vapor 

permeability before and after the weathering aging cycles are present in Figure 61. Firstly, one can 

notice that the results obtained from this study are much higher than the values measured for other 

formulation of the hemp mortar in the literature (Bennai et al., 2017). In fact, [Bennai et al., 2017] 

using the methods of dry (3% RH inside) and wet (93% RH inside) caps got different values in 

function of the sample age. Experimental conditions for the method values. The measured value 

at the age of 30 days for wet cup method was 2,38E-11 kg.s−1.m−1.Pa−1. That is explained by the 

composition, the particle size of hemp, and different binder types that allow to produce more 

aerated hemp mortar in case of our formulation. Also, we notice the increase of the average water 

vapor permeability after aging from 2,02E-10 to 3,41E-10 kg.s−1.m−1.Pa−1, that justify the results of 
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the increase of the porosity. This is explained also by the cracking of the hemp mortar, which 

increases its vapor diffusion capacity and thus its permeability. 

 
Figure 61. Water vapor permeability (kg.s−1.m−1.Pa−1) evolution of hemp mortar samples before 

and after the weathering aging cycles 

Thermal conductivity  

The result of the evolution of the thermal conductivity before and after aging are presented 

in Figure 62. The thermal conductivity was slightly increased after aging from 0.087 W/m.K to 

0.091 W/m.K. In fact, this parameter is very dependent on the porosity. Thermal conductivity 

increased after aging because of the degradation of the plant fibers which consequently reduces 

the thermal performance of this material.  

 
Figure 62. Thermal conductivity (W/m.K) evolution of hemp mortar samples before and after the 

accelerated aging cycles 
 

An increase in thermal conductivity of 11% was also observed after natural aging (60 days 

in constant temperature and relative humidity) in the work of (Bennai et al., 2017). They explained 

this behavior by the evolution of the porous structure of the material. However, (Benmahiddine et 

al., 2020) obtained a reduction of 6.67% of thermal conductivity between the reference state and 
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after immersion/drying aging. These authors explained this result by to the modification of the 

microstructure of the material and the increase of its total porosity after aging. 

Moisture Buffer Value MBV 

Figure 63 shows the mass and relative humidity evolution that occurred during the first 5 

MBV experimental cycles for the second sample of hemp mortar before the weathering aging 

cycles. The temperature was held constant at 23 °C. 

 
Figure 63. Masse (g) and relative humidity (%RH) evolution in function of the time 

 

Concerning the moisture buffer value, one can note that the MBV of hemp mortar is bigger 

than the MBV of hemp shives before aging cycles. It is explained by the fact that the studied hemp 

mortar is much more aerated and lightweight than conventional hemp mortars that allows it to 

preserve the hygric properties of hemp shives. Nevertheless, we notice that the accelerated aging 

cycles did not affect the hemp shives moisture buffer value. It stays excellent with 2.25 moisture 

buffer value according to Nordtest protocol (Figure 54) (NORDTEST project, 2005). Unlike hemp 

shives, hemp mortar represents the degradation of its MBV value. It decreased from 2.22 

g/%RH.m2 to 2 g/%RH.m2 (Figure 64). In fact, there is the competition between the interface 

damage of the hemp mortar samples and the carbonatation of the mineral matrix during the 

hygrothermal solicitations caused by the accelerated aging cycles. So, the carbonatation of the 

matrix caused the closing of the microporosity and complicated the air access to the hemp particles 

that finally led to the moisture buffer value decrease. Despite the decrease of the moisture buffer 

value, we note that the MBV of the hemp mortar stays excellent. 

The same behavior was observed with (Benmahiddine et al., 2020) where the MBV of hemp 

mortar decreased of 11 % after immersion/drying aging.  This decrease was explained by the aging 
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of the hemp shiv which has caused a degradation of its capacity to adsorb and restore moisture 

(natural moisture regulation). 

 
Figure 64. Moisture buffer value (g/%RH.m2) evolution of hemp shives and hemp mortar 

samples before and after the accelerated aging cycles 

II.5. CONCLUSION 

In this chapter, an original accelerated weathering aging protocol inspired by the 

standardized one was proposed. Experimentally, the hemp mortar microstructure, its composition 

and properties evolution were investigated. To do this, all characteristics were studied before and 

after the hemp mortar exposure to accelerated aging cycles. Firstly, the hemp mortar total water 

porosity, its water vapor permeability, its mineralogical composition and pH level evolutions were 

analyzed. Also, the SEM observation of the hemp particles / cementitious matrix interface was 

realized. Then, the characterization of evolution of the hygrothermal properties as thermal 

conductivity and moisture buffer value was conducted. 

Results of the total porosity evaluation show a slight increase of the porosity but it remains 

in a standard deviation range. This is explained by a compensation of two processes that occurs 

and are in contest during the hygrothermal stresses: the cracking of the hemp particles / 

cementitious matrix interface that increase the hemp mortar porosity and the carbonatation that 

provoke the filing of the porosity by calcite. To study the cracking effect the evolution of water 

vapor permeability was analyzed. It increased from 2.02E-10 to 3.75E-10 kg.s−1.m−1.Pa−1 that shows 

the increase of the ability to transfer a water vapor. This change was also noticed using a SEM 

observation because of the increase of the interface cracks on the surface of the mortar. The XRD 

analysis demonstrated the carbonatation of the mineral matrix – the increase of the quantity of the 

calcite and decrease of the quantity of the portlandite and ettringite due to the aging cycles. The 

carbonatation was also demonstrated by the study of pH level evolution since the pH level of the 
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samples decreased to 8.69 in the middle and to 8.71 on the surface after the weathering cycles. As 

for the hygrothermal properties, the value of thermal conductivity dependent on the porosity 

follows the same as total porosity pattern – it slightly increases at the range of the standard 

deviation. The moisture buffer value decreases from 2.22 g/%RH.m2 to 2 g/%RH.m2 that is 

explained by the closing of the hemp mortar microporosity and complication of the air access to 

the hemp particles. Obviously, both the interface cracking and the carbonatation processes present 

the considerable influence on the durability of the hemp insulating mortar. At the same time, we 

note that the studied hemp mortar saves their previously declared hygrothermal properties (as the 

thermal conductivity and the moisture buffer value). It is primordial when talking about the 

durability of the insulating material.  

This chapter highlighted the influence of the hygrothermal solicitations on the evolution of 

the microstructural characteristics and functional properties of the hemp mortar. The results reveal 

that the main properties are saved. Therefore, the following chapter is devoted to the evaluation of 

another important factor of durability – the influence of mold on hemp mortar.
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CHAPTER III. 
 

INFLUENCE OF THE MOLD GROWTH ON THE 
CRYSTALLOGRAPHIC COMPOSITION OF HEMP 

MORTAR 
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NOTATIONS 

Holocellulose is a water-insoluble carbohydrate fraction of wood materials. 

Macrophages are white blood cells whose job is to destroy invading microorganisms. 

Mesophilic is an organism that grows best in moderate temperature, neither too hot 

nor too cold. 

Neutrophils are the most abundant type of granulocytes and make up 40% to 70% of 

all white blood cells in humans. They form an essential part of the innate immune system, with 

their functions varying in different animals. 

Ribosomal RNA is a type of non-coding RNA which is the primary component of 

ribosomes, essential to all cells. rRNA is a ribozyme which carries out protein synthesis in 

ribosomes. 
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CHAPTER III. INFLUENCE OF THE MOLD GROWTH ON THE 

CRYSTALLOGRAPHIC COMPOSITION OF HEMP MORTAR 
 
 

III.1. INTRODUCTION 

CHAPTER II was dedicated to the study of hygrothermal properties, chemical composition 

and microstructure of hemp mortar under accelerated aging cycles representative of the 

environmental solicitations. In addition to the degradation by hygrothermal stresses,  the organic 

nature of biobased building materials leads to another phenomenon: the risk of microbiological 

contamination, which is one of the most encountered on different types of hemp-based building 

materials in France (Agence Qualité Construction, 2016). Apart from the influence of the 

microorganisms on air quality, they can also affect the substrate where they grow as they produce 

different metabolites (organic acids, etc.).  

Therefore, this chapter deals with the fungal influence on the crystallographic composition 

of hemp mortar. First, bibliographical study was carried out, on the molds including their: 

classification and phylogeny, reproduction and biological characteristics, nutritive conditions, 

interactions with the environment, ability to degrade a material, conditions of growth, effect on 

the human health. Then, the completed literature works on the molds influence on the 

crystallographic characteristics of hemp mortars was collected, and which highlights the lack of 

knowledge regarding this aspect. 

To do so, experimentally, different methods were performed to verify the presence of the 

molds on the surface of the hemp mortar samples exposed to high relative humidity conditions, 

for two years. Then, chemical composition was studied using XRD and TGA analysis. Finally, all 

these results were analyzed and interpreted, linking the evolution of the hemp mortar chemical 

composition and the mold growth. 

III.2. GENERAL INFORMATION ON MOLDS  

In this section, the bibliographic study of general information on molds was presented. 

Different aspects of fungal species were reported, special attention was dedicated to the influence 

of molds on a human health.  

III.2.1. Molds strains in the world 

Fungi are eukaryotic, heterotrophic, generally aerobic, immobile, multicellular or unicellular 

organisms. Like plants and animals, their genetic constitution is confined in a nucleus. At the same 
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time, they possess a number of characteristics that make them a special group: walls containing 

cellulose and chitin, absence of chlorophyll (the main assimilating pigments of photosynthetic 

plants) and mobility. All these characteristics have led taxonomists to classify fungi in a distinct 

kingdom. The theoretical number of different species of fungi has been estimated at 1.5 million 

(Hawksworth, 2001). Among the fungi a distinction is made between “macromycetes” (the 

sporophores of which are visible with the naked eye and are (commonly called higher fungi)) and 

“micromycetes” (moulds and yeasts, mycobionts, mycoparasites). Moulds are thallophytic, 

sporogenic, non-chlorophyllous microorganisms, generally acidophilic (pH between 3 and 7) 

(Nicklin, J. et al., 2000) with the thallus of filamentous form septate (partitioned) or siphon (non-

partitioned) and (Hyphomycetes and Zygomycetes) (Djossou Olga, 2011). Yeasts have unicellular 

thallus (Candida sp., Cryptococcus neoformans). There are also dimorphic fungi that have 

filamentous thallus in the environment and thallus of yeast form in an organism (Histoplasma 

capsulatum). Thereafter, we will generally focus on micromycetes (molds and yeasts). 

III.2.2. Mold classification and phylogeny 

Based on morphological analysis, fungi were divided into five orders. According to their 

modes of sexual reproduction, four of these orders were defined: Chytridiomycetes, Zygomycetes, 

Basidiomycetes and Ascomycetes. However, some molds, often or exclusively found in stages of 

asexual multiplication, have been grouped in the order Deuteromycetes, also called Adelomycetes 

or Fungi imperfecti. Building materials and surfaces inside or outside homes and buildings 

frequently represent growth conditions that favor only the asexual stage of molds. Thus, although 

this taxonomy is artificial, the criteria for classification of Deuteromycetes (based on the mode of 

production of asexual spores or conidia) are still used in practice as the basis for identification of 

indoor environmental contaminants. 

With DNA sequencing, a multitude of new potential traits are available for classification of 

taxa. Gene sequencing involves determining the sequence of nitrogenous bases in genes (adenine, 

cytosine, guanine, thymine). For a given gene, the differences between species in these sequences 

represent distinctive characters: each successive position of the sequence is therefore a character. 

Sequences therefore provide a large quantity of characters, since each gene has several hundred, 

even thousands of positions. To be able to compare, it is necessary to find genes present in all taxa. 

Initially, to build the phylogenetic tree of Fungi, scientists used sequences of a single gene that 

encoded the subunit (18S) of ribosomal RNA, which allows the performance of basic cellular 

functions. The 18S data were insufficient to provide strong statistical support for many key 

branches in evolutionary trees (Bruns, 2006). That is why, (James et al., 2006) and (Hibbett et al., 
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2007) provided a new classification of the kingdom Eumycota with their phylogenetic studies, 

based on the analysis of several genes (Figure 65). 

 

 
Figure 65. Phylogeny and classification of fungi based on the analysis of several genes (Hibbett 

et al., 2007) 
 

The term Dikarya refers to the sub-division that includes the two most important phyla: 

Ascomycota and Basidiomycota. These are fungi whose life cycle stage is characterized by the 

presence of two nuclei within a cell. Most of the molds formerly belonging to the Deuteromycetes 

have been classified using molecular tools in the Ascomycota. This phylum includes more than 

65,000 species, or 65% of the described fungal diversity (Méheust, 2012) 

III.2.3. Fungal reproduction  

The nature of fungal reproduction is a challenge to understand because of the heterogeneity 

of their life style. Reproduction can be sexual or asexual, although some fungi alternate between 

the two types of reproduction depending on environmental conditions. As an example, the mold 

of the genus Dictyostelium performs a binary fission when conditions are favorable. But when 

these become unfavorable (desiccation, UV radiation, increase or decrease in temperature), the 

fungus proceeds to a sexual reproduction that leads to the formation of spores. Some fungi also 

exchange their genetic material by parasexual processes. The frequency and relative importance 

of this mode of reproduction is not clear and may be lower compared to sexual reproduction. 
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However, this mode of reproduction is necessary for the hybridization that is associated with the 

evolution of fungal species. It is important to know that fungi have neither male nor female, but 

different polarities (+ and -) (Bruns, 2006). 

Asexual reproduction, as its name indicates, is done without fusion of reproductive cells. 

Most fungi use this mode of reproduction. Asexual reproduction can be done by budding (unequal 

division), binary fission (equal division), fragmentation, or by spore formation. To obtain sexual 

reproduction, it is necessary to have two haploid nuclei capable of fusion, or a single diploid 

nucleus. The fusion of two haploid nuclei results in a diploid nucleus which then undergoes 

meiosis. Meiosis is the origin of diversity within the fungal progeny and ends in the formation of 

spores (ascospores, basidiospores, zygospores), which varies according to the classes (Figure 66).  

 

 
Figure 66. Diagram of fungal sexual and asexual reproduction 

 
III.2.4. Biological characteristics of molds  

Molds are unable to synthesize their organic matter from atmospheric CO2 because they do 

not have chlorophyll. They must therefore draw from the environment water, organic and mineral 

substances necessary for their own synthesis. This is how they degrade the complex organic matter 

of bio-based materials, through the excretion of enzymes and acids and then they absorb the 

digested components.  

Molds produce, if the conditions are met, spores that can be transported anywhere. These 

spores are reproductive structures invisible to the naked eye that ensure the dissemination of molds, 

a key stage in their life cycle. The diameter of these resistance organs varies from 2 to 250 µm, 

with a majority between 2 and 20 µm (Méheust, 2012). The size, shape, and color of mold spores 

vary greatly between species. However, under microscopy, all spores of the same species are 

relatively consistent in color, size, and shape which is a taxonomic identifier. 
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III.2.5. Conditions for mold growth 

The phenomenon of mold growth has been a topic of research for many years and some work 

has been done to assess the risk of mold growth by calculating the mold growth index (M-index). 

Some research has also been done to apply mathematical mold growth models to construction 

simulations regarding climate change (Nik et al., 2012). According to this research the growth of 

molds on a given substrate, depends on the environmental conditions in which it is found, but also 

on the intrinsic properties of the substrate on which it grows. The development of molds depends 

on several parameters, such as biotic factors (viability of spores, the nature of fungal species, 

competition phenomena between fungi with other organisms), nutrients (sources of energy, 

nitrogen, mineral elements), physicochemical factors (pH level, presence of oxygen, light, 

temperature, humidity). 

III.2.5.1. Physicochemical factors 

Temperature 

Temperature is one of the most important factors affecting the growth of microorganisms. 

Indeed, temperature plays a major role in mycelial growth, it is also involved in sporulation and 

spore germination (Bourgeois and Larpent, 1996). Each microorganism has an optimal 

temperature range for its development. Temperatures outside this range hinder its growth. 

According to their optimal temperature of growth, microorganisms into several groups whose 

names reflect the various areas of thermal tolerance. According to this classification we distinguish 

between thermoresistant, thermophilic, thermotolerant, mesophilic and psychrophilic molds. 

Most molds are mesophilic. They multiply at temperatures ranging from 20 to 40 °C with 

with an optimum growth near that of the human body (37 °C) (Botton, 1990). Some species are 

thermotolerant or thermophilic and can grow at high temperature (above 50°C) with an optimal 

growth around 20 to 25°C, Aspergillus fumigatus is a good example (Bhabhra and Askew, 2005). 

Others are psychrophilic or psychrotolerant and grow at low temperatures (between -5 and 10°C) 

such as Helicostylum pulchrum, Chrysosporium pannorum and Cladosporium herbarum, these 

species can survive even at -60°C, they are found in cold stores (Botton, 1990). The list with all 

types of molds according to their temperature range is presented in Table 6. 

 
Table 6. Fungi categories according to their development temperature range 

Mold types Temperature range Optimal temperature 
Thermophiles 20 à 50 °C 35 à 40 °C 

Thermotolerant 0 à 50 °C 15 à 40 °C 
Mesophilic 0 à 50 °C 15 à 30 °C 

Psychrophiles 0 à 20 °C 0 à 17 °C 
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Apart from the four categories of Fungi listed in Table 6, there are molds that grow under 

extreme conditions. This is the case, for example, of the so-called thermoresistant fungi that can 

grow up to 80 °C, such as Aspergillus fischieri (Beuchat and Kuhn, 1997). Fungi with a wide range 

of growth temperatures have a competitive advantage over other organisms. This is particularly 

the case for Aspergillus fumigatus capable of growing at temperatures between 12 and 52 °C 

(Méheust, 2012). 

Water activity 

In environments where biobased materials are used, nutrients are generally abundant and the 

temperature is also favorable. Thus, moisture is often the limiting parameter for spore germination 

and mold growth (Lähdesmäki et al., 2011). Water availability is necessary for fungi to sustain 

their physiological and metabolic activities (Méheust, 2012). 

The materials are in equilibrium with the ambient relative humidity. Thus, fungal growth 

depends not only on the ambient relative humidity, but also on the water activity of the substrate 

aw. The water activity measures the water availability of a given substrate (ISO 21807:2004). It is 

the ratio of the partial pressure of water of this substrate to the pressure of pure water at the same 

temperature according to the formula: 

"X 	=
�~çû	uü†u°¢ó°£

�~çû	ëü¢£
      (30) 

 
Table 7. Moulds in building materials and their water activity (Li and Yang, 2004) 

Colonizer 
group aw range Classification Examples de molds 

Primer 
(storage 
moulds) 

< 0.80 Xerophilic / 
Xerotolerant 

Penicillium chrysogenum; Aspergillus 
versicolore: A. fumigatus, A. niger, A. sydowii, 
A. ustus, Eurotium spp, P. brevicompactum, P. 

commune, P. corylophilum, P. palitans, 
Paecilomyces variotii et Wallemia sebi. 

Secondary 0.80– 0.90 Mesophiles Alternaria spp, Cladosporium spp, Epicoccum 
nigrum, Phoma spp et Ulocladium spp. 

Tertiary (water 
damage mold) > 0.90 Hydrophiles 

Chaetomium globosum, Fusarium, 
Memnoniella echinata, Rhizopus stolonifer, 

Stachybotrys chartarum, Trichoderma spp. (T. 
atroviride, T. citrinoviride, T. harzianum et T. 

longibrachiatum) 
 

The majority of molds grow at a water activity (aw) between 0.85 and 0.99 (Pitt and Hocking, 

1977), with an absolute lower limit of 0.55 (Méheust, 2012). Fungi that grow at high moisture 

content are referred to as hygrophilic. This is the case, for example, of Fusarim. Other xerophilic 

fungi have the ability to grow at water activity below 0.85 (Pitt and Hocking, 1977). This is the 

case, for example, of certain fungal species: Aspergillus penicillioides or Eurotium herbariorum. 
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It has been shown that the latter two fungal species can grow from a water activity of 0.747 (Pitt 

and Hocking, 1977). Unfortunately, there is no in situ technique that can allow to determine the 

water activity of materials. The classification of molds in building materials according to their 

water activity aw is presented in Table 7. 

pH level 

Every mold has a minimal, a maximal, and an optimal pH for growth. The vast majority of 

filamentous fungi grow in a pH range of 4.5 - 8.0 (Botton, 1990), although they are able to grow 

in a wide range of pH with a tendency to grow in slightly acidic environments. This is the case for 

Fusarium culmorum, Trichoderma harzianum and Aspergillus oryzae (Delgado-Jarana et al., 

2002). However, extracellular enzymes produced in complex environments can have a very 

different pH optimum of activity (more acidic or more basic) (Botton, 1990). In addition, fungi are 

known to alter the pH of the environment by selective uptake and ion exchange, CO2 or NH3 

production, or by acid production (Liaud et al., 2015, 2014). 

Presence of oxygen 

From a basic metabolic scheme whose center is glycolysis, the metabolism can be oriented, 

according to the organisms and, sometimes for the same cell according to the conditions of the 

environment, in an anaerobic metabolism (fermentations) or an aerobic metabolism (respiration) 

(Figure 67). 

 

 
Figure 67. Metabolism scheme (aerobic and anaerobic) 

 
Fungi are aerobic organisms for the vast majority. Therefore, the amount of oxygen available 

to the fungi is an important factor in their development. The most demanding live in the peripheral 
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regions of the substrates. But there are some yeasts that can be aero-anaerobic, participate in 

fermentative processes and, thus develop in depth as Fusarium oxysporum and Aspergillus 

fumigatus. Some can even withstand very strict anaerobiosis like Neocallimastix (Botton, 1990; 

Bourgeois and Larpent, 1996). Fungi can also exploit the oxygen dissolved in the substrate. 

Salts 

According to the reaction of molds towards salt concentration, 4 types of molds can be 

distinguished (Dassarma and Arora, 2002; Pitt and Hocking, 1977): 

• Non-halophilic: do not tolerate more than 0.2 M of NaCl (>2%) 

• Halotolerant: tolerate 0.2 to 0.85 M of NaCl (2-5%)  

• Moderate halophiles: tolerate concentrations from 0.85 to 3.4 M of NaCl (5-20%)  

• Extreme halophiles: grow in the range of 3.4 to 5.1 M of NaCl (20-30%) 

Halophiles are defined as microorganisms that require the presence of salt (NaCl) in the 

environment for their growth (Dassarma and Arora, 2002). Indeed, salt has the ability to attract 

water and retain it. Therefore, in the presence of salt, microorganisms are deprived of water and 

can no longer grow. Most molds can withstand very high levels of salt and sugar. For example, 

Debaromyces hansenii is a halotolerant yeast, isolated from seawater, which can grow aerobically 

up to salinities of 4.5 mol.L-1 NaCl. It produces glycerol as the compatible solution during the log 

phase growth and arabitol in the stationary phase. Another example - Cladosporium glycolicum 

(saprophytic hyphomycete) which can grow on submerged wood panels at salinity exceeding 4.5 

mol.L-1 NaCl in the Great Salt Lake. Other halophilic fungi, e.g., Polypaecilum pisce and 

Basipetospora halophila have also been isolated from salt fish (Dassarma and Arora, 2002). 

III.2.5.2. Nutritive conditions 

The development of fungi on a given substrate, depends on the specificities of fungi such as 

the ability to produce metabolites (enzymes, pigments, toxin synthesis). But also, it depends on 

the composition of the substrate (Johansson et al., 2013). Indeed, the presence of atoms necessary 

for fungi, such as carbon or nitrogen promotes the growth of fungi. On the contrary, a very complex 

matrix with the presence of growth inhibitors, does not promote the growth of fungi. 

Most molds are not very demanding in terms of nutrients necessary for their growth. Indeed, 

their enzymatic content allows them to use organic materials found in particular in bio-based 

materials. Some fungi, such as species of the genus Aspergillus and Penicillium, prefer sugars, 

they transform plant cellulose into simple sugars. These sugars allow them to grow very quickly. 

Others are able to degrade polymers (such as cellulose and lignin) or complex organic materials. 

Biobased materials are substrates easily degradable by molds, because of being materials that 

easily retain water. In addition, the presence of cellulosic products that make biobased materials, 
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excellent supports for the growth of molds. In addition, some authors made the link between the 

presence of soluble sugars in wood and surface quality: there are more sugars when the surface is 

rough than when it is sawn. That was also proven by (Lähdesmäki et al., 2011). 

Source of carbon and energy 

Carbon is one of the most abundant elements in molds. The simplest of the compounds is 

carbon dioxide (CO2). This can be used by the mold for the synthesis of certain essential 

metabolites that would involve a carboxylation reaction. Virtually all organic compounds can be 

used as a source of carbon and energy by molds. Most molds can metabolize glucose and sucrose 

with some polysaccharides such as starch and cellulose (Nicklin, J. et al., 2000). Some molds 

produce extracellular lipases capable of hydrolyzing lipids into glycerol and fatty acid that can be 

assimilated by many fungal species, while some species use organic acids and ethanol (Tabuc, 

2007). 

Source of nitrogen and other mineral elements 

Molds need nitrogenous substances to synthesize their proteins. Most molds assimilate 

ammonia in the form of salts (NH4+) whose presence suppresses the use of other nitrogenous 

sources (nitrate, amino acids, proteins). Ammonia is transformed into glutamic acid, glutamine or 

other amino acids by transamination, while only some species use nitrate, others can only grow in 

the presence of organic nitrogen and no mold can fix atmospheric nitrogen. 

The growth and reproduction of many fungal species require the use of mineral and metal 

ions in the culture medium, such as sulfate, magnesium, potassium, sodium and phosphorus with 

more or less different concentrations depending on the species (Uchikoba et al., 2001). Traces of 

elements such as iron, copper, manganese, zinc and molybdenum, are necessary for most molds 

for the production of cytochromes, pigments, organic acids, etc. 

III.2.6. Interactions of molds with the environment 

Molds are heterotrophic and must therefore draw water, nutrients and minerals necessary for 

the synthesis of their own material from the environment. They absorb them through the wall of 

their vegetative apparatus. They are referred to be absorbotrophic. All molds are saprophytes 

developing on and to the detriment of inert materials very varied (paper, wood, food). Some can 

be "opportunistic", although naturally saprophytic, they can in some cases behave as parasites, 

develop on living organisms of animals or plants whose defenses are weakened, kill them and 

finally move to a saprophytic development. 
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III.2.7. Ability of mold to degrade a material 

As it was already mentioned in the previous sections, molds during their growth use certain 

metabolites (enzymes, pigments, synthesis of toxins) to receive nutrients from the environment. 

Among these metabolites we can distinguish organic acids for their extreme capacity to degrade 

different materials. Indeed, the natural fungal production of organic acids plays many key roles in 

nature depending on the type of fungi that produces them. These roles are either due to the decrease 

in pH as a result of their secretion or due to the direct interaction of the organic acid with the 

environment (Dutton and Evans, 2011; Jones, 1998). The decrease in pH level may give the 

competitive advantage to acid-tolerant molds, may enhance mineral alteration by solubilizing soil 

minerals thereby releasing nutrient ions for uptake (such as Ectomycorrhizae) (Plassard and 

Fransson, 2009) or may lead to acid-catalyzed hydrolysis of holocellulose (Green and Highley, 

1997; Shimada et al., 1997; Tanaka et al., 1994). Regarding their direct interaction with the 

environment, organic acids participate in metal detoxification through metal complexation and 

oxalic acid plays a major role in biomass degradation (Jones, 1998). The ability to produce oxalic 

acid of certain types of molds has been extensively studied (Hastrup et al., 2012). (Guggiari et al., 

2011) investigated the issue of biodegradation of different biobased materials by molds.  

 

 

Figure 68. Distribution of Ascomycetes and Basidiomycetes strains according to the final pH of 
the growth medium after 6 days of incubation (Liaud et al., 2014) 

 

The ability to produce acids and a type of acids depends on a type of mold. In general, all 

strains of Ascomycetes are able to grow in a medium with an initial pH of 5.5. All 33 strains of 

Ascomycetes (including all 22 strains of Aspergillus) studied by (Liaud et al., 2014) acidified the 

medium below pH 2. The 5 strains of other Ascomycetes acidified the medium to the range of 2 

to 4 and just 2 strains did not or slightly acidify its media. Regarding Basidiomycetes, the work of 

Liaud et al. showed that there are four strains : (Ischoderma benzoinum, Grifola frondosa, Panellus 
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serotinus and Polyporus squamosus) that did not proliferate on a medium with pH 5.5 and made 

no influence (Liaud et al., 2014). Two strains strongly acidified the medium below pH 2, 8 strains 

of Basidiomycetes acidified the medium up to the range of 2 to 4 and 12 types of molds did not or 

slightly acidified the medium (Figure 68). 

III.2.8. Effects of moulds on human health 

Air quality is very important for people's health and work productivity. Poor air quality in 

offices and schools can cause fatigue, unpleasant odor, irritations, respiratory symptoms and other 

short and long-term health problems (Lappalainen et al., 2015). One of the factors causing poor 

air quality is mold growth. Currently, the issue of adverse pathological effects due to fungal 

exposure is well studied. Exposure to molds in indoor environments is through inhalation or skin 

contact and ingestion (Mazur et al., 2006). As a result, immunological effects can occur due to 

allergic reactions, following exposure to allergenic proteins that activate or aggravate allergies. 

Some genera of fungi such as, Cladosporium, Alternaria, Penicillium, Aspergillus, would be 

frequently associated with allergies (Eduard, 2009; Nayak et al., 2018; Portnoy and Jara, 2015) 

and would aggravate rhinitis and asthma. Indeed, thanks to hydrophobic proteins (or 

hydrophobins) spores are able to disperse in the air (Bayry et al., 2012). Fungal components are 

likely to cause health effects in an exposed individual because of their size and characteristics. 

Fungal spore or hyphal fragments larger than 1 µm can be deposited in the human airways (Górny, 

2004), and those smaller than 1 µm can reach the pulmonary alveoli (Eduard, 2009). Several 

clinical effects can be caused by volatile particles (irritations, intoxications, infections). This can 

be caused by the physical presence of the particles in the airways but also depends on the 

constituents of the volatile particles or because of elaborated substances (e.g. allergens, mVOCs, 

mycotoxins, glucans). 

III.2.8.1. Allergens 

Many studies show that molds can cause allergic reactions in humans (Green et al., 2006, 

2003; Kurup et al., 2002). (Kurup, 2003) identified the production of immunoglobulin E (IgE) 

following allergic reactions. (Husman, 1996) demonstrated the presence of proteins, 

polysaccharides and lipopolysaccharides in spores. The question of the influence not only of spores 

but also of fungal fragments was studied by (Green et al., 2006) who showed that they are also an 

important source of aeroallergens. At the same time, (Green et al., 2003) highlighted the difference 

between the number of allergens released before and after germination. 
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III.2.8.2. Volatile Organic Compound (VOC) 

Molds produce microbial Volatile Organic Compounds (mVOCs) during their metabolism. 

(Pasanen et al., 1998) has shown that molds can cause exposure to mVOCs. From the musty smell 

of certain mVOCs one can predict the growth of molds (Schleibinger et al., 2008). Among the 

mVOCs, we can distinguish alcohols, aldehydes, esters, terpenes, etc. Symptoms of eye, nose and 

throat irritation have often been reported in the presence of strong odors produced by abundant 

mold growth. The synergistic and irritative effect of a mixture of compounds has been 

demonstrated in mice (Korpi et al., 1999). At the same time, the complexity of the indoor 

environment makes it difficult to isolate the specific role of fungal mVOCs in disease 

development, as many building materials also emit VOCs (Reboux et al., 2011). 

III.2.8.3. Mycotoxins 

Mycotoxins are secondary metabolites of relatively low molecular weight, elaborated by 

various molds under certain environmental conditions. Their biosynthesis is dependent on several 

factors, including temperature, light intensity, carbon dioxide in the air, available nutrients and the 

presence of other competing species (Hendry and Cole, 1993). Each mycotoxin is not necessarily 

specific to a given mold (Li and Yang, 2004). 

Many of these toxins are relatively stable and their toxicity can persist for a long time, even 

when the fungal elements are no longer viable. Mycotoxins are found in the mycelium and spores 

and can also diffuse into the substrate (Bloom et al., 2009). The size of the particles containing 

them (e.g. spores or mycelial fragments) or on which they are adsorbed (e.g. dust), will determine 

the depth of penetration of the toxic substances into the bronchial tree. Experimentally, deleterious 

effects have been proven in animals: immunosuppressive, mutagenic, teratogenic, carcinogenic, 

neurotoxic and hepatotoxic effects (Li and Yang, 2004). However, there is currently no evidence 

that mycotoxin levels in building air are high enough to cause adverse health effects. 

Fungal growth is therefore a source of significant amounts of spores, cell fragments, 

allergens, mycotoxins, glucans and volatile organic compounds in indoor air. The agents 

responsible for adverse health effects have not been conclusively identified, but high levels of any 

of these agents in the indoor environment are a potential health risk. 

III.2.8.4. Glucans 

Glucans, or ß-1,3-glucans, are glucose polymers present in the cell wall of most molds, 

which may be associated with chitin or mannan molecules. They are non-allergenic compounds 

also found in some bacteria and plants (Bex and Squinazi, 2006). These complex sugars can, in 

some cases, have immunogenic effects and stimulate the function of macrophages and neutrophils. 
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They could be involved in inflammatory processes by triggering the production of specific type G 

immunoglobulins (IgG) (Douwes, 2005). Glucans would also be part of the complex mixture 

linked to the appearance of the toxic syndrome associated with exposure to organic dust (ODTS, 

organic dust toxic syndrome). 

III.3. BIBLIOGRAPHIC STUDY OF THE MOLDS’ IMPACT ON THE 

HEMP MORTAR 

Different authors have suggested the influence of mold growth on the physical and 

mechanical properties, as well as the microstructural integrity of building materials (Kazemian et 

al., 2019). Concerning hemp mortar, different characteristics such as microstructure, functional 

properties and thus durability are affected by microbiological growth (Zhu et al., 2016).  

(Crawford et al., 2017) confirmed the decrease of its mechanical properties of hemp mortars 

due to fungal presence. Although different microorganisms are involved in microbial proliferation, 

a mold growth is the most critical criterion when assessing the degradation of biobased materials 

(Du et al., 2021; Kosiachevskyi et al., 2018). 

First, it was suggested that mold growth affects negatively the air quality (Kosiachevskyi et 

al., 2018), as certain fungal strains produce toxins that are able to provoke different diseases such 

as asthma or cancer (Du et al., 2021). 

Also, molds are known for their ability to degrade lignocellulosic biomass and produce 

different metabolites to get more minerals from environment (Zhu et al., 2016). Among these 

metabolites we can distinguish organic acids for their extreme capacity to degrade different 

materials, as detailed in section III.2.7 above. Indeed, the natural fungal production of organic 

acids plays many key roles in nature depending on the type of fungi that produces them. These 

roles are either due to the decrease in pH as a result of their secretion or due to the direct interaction 

of the organic acid with the environment (Jones, 1998; Dutton and Evans, 2011). The decrease in 

pH level may give the competitive advantage to acid-tolerant molds, may enhance mineral 

weathering by solubilizing soil minerals thereby releasing nutrient ions for uptake (such as 

Ectomycorrhizae) (Plassard and Fransson, 2009) or may lead to acid-catalyzed hydrolysis of 

holocellulose (Green and Highley, 1997; Shimada et al., 1997). Regarding their direct interaction 

with the environment, organic acids participate in metal detoxification through metal complexation 

while oxalic acid plays a major role in biomass degradation (Jones, 1998). The ability to produce 

oxalic acid of certain types of molds has been extensively studied. For example, in the case of 

saprophytic fungi, the decrease of pH level provokes an acid-catalyzed hydrolysis of holocellulose 

(Hastrup et al., 2012). 
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Most researchers are not interested in the influence of fungal growth on the chemical 

composition of hemp mortars. In fact, molds are able to modify the composition of the support 

that allow them to grow better. In order to better understand the behavior and the durability of 

hemp mortar towards the fungal growth, it is necessary to investigate the influence of the molds 

on its crystallographic composition. That is why, the main objectives of this chapter are first, to 

identify the depth of natural mold proliferation in hemp mortar after two years of its 

implementation and conditioning at laboratory in high humidity conditions. Then, to investigate 

the influence of the fungal growth on the crystallographic composition of the material. To attend 

these objectives, different experimental procedures were conducted for both benchmarks of 

samples: contaminated and non-contaminated with molds. 

III.4. EXPERIMENTAL PROTOCOL  

In this section, the studied material, its conditioning and the experimental characterization 

methods are presented. Different methods of characterization of hemp mortar was conducted on 

both benchmarks: the first, exposed to laboratory conditions and the second, exposed to high 

humidity conditions. That allowed to compare the obtained results and study the influence of 

fungal growth on hemp mortar. 

III.4.1. Materials and conditioning 

One formulation of hemp mortar was used in this study. Hemp shives of French origin were 

used to make the hemp mortar samples. The granulometric curve of the used hemp particles is 

presented in the Section II. The binder represents a commercial mixture developed by ParexGroup 

SA. It is composed of Portland cement, hydrated lime and various additions to achieve the rheology 

suitable for spray application. The proportions of the hemp mortar mixture used are shown in Table 

8. Chemical composition of mineral binder is present in Table 9. The mixing was done in two 

steps: first, the hemp shives were premixed with water for 1 minute at 140 rpm, secondly, the 

binder was added and mixed for 5 minutes at 140 rpm. The sample size adopted was 4x4x16 cm3. 

After manual production (casting in the moulds), the samples of both benchmarks were dried for 

28 days under laboratory conditions (23 ± 2 °C, 50 ± 5% RH), as presented in Figure 69. Then, 

the samples from the first benchmark were placed in high humidity conditions (23 ± 2 °C, 97 ± 

2% RH) created by saturated salt solution for two years to facilitate mold growth (Figure 70). Mold 

growth is due to natural fungal contamination of hemp particles and mortar fabrication, no 

additional inoculation was used. The second benchmark’s samples were kept under laboratory 

conditions as a reference for further comparison. 
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Table 8. Mass ratios of hemp mortar composition 

Component Hemp shives Mineral binder Water 
Percent by mass 

(wt%) 12.5 % 25 % 62.5 % 

 
Table 9. Oxide analysis of used lime-based binder with hydraulic additions 

Oxide CaO Al2O3 Na2O K2O Fe2O3 SiO2 MgO SO3 
Percent 
by mass 57,40 2,20 0,15 0,27 0,92 25,40 0,50 3,09 

 

 
Figure 69. Hemp mortar samples before aging 

 
Figure 70. High humidity dessicator 

weathering (23 ± 2 °C, 97 ± 2% RH) of hemp 
mortar samples 

III.4.2. Methods of characterization 

III.4.2.1. Mold growth observation 

First, the depth of fungal proliferation in hemp mortar and its influence on the mineralogical 

composition of the material were investigated. After two years of exposure two samples of size 

4x4x16 cm3 (conditioned at laboratory and high humidity conditions) were scanned using an 

attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR). It allowed to 

obtain information on the surface chemistry and confirm the presence of molds in the case of the 

sample conditioned at high humidity. It was performed with a PerkinElmer Spectrum Two 

spectrometer. For each sample, 4 measurements were accumulated with a resolution of 4 cm-1. The 

test was conducted by studding vibratory frequencies in the middle Infrared (4000-400 cm-1). 

Then, scanning electron microscope (W-SEM) analysis using a Hitachi S-3400N device was 

conducted to evaluate the depth of the mold proliferation. Observations were conducted on the 

same specimens that were used for ATR-FTIR analysis. The special attention was devoted to the 

surface of the hemp mortar and the interface zone between cementitious matrix and hemp particles 

of two samples at different depth. Micrographs are recorded using secondary electrons detectors 
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at an acceleration voltage of 15 kV, in high vacuum mode (pressure <1 Pa). Before observations, 

the specimens were covered with carbon in order to improve the image quality. 

III.4.2.2. Chemical characterization 

Then, the X-Ray Diffraction (XRD) was conducted for the samples of both benchmarks at 

two different areas (on the surface and interior part). Prior to XRD crystallography analysis, hemp 

mortar samples of the size 4x4x16 cm3 were grinded and sieved to remove organic fibers. This 

step allowed to decrease the influence of the dilution on the final result as in this case we analyze 

only mineral matrix. Free water was removed using the acetone. Then, the specimens were dried 

at 40 °C in order not to modify the composition of the sample. XRD crystallography patterns were 

obtained using Cu Ka anode tube (λ= 1.54182 Å) radiation at 40 kV and 20 mA with a Bruker D8 

diffractometer, that was presented above in Section II (Bruker, Karlsruhe, Germany). The 

diffractometer scanned from 5° to 60° (2θ°) in step size of 0.015° and the counting time per step 

was 1.2 s. 

The X-ray diffraction tests were accompanied by the measurements of pH at different 

position of the samples: the surface and interior parts. This step allowed to analyze the 

interconnection between the mold growth, pH level and mineralogical composition. For this test 

the specimens of the same composition, made with the same raw materials, of the size 16x4x4 cm3 

were used. For each value, three measures were performed at different positions on the specimen 

using the electrode WTW Sentix Sur. As the pH level measurements are possible just in solution, 

the constant volume of demineralized water (0.2 ml) was deposed on the studied surfaces. For the 

inner pH level measures the protocol is the same, but the measurements were conducted in the 

middle of the specimen.  

Finally, the thermogravimetric analysis (TGA) test was conducted. The sample preparations 

were the same as described for XRD analysis. It allowed to quantify the material mass loss function 

of the temperature. Each mass variation reflects different phenomenon due to the effect of the 

temperature. The measurements were performed using the Perkin-Elmer TGA 8000 thermal 

analysis system. The test was conducted under a controlled helium atmosphere in a temperature 

range of 30-1000 °C with a heating rate of 10 °C/min. 

III.5. MOLD GROWTH OBSERVATION 
First of all, in the case of specimen exposed to high humidity conditions, the mold growth 

was not visible to the naked eye during the first year of exposure. The validation of the presence 

of molds on the surface of hemp mortar samples was conducted by ATR-FTIR scanning. Figure 

71 shows ATR-FTIR spectra for samples conditioned at high humidity and at laboratory 
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environment (23 °C, 50% RH). For both conditions, we note the intense peaks at around 3260 cm-

1 that are assigned to the stretching vibration of hydroxyl and -NH groups and at around 2920 cm-

1 - attributed to CH2 methylene group stretching vibrations. Also, the vibration peak at 1750 cm-1 

is attributed to the C=O stretching and the peak at 1620 cm-1 represents N-H vibrations. All these 

peaks are present only in the case of sample conditioned at high humidity and can be explained by 

the fungal contamination of its surface (Bayramoglu and Arica, 2018). Also, we note the intense 

peaks at 1400 and 870 cm-1 that are attributed to the deposit of calcium carbonate. In order to 

verify if molds are able to grow inside the hemp mortar the SEM analysis was conducted at 

different depth of the sample. 

 

 
Figure 71. ATR-FTIR spectra obtained from hemp mortar samples conditioned during two years 

at high humidity and laboratory conditions 
 
Then, W-SEM observations of the mold-contaminated hemp mortar sample were performed 

at different depths. This allowed to study the ability of molds to grow inside the hemp mortar. 

Figure 72 shows the results of the W-SEM observations at different depths: at the surface, at 1 

mm, at 2 mm and at 4 mm depth. The presence of mold filaments on the hemp mortar surface was 

noted (Figure 72-a). They are flattened that allows better adhesion to the surface. Figure 72-b 

shows the presence of filaments at a depth of 1 mm in the hemp mortar sample. Indeed, mold 

growth occurs in the internal porosity of the sample. Molds were also noted at 2 and 4 mm depth. 

The presence of mold at a greater depth was not seen that is why the W-SEM images are not 

represented. The results of the W-SEM observations show the fungal ability to grow inside hemp 

mortars using their internal porosity. 
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Figure 72. W-SEM observations of mould growth on the hemp mortar sample conditioned in a 

high humidity environment for two years at different depths: at the surface (a); at 1 mm (b); at 2 
mm (c); and at 4 mm from the surface (d) 

III.6. CHEMICAL CHARACTERIZATION 
In order to study the influence of molds on the mineral composition of hemp mortar, X-ray 

diffraction crystallography (XRD) was used. It was carried out on two samples conditioned for 

two years under high humidity (23 °C and 97% RH) and reference conditions (23 °C and 50% RH) 

respectively. For each sample, the crystallographic analysis of the surface and the interior part of 

the samples was carried out. This allowed a better comparison of the obtained results. 

The XRD patterns for interior part (a) and surface part (b) of the hemp mortar reference 

sample; interior part (c) and surface part (d) of the hemp mortar sample conditioned at high relative 

humidity are presented in Figure 73. Results demonstrate that the main mineralogical compounds 

of both hemp mortars are Ca6Al2(SO4)3(OH)12.26H2O (ettringite), Ca(OH)2 (portlandite), CaCO3 

(calcite), SiO2 (quartz), Ca3SiO5 (tricalcium silicate) and Ca2SiO4 (dicalcium silicate). 

Figure 73, curves (a) and (b) represent, respectively, the crystallographic analysis of the 

interior part and surface part, of the hemp mortar specimen conditioned for two years at 23 °C and 

50% RH (reference sample). The XRD spectrum of the interior part of the sample reveals the 

presence of ettringite and portlandite and low signal of calcite (Figure 73-a). On contrary at the 
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surface we note the great presence of calcite and low signals of portlandite and ettringite (Figure 

73-b). It is explained by the carbonation of the mineral binder that occurs at 50% RH. 

The XRD patterns of the sample conditioned at high humidity environment in the interior of 

the sample and at the surface (Figures 73-c and 73-d respectively) demonstrate the same pattern. 

The main difference is that the middle part of the sample conditioned at reference environment 

(Figure 73-a) represents lower signal of ettringite and calcite. Also, there are signals of non-

hydrated Ca3SiO5 (tricalcium silicate) and Ca2SiO4 (dicalcium silicate), which means that 

hydration is not completed. Indeed, the hydration of the sample at 97% RH continues because of 

high relative humidity, and the hydration of the sample conditioned at 50% RH was not full due 

to drying and the luck of water. 

 
Figure 73. X-ray diffraction patterns of: interior part (a) and surface part (b) of the hemp mortar 
reference sample (23 °C and 50% RH); interior part (c) and surface part (d) of the hemp mortar 

sample conditioned at high humidity environment (23 °C and 97% RH) 
 

The X-ray diffraction analysis was accompanied by the pH level measurements. The results 

represented in Figure 74 show that the interior part of the both samples represent higher pH level 

– 12.03 and 10.5 for the reference sample and the one conditioned at high humidity, respectively. 

At the same time, pH levels at the surface are lower – 8.24 and 8.53 respectively. It is consistent 

with the results of XRD analysis as the interior parts represent the portlandite signal. In fact, the 

diffusion of the air carbon dioxide in the hemp concrete provokes its reaction with the portlandite 

and decrease the pH level. Later, that leads to the degradation of the ettringite, as it is very sensible 

to the ambient pH level. Also, we note that the portlandite signal is higher for the interior part of 

the reference samples. Indeed, the carbonation occurs between 50% and 70% RH. Nevertheless, 

the high humidity allows the better dissolution of carbon dioxide in the material that can lead to 

such difference between pH levels of interior parts of the material. 
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Figure 74. Diagram of pH level evolution on the surface and in the middle of the samples 

conditioned for two years at the laboratory and high humidity conditions 

 

The TG/DTG curves show that samples of both types of conditioning represent four different 

thermal decomposition regions (Figure 75). The first thermal decomposition present in all samples 

occurs between 30 °C and 200 °C. This mass loss is caused by the evaporation of free water. These 

peaks of the interior of two samples are higher than those of the surface due to the drying of the 

material. At the same time, we note that the sample under high humidity conditions has a higher 

mass loss due to higher water content and its total hydration (see XRD results in Figure 73). The 

second decomposition phenomenon occurs between 250 °C and 350 °C. This mass loss is 

provoked by the departure of water bound to hydrates of CSH. The third mass loss is due to the 

thermal decomposition of Ca(OH)2. The last one is caused by the decarbonation of CaCO3 that 

occurs at the temperature range from 700 °C to 850 °C. Here, we note that the quantity of calcium 

carbonate is higher at the surface that is accordance with the XRD and pH level analysis.  

Chemical characterization results show that after two years of exposure to different 

conditions, both conditioned samples represent a carbonation of the mineral binder on the surface. 

Nevertheless, the results show the presence of portlandite and ettringite inside both samples. Thus, 

we conclude that despite the ability of molds to grow inside the hemp mortar, it has little effect on 

the chemical composition of the material after two years of exposure. 
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Figure 75. TG and DTG analysis performed in samples of two types of conditioning after 2 
years: LI – interior part of laboratory conditioned sample, LS – surface part of laboratory 

conditioned sample, HI – interior part of the sample conditioned at high humidity, HS – surface 
part of the sample conditioned at high humidity 

III.7. CONCLUSION 

In this chapter, the influence of mold proliferation on the hemp mortar and its durability was 

investigated. Also, the ability of molds to grow inside the hemp mortars was investigated. In order 

to provoke the mold growth, hemp mortar sample was exposed for two years to high humidity 

conditions. Another sample exposed to laboratory conditions was used as a reference. The ATR-

FTIR analysis and W-SEM observations were used to study the mold growth on the surface and 

inside the hemp mortar sample. The XRD scanning allowed to investigate the difference of hemp 

mortar samples’ chemical composition at different part. It was accompanied by the pH level 

measurements and thermogravimetric analysis. 

Results revealed the ability of molds to grow inside the hemp mortar. Indeed, it was noted 

that molds occupy the inner porosity that is high in the case of studied material. The chemical 

composition analysis demonstrated the carbonation of the hemp mortar surface and thus the pH 

level decrease. At the same time, the interior part of the sample covered with molds represents the 

hydrates (ettringite and portlandite) that are responsible for mechanical properties and the 

durability. That is why despite the ability of molds to grow inside the hemp mortar, it has little 

effect on the chemical composition of the material after two years of exposure. This study provides 

future researchers with the sufficient refine information on the mold growth inside the hemp 

mortars and their influence on the chemical composition. Obtained results must be considered 

when studding the durability of hemp concrete under the accelerated aging protocol. 
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This chapter highlighted the influence of the mold growth on the evolution of the 

crystallographic composition of the hemp mortar. The results reveal the low effect of the fungal 

proliferation on the mineral composition of the hemp mortar. Therefore, the following chapter is 

devoted to the identification of the mold types. 



 112 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV.  
 

FUNGAL RISK ANALYSIS IN HEMP MORTARS: 
IDENTIFICATION OF FUNGAL SPECIES 



 113 

 

CHAPTER IV. FUNGAL RISK ANALYSIS IN HEMP MORTARS: 

IDENTIFICATION OF FUNGAL SPECIES 

 

 

IV.1. INTRODUCTION 

There are many types of fungi species that have different influence on the environment and 

growing conditions. In addition, due to the production of different volatile particles, spores and 

other allergens, molds are critical from the point of view of the air quality. The distinction between 

mold species is not considered when talking about contaminated materials in civil engineering. 

That is why in this chapter, the analysis of fungal risk on hemp mortar was investigated and 

deals with the identification of mold types. To do so, a bibliographical study was carried out, which 

summarizes the different methods of the identification of mold species. Then, the phenotypic 

method of identification was used to investigate the fungal species present in hemp shives and 

hemp mortar. Two formulations were tested and compared. Finally, the conclusion on the proposed 

experimental method was made. 

IV.2. PREDICTION AND QUANTIFICATION OF MOLD GROWTH 

In buildings, the real environmental conditions represent favorable parameters for mold 

growth. A temperature that is comfortable for humans is at the same time comfortable for the 

growth of most molds. In this case, one characteristic that can promote or limit the proliferation is 

humidity. According to the survey on the housing quality in France, about 20% of French 

inhabitants respectively mentioned that they have traces of moisture (Insee, 2017). This shows that 

the issue of mold contamination in buildings is a current one for the general public. 

Several studies have been conducted for numerical prediction and quantification of mold 

growth on bio-based materials such as (Ojanen et al., 2010; Viitanen et al., 2010). Mold growth in 

these works is described by the index (M). The classification according to this index is presented 

in a Table 10. 

The model of mold growth (for pine and spruce) is given in the following equation: 
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Where T – temperature; 

RH – relative humidity; 
W – type de wood (0 – pine; 1 – spruce); 

SQ – for the quality of the surface (0 – for sheared surfaces, 1 – oven-dried)  

¨@ = ≠

1, when		Z ≤ 1
2

rà≥$
rà≥@

− 1
,			¥ℎ∂∑		Z > 1		 

¨1 = ä"π[1 − ∂πª[2.3 ∙ (Z − Zc^V)], 0] 

 
Table 10. Classification of mold growth index 

Index value Principle of classification 

0 No growth 

1 A few hyphae detectable in a few places, only with the microscope 

2 Several hyphal colonies > 10% only visible with the microscope 

3 Some spots (mycelium) cover less than 10% of the surface perceptible to the 
naked eye, less than 50% perceptible with the microscope 

4 Some spots (mycelium) cover about 10-50% of the surface perceptible to the 
naked eye, more than 50% perceptible under the microscope 

5 Mycelium covers more than 50% of the surface, detectable with the naked 
eye 

6 Very high growth, mycelium coverage is nearly 100% 

 
Where, the maximum index (M) is determined according to the following conditions: 

Mñó• = A + B	
¿¡¬√ƒ≈8¿¡

¿¡¬√ƒ≈8@''
− C	 ∆

¿¡¬√ƒ≈8¿¡

¿¡¬√ƒ≈8@''
«
1
	    (32) 

With          RH	 ¢À° = −	0.00267	T$ + 	0.160	T1 − 	3.13	T	 + 	100.0				si		T	 < 	20°	C 

                  RH ¢À° = 	80	%			si	T	 > 	20°	C (Hukka and Viitanen, 1999) 

And A, B, C, coefficients representing the sensitivity class of materials (Ojanen et al., 2010; 

Viitanen et al., 2010) are represented in Table 11. 

 
Table 11. Values of the coefficients representing the material sensitivity class (Ojanen et al., 

2010; Viitanen et al., 2010) 
Sensitivity class A B C 

Very sensitive (pine sapwood) 1 7 2 
Sensitive (spruce) 0.3 6 1 

Resistant (concrete, glass wool) 0 5 1.5 
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Regarding the mold growth conditions, (Nik et al., 2012) found that when the temperature 

is below 0.1 °C or the relative humidity is below 75%, the conditions are unfavorable for mold 

growth. According to several studies (Lähdesmäki et al., 2011; Nik et al., 2012), at high relative 

humidity (97-98%), mold growth is observed in all materials, only the intensity changes from one 

material to another. At high humidity and low temperature (5°C), mold growth was somewhat 

slower and limited. However, at constant low relative humidity (89-90% RH / 20-22°C) mold 

growth was very limited with a growth index (0-1) except for pine sapwood. A decline in mold 

growth was examined by cold and dry conditions. Frost seemed to retard growth on several 

materials when it lasted for a long time. The impact of freezing also depended on the material. A 

dry period reduced the mold index in most cases (Lähdesmäki et al., 2011). 

IV.3. IDENTIFICATION OF FUNGAL SPECIES 

IV.3.1.  Identification methods of molds strains 

 It is important to identify the mold strains in order to know the health risks and to consider 

preventive methods to their development. One can distinguish several methods of identification of 

molds: 

• Phenotypic methods 

ü Microscopic observation 

ü Mass spectrometry (Matrix Assisted Laser Desorption Ionization - Time of Flight 

(MALDI-TOF)) 

• Molecular methods 

ü Comparative sequencing of genes encoding ribosomal RNA 

ü Real time amplification (Reverse Transcription - Polymerase Chain Reaction (RT-

PCR)) 

All the methods have certain number of disadvantages and advantages. In the next 

paragraphs these methods are briefly presented. 

IV.3.2. Phenotypic methods 

The most classical method - is the microscopic one. It consists in observing molds isolated 

from the surface under the microscope. This method is simple and inexpensive in reagents and 

materials (culture medium, incubator, adhesive tape, slide, dye, microscope). The identification is 

fast, it is not rare to identify directly with a single sample of the contaminated surface. Some 

criteria are still used as references for the description of the genera of the species. We can 

distinguish macroscopic and microscopic criterias. 
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Macroscopic criteria 

Macroscopic criteria are based on the observation of colonies and their color, shape (round, 

star-shaped...), transparency (opaque, translucent), size (small or large), relief (flat, wrinkled...) 

and surface characteristics (fluffy, powdery, granular). 

• The speed of colony development on Sabouraud's medium supplemented with antibiotics: 

as a rule, yeasts grow and sporulate in 24 to 48 hours; filamentous fungi, in 4 to 6 days. 

• Optimal growth temperature: common contaminating fungi grow naturally at laboratory 

temperature, 20° to 27°C, and have difficulty with temperatures above 30-32°C. Growth 

at 37°C indicates an adaptation to the temperature of the human body and is therefore 

strongly in favor of the acquired pathogenicity of the fungus in question. 

• Sensitivity to cycloheximide (Actidione). This antiseptic strongly inhibits the growth of 

contaminants. In certain cases (very high inoculum for example), this growth is however 

possible although very disturbed. 

• The morphology of the rectum: 

ü color, knowing that it evolves with the age of the colonies; 

ü aspect: flat, raised or flat culture, wrinkled, cratered or hairless, plastery, powdery, 

granular, fluffy, flaky. 

• Back morphology: 

ü color; 

ü existence of ridges or arborizations in the depth of the agar; 

ü pigment diffusing in the medium. 

Microscopic criteria 

Microscopic criteria are based on the morphological aspect of the different structures of the 

fungi: the shape of the spores, the type of thallus (septate or not), the origin of the spores 

(endogenous or exogenous), the color of the hyphae (dark or light) and the shape of the heads 

(brush-like, aspergillate). Successively, next parts of molds must be observed: 

• the thallus 

ü thallus and shape of molds: 

o type of budding: axial or lateral, single or multiple, narrow or broad based, 

o existence or not of pseudomycelium, true mycelium, 

o possible presence of capsule. 

ü filamentous thallus:  

o diameters of filaments, regular (upper fungi), wider and irregular (siphons of 

lower fungi); 
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o frequency of partitions: rare in lower fungi; 

o pigmentation of the walls: dark (dematiaceous) or light (moniliaceous); 

o ramifications and their mode: banal or dichotomous; 

o particular formations: sclerotia, etc. 

• the vegetative spore apparatus 

ü mode of spore formation: 

o internal spores formed in sporangia (zygomycetes) or external spores 

(blastospores or thallospores) of higher fungi; 

o differentiation or not of conidiophores, branched or not, swollen or not, 

ornamented or not, with or without phialides; 

o spores isolated, in clusters, or in chains, at the end or along the filaments. 

ü character of pores: 

o color; 

o size; 

o shape: oval, more or less elongated or round, with a wide (aleuria) or narrow 

(blastospores) base; 

o septa; 

o thickness and ornamentation of the walls (echinulations). 

• the sexual apparatus (very rarely observed): perithecia (cleistothecia), asci and ascospores 

or particular formations (nut cells) 

At the same time, this method has its disadvantages. Fungi often do not form vegetative 

multiplication structures on isolation media, for which only filaments are observable. It is then 

only possible to orientate towards higher and lower fungi. Nevertheless, macroscopic 

documentation of the cultures (shape, color, development) is a precious complement to establish 

possible correlations in time. Unfortunately, molds are polymorphic and polychromatic depending 

on the environmental conditions, which can complicate the process.  

IV.3.3. Mass spectrometry method 

Another promising technique that has re-emerged in recent years, is mass spectrometry 

Matrix Assisted Laser Desorption Ionization - Time of Flight (MALDI-TOF). This technique 

allows to establish mass spectra in a defined range from a culture or a spore suspension and to 

compare them with a database of spectra of reference strains of different species. The algorithms 

for processing the spectra have progressed dramatically in last years. The results published recently 

are very interesting, with remarkable performances, but underline the low representativeness of 

the databases which cover only a few tens to a few hundreds of species, sometimes not very 
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representative of different environments and sometimes for a number of strains not very indicative. 

Indeed, it is necessary to use a large number of spectra of different strains of the same species in 

order to take into account the intra-species variability, so as to obtain a weak and robust 

identification result. Therefore, the creation, development and verification of databases is a 

complex and time-consuming process. 

IV.3.4. Molecular methods 

For more than 15 years, molecular methods have taken a prominent place in the taxonomy 

of fungal species in general and filamentous fungi in particular. The demonstration of ribosomal 

RNA coding gene sequences (18S, 28S variable region V3 D1:D2) for phylogenetic studies 

contrinuted to refine the distinction of taxonomic groups and species in fungi. The inter-gene non-

transcribed regions of these genes (ITS1 and ITS2) have also proven useful for taxa distinction. 

These two types of markers rRNA28S or ITS1/ITS2 (unilocus analysis) allow a very good 

identification of genera, from nucleic acids extracted from any mycelium, after amplification with 

universal primers in lower and higher fungi, and comparison to reference sequences. The reference 

sequence databases are extremely rich since each new species description generates the sequence 

data of the various markers. Nevertheless, not all 28S rRNA or ITS1/ITS2 sequences are known 

simultaneously for all fungal species (about 10-20% are missing for each of the two types of 

markers). The 28S D1:D2 region is the reference for distinguishing many species of ascomycetes 

or basidiomycetes fungi. The combined ITS1-ITS2 intergenic regions, have been proposed as a 

"barcode of life" for animal species, plants, and fungi (Schoch et al., 2012). There is no consensus 

on a universal marker (unilocus). Indeed, many limitations have been documented for the 

identification of fungal species, with some different species showing 100% homologies for one or 

both markers. Thus, in genera important to the pharmaceutical industries, such as Aspergillus, 

Penicillium, Cladosporium, Alternaria, etc., accurate distinction of common species is not possible 

with 28S rRNA or ITS1/ITS2 sequences alone or combined. Combining the two ITS regions 

(ITS1/ITS2) has proven to be more efficient than using either one separately (ITS1 or ITS2). In all 

these cases, it is necessary to use other markers, to accurately differentiate species within genera 

(Schoch et al., 2012). These other markers consist of "housekeeping genes" on which the selection 

pressure is different, and which have therefore accumulated more mutations for species that have 

diverged more recently during evolution. The selected housekeeping genes vary according to the 

fungal groups and genera or even species, we can cite the genes coding for the elongation factor 

EF1a, actin, calmodulin, betatubulin, the different sub-units of RNA polymerases, etc. This 

"multilocus" approach, based on the simultaneous comparison of several marker sequences, allows 
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to overcome the limitations of unilocus approaches. Thus, the ability to distinguish species 

accurately is improved in many cases.  

These molecular methods of identification by comparative sequencing remain expensive, 

because of the heavy investments and the reactive costs (multilocus > unilocus). However, they 

are faster than classical methods and can be applied to all fungi, even those that do not sporulate. 

They still require a good knowledge of mycology and in particular of fungal taxonomy, especially 

to manage the names of teleomorphs/anamorphs, two different names can correspond to the same 

species. Finally, with the development of real-time molecular amplification methods (PCR-RT), 

specific direct detection-identification tests are available for some particularly important species. 

IV.4. EXPERIMENTAL PROTOCOL 

IV.4.1. Materials formulation and conditioning 

In this section hemp shive and hemp mortar fungal contamination was studied separately. It 

allowed to analyse the interconnection of the hemp shives and hemp mortar contaminations. To 

do so, the fungal contamination of 4 types of Hemp Shives (HS) from France was analysed. The 

apparent density of all the types of hemp shives was about 100-110 kg/m3. The question of 

repeatability has been the subject of particular attention. That’s why, different samples from the 

same formulation, origin, conservation conditions and treatment were tested. Granulometric 

curves of 4 types of hemp shives are represented in Figure 76. 

As for hemp shives, two different formulations were studied. The first formulation (F-1) was 

made according to the professional rules of execution of hemp concrete (SEBTP, 2012). The used 

binder is based on the lime, called Batichanvre, produced by French lime producers St. Astier. 

This binder is a mixture of: natural lime from Saint-Astier (Hydraulic lime: NHL and aerial one: 

CL), cement CEM I 52.5, and different adjuvants to improve the rheology and permeability of 

hemp concretes. Its density is of 500 kg/m3. 

The second formulation of hemp mortar represents a commercial mix designed by 

ParexGroup SA. The mix proportion ratios of the used hemp mortar are represented in Table 12. 

The mixing was done in two stages: firstly, hemp shives were premixed with water during 1 minute 

at 140 rpm, secondly, the binder was added and it was mixed during 5 minutes at 140 rpm. After 

their manual manufacture, the specimens were dried for 28 days at laboratory conditions (23 ± 

2°C, 50 ± 5%RH).  
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Figure 76. Granulometric curves of four hemp shives types: (A) HS-1, (B) HS-2, (C) HS-3, (D) 

HS-4 
 

Table 12. Formulations of the studied hemp mortar 

Materiel F1 F2 
Hemp shiv (kg) 10 kg 10 kg 
Binder (kg) 25 kg 20 kg 
Water (kg) 35 kg 50 kg 
Water / binder (-) 1.4 2.5 
Binder / hemp shiv (-) 2.5 2 

IV.4.2. Conditioning  

Hemp shives of all 4 types (HS-1, HS-2, HS-3, HS-4) were conditioned at laboratory 

conditions (23 ± 2°C, 50 ± 5%RH) during one month before all experimental manipulations. As 

for hemp mortar samples, two different conditionings were applied. Indeed, speciments of the first 

formulation (F1) of dimensions of 20x20x6 mm3 have been produced on 31 January 2016. They 

were conditioned at 23 °C and 50 % of relative humidity to provoke the carbonatation of the binder 
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to decrease the pH level and favour the fungal development. After that, in March 2017 the 

specimen was put in a desiccator at 94% of relative humidity and 23°C which is a sufficient 

condition to provoke the mold growth. The mold proliferation was firstly visible to the naked eye 

one mounth after the conditioning at high humidity conditions and observed one year later. 

As for second formulation (F2), it was naturally contaminated one month after its in situ 

application in November 2017. The in-situ application was represented by the thermal insulation 

of a house in the region of Pau. Samples were taken from the most contaminated areas observed 

in January 2018. We noticed that the first fungal proliferation was observed in December following 

a single month of exposure to extreme conditions. Indeed, it was applied inside an unheated 

building and exposed to high humidity, low temperature (about 9°C during the day) and no 

ventilation, conditions that do not correspond to the standard ones in which hemp mortar must be 

used. The schema of conditioning is represented in Figure 77. 

 

Figure 77. Conditioning schema of the hemp shives and hemp mortar samples 
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IV.4.3. Cultivation conditions 

After the imposed conditioning period for the two hemp mortars formulations and the differents 

hemp types, the fungi were visible to the naked eye. This allowed to apply the Phenotypic methods 

for the identification process of the species present in these contaminated samples. This method 

requires a preliminary culture of the fungal strains to grow. For this reason, Sabouraud's medium, 

which is adapted to the growth of molds which is a medium for the isolation of fungi (molds and 

yeasts), was used. It is also used in some environmental studies, it is known for its acceleration of 

the fungal growth but favors in a little more the growth of certain species and makes the 

enumerations difficult from the fifth day. Petri dishes with Sabouraud's medium (or Sabouraud's 

agar) were used. In fact, there are several culture media for the same family of fungi. Some genera 

have specific nutrient requirements (cellulotic, osmophilic) or specific incubation conditions. 

Thanks to the conditions (pH of 5.6, with added antibiotics) created by the traditional Sabouraud 

agar inhibits bacterial growth. The composition is as follows: peptone (10g), glucose (20g), agar-

agar (15g), distilled water (1000ml), vitamins and growth factors. 

IV.4.4. Fungal identification procedure 

The fungal identification experimental protocol consists in sowing contaminated particles in 

Petri dishes on Sabouraud medium to let the present molds grow. The electrical burner (Figure 78) 

was used in order to protect against bacteria and to avoid possible fungal contamination from 

outside. The idea of using this device is to create a circuit of hot air that purifies our working area. 

Before each manipulation, all tools were sterilized by heating on the burner to avoid the 

inter-contamination of samples. Under sterilized environment we put contaminated particles of 

hemp mortars and hemp shivs in Petri dishes. The manipulation is presented in Figure 79. Particles 

can be put in the middle or on the sides of the dish. In the first case it gives the best visibility, in 

the second one we can put more particles. We put particles of 4 different types of hemp in 4 

different Petri dishes and 2 types of hemp mortars in 2 Petri dishes separately. To ensure the 

obtained results we studied the question of repeatability by seeding hemp mortar particles twice 

for each type of studied materials (hemp shives and hemp mortars). 

After seeding, the particles in Petri dishes were packed with parafilm and put in closed 

desiccator to avoid external contamination by air flow. The temperature of 25°C and relative 

humidity of 50% was controlled. 

The identification of mold species was done at the 8th day by the Tape method which consists 

of the application on the surface of the culture of scotch tape and its examination between a slide 

and a cover glass, sandwiched between 2 drops of dyes (Figure 80) (Harris, 2000). The 

identification was done with the Keyence digital microscope which allows to have a magnification 
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from x100 to x1000. The interface and the morphology of the mold structures have been also 

studied for both hemp mortar formulations using the Hitachi S3400 Scanning Electronical 

Microscope. The acceleration voltage of 10 kV, the pressure of 50 Pa for the sample of the first 

formulation and of 70 Pa for the sample of the second one has been chosen for all the observations. 

 

 
Figure 78. Electric burner 

 
Figure 79. Isolation of molds 

 

 
Figure 80. Representation of the scotch tape method for fungal identification 

IV.5. HEMP SHIVE FUNGAL CONTAMINATION ANALYSIS  

In the first part, mold strains of 4 types of hemp shives were identified. The monitoring of 

the growth was done visually. Figure 81 represents the growth of molds in Petri dishes at initial 

state and after 5 days. 
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Figure 81. Monitoring of mold growth in a Petri dish (left - first day, right - after 5 days) 

 

After 8 days of conditioning at 23°C, Petri dishes with different types of hemp shives 

visually showed different amounts of fungal strains (Figure 82). Using the scotch tape method 

described above, molds from each Petri dish were examined. Subsequently each type of hemp with 

its types of molds will be presented separately. 

 

Figure 82. Images of Petri dishes with the shives of 4 hemp types after 8 days of cultivation: HS-
1 (a), HS-2 (b), HS-3 (c), HS-4 (d) 

 

First hemp type HS-1 represents 3 different types of species in the Petri dish (Fig. 82a): two 

species represented by two not too large yellow and grey spots on the agar and one raised species 

which filled the whole volume of the dish. Subsequently, the white voluminous mold was observed 

under a Keyence microscope. It was identified as Rhizopus sp. Yellow and gray mold thallus did 

not represent any morphological structures from which the determination was possible. 
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Second hemp type HS-2 visually represents 4 different types of species in Petri dishes (black, 

grey, yellow and white) (Fig. 82b). The black colored mold was identified as Aspergillus niger. 

The thallus of other molds did not represent morphological structures from which the 

determination was possible. 

As for HS-3 and HS-4, they represent 3 species of molds (Fig. 82c and 82d). Just in the case 

of the white fungi in HS-4, it was identified as Rhizopus sp. Concerning others, no representative 

morphological structures were found. All the results are reported in Table 13. 

Table 13. Results of hemp shive mold identification 

Sample number Species quantity Identified species 
HS-1 3: white, yellow and grey White - Rhizopus sp, N/D* 

HS-2 4: white, yellow, grey and 
black 

Black - Aspergillus niger, 
N/D* 

HS-3 3: white, yellow, red N/D* 
HS-4 3: white, yellow, red White - Rhizopus sp, N/D* 

*N/D – non-identified species 

IV.6. HEMP MORTAR FUNGAL CONTAMINATION ANALYSIS 

IV.6.1. Morphology analysis and interface observation 

After conditioning, hemp mortars were contaminated, so an analysis of their morphology 

and molds interface observation was conducted. Hemp mortars were observed with different 

magnifications. First, the numerical microscope images were used to analyse hemp mortars before 

and after mold growth. In figure 83, the hemp mortar of F2 formulation before and after fungal 

growth are proposed. Microscopical observations showed that both materials are heterogeneous, 

porous and represent a big quantity of microcracks (Fig. 83a) in the interface between hemp shives 

(1) and the cementitious part (2). Also, these images give us a better understanding of the 

procedure of the contamination and the mold growth. In figure 83b the mold proliferation on the 

surface of the contaminated sample (1) can be seen. 

After the analysis of the numerical microscope observation, the results of the SEM 

observations were analyzed. Fig. 84 (a and b) represents the SEM images of fungal growth of the 

first formulation (F1) hemp mortar. Mold structures such as the filamentous thallus (1) and vesicles 

(2) are visible in Fig. 84a. Figure 84b shows that the cementitious part (1) covers and protects the 

hemp shiv (2). The mold thallus (3) is also visible. The images of the SEM observation of the 

contaminated sample of the second formulation F2 are presented in Fig. 85 (a and b). Analogically 

to the first case, we can see the mold structures with a huge number of the vesicles (Fig. 85a). 

Also, the mold thallus (1) is visible on the surface of the cementitious matrix (2) of our sample 

(Fig. 85b). Then we proceeded with the mold species identification. 
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Figure 83. Numerical microscope photos of the hemp mortar (F2) before (a) and after (b) mold 

growth 
 

 
Figure 84. SEM images of the morphological structures of the mold present on the hemp 

concrete of the first formulation (F1) 
 

 
Figure 85. SEM images of the morphological structures of the mold present on the hemp 

concrete of the second formulation (F2) 
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IV.6.2. Fungal species identification 

After observation of the hemp mortar fungal contamination, species identification was 

conducted. Similar to the hemp shives, hemp mortar particles from the surface, most exposed to 

the environmental microorganism contamination, were isolated twice on the Sabouraud agar 

medium. The results showed that both mortars F1 and F2 represent molds of three colors. In the 

case of F1 there are white, red and grey molds and white, red and black for F2. The example of 

molds in Petri dish with F2 articles after 8 days at 15 °C and 50 %RH is proposed in Figure 86. 

 

 
Figure 86. Image of Petri dish with F1 particles after 8 days at laboratory conditions 

 

For better identification, all mold species were isolated one more time in other Petri dishes. 

Grey and red molds present in the mortar F1 and F2 respectively were not identified because of 

the limits of phenotypic method. As for black and white ones, they were identified as Aspergillus 

niger and Rhizopus sp. The Petri dishes with isolated molds are presented in Figures 87 and 88. 

The obtained identification results were reported in Table 14. 

 

  
Figure 87. Image of Petri dish with isolated white fungal strain (identified as Rhizopus sp.) after 

8 days at 25 °C and 50 %RH 



 128 

 
 

Figure 88. Image of Petri dish with isolated white fungal strain (identified as Aspergillus niger) 
after 8 days at 25 °C and 50 %RH 

 

Table 14. Results of hemp mortar mold identification 

Sample number Species quantity Identified species 
F1 3: white, red and grey White - Rhizopus sp, N/D 

F2 3: white, red and black White - Rhizopus sp, Black - 
Aspergillus niger, N/D 

IV.7. ANALYSIS OF IDENTIFIED FUNGAL SPECIES 

In this paragraph the analysis of the fungal species, identified previously in hemp and hemp 

mortar, is proposed. Their morphological and characteristic investigation were conducted as well 

as the literature study of their pathogenicity. 

IV.7.1. Rhizopus sp. 

After 8 days at 25°C, on Sabouraud medium, the diameter of the colony of Rhizopus sp. was 

90 mm. It was raised, voluminous, filling the whole volume of the Petri dish. The hypha is 

filamentous rather regular siphoned without partitions, round blastospores. Microscopy images are 

shown in Figures 89. In order to study their development according to the temperature, Petri dishes 

were conserved at 5°C and 35°C. After 8 days at 5°C Rhizopus sp. represents moderate growth, 

diameter of the colony was about 13 mm (Figure 90). After 8 days at 35°C the colony was close 

to the one at 25°C (Figure 91). It was concluded that Rhizopus sp. was a mesophilic fungal species. 

As for the pathogenicity, Rhizopus sp. is one of the most isolated species in cerebral and 

rhinofacial mucormycosis injuries. Patients are often diabetic patients with ketoacidosis, but also 

leukemic patients, sometimes AIDS patients. Also, Rhizopus sp. is dangerous for transplant 

surgery because of the great risk of the transplant rejection (Almyroudis et al., 2006). 

 



 129 

 

(A) 

 

(B) 

Figure 89. Microscopical observation of Rhizopus sp.: (A) magnification 1:200 and (B) 
magnification 1:600 

 

 
 

Figure 90. Isolated Rhizopus sp. after 8 days at 5°C 

 

  

Figure 91. Isolated Rhizopus sp. after 8 days at 35°C 

IV.7.2. Aspergillus niger 

After 8 days at 25°C, on Sabouraud medium, the diameter of the colony of Aspergillus niger 

was 25-30 mm. It was flat, low, dense and velvety. During microscopic observation the 



 130 

filamentous hyphae with conidiophores (a specialized filamentous stipe bearing the asexual 

reproductive organ) with the large amount of conidia on the vesicle were noticed (Figures 92, 93, 

94). Conidia are black and dark brown. After 8 days at 5°C Aspergillus niger represents no growth 

(Figure 93). At 35°C the colony is larger than at 25°C and of the size 30-35 mm (Figure 94). 

Indeed, Aspergillus niger is thermophilic fungal species, that is why it represents more active 

growth at higher temperatures. According to the literature, the toxicity of Aspergillus niger comes 

from their production of oxalic acid, flavaspérone and aflatoxins (Botton, 1990). 

 

(A) 

 

(B) 

 

(C) 

Figure 92. Microscopical observation of Aspergillus niger: (A) magnification 1:300, (B) 
magnification 1:400, (C) magnification 1:1000 

 

  

Figure 93. Isolated Aspergillus niger after 8 days at 5°C 
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Figure 94. Isolated Aspergillus niger after 8 days at 35°C 

IV.8. CONCLUSION 

In this chapter, the fungal contamination of the hemp mortar was investigated. Firstly, the 

bibliographic study on molds was proposed, that showed the great variability of fungal species and 

their possible influence on hemp mortar durability. Then, different identification methods were 

reported that allowed to better chose a method basing on their advantages and disadvantages. 

Finally, a phenotypic method was applied to identify present in hemp shives and hemp mortar 

fungal species. Then, the analysis of identified species was proposed. 

The obtained results show that: 

• biobased mortars represents favorable conditions for fungal proliferation. The organic part 

is a good source of nutrients for growth and the aggressive influence of the cementitious 

matrix can be neglected with the help of specific metabolites like enzymes, acids, etc; 

• there is a link between fungal strains present in hemp shives and hemp mortar made of it. 

It highlights the necessity of the quality control of the raw material; 

• the fungal growth depends on the conditions. In order to successfully determine the strains, 

all organisms present must be identified, not just the ones which proliferated. It shows the 

disadvantages of the phenotypic method: (1) under certain conditions some mold strains 

do not form structures that allow to determine the strain family; (2) there is the strong 

possibility of contamination of Petri dishes, which distorts results; (3) due to the effect of 

synergy some strains may not proliferate which is not representative for the real case; (4) 

in a hemp mortar or in a hemp itself other microorganisms may be present which cannot 

be identified.  

This chapter highlighted the necessity of application of other identification methods for more 

representative and reliable results. That is why in the next chapters the ribosomal RNA sequencing 

was used to get reliable fungal contamination profile. 
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CHAPTER V. METAGENOMIC ANALYSIS OF HEMP MORTAR AND 
HEMP SHIVE FUNGAL CONTAMINATION  

 

 

V.1. INTRODUCTION 

In Chapter IV, the results of the phenotypic fungal identification were presented. It was 

shown that this method doesn’t provide a complete mold contamination profile over the hemp 

mortars and hemp shives samples. That is why, in this chapter, we report new investigation using 

molecular method based on fungal DNA sequencing. To do so, the primary objectives of the 

present chapter are first, to investigate an accurate DNA extraction method that could be used for 

both bio-composite mortars and their fiber sources collected in situ; second, to understand the 

process of the proliferation of mold strains on both hemp shives and hemp mortar; and finally, to 

compare mold strains present in these phases to show their relationship to mold contamination. In 

situ hemp mortar contamination behavior was investigated in the region of Pau (France) two 

months after hemp mortar application in extreme conditions (high humidity, low temperature, no 

aeration), which did not match the standard conditions under which hemp mortar is used 

V.2. BIBLIOGRAPHIC STUDY 

In recent years, the effects of molds on the degradation of bio-based mortars have piqued the 

interest of research communities, particularly in civil engineering. For example, Sinka et al. (Sinka, 

M. et al., 2019) showed that mold proliferation decreased pH levels. In fact, molds during growth 

use specific metabolites (enzymes, pigments, toxin synthesis, and organic acids) to uptake 

nutrients from the environment. Among these metabolites, organic acids can be distinguished by 

their extreme ability to degrade different materials (Liaud et al., 2014). Indeed, the natural fungal 

production of organic acids plays a critical role in nature and may give a competitive advantage to 

acid-tolerant filamentous fungi over other organisms by decreasing the ambient pH (Dutton and 

Evans, 2011; Jones, 1998; Liaud et al., 2014). In addition, decreasing the pH can improve mineral 

alteration by solubilizing soil minerals, thus releasing nutritive ions for absorption (e.g., 

ectomycorhizes) (Plassard and Fransson, 2009) or can lead to acid-catalyzed holocellulose 

hydrolysis (Green and Highley, 1997; Shimada et al., 1997; Tanaka et al., 1994). Regarding their 

direct interaction with the environment, organic acids participate in metal detoxification by 
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complexation. Similarly, oxalic acid plays a significant role in the degradation of biomass (Jones, 

1998), partially explaining the biodegradation of bio-composite materials derived from plant 

biomass such as hemp mortars. 

However, a lack of information exists regarding mold population identification in general 

and mold species in hemp mortars, particularly with respect to their origin and how they survive 

under highly alkaline mortar conditions. Of the few studies available on this topic, Viel et al. (Viel 

et al., 2019) used a non-destructive method based on an optical evaluation of bio-composite mortar 

durability toward mold growth. However, this technique does not enable all mold species present 

in the material to be distinguished and quantified. This method does not detect the presence of 

bacteria and sources of external contamination related to the experimental environment, which 

may prevent true species related to contamination or fungal growth from being identified. 

Accurate identification of mold species is necessary to characterize the interaction and 

possible influence of a mold's identified type on both mortar and hemp durability. Therefore, the 

main objective of this chapter is to evaluate the mold growth of contaminated hemp mortar 

collected in situ from a house located in the region of Pau in France. The study identifies mold 

species present in hemp shives before they are incorporated into the mortar and then examines the 

contaminated hemp mortar and compares the identified species. Particular attention was devoted 

to choosing of the deoxyribonucleic acid (DNA) extraction method and the subsequent 

metagenomics analysis of fungal community. A trophic cycle analysis was then conducted to 

determine how molds adapt to extreme environments such as that of fresh mortar.  

V.3. EXPERIMENTAL PROCEDURE 

To better understand the nature of hemp shives and the biodegradation of whole hemp 

mortar, we carefully analyzed the behaviors of both materials. More specifically, hemp shive 

contamination was studied separately to identify mold strains already present before incorporation 

into the mortar. We then followed and evaluated the evolution of these fungal species after 

integration into the cement matrix (in hemp mortar). Analyzing how hemp fibers interact with the 

mortar and evaluating whether these vegetable plants are the main sources of contamination were 

critical in this study. In addition, we identified whether mortar affects the expansion of these 

mushrooms and if any species are already present in hemp mortars and not in hemp fibers. This 

experimental investigation aimed to answer all these questions. 

V.3.1. In situ conditioning and sample preparation 

The experimental protocol consisted of different treatments of naturally contaminated in situ 

collected samples of hemp mortar or hemp shives to extract DNA. Quantification was then 
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conducted to determine whether the extraction method functioned well. Finally, DNA sequencing 

was performed to identify the mold species. 

Two types of samples were studied. The first was hemp mortar that was naturally 

contaminated one month after its in situ application in November 2017. The in-situ application 

was represented by the thermal insulation of a house in the region of Pau. Samples were taken 

from the most contaminated areas observed in January 2018. We noticed that the first fungal 

proliferation was observed in December following a single month of exposure to extreme 

conditions. Indeed, it was applied inside an unheated building and exposed to high humidity, low 

temperature (about 9°C during the day) and no ventilation, conditions that do not correspond to 

the standard ones in which hemp mortar must be used (Collectif SEBTP, 2012). This proliferation 

was visually determined by the fact that the mortar was covered with red spots and later validated 

by microscopic observation (Figure 95). The second sample was of hemp shives that were 

previously used in the application of hemp mortar in Pau. This “hemp mortar–raw material” link 

allowed us to compare the obtained results. The lime-based binder with hydraulic additions that 

we used is a commercial mix designed by ParexGroup SA (its composition is not disclosed by the 

manufacturer). The mix proportion ratios of the hemp mortar are presented in Figure 96. 

 

 
Figure 95. Images of mold proliferation on hemp mortar (A), in the optical microscope (B), and 

the electronic microscope (C) 
 

 
Figure 96. Mass ratios of hemp mortar composition 

 

The DNA extraction experimental protocol (Figure 97) consisted of grinding samples to 

obtain fine particles. A benchtop mechanical grinder was used for grinding. Prior to each grinding 

session, all grinder surfaces were treated with acetone to avoid cross-contamination of the samples 

with possible DNA residues.  



 136 

We then proceeded to the DNA extraction using specially dedicated kits. The following three 

kits were used after all precautions of the suppliers for extraction were considered: the FastDNA 

SPIN Kit, which is dedicated to soils (MP Biomedicals, Irvine, CA, USA), the EZNA High-

Performance Fungal DNA Kit (Omega Bio-Tek, Norcross, GA, USA), and the DNeasy 

PowerPlant Pro Kit (Qiagen, Germantown, MD, USA). To verify the repeatability of the results, 

two replicates were performed for each kit. After each extraction, total DNA and fungal DNA 

quantification were performed to ensure the kit's ability to extract DNA from our material matrix. 

Finally, the FastDNA SPIN Kit (MP Biomedicals, Irvine, CA, USA) (Figure 97) was used for 

further treatments because it allowed the extraction of a greater total, particularly fungal DNA. 

This step was completed by the sequencing of 18S rDNA, which allowed us to identify mold 

strains in both hemp mortar and hemp shives. Each step is detailed in the following subsections. 

 
Figure 97. DNA extraction protocol schema 

V.3.2. Total DNA extraction and quantification 

Nucleic acids were extracted from 0.1 g of hemp and 0.2 g of hemp mortar using a FastDNA 

SPIN Kit for Soil (MP Biomedicals, Irvine, CA, USA) according to manufacturer instructions. 

Two replicates were performed for each sample. DNA was quantified by a fluorimetric 

measurement using PicoGreen fluorochrome at 485/520-nm excitation/emission wavelengths with 
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a Fluorescent Quant-IT PicoGreen DS DNA assay Invitrogen P7589 Kit (Invitrogen, Grand Island, 

NY, USA) (Gangneux et al., 2011). 

V.3.3. Real-time PCR amplification 

The 18S rDNA amplifications for fungal biomass estimation by 18S rDNA real-time 

quantitative polymerase chain reaction (qPCR) were conducted with a total volume of 25 µL. The 

qPCR mix was prepared using: 10 ng of microbial DNA from our samples, 0.5 µM of each primer 

[FU18S1 5'-GGAAACTCACCAGGTCCAGA-3'and Nu-SSU-1536 5'-

ATTGCAATGCYCTATCCCCA-3'] (Borneman and Hartin, 2000), 25 µl of absolute qPCR 

SYBR Green Mix (Thermo Scientific), and 0.25 mg/mL-1 BSA (GeneOn). Standard curves were 

obtained using serial dilutions of linearized plasmids containing the cloned 18S rDNA gene of 

Fusarium graminearum. The results were expressed as the 18S rDNA gene copy number per µL. 

The amplification protocol (40 cycles of PCR, 40 s at 95 °C, 45 s at 64 °C, and 30 s at 72 °C) was 

performed using a thermocycler LightCyclerÒ 480 (Roche Diagnostics, Penzberg, Germany). The 

efficiency of the qPCR ranged from 90% to 100%. 

V.3.4. Metagenomic analysis of microbial community 

V.3.4.1. Library construction and metagenomic sequencing 

The two highest DNA concentrations extracted from hemp and hemp mortar samples were 

analyzed using a metagenomic approach targeting the 18S region at the GenoScreen platform 

(Lille, France). A clone library was generated using the MetaBiote® kit. To prepare the amplicon 

libraries, Illumina MiSeq was used. To limit the amplification biases, the amplicon libraries 

included positive and negative controls named ABCv2-57049 and BF-57049, respectively. These 

controls were used and treated as samples during the stages of the MiSeq library process. The 

assays were conducted using a fluorimetric method, and the qualitative controls were performed 

by capillary electrophoresis. After library validation (10 libraries: six samples and four controls), 

they were diluted to 10 nM and controlled qualitatively and quantitatively by high-sensitivity 

capillary electrophoresis. 

V.3.4.2. Data metagenomic sequencing analyses 

Amplicons were sequenced on a MiSeq sequencer, and the quality of the generated sequence 

readings was evaluated using the Quantitative Insights into Microbial Ecology (QIIME) program 

(version 1.9.1) based on the Metabiote® pipeline (Bartram et al., 2011; Caporaso et al., 2011). The 

similarity data and phylogenetic analysis were combined to define the operational taxonomic units 
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(OTUs). An OTU was defined as when the percentage of similarity exceeded 97%. These 

sufficient and high-quality 18S full-length sequences enabled us to achieve affiliation to obtain the 

taxonomic profile of eukaryotic populations identified within the studied samples. As the DNA of 

the negative control was sequenced, the fungal genera present in the control sample were 

subtracted from the hemp shive and hemp mortar extraction. Further identification and 

classification of sequences were conducted by (Greengenes, version 13.8; www.greengenes.gov) 

using v2.2 of the RDP classifier (Wang et al., 2007). A Venn diagram was plotted to compare the 

obtained results from a source/material point of view. This represented the number of genera 

present in hemp shives, in hemp mortar, and in both materials. 

V.4. FUNGAL DNA SEQUENCING DATA ANALYSIS 

V.4.1. DNA extraction 

Following the extraction step, a fluorimeter analysis was conducted to determine whether 

the DNA extraction kit was well chosen. Two replicates were performed for each sample. The 

samples with the highest total DNA concentration were 7.53, 46.49, and 0.23 ng/µL for the hemp 

shives, hemp mortar, and control sample, respectively. These samples were used for DNA 

sequencing. Based on the total concentrations, it was determined that the extraction method 

worked well, and a sufficient quantity of DNA was extracted. Simultaneously, because the 

FastDNA SPIN Kit used for DNA extraction is designed to extract all DNA from the soil (i.e., 

plant, bacterial, and fungal DNA) in the resulting mixture, all were extracted. The qPCR analysis 

of the extracts from hemp shives and hemp mortar was conducted to identify the mold DNA 

concentration. The number of copies of 5.42 × 105 and 3.94 × 106 µL-1 for hemp shives and hemp 

mortar, respectively, were obtained. The extracts of total DNA were used after rDNA sequencing. 

V.4.2. Rarefaction analysis 

To validate the representativeness of our hemp mortar and hemp shive samplings across the 

entire sample, the diversity was studied. To do this, the OTUs observed for hemp shives, hemp 

mortar, and negative control samples as a function of an increasing number of sequences were 

plotted (see Figure 98). Thus, we considered a detailed description of the sample diversity when 

the curve reached the plateau. The so-called “plateau” phase was reached for all samples by 

demonstrating a detailed description of eukaryotic diversity. 

However, we should note that the diversity of hemp shives was more significant than what 

was possible due to less auspicious conditions in the hemp mortar. This could also be explained 

by the nature of the vegetal fibers, which are very heterogeneous from a dimensional point of view 
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(aggregate hemp size) and where we risk finding traces of dust and contamination (due to the 

industrial process of retting). 

 

 
Figure 98. Rarefaction analysis of the observed OTUs for the hemp shives, the hemp mortar, and 

the negative control as a function of an increasing number of sequences 

V.4.3. Mold species identified 

Following the subtraction of fungal genera present in the negative control, four phyla 

remained in the studied samples of hemp shives and hemp mortar. As Figure 99 shows, 

Opisthokonta was the major phylum in both cases, with 83.6% in hemp shives and 99.97% in 

hemp mortar. This suggested that the Opisthokonta phylum species, initially present in the hemp 

shives, could survive under the fresh hemp mortar's aggressive conditions and dominate following 

the application. 

The second most abundant phylum was Archaeplastida, representing 16.3% of hemp shives. 

However, it decreased to 0.004% in the mortar. This showed that the conditions of fresh mortar 

are not suitable for these species. A decrease in abundance was also noted for SAR phylum strains 

(from 0.1% to 0.02%). However, it could be observed that Incertae Sedis phylum microorganisms 

were present at 0.007% in the hemp mortar samples and were not found in hemp shives. This may 

have been due to external contamination following the hemp mortar application (Figure 99). 
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Figure 99. Relative abundance levels of each fungal phylum for hemp shives (a) and hemp 

mortar (b) 
 

Next, mold strain abundances from hemp shives and hemp mortar were analyzed separately. 

Thirty-seven and twenty-five genera of mold were identified in hemp shives and hemp mortar 

samples, respectively (see Figures 100-101). Some fungi have not been identified up to the genus, 

but they are reported to the phylum represented in Figure 99. For example, eight undefined (17% 

total abundance) and four undefined (0.05% total abundance) fungi exist in hemp shives and hemp 

mortar, respectively, which had not been previously identified and are represented by 

"other/unclassified" (Figures 100-101). 

In hemp shives, the majority of identified genera (abundance greater than 1%) are 

representatives of the Opisthokonta phylum: Acrostalagmus (42%), Tremellales (24%), 

Filobasidiacacae (9%), and Alternaria (6%). In the case of the hemp mortar samples, 

Acrostalagmus (96%) and Auricularia (3%) genera are major (also belonging to the Opisthokonta 

phylum) (Figures 100-101). A trophic cycle analysis of these genera was conducted and is 

described later in this section. 

In addition, the Venn diagram shows that a greater number of genera exist in hemp shives 

than in hemp mortar, which can be explained by the extreme conditions of the alkaline medium 

such as mortar after mixing. There are 87.4% sequences that have not been identified up to the 

genus in hemp shives. They are represented by "other/unclassified" (Figure 8). Simultaneously, 

95% of these sequences belong to the Charophyta order of Archaeplastida phylum and 5% to the 

fungi order of the Opisthokonta phylum. The most abundant genera identified are Kondoa (2.8%), 
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Diaporthe (1.9%), and Cystofilobasidiaceae (1.2%) of the Opisthokonta phylum and Panax 

(2.5%) of the Archaeplastida phylum. 

Among the genera that are present only in hemp mortar, we distinguish two major ones: 

Auricularia (96%) and Geosmithia (2%) (Figure 102). These genera belong to the Fungi order. 

Regarding the fungal genera present in both hemp shives and hemp mortar, we distinguish 7 

genera. 6 genera belong to the Fungi order and one to the phylum SAR, order Cercozoa. Four 

genera in hemp shives are considered major: Acrostalagmus (51%), Tremellales (30%), 

Filobasidiaceae (11%), and Alternaria (7%) (Figure 102). By contrast, only one genus dominates 

in hemp mortar, namely, Acrostalagmus (99.9%). We note that the Acrostalagmus genus 

representatives are the majority of mold species in hemp shives and dominate in hemp mortar 

(Figure 102). 

 
Figure 100. Fungal community analysis in hemp shives (18S rDNA) 

 
Figure 101. Fungal community analysis in hemp mortar (18S rDNA) 
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Figure 102. Venn Diagram evaluating the concentration of mold contamination of hemp shives, hemp mortar and both 
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V.5. ANALYSIS OF MAJOR FUNGI GENERA AND DISCUSSION 

To better understand the proliferation of mold strains in hemp mortar, major genera 

representative trophic cycle analysis is proposed. As previously noted, the major genera of hemp 

shives are represented by the Acrostalagmus, Tremellales, Filobasidiacacae, and Alternaria. For 

hemp mortar, the two major genera of Acrostalagmus and Auricularia exist. 

According to (Giraldo and Crous, 2019), 54 records are listed in the nomenclatural databases 

Index Fungorum and Myco-Bank under the name Acrostalagmus with 29 included species, six 

forms, and eight varieties. The authors (Giraldo and Crous, 2019) also reported that the 

representatives of the Acrostalagmus genus are cosmopolitan fungi and could be isolated from 

various soil types, including alkaline soils in Europe, Russia, Turkey, Sri Lanka, Nepal, Japan, 

Australia, Hawaii, Canada, and the continental USA, or from a great variety of types of plant debris 

as well as from dung (for example, Acrostalagmus luteoalbusis). They could also be saprophytic 

on wood, bark, leaves, and herbaceous stems. They are occasionally isolated from tropical and 

subtropical soils (for example, Acrostalagmus annulatusis (Seifert and Gams, 2011)). 

Simultaneously, Acrostalagmus luteoalbusis is reported to be a mycoparasite on Alternaria 

brassicae, Cronartium comandrae, Daldinia concentrica, and Flammulina velutipes (Domsch et 

al., 2007; Grum-Grzhimaylo et al., 2016; Seifert and Gams, 2011; Zhang and Tang, 2015). 

The Tremellales genus representatives are characterized by dolipore septa with vesiculate 

parenthesomes (Bandoni, 1984). This order includes more than 50 lichenicolous species 

(Diederich et al., 2014; Millanes et al., 2014, 2012, 2011; Werth et al., 2013). They are 

cosmopolitan fungi that have been isolated in different countries (Brazil, Europe, Russia, Mexico, 

Panama, and Greenland). 

Using Bayesian analysis on the seven-gene dataset for the Filobasidiaceae, we could 

distinguish five strongly supported clades named Aerius, Albidus, Cylindricus, Filobasidium, and 

Gastricus (Boekhout et al., 2011). The representatives of this order are mostly different species 

and varieties of Cryptococcus. It has been reported that Filobasidiaceae species can grow in 

extreme conditions. For example, three species of Gastricus were isolated from acid rock drainage 

from a pyrite mine in Portugal (Gadanho and Sampaio, 2009; Liu et al., 2015), and another three 

species were isolated from hypersaline soil of the Urmia Lake National Park in Iran that also 

showed the possibility of growing in saline environments (10–15% of NaCl) (Mokhtarnejad et al., 

2016). 

Alternaria species are fungi distributed worldwide as saprophytes, endophytes, and plant 

pathogens in soil, atmosphere, plant materials, and food commodities because of their ability to 

adapt and survive in environmental conditions that are far from optimal (Aust et al., 1980). As 
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plant pathogens, Alternaria spp. have been reported on crops, including cereals, oil crops, 

ornamentals, vegetables, and fruits (Logrieco et al., 2009). Alternaria spp. are also known to 

produce many secondary metabolites such as host-specific toxins required for pathogenicity, a vast 

number of mycotoxins, and several allergens (Thomma, 2003). 

The Auricularia genus representatives are cosmopolitan fungi reported in eastern Asia, 

North America, Europe, and elsewhere (Lowy, 1951). Auricularia is a major genus among the 

jelly fungi because of its widespread consumption and medicinal (antibacterial) properties. For 

example, Auricularia heimuer is one of the most famous traditional Chinese foods and medicines 

and is the third most cultivated mushroom worldwide (Yuan et al., 2019). 

Thus, results of rDNA sequencing showed that the major fungal genera from hemp shives 

and hemp mortar are cosmopolitan and widely present in the world. Some of them (Acrostalagmus, 

Filobasidiaceae) can reportedly grow in extreme environments. Mortar (high pH, high salinity) is 

one example. We should also note that the number of representatives of the two orders Tremellales 

(mostly parasitic fungi) and Alternaria (mostly saprophytic fungi) was greatly reduced in hemp 

mortar as compared to hemp shives. We could hypothesize that this was due to environmental 

conditions and the inaccessibility of food because of enrobing hemp shives by mortar. By contrast, 

the Acrostalagmus representatives accustomed to alkaline environments preserved their viability 

and maintained their ability to grow. As a result, they had an advantage over other mold strains. 

Strains from the Auricularia genus proliferated after mortar casting, as they were present only in 

the hemp mortar, which could be explained by further external contamination. In addition, we 

observed that environmental conditions played a critical role in determining the durability of hemp 

mortars and particularly fungal growth because of the conditions of mold proliferation (humidity, 

temperature, pH level, etc.) and even greater external contamination. 

V.6. CONCLUSION 

In this chapter, a metagenomic analysis and identification of fungal communities present in 

in situ collected hemp mortar and its raw organic material were conducted. Thus, this study 

developed a detailed protocol for DNA extraction and sequencing for hemp shives and hemp 

mortar that could be used for composite cementitious materials. A real case involving in situ 

collected samples of hemp mortar and its source (hemp shives) were studied separately to 

understand the interaction between the mold contamination of raw hemp shives and final hemp 

mortar. First, a DNA extraction method was carefully selected based on total and fungal extracted 

DNA quantification. Second, the diversity of studied samples using rarefaction analysis was 

evaluated to ensure representativeness of the results. Finally, the mold genera present in hemp 

shives and hemp mortar were then accurately identified to analyze the trophic cycle of major fungi. 
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Hemp mortar mold proliferation was noted after one month of exposure to extreme 

conditions that did not match the standard conditions under which hemp mortar is used (high 

humidity, low temperature, no aeration). The results of DNA sequencing showed a difference 

between mold contamination of hemp shives and composite hemp mortar. The relative abundance 

levels of fungal phyla present in hemp shives and hemp mortar revealed that the most abundant 

phylum was Opisthokonta. It represented 83.6% of hemp shives and 99.97% of hemp mortar mold 

contamination. Analysis of the identified species emphasized the interconnection between the 

mold strain characteristics (particularly the ability to grow in extreme environments) and their 

presence in hemp mortar. For example, the most abundant identified genus was Acrostalagmus, 

that represented 42% of hemp shives and 96% of hemp mortar mold contamination. This was 

explained by its ability to survive in alkaline environments (e.g., alkaline soils). Because more 

genera exist in hemp shives than in hemp mortar (37 against 25, respectively) and because the 

Acrostalagmus genus present in hemp shives is the most abundant in hemp mortar, we could 

conclude that the hemp shives are the main source of hemp mortar contamination. However, their 

use conditions were also found to be significant. As a result, only eight species exist in both hemp 

shives and hemp mortar, and 17 species are not present in hemp shives (but instead derive from 

external contamination). 

The chosen DNA extraction method could be used to characterize other types of mortars and 

their raw materials under different conditions. The present study opens the possibility of using a 

molecular rDNA screening method for building materials that could help in understanding the 

consistent patterns of proliferation of different microbiological flora and fauna types. The obtained 

in this chapter results should be considered when studying the durability of hemp mortars and their 

interaction with fungal communities. In addition, we observed that the most crucial origin of fungal 

contamination was hemp shives. This adds to the urgency of further studies on protecting hemp 

mortars from initial or external contamination, for example, by applying different treatments of 

hemp shives or by using essential oil additives. Apart from mold contamination, hemp mortar 

represents also a risk of bacterial proliferation. That is why in the next chapter, the bacterial 

contamination analyze was reported. 
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CHAPTER VI. EVALUATION OF HEMP MORTAR AND HEMP SHIV 
BACTERIAL CONTAMINATION BY METAGENOMIC 

INVESTIGATION  
 

 

VI.1. INTRODUCTION 

In Chapter V, the results of the fungal identification using the metagenomic analysis were 

presented. It was shown that hemp shives are the main source of mold contamination. Indeed, 

apart from molds there are also other microorganisms that can affect the durability of the hemp 

mortars. Also, such microorganisms as bacteria represent the first proliferation on hemp mortars 

as the range of their growth is bigger. That is why, in this chapter, we report the results of 

molecular method based on bacteria DNA sequencing. For this purpose, first a bibliographic 

study is presented. Then, the experimental protocols for DNA extraction and sequencing are 

presented. Finally, the analysis of the obtained results with the trophic cycles of the identified 

major strains are reported. 

VI.2. BIBLIOGRAPHIC STUDY 

Bacteria are the most common organisms accounting about 50% of all dry biomass of the 

Earth (Kallmeyer et al., 2012). These are unicellular prokaryotic organisms; whose average size 

varies between 0.5 and 1.5 µm. There are autotrophic or heterotrophic bacteria, i.e. they can 

use the mineral or organic source of carbon and proliferate on any type of support. Apart from 

this cosmopolitan nutrition, they could be aerobic or anaerobic which allow them to draw 

energy from different sources (oxidation of Fe2+, H2S or NH4+) and to colonize surfaces in 

contact with the oxygen in the air or the entire volume of the material without access to oxygen. 

Moreover, bacteria have another type of adaptation to different environmental conditions - the 

growth of a biofilm. The biofilm is a three-dimensional structure composed of microorganisms 

covered by the matrix of extracellular polymeric substances (EPS) that could represent 50 to 

90% of the total organic carbon of the biofilm (Donlan, 2002)). 

In fact, the extracellular bacterial matrix is drained by the channels that provide nutrients 

and electron acceptors (O2) (Costerton et al., 1994). All these factors give them the advantage 

over other species and the possibility to live in wide ranges of environmental conditions (1 to 
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1000 atm, -5°C to 113°C, 0 to 12 pH or even extreme radioactivity) (Kulakov et al., 2002; 

Rothschild and Mancinelli, 2001). 

The effect of bacteria on the durability of materials is beginning to interest the research 

community, particularly in the field of civil engineering. Certain species of bacteria are used in 

concrete structures as a self-healing factor because of their ability to close porosity by 

precipitating calcium carbonate during their life cycle. In fact, the encapsulated bacteria are 

added to the concrete during its pouring process. When cracks appear, the bacteria around them 

are activated by moisture, access the oxygen in the air and precipitate CaCO3, which closes the 

cracks (Lee and Park, 2018; Wang et al., 2014). 

At the same time, bacteria are known for their ability to cause the degradation of concrete 

structures. That’s why, (Maresca et al., 2017) studied the identification of the surface and 

internal bacterial population of concrete samples. Results show that live bacteria are present in 

concrete samples after one year of in situ exposure and that there is a difference between inside 

and outside bacterial species. However, there is no information on the identification of the 

biofilm population in general and the bacterial species in particular in hemp mortars. In fact, all 

surfaces of the material are colonized by different types of microorganisms, and bacteria is the 

most important one. Thus, the precise identification of bacterial species is a necessary step to 

characterize the possible influence of the type of the identified bacteria on the durability of both 

mortar and hemp and the interaction between bacterial species and other microorganisms. 

That’s why, the main objective of this chapter is to evaluate the bacteria growth of hemp 

mortar contaminated by molds, collected in situ in a stone masonry castle located in the region 

of Pau in France. The originality is the identification of bacterial species present in the hemp 

shives, before their incorporation in the mortar, and in the contaminated hemp mortar and the 

comparison of these species. Particular attention was devoted to the choice of the 

deoxyribonucleic acid extraction method and the subsequent metagenomics analysis of the 

microbial community. In order to realize how they adapt to such extreme environment as the 

mortar, an analyze of the trophic cycle of the major strains was conducted. 

VI.3. EXPERIMENTAL PROCEDURE 

In order to better understand the behavior of the hemp shivs and the biodegradation of 

whole hemp mortar, the behavior of both materials was analyzed carefully in this study, i.e. the 

hemp shivs contamination was studied separately to identify the bacterial strains already present 

before incorporation into the mortar. Indeed, we proposed to follow and evaluate the 

development of these bacterial species after the colonization of the cement matrix by molds in 
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the hemp mortar. In fact, it was essential to analyze how the hemp fibers interact with the mortar 

and to evaluate whether these vegetable plants are the main sources of bacterial contamination. 

We also proposed to determine if the mortar affects the expansion of these bacteria, if there are 

some species already present in hemp mortars and not in hemp fibers. This experimental 

research aims to provide answers to all these questions. 

VI.3.1. In situ conditioning 

For a better representativeness of the study, we investigated real samples contaminated in 

situ. The in situ application was represented by the inside insulation of the stone masonry castle 

in the region of Pau, in France (Figure 103). The castle was insulated from inside using the 

hemp mortar in November 2017 (Figure 104). Samples were taken from the most contaminated 

areas observed in January 2018.  

 
Figure 103. Study case: stone masonry castle in the region of Pau (France) 

  
Figure 104. Image of the wall before the hemp mortar insulation (a) and the application 

process (b) 

A B 
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VI.3.2. Sample preparation 

Two types of samples were studied (Figure 105). The first one is the hemp mortar that 

was naturally contaminated one month later after its in situ application in November 2017. It is 

noticed here that the first fungal proliferation was observed in December after a month of 

exposure to extreme conditions (Figure 106). Indeed, it was applied inside an unheated building 

and exposed to high humidity, low temperature (about 9°C during the day) and no ventilation, 

conditions that do not correspond to the standard ones in which hemp mortar must be used 

(Collectif SEBTP, 2012). This proliferation was determined visually by the fact that the mortar 

was covered with red spots. It was later verified by microscopic observations (Figure 107). 

SEM and optical microscopic observations show a strong contamination of these samples. On 

the SEM image the filamentous structures of the molds are clearly visible, indicating a strong 

presence of fungal species. The second sample consists of the hemp shivs that were previously 

used during the application of the hemp mortar in the stone masonry castle in situ in Pau. 

 

 
Figure 105. Example of two samples: hemp mortar 

(left) and hemp shivs (right) 

 
Figure 106. In situ mold proliferation 

on inside insulation hemp mortar 

 

The choice to study these two samples was legitimate in order to establish comparisons 

between hemp mortar - raw material (hemp aggregates). The idea is to evaluate the influence 

of the bacterial contribution of hemp fibers on the mortar and also to analyze the interaction 

between them after application. The binder used, based on lime with hydraulic additions, is a 

commercial mix designed by ParexGroup S.A. Its composition is not commercially disclosed 

by the manufacturer, for privacy raisons. However, the mix proportion ratios of the used hemp 

mortar are shown in Table 15. 
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Figure 107. Images of bacterial proliferation on hemp mortar (A), in optical microscope (B) 

and in electronic microscope (C) 

 
Table 15. Mass ratios of hemp mortar composition 

Hemp shives Binder Water 

12,5% 25% 62,5% 

VI.3.3. Total DNA extraction and quantification 

The identification of microorganisms in hemp mortar and hemp fibers is an essential step 

to analyze them and then to prevent the degradation of this material. It also helps to prevent any 

health risk for the habitants. In this work, the finest method of metagenomic analysis of the 

bacterial community was used. It consists of extracting and sequencing DNA to identify all the 

bacteria present in the samples. 

The different stages of experimental protocol of DNA extraction are represented in Fig. 

6. The first step consists of grinding samples to receive fine particles. The benchtop mechanical 

grinder was used for grinding samples. Before and after each grinding, all grinder surfaces were 

treated with acetone to avoid cross-contamination of the samples with possible DNA residues. 

Then, we proceeded to a total extraction of the DNA using specially conceived kits. Three kits 

were used following all the suppliers’ precautions for extraction: the FastDNA Spin Kit which 

is dedicated to soils (MP Biomedicals, Irvine, CA, USA), the E.Z.N.A. High Performance 

Fungal DNA Kit (Omega Bio-Tek, Norcross, GA, USA) and the DNeasy PowerPlant Pro Kit 

(Qiagen, Germantown, MD, USA).  

In order to verify the repeatability of results two replicates were performed for each kit. 

After each extraction, total DNA and bacterial DNA quantification were performed to insure 

the kit’s ability to extract DNA from the material matrix. Finally, the FastDNAä Spin Kit (MP 

Biomedicals, Irvine, CA, USA) has been adopted for further treatments because it allows the 

extraction of a larger quantity of total and especially bacterial DNA. Nucleic acids were 

extracted from 0.1 g of hemp and 0.2 g of hemp mortar. DNA was quantified by a fluorimetric 
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measurement using Picogreen fluorochrome at 485/ 520 nm excitation/emission wavelengths 

with a Fluorescent Quant-IT PicoGreen DS DNA assay Invitrogen P7589 Kit (Invitrogen, 

Grand Island, NY, USA) (Gangneux et al., 2011). This step was completed by the sequencing 

of 16S rDNA which allowed us to identify bacterial strains for both hemp mortar and hemp 

shivs. Each step will be detailed later in the following subsections. 

 

 
Figure 108. DNA extraction protocol schema 

VI.3.4. Real-time polymerase chain reaction (PCR) amplification 

The 16S rDNA amplifications for fungal biomass estimation by 16S rDNA real-time 

quantitative polymerase chain reaction (hereinafter - qPCR) were performed with a total volume 

of 25 µl. The qPCR mixture was prepared as follows: 10 ng of microbial DNA from our 

samples, 0.5 µM of each primer [63f 5’-CAGGCCTAACA CATGCAAGTC-3’ (Marchesi et 

al., 1998) and BU16S4 5’ CTGCTGCCTCCCGTAGG-3’] derived from 341F (Muyzer et al., 

1993), 25 µl of absolute qPCR SYBR Green Mix (Thermo Scientific) and 0.25 mg.ml-1 BSA 

(GeneOn). Standard curves were obtained using serial dilutions of linearized plasmids 

containing the cloned 16S rRNA genes from the Pseudomonas aeruginosa. The results are 

expressed as the number of copies of the 16S rDNA gene per µl. The amplification protocol 
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(40 cycles of PCR, 40 s at 95 °C, 45 s at 64 °C and 30 s at 72 °C) was performed in the qPCR 

(LightCyclerâ 480, Roche Diagnostics, Penzberg, Germany). The efficiency of the qPCR 

ranged from 90 % to 100 %. 

VI.3.5. Metagenomic analysis of microbial community 

VI.3.5.1. Library construction, and metagenomic sequencing 

The two highest concentration of DNA extracted from hemp and hemp mortar samples 

were analyzed by a metagenomic approach targeting the 16S region at Genoscreen platform 

(Lille, France). A clone library was generated by the MetaBiote® kit. Illumina MiSeq was used 

for the preparation of the amplicon libraries. In order to limit the amplification bias, the 

amplicon libraries include a positive and negative control named ABCv2-57049 and BF-57049. 

These controls were used and treated as samples during the MiSeq libraries process stages. The 

assays are performed by a fluorimetric method and the qualitative controls by capillary 

electrophoresis. After validation of the libraries (10 libraries: 6 samples and 4 controls), they 

were diluted to 10 nM and controlled qualitatively and quantitatively by high-sensitivity 

capillary electrophoresis. 

VI.3.5.2. Data metagenomic sequencing analyses 

Amplicons were sequenced on MiSeq sequencer and the quality of the generated 

sequence readings was evaluated using the QIIME (Quantitative Insights into Microbial 

Ecology) program (version 1.9.1) based on Metabiote® pipeline (Bartram et al., 2011; 

Caporaso et al., 2011). Similarity data and phylogenetic analysis were combined to defined 

operational taxonomic units (OTUs). An OTU was defined when the percentage of similarity 

exceeded 97 %. These sufficient, complete and high quality 16S full length sequences allowed 

us to perform affiliation in order to obtain the taxonomic profile of prokaryotic populations 

identified within the studied samples. Since the DNA of the negative control has been 

sequenced, the bacterial genera present in the control sample were subtracted from the results 

of the extraction of the hemp shivs and hemp mortar. Further sequence identification and 

classification was conducted by Greengenes7 (version 13.8) using v2.2 of RDP classifier (Wang 

et al., 2007). In order to compare results obtained from the source / material point of view, the 

                                                
7 www.greengenes.gov 
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Venn diagram was plotted, which represents the number of genera present in hemp shivs, in a 

hemp mortar and in both materials. 

VI.4. BACTERIAL DNA SEQUENCING DATA ANALYSIS 

VI.4.1. DNA extraction 

After the extraction step, quantification of the fluorimeter analysis was conducted to 

determine if the DNA extraction kit was properly selected. Two replicates were performed for 

each sample. The samples with the highest total DNA concentration were 7.53, 46.49 and 0.23 

ng/µl for the hemp shivs, hemp mortar and control sample, respectively. These samples were 

used for the DNA sequencing. Based on the total concentrations, it was noted that the extraction 

method worked well and that sufficient DNA was extracted. At the same time, as the FastDNA 

SPIN Kit used for DNA extraction is dedicated to extract all the DNA from soil, i.e. plant, 

bacterial and fungal DNA, in the resulting mixture all have been extracted. Then, in order to 

identify the concentration of the bacterial DNA, the qPCR analysis of the extracts from hemp 

shivs and hemp mortar was conducted. The quantity of copies of 3.64×106 and 1.09×104 µl-1 for 

hemp shivs and hemp mortar respectively was obtained. The extracts of total DNA were used 

after for the rDNA sequencing. 

VI.4.2. Rarefaction analysis 

To validate the representativeness of the hemp mortar and hemp shivs sampling across 

the entire sample, the diversity was studied. To do so, the OTUs observed for hemp shivs, hemp 

mortar and negative control samples as a function of an increasing number of sequences were 

plotted (Figure 109). As the number of the sequences for negative control sample is too low, 

the curve for this sample is not presented. Thus, we consider an exhaustive description of the 

diversity of the samples when the curve reaches the plateau. The so-called "plateau" phase is 

attained for all samples by demonstrating an exhaustive description of the prokaryotic diversity. 

Nevertheless, we note that the diversity for hemp shivs is greater, which could be due to 

less favorable conditions in hemp mortar. It can also be explained by the nature of plant fibers 

which are heterogeneous dimensionally (hemp aggregate size) and where traces of dust and 

contamination (due to industrial retting process) can be found. 
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Figure 109. Rarefaction analysis of the observed OTUs for the hemp shivs, the hemp mortar 

and the negative control as a function of an increasing number of sequences 

VI.4.3. Identification of bacterial species 

After subtraction of the bacterial genera present in the negative control, 7 different phyla 

remain present in the studied samples of hemp shivs and hemp mortar. 

We can see in Figure 110 that Proteobacteria and Bacteroidetes are the dominant phylum 

with 77.05% and 18.5% in the hemp shivs and decreased to 35.3% and 2.9% in the hemp mortar 

respectively. At the same time, Actinobacteria and Firmicutes phyla increased their abundance 

in hemp mortar (42.2% and 19.6%) compared to hemp shivs (3.5% and 0.9 respectively). 

Representatives of other phyla stay minor with little changes in abundance: FBP and 

Elusimicrobia phyla decreased their presence after mortar production from 0.05% and 0.012% 

to 0.022% and 0% respectively. Similarly, microorganisms that were not classified until the 

genus represented 0.006% in hemp shivs and totally disappeared in hemp concrete. However, 

Verrucomicrobia that is not present in hemp shivs represents 0.015% in hemp mortar due to 

external contamination (Figure 110). 

For further investigation, the bacterial abundances from hemp shivs and hemp mortar 

were analyzed separately. 111 and 108 bacterial genera were identified in hemp shivs and hemp 

mortar samples respectively (Fig. 111 - 113). Some bacteria were not identified up to the genus, 

but are reported to the phylum, which is represented in the figure above. For example, there are 

40 undefined fungi (12% total abundance) and 34 undefined fungi (19% total abundance) in 

hemp shivs and hemp mortar respectively that have not been identified and are represented as 

"Other/unclassified" (Fig. 111 - 113). 
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Figure 110. Relative abundance levels of each bacterial phylum for hemp shivs (left) and 

hemp mortar (right) 

 

In hemp shivs, the majority of the identified genera (abundance over 1%) are the 

representatives of the Proteobacteria phylum: Janthinobacterium (29%), Agrobacterium (17%), 

Rhodobacter (7%), Devosia (4%), Brevundimonas (4%) and Luteimonas (3%). The second 

most abundant branch is that of Bacteroidetes with four genera: Chryseobacterium (7%), 

Pedobacter (5%), Flavobacterium (3%) and Sphingobacterium (1%) (Fig. 9). 

In the case of the hemp mortar samples, Proteobacteria phylum remains its high 

abundance with 3 major genera: Burkholderia (26%), Janthinobacterium (4%) and 

Agrobacterium (2%). The Burkholderia genus is also present in hemp shivs, but after the 

application it has considerably increased its abundance. At the same time, Janthinobacterium 

and Agrobacterium genera decreased. The phylum Actinobacteria increased its abundance and 

started to dominate. The main genera are Streptomyces (17%), Actinoalloteichus (11%), 

Nocardiopsis (10%) and Promicromonospora (3%). The principal representatives of the phyla 

Bacteroidetes and Firmicutes are Chryseobacterium (1%) and Paenibacillus (1%) respectively 

(Figure 112). The trophic cycles analysis of these genera was conducted further in the paragraph 

4. 

In addition, the Venn Diagram shows that there is almost the same quantity of bacterial 

genera in hemp shivs and mortar (Figure 113). It is different from the mold population analyses 

where hemp shivs represented more genera, which could be explained by stronger ability of 
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bacteria to survive even in extreme alkaline conditions. As for the bacterial population that is 

present in hemp shivs and that was not isolated in hemp mortar, there are 39% of sequences 

that were not identified before the genus in hemp shivs. They are represented by 

"Other/unclassified" (Figure 113). The major genera present only in hemp shivs are 

Enterococcus (20%) and Carnobacterium (3%) from the phylum Firmicutes, Brevibacterium 

(8%) and Williamsia (5%) from the phylum Actinobacteria and Ewingella (6%) from 

Proteobacteria. 

As for bacteria present in both hemp shivs and the hemp mortar, there are 10 and 8 major 

genera (abundance more than 1%) respectively. Hemp shivs represent bacteria from two phyla: 

Chryseobacterium (7%), Pedobacter (5%), Flavobacterium (3%) and Sphingobacterium (1%) 

from Bacteroidetes phylum and Janthinobacterium (30%), Agrobacterium (18%), Rhodobacter 

(7%), Devosia (4%), Brevundimonas (4%) and Luteimonas (3%) from Proteobacteria. After the 

mortar cast and consecutive contamination by molds, the bacterial population changed and we 

note that there are the major representatives of four phyla in hemp mortar: Burkholderia (29%), 

Janthinobacterium (4%), Agrobacterium (2%) from Proteobacteria, Streptomyces (19%), 

Actinoalloteichus (12%) and Promicromonospora (3%) from Actinobacteria, 

Chryseobacterium (1%) from Bacteroidetes and Paenibacillus (1%) from Firmicutes. 

Among the bacteria that are present only in the hemp mortar, two genera from the phylum 

Actinobacteria can be distinguish: Nocardiopsis (93%) and Jiangella (1%). Also, there are 2% 

of unclassified bacteria (Figure 113). 
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Figure 111. Bacterial community analysis in hemp shivs (16S rDNA) 
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Figure 112. Bacterial community analysis in hemp mortar (16S rDNA) 
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Figure 113. Venn Diagram evaluating the concentration of bacterial contamination of hemp shivs, hemp mortar and both hemp shivs and mortar 
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VI.5. ANALYZE OF MAJOR BACTERIAL GENERA AND 

DISCUSSION 

To better understand the bacterial population in hemp shivs and mortar, the analyze of 

trophic cycle of the representatives of major genera is proposed in this section. First of all, it should 

notice that the bacterial genera present only in hemp shivs are not major (their abundance is lower 

than 1%) in the total bacterial population of hemp shivs. For example, the most abundant genus 

Enterococcus represents only 0.23% among total bacterial community. We have therefore chosen 

here the majority criterion of 3% between the genera present only in hemp shivs. 

VI.5.1. Hemp shives bacterial contamination 

By applying this criterion, besides Enterococcus, we can distinguish Brevibacterium (8%), 

Ewingella (6%), Williamsia (5%) and Carnobacterium (3%). Also, we note that there are 16 types 

of bacteria that have not been identified before the species, they are regrouped in 

“Other/unclassified”. 

Enterococcus spp. are Gram-positive opportunistic anaerobic bacteria, that are cosmopolitan 

and can be found in different natural habitats such as soil and water, but are known to inhabit 

predominantly gastrointestinal tract of humans and animals (Isnard, 2017; Micallef SA et al., 2013; 

Schloissnig et al., 2013). Representatives of this genus, mainly Enterococcus faecium and 

Enterococcus faecalis are known to provoke the different infections worldwide (Guzman Prieto et 

al., 2016; Hooton, 2012). The authors of the study (Fisher and Phillips, 2009; Sykes, 2014) 

reported that Enterococcus spp. are able to survive at a range of stresses and hostile environments, 

including those with extreme temperature (5–65 °C), pH (4.5−10.0). At the same time, (Mubarak 

and Soraya, 2018) discovered that Enterococcus faecalis is capable to adapt to acidic environments 

(pH 2.9–4.2). 

Brevibacteria are nonmotile, nonspore-forming, nonacid fast, Gram-positive, obligate 

aerobe organisms with a growth temperature range of 4–42 °C and an optimum temperature of 21–

28 °C. Brevibacteria grow over a wide pH range, starting at pH 5.5 and continuing to 10 with the 

optimum being about 7.0. Representatives of genus Brevibacterium have the capability to 

metabolize different sources of carbon and nitrogen for growth, they use glucose and galactose as 

a source of carbon and ammonium sulfate as nitrogen and sulfur source (Forquin and Weimer, 

2014; Huang and Tang, 2007). 

The genus Ewingella is represented by its type-species Ewingella americana known as 

Gram-negative, facultative anaerobic, lactose fermenting, oxidase negative, catalase positive 

bacillus, first described in 1983 by Grimont et al. (Grimont et al., 1983). It was classified in a new 
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group in the Enterobacteriaceae family. Rarely, but Ewingella americana is known to provoke 

different human infections like peritonitis (Kati et al., 1999), conjunctivitis (Da Costa et al., 2000) 

or pneumonia (Pound et al., 2007). It has been isolated from intestinal contents of snails and slugs 

(Müller et al., 1995), fresh nutria carcasses, vacuum packaged meat (Helps et al., 1999), and 

mushrooms (Reyes et al., 2004) as well. 

The genus Williamsia is represented by colonies of Gram-positive, aerobic, rod-like and 

coccoid bacteria, smooth and pigmented, orange-red in color (in some species) and not acid-

resistant. Representatives of the genus Williamsia, e.g. Williamsia aurantiacus sp., Williamsia 

muralis, and Williamsia serinedens sp., were reported to growth at 10-45°C (optimum 28 °C), in 

a pH from 4.0 to 10.0 (optimum pH 5–8) (de Menezes et al., 2019; Kämpfer et al., 1999; Yassin 

et al., 2007). 

The genus Carnobacterium is represented by Gram-positive rod-shaped acetate sensitive 

bacteria that have an ability to grow in chiller temperature (Cailliez-Grimal et al., 2014). Although 

they are lactic acid–producing bacteria, they grow in a pH range of 7–9. Most of the species 

produce lactic acid by fermenting carbohydrates such as glucose (Lorenzo et al., 2018). 

Representatives of this genus are known for their potential use in the food industry because of 

production of bacteriocins (Davidson and Zivanovic, 2003).  

We note that all these bacteria were minor in the hemp shivs and didn’t survive in the 

extreme environment like fresh hemp mortar (pH>12.5). Also, these microorganisms are 

pathogens for human, that’s why we conclude that the use of hemp in combination with the alkaline 

mineral binder is one of the factors to decrease the bacterial contamination of the hemp mortar. 

This is important when it comes to the industrial use of the material in contact with humans from 

the point of view of air quality and hygiene. 

VI.5.2. Hemp shives and hemp mortar contamination 

Nevertheless, there are representatives of 72 genera that are present in the hemp shivs and 

survived after hemp mortar cast. Hemp shivs represent 10 major genera: Janthinobacterium (30%), 

Agrobacterium (18%), Chryseobacterium (7%), Rhodobacter (7%), Pedobacter (5%), Devosia 

(4%), Brevundimonas (4%), Flavobacterium (3%), Luteimonas (3%) and Sphingobacterium (1%) 

and hemp mortar 7 major genera: Burkholderia (29%), Streptomyces (19%), Actinoalloteichus 

(12%), Janthinobacterium (4%), Promicromonospora (3%), Agrobacterium (2%), 

Chryseobacterium (1%) and Paenibacillus (1%). 

The genus Janthinobacterium is represented by Gram-negative soil bacteria, they are also 

named violet or violet-blue bacteria because of their ability to produce the purple-violet pigment. 

These microorganisms are tolerant of cold and ultraviolet radiation. Some species as 
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Janthinobacterium lividum can grow in extreme conditions of Antarctic peninsula at pH 4 to 9 

with optimum at pH 6.8 and from 2 to 28°C with an optimum at 15°C (Shivaji et al., 1991). Also, 

representatives of the genus Janthinobacterium were isolated from different habitats as rainbow 

trout in Korea (Oh et al., 2019), inner elbows of healthy people (Grice et al., 2008) or western 

Himalayan subglacial lakes (Yadav et al., 2019). 

Agrobacteria are a genus of Gram-negative, motile (up to six flagella per cell), aerobic (using 

oxygen as a final electron acceptor during cellular respiration), rod-shaped, non-spore-forming soil 

bacteria. These microorganisms are often isolated from abnormally proliferating plant tissues. 

Agrobacteria are able to catabolize a large variety of metabolites. They exhibit chemotactic 

behavior for some plant exudates, which they use in nature to initiate colonization of susceptible 

plant tissue (Lacroix and Citovsky, 2013). Agrobacteria show a remarkable resistance to 

desiccation. A bacterial colony left on an agar plate, at room temperature, can survive more than 

6 months (Van Montagu, 2001). They are pathogens of the plants, the optimal temperature for 

their growth being 24 - 28°C. 

Chryseobacterium spp. is represented by gram-negative, aerobic rods that are pigmented 

yellowish orange (O’Rourke and Rosenbaum, 2015). They usually grow between 5° and 30° C, 

but strains isolated from human specimens, including E. meningoseptica, grow readily at 37 °C 

(Wisplinghoff, 2017). Chryseobacterium species are inhabitants of soil and water and can be 

recovered from a variety of foods. They can be found in municipal water supplies despite adequate 

chlorination and have been recovered from the hospital environment, often in conjunction with 

clusters of clinical isolates. Chryseobacterium species are organisms of low virulence, and their 

presence in clinical specimens usually represents colonization and not infection (Steinberg and 

Burd, 2015). 

The genus Rhodobacter spp. regroups aquatic photosynthetic bacteria, found in the marine 

environment or fresh water. Rhodobacter expresses different respiratory modes (aerobic or 

anaerobic), allowing it to survive in a large number of habitats. One of the example of this genus 

are Rhodobacter sphaeroides and Rhodobacter capsulatus that are well-studied species in 

fundamental research, in particular on the study of bacterial photosynthesis, adaptation to the 

environment and evolution (Gürgan et al., 2020; “06/00850 Hydrogen photosynthesis by 

Rhodobacter capsulatus and its coupling to a PEM fuel cell,” 2006; Jeong et al., 2020; Magnin and 

Deseure, 2019). Rhodobacter sphaeroides WS8 is known to grow in a pH range of 6-9. Sustained 

motility was, however, observed in resuspended cell populations at pH values between 4.9 and 

10.4 (Packer et al., 1994). 

Pedobacter spp. is a genus of Gram-negative soil-associated bacteria that were isolated 

worldwide, from cold to temperate climatic conditions, and most have been isolated from 
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environmental terrestrial and aquatic habitats (Zhang et al., 2010; Margesin and Zhang, 2013; 

Chaudhary et al., 2017; He et al., 2020; Kangale et al., 2020). It has been reported that Pedobacter 

bauzanensis sp. nov. can grow at a temperature of 5-25 °C (Zhang et al., 2010). Pedobacter 

kyonggii sp. nov. grows at 0–32 °C, at pH 5.0–10.0 and with 0–1.5 % (w/v) NaCl (Chaudhary et 

al., 2017). Pedobacter indicus sp. nov. grows at 15–40 °C (optimum, 28 °C), at pH 5.0–9.0 

(optimum, pH 6.0–7.0) and with 0–8% (w/v) NaCl (optimum, 1.5%) (He et al., 2020). 

The genus Devosia is represented by Gram-negative, motile (by flagella), aerobic, oval or 

rod-shaped and non-spore forming bacteria. The microorganisms were isolated from different 

habitats worldwide (Rivas et al., 2003, 2002; Talwar et al., 2020; Xu et al., 2017; Yoon et al., 

2007). Devosia insulae sp. nov. was reported to grow at optimal pH of 6.5-7.5 and between 10 and 

31 °C (with an optimum at 25°C) in the presence of 0.5 % (w/v) NaCl (Yoon et al., 2007). Devosia 

nitraria sp. nov. showed the optimal growth at 30°C (and was inhibited at pH of 4.37 and 40°C) 

and at pH 7 with some growth up to a pH level of 11 (Xu et al., 2017). 

Brevundimonas spp. is represented by Gram-negative, non-fermenting, aerobic bacteria. 

Some strains has been isolated from clinical samples and are known to provoke several human 

infections (Panasiti et al., 2008; Lee et al., 2011; Ryan and Pembroke, 2018). At the same time, 

another representative of the genus, Brevundimonas terrae sp. nov. was isolated from alkaline soil 

in Korea. It grew optimally at pH 7.5-8.0 and 30°C without NaCl (Yoon et al., 2006). 

Flavobacterium species are Gram-negative rods, non-spore-forming, strictly aerobic and 

motile by gliding. Representatives of this genus were isolated worldwide from various habitats 

such as diseased fish, microbial mats, freshwater and river sediments, seawater and marine 

sediments, soil, glaciers, and Antarctic lakes (Waśkiewicz and Irzykowska, 2014). They have been 

isolated from many chilled foods (Betts, 2006). Most Flavobacterium are harmless, but some are 

opportunistic or true pathogens and cause disease in a wide variety of organisms, including plants, 

fish, and humans (Waśkiewicz and Irzykowska, 2014). 

Luteimonas spp. is represented by Gram-reaction negative, aerobic, rod-shaped bacillus. 

They were isolated from wormcast (Cha et al., 2020), intertidal macroalga (Verma et al., 2016), 

granules of wastewater treatment plant (Siddiqi et al., 2020) or food waste (Young et al., 2007). 

Luteimonas lumbrici sp. nov. showed an optimal grow at 30 °C, pH 7.0 and with 0 % (w/v) NaCl 

(Cha et al., 2020). Luteimonas granuli sp. nov. grew optimally at 30 ºC and at pH 7.0 (Siddiqi et 

al., 2020). Luteimonas composti sp. nov. was referenced to grow at 20-45°C (optimum at 30°C) at 

pH 7.0-10 with optimum at 7.0 (Young et al., 2007). 

The genus Sphingobacterium consists of Gram-negative environmental bacilli rarely 

involved in human infections (“Bacteremia caused by a novel species of Sphingobacterium | 

Elsevier Enhanced Reader,” n.d.). Nevertheless, several representatives of the genus 
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Sphingobacterium spp. are known to provoke different human infections (Lambiase et al., 2009; 

Barahona and Slim, 2015; Abro et al., 2016). Meanwhile, other members of the genus were 

isolated from soil (Fu et al., 2017), lake water (Albert et al., 2013) or deep subsurface aquifer (He 

et al., 2019). Sphingobacterium soli sp. nov., isolated from soil grew optimally at 30°C, at pH 7.0 

and with 0–3 % (w/v) NaCl (Fu et al., 2017). For Sphingobacterium puteale sp. nov. the optimal 

growth was obtained at pH 7.0 (range: 6.0–9.0), 28 °C (range: 15–37 °C) and 0 % NaCl (range: 0–

1.5 %, w/v) (He et al., 2019).  

The genus Burkholderia is very heterogonous group and contains more than 30 species 

isolated from many places such as water, soil, plants, insects, animals, and also human beings 

(Horinouchi et al., 2010, p.; Van Dommelen and Vanderleyden, 2007). Bacteria of the genus 

Burkholderia are often symbiotic and sometimes have negative effects on their hosts, for example 

Burkholderia cepacia is known to infect a range of hosts, including insects (Uehlinger et al., 2009). 

Burkholderia vietnamiensis sp. was the first species found to fix atmospheric azote, it was 

discovered in association with roots of rice, maize roots and coffee plants (Van Tran et al., 1996). 

The invasive Burkholderia species, Burkholderia pseudomallei and Burkholderia mallei, cause a 

remarkably wide range of disease outcomes, varying from subacute, localized inflammation to 

severe organ system damage and overwhelming septicaemia. Burkholderia pseudomallei can be 

isolated from environmental samples such as soil and water (Inglis and Merritt, 2015; 

Wisplinghoff, 2017). For instance, Burkholderia unamae could only be isolated from the 

rhizosphere of plants growing in soils, with a pH ranging from 4.5 to 7.1, but not from soils with 

a pH higher than 7.5 (Caballero-Mellado et al., 2004; Stopnisek et al., 2014). 

The Streptomyces species are Gram-positive bacteria that grow in different environments. 

They grow as network of filaments that resemble to filamentous fungi. The morphological 

differentiation of Streptomyces involves the formation of a layer of hyphae that can differentiate 

into a chain of spores (de Lima Procópio et al., 2012). Most members of Streptomyces are 

saprophytes, but several strains may infect and cause disease to humans, including wound 

contamination and abscess formation. Only a few Streptomyces have been isolated from 

pathological material (Sharma et al., 2014). Streptomyces bacteria are the most important source 

of antibiotics (Chater, 2013). Most representatives of the genus grow optimally at 25-35°C and 

and a pH of 6.5-8.0 (Kontro et al., 2005; Mohammadipanah et al., 2014). 

Although the characteristics of Actinoalloteichus spp. were firstly described by Liu et al. 

(Liu, Z. et al., 1984) at 1984, the genus name was validly published by Tamura et al. (Tamura et 

al., 2000). Representatives of the genus were isolated from different environments like different 

soils (Liu, Z. et al., 1984; Singla et al., 2005), marine sponge (Nouioui et al., 2017; Zhang et al., 

2006) or fig tree (Xiang et al., 2011). The Actinoalloteichus species grow at 20-37°C with the 
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optima at 25-28°C, and pH level 6-11 (optimum at pH 8) (Nouioui et al., 2017; Singla et al., 2005; 

Tamura et al., 2000; Xiang et al., 2011; Zhang et al., 2006). 

The genus Promicromonospora is represented by the Gram-positive aerobic bacteria 

(Schumann and Stackebrandt, 2015). They were isolated from soil (Mohammadipanah et al., 

2017), marine sediments (Thawai and Kudo, 2015), air (Busse et al., 2003) or medicinal plants 

(Qin et al., 2012). Most of the species grow at the range of 20 - 37°C and pH level 5-9 (Busse et 

al., 2003; Mohammadipanah et al., 2017; Qin et al., 2012; Thawai and Kudo, 2015). 

Paenibacillus is a genus of facultative aerobic or anaerobic bacteria, forming rod-like 

endospores with Gram-positive or variable Gram. They were isolated worldwide from fresh and 

salt water, alkaline soil, sediments, compost, plants, food or clinical samples (Beno et al., 2020; 

Grady et al., 2016; Sáez-Nieto et al., 2017). The representatives are known for their ability to 

promote the plant growth or to produce different extracellular enzymes such as polysaccharide-

degrading enzymes, so they are used in agriculture, horticulture and cosmetic industry. Depending 

on the species, the growth occurs at wide range from 15 - 45°C (some species were isolated from 

Antarctic soil (Dsouza et al., 2014)) and pH level  of 5.5 to 9.5 (Kämpfer et al., 2012; Yoon et al., 

2005).  

VI.5.3. Hemp mortar contamination 

As one can see in Figure 113, there are 36 genera of bacteria that are present only in hemp 

mortar and are due to external contamination after the mortar cast. 10 bacterial types have not been 

identified before the genus, so they are referenced as “Other/unclassified”. We note the most 

present and abundant genus is Nocardiopsis.  

Nocardiopsis spp. is represented by aerobic, Gram-positive, non-acid-fast, catalase-positive 

soil bacteria. Members of the genus are ecologically versatile and biotechnologically important. 

They produce a variety of bioactive compounds such as antimicrobial agents, anticancer 

substances, tumorinducers, toxins and immunomodulators (Bennur et al., 2016, 2015; Ibrahim et 

al., 2018). Representatives of the genus are ubiquitously distributed in the environment 

(Kroppenstedt and Evtushenko, 2006). Many of these species prefer moderately alkaline 

conditions. For example, Nocardiopsis algeriensis sp. nov. showed a good growth at 20–45°C and 

pH 7.0–12.0, with optima at 25–35°C and pH 7.0–10.0 (Bouras et al., 2015) or Nocardiopsis 

sediminis sp. nov. that grew at the temperature range 20-40°C (with optimum at 25-28°C) and pH 

6-11 (with optimum at pH 7-10) (Muangham et al., 2016). 

The Jiangella genus was firstly proposed by Song et al. (Song, L et al., 2005) and is 

represented by aerobic, Gram-positive bacteria that grow at temperature between 15-45°C 

(optimum 28°C) and at pH 6.5-9 (optima at pH 7) depending on the strain. The representatives 
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were isolated from plant steams (Qin et al., 2012), rhizosphere soil or rhizome of plants (Han et 

al., 2019; Niemhom et al., 2019) and soil (Hilal Ay et al., 2019). 

So, we noticed that there are 39 bacterial species that didn’t survive in the hemp mortar. This 

is a positive effect of the hemp matrix due to its high alkalinity and the possibility to eradicate the 

pathogenic bacterial species (like the representatives of the genus Enterococcus spp. or Ewingella 

spp.). Meanwhile, the results of the rDNA sequencing show that hemp shivs are the main source 

of bacterial contamination for hemp mortar. Also, we note that the major bacterial genera from 

hemp shivs and hemp mortar are cosmopolitan and widely present in the world. Some of them 

grow better under alkaline conditions (as for example, Burkholderia spp., Streptomyces spp., 

Actinoalloteichus spp.), which explain their presence in final hemp mortar (high alkalinity – pH 

about 12.5). The following contamination by Nocardiopsis spp. could be provoked by its 

possibility at the same time to grow in alkaline environments and produce different antimicrobial 

agents (inhibits other bacteria). That gives to Nocardiopsis species an advantage for its 

proliferation. Finally, we note that environmental conditions play a crucial role in the durability of 

hemp mortars and especially the bacterial growth due to the conditions of bacterial proliferation 

(humidity, temperature, pH level, etc.) and even more so due to the external contamination. 

VI.6. CONCLUSION 

This chapter focuses on the metagenomics analysis and identification of bacterial 

communities present in hemp mortar collected in situ after its contamination by molds and its raw 

materials - hemp shivs. To better understand the studied bacterial communities, an accurate 

protocol based on DNA extraction and sequencing of hemp shivs and hemp mortar has been 

developed. This protocol could also be used for other composite cementitious materials. In this 

study, samples of hemp mortar collected in situ and its source - hemp shivs - were analyzed to 

understand the interconnection between the bacterial contamination of raw hemp shivs and final 

hemp mortar. Firstly, the DNA extraction method was carefully selected basing on the results of 

the quantification of total DNA and extracted bacterial DNA. Secondly, the diversity of the studied 

samples using the rarefaction analysis was evaluated to guarantee the representativeness of the 

results. Then, the accurate identification of the bacterial genera that are present in hemp shivs and 

hemp mortar was conducted, allowing the analysis of the trophic cycle of the main fungi. 

Mold proliferation on the hemp mortar was observed after one month of exposure to 

extremely aggressive conditions (high humidity, low temperature, no ventilation) which are not 

appropriate for biobased insulating materials. That is promising for studied use of hemp mortar.  

According to the results of the bacterial DNA sequencing, the largest number (72) of 

representatives of genera present in the hemp shivs survived and became major in the hemp mortar. 
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So, hemp shivs are the most important source of bacterial contamination of hemp mortar. We 

found that the species of the 39 genera were eradicated due to addition of the mineral binder, which 

decrease the bacterial contamination of the hemp mortar, especially by pathogenic bacterial 

species (like the representatives of the genus Enterococcus spp. or Ewingella spp.). Moreover, the 

analyze of the trophic cycles of the major genera allowed to explain the proliferation of bacteria. 

We mentioned that most bacteria are cosmopolitan and most live in soils and have the ability to 

survive in alkaline environments, for example alkaline soils or hemp mortar in our case (pH about 

12.5) (such as Burkholderia spp., Streptomyces spp. and Actinoalloteichus spp.). 

The chosen DNA extraction method could be used to characterize other types of mortars and 

their raw materials in different conditions. The present study opens the subject of the use of non-

destructive molecular rDNA screening method for building materials that could help to understand 

the consistent patterns of proliferation of different types of microbiological flora and fauna. 

Obtained results represent an important database that must be considered when studding the 

durability of hemp mortars and its interaction with bacterial communities. These results also build 

an important database for the study of air quality in environments built with these hemp mortars. 

Since hemp shivs are the most important source of bacterial contamination, it is necessary to 

continue the study of the protection of hemp mortars against initial or external contamination (such 

as the different treatments of hemp shivs or the use of the essential oil additives). 
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CONCLUSIONS AND PERSPECTIVES 
 

 

The main objective of this thesis was to analyze the durability of hemp mortars and to 

investigate the microbiological contamination of hemp mortars in order to better understand its 

behavior and deterioration risk during its life cycle. 

The originality of this work resides in several aspects. On the one hand, it is the study 

of the durability of hemp mortar using the accelerated aging cycles, which revealed different 

phenomenon that occur in the material during its use. This required the adoption of the 

experimental protocol of accelerated aging which is representative of the natural conditions. This 

led to the adaptation to our material use of the existing ETICS accelerated aging protocol. 

On the other hand, the precise analysis of the microbiological proliferation of the hemp 

mortar was conducted. Firstly, the influence of molds on the chemical composition of the hemp 

mortars was investigated. Then, the identification of fungal and bacterial contamination of the in 

situ collected was conducted. This required the use of several experimental techniques of DNA 

extraction and sequencing rarely adopted for building materials and moreover for bio-based ones. 

They allowed the refine identification of the microbiological contamination profile.  

First, a refine characterization of the microstructure, chemical composition and hygro-

thermal properties under accelerated aging cycles was accomplished. The aging protocol was 

adopted taking into account different protocols available in the literature and allowed to couple 

different solicitations (hygric, thermal). Thus, the great complexity of the phenomena that take 

place at the microscopic scale was demonstrated. Indeed, two main reactions occurred: the 

carbonation of the mineral matrix and the mineral matrix / hemp particle interface cracking. It was 

revealed that these two phenomena are in contest and provoke the evolution of the hemp mortar 

microstructural characteristics and properties. 

As for microbiological proliferation, different aspects were investigated. On the one 

hand, the influence of the fungal proliferation on the chemical composition of the hemp mortar 

was studied. First, different techniques as the scanning electron microscope (W-SEM) and the 

attenuated total reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR) allowed to 

identify the fungal growth of the hemp mortar specimens. Then, other characterization methods as 

the X-Ray Diffraction (XRD) and the thermogravimetric analysis (TGA) were applied to analyze 

the chemical composition of the contaminated and non-contaminated specimens. The comparison 
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of obtained results demonstrated no particular influence of mold proliferation on the chemical 

composition of the mineral matrix of hemp mortar. 

On the other hand, the identification of the microbiological species using different 

methods were conducted. Indeed, the phenotypical identification method was suggested as not 

reliable enough to get the complete profile of fungal contamination of hemp mortar because of the 

dependence of the results on the conditions of the growth and mold types. That is why, the 

metagenomic identification method was adopted that proposed the refine screening of fungal and 

bacterial species. The results of fungal DNA sequencing showed that the most abundant phylum 

was Opisthokonta. It represented 83.6% of hemp shives and 99.97% of hemp mortar mold 

contamination. Analysis of the identified species emphasized the interconnection between the 

mold strain characteristics (particularly the ability to grow in extreme environments) and their 

presence in hemp mortar. For example, the most abundant identified genus was Acrostalagmus, 

that represented 42% of hemp shives and 96% of hemp mortar mold contamination. This was 

explained by its ability to survive in alkaline environments (e.g., alkaline soils). Because more 

genera exist in hemp shives than in hemp mortar (37 against 25, respectively) and because the 

Acrostalagmus genus present in hemp shives is the most abundant in hemp mortar, we could 

conclude that hemp shives are the main source of hemp mortar contamination. However, their use 

conditions were also found to be significant. As a result, only eight species exist in both hemp 

shives and hemp mortar, and 17 species are not present in hemp shives (but instead derive from 

external contamination). 

As for results of bacterial DNA sequencing, it was demonstrated that the largest 

number (72) of representatives of genera present in the hemp shivs survived and became major in 

the hemp mortar. So, hemp shivs are the most important source of bacterial contamination of hemp 

mortar. We found that the species of the 39 genera were eradicated due to addition of the mineral 

binder, which decrease the bacterial contamination of the hemp mortar, especially by pathogenic 

bacterial species (like the representatives of the genus Enterococcus spp. or Ewingella spp.). 

Moreover, the analyze of the trophic cycles of the major genera allowed to explain the proliferation 

of bacteria. We mentioned that most bacteria are cosmopolitan and most live in soils and have the 

ability to survive in alkaline environments, for example alkaline soils or hemp mortar in our case 

(pH about 12.5) (such as Burkholderia spp., Streptomyces spp. and Actinoalloteichus spp.). 

The chosen DNA extraction method could be used to characterize other types of 

mortars and their raw materials under different conditions. The present study opens the possibility 

of using a molecular rDNA screening method for building materials that could help in 

understanding the consistent patterns of proliferation of different microbiological flora and fauna 

types. The obtained in this chapter results should be considered when studying the durability of 
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hemp mortars and their interaction with fungal communities. In addition, we observed that the 

most crucial origin of fungal contamination was hemp shives. This adds to the urgency of further 

studies on protecting hemp mortars from initial or external contamination, for example, by 

applying different treatments of hemp shives or by using essential oil additives. 

Obtained results opened a lot of perspectives as a complementary to the accomplished 

works in the meaning of both the evaluation of the durability using the accelerated aging protocols 

and the study of the microbiological contamination risk assessment of biobased materials, in 

particular hemp mortars: 

• Results of the accelerated aging study and proposed hypothesis (closing of the 

microporosity by the carbonation of the mineral binder and hemp particles / 

mineral binder interface cracking) should be verified by the analysis of the 

microstructure or sorption/desorption isotherms. 

• Also, the results of the accelerated aging should be compared to the natural 

aging in situ in order to better understand the representativeness of the 

proposed experimental protocol. 

• More refine analysis of mold influence on the microstructure and moreover on 

the hygro-thermal properties should be investigated. 

• As the microbiological contamination depends on the region, the obtained 

results of the fungal and bacterial DNA sequencing should be compared to 

other regions. 

• Moreover, the influence of the treatment with essential oils should be evaluated 

and the possible methods of the control of organic particles should be 

investigated. 
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Résumé : L’objectif principal de ce travail de 
thèse était l’étude de la durabilité de matériaux 
biosourcés tel que le mortier de chanvre dans le 
sens large. La prise en compte des aspects de 
vieillissement et de différents facteurs influant 
sur la performance de mortier de chanvre au 
cours de son période d’utilisation a été faite. 
L'originalité de ce travail réside dans plusieurs 
aspects. D'une part, il s'agit d'une étude du 
vieillissement du mortier de chanvre. Pour ce 
faire, il est nécessaire à la fois d'adopter un 
protocole de vieillissement représentatif des 
conditions d'utilisation du mortier de chanvre et 
d'utiliser différentes méthodes expérimentales de 
suivi de l'évolution des caractéristiques et 
propriétés. L'ensemble de ces travaux a conduit à 
la mise en place de montages spécifiques pour 
l'application des cycles de vieillissement. 
D'autre part, l'étude approfondie de la 
prolifération microbienne est nécessaire pour 
pallier le fait que le mortier de chanvre 
représente un grand risque de croissance 
microbienne en raison de sa nature organique. 
Dans ce but, l'utilisation de méthodes analytiques 
rarement utilisées dans le milieu du génie civil a 
été adoptée (extraction et séquençage de l'ADN). 
Premièrement, le protocole de vieillissement 
accéléré a été proposé qui visait à mieux 
représenter les conditions d'utilisation compte 
tenu des informations constructives de 
l'installation de mortier de chanvre. Pour 
analyser l'influence du vieillissement, plusieurs 
dispositifs expérimentaux ont été adoptés. Cela a 
permis d'étudier l'évolution de la microstructure, 
de la composition chimique et des propriétés 
hygrothermiques. 
 

Ensuite, la contamination microbienne a été 
étudiée de différents points de vue. Tout d'abord, 
l'influence de la prolifération fongique sur la 
composition chimique a été étudiée. Ce travail a 
nécessité l'étude des conditions de croissance des 
moisissures et la mise en place d'un protocole 
expérimental permettant l'analyse et la 
comparaison de l'évolution de la composition des 
mortiers bruts et contaminés. Ensuite, différentes 
méthodes d'identification ont été proposées pour 
comprendre la nature de la contamination 
fongique. Dans un premier temps, l'identification 
phénotypique a été appliquée pour l'analyse de la 
contamination fongique. Ensuite, une autre 
méthode, proposant une technique de criblage fin 
de la contamination fongique et bactérienne, a 
été utilisée pour obtenir les résultats les plus 
fiables. 
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Abstract : The main objective of this thesis work 
was the study of the durability of bio-based 
materials such as hemp mortar in the broad 
sense. The aspects of aging and different factors 
influencing the performance of hemp mortar 
during its period of use were taken into account. 
The originality of this work lies in several 
aspects. On the one hand, it is a study of the 
aging of hemp mortar. To do this, it is necessary 
both to adopt an aging protocol representative of 
the conditions of use of hemp mortar and to use 
different experimental methods to monitor the 
evolution of characteristics and properties. All 
this work has led to the implementation of 
specific setups for the application of aging 
cycles. 
On the other hand, the in-depth study of the 
microbial proliferation is necessary to palliate 
the fact that the hemp mortar represents a great 
risk of microbial growth because of its organic 
nature. For this purpose, the use of analytical 
methods rarely used in the civil engineering 
environment was adopted (DNA extraction and 
sequencing). 
First, the accelerated aging protocol was 
proposed which aimed to better represent the 
usage conditions considering the constructive 
information of the hemp mortar installation. To 
analyze the influence of aging, several 
experimental devices were adopted. This 
allowed to study the evolution of microstructure, 
chemical composition and hygrothermal 
properties. 
 

Then, the microbial contamination was studied 
from different points of view. First, the 
influence of fungal growth on the chemical 
composition was studied. This work required the 
study of the conditions of growth of moulds and 
the implementation of an experimental protocol 
allowing the analysis and the comparison of the 
evolution of the composition of raw and 
contaminated mortars. Then, different 
identification methods were proposed to 
understand the nature of the fungal 
contamination. First, phenotypic identification 
was applied to analyze the fungal 
contamination. Then, another method, 
proposing a fine screening technique of fungal 
and bacterial contamination, was used to obtain 
the most reliable results. 
 

 

 


