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Abbreviations 

Symbol Unit Indication 

LC - Lightweight concrete 

𝑃𝑖𝑛𝑡  Pa Bubble internal pressure  

𝑃𝑒𝑥𝑡  Pa Bubble surrounding liquid pressure  

𝛾 (J/m² or N/m) Surface tension  

𝑅1 m Radius of curvature no. 1 

𝑅2 m Radius of curvature no. 2 

ρd Kg/m³ Dry density 

ρ Kg/m³ Bulk density 

𝜌𝑎𝑏𝑠  Kg/m³ Absolute density 

λ W/(m.K) Thermal conductivity 

R (m².K/W) Thermal resistance 

Rc MPa Compressive strength 

𝑅𝑐28 MPa Compressive strength at 28-days 

𝑅𝑐7 MPa Compressive strength at 7-days 

𝑅𝑓 MPa Flexural strength 

φ % Porosity 

w(t) % Water content 

∆w % Retained water content 

𝜀 % Porosity accessible to water 

𝐶𝑎 kg/(m².√h) Capillary absorption coefficient 

𝑄 J/g Hydration heat 

𝑄𝑎𝑐𝑐  J/g Sum of the heat accumulated in the calorimeter 

𝑄𝑑𝑖𝑠  J/g Heat dissipated to the outside 

Wh kg Hemp shiv consumed water 

Wt kg Total water 

B kg Binder amount 

𝑟10 mm Radius at 10% passing 

𝑟50 mm Radius at 50% passing 

𝑟90 mm Radius at 90% passing 

Rm mm Mean radius = 𝑟50 

UC - Uniformity coefficient = 𝑟10/𝑟90 

𝐶𝑝  (J/kg.K) Heat capacity 

Ec kWh Cooling energy consumption 

Eh kWh Heating energy consumption 

Wt/B - Total water/Binder mass ratio  

Wb/B - Water consumed by binder/Binder mass ratio 

W/B - Water/Binder(s) mass ratio 

CEM I - Ordinary portlandite cement – type 1 

GGBFS - Ground granulated blast furnace slag 

MK - Métakaolin 

HS - Hemp shiv 

SP - Superplasticizer 

PZ - Pozzolanic additions 

FA - Foaming agent 

Acc - Hardening accelerator 
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C70-BFCs - The bio-based foamed concrete of the C70P30H0 by-product 

C100-BFCs - The bio-based foamed concrete of the C100P0H0 by-product 

BFCs - Bio-based foamed concretes 

LWA - Lightweight aggregates 

ILUC - Indirect Land Use Change 

IUPAC - International Union of Pure and Applied Chemistry  

AFt - Abbreviation for "alumina, ferric oxide, tri-sulfate" or (Al2O3 – Fe2O3 – 

tri) 

AFm - Abbreviation for "alumina, ferric oxide, mono-sulfate" or (Al2O3 – 

Fe2O3 – mono). 

MW - Mass water repellent 

SW - Surface water repellent 

BBISE - (Béton Biosourcé Isolant Structurel et Etanche à l'eau) which means 

Biobased Concrete Structural Insulation and Waterproof 

CRW - Concrete and Rock Wool  

STD - Dynamic thermal simulation 

CZ - Comfort zone 

D-samples - Foamed concretes produced by direct method 

P-samples - Foamed concretes produced by preformed method 

 

https://en.wikipedia.org/wiki/Ferric_oxide
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A. BACKGROUND 

According to the Ministry of Ecological Transition, the building sector accounts for 44% of the 

energy consumed in France in 2020, ahead of the transport sector (31.3%). In addition, the sector 

generates 38% of all energy-related CO₂ emissions in 2019 when emissions from the building 

construction sector are included [1]. Therefore, to prevent this and reduce the French buildings 

energy consumption, the Environment Forum (Grenelle de l'Environnement) has set up a 

program to combat climate change and control energy consumption. Thermal regulation 

(RT2012) and environmental regulation (RE2020) are two of the measures adopted. 

The RT 2012 aims to limit the new buildings primary energy consumption to a maximum of 

50 kWh/(m². yr) on average. In addition, RT2012 aims to encourage all building and equipment 

sectors to make technological and industrial changes and to oblige designers to move towards 

bioclimatic architecture. 

The planned environmental regulation (RE2020), which will apply from July 2021, is based 

on the circular economy and low-carbon design, and on the principle of positive energy buildings 

(BEPOS). These buildings provide minimum energy consumption which will then be balanced 

using renewable resources. Briefly, this RE2020 targets zero energy waste and energy production. 

Furthermore, the National Low-Carbon Strategy (SNBC) has set an ambitious path for 

reducing emissions from this sector with a target of -49% in 2030 compared to 2015 and the 
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achievement of complete decarbonation of energy consumed in buildings by 2050. Thus, to reduce 

the CO₂ emissions in the building sector, SNBC advises of using the most suitable carbon-free 

energy sources for each type of building, improving the buildings energy efficiency (shell and 

equipment), promoting construction and renovation products and equipment with a lower carbon 

footprint (from the circular economy or bio-based) and high energy and environmental 

performance throughout their life cycle. 

According to the RT2012 and RE2020 regulations, the creation of a semi-structural insulating 

and waterproof bio-based concrete has become necessary and warrants to be studied and 

developed. In this context, the light concretes knew an important development thanks to their 

thermal insulation which decreases the energy consumed for the heating and cooling. These 

materials are obtained by replacing part of the concrete components by lighter and less energy-

intensive constituents such as plant materials or voids. Depending on their formulation and 

production method, lightweight concretes offer the possibility of reducing the building sector 

energy footprint through three major levers: improvement of the building shells thermal 

insulation, reduction of the embodied energy and CO₂ emissions during production and 

conservation of mineral resources. 

B. OBJECTIVES 

The PhD thesis objective is to create, develop and study non-autoclaved insulating (with 

thermal conductivity λ < 0.2 W/(m.K)), structural (with compressive strength > 17 MPa) or semi-

structural (with compressive strength > 2 MPa) and waterproof (with capillary absorption 

coefficient < 0.01 g/cm².√h) bio-based foamed concrete. Pozzolanic additives and biomass 

materials will be used to partially replace cement to limit potentially harmful production energy 

in terms of environmental impact. Furthermore, two foam production mechanical methods 

carried out at ambient temperature are used, the direct mixing method and the preformed foam 

method, to further reduce the energy footprint of the material. 

Several parameters are being investigated. First, the hemp shiv, pozzolanic addition and the 

foam production method effects are studied. Secondly, to improve the foamed concretes 

efficiency, a pore structure and the cementitious matrix analysis are investigated. Then the 

mechanical, thermal, and hydric properties are conducted. After that, the waterproofing 

development is investigated, followed by a study of physical, mechanical and thermal properties 

of these biobased foamed concretes. Finally, a thermal simulation on the new final material is 

realized. 
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C. MANUSCRIPT CONTENT 

This thesis is structured in 5 chapters presenting the main results of the research. 

Chapter 1 is dedicated to a literature review. It focuses first on the study of foamed concrete, 

especially on its constituents, production methods, properties, and applications. Then the 

properties of bio-based cementitious composites are also examined, particularly their 

composition and the types of plant materials used. Finally, an evolution of the bibliographical data 

is presented to determine the next steps in this study.    

Chapter 2 presents the materials used and describes the methods used to carry out the 

various experimental tests. Moreover, a study of the mechanical and thermal performances, the 

CO₂ emission and the cost of two different foamed concretes incorporating three different hemp 

shiv contents is also investigated. 

Chapter 3 focuses on the precise characterization of the porous structures and cementitious 

matrix of foamed concrete. First, the porous structure is investigated using two distinct analysis 

methods, one focusing on the type of porosity, opened or closed, and the other one on the air 

bubbles distribution, studying the effects of pozzolanic additions, the hemp shiv amount and the 

production method on the porous structure. Then a study of the cementitious matrix is realized, 

first on hydration reactions and then on mineralogy. 

Chapter 4 focuses on the mechanical, thermal and hydric performances of the foamed 

concretes in order to identify the best characteristics achieved and operate selection for further 

study. 

Chapter 5 targets the study of the mechanical performances, thermal conductivity and 

thermal absorption of the selected concretes using different water repellents type. Then a 

characterization of new sandwich materials, named BBISE, based on the selected concretes 

treated by water repellents is launched. This latter study includes a thermal simulation for the 

application of the BBISE sandwich in a house, to study its insulating capacity, its hygrothermal 

comfort and its effects on the heating and cooling energy consumptions.  
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1. Literature review  

1.1 INTRODUCTION 

This literature review starts with a reference of the main characteristics, production methods 

and aerated concrete components obtained by inserting voids in the form of gas or air bubbles in 

a mineral matrix. These construction materials have a wide range of mechanical, thermal, and 

hydric performances, making it possible to envisage the realization of potentially self-supporting 

insulation. 

On another hand, the information concerning the bio-based part of this study is collected. 

Then, the plant materials specificities used in concrete are presented. After that, the focus will be 

on the hemp shiv which is the one used in this work to treat in more detail the hemp shiv 

characteristics. Afterward, the properties of mineral matrix composites incorporating plant 

materials will be discussed and finally, the durability of these materials will be reviewed. 

 

1.2 FOAMED CONCRETE  

1.2.1 Overview  

Lightweight concrete included foamed concrete, aerated concrete and lightweight aggregates 

concrete have been widely used in construction due to their many advantages, lightweight 

concrete has a very low thermal conductivity compared to normal concrete and a compressive 

strength ranging between 1-10 MPa [1].  

 

 

Figure 1 : Flowchart of the different types of lightweight concretes. 
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Lightweight concrete (LC) is a mineral matrix containing air or gas bubbles, or lightweight 

aggregates. In general, LC is designed to achieve a low density ranging from 400 to 1850 kg/m³ 

compared to normal concrete with a density of 2000 to 2600 kg/m³ and heavy concrete with a 

density larger than 2600 kg/m³. In addition, the LC offers other advantages. It has high mechanical 

strength relative to its density, reduces construction costs, offers lightweight and environmentally 

friendly structures, improves fire resistance and sound insulation [2–5]. 

Lightweight concrete (LC) is subdivided into three groups (Figure 1): Foamed concrete 

(Figure 2 (a)) is obtained by using a foaming agent called surfactant which mechanically 

incorporates air bubbles into the concrete structure. Such a material is called non-autoclaved 

foamed concrete since it is cured in the open space. Aerated concrete (Figure 2 (b)), with a cellular 

structure obtained by integrating micro and macroscopic gas bubbles using an expanding agent 

with the support of an autoclave that stimulates chemical reactions by creating gas bubbles in the 

concrete. This latter material is called autoclaved aerated concrete. Lightweight aggregate 

concrete (Figure 2 (c)), which includes natural lightweight aggregates such as expanded clay, 

perlite, expanded schist, … or artificial lightweight aggregates as expanded polystyrene, sintered 

fly ash ...  

 

 (a)1   (b)2  (c) 

Figure 2 : Foamed non-autoclaved concrete (a), aerated autoclaved concrete (b) and (c) lightweight 

aggregates concrete. 

 

The air and gas bubbles, or lightweight aggregates presence in such concrete, reduces the base 

mix density, which increases thermal resistivity. Therefore, lightweight concrete is considered as 

an excellent insulator [6]. 

Lightweight concrete is characterized by a low cement content, which reduces CO₂ emissions. 

It also exhibits several advantages, such as reducing structural loads, saving energy consumption, 

 
1 « PMS NV | Béton mousse - PMS NV », http://www.pms.be/isoler-du-sol/beton-mousse/?lang=fr. 
2 « Bloc Beton Cellulaire Avec Poignee 20x25x62, 5 », Bricoman, https://www.bricoman.fr/bloc-beton-cellulaire-avec-poignee-

20x25x62-5.html. 
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reducing labour costs during construction, and minimizing production and transportation costs 

compared to traditional concrete [7].  

Autoclaved aerated concrete cured in an autoclave to activate chemical reactions at a 

temperature of 180°C and a pressure of 10 bar for a period of 10 to 12 hours. This type of aerated 

concrete is the most popular, but it consumes a lot of energy during the manufacturing process: 

almost 340 kWh/m³, which corresponds to an emission of 868 kg of CO₂/m³. This energy is closely 

like that of ordinary concrete [8]. 

Furthermore, non-autoclaved aerated concrete does not require an autoclave [9]. Short et al 

[10] also ascribes the advantages of non-autoclaved aerated concrete to the low manufacturing 

costs, simplicity and accessibility of the technology. Thus, this type is the most economical and 

environmentally friendly. 

 

1.2.2 Constituents 

The constituents involved in the foamed concrete formation can be either mineral binders 

such as Portland or prompt cement, anhydrous calcium sulphate or gypsum... with pozzolanic 

additives such as blast furnace slag, fly ash, silica fume, metakaolin, ... or/and admixtures such as 

superplasticizers, retarders, accelerators... for saving costs and improving characteristics, with 

surfactants and a specific w/b ratio. 

 

1.2.2.1 Binders  

The binder is the most important constituent in foamed concrete since it provides a high 

adhesion and cohesion between the raw materials. Cement is the most dominant binder in most 

studies on foamed concrete. In general, the most used cements are ordinary portlandite cement, 

Portland cement, fast setting Portland cement, sulfo-aluminous cement, high alumina cement, etc. 

Binders are divided into two parts depending on its environmental impact: 

- The first type is the low environmental impact binders which emit a low amounts of CO₂ 

during the manufacturing process, such as (Calcium sulfate, gypsum, Anhydrit, 

Phosphogypsum, Cement over-sulfated [11], Lime...). 

- The second type is the high environmental impact binders which are less ecological than 

the low environmental impact binders and it emits a large amount of CO₂ during the 

manufacturing process such as (Ordinary portlandite cement, Rapid hardening Portland 

cement, sulfo-alumina cement, high-alumina cement...). 
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Generally, binders with low environmental impact are more expensive and less mechanically 

efficient than those with high environmental impact. Some studies have used environmentally 

friendly binders in foamed concrete, as Samson et al. [12] have used prompt cement and calcium 

sulphate, they found that calcium sulphate gives better results than prompt cement. In another 

study, Yang et al. [13] have replaced 55 wt% of cement by phosphogypsum obtained from 

phosphate fertilizer with lime (7 wt%) to prepare non-autoclaved aerated concrete, 

phosphogypsum is composed mainly of calcium sulfate dihydrate (CaSO₄,2H₂O) and partially of 

phosphate, fluorides, sulfate ions and organic matter and they found that phosphogypsum acts as 

a filler and admixture with low environmental impact, but it is also dangerous. Baux et al. [11] 

studied the supersulfated cement which is composed of treated synthetic gypsum and slag. 

Supersulphated cement has a low environmental impact with a low amount of portlandite (<5%). 

 

1.2.2.2 Foam 

A bubble has a closed interface with the surrounding liquid. Figure 3 shows the ellipsoidal 

bubble geometry with half major axis (a) and half minor axis (b). In a Newtonian liquid whose 

wall has a local curvature such that the radii of curvature are 𝑅1  and 𝑅2 , the local pressure 

difference between the internal pressure of the gas 𝑃𝑖𝑛𝑡 and that of the surrounding liquid 𝑃𝑒𝑥𝑡 is 

given by Laplace's law: 

𝑃𝑖𝑛𝑡 − 𝑃𝑒𝑥𝑡 = 𝛾(
1

𝑅1
+

1

𝑅2
)         Eq. 1 

With: 

 𝛾 = Surface tension (J/m² or N/m) 

 

 

Figure 3 : Geometry of an ellipsoidal bubble [12]. 
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Figure 4 : Young’s modulus versus density [14]. Figure 5 : Strength versus density [14]. 

 

Figure 6 : Thermal expansion versus thermal conductivity [14] 

 

Figure 4 represents the Young's modulus of the materials versus density, foams are the lighter 

weight materials, therefore it is the most insulating but at the same time the least rigid. Natural 

materials are stiffer than foams but also heavier. Globally, the materials stiffness depends on the 

density, the stiffness increases linearly with the increase in density of the material. 

Furthermore, (Figure 5) it is remarkable that the strength decreases linearly with decreasing 

density. Additionally, foam is the most fragile material but the lightest. 

Moreover (Figure 6), looking at the thermal conductivity of the materials, it is found that foam 

has a very small thermal conductivity between 0.02 and 0.09 (W/m.K), and natural materials 

between 0.1 and 0.14 (W/m.K). Therefore, it is thermally interesting to study a mixture of these 

two components.  

The foam and its rigidity depend on the foaming agent used, as foam is a very sensitive 

material that can deflate easily due to external conditions or over time. Therefore, it is very 

important to choose a foaming agent that offers stable and rigid foam. 
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1.2.2.2.1 Foaming agents  

Foaming agents are direct regulators of the foamed concrete density, having the ability to 

create air bubbles in the mineral suspension and affect both the fresh and hardened properties of 

the foamed concrete. The foam quality is a very important factor in the foamed concrete 

production due to the improvement of the foam stability, mechanical behaviour, and foamed 

concrete strength. The foam quality depends on the nature, the foaming agent dilution and the 

foam preparation process used [15]. For example, during the foam preparation, if the mixing time 

is prolonged, the foam quality decreases, i.e., the foam stability and, the voids and air bubbles 

contents decreases.  

 

1.2.2.2.1.1 Surfactants 

Surfactants are agents used to reduce the surface tension of the solution, which facilitates the 

air bubbles formation. There are 3 types of surfactants: synthetic, protein-based animal and 

vegetal-based. 

Synthetic surfactants are highly hydrophilic chemicals that dissolve easily in water and form 

air bubbles in complex chemical reactions [16]. Protein-based surfactants form air bubbles due to 

protein degradation. The bonds between large protein molecules are broken down to form small 

hydrophilic molecules. This phenomenon reduces the surface tension of the solution, creates 

interfaces between the air bubbles and forms hydrogen bonds between the molecular groups 

which develop the air bubbles stability. The foaming efficiency of protein-based surfactant 

depends on pH and temperature [16]. 

The foam volume formed by a synthetic surfactant is higher than that formed by a protein-

based surfactant, but the latter provides a more rigid, closed, stable and well-distributed air 

bubbles network [17]. Sun et al. [18] worked on the surfactant origin effect on the mechanical and 

hygroscopic performance and durability of a cellular concrete made by Portland cement CEM I 

and found that animal-origin surfactants gave the best results, followed by synthetic surfactants 

and then plant-based surfactants. Panesar et al. [16] have compared the effect of 1 protein-based 

surfactant and 2 synthetic surfactants, they found that the protein-based surfactant gives smaller, 

more spherical, and more isolated air bubbles than the synthetic surfactants. 

Moreover, the surfactant effect on gypsum foam is studied by Samson et al. [12], they used 6 

types of surfactants (Hostapur OSB, CTAB, Sitren, AER SIKA, Micro Air, Cetrimide) and it turns out 

that Hostapur OSB and Cetrimide surfactants give important results (for ρ=745 and 819 Kg/m³, 

Rc= 3. 2 and 4.89 MPa, λ = 0.22 and 0.26 W/(m.K), respectively) with calcium sulphate using the 

preformed foam method. 
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Additionally, Zhao et al. [19] indicated that the foaming agent performance depends on the 

following three parameters: 

- The foaming capacity is the ratio between the final foam volume and the solution 

volume before the incorporation of the voids.  

- The drainage rate, which is the water infiltrated amount through the foam generated 

for one hour. 

- The slump rate, which is measured in one hour at the slumped length of the foam in 

the specimen. 

 

1.2.2.2.1.2 Expensive agent 

Expansion agents are mainly used to incorporate gas bubbles (hydrogen, oxygen...) into the 

cement matrix structure by chemical reactions. Aluminium powder, zinc powder, hydrogen 

peroxide, sodium dodecyl sulphate (SDS) is the most used foaming agents.  

Aluminium metal powder is widely used in the aerated concrete industry as an expansion 

agent, and it is a highly reactive metal that can easily generate H₂ gas and form aluminium 

hydroxide when placed in water. Corrosion of metallic aluminium in aqueous alkaline solutions is 

known as a useful process for generating hydrogen gas in various applications such as clean fuel 

production [20,21], the hydrogen gas produced by this corrosion reaction of aluminium metal 

introduces voids in the paste mixture and helps to develop a porous concrete structure [22]. 

 

1.2.2.3 Water  

The amount of water required to produce a foamed concrete depends on the cementitious 

matrix formulation and the nature of the surfactants used. 

 

Figure 7 : Effect of the water/cement mass ratio on density and mechanical strength by Yan [13]. 
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Generally, the water-to-binder mass ratio should be low to ensure good mechanical 

performance. Therefore, superplasticizers are used that can reduce the water/binder ratio while 

maintaining the same fluidity, thus improving mechanical performance. Indeed, Yan et al. [12] 

studied the effect of the w/c ratio on density and compressive strength (Figure 7) and found that 

with increasing w/c ratio, the bulk density and compressive strength decrease. 

Moreover, Kearsley et al. [23] have found that the w/c ratio should be between 0.4 and 1.25 

or between 6.5% and 14% of the target density. According to the British Cement Association [24], 

the optimum water/cement ratio should be between 0.5 and 0.6. 

The water content affects the uniformity, consistency and stability of the foam formed. 

Furthermore, the low water content causes the destruction of air bubbles, which increases the 

density. Also, the high-water content makes it possible to tighten the films between air bubbles, 

which also destroys the air bubbles and increases the density [15]. 

According to ACI 523.3R-93, the water must be fresh, clean, and drinkable, since organic 

infections can damage the protein-based foaming agents, reducing the quality of the foams 

produced [24]. 

 

1.2.2.4 Additions and admixtures  

Additions and admixtures are generally used to improve design consistency, long-term hygro-

thermo-mechanical behaviour and to reduce mixing costs. The additions proportion ranging from 

10 to 75% of the mass, the additions are divided into 3 groups [25,26]: 

- Mineral additions such as silica fume, fly ash, ground slag, Lytag, metakaolin...  

- Synthetic or vegetable fibres 

- Additives such as superplasticizers, accelerators, retarders, water repellents...  

Ameer et al. [27] have tested the mechanical behaviour of portlandite cement-based foamed 

concrete with/without additions. They used 2 additives (fly ash and silica fume) and one 

admixture (superplasticizer) with a w/b ratio between 0.3 and 0.5 (depending on the formulation 

and especially the amount of superplasticizer). They found that by using all 3 additives together, 

the compressive strength exhibited are the largest, then respectively with superplasticizers only, 

with fly ash only and with silica fume only. 

Generally, pozzolanic additions increase the hydration heat amount and the hydration speed, 

then accelerate the setting and ensure the air bubbles stability in the concrete thereby improving 

mechanical resistance. For example, fly ash improves the air bubbles distribution in foamed 

concrete and silica fume improves the mechanical behaviour in the short term [28]. Moreover, the 
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ground granulated blast furnace slag (GGBFS) addition improves the mechanical strength. A study 

on the air-vacuum system of a foamed concrete consisting of a cement and ground granulated 

blast furnace slag mixture resulted in a high strength-to-weight ratio [29]. Additionally, several 

studies have considered granulated blast furnace slag, fly ash, metakaolin and others as 

sustainable materials in the development of environmentally friendly and sustainable concrete 

[30–33] . 

Some studies explain the results of incorporating fibres into foamed concrete. The most used 

fibres are alkali-resistant glass, kenaf, steel, oil palm fibre, polypropylene fibre. According to 

Awang et al. [34], the fibres proportion should be between 0.25 and 0.4% of the total mass. In 

addition, Zollo et al. [35] used polypropylene fibres and found that polypropylene fibres improve 

the flexural strength and change the typical behaviour of foamed concrete from fragile to elastic 

plastic. 

 

1.2.3 Foaming methods  

The foam production methods are divided into 3 main methods, the chemical method 

preferred to produce autoclaved aerated concrete and mechanical methods such as the preformed 

foam method and the direct mixing method which are generally used to trap air in the mineral 

suspension with the surfactants addition that produce air bubbles by mechanical vibration and 

are preferred to produce non-autoclaved aerated concrete. Additionally, they are the most 

economical and controllable foamed concrete production [36], as no chemical reactions are 

involved. 

 

1.2.3.1 Chemical method  

The chemical method is a method of foaming by chemical reactions, the gas-generating 

chemicals or the expansion agent are mixed with the mineral suspension during the liquid phase, 

which reacts with water and hydroxides in an alkaline medium at high temperature up to 60°C to 

form hydrogen bubbles, thus increase the volume of the mass and, when the gas escapes, leaves a 

porous structure.  

However, to optimise the performances of aerated concrete produced by the chemical 

method, the samples must be cured in an autoclave at high temperature and pressure, this process 

significantly increases the production energy consumption. The associated embodied carbon is 

375 kg CO₂/m³ [37] which is more than that of conventional concrete (≃ 324.18 kg CO₂/m³) [38]. 
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Wu et al. [39] have produced an ultra-light foam concrete with a density less than 300 Kg/m³ 

and 2.23 MPa as a compressive strength. This aerated concrete is produced by using H₂O₂ as 

expansion agent, fly ash, metakaolin as binder with a ratio w/b = 0.17 - 0.19 using the chemical 

method.  

Yang et al. [13] also used the chemical method to produce an aerated concrete with a density 

of 686 Kg/m³ and a compressive strength around 6.3 MPa using aluminium powder as an 

expansion agent as well as cement, ground granulated blast furnace slag, phosphogypsum and 

lime. In addition, the water/binder mass ratio was 0.45 with a hardening temperature of 90°C. 

 

1.2.3.2 Mechanical methods 

The preformed foam method is based on the separate production of a light and stable aqueous 

foam which is gradually inserted into a mineral suspension. In other words, the foam is produced 

by mixing the diluted foaming agent with water. Then, the mineral suspension is added to the 

foam gradually and stirred until the mixture becomes homogeneous.  

Several studies are dedicated to the several parameters influence on the physical and 

mechanical performance of foam concrete manufactured by the preformed method. Three main 

parameters are studied: the preformed foam volume, the mixing ratio, and the foamed concrete 

bulk density. These studies find that the average bubble size decreases with the w/b mixing ratio 

and increases with the volume of foam introduced. In addition, the optimum mechanical strength 

of high-strength foamed concrete is obtained when the water/cement or binder ratios are 0.19 

and 0.17 [40,41]. Tian et al. [42] studied phosphogypsum with a protein-based surfactant to 

produce a non-autoclaved aerated concrete with a density = 758 Kg/m³ and Rc= 2.8 MPa using 

the following formulation: phosphogypsum between 45-55%, cement/GGBFS ratio = 1, lime 4%, 

sulpho-aluminous cement 2%. 

The direct mixing method is based on the surfactant addition directly to the mineral 

suspension to create a stable mineral foam when all components are mixed. The foam obtained 

gives a void structure in the foamed concrete [10]. It is strongly recommended that the foam be 

stable and stabilised to be able to support the pressure of the mortar until the initial setting of the 

cement to build a solid concrete skeleton in air-filled voids [43]. 

Both methods require the foam concrete structure to be maintained until its hardening [40]. 

This stability depends on several parameters such as the shear stress of the suspension, the nature 

and concentration of the surfactant, the surfactant molecular structure. According to Byun et al. 

[44], the preformed foam method is generally preferred to the rapid mixing method because it 

requires less surfactant and is easier to install on site during construction. 
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1.2.4 Properties 

1.2.4.1 Fresh state 

1.2.4.1.1 Rheology, consistency, and workability 

Rheology and consistency represent the study of the concrete flow and deformation 

(plasticity, elasticity, viscosity, fluidity). According to Kunhanandan Nambiar et al. [45], the 

rheology and consistency of foamed concrete is acceptable if the flow time of the Abrams cone is 

between 8 and 12 s. In addition, the foam amount increases the fluidity and decreases the foamed 

concrete rheology and consistency [45]. Furthermore, the superplasticizer addition more than 

normal reduces the consistency of fresh foamed concrete. 

The spreading of normal foamed concrete should be between 85 and 125 mm and between 

115 and 140 mm for fly ash. For good workability, the plasticizer should be 0.2% of the cement if 

the water/cement ratio is low [46]. The superplasticizer and the ground granulated blast furnace 

slag increases workability. 

 

1.2.4.1.2 Stability 

The foam stability is an important factor that greatly affects the foamed concrete strength. 

The production of a stable foamed concrete has many influencing parameters such as the foam 

preparation method, the foaming agent type, the type of surfactants and additives used, the mix 

formulation, etc. 

Foam stability is the ability to resist disturbances. Moreover, stability is determined by 

measuring the lifetime of the inter-bubble films, which leads to the destruction of the foam over 

time and the air volume reduction in the concrete [47]. Samson et al. [12] have studied the 

instability of foam and they found three different phenomena of instability: drainage (a), ripening 

(b) and coalescence (c). These phenomena lead to the foam aging.  

 

Figure 8 : Sources of instability: (a) Drainage [48]; (b) Ripening; (c) Coalescence [12]. 
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First, Water at the edge of the tray is affected by gravity. What causes separation is drainage 

(Figure 8 (a)). There will be a vertical gradient in foam density, with the upper foam becoming dry 

and the lower foam thickening. The liquid loss at higher levels weakens the bubbles, and the 

surfactant molecules concentration in the film between the bubbles decreases. 

When two different radii bubbles are in contact, the interface will curl due to the pressure 

difference. As the membranes are not completely impermeable to air, air diffusion from the 

smallest bubble to the largest will occur, this is called ripening (Figure 8 (b)). This phenomenon 

leads to the gradual disappearance of the smallest bubbles.  

Finally, a much more aggressive phenomena can affect the foam durability, coalescence 

(Figure 8 (c)). Under the gravity effect, the concentration of surface-active molecules can decrease, 

which weakens the film. The film can then break, leading to the fusion of the two neighbouring 

bubbles. The coalescence phenomenon, like that of ripening, leads to a decrease in the bubbles 

total number, although the phenomena are quite different. The coalescence phenomenon leads to 

enhance the porous network, so the open porosity. 

Moreover, The use of superplasticizer with a w/c < 0.3 increases stability by 43%. Stability is 

also affected in case of incompatibility between the superplasticizer and protein-based 

surfactants [49]. 

 

1.2.4.2 Mechanical 

1.2.4.2.1 Compressive strength 

Density and mechanical behaviour are highly dependent, the compressive strength gradually 

increases with density (Figure 9). Firstly, it is remarkable that for a density range between 300 

and 900 Kg/m³, the compressive strength ranges between 0.6 and 11 MPa. 

All values shown in Figure 9 are 28-day compressive strength values, the average trend of 28-

day maximum compressive strength as a function of density is: 

 𝑅𝑐28 = 0.018𝜌 − 5.27,         Eq. 2 

While according to Samson [12] the trend is:  

 𝑅𝑐28 = 0.01𝜌 − 2         Eq. 3 

And the relationship between flexural strength and compressive strength is described by this 

equation [7]:  

𝑅𝑓 = 0.23 × 𝑅𝑐0.67         Eq. 4 
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P: Preformed method, C: Chemical method, D: Direct method. 

Figure 9 : Compressive strength versus density of foamed concrete in several studies in the literature. 

 

The water optimal amount improves stability and reduces the air bubbles size, which 

improves compression strength. The silica fume and fly ash combination increases compressive 

strength by 25% [29]. Nambiar et al. [27] analysed the air voids structure in foamed concrete by 

identifying parameters such as the air bubbles size distribution and shape and studied the void 

size distribution influence on strength and density and found that foamed concrete with uniformly 

distributed spherical air voids had a higher compressive strength, while irregularly shaped or 

irregularly perimeter bubbles with a large uneven opening had a lower compressive strength. 

The mechanical performances of all the lightweight concretes analysed in this literature 

review are referenced in Figure 9. Generally, the compressive strength tends to decrease when 

the density decreases [3,50]. However, as the constituents and their amounts may differ, density 

is not necessarily a very relevant indicator of compressive strength. Thus, the cement/sand, 

water/cement mass ratios, the type of cement used, its composition, the pores size, their 

distribution, the surfactants type as well as any treatments, especially during the curing process, 

will also modify the mechanical performance. 

 

1.2.4.2.2 Flexural strength 

The flexural strength of foamed concrete is lower than that of ordinary concrete, but its 𝑅𝑓/𝑅𝑐 

ratio ranging between 0.2 and 0.4 is higher than that of ordinary concrete ranging between 0.08 
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and 0.11 [44]. Moreover, the tensile strength is ranging between 15 and 35 % of the compressive 

strength and it also improves with fibrous materials additions [51]. 

According to Zollo et al. [52], the fibres increase flexural/tensile strength, improve tenacity 

characteristics, and enrich the capacity and post-cracking behaviour. For example, polypropylene 

fibres improve flexural/ tensile strength by 31.5%, Nambiar et al. [53] also found that 

polypropylene fibres increase fire resistance and reduce crack propagation at temperatures above 

600°C. Byun et al. [44] found a relationship between 7-day and 28-day compressive strengths: 

𝑅𝑐28 = 1.27 × 𝑅𝑐7 + 2.57       Eq. 5 

 

1.2.4.2.3 Elasticity modulus 

The elasticity modulus of foamed concrete E is directly dependent on the density. It is four 

times smaller than that of ordinary concrete, ranging from 1 to 12 kN/m² [54]. 

Some researchers have studied the raw materials effects on the modulus of elasticity. For 

example, Jones et al. [55] studied the polypropylene fibres effects and they found that 0.5 vol% of 

fibres improved the elasticity modulus E without any effect on the air bubbles uniformity. They 

also found that the elasticity modulus E depends on the type and amount of aggregate used. 

 

1.2.4.3 Physical characteristics 

1.2.4.3.1 Density 

Foamed concrete is characterised by its very low density compared to ordinary concrete. Its 

density is limited to 100-120 kg/m³ and does not exceed 1800 kg/m³ [56]. There are two types of 

densities: fresh and dry. The fresh density is the density of fresh foamed concrete, and the dry 

density is the density after the concrete has hardened. 

To measure the actual fresh mix density, it is usually necessary to fill and weigh a pre-weighed 

standard container of known volume with the foam concrete produced. After that, the variation 

between the theoretical densities and the actual densities should be evaluated. For dry density, 

the most acceptable tolerance is limited to ±50 kg/m³, up to ±100 kg/m³ for high density foam 

concrete mixtures more than 1500 kg/m³ [57]. 

Generally, density is affected by the foam volume, it decreases with increasing foam volume. 

Moreover, the additions also influence the density, for example, Nambiar et al. [15] found that the 

fly ash addition increases the foamed concrete dry density by 10%. Furthermore, the types of 

aggregates and their gradations have effects on the density. Indeed, McCormick et al. [58] 

indicated that the density increases with the aggregates proportion. 
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1.2.4.3.2 Porous structure 

Several studies indicated that the higher foam volume had a significant effect on porosity [59]. 

The air-voids in the foam concrete can be characterized by a few parameters like volume, size, 

distribution, shape and spacing between air bubbles [7]. Like conventional cementitious 

materials, foamed concrete consists of nano-pores (also called gel pores) (dpore < 0.01 μm), 

capillary or micropores (0.01 μm < dpore < 10 μm) and macro-pores (10 μm < dpore; entrained 

and/or trapped air).  

 

Figure 10 : Porosity versus density of foamed concrete in several studies in the literature. 

 

As shown in figure 10, the dependency between density and porosity is significant. The 

density decreases with the increase of porosity due to the increase of the foamed concrete air 

content. 

Foamed concrete is manufactured by entraining relatively large air volumes into the cement 

paste using a foaming agent. Porosity is influenced by formulation, foaming agents, and 

production method, is related to absorption rate, sorption and permeability and affects 

compressive behaviour, tensile strength, thermal resistance and durability [60]. Indeed, Kearsley 

et al. [61] proved that the air-void distribution is one of the most important micro properties 

influencing the foamed concrete strength. According to Visagie et al. [62], a high total porosity ϕ 

will significantly reduce compressive strength, especially if the pores are large. Moreover, it is 

noted that a high w/c ratio significantly impacts foamed concrete and provides porosity. 
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Furthermore, using image processing software, Samson et al. [60] carried out a 2D surface 

analysis of foam concrete to study the foaming agent, formulation, production methods impacts 

on the porosity and air bubbles distribution in the foamed concrete. They also studied the effects 

of air bubble distribution on mechanical performance. Finally, he found that mechanical 

performance is improved with fine (average radius less than 0.3mm) and homogeneous pore 

structures. 

 

1.2.4.3.3 Shrinkage 

Drying shrinkage represents the most recurrent problem in the foamed concrete production 

that occurs during the first 20 days of casting. It is 4 times greater in foamed concrete than in 

ordinary concrete. 

Shrinkage should be limited to between 0.1% and 0.35% of the hardened concrete total 

volume. The hydration heat is the main reason for shrinkage, therefore there are 2 solutions to 

reduce the shrinkage [63]: 

- Addition of fly ash, silica fume or lime which reduces the hydration heat and 

consequently reduces shrinkage. 

- Using superplasticizers or reducing the w/b ratio. 

 

1.2.4.4 Sustainability 

1.2.4.4.1 Permeability 

Permeability is defined as a measure of the water flow under pressure in a saturated porous 

material and is fundamentally dependent on water absorption measurements as well as vapour 

permeability. Generally, the foamed concrete water absorption is almost double that of normal 

concrete with a similar w/b ratio [64]. 

Permeability increases with increasing volume of aggregates used and with increasing CV/C 

ratio and decreases with decreasing porosity. Kearlsey et al. [29] have found that permeability 

does not depend only on the porosity amount, but also on the porosity structure. If pores are 

interconnected, permeability increases and vice versa. Additionally, permeability depends on the 

age and size of the sample. 

 

1.2.4.4.2 Long-term resistance against aggressive environments 

Long-term resistance to aggressive environments depends mainly on the formulation, the air 

bubbles distribution, the pores size and volume, and the ratio of the number of connected pores 
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to the pores total number [65]. As the connected pores number increases, the impurities level 

increases. 

According to Jones et al. [55] the absorption rate, the depth of primary penetration describes 

the degree of foamed concrete freeze-thaw resistance. Kamada et al. [66] explained the influences 

of these parameters and they found that the water contained in foamed concrete is mainly 

absorbed water, compared to capillary water. Since voids are much greater than in normal 

concrete, the saturation depth and water volume can be much greater in foamed concrete than in 

normal concrete for the same duration of exposure to moisture. As a result, a larger surface area, 

with a higher water content and subsequent greater volume change in freezing temperatures, 

than a relatively drier interior area result. To measure the freeze-thraw cycles damage, a mass, 

dimensional and mechanical monitoring of the foamed concrete must be carried out [67]. 

Concerning foam concrete, as a high-porosity material, it is sensitive to environmental 

moisture and water penetration, which severely limit the wide application of the foam concrete 

product [68–70]. Sun et al  [18] found that the foam concrete water absorption with a dry density 

ρd of 600 kg/m³ was reduced by 15%-30% after 40 freeze-thaw cycles after immersion in water. 

Further, Nambiar and Ramamurthy [53] found that the foam concrete dry shrinkage was related 

to the foam concrete moisture content, moisture loss can contribute to dry shrinkage. In addition, 

Chen et al. [71] found that the foamed concrete total weight with a ρd of 550 kg/m³ would increase 

about two times after water absorption, which significantly reduces the tensile strength. 

Furthermore, Del Coz Diaz et al. [72] found that the foamed concrete thermal insulation 

performance decreased with the increase of moisture content or decreased with the increase of 

the relative environment humidity. Therefore, water-repellent treatment of foamed concrete 

before application is essential for its long-term behaviour. 

Falliano et al. [73] found that the mass water absorption rate decreased with increasing 

foamed concrete dry density 𝜌𝑑 . Sang et al. [74] also found that 𝜌𝑑, water absorption kinetics, and 

volume increased with increasing porosity. Kearsley and Wainwright [3] examined the foam 

concrete permeability and porosity and found that water vapor permeability increased with 

increasing porosity and ash content.  

Moreover, foamed concrete has a very high resistance to sulphate and carbonation. Sulphate 

penetration depends on the type of cement used, the additions, and the type of cation with 

sulphate anion, permeability, sulphate concentration, exposure time and duration. The fly ash 

addition improves carbonation resistance, and a very large foam volume reduces carbonation 

resistance. The alkali-silicate reaction is not remarkable, the chlorine resistance of aerated 

concrete is equivalent to that of normal concrete [7]. 
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1.2.4.5 Waterproofing 

According to Zhang et al. [75], waterproofing of foamed concrete reduces the carbonation and 

the corrosion. In addition, reducing the foamed concrete water absorption is an effective way to 

improve its overall performance. 

Moreover, many additions can improve the waterproofing of foamed concrete, for example 

Wang et al. [76] found that 3% rubber crumb content can improve the waterproofing performance 

of foamed concrete by reducing water absorption by 10%. Furthermore, water repellent improves 

mechanical behaviour, does not affect foam stability, and hygroscopic humidity decreases the 

increasing water repellent amount. The optimum water repellent dosage (siloxane-based 

polymer) is 1%, it reduces the water absorption rate by 10% up to 2.5% [71]. Also, waterproofing 

can be improved by using surface coatings such as GO/silane composite which reduces water 

absorptivity by 97.3%. 

 

1.2.4.6 Functional  

1.2.4.6.1 Acoustic 

Foamed concrete is a good sound insulator because of its structure, air bubble distribution 

and windy surface. Foamed concrete absorbs 10 times more sound waves than normal ordinary 

concrete. Sound insulation is affected by the foam amount and the air bubbles size, distribution, 

and uniformity [7]. 

 

Figure 11 : Sound absorption spectrum of concrete samples of 25%, 30% and 35% alkali activated slag foam 

concrete [77]. 

 

As shown figure 11, Mastali et al. [77] studied the acoustic performance of an alkali activated 

slag fibre-reinforced foamed concrete and found that the acoustic insulation is improved with an 
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increase in the foam amount. Moreover, the closed and disconnected pore network blocks the 

sound propagation, which reduces absorption, even though the porosity is relatively high [78]. 

 

1.2.4.6.2 Fire resistance 

Foamed concrete has the capacity to resist fire with a span close to that of normal concrete. 

Concrete with densities of 950 kg/m³ and 1250 kg/m³ can resist fire for 3.5 h and 2 h, respectively. 

Vilches et al. [79] reported that foamed concrete with a density of 400 kg/m³ exhibited a fire 

resistance rate three times lower than that of a dry density of 150 kg/m³. 

In addition, the raw materials may affect the foamed concrete fire resistance. For example, 

coarse aggregates in normal concrete lead to various expansion and cracking rates. The coarse 

aggregates lack in foamed concrete provides excellent fire resistance [80]. Kearsly et al. [81] 

reported that foamed concrete comprising hydraulic cement with an Al₂O₃/CaO ratio over two 

has withstood temperatures up to 1450°C without exhibiting any signs of damage. 

 

1.2.4.6.3 Thermal conductivity 

Foamed concretes are mainly appreciated for their good thermal insulation properties, which 

means that buildings can save energy for cooling and heating, which are the main channels of 

energy consumption throughout the life cycle of a building. Thermal conductivity, specific heat, 

thermal diffusivity and thermal resistance are considered as foamed concrete thermo-physical 

properties. As known, a material thermal resistivity increases with decreasing thermal 

conductivity.  

The cement-based materials thermal conductivity, such as cellular concrete, is an important 

factor when considering the conduction heat transfer degree. The heat dissipated amount through 

walls and roofs has a direct effect on the building energy consumptions. 

Figure 12 shows the relationship between thermal conductivity and density. Thermal 

conductivity (λ) increases with increasing density (ρ). In other words, thermal resistance 

decreases with increasing density. Furthermore, this maximum thermal conductivity is related to 

the density by the relation following: 

𝜆 = 2.5 × 10−4 × 𝜌 − 0.05       Eq. 6 
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Figure 12 : Thermal conductivity versus density of foamed concrete in several study 

 

Furthermore, moisture content, temperature, aggregate type, binder type and concrete 

density are important factors that influence the concrete thermal conductivity. Porosity plays an 

important role on the material thermal conductivity. Thermal conductivity decreases when using 

LWA and/or foam due to the increased the concrete porosity. Also, thermal conductivity 

decreases by about 0.6% when the concrete porosity increases by 1% [82]. In addition, the foamed 

concrete thermal conductivity increases by 54% when the density increases by 2/3 [83]. 

Moreover, it varies from 0.118 to 0.199 W/(m.K) for densities between 400 and 600 kg/m³ and 

from 0.1 and 0.7 W/(m.K) for densities ranging from 600 to 1850 kg/m³ [84]. Thermal 

conductivity of foamed concrete (1000 kg/m³) is six times lower than that of conventional 

concrete [50]. It also increases by 15-20% with air humidity ranging from dry to 90% [85]. Briefly, 

it increases by about 6% with the addition of 1% humidity [82]. 

Moreover, Batool et al. [86] studied the air voids size distribution in cement-based foam. They 

found that mixtures with a smaller range of air void size distribution had higher conductivity and 

lower density, while a wider void size distribution resulted in lower conductivity. 

 

1.3 BIO-BASED CONCRETE 

1.3.1 Overview 

Since the beginning of the 21st century, the world has been seeking to limit the pollution 

emitted by the construction sector and reduce its effects by seeking new construction and 
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consumption solutions that are more respectful of the environment. In this context, the use of 

materials of natural origin such as plants (wood, straw, flax, earth, hemp, etc.) is becoming 

increasingly important. Indeed, the plant material incorporation in the construction products 

formulation contributes to limiting CO₂ emissions in a significant way, thus reducing the global 

warming effect, provided plant growing does not give rise to larger emissions, considering the 

total life cycle of the process. 

According to the French Ministry of Ecology, sustainable development and energy, "Bio-based 

materials are materials derived from biomass of plant or animal origin. Today these materials 

represent a wide range of products and offer many applications in the building and construction 

sector, as insulation (plant or animal fibre wool, recycled textiles, cellulose wadding, goats wool, 

shiv, straw bales, etc.), mortars and concretes (concrete made of hemp, wood, flax, etc.), panels 

(vegetable particles or fibres, compressed straw, etc.), plastic composite materials (matrices, 

reinforcements, fillers) or in building chemistry (adhesives, additives, paints, etc)". 

Bio-based concrete is considered as a lightweight concrete. Seng et al. [86] studied the 

prefabricated hemp concrete physical properties and they found that its average density is 466 

kg/m³ and its high porosity (78%) is fully interconnected (76%). 

In recent years, various works have been carried out for acoustic, mechanical, thermal and 

hydric characterisation [87–90]. These studies are essential for the certification implementation. 

However, it turns out that the results presented in the literature can vary significantly and are not 

necessarily representative of the material in use [91]. 

 

1.3.2 Constituents 

1.3.2.1 Plant raw materials 

Vegetable raw materials can be in the form of fibres, aggregates, powders or flours and each 

of these raw materials is manufactured by a specific process, characterised by a different shape 

and different properties.  

Natural materials Composites are proposed to replace synthetic materials composites 

because of several advantages such as biodegradability, renewability, recyclability, abundance, 

permeability, corrosion resistance, high flexibility, hygroscopicity, non-toxicity, the ability to give 

up moisture, no release of substances hazardous to health, non-irritation of the skin, no allergic 

effects, competitive mechanical properties, reduced energy consumption, less treatment 

equipment abrasiveness and reduced waste disposal problems. Flax, hemp, jute, sisal and cotton 
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are the most used plant materials for reinforcing cement-based, geopolymer and polymer 

composite materials due to their relatively high strength and elasticity modulus. 

The main chemical compositions of the above-mentioned ligno-cellulose plant materials are 

cellulose, hemicellulose, lignin, wax and pectin with small sugars amounts and starch proteins in 

varying amounts. Cellulose, hemicellulose and lignin are the basic components that determine the 

bio-based materials physical properties. 

Cellulose is the most rigid and strongest organic component that gives plant materials 

strength, rigidity and stability. However, cellulose is a semi-crystalline polysaccharide with a 

hydroxyl group, giving the natural material a hydrophilic character when used to reinforce 

hydrophobic matrices [92].  

Hemicellulose is strongly bound to cellulose fibrils, probably by hydrogen bonds. Hemi-

celluloses are branched, totally amorphous and have a significantly lower molecular weight than 

cellulose. Due to its open structure containing many hydroxyl and acetyl groups, hemicellulose is 

partially soluble in water and hygroscopic [92]. 

Lignin and pectin serve as the chemical adhesive in the material [93]. Lignin is amorphous, 

highly complex, mainly aromatic polymers that absorb the least water amount of any natural fibre 

components [94]. 

Most plant materials contain 65-70% cellulose, which is crystalline and consists of three 

elements, C, H and O, with the general formula C₆H₁₀O₅ [95]. Lignin and other non-cellulosic 

substances are associated with the cells walls and their presence changes the final material 

properties. An important characteristic of plant materials is their ability to absorb moisture from 

the atmosphere in relatively large quantities, because cellulose is hygroscopic. 

The plant materials ecological properties allow them to be applied more and more in various 

innovative industrial sectors, which are generally obliged to take sustainable development into 

account in their production methods. In addition, the plant fibres mechanical properties ensure 

the performance and competitiveness of the new used materials. Companies’ R&D departments 

specialised technical institutes and universities now consider natural plant materials as an 

alternative solution to synthetic materials in the production of composite materials. 
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1.3.2.2 Hemp 

 
 

Figure 13 : The different types of hemp extracts [96]. Figure 14 : the hemp stalk attached by the hemp 

fibres [97]. 

 

Hemp has been cultivated by humans since Neolithic times for its resistant fibres, oleaginous 

seeds and medicinal virtues. Its cultivation has lasted for several centuries mainly due to the use 

of its fibre to make boat sails, rope or clothing. It has long occupied a prominent place in the 

European agricultural landscape. Covering nearly 200,000 ha in France in the 19th century, it saw 

its activity decline due to competition from exotic or artificial fibres. This competition became 

increasingly fierce and led to the disappearance of hemp cultivation in Europe at the beginning of 

the 1960s. From the 1940s until the end of the 1990s, the paper industry was the only real 

industrial outlet for hemp. The current development of new markets (construction, plastics) offers 

new perspectives for hemp today. 

As shown in Figure 13, Hemp provides three co-products: the powder, the fibres and the hemp 

shiv (for a long time considered as a waste product used mainly for straw). The seed is not used 

in building materials, the fibres can be used to produce wool (Figure 14) and the hemp shiv can 

be used to produce hemp concrete and plaster. 

 

1.3.2.2.1 Hemp fibres 

Hemp fibre has a lower density than other plant fibres and similar characteristics to other 

fibres regarding Young's modulus but also elongation. On the other hand, the breaking stress of 

hemp fibre is generally lower than that of other plant fibres [98]. 
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Figure 15 : Comparison between concretes with/without incorporated fibres [93]. 

 

 

Generally, the bio-based fibres are used to [93]: 

- Improve the concrete mechanical performance, its tensile and flexural strength. 

- Avoid the sudden cracks propagation in the cementitious material due to the 

opposition of the fibres at the crack opening. 

- Transforming the fragile behaviour of the cementitious material into a practically 

elastic behaviour which improves safety during final charging (Figure 15). 

 

1.3.2.2.2 Hemp shiv 

Hemp shiv are aggregates made from the hemp stalk wood (Figure 16). Depending on the 

manufacturing process, different types of hemp shiv can be obtained: defibrated or fibrous, short 

or long. The used tool type in the process as well as the cultivation climatic conditions affect the 

hemp shiv morphological characteristics. 

 

Figure 16 : Hemp shiv particles. 

 

Hemp shivs have a porous tubular structure with a diameter varying between 10 and 50μm 

made up of parallel vessels in which circulates the plant's sap. Table 1 shows the hemp shiv 

chemical composition [99]. 
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Table 1 : Hemp shiv chemical composition. 

Water 10 to 15% 

Total amount of organic content 97.9% from dry material 

Cellulose 45 to 60% 

Hemi-cellulose 15 to 20% 

Lignin 15 to 30% 

Ash 2 to 5% 

Nitrogen 0.4 to 1% 

K₂O 0.96 to 1.5% 

CaO 0.89 to 1.4% 

MgO 0.02 to 0.06% 

Na 0.09% 

S 0.16% 

 

Like all cellulosic products, the hemp shiv is sensitive to water. The hemp shiv aggregate 

geometry can change according to water conditions. Additionally, the channel structure is 

favourable to water trapping by capillary action. 

Hemp shiv is light in weight, which gives them a good insulating capacity. Moreover, air 

represents 92% of the total volume occupied with one-third to two-third distribution between 

intra-particle and inter-particle air, respectively. In addition, it has a water absorption capacity 

around three times its own weight, and the hemp shiv has a thermal conductivity between 0.05 

and 0.06 W/(m.K) for densities between 88 and 155 kg/m³ [100–102].  

 

1.3.2.3 Binder 

The main role of the mineral binder associated with hemp in the hemp concrete composition 

is to ensure a minimum of cohesion between the components. This mineral matrix provides the 

whole with sufficient rigidity and strength in the hardened state. The binders are almost 

systematically powdered minerals with a high fineness. The initial mixture of binder, hemp and 

water allows to obtain a soft paste, consistency necessary for the implementation (moulding, 

projection...) then the stiffening and the hardening of the mixture are obtained during the setting, 

the hardening and the drying of the whole. 

A low hemp/ binder ratio increases the hemp concrete compressive strength and decreases 

the ductility of the material. Conversely, a high hemp/binder ratio makes the binder strength in 

the matrix low. Further, the bonding points between the binder and the hemp shiv are weak. 

Consequently, the deformation before material failure is important and the mechanical behaviour 

of the hemp shiv is dominant. 
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1.3.3 Properties of hemp concrete 

This part presents the hemp concrete properties, and the hemp shiv effects in the fresh state, 

as well as the mechanical, thermal and hydric properties. Furthermore, solutions to improve the 

impermeability of hemp concrete are presented. Finally, durability studies in the bibliography will 

also be discussed. 

 

1.3.3.1 Fresh state 

Cerezo et al. [87] and Couedel et al. [103] show that the hemp shivs absorption capacities is 

around 250%, which changes the concrete rheological properties. In addition, Alvarez et al. [104] 

found that the high content of hydroxyl groups in cellulose increases the moisture absorption 

properties of plant materials. Moisture absorption by the natural hydrophilic materials leads to a 

decrease in workability. 

Some studies have shown that natural materials of plant origin have a negative effect on the 

hydration of cement composites [105–107]. For example, hemp shiv affects thermal hydration 

due to the incompatibility of the binder-plant aggregate mixture, resulting in a loss of binder 

hydration, which reduces the mechanical strength [108]. Different studies have shown similar 

results [106,109], explained by the disruption of cement hydration reactions in the hemp shiv 

molecules presence. The exothermic hydration heat amount decreases as the hemp shiv amount 

increases. This difference in hydration heat is due to the change in the cement matrix structure. 

The delay in setting is due to the inability to develop aluminates (C3A and C4AF) [110]. 

Moreover, Bilba et al. [111] observed a delayed setting time and a reduction in the hydration 

heat in cement composites reinforced with sugarcane bagasse fibers. Also, Page et al. [110] found 

similar results using flax fibers.  

Diquélo et al. [106] found that hemp shiv has damaging effects on the cement setting and 

hardening, as it delays and reduces the C-S-H and portlandite formation. This considerable 

modification of the setting and hardening process is further illustrated by the loss of mechanical 

properties. It was further demonstrated that a total absence of fixation occurs in the area around 

the shiv particle. Another major observation is that this lack of setting is related to both the 

aqueous extracts and the by-products of shiv degradation by the alkaline cementitious 

environment. 
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1.3.3.2 Mechanical 

Hemp concrete is a material exhibiting an elasto-plastic behavior that is not fragile 

[87,98,112–114]. It has modest strength and rigidity compared to other construction materials of 

the same type (wood concrete). However, it can withstand high levels of deformation, which 

allows it to adapt to external stresses. 

Furthermore, the results obtained by Cerezo et a l. [87] show that the hemp concrete 

mechanical properties depend on the binder amount. Indeed, the mechanical strength varies 

between 0.25 and 1.25 MPa and the elasticity modulus between 4 and 160 MPa. As the binder 

content decreases, the mechanical resistance, elastic and Poisson's ratio decrease.  

With a low binder content, hemp concrete acts as a stack of compressible particles connected 

by rigid binder bridges. For intermediate amounts, the hemp shiv particles are surrounded by 

thicker layers of hydrates, which improves the mechanical characteristics. For high binder 

contents, it behaves like a continuous binder matrix in which plant particles are embedded. 

Furthermore, the increase of the W/B ratio leads to a decrease in density which reduces the 

mechanical properties but improves the thermal and hygroscopic properties. Moreover, the 

tensile and flexural strength of composites is correlated with the compressive strength [99].  

 

1.3.3.3 Thermal 

Nguyen's experiments [113] also show that thermal conductivity is affected by the hemp shiv 

amount. Seng et al. [115] measured the thermal conductivity of precast hemp concrete using 2 

measuring methods and found that the thermal conductivity of this material is equal to 0.103 

W/(m.K) (hot plate) and 0.112 W/(m.K) (hot wire). Also, they found that the thermal conductivity 

increases with the increase of ambient humidity. 

 

Figure 17 : Simulated influence of density and relative humidity on the thermal conductivity of hemp 

concrete [165] 
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According to Mazhoud et al. [99], the hemp concretes thermal conductivities at the dry point 

are between 0.089 and 0.128 W/(m.K), allowing them to be used in distributed insulation. The 

study points out that the thermal conductivity depends mainly on the the composite density and 

little on the type of binder and matrix used. 

Furthermore, Figure 17 shows that the dry hemp concrete thermal conductivity varies 

between 0.08 and 0.18 W/(m.K) for densities between 250 kg/m³ and 600 kg/m³. 

 

1.3.3.4 Hydric properties 

The amount of water adsorbed or condensed in a porous material in equilibrium with an 

environment will influence its conductivity. The evolution plot of this water content as a function 

of the relative humidity for a given temperature is called the vapour sorption/desorption 

isotherm.  

 

 

Figure 18 : Type II classified by IUPAC, 1985. 

 

In the case of hemp shiv or hemp shiv concrete, the behaviour of the isotherms is of type II 

according to the IUPAC classification [89,116] (Figure 18). 

 

Figure 19 : Moisture fixing mechanisms. 
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Three phases can be identified for these isotherms. First, the vapor molecules adsorb on the 

surface of the solid phase and form a monomolecular layer (Figure 19 (a)). The first change of 

slope (Figure 18) corresponds to the beginning of adsorption of new gas molecules on the layer 

of molecules already adsorbed without the latter necessarily being complete (Figure 19 (b)). It is 

then called polymolecular adsorption. Finally, depending on the size of the pores, the water layers 

will condense the water vapor into liquid water and form a liquid bridge, then fill the pores (Figure 

19 (c)).  

Mazhoud et al. [99] studied the sorption desorption isotherms of hemp concrete and found 

that at low and medium hemp hygrometry, the mass waters contents are comparable regardless 

of the hemp/binder ratio. At the highest moisture content, the formulation with the highest hemp 

amount has the highest water content. 

The binder type influences the hemp concrete capillary absorption. Increasing the hydraulic 

character of the binder and adding a water retainer reduces capillary absorption.  The large 

interparticle spaces between the hemp particles (macropores) increase the permeability, while 

the micropores of the concrete (influenced by the hydraulicity of the binder) contribute to the 

permeability to a lesser extent [112]. 

 

1.3.3.5 Waterproofing 

Several researchers have reported that the use of a water repellent can improve the interfacial 

adhesion of cellulosic plant materials and concrete, improving their mechanical properties and 

durability [117,118]. For instance, the water repellent addition in bamboo fibers absorbs only 4% 

of the water. Coated cellulosic materials can be water-resistant and without alkalinity and 

improve the cement-based composites durability. Bilba and Arsene [119] also recommend the use 

of a silane coating to improve the durability of cellulosic reinforced concrete, such as bagasse. 

Toledo et al. [120] recommends immersing the fibre in a silica fume suspension before adding it 

to the mix, resulting in more durable composites. Savastano et al. [121] reported that the use of 

pulp fibres can improve durability. Similarly, Juarez et al. [122] stated that the fibre extraction 

process may prevent a reduction in durability. Motta et al. [123] used high temperature heat 

treatment (120, 160 and 200°C) to increase fibre stiffness and reduce moisture absorption. The 

combination of pyrolysis and silane treatment improves the water resistance of the fibres, which 

become more hydrophobic [124]. Other studies have been carried out to study eucalyptus kraft 

cellulose fibres subjected to a chemical treatment to reduce their hydrophilicity and thus increase 

their durability [125]. 
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1.3.4 Durability 

1.3.4.1 Impact of the cementitious environment on plant materials 

Durability is a very important factor in the design of cement-based materials, as it has a 

significant impact on the long-term strength of the materials. Cement is a highly alkaline material 

with a pH above 12,5. It contains metallic hydroxyl groups that are formed because of the calcium 

silicates hydration and hydroxylation, aluminates and ferrites present in the cement matrix. 

However, studies have shown that cement composites reinforced with natural plant fibres are 

susceptible to deterioration in cement matrices due to the weakening of the absorbed water and 

alkaline solution in these fibre pores. The composites deterioration is also weather-dependent. 

One of the main reasons for the deterioration of natural plant fibres in cement-based composites 

is the dissolution of the lignin and hemicellulose that bind the individual fibre cells with an 

alkaline pore solution [126]. In other words, the fibres durability in alkaline media is low due to 

the cellulose, hemicellulose and lignin dissolution. The fibres degradation in the cementitious-

based matrix is one of the main causes of the mechanical properties decrease in the long term 

[92]. 

The degradation rate depends on the crystallinity and fibrillar morphology of the cellulose 

contained in these fibres [127]. Govin et al. [128] found that fibres containing more lignin are 

more sensitive to alkaline media. This is explained by the fact that lignin and hemicelluloses are 

more reactive than cellulose to alkaline attack. Therefore, the higher the cellulose crystallinity, the 

slower the degradation rate. Moreover, the cellulose crystallinity is higher than that of 

hemicellulose or lignin. 

Yan et al. [92] explained the plant materials degradation mechanism in more details. Indeed, 

the cellulosic tissues degradation mechanisms in cement-based composites consist mainly of two 

components: (a) alkaline degradation (hydrolysis) and (b) plant matter mineralization. The 

alkaline degradation of cellulosic materials is due to the strong alkalinity of the cement solid phase 

and the porous solution. Advances in degradation include: (i) Lignin and part of hemicellulose 

degradation; (ii) hemicellulose degradation; (iii) cellulose degradation; and (iv) cellulose 

microfibrils failure, followed by complete degradation of cellulosic materials. Mineralization or 

self-mineralization of the plant particle cell wall is also an important degradation mechanism that 

attacks fibres in plant materials. Plant mineralization is sensitive to the CH content of the matrix. 

Precipitation of hydration products, probably calcium hydroxide, into the fibres cell wall structure 

is the main reason for cell wall mineralization [92]. 
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1.3.4.2 Long-term properties 

To observe changes in functional properties or microstructures, accelerated ageing is applied 

using relative humidity variations [129,130], immersion in water [131] or freeze-thaw cycles 

[132,133]. The water presence is indeed a risk factor for the hemp concrete durability. Moreover, 

the hemp shiv hydrophilic character leads to swelling of the particles, and thus leads to stresses 

at the interface between the aggregate and the binder [134]. Furthermore, in the presence of 

water and mineral binders, a high pH-value can be reached within the material, which leads to 

alkaline degradation, as well as plant mineralization [135]. The applied relative humidity value 

also has an influence on the carbonation kinetics [136]. 

 

1.3.4.3 ILUC effect as a drawback 

As for all developments, at least one drawback can be foreseen as a risk in the bio-based 

materials development in civil engineering. Agriculture nowadays suffers deficiencies in Soil 

Organic Carbons (SOC), specifically in large farming and intensive cropping areas. Using 

agricultural spares in civil engineering applications in order to decrease latter’s CO₂ emissions 

should not induce more CO₂ emissions in producing more biomass dedicated to civil engineering. 

Spares should remain real spares from agriculture. Unfortunately, such a drawback has already 

been observed previously, called ILUC effect (Indirect Land Use Change) in the biodiesel and 

bioethanol development, impeding soil-returned biomass and further decreasing SOC [137–140]. 

The bio-based concretes development must be strictly restricted to spare bio-sources.  

 

1.4 CONCLUSION  

The first part of this bibliographic study was focused on aerated concretes globally and then 

on non-autoclaved foamed concrete in particular. The latter is a construction material that 

consists of a cementitious matrix and voids, while most of this void is in the form of air bubbles. 

To manufacture non-autoclaved foam concrete, 2 production methods are considered the most 

popular and the most environmentally friendly, the preformed method and the direct method. 

Furthermore, it has been reported that foamed concrete is considered to be a good insulator, 

lightweight and makes construction easier.  

Then, we proceeded to a review on the bio-based concretes and in particular the hemp 

concrete, which consists of binder and hemp particles mixture, this material presents excellent 

thermal performances and insulation capabilities, while being lightweight. Moreover, Hemp 

concrete reduces the environmental impact thanks to its bio-based character. 
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Much research discusses the properties of these two types of concrete but few of them discuss 

the combination of foamed concrete and hemp shiv. Mineral aggregates are already used in foam 

concrete. This can give important thermal performances, reducing the environmental impact, but 

the main challenges are to create a production method to produce this material without too much 

influence on mechanical performances and waterproofing of the material.  

At the light of this literature review, hemp shiv (HS) is widely used in hemp concrete studies 

as an alternative to mineral aggregates. The valuable characteristics of hemp concretes are its 

lightweight, low carbon emission, excellent moisture buffering, low thermal conductivity and 

acoustic insulation, which can reduce energy consumption and gas emissions from buildings. At 

the same time, incentives are being offered for bio-based materials to play an increasingly 

important role in the building materials composition. 

However, bibliography highlights that the foamed concrete is a very sensitive material at 

young age. It needs specific techniques during production to avoid deflation of foam, like avoiding 

vibration, ensuring the fluidity of the foamed concrete by increasing the water amount or by using 

superplasticizer, accelerating the concrete setting. Furthermore, it is found that both concretes 

(foamed and bio-based) present rather modest mechanical performances and an important 

permeability to water in the structure, because of the high porosity and the high connectivity of 

the porous network. Therefore, to improve the hemp concrete mechanical strength, it is necessary 

to add pozzolans, since it is more compatible with plant materials, and we can use water repellents 

to improve the waterproof character of the concrete. 

Consequently, it remains necessary to create and optimize formulations for such new 

materials, based on the mechanical and thermal performances, and the environmental impact. 

This involves the study of the solid phase (the cementitious matrix) and porous structures in 

foamed concrete to understand the effects of incorporating hemp chips and how these 

incorporations affect the concrete structures. 
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2. Methods, materials and production of bio-

based foam concrete 

2.1 INTRODUCTION 

The bibliographic study provided in the previous chapter highlighted the components effects 

on the bio-based foamed concretes formulations and properties. In this chapter, the different 

constituents used for the realization of the various cementitious formulations are presented, as 

well as the applied characterization techniques. This chapter is divided into three main parts. First 

part presents the raw materials used in this study (cement, additives, admixtures and hemp shiv) 

to formulate the bio-based foamed concretes. Second part, all the experimental methods and 

processes used to study the bio-based foamed concrete essential properties (physical, mechanical, 

thermal, hydric) are defined. Third, non-autoclaved bio-based foamed concrete formulations are 

investigated by studying thermal, mechanical, CO₂ emissions and production cost performances. 

 

2.2 RAW MATERIALS 

2.2.1 Water 

The water used to make concrete is the water used for the distribution of the municipality of 

Epron. Its total chlorine content is equal to 0.07 mg/L, lower than the limit value given by the NF 

EN 1008 standard (0.27 mg/L). Its pH is equal to 7.4 [141]. 

 

2.2.2 Binders 

2.2.2.1 Cement  

The cement used comes from Calcia's Ranville plant. It is certified [NF EN 197-1] and 

referenced CEM I 52.5 N. The physical, mechanical and chemical properties of the cement 

delivered by the supplier. The ordinary Portland cement (CEM I) used is a cement composed of 

97% clinker. Portland clinker is obtained by calcining a precisely fixed mixture of raw materials, 

containing elements commonly expressed as oxides CaO, SiO₂, Al₂O₃, MgO and small amounts of 

other materials. 



Chapter 2: Methods, materials and production of bio-based foam concrete 

56                                                                                                                                            Abdelrahman MOHAMAD, 2021                                                    

The clinker contains at least two thirds of calcium silicates (3CaO.SiO₂ and 2CaO.SiO₂), the 

remaining part consisting of phases containing aluminium, iron and other components. Cement 

hydration is a complex phenomenon that takes place in several main stages: 

- Adsorption: Water fixation on the grains surface. 

- Hydrolysis: Solid parts decomposition. 

- Rapid dissolution of the clinker anhydrous phases. 

- Obtaining a supersaturated solution in relation to hydrated phases. With the 

dissolution of anhydrous compounds, the mixing water becomes rich in calcium, 

silicon, sulphates, aluminium and alkalis. The saturation level of the hydrated 

phases is reached. 

- Progressive crystallization of the minerals. 

The next two mineral binders cannot be used as a total substitute for cement, but only as a 

partial mineral addition. They have been chosen for their pozzolanic character. 

 

2.2.2.2 Ground Granulated Blast Furnace Slag 

Ground Granulated Blast Furnace Slag (GGBFS) which is a by-product from iron production, 

fulfilling EN 206-1 has been widely used in concrete for a long time. The first norm for Portland 

blast-furnace cement was realized in 1923. A large amount of study carried out on GGBS-based 

concrete has shown that it offers advantages for fresh and engineering properties, as well as for 

some aspects of durability. Moreover, it can offer environmental and economic benefits to 

construction. However, its application in Portland cement concrete has been limited due to 

concerns about a slower rate of strength gain at early ages. The characteristics of these alternative 

binder are provided respectively in Appendix 1. Figure 20 shows XRD diagram of GGBFS used in 

this study, it is totally amorphous.  

 

Figure 20 : XRD diagram of GGBFS. 
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2.2.2.3 Metakaolin 

To solve the problem of slow strength gain at early ages when using GGBFS, it is necessary to 

add metakaolin (MK), which is obtained by flash calcining kaolinite at about 700°C. The presence 

of MK enhances the strength at early ages [142]. Thus, it reduces the negative effect of GGBFS at 

the early age of strength development. Although, it was also noted that the MK-slag mixes 

exhibited the most strength at 28 days.  

 

 

Figure 21 : XRD diagram of MK. 

 

As shown in Figure 21, metakaolin is crystallized with a mineralogical composition of 77 

wt% quartz and 23 wt% kaolinite. But we cannot also exclude some amorphous contents in MK, 

since the diagram exhibits small, modulated background around 30° in 2-theta. The chemical 

and physical characteristics is given by the supplier in Appendix 2.  

 

2.2.2.4 Physico-chemical characteristics of the binders 

The chemical composition of Portland cement, GGBFS and MK given in Table 2 is obtained 

from the supplier of each binder, together with their absolute density. The absolute density of 

CEM I and GGBFS is almost identical, but GGBFS requires more water for hydration. MK has the 

lower absolute density and the most pozzolan raw material with Al2O3 + SiO2 more than 90%. 

 

 

 



Chapter 2: Methods, materials and production of bio-based foam concrete 

58                                                                                                                                            Abdelrahman MOHAMAD, 2021                                                    

Table 2 : Physico-chemical characteristics of the binders 

The chemical compound Chemical composition (%) 

CEM I GGBFS MK 

Calcium oxide (CaO) 66.2 43 0.322 

Aluminium oxide (Al2O3) 4.44 10.7 Al2O3 + SiO2 = 

 92.5 Silicon dioxide (SiO2) 20.6 37.3 

Ferric oxide (Fe2O3) 4 0.2 3.7 

Sulfur trioxide (SO3) 2.6 0.1 0.2 

Sodium oxide (Na2O) 0.07 0.7 0.252 

Magnesium oxide (MgO) 1.25 6.5 0.19 

Potassium oxide (K2O) 0.84 0.4 0.4 

Others  1.1 2.436 

Absolute density (kg/m³) 3.1 2.9 2.5 

 

The most common oxides for cementitious materials are silica (SiO₂), alumina (Al₂O₃) and 

lime (CaO). The Keil triangular diagram represents the ternary lime-silica-alumina system. It 

allows to locate and compare the compositions of the different binders. The Keil diagram of the 

binders used in this study is shown in Figure 22. 

 

 

Figure 22 : Keil ternary diagram for the different binders 

 

2.2.3 Admixtures 

To control the setting time and workability of the studied concrete, additional additives are 

used in the mineral suspensions. According to standard NF EN 934-2 [143], an admixture is a 

"product incorporated at the time of mixing of concrete or mortar at a dose less than or equal to 

5% by mass of the cement content of the concrete or mortar, in order to modify the properties of 

the mixture in the fresh and/or hardened state".  
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The water content of the mixtures should preferably be low to improve the mechanical 

behaviour, while avoiding vibrating the concrete to protect air bubbles, so that the foamed 

concrete paste should be fluid [144]. In this context, it is necessary to use superplasticizer (SP) to 

achieve a good fluidity of the fresh paste. Therefore, a superplasticizer with a high water-reducing 

capacity named MasterGlenium ACE 456 from BASF, based on polycarboxylates, is used.  

A commercial foaming agent named BETOMOUSS® from SIKA is used to generate a stable 

bubble network and to maintain the foam structures until setting. This foaming agent (FA) is a 

liquid additive which produces a foam density of approximately 70 kg/m³. 

The foaming agent, GGBFS and hemp shiv have a retarding side effect that delays the 

hardening of the concrete [27,145].  Therefore, an accelerator (Acc) named CHRYSO®Xel 650 

from CHRYSO is used to promote the cement initial hydration reactions, which accelerates the 

setting, improves the air bubbles stability in the cementitious matrix and develops the mechanical 

strength early. In addition, a CHRYSO®Dem Ekla 12 - DEV demoulding agent, which does not 

contain solvents in its composition, is used to create a non-stick film on the formwork surface. It 

is used to easily separate the foamed concrete after curing. The characteristics of the accelerator, 

superplasticizer and foaming agent are shown in Table 3. 

 

Table 3 : Characteristics of admixtures used to elaborate the cementing materials. 

 Acc SP FA 

Consistence liquid liquid liquid 

Color Yellow brown bright yellow 

Density (g/cm³) 1.45 ± 0.01 1.06 ± 0.01 1.04 ± 0.02 

Recommended 

weight 

1-1.5 % 1-3 % - 

Chlorides content ≤ 0.1 % ≤ 0.1 % 0.001 % 

pH 6 ± 1 6 ± 1 9 

Solids Content (%) 61.5 % ± 2.7 % 30.5 % ± 1.5 % 30 % 

 

 

2.2.4 Hemp shiv 

Hemp shiv (HS) used in this study is a commercial type of product supplied by 

Technichanvre® (Appendix 3). This product is composed of 95% hemp shiv and 5% of hemp 

fibers. All the characteristics presented in the following sections are studied according to the 

recommendations of the Rilem TC 236 BBM Technical Committee [146]. 
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2.2.4.1 Absolute and Bulk density 

Only bulk density and thermal conductivity is given by the supplier (Appendix 3). Therefore, 

according to ASTM B923, the measurement of absolute density is investigated by AccuPyc II 1340 

helium pycnometer. It allows accurate measurement of the volume of the solid phase of a sample 

of known weight. The test should be repeated 3 times at least (with 3 hemp shiv different 

samples). In addition, Table 4 presents the bulk and absolute density, and thermal conductivity of 

the hemp shiv.  

 

Table 4 : Hemp shiv bulk and absolute density, and thermal conductivity. 

 Bulk density Absolute density Thermal conductivity 

Hemp shiv 140 kg/m³ 1413±23 kg/m³ 0.048 W/(m.K) 

 

2.2.4.2 Water absorption 

According to the Recommendation of the RILEM TC 236-BBM [146], before testing, hemp shiv 

is dried in an oven at 60°C until the variation in mass is less than 0.1% between three successive 

weighing at 24 h intervals. To determine the water absorption capacity of the aggregates, 

measurements are realized on four samples of 25 g of aggregate. Water content is measured after 

1, 15, 60 and 240 (4 hours) and 2880 minutes (48 hours) of immersion. 

The sample mass at time t allows us to determine the water content w(t) which is expressed 

as the ratio between the sample mass gain at time t and its initial dry mass (Eq. 7). 

𝑤(𝑡) =  
𝑚(𝑡)−𝑚(0)

𝑚(0)
× 100                                                      Eq. 7 

𝑤(𝑡) : Water content at time t (%). 

𝑚(𝑡) : Sample Mass at time t (g). 

𝑚(0) : Hemp shiv initial mass before immersion in water (g). 

 

The variation of hemp shiv moisture content with time is modelled by the following equation: 

 𝑤(𝑡) = 𝐼𝑅𝐴 + 𝐾1 × 𝑙𝑜𝑔 (𝑡)                                                         Eq. 8 

𝐼𝑅𝐴 : Corresponds to the particles surface water content, thus to the absorbed water content during 

the first minute. 

𝐾1 : The parameter reflecting the water absorption rate within the particle (varies with the particles 

porosity). 

𝑡 : The immersion time of the hemp shiv. 
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Figure 23 : Water absorption kinetics of hemp shiv versus immersion time 

 

Hemp shiv used in this study has a high-water absorption capacity. Indeed, Figure 23 showed 

that the water absorbed by hemp shiv increases about 143% after one minute of immersion to 

become around 247% after 48 hours. These results confirm the high-water absorption and 

retention capacity of hemp shiv, attributed to their high porosity and capillary structure 

[114,134,147]. 

 

2.2.4.3 Particle size distribution 

To study the size distribution of hemp shiv particles, two methods are used: mechanical 

sieving and image analysis. 

Mechanical sieving is carried out on 3 samples of 100 g of aggregates. The sieve columns used 

are: 0.1, 0.25, 0.5, 1, 2, 4, 8 and 16 mm. Each of the sieves is weighed to form a cumulative mass 

curve of the sieve size. For elongated or flattened particles, such as hemp shiv particles, this 

method may not be the most appropriate. In fact, the particles can either pass through the sieve 

in the direction of their width or be retained if positioned across the opening  [148]. 

 

 

Figure 24 : Protocol of granulometric analysis by image treatment (Scan, conversion of the gray scale and 

adjustment in the form of ellipses). 
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For image analysis, the images obtained by the Keyence microscope allow a first observation 

of the pore structure and the ImageJ software is used to analyze the scanned images. To obtain 

the best image contrast, a black background is deployed. This method is performed on a sample 

weighing about 6 g. The image analysis process consists of 5 steps. The first step consists of 

preparing hemp samples without drying. Then, the color images of the hemp particles are 

acquired by the scanner with a resolution of 600 DPI and a black background. Before scanning, 

the particles must be arranged in such a way that they do not touch or overlap. The third step is 

performed by the ImageJ software, as shown in Figure 24. The treatments consist in correcting 

the brightness and to binarize the image. The fourth step is to calculate the particles 

characteristics. The last step is to use the Excel software to exploit the results and generate the 

granulometric curves (Figure 25). 

 

 

Figure 25 : Aggregate size distribution determined by mechanical sieving and image hemp shiv analysis 

methods. 

 

Figure 25 shows the granulometry of hemp shiv used in this study obtained from mechanical 

sieving experiment and from image analysis. Both types of determination give very close 

distribution curves with particle sizes ranging between 0.6 and 5 mm. 

 

2.3 METHODS 

2.3.1 Production methods 

Several parameters intervene in the elaboration of a foamed concrete and can influence its 

behaviour in the fresh and hardened states. Among these parameters, the mixing protocol is 
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important because it must be adapted to the mixture function to obtain a good homogeneity since 

the homogeneity of the cellular structure is one of the essential parameters to control. Air bubbles 

must remain stable in the concrete in a fresh state, without coalescence. Thus, it is preferable [144] 

to: 

- Use a fast-setting binder and/or acceleration agent. 

- Obtain a high viscosity cement matrix. 

- Obey total absence of vibration. 

With respect to the previous advice, two production methods are applied in this study, the 

preformed foam method and the direct mixing method. 

 

2.3.1.1 Preformed foam method 

Preformed foam method is based on the separate production of a light and stable aqueous 

foam which is gradually inserted into a mineral suspension. Figure 26 illustrates the protocol of 

the preformed foaming method which is divided into two stages. On the one hand, the foam is 

produced by mixing the diluted foaming agent with water in a ratio of 1:30 (by weight). On the 

other hand, the powdered constituents and hemp shiv are first mixed dry in the IGM mortar mixer 

with a capacity of about 20L complying with the EN 196-1 standard (Figure 27), then water is 

added with the accelerator and superplasticizer, the mixture is stirred until obtaining a 

homogeneous paste. Finally, the mineral suspension is added to the foam gradually and stirred (at 

high speed) until the mixture becomes homogeneous. 

 

 

Figure 26 : Protocol of the preformed foaming method. 
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Figure 27 : IGM mixer used to produce mineral suspensions. 

 

2.3.1.2 Direct mixing method 

Foam concretes are also manufactured using the direct mixing method. Figure 28 illustrates 

the protocol of this method which is based on the addition of a foaming agent directly into the 

mineral mixture after its formation, the preparation of the mineral mixture is the same in both 

methods. 

In the IGM mixer showed in Figure 27, all the solid elements (CEM I, GGBFS, MK and HS) are 

mixed for 1 minute to obtain a homogeneous paste. All the water, superplasticizer and accelerator 

are introduced in 30 seconds. Mixing at slow speed continues for 3 minutes. Then the surfactant 

is added, and the mixture is mixed by a paint mixer at high-speed for 3 minutes. This mixing allows 

air to be introduced into the suspension.  

 

 

Figure 28 : Protocol of the direct method. 
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2.3.1.3 Specimen elaboration 

With both methods, the concrete obtained is fluid and foamy, then placed without any 

vibration in the moulds. After 48 hours curing in the room air, the samples are demoulded and 

stored in a damp room (20 °C, RH > 95 %). Depending on the required measurements, several 

sizes of specimens were used: 

- Rectangular prism specimens of 4 x 4 x 16 cm³ for compressive strength and 

flexural strength. 

- Rectangular prism specimens of 30 x 30 x 5.5 cm³ for thermal conductivity. 

- ∅11x22 cm³ cylinders for porosity accessible to water. 

- Cubic specimens of 15 x 15 x 15 cm³ for capillary absorption. 

 

2.3.2 Physical properties 

2.3.2.1 Density 

2.3.2.1.1 Bulk density 

Fresh paste density is measured according to standard NF EN 12350-6, immediately after the 

end of the process by gravimetric measurements of the filled moulds. The maximum relative 

uncertainty on this measurement is estimated to 3%. 

The bulk density 𝜌  of the hardened foamed concrete samples is determined according to 

standard NF EN 12350-6 by the ratio between the mass and the volume of three samples of 

4×4×16 cm3, these samples is drying at the temperature of 60 °C until constant weight. An error 

on the mass, but especially on the volume of the samples is possible. The maximum error on bulk 

density measurement is estimated at 4%. 

 

2.3.2.1.2 Absolute density 

According to ASTM B923, the absolute density 𝜌𝑎𝑏𝑠 measurement is investigated by AccuPyc 

II 1340 helium pycnometer (Figure 29). It allows to accurately measure the solid phase volume of 

a known weight sample. Indeed, the measurement principle is to introduce helium into a reference 

enclosure with a known pressure and then extend this gas into the enclosure containing the 

sample by measuring the sample new pressure. This measurement method is adapted to porous 

solids with open porosity because helium has a small atomic diameter and penetrates easily into 

the pores. 
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Figure 29 : Absolute density measuring device. 

 

The measurement is made on three samples whose masses are determined at room 

temperature using a 0.001 g precision balance; the volumes are then measured with a pycnometer 

at the same temperature. The density is taken equal to the average of the three values obtained. 

 

2.3.2.2 Porosity 

2.3.2.2.1 Total porosity 

According to the NF EN 1097 standard, total porosity Φ is obtained from the absolute density 

and the bulk density using the following equation: 

Φ = (1 -  
𝜌

𝜌𝑎𝑏𝑠
 ) x 100        Eq. 9 

𝜌 : Bulk density (kg/m³). 

𝜌𝑎𝑏𝑠  : Absolute density (kg/m³). 

 

2.3.2.2.2 Porosity accessible to water 

The porosity accessible to water and the bulk density measurement was carried out by 

hydrostatic weighing according to the NF P18-459 standard (Figure 30 and 31).  

 

Figure 30 : Water-accessible porosity device. 
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Figure 31 : Scheme illustrating the process of water-accessible porosity.  

 

The foam concrete samples were introduced into a void space in the presence of silica gel at 

a relative pressure of 998±1 mbar. This pressure is maintained for 4 hours to reduce the contact 

angle of the water in the pores and thus facilitate their saturation. As soon as the water is 

introduced, the pressure is maintained for at least 44 hours. Then, the dry bulk density 𝜌𝑑, and 

the porosity accessible to water 𝜀 are deduced by the following equations: 

𝜌𝑑 =
𝑚𝑑𝑟𝑦

𝑚𝑎𝑖𝑟−𝑚𝑤𝑎𝑡𝑒𝑟
× 𝜌𝑤𝑎𝑡𝑒𝑟         Eq. 10 

       

𝜀 =
𝑚𝑎𝑖𝑟−𝑚𝑑𝑟𝑦

𝑚𝑎𝑖𝑟−𝑚𝑤𝑎𝑡𝑒𝑟
× 100        Eq. 11  

𝑚𝑑𝑟𝑦 = The foamed concrete dried weight at 105±5 °C (g). 

𝑚𝑎𝑖𝑟  = The foamed concrete weight in saturated conditions dry surface (g). 

𝑚𝑤𝑎𝑡𝑒𝑟  = The saturated foam concrete weight in the suspension system of the hydrostatic balance after 

immersion for 48 hours (g).  

 

2.3.3 Mechanical properties 

There is no specific standard for foamed concrete. However, Cerib [144] has evaluated the 

mechanical performance of several foam concrete formulations according to the NF EN 196 

standard. 

 

2.3.3.1 Flexural strength 

The three-point bending test was carried out on 4×4×16 cm³ prismatic mortar specimens in 

accordance with NF EN 196-1. The device used is an electromechanical press from the IGM 

company with a capacity of 250 kN, equipped with a load cell with a capacity of 50 kN to improve 

the accuracy of the results (Figure 32). Three samples were tested per formulation. The NF EN 

196-1 standard requires a loading speed of 50 N/s. 
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Figure 32 : Flexural test device 

 

To observe this behaviour better, it is preferable to drive the test on the move instead of under 

load. Thus, the 3-point bending tests carried out on the mortars were conducted with a loading 

speed of 0.20 mm/min. The displacement is measured using a digital LVDT sensor. The specimen 

is placed on the press frame with 100 mm between the two supports and is then loaded until it 

ruptures. The flexural strength is calculated using the following equation: 

𝑅𝑓 =
3.𝐹𝑓,𝑚𝑎𝑥.𝐿

2.𝑏.ℎ²
           Eq. 12 

𝑅𝑓 = The flexural strength of foam concrete (MPa). 

𝐹𝑓,𝑚𝑎𝑥  = The maximum flexural load at rupture (N). 

𝐿 = distance between supports (mm). 

𝑏, ℎ = respectively the width and height of the specimen (b = h = 40 mm). 

 

2.3.3.2 Compressive strength 

The compression test was carried out following the flexural test, on one of the two halves of 

the broken specimen (Figure 33). The same press as for the flexural test was used, but the 50 kN 

load cell was replaced by another one with a higher capacity (250 kN). 

 

 

Figure 33 : Compressive test device 
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The loading speed is 2.4 kN/s, according to NF EN 196-1. The half-prisms to be tested are 

placed laterally in the center of the machine platform. The compressive strength is calculated 

according to the following equation:   

𝑅𝑐 =
𝐹𝑐,𝑚𝑎𝑥

𝑏.ℎ
         Eq. 13 

𝑅𝑐 = The compressive strength of foam concrete (MPa). 

𝐹𝑓,𝑚𝑎𝑥  = The maximum compressive load at rupture (N). 

𝑏, ℎ = respectively the width and height of the specimen (b = h = 40 mm). 

 

2.3.4 Thermal properties  

2.3.4.1 Thermal conductivity 

Throughout this study, thermal conductivity measurements are performed using the 

fluxmeter method. As mentioned in the first chapter (Section 1.3.1), this technique has good 

repeatability for large specimens as well as acceptable execution time cost and measurement 

uncertainties. 

 

 

Figure 34 : Thermal conductivity test device.  

 

 

 

Figure 35 : Scheme illustrating the process of thermal conductivity test. 
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The device used is HFM 436 Lambda flowmeter (NETZSCH) (figure 34) following the EN 

12667 standard. It allows the measurement of the thermal conductivity of materials with a surface 

area of 300x300 mm² and thicknesses ranging from 5 to 100 mm, at temperatures ranging from -

30 to 90 °C and for conductivities ranging from 0.002 to 2 W/(m.K). Figure 35 explains the thermal 

conductivity operating process. The principle of this method is based on the circulation of a 

thermal flow through the sample. Indeed, the sample to be measured is inserted between the two 

hot and cold plates of the device, in contact. The temperature gradient between these two plates 

generates a heat flow that crosses the sample in steady state. The flow is quantified on both sides 

of the sample by flow sensors. Fourier's law of heat conduction allows us to derive the sample 

thermal conductivity (λ) and thermal resistance values (R=e/λ with e the thickness of the sample 

measured). 

 

2.3.5 Hydration 

2.3.5.1 Semi-adiabatic calorimetry 

Hydration heat of foamed concrete during the first few hours is measured by semi-adiabatic 

calorimetry (Langavant method), according to the NF EN 196-9 standard (Figure 36). 

 

 

Figure 36 : Semi-adiabatic calorimeter (NF EN 196-9) 

 

This test allows the determination of the heat amount released by the cement during its 

hydration from the temperature evolution. At a given time, the cement hydration heat 𝑄 , 

expressed by Eq. 14, is equal to the sum of the heat accumulated 𝑄𝑎𝑐𝑐 in the calorimeter and the 

heat dissipated to the outside 𝑄𝑑𝑖𝑠 . The foamed concrete temperature under test is compared 

with that of an inert sample in the reference calorimeter. 

𝑄 = 𝑄𝑎𝑐𝑐 + 𝑄𝑑𝑖𝑠                      Eq. 14  
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The heat accumulated in the calorimeter and the heat dissipated to the outside are calculated 

from Eq. 15 and Eq. 16 respectively: 

𝑄𝑎𝑐𝑐 =
𝑐

𝑚𝑐
. ∆𝑇         Eq. 15 

With: 

𝑐 = Total heat capacity of the calorimeter (J/K). 

𝑚𝑐  = Cement Weight in the test sample (g). 

∆𝑇 = Temperature difference between the test calorimeter and the reference calorimeter at time t (K). 

 

𝑄𝑑𝑖𝑠 =
1

𝑚𝑐
∫ 𝛼. ∆𝑇. 𝑑𝑡

𝑡

0
        Eq. 16 

With: 

𝛼 = Total heat loss coefficient of the calorimeter (J/(h.K)). 

𝑡 = Time elapsed since the beginning of hydration (h). 

 

2.3.5.2 Thermo-gravimetric analyses 

Cement hydration degree is obtained from the hydrated cementitious compounds bound 

water content. Furthermore, as temperature increases, cement hydration products decompose, 

releasing water and carbon dioxide [146]. Therefore, thermogravimetric analyses (TGA) were 

carried out. 

 

 
 

Figure 37 : Thermogravimetric analyses 

(TGA) device 

Figure 38 : ATG chart. 

 

Thermogravimetric analyses (TGA) (Figure 37 and 38) were realized at a heating rate of 

10°C/min in an inert environment (nitrogen) at a pressure of 1 bar in a Netzsch STA449 F3 
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Jupiter® furnace. To get representative samples of the processed materials, pieces of about 1 cm³ 

were taken from the core of the test specimens. Each of these samples was then crushed (< 4 mm) 

and dried at 20 °C in a vacuum desiccator for 72 hours. They were then finely crushed (< 125 μm) 

and dried again in an oven at 70°C. TGA measurements were made on samples of 1000 ± 50 mg 

concrete powder. 

 

2.3.5.3 X-ray diffraction 

The hemp shiv impact on the foamed concrete mineralogical structure is studied through the 

determination of crystalline phases. X-ray diffraction measurements were carried out on 

polycrystalline samples with different proportions of hemp shiv.  

The diffractometer used is a PANalytical model X'PERT Pro with a filtered copper radiation. 

The diffraction angles 2θ are recorded between 10 and 80° with a step of 0.013° and a total 

acquisition time of 2h. The foam concrete samples are previously crushed with a cryo-grinder. 

The diffraction diagrams analysis is carried out using the Rietveld approach as implemented 

in the MAUD software (D. Chateigner Ed.: “Combined analysis”, 2010, Wiley-ISTE, 496p. ISBN: 

978-1-84821-198-8). We used this technique to identify and quantify crystalline phases.  

 

2.3.6 Hydric properties 

2.3.6.1 Capillary absorption 

Dry concrete water absorption is influenced by two major parameters, the effective porosity 

of the concrete and the absorption rate by capillary ascent [149].  

According to the NF EN 13057 standard, Capillary water absorption consists of following the 

weight of the material exposed to water along its bottom face (immersion depth of 2 mm) during 

the following immersion times: 5, 15, 30, 60, 120, 240, 1440, 2880, 5700 and 6600 minutes, then 

dried until reaching a constant mass in a ventilated oven at 80±2°C. Capillary absorption 

coefficient 𝐶𝑎 (kg/(m².√h)) is defined by the slope of the mean linear capillary absorption line. 

 

2.3.6.2 Sorption-desorption 

The water sorption/desorption isotherms were obtained using the dynamic vapour sorption 

method (DVS) (Figure 39). This is a gravimetric technique for measuring the interactions of 

vapours with solids using the sorption/desorption instrument SPS11-10μ from ProUmid. 
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The measurements were performed at constant pressure with fixed total flow rate to 

minimize the weight variations associated with the Archimedean and trailing forces. The use of a 

fixed temperature allowed the isothermal sorption curve to be obtained by equilibrating the 

sample under a series of vapour concentrations. The measurement is often quite sensitive to 

temperature since this latter influences the sorption behaviour of materials. 

 

 

 

Figure 39 : Device used for DVS 

testing (ProUmid) 

Figure 40 : Relative humidity levels and the weight of a sample 

 

The isothermal sorption curves are determined discontinuously in successive steps of 

increasing and then decreasing relative humidity (or vice versa) (Figure 40), according to a 

method described in the NF EN ISO 12571 standard. The tests were carried out with 

representative samples of 10000 ± 100 mg. The samples were automatically weighed every 20 

minutes throughout the test.  The relative humidity (RH) in the chamber varies between 5 and 

90% RH in 5% RH intervals. For each moisture content, equilibrium is considered to be reached 

when the variation in sample mass is less than 0.01% after 120 minutes. 

 

2.3.7 Visualisation method 

The images obtained by the Keyence microscope (Figure 41) provide a first observation of the 

pore structure (Figure 42). To investigate the air bubbles and hemp shiv distribution, an image 

analysis software is necessary.  
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Figure 41 : Keyence microscope 

 

 

Figure 42 : The raw image of the bio-based foamed concrete with size 10000x10000 (pixels). 

 

For this purpose, the ImageJ software is used firstly to determine the hemp shiv surface amount 

and to eliminate it (Figure 43). Then to characterise the air bubbles in the concrete structure 

according to the position (x;y), perimeter, surface, small and large radii of the ellipse and 

sphericity (Figure 44). However, it is sometimes difficult to identify two porous structures or to 

extract quantitative features for comparison; for this purpose, it is necessary to use charcoal 

powder to fill the air bubbles. All figures (Figure 42, 43 and 44) correspond to 10000x10000 

pixels.  
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(a) 

        

(b) 

Figure 43 : Calculation and elimination of the amount of hemp shiv. 

 

 

(a) 

        

(b) 

                                                                                                

(c)  

Figure 44 : The steps of image treatment by the Image J software: (a) Delimitation of the 

individual cells; (b) Removal of reflections present on the surface of the cells so that the 

bubble is coloured all black; (c) Edge detection analysis assuming ellipsoidal contours. 
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2.4 CHARACTERIZATION OF BIO-BASED FOAM CONCRETE 

FORMULATIONS 

A first study of bio-based foam concrete is performed. This first step allows to choose the 

formulations for the next stages. Fixed objectives are highlighted by the choice of formulations, 

the concretes must be light with a density lower than 800 kg/m³, self-supporting with a 

compressive strength larger than 2 MPa and insulating with a thermal conductivity lower than 0.2 

W/(m.K). 

2.4.1 Formulations 

Twenty of foamed concretes are manufactured according to the preformed method using 

eight different formulations. The control formulation is as follows in Table 5.  

Table 5 : Formulation of control foamed concrete. 

Mixes 

Names 

Fresh 

density 

(kg/m³) 

Composition of mixture (kg/m³)  Wt/B 

CEM I GGBFS MK HS SP Acc FAG Wh Wt 

C100P0H0 890 700 - - - 14 7 2.1 0,00 168,00 0,24 

Wh: Water consumed by the used hemp shiv. 
Wt: Total water used. 
B: Binders. 
 

Afterwards, all the formulations are based on this previous formulation. The modification of 

the control formulation is achieved in 2 phases, presented in Figure 45: 

- The first phase consists of replacing the cement by pozzolanic additions (20% 

GGBFS and 10% MK) without adding hemp shiv. 

- The second phase operates the replacement of 5, 10 and 15 wt% of cement by 

hemp shiv by fixing the pozzolanic additions content.  

All the formulations are calculated based on constant total volume of the sample (Figure 46). 

 

Figure 45 : Composition of Bio-based foamed concrete. 
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Figure 46 : Protocol of cement replacement by the hemp shiv. 

 

The protocol to replace cement by hemp shiv (Figure 46) is the following (The idea is to 

replace the cement with hemp shiv and maintain the same volume): 

1- Based on the control foamed concrete formulation with 100% cement, x wt% of the total 

content of cement is substituted. 

2- Calculation of the volume occupied by this x wt% 𝑉𝑐 using the following equation: 

𝑉𝑐 =
𝑀𝑐

𝜌𝑐
           Eq. 17 

With, 

𝜌𝑐 = Cement bulk density = 1500 kg/m³. 

𝑀𝑐 = Set cement weight. 

𝑉𝑐  =  Set cement Volume. 

- Calculate the mass of hemp shiv 𝑀𝐻 based on the volume of cement calculated in equation 

1 using the following equation:  

   𝑀𝐻 = 𝑉𝑐 × 𝜌𝐻         Eq. 18 

 𝑉𝑐  =  Set cement volume = Hemp shiv volume. 

 𝜌𝐻 = Hemp shiv bulk density = 140 kg/m³. 

 𝑀𝐻 = Hemp shiv weight. 

 

In Table 6, Wt is the total amount of water, Wb is the amount of water for binder hydration, 

and Wh is the amount of water absorbed by the hemp particles, where Wt = Wb + Wh. We then 

used nearly constant Wb/B ratio, whatever the binder amount and variable Wt/B ratio in order 

to keep the same workability, relative to the added hemp shiv amount and removed cement 

amount. 
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Table 6 : Formulations of all the samples studied in chapter 2. 

Mixes 

Names 

Fresh 

density 

(kg/m³) 

Composition of mixture (kg/m³)  Wt/B Wb/B 

CEM I GGBFS MK HS SP Acc FAG Wh Wt 

C100P0H0 890 700 - - - 14 7 2.1 0,00 168,00 0,24 0.24 

C70P30H0 933 490 140 70 - 7 7 2.1 0,00 217,00 0,31 0.31 

C95P0H5 858 665 - - 3.3 14 7 2.1 8.15 167.75 0,25 0.24 

C65P30H5 900 455 140 70 3.3 7 7 2.1 8.15 214.3 0,32 0.31 

C90P0H10 825 630 - - 6.5 14 7 2.1 16.05 167.25 0,26 0.24 

C60P30H10 867 420 140 70 6.5 7 7 2.1 16.05 211.35 0,33 0.31 

C85P0H15 792 595 - - 9.8 14 7 2.1 24.2 167 0,28 0.24 

C55P30H15 834 385 140 70 9.8 7 7 2.1 24.2 208.65 0,35 0.31 

 

Furthermore, Table 6 shows the composition of all the foamed concretes studied in this 

chapter for 1 m³. The samples are identified by the following codes: CxPyHz where C, P and H 

represent Cement, Pozzolanic Additions and Hemp shiv respectively, followed by their respective 

quantities where x represents the weight percentages (wt%) of cement, y represents the weight 

percentage of cement replaced by Pozzolanic Additions, and z represents the weight percentage 

of cement replaced by hemp shiv. Note that it is required to maintain the same sample volume for 

each formulation. 

As a result of the high-water absorption capacity of the hemp shiv particles, a competition for 

water between the hemp shiv particles and the mineral binder occurred during the hemp concrete 

setting: the hemp particles absorb the water necessary for the binder hydration [87,91,113]. This 

leads to chalking of the hydraulic binders at the interface between the binder and the hemp 

particle [87]. Therefore, the water quantities in the different formulations are adjusted in relation 

to the hemp shiv volume.  

 

2.4.2 Density 

The main factors affecting the concrete density are air content, binder, aggregate density and 

water content [150]. As shown in Figure 47, the density at 28-days varies between 675 kg/m³ 

(C100P0H0) and 562 kg/m³ (C85P0H15), which means that all samples are lighter than 800 

kg/m³, which fulfils the first objective. The density decreases regularly by about 7% when the 

hemp shiv content increases by 5% for both specimen C70-BFCs and C100-BFCs (Figure 47) since 

the cement bulk density (ρ = 1500 kg/m3) is higher ten times than that of the hemp shiv (ρ = 140 

kg/m3) Briefly, the bulk density decreases with the increase of hemp shiv amount. 
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(a) (b) 

Figure 47 : Density of all samples versus time for (a) the C100-BFCs and (b) the C70-BFCs. 

 

Furthermore, by comparison of C70P30H0 (included pozzolanic additions) with C100P0H0 

(without pozzolanic additions), it’s found that the density slightly decreases with the addition of 

pozzolanic additions since that GGBFS and MK absolute density (respectively 2900 kg/m³ and 

2500 kg/m³) is lower than that of the cement (3100 kg/m³).   

 

2.4.3 Mechanical strength  

Usually, the foamed concrete compressive strength depends largely on age, raw materials, 

porosity and dry density [61,151]. As shown in Figure 48, the compressive strength increases with 

time with a ratio Rc7/Rc28 = 0.8, i.e. more than for ordinary concrete in which such a ratio is 

usually observed around 0.65. This effect is mainly due to the hardening accelerator used. 

Page [152] noted that the contribution of a superplasticizer enhances the interface between 

the hemp aggregates and the pozzolanic binder, thereby improving the material stiffness. 

Nevertheless, with the addition of pozzolanic materials, the hydration process begins earlier, and 

it takes longer to stabilize over time [153]. This means that the curing process will take longer, 

which explains why the increase in the strength of foamed concretes with pozzolanic materials is 

greater than that of concretes without pozzolanic materials (Figure 48). For example, at 28 days, 

the C70P30H0 compressive strength is higher than that of C100P0H0, although it is lower at 7 

days. 
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(a) (b) 

Figure 48 : Compressive strength versus time for (a) the C100-BFCs and (b) the C70-BFCs. 

 

The density decreases with increasing hemp shiv content [98,152]. Similarly, looking at 

Figure 48, the C100P0H0 compressive strength drops significantly after the hemp shiv addition, 

which does not occur with C70P30H0. This is due to the low cohesion between the cementitious 

matrix and the hemp particles, which alters the concretes stiffness, producing new gaps in the 

materials and increasing air entrapment [110]. As a result, the hemp shiv incorporation in FC 

results in a decrease in 28-day compressive strength ranging from 52% to 63% for C100-BFCs 

and from 24% to 37% for C70-BFCs. The material thus becomes more brittle and, as a result, the 

foam concrete specimens without HS have a higher strength than those containing 5%, 10% and 

15% HS. These decreases in compressive strength have been demonstrated by other authors on 

bio-fibre concretes [154,155]. Furthermore, Chamoin et al. [98] also found that the hemp concrete 

compressive strength depends on the binder dosage in the mix design and can be improved by 

optimising the dosage.  

Biobased foamed concrete (BFC) with the same amount of hemp shiv as C55P30H15 and 

C85P0H15 shows a remarkable difference in compressive strength. This is also due to the mixture 

of pozzolanic additives (GGBFS and MK) that improve the cohesion in the mineral matrix [156]. 

Similarly, in conventional bio-based concretes, hemp shiv is always mixed with lime or cement 

with additives, due to their ability to reduce the aqueous extracts of the hemp shiv and their 

impact on the final amount of hydrates and to increase the adhesion between the hemp shiv and 

the binder [145]. 
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(a) (b) 

Figure 49 : Flexure strength versus time for (a) the C100-BFCs and (b) the C70-BFCs. 

 

The flexural strength Rf follows a similar behaviour to that of the compressive strength Rc (See 

Figure 48 and 49). The flexural strength of BFCs also shows a decrease from 31% to 44% for C100-

BFCs and from 21% to 30% for C70-BFCs.  According to Williams et al. [157], it was found that 

increasing the binder ratio increases the flexural strength in both perpendicular and parallel 

directions. Consequently, the flexural strength almost decreases. 

The Rf/Rc ratio of BFC samples ranging from 0.28 to 0.45 is larger than that of foamed concrete 

in the literature with a ratio ranging from 0.2 to 0.4 and ordinary concrete with a ratio ranging 

from 0.1 to 0,2 [158]. Compared to ordinary and foamed concretes, the hemp shiv addition affects 

the compressive strength more than the flexural strength, so the hemp shiv reduces the 

compressive strength more than the flexural strength resulting in an increased Rf/Rc ratio. 

 

2.4.4 Thermal resistance 

Thermal conductivity represents the materials ability to transmit heat by conduction. It 

corresponds to the heat flow which passes in 1 second through a material with a surface of 1m² 

and 1m thickness for a temperature difference of 1°K between the 2 faces. It is designated by the 

coefficient λ, expressed in W/(m.K).  
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(a) (b) 

Figure 50 : Thermal conductivity of all samples versus time for (a) the C100-BFCs and (b) the C70-BFCs. 
 

Figure 50 shows that there is no significant difference in thermal conductivity λ between 7 

and 28 days. In general, the thermal conductivity is inversely proportional to the foamed concrete 

density [5,159]. Moreover, the thermal conductivity of each raw materials influences the overall 

thermal conductivity of the material [160].  

According to Ramamurthy [2], pozzolanic additives in foamed concrete decrease slightly the 

thermal conductivity. Therefore, under low cement content and high pozzolanic additives content 

in the matrix, the thermal conductivity is lower. This is explain the difference of 25% in the 

thermal conductivity at 28-days between C100P0H0 (λ = 0.1925 W/(m.K)) and C70P30H0 (λ = 

0.1392 W/(m.K)) before the hemp shiv addition is significant. 

The C100-BFC samples thermal conductivity was affected by the hemp shiv incorporation, 

whereas this behaviour is slightly observed for C70-BFC samples. When 5% of the hemp shiv is 

added, the thermal conductivity of C95P0H5 decreases 16% while for C65P30H5 decreases only 

6%. This decrease was normal since HS exhibit small thermal conductivities compared to cement, 

around 0.04 W/(m.K) [160]. In general, the hemp shiv incorporation creates gaps between the 

particles and the cement matrix, and increase the air entrapment, which decreases the thermal 

conductivity. But in the case of C65P30H5, the pozzolanic additions improve the cohesion of the 

hemp shiv particles and the cementitious matrix, which reduces the gaps created by the hemp shiv 

addition. Thus, by adding hemp shiv the thermal conductivities of C100-BFCs are decreased more 

than those of C70-BFCs. 
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2.4.5 Cost and CO₂ emissions 

The most important factors for the feasibility of any material are its environmental and 

economic impacts. Thus, the cost and CO₂ emissions for the manufacturing of BFCs were 

evaluated. The classification of each foam concrete according to its performance is based on 5 

levels between the maximum and minimum values of each performance in this analysis (Table 7). 

Thermal behaviour is considered here as the most important factor and in decreasing order of 

importance compressive strength, CO₂ emissions and cost, to which a weight of 4, 3, 2 and 1 

respectively is assigned for a multi-criteria analysis (Table 8). The CO2 emission and cost 

calculation methods for concretes are presented in Appendix 4, the cost values are based on 

supplier data and the CO2 emission values are based on literature references [161–164]. 

The score is the sum of multiplication of each performance weight with the rating which 

presents as the score of the performance advantage. For example, for the thermal conductivity 

presented in Table 8, C70P30H0 (Rating =3) has a higher rating than C100P0H0 (Rating =1), so 

C70P30H0 is the most insulating. The score gives a global evaluation of the concrete according to 

these four performances.   

 

Table 7 : Rating based on performance. 

Rating Thermal conductivity 

(W/(m.K)) 

Compressive 

strength (MPa) 

Cost 

(€/m³) 

CO2 emission 

(kg CO2/m³) 

0 > 0.2 0 --> 1 > 400 > 600 

1 0.175 --> 0.2 1 --> 2 300 --> 400 500 --> 600 

2 0.15 --> 0.175 2 --> 3 200 --> 300 400 --> 500 

3 0.125 --> 0.15 3 --> 4 100 --> 200 300 --> 400 

4 0.1 --> 0.125 > 4 0 --> 100 0 --> 300 

 

The materials cost per m³ of BFC product is expensive (Table 8). Over 60% of the cost relates 

to high dose additives (superplasticizer, accelerator, foaming agent). Optimisation of formulations 

and their production process would be necessary to reduce their additives and their cost. 

Noticeably, foamed concrete with 100% cement presents high thermal conductivity with high 

CO₂ emission value, while C70P30H0 exhibits low thermal insulation and high compressive 

strength with moderate CO₂ emission.   
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Table 8 : Multicriteria ranking of the BFCs. 

Mixs 
Cost 

(€/m³) 

CO₂ 

Emission 

(kg CO₂/m³) 

Ranking 

Thermal 

conductivity 

Compressive 

strength 
CO₂ Cost 

Scoreᵇ 
Global 

Rank c 
Weightᵅ = 4 3 2 1 

C100P0H0 225 611 1 4 0 2 18 8 

C70P30H0 206 458 3 4 2 2 30 1 

C95P0H5 223 582 2 2 1 2 24 5 

C65P30H5 203 429 3 3 2 2 27 3 

C90P0H10 220 552 3 1 1 2 19 6 

C60P30H10 201 399 3 2 3 2 26 4 

C85P0H15 217 523 3 1 1 2 19 6 

C55P30H15 198 370 3 3 3 3 30 1 

a Weights are coefficients to give priority to a given characteristic. 

b Score = sum (Weight x Rating) 

c Global Rank is the classification of formulations from best (1) to worst (8). 

 

As shown in table 8, among the biobased foamed concretes, C55P30H15 can be considered as 

a good compromise with a relatively low thermal conductivity (λ= 0.1285 W/(m.K)), a high 

compressive strength (Rc = 3.22 MPa) and CO₂ emissions half of those of C100P0H0. As a 

conclusion, the hemp shiv incorporation in foamed concrete reduces the mechanical strength but 

in terms of thermal resistance, CO₂ emission and lightness, the first results obtained are 

encouraging and they allowed to validate our experimental protocol. 

 

2.5 CONCLUSION 

This chapter has presented the characteristics of the different raw materials that enter the 

composition of composite materials developed in this study and more particularly the hemp shiv. 

Indeed, the introduction of these plant aggregates in the foamed concrete composition can imply 

modifications in the cohesion of the matrix, the hydration heat and the air bubbles distribution. 

Consequently, the physical, mechanical, thermal and hydric properties of the material can be 

changed. 

The second part of this chapter was devoted to the presentation of the cementitious composites 

characterization methods. These methods are, in the vast majority, either derived from current 

standards, or adapted from preliminary tests. 
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The third part of this chapter discussed the preliminary results obtained on bio-based foamed 

concrete (BFC). A high amount of cement has been found to increase thermal conductivity and 

CO₂ emissions, so substitutions of cement with pozzolanic additives and/or hemp shiv can 

improve insulating thermal performances. Moreover, hemp shiv decreases density, compressive 

strength, and thermal conductivity. But the pozzolanic addition mix improves the cohesion of 

cementitious matrix in absence and presence of hemp shiv, and in addition reduces CO₂ emissions. 

Moreover, all bio-based foam concretes are considered as bio-based lightweight concretes 

(density lighter than 700 kg/m³), good thermal insulators with a thermal conductivity less than 

0.2 W/(m.K), but only C100P0H0, C70P30H0, C95P0H5, C65P30H5, C60P30H10 and C55P30H15 

have a reasonably compressive strength (Rc > 2 MPa). 

Thus, it is necessary to complete the study and to analyze more precisely how the pore structures 

and the cementitious matrices evolve, according to the production method, the pozzolanic 

addition and the hemp shiv contents. A quantitative approach based on a pore structure 

characterization method, and a hydration and mineralogy analysis, is the objective of chapter 3. 
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3. Porous structure and cementitious matrix 

analysis 

3.1 INTRODUCTION 

Based on the results of Chapter 2, in this chapter, the BFC materials pore structure and 

cementitious matrix are investigated. First, the choice of BFC concrete formulations for analysis is 

conducted. Then a study of the physical properties such as density and porosities, is investigated. 

Air bubble surface distribution analysis provides insight into the effects of pozzolanic additions, 

hemp shiv contents, and production method on the porous structures. After that, the hydration 

heat and the mineralogy of the cementitious matrix are studied.   

 

3.2 FORMULATIONS 

Following the characterisation of the elaborated samples, four formulations are selected to 

characterise the pore structures and cementitious matrices, the mechanical, thermal and hydric 

behaviours. 

 

Table 9 : Formulations of all concretes studied in chapters 3 and 4. 

Mixes 

Names 

Fresh 

density 

(kg/m³) 

Composition of mixture (kg/m³) Wt/B Wb/B 

CEM I GGBFS MK HS SP Acc FAG Wh Wt*   

C100P0H0P 891 700 - - - 14 7 2.1 0,00 168 0,24 0.24 

C100P0H0D 1600 1200 - - - 24 12 2.1 0,00 288 0,24 0.24 

C70P30H0P 933 490 140 70 - 7 7 2.1 0.00 217 0,31 0.31 

C70P30H0D 1589 840 240 120 - 12 12 2.1 0.00 372 0,31 0.31 

C65P30H5P 900 455 140 70 3.3 6.7 6.7 2.1 8.07 214 0,32 0.31 

C65P30H5D 1542 780 240 120 5.6 11.4 11.4 2.1 13.8 367 0,32 0.31 

C55P30H5P 834 385 140 70 9.8 6.1 6.1 2.1 24.2 209 0,35 0.31 

C55P30H5D 1227 660 240 120 16.8 10.3 10.31 2.1 41.5 358 0,35 0.31 

 * Wt = Wb + Wh 

 

The total amount of water (Wt) shows the water amount absorbed by the hemp shiv particles 

(Wh) and the water amount required for binder hydration (Wb), always respecting the ratio 

Wb/B = 0.31.  

Four formulations were chosen: C100P0H0, the main control formulation, C70P30H0 once 

the 30 wt% cement was replaced by 20 wt% GGBFS and 10 wt% MK. Thus, the first parameter 

was the addition of pozzolanic additives (GGBFS and MK).  
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Then, C65P30H5 was chosen to study the influence of the hemp shiv incorporation, and 

C55P30H15 to see the effects of increasing the hemp shiv amount, so the second parameter to be 

studied is the cement amount replaced by the hemp shiv (0, 5 and 15 wt%). 

The third parameter is the production method. In the following, each sample elaborated by 

the preformed method is denoted by "P" and by “D” when using the direct method. For example, 

in Table 9 which represents the concretes compositions, "C55P30H15P consists of 55 wt% of 

cement, 30 wt% of cement replaced by pozzolans, 15% of cement replaced by hemp shiv and the 

production method is the preformed method". 

 

3.3 PHYSICAL PROPERTIES 

Porosity is the most influential factor in the foamed concretes performances. It directly 

impacts density, strength, thermal conductivity, water performance and durability, and is related 

to the amount of foam, water, admixtures, and hemp shiv in the formulation. According to the NF 

EN 1097 standard, total porosity is obtained from the absolute density and the bulk density using 

the following equation: 

φ= (1 -  
𝜌

𝜌𝑎𝑏𝑠
 ) x 100         Eq. 19 

With, 

𝜌 : Bulk density (kg/m³). 

𝜌𝑎𝑏𝑠 : Absolute density (kg/m³). 

 

As shown in Table 10, the absolute densities of C100P0H0, C70P30H0, C65P30H5 and 

C5P305H15 mixtures are respectively 2444, 2386, 2380 and 2361 kg/m³. As the absolute density 

of cement and pozzolanic additives is higher than that of hemp shiv, the absolute density 

decreases progressively with the increase of hemp shiv, but this decrease is not remarkable as the 

amount of hemp that has been modified is extremely low in weight. 

 

Table 10 : Absolute density of all samples 

Mix Absolute density 𝜌𝑎𝑏𝑠  (kg/m³) 

C100P0H0 2444 

C70P30H0 2386 

C65P30H5 2380 

C55P30H15 2361 
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As shown in Table 11, the bulk densities of the foamed concretes produced by the preformed 

method range from 579 kg/m³ to 710 kg/m³ with a high porosity in the range of 70.7% to 74.5%. 

Meanwhile, for the foamed concretes obtained by the direct method, the apparent densities range 

from 1092 kg/m³ to 1617 kg/m³ and a porosity between 33.3% and 54.6 %. Hence, the foamed 

concretes porosity obtained by the direct method is lower than that produced by the preformed 

method. 

 

Table 11 : Physical properties of the biobased foamed concrete 

Mix Days 
Bulk density ρ 

(kg/m³) 
Porosity φ (%) 

C100P0H0P 
7 710 

71,4 
28 699 

C100P0H0D 
7 1460 

34.5 
28 1454 

C55P30H15P 
7 579 

74.5 
28 608 

C55P30H15D 
7 1092 

54,6 
28 1083 

C65P30H5P 
7 597 

72.2 
28 662 

C65P30H5D 
7 1567 

38.9 
28 1574 

C70P30H0P 
7 690 

70,7 
28 691 

C70P30H0D 
7 1617 

33.3 
28 1601 

 

The air bubbles creation in the direct method is more difficult since the air bubbles are formed 

directly in the mineral suspension which exerts a high pressure on their walls [60]. Thus, the air 

penetration into the concrete structure is more difficult than in the preformed method. Using the 

preformed method, air penetrates the water to generate foam and then the mineral suspension is 

added to the foam. By mixing at very high speed, the mineral slurry is incorporated into the foam 

and most of the air trapped in the foam remains in the cementitious matrix to form the foamed 

concrete. Moreover, many factors affect the air bubble production control such as speed, time, and 

mixing directions. Additionally, the pozzolanic admixtures absolute density is slightly lower than 

that of cement, but the density of C100P0H0D is lower than that of C70P30H0D. The explanation 

for this unexpected behaviour is that the direct method is hard to control, depending on several 

factors such as mixing time, mixing speed, surfactants amounts, water content and constituents of 

formulation [7].  
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Density is straightly and inversely influenced by porosity. However, the constituents used in 

the formulation are as many influencing factors as possible since the bulk density is affected by 

the absolute density of each constituent. Since the hemp shiv density is very low (ρ = 140 kg/m³), 

the hemp shiv addition decreases the concrete density, therefore the densities of C70-based 

foamed concretes with both methods decreases as the hemp shiv amount increases.  

Looking at Table 11, the porosity of C100P0H0P is equal to 71.4 %, and on adding pozzolans, 

the porosity of C70H30P0 becomes 70.7 %, hence pozzolanic additions reduce the foamed 

concrete porosity. This is in accordance with Gowripalan et al. [165], who proved that mineral 

admixtures can be used to reduce the porosity due to their finer particles. 

As a conclusion of the density and porosity comparison of C55P30H15P, C65P30H5P and 

C70P30H0P (Table 11), the porosity increases with the increase of hemp shiv, since hemp shiv is 

a porous material with an absolute density of 1413 kg/m³. This difference is more remarkable in 

the biobased foamed concrete produced by the direct method. This latter exhibits a bulk porosity 

between 30% and 55%, much less than the hemp shiv porosity around 77% [158]. Thus, the hemp 

shiv incorporation affects the porosity of a low-porosity foamed concrete (made by direct 

method) more than a high-porosity foam concrete (made by preformed method).     

 

  

Figure 51 : Water-accessible porosity of foamed 

concretes produced by the preformed method 

Figure 52 : Water-accessible porosity of foamed 

concretes produced by the direct method 

The combination of Table 11, Figures 51 and 52 show that the water-accessible porosity 

increases with an increasing porosity, due to an increasing hemp shiv volume. In addition, the 

closed or ineffective porosity is very low, ranging from 1 to 2.5% of the total porosity for foamed 

concretes produced by the preformed method, and from 4.64 to 7.77% of the total porosity for 

foamed concretes produced by the direct method, This difference is due to the total porosity being 
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too high for the preformed method foamed concrete, which is considered to be a very porous 

concrete (70 - 75%) and has a network of open connected pores more than those produced by the 

direct methods. 

 

 

Figure 53 : Porosity of all samples against density. 

 

As shown in figure 53, for all the foams produced with the two methods, it appears that the 

porosity evolves linearly with the density. Thus, the tendency lines of porosity as a function of 

density show the similar slopes for the preformed and directly produced samples, with 

respectively the following equations: 

∅ =  −0.0377𝜌 + 97.311,        Eq. 20 

  

∅ =  −0.0409𝜌 + 98.713,        Eq. 21 

 

As a conclusion, the main parameter affecting bulk density is the porosity and absolute 

density of each raw material. The production method and the hemp shiv amount affect the 

porosity of the materials, and consequently the density of foamed concrete. 
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3.4 DISTRIBUTION OF AIR BUBBLES 

3.4.1 2D characterisation methods 

To better understand how the production method, hemp shiv and pozzolanic additions 

influence the mechanical resistance and the pore structure of the foamed concrete, we used image 

analysis. A 4x4x16 cm3 sample is divided into 4 parts as shown in figure 54, the air bubble 

distribution for each side is studied, then the average of the curves is taken for the following 

analysis. 

 

Figure 54 : Air bubble distribution for the three sections of C65P30H5D. 

 

This approach allows to obtain the air bubble size distribution (“granulometry”) of the 

different foam concretes considered. All the curves studied can be found in the Appendix 4. For 

clarification, C65P30H5D is chosen as an example to show the three sections air bubble 

distribution of samples. 

 

 

Figure 55 : Air bubble distribution for the three sections of C65P30H5D. 
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As shown in figure 55, the "% partial area", i.e.  the sum of air bubble areas for each air bubble 

radius, only a slight difference between the distributions is shown between different sample 

sections, which means that the distribution of air bubbles is rather homogeneous laterally. 

Generally, most of the air bubbles in the foamed concrete of this research consists of small air 

bubbles smaller than 0.5 mm. 

 

 

Figure 56 : Cumulative air bubble distribution for the three sections of C65P30H5D. 

 

Figure 56 shows the "% cumulative area" which is the sum of "% partial area" for increasing 

void diameters. The parameters used to characterize the air bubble distributions are 𝑟90, 𝑟50 and 

𝑟10 corresponding to a cumulative area % of 90, 50 and 10% respectively. These radii are used in 

several studies [27,60,167–169] to determine the air bubbles distribution and to calculate the air 

bubbles uniformity. 

 

3.4.2 Influences of the parameters on the air bubbles distribution 

In this part, the influence of pozzolanic additions, the hemp shiv amount and the production 

methods on the air bubbles distribution are investigated. 

 

3.4.2.1 Pozzolanic additions 

To study the effects of cement replacement by pozzolanic additions on the BFC air bubbles 

distribution, two mixes are tested in this part. The first mix is C100P0H0 with 0 wt% of PZ and 

the second one is C70P30H0 with 30wt% of PZ (20 wt% GGBFS and 10 wt% MK). Each mix is 

produced with two methods, direct and preformed. For better analysis, the hemp shiv was 
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eliminated (HS = 0%) and the production method are tested to prevent the influence of these 

parameters on the results. 

 

Table 12 : Uniformity Coefficient UC and the mean radii Rm as a function of the pozzolanic additions amount (PZ). 

  Preformed Direct 

Mix %PZ UC Rm (mm) UC Rm (mm) 

C100P0H0 0 8,41 0,242 9,73 0,153 

C70P30H0 30 5,1 0,188 8,1 0,088 

 

Table 12 shows the mean radius (Rm) and the uniformity coefficient (UC) of the foamed 

concretes. The air bubbles distribution is considered totally uniform if UC =  𝑟10 /𝑟90  = 1, as the 

UC ratio increases the uniformity decreases. 

Looking at Table 12 and figure 57, one can see a larger voids uniformity (UC closer to 1) for 

the mixes with pozzolanic additions (PZ=30%). This largest homogeneity is associated to smaller 

air bubble mean radius and is observed in the sample elaborated by the direct method. The 

difference in the curves between the two production methods is due to the foaming capacity, the 

preformed method has a greater capacity to generate air bubbles than the direct method. 

   

                                        (a)                                                                                               (b) 

Figure 57 : Cumulative air bubbles distribution versus radius for 0 and 30% of pozzolanic additives (PZ) 

using: (a) preformed method, (b) direct method.    
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Additionally, looking at the cross-section views of C100P0H0P and C70P0H0P preformed 

foamed concretes (Figure 58), we observe a very similar air bubble density. The pore structure of 

these two foams shows very connected bubbles which allows the formation of a very aerated 

structure with a very large open porosity amount. 

Figure 59 shows the structure of the two foam concretes elaborated by the direct method 

(C70P30H0D and C100P0H0D). The pore structure appears remarkably with smaller and more 

uniformly distributed air bubbles, a good point for an improvement of the mechanical strength. 

Pozzolan additions ensure more cohesion between particles and have the capacity to fill micro-

voids with C-S-H more than in Portland cements [162], by increasing air bubble interfaces 

thickness and blocking the air bubbles coalescence, resulting in smaller void sizes and more 

uniform distributions.  

 

C100P0H0P (ρ = 699 kg/m³) C70P30H0P (ρ = 690 kg/m³) 

  

Figure 58 : Pore structure evolution with and without pozzolanic additions using preformed method. 

 

C100P0H0D (ρ = 1454 kg/m³) C70P30H0D (ρ = 1601 kg/m³) 

  

Figure 59 : Pore structure evolution with and without pozzolanic additions using direct method. 

 

Consequently, pozzolanic additions affect both mean void sizes and their distribution in the 

porous structure, but this effect is more prominent when using the direct method. This void 

refinement effect accompanies the larger void uniformity obtained using the direct method.  
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3.4.2.2 Hemp shiv 

Our previous results show that hemp shiv incorporation affects BFCs density and porosity, 

but we have not considered so far, their effect on the distribution and sizes of air bubbles. 

 

Table 13 : Uniformity Coefficient UC and mean radii Rm as a function of the amount of hemp shiv (HS). 
 

 Preformed Direct 

Mix %HS UC Rm (mm) UC Rm (mm) 

C70P30H0 0 5.1 0,182 8.1 0.088 

C65P30H5 5 5.79 0,219 11.33 0.063 

C55P30H15 15 6.48 0.2 13.52 0.151 

 

Note that UC cannot be smaller than 1, since r90 cannot be smaller than r10. As shown in table 

13, figure 60 (a) and 61, hemp shiv does not affect the air bubbles distribution in concretes using 

the preformed method. Uniformity coefficient (UC) and mean radius (Rm) increase very slightly 

with the increase of hemp shiv. In addition, figure 60 (a) shows that the shapes of all air 

distribution curves are very close to each other, pointing for a similar air bubble distribution in 

this hemp shiv incorporation range.  

 

  

(a)                                                                                               (b) 

Figure 60 : Cumulative air bubbles distribution versus radius for various hemp shiv amounts (HS) using:  

(a) preformed method, (b) direct method.       
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C70P30H0P (ρ = 690 kg/m³) C65P30H5P (ρ = 690 kg/m³) C55P30H15P (ρ = 690 kg/m³) 

   

Figure 61 : Pore structure evolution with increasing amount of hemp shiv using the preformed method. 

 

C70P30H0D (ρ = 690 kg/m³) C65P30H5D (ρ = 690 kg/m³) C55P30H15D (ρ = 690 kg/m³) 

   

Figure 62 : Pore structure evolution with increasing amount of hemp shiv using the direct method. 

 

Using the direct method (Figure 60 (b) and 62), BFCs air distribution curves point out that 

with a small hemp shiv amount (HS = 5%) the void distribution is not affected. However, 

increasing the hemp shiv amount to 15%, this distribution is significantly modified, and a 

significant shift takes place, also the air bubbles radius increases significantly. Similarly, regarding 

the table, the UC and the mean radius Rm increase significantly, so bubbles uniformity decreases 

since UC increased. Figure 62 shows the difference between the BFCs surface with 5% and 15% 

hemp shiv using the direct method. Looking at the surface of C55P30H15, the difference in the air 

bubbles diameters is remarkable due to coalescence, which is an air bubbles instability 

phenomenon. Therefore, the UC and Rm are increased.   

The low cohesion between hemp shiv and the cement matrix has been pointed out,  resulting 

in a non-homogeneous voids distribution [106,112], then decreasing  the mechanical resistance. 

Therefore, larger incorporations of hemp shiv are aimed to result in a decrease of the compressive 

strength. 
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3.4.2.3 Production methods 

The air bubble production process also affects the physical properties and air bubbles 

distribution; therefore, the production method choice is very important to achieve the required 

BFCs functionalities. 

 

Table 14 : Uniformity Coefficient UC and the mean radii Rm as a function of production methods. 

 Mix Rm (mm) UC 

C100P0H0P 0,181 8 

C100P0H0D 0,09 4,58 

C55P30H15P 0,172 12,84 

C55P30H15D 0,165 15 

C65P30H5P 0,137 6,3 

C65P30H5D 0,075 10,26 

C70P30H0P 0,15 5.8 

C70P30H0D 0,08 4,54 

 

 

As shown in table 14, all foams produced by the direct method represent much finer air 

bubble distributions than those produced by the preformed method, e.g., C65P30H5D (Rm = 0.075 

mm) and C65P30H5P (Rm = 0.137 mm) have the same formulation with different production 

methods. C65P30H5D is produced using the direct mixing method while C65P30H5P is produced 

using the preformed method. The direct method requires a large surfactant amount to generate 

the same foam volume produced by the preformed method [60]. The air bubbles distributions of 

these two BFCs are shown in figure 60. The air bubbles size of C65P30H5D is much finer than that 

of C65P30H5P. C65P30H5D presents a very small radius Rm (mean radius), Rm = 0.075 mm, much 

smaller than that of the C65P30H5P foam, Rm = 0.137 mm. Except for the C55P30H15P/D foamed 

concretes, the radii are close due to the low uniformity caused by the low cohesion between the 

hemp shiv and the cement matrix.  

 

3.5 CEMENTITIOUS MATRIX 

3.5.1 Hydration heat 

Several studies report that hemp shiv affects the hydration heat and the hydration rates, as 

the extractive molecules diffuse in the mixing water and delay the binder hydration kinetics 

[108,150,171]. This can alter the materials properties, particularly by reducing their mechanical 

strength [29,151]. 
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Figure 63 : Hydration heat variation versus time. Figure 64 : Hydration heat kinetics. 

 

As shown in figure 63, pozzolanic additions increase the hydration heat since the metakaolin 

activates the reactions of GGBFS with the cement, creating new exothermic chemical reactions 

[152]. MK appearing to have excellent potential as an active additive for concrete production 

[172]. However, this material appears somehow particular. The hydrated phases (C₂ASH₈ and 

C₄AH₁₃), formed during the pozzolanic reaction at early periods of curing, tend to be metastable 

phases. With longer curing times, the conversion of these hydrates to hydrogarnet (stable phase) 

can be envisaged [173], increasing the hydration heat, despite the fact that GGBFS slow down the 

hydration kinetics [60,174]. Figure 64 shows that the C100P0H0 hydration reaction kinetics is 

faster than that of C70P30H0, which is normal due to the delayed effect of GGBFS on hydration, as 

it does not react directly with water. 

 

  

Figure 65 : Hydration heat variation versus time. Figure 66 : Hydration heat kinetics. 
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Looking at figure 65 and comparing the foamed concrete without hemp shiv C70P30H0 with 

the biobased foam concretes C65P30H5 and C55P30H15, it is found that the hydration reaction 

of the first one is the faster. On the other hand, the reaction speeds decrease with the hemp shiv 

amount. Moreover, curing is almost completed after 30h for C70P30H0, while nearly 50h is 

needed for the other mixtures. The hydration heat also decreases with hemp shiv incorporation, 

due to cementitious matrix structure modifications. The delay in setting observed in figure 66 

could consequently be explained by an impediment in the aluminates development (C₃A and 

C₄AF) due to the high alkalinity of the cement, leading to the degradation of the lignocellulosic 

compounds and generating by-products that prevent the setting and hardening process of hemp 

shiv [145]. Consequently, hemp shiv delay the concrete hardening [175]. In addition, the 

pozzolanic materials present in the hemp shiv composition delay the hydration process and 

prolong stabilisation over time [145].  

 

3.5.2 Study of the minerology 

Hydration heat and kinetics affect the anhydrous formation in the cement matrix and 

influence the material properties. Therefore, it is interesting to study the elemental composition 

and mineralogy (crystallographic phases). In this paragraph, the hemp shiv and pozzolanic 

additions effects on the foamed concrete mineralogical composition are studied using XRD and 

TGA. 

 

3.5.2.1 XRD 

Before discussing XRD results, it is necessary to describe the hydration reactions in action in 

portlandite cements. Based on Table 15, Portland cement hydration involves the reaction of the 

four mineral phases of which it is composed. Since cement is composed mainly of C₃S, it is the 

hydration of C₃S that controls the overall hydration kinetics.  

 

Table 15 : Mineralogical composition of ordinary portlandite cement [176]. 

Compound Weight percentage (%) 

C₃S 40 to 75 

C₂S 6 to 30 

C₃A 0.1 to 12 

C₄AF 2 to 16 

 

The terms C₃S, C₂S, C₃A and C₄AF are the abbreviations used in cement chemistry, with the 

following correspondence: 
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• C = CaO: Lime 

• S = SiO₂: Silica 

• H = H₂O: Water 

• A = Al₂O₃: Alumina 

• F = Fe₂O₃: Hematite 

Moreover, the hydration reactions equations of silicates (C₃S and C₂S) can be written [177]: 

For C₃S:  2𝐶₃𝑆 +  6𝐻 →  𝐶₃𝑆₂𝐻₃ +  3𝐶𝐻      

For C₂S:  2𝐶₂𝑆 +  4𝐻 →  𝐶₃𝑆₂𝐻₃ +  𝐶𝐻 

With: 
𝐶₃𝑆₂𝐻₃:  C-S-H, 
𝐶𝐻:  Portlandite, 
 

 
Furthermore, aluminates C₃A reacts with gypsum to form ettringite [177]: 

𝐶₃𝐴 +  3𝐶𝑆̅𝐻 +  26𝐻 →  𝐶₃𝐴. 3𝐶𝑆̅𝐻₃₂  

With: 𝑆̅ =  𝑆𝑂₃ (Sulfuric Anhydride) 

 

 

 

Figure 67 : Typical isothermal calorimetry curve of a cement.  

 

Figure 67 shows a cement isothermal calorimetry characteristic which can be divided into 

four distinct ranges, according to Boivin [178]. 

Period 1, named initial reactions. This period starts as soon as the water comes into contact 

with the cement and lasts a few minutes. The C₃S and C₃A of the cement grains react immediately 

with the water, forming ettringite and C-S-H (metastable): the ions enter into solution. 
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Period 2, named sleeping period. Heat release is low. No evolution of the paste seems to occur. 

However, chemical reactions have started: ions go into solution in the water during this phase 

(calcium ions, silicates, hydroxides and sulfates). When the mixing water is saturated with ions, 

the start of setting occurs. pH of the solution increases, which slows down the dissolution of the 

constituents. 

Period 3, named acceleration period. This period begins when the concentration of Ca₂⁺ and 

OH⁻ ions in the solution becomes critical, the electrical conductivity of the solution being then at 

its maximum. This supersaturation induces the precipitation of the portlandite. It follows then the 

mechanisms of dissolution, nucleation and precipitation of the various phases, allowing the 

formation of hydrates (ettringite, portlandite, C-S-H). This chemical activity releases a lot of heat. 

The formed hydrates begin to entangle and thus create a solid. 

Period 4, named period of slowing down. The anhydrous grains are covered by a layer of 

hydrates which thickens more and more. For the hydration to continue, water must diffuse 

through the gel pores. The heat released decreases. If the pore network is closed, part of the 

cement is never reached and therefore will never be hydrated.  It is during this period that the 

ettringite of type AFt dissolves in order to be transformed into type AFm. The complex 

mechanisms at the origin of the creation of the various hydration products that are silicates and 

aluminates are adsorption, hydrolysis, dissolution, solvation and crystallization. 

 

 

Figure 68 : XRD diagram of C100P0H0.  

 

XRD allows to analyze the pozzolanic addition and hemp shiv influence on the cement matrix. 

Moreover, it is found that the main anhydres in concrete are calcite, ettringite, portlandite, belite 

and alite. 
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Figure 68 shows the mineralogical composition of C100P0H0 obtained by XRD. It is useful to 

remember that this foam concrete is produced by 100% cement. The results obtained show that 

C100P0H0 presents mainly calcite (CaCO₃), alite (C₃S), belite (C₂S), portlandite (CH), ettringite 

(𝐶₃𝐴. 3𝐶𝑆̅𝐻₃₂) and gypsum (𝐶𝑆̅𝐻). This is similar to the results obtained in previous works 

[176,179,180].  

 

 (a) 

 

 

(b) 
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(c) 

Figure 69 : XRD diagram of: (a) C70P30H0, (b)C65P30H5 and (c) C55P30H15. 

 

Figure 69 shows XRD diagrams measured on the different types of concrete incorporating 

pozzolanic and hemp shiv. Comparing the XRD diagrams of C100P0H0 without pozzolanic 

additions (Figure 68) and of C70P30H0 with pozzolanic additions (Figure 69 (a)) the peaks from 

quartz originating from MK appear in the latter sample (see 2.2.2.1.3). Also, the diagram exhibits 

a more pronounced amorphous signature (the background oscillations are more visible, 

particularly around 2theta values below 50 degrees), due to slags (see 2.2.2.1.2). There are no 

differences in the peaks detected in the different concretes (Figure 69), so the hemp shiv does not 

modify the resulting phases of the concrete, only again a small amorphous signal increase is 

observed, due to the poorly crystalline hemps shiv structure. We did not attempt to add cellulose 

alpha or beta structures in the analysis of the concretes containing hemp shiv. Such an addition 

could provide a better fit of the diagrams but would not significantly modify the phase contents, 

since x-ray scattering from cellulose remains weak compared to other, crystalline, phases. 

 

Table 16 : Mineralogical composition of all foamed concretes obtained after Rietveld analysis of the  XRD 
diagrams. 

 Weight % 

Compounds C100P0H0 C70P30H0 C65P30H5 C55P30H15 

Calcite  44.6± 3 33 ± 2 35 ± 2 36.2 ± 1.8 

Portlandite  12.5 ± 0.7  9.9± 0.6 9 ± 0.3 6.7 ± 0.3 

Ettringite 8.4 ± 0.4 14.7 ± 0.8 14.3 ± 0.7 14.1 ± 0.8 

Alite 10.8 ± 0.6 6.8 ± 0.3 10.2 ± 0.4 9.6 ± 0.4 

Belite 15.2 ± 0.8 23 ± 1.1 19.5 ± 1 17.4 ± 0.8 

Gypsum 7.9 ± 0.1 2.3 ± 0.3 2.5 ± 0.2 1.7 ± 0.2 

Quartz 0 8.7 ± 0.4 9.2 ± 0.6 11.9 ± 0.8 
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Pozzolanic additions, composed mainly of silica and aluminate as well as metakaolin, react 

with portlandite to form C-S-H and AFm [181]. According to Badogiannis et al. [182], the cement 

replacement by 10% to 20% of metakaolin improves mechanical performances. The following 

reactions between silicates and aluminates contained in the metakaolin and portlandite occur in 

portlandite cement and water: 

2𝑆 + 3𝐶𝐻 → 𝐶₃𝑆₂𝐻₃  

𝐴 + 4𝐶𝐻 + 9𝐻 → 𝐶₄𝐴𝐻₁₃  

Moreover, the aluminates presence favors the ettringite formation. For this reason, looking at 

Table 16, it is found that the portlandite and calcite amounts decrease and the ettringite amount 

increases with the addition of pozzolanic additives. 

The large amount of C₂S and C₃S means that the hydration reactions of the silicates are not 

totally complete. This may be due to the water small amount and the setting accelerators addition 

to reduce the setting time and ensure the stability of the foam incorporated into the cement paste.  

As opposed to portlandite cement which is soluble in water, and hydrates by simple water 

addition, GGBFS needs an activator to hydrate. In this study these activators are gypsum, already 

present in the cement. Therefore, the gypsum amount is reduced in the presence of pozzolanic 

additions. 

The presence of quartz in C70P30H0, C65P30H5 and C55P30H15 is due to unreacted quartz 

caused by the presence of metakaolin which consists of 77% quartz (see 2.2.2.1.3).   

Comparing the mineralogical compositions of C70P30H0, C65P30H5 and C55P30H15, it is 

found that portlandite and gypsum amounts decrease, while calcite and quartz amounts increase 

with the increase of hemp shiv. Since cement is replaced by hemp shiv in this sample series, the 

(GGBFS + MK)/cement ratio increases, mineralogical compositions  [183]. 

 

3.5.2.2 TGA 

Figure 70 shows the TGA curves of all the foamed concretes studied in this part of the work, 

The parameters to be studied are the inclusion of pozzolanic additives and the hemp shiv content 

(5% and 15%). It should be noted that all samples are aged for 28-days. Generally, the first peak 

in the 80 - 250°C range is related to the dehydration of the pozzolanic reaction products. The first 

peak between 80 and 200°C is attributed to water release from ettringite and C-S-H [184,185]. 

Furthermore, the peak between 400 and 550°C is related to the consumption of portlandite, and 

the one between 600°C and 1000°C is attributed to calcium carbonates decompositions [186]. 
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(d) 

Figure 70 : TGA curves for the different foam concretes: (a) C100P0H0, (b) C70P30H0, (c) C65P30H5 and (d) 

C55P30H15. 

 

Table 17 : Mass variations of all foamed concretes for the different phases. 

  Mass variation (%) 

Temperature (°C) Phases C100P0H0 C70P30H0 C65P30H5 C55P30H15 

80 - 250 Evaporation of water + 

Dehydration of ettringite 

+ Decomposition of C-S-H 

(and aluminates) 

13.3 ± 0.6 17.3 ± 0.8 16.5 ± 0.8 16.2 ± 0.8 

400 - 600 Portlandite dehydration 2.9 ± 0.1 1.6 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 

600 – 1000 

  

Calcium carbonate 

decomposition 

10.6 ± 0.5 6.1 ± 0.3 7.6 ± 0.4 7.8 ± 0.4 

 

Thermogravimetric analyses (Table 17) allow to estimate the portlandite amount present in 

the cementitious materials. With increasing temperatures, portlandite decomposes into water 

and lime (CaO) according to the reaction: 

𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝑂 +  𝐻2𝑂        Eq. 22 

And according to equation (22): 

𝑚𝑝𝑜𝑟𝑡𝑙𝑎𝑛𝑑𝑖𝑡𝑒 =  
𝑀𝑝𝑜𝑟𝑡𝑙𝑎𝑛𝑑𝑖𝑡𝑒 ×𝑚𝑒𝑎𝑢 

𝑀𝑒𝑎𝑢
        Eq. 23 

 

With: 

 𝑚𝑝𝑜𝑟𝑡𝑙𝑎𝑛𝑑𝑖𝑡𝑒  : Weight of portlandite (g). 

 𝑀𝑝𝑜𝑟𝑡𝑙𝑎𝑛𝑑𝑖𝑡𝑒  : Molar mass of portlandite (73 g/mol). 
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𝑚𝑒𝑎𝑢 : Weight of water (g) lost during the specific temperature rise in the decomposition of the 

portlandite. 

 𝑀𝑒𝑎𝑢 : Molar mass of water (18 g/mol). 

To calculate the mass percentage of 𝐶𝑎(𝑂𝐻)2, the following equation must be followed: 

Weight (%) =  
 𝑚𝑝𝑜𝑟𝑡𝑙𝑎𝑛𝑑𝑖𝑡𝑒 

𝑚𝑡𝑜𝑡𝑎𝑙
 × 100        Eq. 24 

 

 

At larger temperatures, calcium carbonates decompose into carbon dioxide and lime: 

𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 +  𝐶𝑂2         Eq. 25 

 

Similarly, to portlandite, the amount of calcium carbonate present in the material is estimated 

from the mass loss corresponding to the departure of carbon dioxide:  

𝑚𝐶𝑎𝐶𝑂3
=  

𝑀𝐶𝑎𝐶𝑂3  ×𝑚𝐶𝑂2  

𝑀𝐶𝑂2

         Eq. 26 

With: 

 𝑚𝐶𝑎𝐶𝑂3
 : Weight of 𝐶𝑎𝐶𝑂3 (g). 

 𝑀𝐶𝑎𝐶𝑂3
 : Molar mass of 𝐶𝑎𝐶𝑂3 (100 g/mol), 

 𝑚𝑐𝑜₂ : Weight of CO2 (g) lost during the specific temperature rise in the decomposition of 𝐶𝑎𝐶𝑂3 . 

 𝑀𝐶𝑂2
 : Molar mass of CO2 (44 g/mol). 

Which consequently gives the mass percentage of 𝐶𝑎𝐶𝑂3: 

Weight (%) =  
𝑚𝐶𝑎𝐶𝑂₃

𝑚𝑡𝑜𝑡𝑎𝑙
 × 100        Eq. 27 

 

  

Figure 71 : Percentage of CaCO₃ and Ca(OH)₂ in 

the cement matrix according to the pozzolanic 

additions presence. 

Figure 72: Percentage of CaCO₃ and Ca(OH)₂ in the 

cement matrix according to the hemp shiv amount. 
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Table 17 shows the mass variation of all foamed concretes for the different phases obtained 

from the TGA curves in Figure 70. Pozzolanic additions lead portlandite to react with silica (SiO₂) 

to form CSH [187], and it promotes the pozzolanic products formation (Figure 70(a)) such as 

ettringite [189]. Therefore, for temperatures between 80 and 250°C, the amount of material 

released to the atmosphere (within CSH and ettringite) is larger in C70P30H0 than in C100P0H0. 

In addition, the amount of material released into the atmosphere for a temperature between 400 

and 600°C (Within Portlandite) is larger in C100P0H0 than in C100P30H0. Consequently, the 

portlandite weight percentage decreases by almost half (Figure 71).    

Furthermore (Figure 72), the portlandite amount decreases after the hemp shiv 

incorporation, which is normal since the hemp shiv inhibits pozzolanic reactions and favours 

carbonation [188] on the one hand and the MK/cement ratio still increases since the cement 

content is substituted, which reduces the portlandite content [189]. This explains the decrease in 

portlandite in the temperature range between 400 and 600°C and the TGA peak in the 

temperature between 600 and 1000°C. For Govin et al. [128], the carbonates formation is related 

to the release of carbon dioxide induced by the alkaline degradation of the hemp particles, which 

was responsible for the portlandite carbonation, favoured by the very high open porosity (looked 

at 3.3, φ > 70%). Hemp shiv negatively influences the binder hydration and hardening. Hydration 

and indirect setting are delayed, this could reduce the compressive strength, and this could be 

related to the limited amount of pozzolanic reaction products found using TGA. 

Finally, comparing the mineralogical compositions obtained by TGA and XRD a global 

coherence between the results is found, with differences in amounts of compounds and 

identifications of mineral phases. Several points should be mentioned at this stage which explain 

the difference observed. On one hand, TGA does not directly verify mineral species. For instance, 

between 0 and 250°C adsorbed water evaporates, and hydrates decompose and release gaseous 

water, without distinction of the hydrates in presence. Also, the “carbonates” TGA peak cannot 

identify which carbonate is present in the material, calcite, aragonite, magnesite… On the other 

hand, amorphous compounds which are hardly distinguishable using XRD can contribute to TGA 

curves. For instance, CSH is barely not visible using XRD while the corresponding signal in TGA 

clearly visible. Thus, the complementarity of the two approaches allows for a better 

characterization of the material.  

 

3.6 CONCLUSION 

The different types of concretes are porous materials which consist of a hollow part (pore 

structure) and a solid part (cement matrix), and we have studied these two parts according to the 
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method of production and the replacement of cement by pozzolanic additions and different 

amounts of hemp shiv. 

Regarding the void part, porosity, water accessible porosity, density and air bubble 

distribution was studied. It has been proved that the hemp shiv increases the porosity and thus 

decreases the density. Moreover, it increases the air bubble radius, which decreases uniformity. 

Additionally, the amount of cement and pozzolanic materials improve slightly the uniformity of 

air bubbles, which increases the mechanical resistance especially at 28 days. Moreover, the 

production method plays an important role in the formation of air bubbles, the pre-formed 

method is more efficient in forming foam for lightweight concretes with a density lower than 700 

kg/m³, but the direct method gives finer bubbles and a more uniform distribution. 

Regarding the solid part, it is found that the hydration heat increases with the addition of 

pozzolanic additives, and it decreases with increasing hemp shiv amounts. Studying the 

mineralogy of BFCs, it is found that the cement is not fully hydrated and by adding pozzolans, the 

portlandite amount decreases while the C-S-H and ettringite amount increases, which improves 

the mechanical strength. It is also found that the hemp shiv effect on mineralogy is only by its 

activation of carbonation in the cement paste, which negatively influences the binder hydration 

and hardening and reduces the compressive strength. 
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4. Mechanical, thermal and hydric properties 

4.1 INTRODUCTION 

As studied in the chapter 3, pozzolanic addition, hemp shiv and the production methods 

affected the cementitious matrix and the porous structure of concretes which directly influence 

their properties. 

In this part, we will study the mechanical properties, since it is considered to be the most 

important factors in measuring the foamed concrete applicability in the hardened state, then the 

thermal conductivity is investigated. Finally, sorption-desorption isotherms and capillary 

absorption are studied since is the are the most important hydric properties to study in order to 

improve the waterproofing of a material. This chapter opens the way to obtain an overview on the 

characteristics of each concrete in order to know their strengths and weaknesses.    

 

4.2 MECHANICAL PROPERTIES 

4.2.1 Compressive strength 

Generally, the foamed concretes compressive strength is largely dependent on dry density, 

porosity, age and raw materials [29,151].  

 

  

Figure 73 : Compressive strength versus density for 

concrete with/without pozzolanic additions using 

the direct method. 

Figure 74 : Compressive strength versus density 

for concrete with/without pozzolanic additions 

using the preformed method. 
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At first sight (Figures 73 and 74), the foamed concretes produced by the direct method reach 72% 

of 𝑅𝑐𝑚𝑎𝑥 (compressive strength maximal at 90 days) for C100P0H0D and 63.5% for C70P30H0D 

after 2 days while the concretes produced by the preformed method reach 53% of 𝑅𝑐𝑚𝑎𝑥  for 

C100P0H0P and 44% for C70P30H0P. In the literature, an ordinary concrete reaches 30% of 

𝑅𝑐𝑚𝑎𝑥 at 2 days, in this case the rate is higher because accelerators were used. 

Moreover, the rate of reaching maximum compressive strength of C70P30H0P/D concretes is 

smaller than those of C100P0H0P/D. This is explained by the slower hydration reactions occuring 

in C70P30H0P/D (see 3.5.1) which makes curing slower. However, at day 2, the C70P30H0P 

compressive strength was smaller than these of C100P0H0P, but it become larger at 7, 28 and 90 

days. Similar results were obtained by Al-Jumaily [170]. Using the direct method, the difference in 

compressive strengths between C100P0H0P and C70P30H0P becomes larger. Moreover, 

pozzolanic additions improve the BFCs compressive strength in both method, due to their ability 

to fill pores with C-S-H more than in portlandite cements (see 3.5.1). 

 

  

Figure 75 : Compressive strength versus time of 

various hemp shiv amounts using preformed 

method. 

Figure 76 : Compressive strength versus time of 

various hemp shiv amounts using direct method. 

 

In figures 75 and 76, the 𝑅𝑐7 𝑅𝑐28⁄  ratio for C55P30H15, C65P30H5 and C70P30H0 is 

respectively 0.53, 0.59 and 0.61 for the foamed concrete produced by the preformed method and 

0.79, 0.85 and 0.88 for the foamed concrete produced by the direct method. It also increases with 

the hemp shiv amount, which is coherent since these latter have an influence on the hydration 

heat and on the porosity of the material (see chapter 3). Furthermore, a study of the hemp shiv 

effects on cement hardening [145] shows that the high alkalinity of cement can degrade 
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lignocellulosic compounds and produce by-products which prevent the setting and hardening 

process. Consequently, hemp shiv delays the concrete hardening [175]. 

Figure 76 shows a significant drop of mechanical resistance between C70P30H0D and 

C55P30H15D. Compressive strength at 28-days decreases from 31.48 MPa to 8.88 MPa with 15% 

hemp shiv (C55P30H15D). Corresponding with the results obtained in section 3.2., the instability 

of the air bubbles due to the large hemp shiv amount resulted in low uniformity. In addition, the 

low cohesion between the hemp shiv and the cementitious matrix resulted in the formation of 

new porosity channels in the cementitious matrix. As a result, the material becomes more fragile 

and therefore the foam concrete samples without or with 5% HS have a higher strength compared 

to those with 15% HS. 

Moreover, the mechanical strength is mainly dependent on the air bubbles uniformity, 

distribution and the mean radius. Indeed, the hemp shiv effect on the mechanical resistance is 

limited with the preformed method, the mechanical resistances at 28-days range between 2.88 

and 3.33 MPa as the air bubbles distribution and their radius are closely similar. 

 

  

                        (a)                                                                                          (b) 

Figure 77 : Compressive strength of all samples in function of production method versus time. 

 

As shown in the figures 77, there is a significant difference in mechanical strength between 

the direct method and the preformed method. This difference is due to the variation in the air 

entrained amount into the concrete by these two methods. The air incorporated into the concrete 

by the preformed method is produced by a foam made from mixing the surfactant and water and 

then combining with the mineral suspension. With the direct method, air bubbles are formed 
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directly in the mineral suspension, so its formation is more difficult than with the preformed 

method. 

In addition, as already shown in 3.1, the radius size affects the porosity. Moreover, at a higher 

foam volume, bubble collapse affects negatively on the air bubbles uniformity which leads to 

lower strengths [27,190]. In addition to the air voids size and their distribution, the compressive 

strength is also influenced by the void-to-paste ratio, the air voids spacing and the number 

(frequency). Therefore, the preformed method achieves higher porosity, then lower mechanical 

strength. 

 

 

Figure 78 : Compressive strength of all samples in function of production method against density at 28-days. 

 

As shown in the figure 78, the important difference in the compressive strength of concretes 

produced by the two methods is due to density differences as explained in part 3.1. Two studies 

proposed that the compressive strength increases exponentially with density [7,8], the 

compressive strength curve as a function of foamed concrete density produced by the direct 

method follows the equation: 𝜑 = 0.7215𝑒0.0024𝜌. The compressive strengths tendency of foamed 

concretes produced by the preformed method is linear, slightly positively sloped and followed the 

equation: 𝑅𝑐 =  0.0003𝜌 + 2.8889.  

Compressive strengths of the concretes C100P0H0D, C70P30H0D and C65P30H5D are larger 

than 25 MPa, then C65P30H5D can be considered as a structural bio-based concrete. On the other 

hand, the others BFCs are semi-structural bio-based concretes as they all have a compressive 

strength larger than 2 MPa. Therefore, the direct method can be used to produce structural 
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foamed concretes and the preformed method can be used to create semi-structural foamed 

concretes.     

 

4.2.2 Flexural strength 

  

Figure 79 : Flexural strength versus time of bio-based 

foamed concrete (BFC) using the preformed method. 

Figure 80 : Flexural strength versus time of bio-

based foamed concrete (BFC) using the direct 

method. 

 

For BFC elaborated by both the preformed (Figure 79) and direct (Figure 80) methods, 

flexural strength follows similar behaviors as the compressive strength. For the BFC elaborated 

by the preformed method, the flexural strengths at 2 days are almost the same for all concretes. A 

difference between flexural strengths of hemp shiv-free (C100P0H0P and C70P30H0P) concretes 

and concretes with hemp shiv (C65P30H5P and C55P30H15P) start to be significant at 7 days. 

This is due to the beginning of the hemp shiv lignocellulose degradation in the alkaline 

environment (in this case the cementitious matrix) which reduces the flexural strength [171]. This 

is also due to the formation of gaps between the hemp shiv particles and the cementitious matrix.  

Moreover, at 90 days, the flexural strengths of concretes without hemp shiv continue to 

increase slightly while it decreases in concretes with hemp shiv, as the concrete hardening is 

almost over but the hemp shiv degradation continues.  Similarly, for the BFC generated by the 

direct method (figure 80), the flexural strength of foamed concrete without hemp continues to 

develop with time, while that for foamed concrete with hemp shiv decreases between 28 days and 

90 days. 
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Figure 81 : Flexural strength of all samples against density at 28-days. 

 

Similarly, to what was observed in the compressive strength curves, flexure strengths vs 

density curves (Figure 81) can be fitted for foamed concretes produced by the direct method 

using: 𝑅𝑓 = 0.2713𝑒0.0019𝜌 . For samples produced by the preformed method, the equation is: 

𝑅𝑓 = 0.0014𝜌 − 0.3176 , also the line slope is slightly positive for the same reasons of the 

compressive strength curve. 

The Rf/Rc ratio for the samples prepared by the direct method is between 0.15 and 0.25, while 

using the preformed method a slightly larger ratio between 0.3 and 0.45 is obtained. This 

difference is due to the density as the Rf/Rc ratio decreases with increasing density. In the 

literature, this ratio in foamed concretes with densities lower than 1000 kg/m³ is between 0.25 

and 0.35 [36] and in ordinary concretes between 0.1 and 0.2 [158]. As a result, the hemp shiv 

incorporation decreases the compressive strength more than the flexural strength resulting in an 

increased Rf/Rc ratio. 

 

4.3 THERMAL PROPERTIES 

Usually, foamed concretes exhibit excellent thermal insulation properties due to their cellular 

microstructures, and hemp shiv is also a raw material with a low thermal conductivity (almost 

0.048 W/(m.K)). Therefore, using a combination of hemp shiv in foamed concretes, one might 

expect concretes with good thermal insulation performances.  
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Figure 82 : Thermal conductivity of all samples against density at 28-days. 

 

As shown in Figure 82, regarding C100P0H0P and C70P30H0P which represent almost the 

same density, pozzolans addition decreases the thermal conductivity by 21% in accordance with 

the results obtained by Ramamurthy [2]. Also, whatever the elaboration method, the thermal 

conductivity decreases with the decrease of density, this latter being further decreased with hemp 

shiv incorporation in the foamed concrete. Indeed, the replacement of cement by hemp shiv in 

foamed concretes increases the porosity due to the low cohesion between the hemp particles and 

the cement matrix which create gaps in the cement matrix, also the hemp shiv incorporation in 

the cementitious matrix can induce porosity from the mixing phase, leading to a reduction in 

density. 

The BFCs obtained by the preformed method exhibit thermal conductivities between 0.1275 

and 0.1377 W/(m.K) for densities between 598 and 672 kg/m3, while in the literature for 

conventional foamed concretes it was observed from 0.118 to 0.199 W/(m.K) for densities 

between 300 and 500 kg/m³ [83]. Using the direct method values are observed from 0.32 to 0.65 

W/(m.K) for densities between 926 and 1632 kg/m³ [60], while the thermal conductivity of a 

normal concrete is 1.5 W/(m.K). Such observations are coherent with our values between 0.35 

and 0.55 W/(m.K)  for hemp shiv containing samples. 

Furthermore, the BFCs thermal conductivity values in function of hemp shiv amount (0, 5, 

15%) produced by the preformed method show a linear maximum range (dashed line (1) in the 

Figure 82) described by the following equation: 
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𝜆 = 1.52 × 10−4 𝜌 − 0.037        Eq. 28 

Between 598 and 703 kg/m³, a decrease in density of 100 kg/m³ results in a decrease in 

thermal conductivity of 0.0152 W/(m.K). This value is lower than the value proposed by Morozov 

et al. [191], 0.04 W/(m.K) in the case of foam concrete with a higher density (between 600 and 

1850 kg/m³). 

While the BFCs thermal conductivity values in function of hemp shiv amount (0, 5, 15%) 

produced by the direct method draws a linear maximum equation (dashed line (2) in the Figure 

82): 

𝜆 = 3.81 × 10−4 𝜌 − 0.032        Eq. 29 

A decrease in density of 100 kg/m³ results in a decrease in thermal conductivity of 0.0381 

W/(m.K). This value is close to 0.04 W/(m.K) found by Samson et al [12] . 

Therefore, the hemp shiv influence has almost the same influence of the air on the thermal 

performance of foamed concrete with density above 1000 kg/m³, while their influence decreases 

with the decrease of density. In addition, the production method affects the thermal conductivity 

slope. On the other hand, pozzolans decrease the thermal conductivity regardless of the method 

used, but with the preformed method, the slope is smaller than with the direct method, which 

makes this method preferable from the thermal conductivity point of view. 

 

4.4 HYDRIC PROPERTIES 

4.4.1 Sorption-desorption Isotherms 

Figure 83 shows the isotherms obtained for the formulations in function of hemp shiv amount 

and in function of the production method. The obtained curves both sorption and desorption 

curves are sigmoids. According to the IUPAC classification, the sorption curves could be classified 

as type II, while the desorption curves are type III. The results are consistent since these types of 

curves (Type II for sorption curves and type III for the desorption curves) are usually obtained in 

macro-porous materials. 
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                                         (a)                                                                                                (b) 

 

(c) 

Figure 83 : Isotherms of BFC in function of: (a) hemp shiv content, (b) presence of pozzolanic additions and 

(c) production method. 

 

As shown in Figure 83 (a), at low and medium relative humidity, the water content in the 

sorption phase increases at the same rate for all 3 concretes. Moreover, at RH ≤ 80 %, the sorption 

curve is nearly identical, so at low relative humidity, the hemp shiv does not affect BFC sorption. 

At the highest relative humidity levels, the C55P30H15P water content rises significantly with 

increasing humidity. At 95% RH, the water content is 9.82%. In this range of humidity, capillary 

condensation is intense for C55P30H15P while it appears progressively for the others. During 

desorption, the hemp shiv increases the water retention capacity of the material since the water 

content of the individual hemp shiv increases with the surrounding humidity due to the highly 
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hydrophilic character of all lignocellulosic materials, which brought about by their free hydroxyl 

bonds [192].   

The sorption-desorption isotherms (Figure 83 (b)) depend on the open porosity of the 

material [193], and back to Table 11 (cf. 3.3) the C100P0H0P porosity is 71.4% while that of 

C70P30H0P is equal to 70.7%, slightly smaller. Therefore, in Figure 83 (b), the two curves are 

close together, the one of C70P30H0P pointing slightly lower water contents. In conclusion, 

pozzolanic additions present an indirect effect on the sorption-desorption isotherms through its 

influence on the porosity. 

At low and medium humidity levels (Figure 83 (c)), the change in BFC water content with 

relative humidity is lower with the direct method than with the preformed method. At higher 

humidity levels, the difference in water content between the two concretes increases sharply with 

humidity. At 60% RH, regarding the sorption curve, the difference between the two methods is 

0.7%, increasing to 3% up to 95% RH. This difference is due to the difference in porosity in the 

materials [98,194]. 

In Figure 83 ((a), (b) and (c)), the end of the desorption branch does not close the loop, there 

is still a retained water content. This difference in dry mass is explained by entrapped water as 

chemically bound water and other chemical reactions such as carbonation, and the capacity of the 

material to retain water in the pores [195], in this case the material is very porous and the 

presence of hemp shiv also improves the capacity to retain water. 

Table 18 : Sorption-desorption rates and weight difference values. 

 RH (%) 10 % 25 % 40 % 60 % 75 % 90 % 

C100P0H0P Sorption (%) 0 0.92 ±0,16 1.92 ±0,09 3.13 ±0,13 5.05 ±0,19 8.23 ±0,1 

Desorption (%) 3.5 ±0.17 4.13 ±0,12 5.33 ±0,21 6.58 ±0,15 7.12 ±0,18 

∆w (%) * 3.5 3.21 3.41 3.45 2.07 

 

C70P30H0P 

Sorption (%) 0 0.85 ±0.03 1.79 ±0.05 2.92 ±0.09 4.76 ±0.15 7.43 ±0,13 

Desorption (%) 3.01 ±0.1 3.56 ±0.12 5.01 ±0.17 6.22 ±0.21 6.82 ±0.24 

∆w (%) 3.01 2.71 3.22 3.3 2.06 

 

C65P30H5P 

Sorption (%) 0 1.06 ±0.05 2.16 ±0.07 3.49 ±0.11 5.66 ±0.31 8.23 ±0,19 

Desorption (%) 3.53 ±0.09 4.15 ±0.12 5.94 ±0.23 7.37 ±0.41 8.03 ±0.32 

∆w (%) 3.53 3.09 3.78 3.88 2.37 

 

C55P30H15P 

Sorption (%) 0 0.95 ±0.02 1.86 ±0.08 3.02 ±0.18 5.31 ±0.18 9.82 ±0,24 

Desorption (%) 4.4 ±0.22 4.87 ±0.19 5.88 ±0.28 7.43 ±0.36 8.55 ±0.43 

∆w (%) 4.4 3.92 4.02 4.41 3.24 

 

C55P30H15D 

Sorption (%) 0 0.47 ±0.01 1.24 ±0.07 2.29 ±0.04 4.19 ±0.1 6.83 ±0,03 

Desorption (%) 1.5 ±0.04 2.31 ±0.08 4.07 ±0.09 5.55 ±0.1 6.2 ±0.07 

∆w (%) 1.5 1.84 2.83 3.26 2.01 

* Retained water content ∆w (%) presents the difference of water content (%) between desorption 

and sorption at a specific RH (%). 
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                                            (a)                                                                                                 (b) 

 

(c) 

Figure 84 : Retained water content of BFC in function of: (a) hemp shiv content, (b) presence of pozzolanic 

additions and (c) production method. 

 

The retained water content ∆w is greater than 0% when a material containing more water 

during desorption than during sorption at low %RH. Table 18 and Figure 83 shows the evolution 

of retained water contents ∆w over the relative humidity. For all formulations, retained water 

content presents its maximum value for a humidity of 60% in relation to the phenomenon of 

capillary condensation which tends to retain water in high quantities. 

Figure 83 (a) shows that ∆w increases with the hemp shiv amount showing that the hemp 

shiv is responsible for adsorption surfaces of the material. Figure 83 (b) discusses the difference 

of retained water content Δw between the foamed concrete C100P0H0P (without pozzolans) and 
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C70P30H0P (with pozzolans). It is noticed that the curves shape is the same, the difference 

between the values of these curves starts remarkably at 10% humidity to become almost similar 

at a humidity 75%, therefore at high humidity both foam concretes retain the same water amount. 

While in figure 83 (c), the direct method decreases the water retention due to the porosity and 

provides more hygroscopic comfort than the preformed method since for RH ranging between 20 

and 80%, C55P30H15D retains almost two times less water than C55P30H15P. 

 

4.4.2 Capillary absorption 

Capillary water absorption or sorptivity test is a reliable way of measuring the ability of a 

material to absorb and transmit water by capillarity [196].  

  

(a) (b) 

  

(c) (d) 

Figure 85 : Capillary absorption of BFC in function of: (a) hemp shiv content at first 100 min, (b) hemp shiv 

content, (c) presence of pozzolans and (d) production method. 
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The water absorption process observed in our samples can be divided into two stages: rapid 

and steady state absorption (Figure 85). In the period of rapid absorption stage (Figure 85 (a)), 

typically in the first hour, water absorption is nearly coincident for the foamed concretes included 

hemp shiv. This stage is mainly controlled by capillary pores [197]. At the end of this rapid 

absorption process, water continues to penetrate the samples, water transport reaching the gel 

pores which are the pores of the hydration product structure. This process is then mainly 

controlled by diffusion mechanisms [198]. It has been noted that the movement of water in 

foamed concretes is not just a function of porosity, but it depends on the distribution, diameter 

and continuity of the pores, as tortuosity. Therefore, the hydric behavior of foamed concretes is 

becoming more complex due to the larger volume of air voids [199]. 

Additionally, Figure 85 (b) shows the biobased foamed concretes capillary absorption with 

different hemp shiv amounts (0, 5, 15%). Capillary absorption of these concretes increases with 

increasing hemp shiv content. According to Yang et al. [200], there is a correlation between 

capillary absorption and sorption. Indeed, looking at Figure 83 (a) and Figure 85 (b), it is 

remarkable that sorption and capillary absorption increase with the hemp shiv content. This is 

due to porosity, hemp shiv increasing the porous network connectivity and increasing the 

porosity accessible to water (see 3.3). In addition, the high absorption capacity of hemp shiv 

(about 247% of its volume) possibly contributed to this increase in capillary absorption. 

Figure 85 (c) represents the foamed concretes with and without pozzolanic additions, as well 

as without the hemp shiv addition. In this figure, it is found that both curves evolve with time in 

the same way, but C70P30H0P absorbs less water by capillarity than C100P0H0. Looking at the 

porosity and water accessible porosity of these two concretes (see 3.3) and their air bubble 

distributions (see 3.4), it appears that the ones of C70P30H0 are slightly smaller than that of 

C100P0H0, and the air bubbles distribution of C70P30H0 is more uniform than that of C100P0H0. 

Moreover, the average radius of C70P30H0 voids is smaller than that of C100P0H0, so the air 

bubble instability phenomenon (coalescence) (see 1.1) is more significant in C100P0H0. In 

addition, the coalescence lead to more connected and larger porosity which raises the capillary 

absorption [201]. Indeed, it was proven that the capillary absorption rate depends on the porosity 

[74] and it increases with decreasing density [202].  

The direct method results in low water accessible porosity samples compared to the 

preformed method (see 3.3). It is then coherent to observe a lower capillary absorption in the 

former than in the latter (Figure 85 (d)). This is also in accordance with the isotherm sorption-

desorption results. 
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Figure 86 : Capillary water absorption versus Time. 

 

The capillary water absorption coefficient 𝐶𝑎  is usually used as the main parameter to 

estimate the liquid water transfer capacity in building materials. Figure 86 shows an example of 

the capillary absorption coefficient 𝐶𝑎 calculation, the linear variation slope equation represents 

the capillary absorption coefficient which in this case is equal to 0.886. The lines slopes calculation 

of the other concretes is found in the Appendix 5. 

 

Table 19 : Capillary absorption coefficients for all samples. 

Samples Capillary absorption coefficient 𝐶𝑎 

(kg/(m².√h)) 

C100P0H0P 1.21 

C70P30H0P 0.88 

C65P30H5P 1.19 

C55P30H15P 1.62 

C100P0H0D 0.83 

C70P30H0D 0.63  

C65P30H5D 0.72 

C55P30H15D 0.976  

 

 

Table 19 shows that the capillary absorption coefficients of the BFCs range between 0.63 and 

1.62 kg/(m².√h)). According to the norm NF EN 1504-2, a concrete is considered waterproof if its 

capillary absorption coefficient is smaller than 0.1 kg/(m².√h). Clearly, according to our measured 

capillary absorption coefficients, the elaborated BFC’s cannot be considered waterproof with 
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respect to this norm. However, the direct method provides samples two times more waterproof 

the ones elaborated using the preformed method. The use of pozzolans also slightly favors 

waterproofing, this latter property not being destroyed for low contents of hemp shiv (compare 

D-samples). Also, the hemp shiv incorporation in D-samples has less destructive effect concerning 

waterproof properties than in P-samples.  

 

4.5 FOAMED CONCRETES GLOBAL EVALUATION 

 The objective of this thesis is to develop and investigate a bio-based, structural, insulating and 

waterproof foamed concrete. We selected consequently, five main performances in order to 

evaluate the concretes:  

- Mechanical performances, based on the previous compressive and flexural strengths 

to identify the potential functionality of these concretes (self-supporting or 

structural). 

- Thermal performances, based on the thermal conductivity, to identify insulating 

capacities. 

- Lightness, based on the density values, to ease implementation and reduce 

construction costs, make the material more fire resistant and sound insulator. 

- Ecology, using estimation of CO₂ emissions.   

- Waterproofing, based on capillarity measurements 

 

  

(a) C100P0H0P (b) C100P0H0D 

  

Impermeability

Mechanical
Strength

Thermal
resistance

Lightness

Ecological

Impermeability

Mechanical
Strength

Thermal
resistance

Lightness

Ecological



Chapter 4: Mechanical, thermal and hydric properties 

130                                                                                                                                            Abdelrahman MOHAMAD, 2021                                                    

  

(c) C70P30H0P (d) C70P30H0D 

 

  

(e) C65P30H5P (f) C65P30H5D 

 

  

(g) C55P30H15P (h) C55P30H15D 

Figure 87 : performance radar of different foamed concrete. 

 

Looking at Figure 87 (a, c, e and g), we notice that the foamed concretes manufactured by the 

preformed method are characterized by their lightness, their thermal resistance and their 

ecological characteristics, but their levels of mechanical resistance and waterproofing are modest. 

While it is the opposite for the concretes made by the direct method (see Figure 87 (b, d, f and h)). 

Looking at Figure 87 (c and d), the pozzolanic additions reduce the CO₂ emissions and slightly 

improve the mechanical performances. The remaining performances are almost negligibly 

affected and globally, the pozzolans addition goes the right way. 
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In this study, the cement was replaced by two different hemp shiv quantities, 5 wt% and 15 

wt% of cement: 

- With 5% (Figure 87 e and f), the ecological character is slightly improved, for the 

other performances the influence is almost negligible globally.  

- With a higher amount of hemp shiv (Figure 87 g and h), using the preformed 

method, the performance is very close to that of C70P30H0 and C65P30H5 except 

that it is more ecological but using the direct method, the thermal performances 

and impermeability are reduced.  

So, using the preformed method, we find that, comparing the different concretes, the bio-

based foamed concrete C55P30H15P gives the best performances, a good insulation (λ = 0.12 

W/(m.k)), lightweight (ρ < 600 kg/m³) and ecological (CO₂ emission: 384 kg CO₂/m³), but at the 

level of mechanical resistance, it is a non-structural self-supporting concrete. Concerning 

waterproofing, the results are modest, with a capillary absorption coefficient of 1.62 kg/(m².√h) 

while for a waterproof concrete, this rate must be equal to w = 0.1 kg/(m².√h). 

On the other hand, the C65P30H5D exhibits the best mechanical performances among the 

concretes manufactured by the direct method, it is structural with a compressive strength almost 

of 32 MPa, a lightweight (ρ = 1600 kg/m³) and an average thermal insulation character (λ = 0.53 

W/(m.K)),  almost 3 times less than a thermal conductivity of an ordinary concrete (λ = 1.75 

W/(m.K)). In addition, the water absorption coefficient is equal to 0.72 kg/(m².√h), which is still 

far from a waterproofing capacities. 

Therefore, to improve the waterproofing of the material, it is necessary to use water 

repellents.   

 

4.6 CONCLUSION 

This chapter shows an analysis on the effects of cement replacement by hemp shiv and 

pozzolanic additions, and foaming method on the mechanical strength, thermal and hydric 

properties. 

Pozzolanic additives delay the hydration, therefore the mechanical strength increases slowly 

between 2 to 7 days compared to concretes without pozzolans. It is also found that the 

compressive strength is increased when using pozzolans thanks to their pore filling ability. Their 

effect on thermal resistivity is low. Also, it slightly decreases sorption and capillary absorption. 
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Hemp shiv also delays the hydration. Moreover, it has a negative effect on the mechanical 

strength, since the lignocellulose degradation in the cementitious matrix creates new pores in the 

cementitious matrix, which increases the porosity amount and decreases the density and 

mechanical strength. Additionally, at low and medium relative humidity, the hemp shiv has no 

effects on the BFC adsorption, but at the highest relative humidity levels the adsorption increases 

significantly with the increase of hemp shiv amount. Hemp shiv enhances the retained water 

amount in the concrete. 

Furthermore, since the porosity changes significantly between the direct method (70%) and 

the preformed method (40%), the process method influences on all properties is evaluated. Using 

the direct method provides structural concretes with adequate mechanical strengths for all 

concretes except the concrete with a large amount of hemp shiv (15%). But their thermal 

resistance remains modest compared to the ones of concretes produced by the preformed 

method, which also are self-supporting or semi-structural foam concretes. The direct method 

decreases the adsorption more than the preformed method. Capillary water absorption increases 

with the increase of the hemp shiv amount and the direct method decreases this absorption 

compared to the preformed method. 

A global evaluation of concrete foams is investigated. This evaluation is based on 5 main 

performances, mechanical and thermal performances, lightness, ecology and waterproofing. 

C55P30H15P is the best among the foamed concretes produced by the preformed method. This 

concrete is characterized by its lightness, low thermal conductivity and ecological character. On 

the other hand, C65P30H5D is chosen among the foamed concretes produced by direct method 

due to its mechanical and medium thermal performances. However, these two concretes have low 

water resistance. 

Finally, among the concretes studied, we find non-autoclaved, bio-based, insulating and 

structural foamed concretes, but none of them exhibits a waterproof character, and cannot find 

applicability toward hygrothermal comfort. Therefore, in the following chapter we will discuss 

the waterproofing of the material and the ways to develop it, and then operate a thermal 

simulation using an optimized material.  
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5. Waterproofing and thermal simulation of 

bio-based foamed concrete 

5.1 INTRODUCTION 

The objective of this chapter is to study the surface and mass water repellents influence on 

the formation of foam, and on its physical, thermal, hydric and mechanical properties in order to 

improve the waterproof character of our material. Also, to analyze a thermal simulation of a house 

using the BBISE material as a wall. 

The BFC concretes selected previously are chosen for studying their waterproofing character 

after the mass and surface water repellents addition. Studies on capillary absorption, physical and 

mechanical properties are investigated to determine the influence of the use of mass and surface 

water repellents on the concretes. 

Furthermore, a thermal simulation using the software Pleiades is launched after the 

application of the new sandwich concrete which is based on the selected BFC in a house to study 

the hygrothermal comfort and the energy consumed for heating and cooling. 

  

5.2 WATER REPELLENTS 

The water absorption or moisture has a significant negative influence on the physical and 

mechanical properties, and durability of the foamed concretes. Moreover, it is reported that the 

water flow in foamed concretes depends on the pore distribution, diameter, continuity and 

tortuosity [76].  

 
 

Figure 88 : Schematic representation of mass 

water repellents on the pores [203]. 

Figure 89 : Schematic representation of surface 

water repellents on the pores [203]. 
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Figure 90 : External waterproofing coating  

 

To improve the foamed concretes waterproofing, it is advisable to use water repellents, due 

to their ability to prevent water from penetrating the concrete. Medeiros et al. [68] studied the 

water repellents effects on a conventional concrete and found that the chloride diffusion 

coefficient is reduced by 80%, while the capillary absorption coefficient is reduced from 73% to 

98%. 

Waterproofing methods include mainly internal mixing (Figure 88) and external coating 

(Figure 89) [204,205]. External coating is achieved by spraying the water repellent on the surface 

(Figure 90). It is applied after the concrete has fully cured (at 28 days). It decreases water 

absorption by changing surface tensions to repel water. In fact, water repellents penetrate inside 

the concrete where they attach themselves to the inner walls of pores. These products do not block 

the pores, but rather coat them with a very thin film that leads to a reduction in surface tension. 

Thus, a water drop will remain in a spherical form on the surface and will not spread. Therefore, 

the water repellents only influence the water absorption but not the hydration property of 

concrete in the external coating method. Internal mixing method is performed by mixing the water 

repellent with the fresh mix. Compared with the external coating method, when water repellent 

is mixed with the raw materials, it not only reduces the BFC water absorption but also influences 

the paste mechanical properties. In other words, the mass water repellent is not only a water 

repellent for the internal mix of the cement paste that improves the concrete waterproofing, but 

it is also favorable for the compressive strength [71]. 

Two water repellents are applied in this study, to investigate the influence of two different 

types of water repellents on the physical and mechanical properties and on the capillary 

absorption.  
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MasterLife WP 760 concrete mass water repellent (MW) works by dispersing into the 

concrete. Its action consists in obstructing the capillary networks, thus preventing the water flow 

in these networks. This action has two effects: on the one hand, the capillary effect is strongly 

reduced, thus reducing the water penetration or external agents into the concrete; on the other 

hand, the free lime naturally resulting from the cement hydration is fixed in the interior of the 

concrete, thus reducing the risk of efflorescence. 

MasterPel 300 concrete surface water repellent (SW) is a colorless product in aqueous phase 

for the concrete protection, to pulverize, guaranteeing the protection of the concretes surfaces 

without modifying their aspect. Non-film forming, it allows the substrate to breathe, protects 

against water, oil and dirt penetration. Table 20 represents characteristics of the used water 

repellents. 

 

Table 20 : Characteristics of water repellents used to elaborate the cementing materials. 

 MW SW 

Consistence liquid liquid 

Color White Incolor 

Density (g/cm³) 1.03 ± 0.02 1.00 ± 0.02 

pH 10.5 ± 1 6 ± 1 

 

 

5.3 FORMULATIONS 

In this chapter, there is only one parameter that changes for two basic formulations that are 

chosen in 5.2, C65P30H5D and C55P30H15P. These nomenclatures are followed by "S" which 

designates the concrete treated by the surface water repellent MasterPel 300 and "M" which 

designates the concrete in which the mass water repellent MasterLife WP 760 is incorporated.  

Table 21 : Formulations of all concretes studied in chapter 5. 

Mixes 

Names 

Fresh 

density 

(kg/m³) 

Composition of mixture (kg/m³)  Wt/L 

CEM I GGBFS MK HS SP Acc MW FAG  

C65P30H5D 1542 780 240 120 5.6 11.4 11.4 - 2.1 0,32 

C65P30H5DS 1542 780 240 120 5.6 11.4 11.4 - 2.1 0,32 

C65P30H5DM 1542 780 240 120 5.6 11.4 11.4 11.4 2.1 0,32 

C55P30H5P 834 385 140 70 9.8 6.1 6.1 - 2.1 0,35 

C55P30H5PS 834 385 140 70 9.8 6.1 6.1 - 2.1 0,35 

C55P30H5PM 834 385 140 70 9.8 6.1 6.1 11.4 2.1 0,35 
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For example, in Table 21 which represents the concretes compositions, "C55P30H5PM 

consists of 55 wt% of cement, 30 wt% of cement is replaced by pozzolans, 15% is replaced by 

hemp shiv, the production method is the preformed method " P " and mass water repellent applied 

is " M ". 

The mass water repellents amount used is 1 wght%. This percentage is based on previous 

studies looking at the effect of different water repellents quantities on foamed concretes, 1% being 

the optimum amount between capillary absorption and compressive strength [70]. 

 

5.4 WATERPROOFING 

5.4.1 Physical properties 

Several studies have shown the influence of the water repellents addition on the conventional 

concrete physical properties, but these studies on foamed concretes are very rare. Most of these 

studies have found limited influence. Furthermore, the effects of adding water repellents vary 

between concrete types. With conventional concretes the density is found to decrease due to their 

ability to encapsulate air into the paste [206], while with foamed concretes it increases the density 

as it slightly affects the foam stability [71]. 

  

Figure 91 : Density of all samples Figure 92 : Porosity of all samples. 

 

In Figures 91 and 92, Comparing BFCs porosity and density without water repellent (C65P30H5D 

and C55P30H15P) and others with surface water repellent (respectively C65P30H5DS and 

0

200

400

600

800

1000

1200

1400

1600

1800

D
en

si
ty

 ρ
(K

g/
m

³)

0

10

20

30

40

50

60

70

80

90

100

P
o

ro
si

ty
 ρ

(%
)



Chapter 5: Waterproofing and thermal simulation of bio-based foamed concrete 

Abdelrahman MOHAMAD, 2021                                                                                                                                            139  

C55P30H15PS), it is found that they are almost equal. The surface water repellent is applied to 

the hardened concretes, and it does not change these physical properties. 

But it is found that by incorporating water repellent in mass, porosity reduces by 15.5% and 5.3%, 

for C65P30H5DM and C55P30H15PM, while density increases by 8.8% and 12.9%, respectively. 

This difference shown by the addition of bulk water repellent is caused by the change in the 

material phases since the bulk water repellent included in the cement paste affects the foam 

stability. Indeed, Ma et al. [71] found that the water repellent added to the foam concrete has low 

influence on the foam stability, resulting in the dry density since the stability of the foam reduces 

the air bubbles deflation, then it keeps the air in the cementitious matrix which affects the dry 

density. 

 

5.4.2 Capillary absorption 

Foamed concrete structure is characterized by the formation of macropores and micropores 

in the cementitious matrix [207]. Macropores are pores with a diameter larger than 60 µm [208], 

and are formed due to the mass expansion during the aeration process, while micropores are 

formed between the macropores walls [209]. It is known that water tends to be absorbed easily 

into the foam concrete due to the large air voids amount available inside the concrete. Therefore, 

the water repellents are used to reduce the water absorption of foamed concrete. 

Water repellents are used primarily to improve the material impermeability, i.e. to reduce 

water penetration into the cementitious structure. Capillary absorption or sorptivity tests are 

used in several studies to measure the water repellents feasibility on concretes [71,76,204,206] 

in accordance with NF EN 1504-2 . 

 

  

Figure 93 : Capillary absorption of C55P30H15P 

using the two types of water repellents 

Figure 94 : Capillary absorption of C65P30H5D 

using the two types of water repellents 
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Figure 93 shows C55P30H15P capillary absorption with and without using water repellents. 

It can be seen that the capillary water absorption of C55P30H15P needed a long time to reach 

stability (almost 100h) due to its high porosity (> 74%), while for C55P30H15PS and 

C55P30H15PM it required only 8h and 30 min respectively. Capillary absorption is decreased by 

89% (from 0.604 to 0.071 g/cm²) using a surface water repellent, while it decreases by 99% (from 

0.604 to 0.013 g/cm²) for a bulk water repellent.  

Similarly, Figure 94 shows capillary absorption of C65P30H15P with and without water 

repellent. The C65P30H15D initial capillary absorption needing 48h to reach its maximum value, 

while for C65P30H15DS and C65P30H15DM only 8h and 5 min are necessary respectively. For 

the latter sample, capillarity is filled completely quasi instantaneously. Capillary absorption is 

decreased by 99%, from 0.293 to 0.004 g/cm². 

Table 22 gives the determined capillary absorption coefficients for all samples. The 

calculation of the capillary water absorption coefficient 𝐶𝑎  is presented in the Appendix 6 by 

determining the linear variation slopes of the capillary water absorption. 

Table 22 : Capillary absorption coefficients using different water repellents. 

Samples Capillary absorption coefficient 𝐶𝑎 

(kg/(m².√h)) 

C55P30H15P 1.52 

C55P30H15PM 0,04 

C55P30H15PS 0,33 

C65P30H5D 0,78 

C65P30H5DM 0,01 

C65P30H5DS 0,19 

 

It is found that for both BFCs, surface water repellency reduces capillary absorption 

coefficient between 75 and 78%, while mass water repellency reduces 99% of capillary 

absorption. Mass water repellency is therefore more effective than surface water repellency. 

 

  

Figure 95 : Waterproofing of C55P30H15PM Figure 96 : Waterproofing of C65P30H5DM 
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Moreover, C55P30H15PM (figure 93) and C65P30H15DM (figure 94) capillary absorption 

coefficients are equal to 0.04 and 0.01 kg/(m².√h), respectively. Both are considered as a 

waterproof concrete according to NF EN 1504-2 [203], since they exhibit capillary absorption 

coefficients lower than 0.1 kg/(m².√h). Moreover, the capillary absorption coefficients are 

significantly reduced by using the surface water repellent but the BFCs do not exhibit waterproof 

character since the capillary absorption coefficients show 0.19 and 0.33 kg/(m².√h), respectively 

for C55P30H15PS and C65P30H15DS .    

 

5.4.3 Mechanical strength 

Since the water repellent affects the porosity and especially the surface porosity, it is 

necessary to study the mechanical strength. Figures 95 and 96 show the compressive and flexural 

strengths of C55P30H15P and C65P30H5D, respectively, with and without water repellents. 

 

  

Figure 97 : Compressive strength of all samples.  Figure 98 : Flexural strength of all samples 

 

Figure 97 shows that the compressive strength is not affected when using surface water 

repellent for both BFCs C55P30H15P and C65P30H5D, but when using mass water repellent, the 

compressive strength increases significantly, by 23.8% from 3.17 to 4.16 MPa for C55P30H15P 

and by 17.9% from 27.02 to 32.93 MPa, same results were found in the literature [210,211]. This 

increase in compressive strength is related to the porosity amount which is decreased when using 

mass water repellent. Figure 92 shows that the porosity decreased by using mass water repellents 

from 74.1 to 69.7 % and from 36.3 to 30.6 %, for C55P30H15P and C65P30H5D respectively. 

Figure 98 shows that the flexural strength follows a similar behaviour as the compressive 

strength. Comparing the Rf/Rc ratio of BFCs without and with mass water repellents, we find that 
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for C65P30H5D this ratio ranges between 0.13 and 0.14, and for C55P30H15P between 0.30 and 

0.34. As a result, in general, we find that there is no significant difference when using water 

repellents, though they affect compressive and flexural strengths proportionally.  

 

5.4.4 Thermal conductivity 

 

Figure 99 : Thermal conductivity of all samples. 

 

The measurement of thermal conductivity is essential to identify the insulating character of 

the material. Surface water repellent does not affect thermal conductivity (Figure 99). However, 

a 2% and 5% increase occurred, from 0.556 to 0.5691 W/(m.K) and from 0.1299 to 0.1371 

W/(m.K), adding mass water repellent to C65P30H5D and C55P30H15P, respectively. In 

conclusion, the water repellents addition has no significant effect on the biobased foamed 

concrete thermal conductivity. 

 

5.5 THERMAL SIMULATION 

The objective of this numerical analysis is to evaluate how the thermal simulation of a house 

using our bio-based foam concretes can be valorized to feed a calculation tool likely to numerically 

model the mechanical response of foam concretes. This feasibility study is mainly focused on 

thermal and hygrothermal comfort, and energy consumption during heating and cooling. RT2012 

compliant materials used in real life low energy buildings are compared with the results using our 

sandwich materials. 
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5.5.1 Methods 

 
 

Figure 100 : 3D house vision  Figure 101 : 2D house plan 

 

To launch a thermal simulation using the Pleiades software, several steps must be identified. 

The first step consists in designing a house model. A free model from an internet site (figure 100 

and 101) was chosen [212]. This house is small and simple, consisting of a living room and kitchen, 

bedroom, WC and a bathroom. In this study the thermal behavior and hygrothermal comfort of 

the living room and the heating and cooling total consumption are targeted. 

Then the scenario must be identified, i.e., the number of inhabitants (2 persons), the electrical 

instruments (television, light...) and the time of functioning must be defined (see annex). It is very 

important to determine the living system since it affects the energy consumption in the building.  

Next, the weather and the house location was identified, because for each environment the 

weather and the effective temperature and humidity are different. These parameters are the main 

criteria that define the functioning and the feasibility of the used materials. 

 

5.5.1.1 Materials 

In this study, all conditions are unchanged, only the exterior wall materials are modified. Two 

materials are used and compared in this part. On the one hand, the sandwich material BBISE 

coming from the French acronym: (Béton Biosourcé Isolant Semi-structurel et Etanche à l'eau) 

which means Biobased Concrete Semi-structural Insulation and Waterproof. On the other hand, 

an assembly of heavy concrete and rock wool identified in the library of software Pleiades. Both 

materials are heterogeneous.  
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5.5.1.1.1 BBISE 

5.5.1.1.1.1 Input 

Since Pleiades can include heterogeneous materials, we need to know several values, such as 

density, thermal conductivity and specific heat of each compound of BBISE, C55P30H15PM and 

C65P30H15DM. As known, density and thermal conductivity are already measured in section 

5.5.1 and 5.5.4 respectively.  

The specific heat at constant pressure, Cp is the energy that necessary to increase by 1 degree 

1 kg of the material or conversely the quantity of heat that 1 kg of material releases when its 

temperature decreases by 1 degree. The unit for Cp is J/(kg.K) in the international SI unit system. 

I wonder if this paragraph is necessary. These are definitions of 1st year thermodynamics at 

university ... 

Heat capacity of a mixture can be calculated using the rule of mixtures. The new heat capacity 

depends on the proportion of each component, which can be calculated from the mass at a given 

temperature:  

 

𝐶𝑝𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =  (
𝑚1

𝑚𝑚𝑖𝑥𝑡𝑢𝑟𝑒
) . 𝐶𝑝1 + (

𝑚2

𝑚𝑚𝑖𝑥𝑡𝑢𝑟𝑒
) . 𝐶𝑝2      Eq. 30 

With, 

Cp = Heat capacity (J/kg.K). 

𝑚i = Mass of constituent i (kg). 

𝑚𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = Total mass of the mixture, 𝑚1 +  𝑚2 (kg). 

 

Table 23 : Heat capacity of principal compounds of BFCs. 

Concrete type Heat capacity Cp (J/kg.K) 

Foamed Concrete (1400 kg/m³) [213] 794 

Foamed Concrete (700 kg/m³) [213] 879 

Hemp shiv 2100 

 

To calculate the BFCs heat capacity, raw material values are extracted from the literature 

(Table 23), then a calculation based on eq. 30 and the values of Table 23 for the total heat capacity 

of C55P30H15PM and C65P30H15DM (see Table 24). 
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Table 24 : Density, thermal conductivity and heat capacity of BFCs. 

Concrete type Density ρ 

(kg/m³) 

Thermal conductivity λ 

(W/m.K) 

Heat capacity Cp 

(J/kg.K) 

C55P30H15PM 1650 0.1371 1062 

C65P30H15DM 714 0.5691 859 

 

After obtaining the BBISE components density, thermal conductivity and heat capacity, their 

dimensions must be identified. 

 

5.5.1.1.1.2 Dimensions 

As shown in figure 102, BBISE is a sandwiched concrete which made of 3 layers, 2 outer layers 

of structural insulation, waterproof concrete based on C65P30H5DM, and one inner layer of non-

structural insulation based on C55P30H15PM. Figure 103 shows a real example of the BBISE20. 

 

 

 

Figure 102 : Composition of the different sandwiched concretes. 

 

 

   

Figure 103 : Sandwiched concrete BBISE. 
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As shown in Table 25, BBISE several dimensions are studied (20, 25, 30 and 40 cm). The 

thermal conductivity of this concrete is 0.1969 W/(m.K).  

A material thermal resistance depends on the thickness of the material (e, in meters) and its 

thermal conductivity (λ):  

𝑅 =  𝑒 𝜆⁄  in m².K/W units.       Eq. 31 

 

The total thermal resistance of a wall is equal to the thermal resistances sum of each material 

layer that constitutes it: Rwall = Rmaterial1+Rmaterial2+ ... 

 

Table 25 : Different types of BBISE used in this simulation. 

Concrete type Zone (a)  

(cm) 

Zone (b)  

(cm) 

Zone (c) 

(cm) 

Thermal resistance R 

(m².K/W) 

BBISE20 4 12 4 1.02 

BBISE25 5 15 5 1.27 

BBISE30 6 18 6 1.52 

BBISE40 8 24 8 2.03 

 

The larger the thermal resistance, the more insulating the wall is. Thermal resistance 

increases with the thicknesses of the constituting concretes. Based on RT2012, thermal resistance 

of the material used in a new building must be greater than 2.8 m².K/W, so that the BBISE 

thickness would have to reach 55 cm to become eligible to RT2012. 

 

5.5.1.1.2 Heavy Concrete and Rock Wool (CRW) 

CRW presents a combination between conventional heavy concrete with a specific dimension 

(20 cm) and various thicknesses of an insulation used often in the market, the rock wool, with 

respect to the dimensions used with the BBISE. Note that CRW40 (Table 26) is given in the 

software library of Pleiades and this assembly is used in the low energy building which granted to 

RT2012.  

Table 26 : Different types of CRW used in this simulation. 

Concrete type Heavy concrete  

(cm) 

Rockwool  

(cm) 

Thermal resistance R 

(m².K/W) 

CRW20 20 0 0.11 

CRW25 20 5 1.33 

CRW30 20 10 2.55 

CRW40 20 20 4.99 
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Table 26 presents the dimensions of CRW materials and their thermal resistance. CRW’s 

exhibit clearly a larger thermal resistance than BBISEs.   

 

5.5.1.2 Pleiades 

We chose this software because it is certified and provides thermal simulation of a building 

in real conditions, including hygrothermal comfort and energy consumption at heating and 

cooling.  

 

  

Figure 104 : 3D vision on Pleiades Figure 105 : 2D plan of the house on Pleiades 

 

Firstly, the software requires a definition and dimensioning of the house (Figures 104 and 

105), then the materials used in the external and internal walls, ceiling and slab. After this stage, 

the heat transfer technique, the house location and the living scenario (Inhabitants number, 

occupancy hours, ideal temperature in the rooms) are described. All these scenarios are 

standardly included in Pleiades. 
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5.5.2 Results and discussion 

5.5.2.1 Thermal comfort  

BBISE and CRW concretes are compared by thickness, for example BBISE20 is compared to 

CRW20. This eases to check influences of thermal and hygrothermal performances. 

 

5.5.2.1.1 Brager zone 

In warm periods, the occupants accept a larger temperature than in cold periods. This is the 

hypothesis on which the Brager comfort diagram is based, and which is now used in the STD 

module. 

This model is valid between -10 and 40°C of outside temperatures (x-axis of Figure 106). It 

assumes that the ideal inside temperature (y-axis of Figure 106) for 90% of the population is 

between 17 and 22°C in cold weather and between 26 and 31°C in warm weather. This assumption 

sets the "comfort zone" materialized by the two black lines on the diagram (low limit and high 

limit). A linear interpolation is assumed between the two regimes of cold and warm weathers. 

 

 

Figure 106 : Brager zone of BBISE20 and CRW20. 

 

The Brager diagram gives an image of the evolution of the house operating (inside) 

temperature (weighted average between the temperatures of the ambient air and the room walls 

temperature) as a function of the outside temperature of the moment. The study is made for one 

year, 365 consecutive days, each point represents a day (red for using CRW and green using 

BBISE). When the point is located between the two black lines, the comfort is normally assured. It 
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should be noted that this simulation was launched without putting any heating or cooling 

application. 

Figure 106 shows the Brager zone of BBISE20 and CRW20. For 25.4% of all days for one year, 

BBISE20 provides thermal comfort while for CRW20 it is only 14.4%. This difference is due to the 

variation in thermal resistance between the two materials, especially since CRW20 is made of 

heavy concrete only, which has a very low thermal resistance, almost 0.11 (m².K/W), while the 

thermal resistance of BBISE20 is 1.02 (m².K/W). 

It is also found that for both materials most of the temperature points are below the Brager 

zone, the insulation capacity of both materials being poor.  

 

 

Figure 107 : Brager zone of BBISE25 and CRW25. 

 

Looking at figure 107, it is found that the CRW thermal comfort percentage doubles with the 

5 cm addition of rockwool to become 29.5% while for BBISE, it increases by 2% only to become 

27.7% due to the increase of 5 cm in thickness. These results are expected, the CRW thermal 

resistance increases from 0.11 (m².K/W) without rockwool (CRW20) to 1.33 (m².K/W) by adding 

5cm of rockwool (CRW25). For BBISE, the slight increase in thermal comfort percentage is due to 

the increase in thickness, keeping the same physical and thermal properties. In this case the 

thermal resistance is increased from 1.02 (m².K/W) with BBISE20 to 1.27 (m².K/W) with 

BBISE25.  
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Figure 108 : Brager zone of BBISE30 and CRW30. 

 

Comparing CRW25 and CRW30, it is found that the thermal comfort percentage did not 

increase by a large amount (0,16% only), compared to the increase observed between CRW20 and 

CRW25 when the first 5 cm of rockwool was added. In Figure 108, CRW30 makes the thermal 

comfort percentage reach 29.66%, while it was 29.5% in CRW25. On the contrary, for BBISE 

concretes thermal comfort increases almost linearly (2%), by adding 5 cm thickness to become 

29.7%. The CRW30 thermal resistance is 2.55 (m².K/W) while this resistance is 1.52 (m².K/W) 

for BBISE. Despite the difference in thermal resistance between both materials, their thermal 

comfort percentage is similar, so is the distribution of temperature points. 

 

Figure 109 : Brager zone of BBISE40 and CRW40. 
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Further, with increasing the insulating material thickness (Figure 109), the CRW40 largest 

temperature points concentration is above the Brager zone (T > 22°C), while that of BBISE40 is 

concentrated below it. The CRW40 thermal resistance is 4.99 (m².K/W), 2.5 times larger than that 

of BBISE40 (2.03 (m².K/W)), so the ability to retain heat in the house using CRW40 is larger than 

using BBISE40. Despite this capacity, it is found that the thermal comfort percentage using CRW40 

is 30% instead of 29.6% using BBISE40. These 2 percentages are almost similar, so using BBISE40 

we will have the same thermal comfort without heating or cooling.  

For a better comfort in the house, it is important to consider the hygrothermal comfort which 

is not only influenced by the thermal resistance and the outside temperature but also by the air 

humidity effect. Givoni has created a diagram from which we can study the comfort based on the 

temperature, the humidity and the air velocity. 

 

5.5.2.1.2 Givoni diagram 

Givoni's diagram makes it possible to plot comfort ranges on a psychrometric chart (Figure 

110). In this diagram, the absolute humidity is the ordinate, the dry-air temperature on the 

abscissa and the relative humidity gives the functioning zone. This model for determining thermal 

comfort includes evapotranspiration and considers no gaz condensation. The Givoni diagram, 

established for a passive activity, defines, on the diagram of humid air, comfort zones 

corresponding to different ranges of air speed. In this study, the air speed is considered 0 m/s in 

all cases, this range corresponds to the classical comfort models (valid up to 0.20 m/s). So, the 

comfort zone is CZ presented in Figure 110.  

 

 

Figure 110 : Givoni's diagram based on a psychrometric chart [214]. 
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Figure 111 : Givoni diagram using BBISE20. Figure 112 : Givoni diagram using CRW20. 

 

Figures 111 and 112 show the BBISE20 and CRW20 Givoni diagram, respectively. At first 

sight, CRW20 and BBISE20 hygrothermal comfort percentages are close to the previous thermal 

comfort percentages obtained by the Brager zone, 22.4% and 13.1% for BBISE20 and CRW20 

respectively. Also, using CRW20, it is found that there are points on the graph that represent 

temperatures reached 2°C with high relative humidity almost 100% (The orange curves in the 

figures 111 and 112 represents the relative humidity). Looking at the distribution of the points on 

the chart, the CRW20 relative humidity is larger than that of BBISE20, since foamed concrete and 

hemp concrete present a better water and vapor permeability than heavy concrete [98,215]. 

Having a high open porosity, BBISE has a particularity of being able to store and destock vapor 

within the material. Consequently, it contributes to stabilize the interior relative humidity of the 

space [215]. In addition, the vapor permeability (= diffusion openness) is an advantage of BBISE, 

since surface condensation can be avoided, which considerably increases the hygrothermal 

comfort. 

 

  

Figure 113 : Givoni diagram using BBISE25. Figure 114 : Givoni diagram using CRW25. 

 

Also looking at figures 113 and 114 it can be noticed that the comfort percentage doubles to 

become 28.3% by adding 5 cm of rockwool thickness, while by increasing the thickness of BBISE 

by 5 cm the thermal comfort percentage increases by 2.5% to become 24.9%. Looking at the 
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distribution of the points on the diagrams, we find that the relative humidity decreases on an 

average compared to Figures 111 and 112, and the inside temperature increases significantly for 

CRW25 and slightly for BBISE25, which is expected, especially since the thermal resistance is 

more increased for CRW25. 

 

  

Figure 115 : Givoni diagram using BBISE30. Figure 116 : Givoni diagram using CRW30. 

 

Now, based on the diagram presented in Figure 115, the BBISE30 hygrothermal comfort 

percentage increases by 2.3% compared to the one obtained using BBISE25. With the addition of 

5 cm thickness, the hygrothermal comfort increases linearly since this increase in thickness does 

not change neither the physical and hydric properties, nor the thermal conductivity. But 

comparing the CRW25 hygrothermal comfort percentage presented in Figure 114 and those of 

CRW30 presented in Figure 116, it is found that the hygrothermal comfort percentage increases 

only by 0.2%, despite the addition of 5 cm of rockwool. 

 

  

Figure 117 : Givoni diagram using BBISE40. Figure 118 : Givoni diagram using CRW40. 

 

In Figure 117, it is noted that the BBISE40 thermal comfort percentage is 28.6%. This percentage 

increases by 1.6% compared to CRW30, so the hygrothermal comfort increases by increasing the 

thickness almost linearly. Figure 118 shows Givoni diagram of CRW40 which presents a high 

thermal insulation with a thermal resistance of 4.99 (m².K/W). But the hygrothermal comfort 
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percentage decreases to 25.4% since the points distribution becomes more concentrated for 

higher temperatures at 27°C to reach in some cases 31°C. So, this thermal insulation could have a 

negative effect on the hygrothermal comfort, especially in summer. 

Looking at the relative humidity, it is seen that it becomes more comfortable by increasing the 

BBISE thickness and by adding rock wool. Most of the points represent humidity between 40% 

and 80%, which is in the comfort zone (from 20% to 80%). 

 

5.5.2.2 Heating and cooling. 

To improve the thermal comfort in a building, it is important to apply heating and cooling. For 

this reason, it is interesting to simulate the energy consumption by heating and cooling in order 

to know the capacity of our material to reduce the energy consumption by comparison with the 

CRW which is already used in the market. For heating and cooling, 2 standard scenarios are used 

during this simulation. 

 

 

Figure 119 : Operating temperature distribution in one year using CRW40, with and without heating and 

cooling. 

 

Based on standard scenarios given by the Pleiades, the cooling scenario consists of 

maintaining the inside temperature under 27°C during the 24 hours. While for heating, the 

scenario consists in keeping a constant temperature for a specific time. In this case, 2 initial time 

intervals are applied in 24h, one keeping the temperature above 15°C and the other above 19°C, 

these intervals are used in the standard scenario in a single day (24h): 
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- 15°C : from 21h to 6h. 

- 19°C : from 6h to 21h. 

Figures 119 and 120 show the operating temperatures distribution over a year with and 

without heating and cooling, using CRW20 and BBISE40 to observe the effect of material used on 

energy consumption for heating and cooling. 

Figure 119 represents the temperatures of each day in one year inside the house using 

CRW40. The only parameter applied in this figure is the heating and cooling application. 

Moreover, there is a difference in temperature between the two graphs in most of the year except 

in the May-June months (In spring), and in the late October - early November period (In autumn). 

In these periods the two graphs are merging so there is no heating or cooling. In the other months, 

the difference hatched in red designates the heating period and in blue the cooling period. It can 

be noticed that the heating areas are larger than the cooling areas, which is normal behavior for 

the weather in Normandy, rather cold most of the year.  

 

 

Figure 120 :Distribution of temperature in one year using BBISE40, with and without heating and cooling. 

 

Looking at figure 120, using the BBISE, neither heating nor cooling is needed from mid-May 

to mid-October except for almost 3 non-consecutive weeks during the summer. 

Moreover, it is noticed that the area hatched in red in figure 119 is smaller than the one 

hatched in figure 120. Consequently, using CRW40, the house needs less heating energy than using 

BBISE40. But for cooling, the opposite was found. BBISE40 in summer provides a thermal comfort 
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more than CRW40, because the area difference between the 2 graphs is smaller with BBISE40, so 

the need for cooling is more limited.   

 

  

Figure 121 :Heating energy consumption of all 

materials 

Figure 122 : Cooling energy consumption of all 

materials 

 

 

Indeed, in figure 121, heating energy consumption in kWh for all materials (CRW and BBISE) 

are shown. CRW20, which is composed only of heavy concrete without the rockwool addition, 

consumes a huge energy for heating, almost 11000 kWh for one full year, this energy decreasing 

by one half by adding 5 cm of rockwool to become nearly 4900 kWh. By adding another 5 cm of 

rockwool, this energy is reduced by another third. Looking at the energy consumption of CRW25, 

CRW30 and CRW40, it is found that this energy decreases linearly by 33% with the 5cm rockwool 

addition each time.  

In the case of BBISE the energy consumption decreases by 10% linearly with 5 cm of thickness 

increments.  

By fixing the thickness, BBISE concretes consume more energy for heating than CRWs, the 

difference in energy consumption between BBISE concretes and CRW materials starts with a 

difference of 15% for CRW25 against BBISE25. This difference continues to increase to 36% for 

CRW30, where CRW40 consumes half of the energy compared to BBISE40. This is due to the 

thermal resistance of CRW which rises significantly by adding each time 5 cm of rockwool (which 

has a thermal conductivity λ = 0.025 W/(m.K)) compared to adding 5 cm of BBISE which has a 

thermal conductivity λ = 0.179 W/(m.K). Also, by looking at the Brager diagrams, it is seen that 

the temperature concentration of BBISE is below the Brager zone.  
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Cooling is concentrated to maintain the temperature below 27°C, this operation is mainly 

applied in summer. Figure 122 shows that as for heating CRW20 consumes the largest energy, 

around 2800 kWh. The addition of 5 cm of rockwool decreases the energy consumption for cooling 

by 3. But unlike heating, adding another 5 cm of rockwool increases the energy consumption, since 

heat is kept inside, which increases the operating temperature. For this reason, the temperatures 

in Figures 114, 116 and 118 using CRW, sometimes reach 31°C. While for BBISE, it decreases 10% 

linearly with the increase of the thickness, this decrease is the same of those for heating.  

 

5.6 CONCLUSION 

At the beginning, to improve waterproofing of the foamed concretes selected by the 

evaluation, two water repellents were used, one in mass and the other on surface. Surface water 

repellents reduce water absorption and make the BFCs waterproofness without effect on their 

other properties. Mass water repellents reduce water absorption of BFCs more than the surface 

water repellent and make them waterproof, but it changes the BFCs properties by decreasing 

porosity, increasing density, mechanical strength and decreasing thermal conductivity.  

Finally, a thermal simulation using Pleiades is investigated. BBISE which is composed of 

C65P30H5DM and C55P30H15PM with all the thicknesses studied (20, 25, 30 and 40 cm) thermal 

and hygrothermal comfort percentages are very close to those of the heavy concretes and 

rockwool assembly (called CRW) which is often used in insulation. In terms of energy 

consumption, at 40 cm thickness BBISE40 reduces the cooling energy consumption but it has 

almost double the heating energy consumption compared to CRW40.  
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Overall conclusion and perspectives 

In many European countries, including France, the building sector is the largest energy 

consumer and the second largest gases emitter, including CO₂. Therefore, energy and 

environmental regulations are applied to reduce the environmental impact of this sector, 

including RT2012 and RE2020. In our study, we are interested in the development of biobased, 

insulating, semi-structured and waterproof materials to reduce the environmental impact of the 

building sector. For this reason, we decided to work on this subject 

In the first part of this thesis, the bibliographical study starts by the definition of the light 

concrete which is considered as excellent thermal insulators. Among the types of lightweight 

concretes studied, foamed concretes are considered the most economical and ecological because 

they cure without autoclave in the open air and the incorporating air bubbles process in the 

cement paste is low energy consuming. Foamed concrete is a very sensitive material at young age, 

and it needs specific technics during production to avoid deflation of foam, usually it is produced 

using two methods: by preformed foaming and by direct mixing. In addition, besides cement, 

pozzolanic additions are often used in foam concrete formulations. Moreover, it is also found that 

the hemp shiv incorporation makes the concrete lightweight, low carbon emission, excellent 

moisture buffering, low thermal conductivity and acoustic insulation, which can reduce energy 

consumption and gas emissions of buildings.  

In this context, different performance objectives are chosen. Two types of foam concrete 

incorporating hemp shiv are sought. The first is used as a self-supporting material with a 

minimum compressive strength of 2 MPa. In order to be considered as an insulating material, a 

maximum thermal conductivity of 0.2 W/(m.K) is set. Moreover, in order to participate in the 

preservation of raw material resources and to facilitate the implementation on site, these mineral 

foams must be light, so a maximum density of 800 kg/m³ is fixed. The second cellular concrete 

must be structural with a minimum compressive strength of 17 MPa. In addition, since moisture 

and high water absorption rate have a negative effect on the foamed concrete insulation, the 

capillary water absorption coefficient of both foam concretes must be less than 0.1 kg/(m².√h). 

The study started with preliminary studies of bio-based foamed concrete using only the 

preformed method, replacing 30 wt% of cement by pozzolans (10% metakaolin and 20% Ground 

Granulated Blast Furnace Slags) and then replacing different cement amounts (5, 10 and 15 wt%) 

by hemp shiv. It is found that a high cement amount increases thermal conductivity and CO₂ 

emissions, so cement substitutions with pozzolanic additives and/or hemp shiv can improve 

thermal insulating performance. In addition, hemp shiv decreases density, compressive strength 
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and thermal conductivity. But the pozzolanic addition mixture improves the cementitious matrix 

cohesion in the hemp shiv absence and presence, in addition it reduces the CO₂ emissions.  

Furthermore, the two phases of bio-based foam concrete are studied, the void part (porous 

structure) and the solid part (cementitious matrix). Moreover, two production methods are used, 

the preformed method and the direct method. The void part studies concern the pozzolanic 

additions, hemp shiv and the production method influence on the physical properties, absolute 

and apparent density, water accessible and total porosity, and air bubble distribution. Hemp shiv 

have been shown to increase the water-accessible and total porosity and thus decrease the bulk 

density. In addition, it increases the air bubble radius, which decreases uniformity. In addition, 

the cement amount and pozzolanic additions improves slightly the air bubbles uniformity, which 

increases the mechanical strength, especially at 28 days. In addition, the production method plays 

an important role in the air bubbles formation, the preformed method is more effective in the 

foam formation for lightweight concrete with density less than 700 kg/m³, but the direct method 

gives finer bubbles and a more uniform distribution. 

The pozzolanic additives, hemp shiv amount, and production method effects are investigated 

on the solid part, by studying the hydration heat and mineralogy of bio-based foamed concrete 

using XRD and TGA. It is found that the hydration heat increases with the pozzolans addition, since 

it promotes further reactions, and decreases with increasing the hemp shiv amount, since hemp 

shiv have retarding effects on hydration. For the mineralogical study, it is found that the cement 

is not completely hydrated and by adding pozzolans, the portlandite amount decreases while the 

C-S-H and ettringite amount increase, which will improve the mechanical strength. It has also been 

found that hemp shiv affects the mineralogy by activating carbonation in the cement paste. 

After investigating the different parts of biobased foam concrete, mechanical properties 

including compressive and flexural strength, water properties such as sorption-desorption 

isotherm and capillary absorption, and thermal conductivity are studied. It is found that 

compressive strength is increased when pozzolanic additives are used due to their ability to fill 

pores, but hemp shiv has a negative effect on mechanical strength since the lignocellulose 

degradation creates new pores in the cementitious matrix, increasing the porosity amount, and 

decreasing density and mechanical strength. The pozzolanic additives effect on thermal resistivity 

is negligible, while hemp shiv slightly reduces thermal conductivity because they increase the 

porosity amount. Regarding adsorption and capillary absorption, pozzolanic additives decrease 

them slightly, while hemp shiv has no effect on BFC adsorption at low and medium relative 

humidity, but they increase adsorption at high humidity.  
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Production methods affect mechanical properties since they significantly affect porosity. The 

direct method can favor structural mechanical strength (Rc > 17MPa) but it presents modest 

thermal conductivity (0.341 < λ < 0.573 W/(m.K)) compared to concrete produced by the 

preformed method (0.127 < λ < 0.186 W/(m.K)) which also presents self-supporting or semi-

structural foamed concrete. In addition, for BFC adsorption, the direct method decreases the 

adsorption and capillary absorption more than the preformed method because the difference in 

porosity is too large, on average 70% for the preformed method and 35% for the direct method. 

To improve the waterproofing of the foamed concrete selected by the evaluation, two water 

repellents were used, one in mass and the other on surface. Surface water repellents reduce water 

absorption without effect on their other properties but does not make the BFCs waterproof since 

capillary absorption coefficient is 0.19 kg/(m².√h) higher than 0.1 kg/(m².√h). The mass water 

repellent reduces the BFCs water absorption more than the surface water repellent and makes 

them waterproof, but it modifies the properties of BFCs by decreasing the porosity, which 

increases the density, the mechanical strength and decreases the thermal conductivity. 

Thermal simulation using Pleiades is studied. A new sandwich material (BBISE) is created, 

composed of C65P30H5DM and C55P30H15PM. The thermal and hygrothermal comfort 

percentages are very close to those of the heavy concrete and rock wool assembly (called CRW) 

which is often used for insulation in low-energy buildings in France. In terms of energy 

consumption, BBISE reduces cooling energy consumption but at 40 cm thickness BBISE40 has 

almost double the heating energy consumption compared to CRW40. But the BBISE will be 

consistent with RT2012 with a thickness of 50 cm. 

So, focusing on the global objective of creating a bio-based insulating and waterproof, 

structural and non-structural concrete. We succeeded in creating a non-autoclaved foam concrete 

that is partially biobased, lightweight (ρ = 714 kg/m³), insulating (λ = 0.1371 W/(m.K)), semi-

structural (Rc = 4.16 MPa), waterproof (w = 0.04 kg/(m².√h)) and with a low environmental 

impact (15% of the cement is replaced by hemp shiv and 30% of the cement is replaced by 

pozzolanic additions). In addition, a non-autoclaved foam concrete was created that is partially 

bio-based, lightweight (ρ = 1506 kg/m³), structural (Rc = 27 MPa), four times more insulating 

than conventional concrete (λ = 0.55 W/(m.K)), waterproof (w = 0.01 kg/(m².√h)). BBISE 

sandwich concrete which is composed of these two previous BFCs, presents an insulating (λ = 

0.1969 W/(m.K)) and waterproof concrete.  

The list below allows to highlight a series of ideas for future research that will serve as a 

complement and improvement to the contributions already made in this work: 
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- It would be interesting to study the hemp shiv effect on the Bio-based foamed concrete 

rheology and fresh state properties, which may improve the foam stability and the air bubbles 

uniformity in the structure, thus increasing the mechanical strength. 

- It seems important to study the shrinkage in biobased foamed concrete, especially since it 

is known that the shrinkage is one of the most important difficulty that crosses the foam concrete 

generally. 

- The durability of the material is extremely critical, especially for foamed concrete 

incorporating plant materials such as hemp shiv. Moreover, it is necessary to look for solutions to 

improve the BFC durability. 

- It is necessary to work to increase the hemp shiv amount in the BFC to become greater 

than 15%, also to replace the cement by another more ecological binder as the gypsum or clay-

based cement. 

- Geopolymer is often used in recent research, so by using chemical foam method, it is 

possible to create aerated geopolymer concrete. 

- The porous structures study of the hemp shiv incorporated foam concrete in 3D using 

tomography 3D, which gives more accurate results. 

- It is interesting to study the BBISE sandwich concrete performance and mechanical 

behavior. 

- It seems important to use or create bio-based surfactants. 
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Appendix 2: Technical sheet of Metakaolin 
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Appendix 3: Technical sheet of Hemp shiv 

 

 

 

Appendix 4: Cost and CO₂ emissions calculation 

Table 27 : Cost and CO₂ emissions for each raw material. 

 Product CO₂ emissions (t-CO2/t) Cost (€/kg) 

 CEM I 0.84 0.12 

 GGBFS 0.052 0.09 

 MK 0.33 0.49 

 HS 0 0.5 

 

Admixtures 

SP  

1.88 

5.85 

Acc 3.95 

FA 15 

 

𝐹𝐶 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∑ 𝐶𝑂2 𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑒𝑟 𝑘𝑔 × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑘𝑔 𝑖𝑛 𝑚3) 

𝐹𝐶 𝑐𝑜𝑠𝑡 = ∑ 𝐶𝑜𝑠𝑡 𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑒𝑟 𝑘𝑔 × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑘𝑔 𝑖𝑛 𝑚3) 
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Appendix 5 : Air bubbles distribution 

C100P0H0P 

 

Figure 4.1: Air bubble distribution for the three sections of C100P0H0P. 

 

 

 

 

Figure 4.2: Cumulative air bubble distribution for the three sections of C100P0H0P. 
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C100P0H0D 

 

Figure 4.3: Air bubble distribution for the three sections of C100P0H0D. 

 

 

 

 

Figure 4.4: Cumulative air bubble distribution for the three sections of C100P0H0D. 
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C70P30H0P 

 

Figure 4.5: Air bubble distribution for the three sections of C70P30H0P. 

 

 

 

 

Figure 4.6: Cumulative air bubble distribution for the three sections of C70P30H0P. 
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C70P30H0D 

 

Figure 4.7: Air bubble distribution for the three sections of C70P30H0D. 

 

 

 

 

Figure 4.8: Cumulative air bubble distribution for the three sections of C70P30H0D. 
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C65P30H5P 

 

Figure 4.9: Air bubble distribution for the three sections of C65P30H5P. 

 

 

 

 

Figure 4.10: Cumulative air bubble distribution for the three sections of C65P30H5P. 
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C55P30H15P 

 

Figure 4.11: Air bubble distribution for the three sections of C55P30H15P. 

 

 

 

 

 

Figure 4.12: Cumulative air bubble distribution for the three sections of C55P30H15P. 
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C55P30H15D 

 

Figure 4.13: Air bubble distribution for the three sections of C55P30H15D. 

 

 

 

 

Figure 4.14: Cumulative air bubble distribution for the three sections of C55P30H15D. 
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Appendix 6: Capillary absorption coefficient of foamed concretes 

 

Figure 4.15: Capillary absorption coefficient for foamed concretes using preformed method. 

 

 

Figure 4.16: Capillary absorption coefficient for foamed concretes using direct method. 
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Appendix 7: Capillary absorption coefficient using water repellents 

 

Figure 4.17: Capillary absorption coefficient of C55P30H15P using water repellents. 

 

 

Figure 4.18: Capillary absorption coefficient of C65P30H15D using water repellents. 
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Abstract 

Foamed concrete is a construction material consisting of a cementitious matrix and air 

bubbles network.  This material offers excellent thermal performance. In addition, hemp concrete 

is an insulating material based on hemp aggregates which improves both the comfort and energy 

consumption of the habitats. But these two materials have modest mechanical performance and 

impermeability. Moreover, the studies that discuss the combination of these two materials are 

rare, so the objective of this study is to create a non-autoclaved foam concrete incorporated with 

hemp shiv, insulating, semi-structural and waterproof.  

In this context, the research is started with a formulation of foam concrete with 100% of 

cement and used as a control foam concrete. In addition, another control formulation is used but 

by replacing 30% of portlandite cement by 10% of metakaolin and 20% of ground granulated 

blast-furnace slag respecting the norm NF EN-206, where metakaolin is an activator of the slag to 

improve the cohesion and the adhesion of the binder.  

Based on these two control formulations, different cement amounts (5, 10 and 15 wt%) were 

replaced by hemp shiv in order to evaluate the density, mechanical and thermal properties, 

production cost and CO₂ emissions of these concretes. Then, the best formulations that give 

acceptable results to create bio-based foam concretes for semi-structural applications were 

chosen. Criteria that were chosen on the basis are compressive strength of at least 2 MPa (the 

minimum compression to achieve a self-supporting material) and thermal conductivity and 

density lower than 0.2 W/(m.K) and 700 kg/m³, respectively. After that, four formulations with 

different amount of hemp shiv and pozzolanic additives are selected to be produced by two 

different methods, as preformed and direct method. Firstly, the porous structure and the 

cementitious matrix of these concretes are studied, then the mechanical, thermal and hydric 

properties of all foamed biobased concretes are investigated, and it is found that the hemp shiv 

particles and the pozzolanic additives have a negligible effect on the air bubble distribution of the 

foamed concretes produced by the preformed method, but it shows a remarkable effect on the 

foamed concretes produced by the direct method. Also, hemp shiv reduces the setting acceleration 

of concrete and reduces the mechanical strength, improves the thermal resistivity and increases 

the capillary absorption and adsorption of foamed concrete. 

Once these concretes have been characterized, the best semi-structural (Rc > 2 MPa) and 

structural concretes (Rc > 17 MPa) are selected to improve their impermeability by using mass 

and surface water repellents. Physical and mechanical properties, and capillary absorption are 

studied to identify the water repellents effects on the properties and the waterproofing of bio-
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based foamed concrete. Mass water repellents slightly improve the mechanical resistance of the 

foam concretes incorporated with hemp and the two water repellents make the foam concretes 

waterproof. Then, these two bio-based foamed concretes are assembled in a single semi-

structural, insulator and waterproofing material, and the thermal performance of this material is 

studied in a model house by using a thermal numerical simulation and comparing the 

hygrothermal performance of this material by other insulators used in the market.  

Keywords: Foamed concrete, Bio-based concrete, hemp shiv, insulating, pore distribution, 

waterproofing. 
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Résumé 

Le béton mousse est un matériau de construction constitué d'une matrice cimentaire et de 

réseaux de bulles d'air.  Ce matériau offre d'excellentes performances thermiques. Par ailleurs, le 

béton de chanvre est un matériau isolant à base de granulats de chanvre qui améliore le confort 

et la consommation énergétique des habitations. Mais ces deux matériaux présentent des 

performances mécaniques et une étanchéité limitée. De plus, de rares études traitent la 

combinaison de ces deux matériaux. L'objectif de cette étude est donc de créer un béton mousse 

non autoclavé incorporant des chènevottes, isolant semi-structurel et imperméable. 

Dans ce contexte, la recherche a commencé par une formulation de béton mousse avec 100% 

de ciment et utilisée comme béton mousse témoin. De plus, une autre formulation témoin est 

utilisée mais en remplaçant 30% de ciment portlandite par 10% de métakaolin et 20% de laitier 

granulé de haut fourneau moulu respectant la norme NF EN-206, où le métakaolin est un 

activateur du laitier pour améliorer la cohésion et l'adhérence du liant. 

Sur la base de sur ces deux formulations témoins, différentes quantités de ciment (5, 10 et 15 

% en poids) ont été remplacées par de la chènevotte afin d'évaluer la densité, les propriétés 

mécaniques et thermiques, le coût de production et l'émission de CO₂ de ces bétons. Les meilleures 

formulations donnant des résultats acceptables pour créer des bétons mousses biosourcés pour 

des applications semi-structurelles ont été sélectionnées. Les critères qui ont été choisis sont 

basés sur une résistance à la compression supérieure à 2 MPa (la compression minimale pour 

obtenir un matériau autoporteur) et une conductivité thermique et une densité inférieure à 0,2 

W/(m.K) et 800 kg/m³, respectivement. Ensuite, quatre formulations avec différentes quantités 

de chanvre et d'additifs pouzzolaniques sont sélectionnées pour être produites par deux 

méthodes différentes de production (méthode préformée et méthode directe). Tout d'abord, la 

structure des pores et la matrice cimentaire de ces bétons sont étudiées, puis les propriétés 

mécaniques, thermiques et hydriques de tous les bétons mousses biosourcés sont analysées. Il est 

apparu que les particules de chanvre et les additifs pouzzolaniques ont un effet négligeable sur la 

distribution des bulles d'air du béton mousse produit par la méthode préformée, mais ils ont un 

effet remarquable sur le béton mousse produit par la méthode directe. En outre, le chanvre réduit 

l'accélération de la prise du béton et réduit la résistance mécanique, améliore la résistivité 

thermique et augmente l'absorption capillaire et l'adsorption du béton mousse. 

Une fois ces bétons caractérisés, les meilleurs bétons semi-structurels (Rc > 2 MPa) et 

structurels (Rc > 17 MPa) sont sélectionnés pour être améliorés en termes d'imperméabilité en 

utilisant des hydrofuges de masse et de surface. Les propriétés physiques et mécaniques, ainsi que 
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l'absorption capillaire sont étudiées pour identifier les effets des hydrofuges sur les propriétés et 

sur l'imperméabilité du béton mousse biosourcé. Les hydrofuges de masse améliorent légèrement 

la résistance mécanique des bétons mousse incorporés aux chènevottes et les deux hydrofuges 

rendent les bétons mousse imperméables à l'eau. Ensuite, ces deux bétons mousse biosourcés 

sont assemblés en un seul matériau semi-structurel, isolant et imperméable, et la performance 

thermique de ce matériau est étudiée dans une maison modèle en utilisant une simulation 

numérique thermique et en comparant la performance hygrothermique de ce matériau à celle 

d'autres isolants traditionnellement utilisés sur le marché. 

Mots-clés : Béton mousse, béton biosourcé, chènevotte, isolation, distribution des pores, 

étanchéité. 

 


