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Symbol Unit Indication
LC - Lightweight concrete
0 Pa Bubble internal pressure
0 Pa Bubble surrounding liquid pressure
r (J/m2 or N/m) Surface tension
Y m Radius of curvature no. 1
Y m Radius of curvature no. 2
M Kg/m3 Dry density
M Kg/m3 Bulk density
" Kg/m3 Absolute density
] W/(m.K) Thermal conductivity
R (m2.K/W) Thermal resistance
Re MPa Compressive strength
Y G MPa Compressive strength at 28days
YO MPa Compressive strength at 7days
YQ MPa Flexural strength
3 % Porosity
w(t) % Water content
Yw % Retained water content
- % Porosity accessible to water
0 ECTj | 6 8| Capillary absorption coefficient
0 Jig Hydration heat
0 Jig Sum ofthe heat accumulated in the calorimeter
0 Jig Heat dissipated to the outside
Wh kg Hemp shiv consumed water
Wt kg Total water
B kg Binder amount
i mm Radius at 10% passing
i mm Radius at 50% passing
i mm Radius at 90% passing
Rm mm Mean radius =i
uc - Uniformity coefficient =i /i
0 (J/kg.K) Heat capacity
Ec kWh Cooling energy consumption
En kWh Heating energy consumption
Wt/B - Total water/Binder mass ratio
Wb/B - Water consumed by binder/Binder masgatio
w/B - Water/Binder(s) mass ratio
CEMI - Ordinary portlandite cementz 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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C70BFCs
C100-BFCs
BFCs
LWA
ILUC
IUPAC
AFt

AFm

MW
SW
BBISE

CRW
STD
Ccz
D-samples
P-samples

The bio-based foamed concrete of the C70P30HO tproduct

The bio-based foamed concrete of the C100POHO {product
Bio-based foamed concretes

Lightweight aggregates

Indirect Land UseChange

International Union of Pure and Applied Chemistry

Abbreviation for "alumina, ferric oxide, tri-sulfate" or (Al20z 7 Fe20z 7
tri)

Abbreviation for "alumina, ferric oxide, monasulfate" or (Al20s 7
Fex0z 7 mono).

Mass water repellent

Surface water repellent

(Béton Biosourceé Isolant Structurel et Etanche a I'eau) which means
Biobased Concrete Structuralnsulation and Waterproof

Concrete and Rock Wool

Dynamic thermal simulation

Comfort zone

Foamed concretes produced by direct method

Foamed concretes produced by preformed method
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Introduction

A. BACKGROUND

According to the Ministry of Ecological Transition, the building sector accounts for 44% of the
energy consumed in France i2020, aheadof the transport sector (31.3%) In addition, the sector
generates 38% of all energyrelated CQ emissions in 2019 when emissions from the building
construction sector are included[1]. Therefore, to prevent this and reduce thd-rench buildings
energy consumption, the Environment Forum (Grenelle de I'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 thenew buildings primary energy consumption to a maximum of
50 kWh/(m 2. yr) on average.ln 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 plannedenvironmental regulation (RE2020), which will apply from Jly 2021, is based
on the circular economy and lowcarbon design, and on the principle of positive energy buildings
(BEPQOS). These buildings provide minimum energy consumption which will then be balanced

usingrenewable resources. Briefly, this E2020 targetszero energy waste and energy production

Furthermore, the National LowCarbon Strategy (SNBC) has set an ambitious path for

reducing emissions from this sector with a target 0£49% in 2030 compared to 2015 and the

Abdelrahman MOHAMAD, 2021 15
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achievement of complete decarbonation afnergy consumed in buildings by 2050. Thus, to reduce
the CQremissionsin the building sector, SNBC advises of using the most suitable carbfvae
energy sources for each type of building, improving théuildings 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 B2020 regulations, he creation of asemi-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 coolindhese
materials are obtained by replacing part of the concrete components by lighter and less energy
intensive constituents such as plant materials or voidsDepending 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 C® emissions during production and

conservation of mineral resources.

B. OBJECTIVES

The PhD thesisobjective is to create developand study nontautoclaved insulating (with
thermal conductivity 1 0[2 W/(m.K)), structural (with compressive strength > 17 MPjor semi-
structural (with compressive strength > 2 MPa)and waterproof (with capillary absorption
Al AEEEAEAT O I biorb8sadofoan@d Aohabe& P&zgplanic additives and biomass
materials will be usedto partially replace cementto limit potentially harmful production energy
in terms of environmental impact. Furthermore, twofoam 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.

Severalparameters are being investigated First, the hemp shiv, pozzolanic addition and the
foam production method effects are studied. Secondly, to improve thefoamed concretes
efficiency, a pore structure and the cementitious matrix analysis are investigated. Then the
mechanical, thermal, and hydric properties are conductedAfter that, the waterproofing
developmentis investigated, followed by a studyof physical, mechanical andhermal properties
of these biobased foamed concreted-inally, a thermal simulation on the new final material is

realized.

16 Abdelrahman MOHAMAD, 2021
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C.MANUSCRIPTCONTENT

This thesis is structured in 5 chaptergresenting the main results of the research

Chapter 1 is dedicated to a literature review. It focusesfirst on the study of foamed concrete,
especially on its constituents, production methodsproperties, 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 presentedto 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
CCremission and the cost ofwo different foamed concretes incorporatingthree different hemp

shiv contentsis alsoinvestigated.

Chapter 3 focuses on theprecise characterization of theporous structures and cementitious
matrix of foamedconcrete. First, the poous structure is investigated using two distinct analysis
methods, onefocusing on the type of porosity openedor closed and the other one on the air
bubbles distribution, studying the effects ofpozzolanic additions, the hemp shivamount and the
production method on the porous structure. Then a study of the cementitious matrix i®alized,

first on hydration reactions and then on mineralogy.

Chapter 4 focuseson the mechanical, thermal and hydric performance®f the foamed
concretes inorder to identify the best characteristics achievedand operate selection for further

study.

Chapter 5 targets the study ofthe mechanical performances, thermal conductivity and
thermal absorption of the selectedconcretes usingdifferent water repellents type. Then a
characterization of new sandwichmaterials, named BBISEbased on theselected concretes
treated by water repdlents is launched. This latter study includesa thermal simulation for the
application of the BBISE sandwich in a hous# study its insulating capacity, its hygrothermal

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

1.1 INTRODUCTION

This literature review starts with a reference of the maircharacteristics, 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 itpossible to envisage the realization of potentially seléupporting

insulation.

On another hand, the information concerning the bidased part of this study is collected.
Then, the plant materialsspecificities 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 inmore 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 concreteand lightweight aggregates
concrete have been widely used in construction due to their many advantagesightweight
concrete has a very low thermal conductivity compared to normal concrete and a compressive

strength ranging between1-10 MPa [1].

‘ Lightweight concrete ‘

[ I |
By type of lightweight concrete Foamed concrete Aerated concrete Lightweight
aggregates concrete
B thod of producti Preformed . o . .
y method ol production Foam Direct mixing Chemical reaction

By the source of lightness Surfactant or Expansive agent Lightweight
foam agent aggregates

| |

Vanor Curin Autoclaved Conventional
P g Curing Curing

Figure 1 : Flowchart of the different types of lightweight concretes.

Conventional
Curing

By curing ‘
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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 andheavy 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 insulatiofi2z5].

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 nautoclaved
foamedconcrete since itis cured in the open space. Aerated concrékigure 2 (b)), with a cellular
structure obtained by integrating micro and macroscopigasbubbles 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 autochked aerated concrete.Lightweight aggregate
concrete (Figure 2 (c)), which includes natural lightweight aggregatessuch asexpanded clay,
DAOI EOAKh A @b Adrifickdightvdightadnéepates assxpanded polystyrene sintered
fly ash...

(@)t (b)2
Figure 2 : Foamednon-autoclavedconcrete (a), aerated autoclaved concrete (b) and (c) lightweight

aggregates concrete.

The air and gas bubbles, or lightweight aggregatgsesencein such concrete, reduces thbase
mix density, whichincreasesthermal resistivity. Therefore, lightweight concrete is consideredis

an excellent insulator[6] .

Lightweight concrete is characterized by a low cement content, which reduces Eg€nissions.

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

1«PMS NV | Béton moussePMS N\b, http://www.pms.befisoler -du-sol/beton-mousse/?lang=fr.

2 «Bloc Beton Cellulaire Avec Poignee 20x25x62 5 Bricoman https://iwww.bricoman.fr/bloc -beton-cellulaire-avecpoignee-
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 concretecured 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 popularput it consumes a lot of energy during the manufacturing process:
almost 340 kwh/mg3, which corresponds to an emission of 868 kg of (n3. This energy is closely

like that of ordinary concrete[8].

Furthermore, non-autoclaved aerated concrete does not require an autoclayg] . Short et al
[10] also ascribes the advantages of neautoclaved aeratedconcrete 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 concretéormation can be either mineral birders
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 savingosts and improving characteristics, with

surfactants and a specifiov/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 dominaimdber in most
studies on foamed concrete. In general, thmost usedcements are ordinary portlandite cement,

Portland cement, fast settingPortland cement, sulfealuminous cement, high alumina cement, etc.
Binders are divided into two parts depending on its environmental impact:

- The first type is the low environmental impact binderswhich emit a low amounts of C&
during the manufacturing process, such as (Calcium sulfate gypsum, Anhydrit,
Phosphogypsum, Cement ovesulfated [11], Lime...).

- The second type is the high environmental impact binders which are less ecologitiaan
the low environmental impact binders and it emits a large amounti /& #urirg the
manufacturing processsuch as (Ordinary portlandite cement, Rapid hardeningortland

cement, sulfealumina cement, highalumina 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 Samsat al.[12] have used prompt cement and calcium
sulphate, they found that calcium sulphate gives better results than promptement.In another
study, Yang et al. [13] have replaced 55 wt% of cement byphosphogypsum obtained from
phosphate fertilizer with lime (7 wt%) to prepare nonautoclaved aerated concrete,
phosphogypsum is composed mainly of calcium sulfate dihydrate (CaB#84FO) and partially of
phosphate, fluorides, sulfate ions and organic matter and &y found that phosphogypsum acts as
a filler and admixture with low environmental impact, but it is also dangerousBauxet al.[11]
studied the supersulfated cement which is composedf 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. Fige 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 ar&y and'Y , the local pressure
difference between the internal pressure ofhe gasd  and that of the surrounding liquidd is
given by Laplace's law:

0 0 [ — — Eq.1

With:

[ = Surface tension J/m2 or N/m)

Figure 3 : Geometry of an ellipsoidal bubb[&2].
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Figure 4 represents the Young's modulus of the materials versus density, foams are ligater

weight materials, thereforeit is the most insulating but at the same time the least rigiodNatural

materials are stiffer than foams but also heavie/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 strengthdecreases 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 isfound that foam

has a very small thermal conductivity between 0.B 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 timeTherefore, it is very

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

Foaming agents are direct regulators of théoamed concretedensity, 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, mechanicabehaviour, and foamed
concrete strength. Thefoam quality depends on the nature, the foaming agerdilution and the
foam preparation processused[15]. For example, during thefoam preparation, if the mixing time
is prolonged, thefoam 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, proteivased animal and

vegetd-based.

Synthetic surfactants are highly hydrophilic chemials that dissolve easily in water and form
air bubbles in complex chemical reaction§l6] . Protein-based surfactants form air bubbles due to
protein degradation. The bonds between large protein melkules 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 proteirbased surfactant

depends on pH and temperaturg16].

The foamvolume 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 wellistributed air
bubblesnetwork [17]. Sunet al.[18] worked on the surfactant origineffecton the mechanical and
hygroscopic performance and durability of a cellular concrete madby Portland cement CEM |
and found that animatorigin surfactants gave the best results, followed by synthetic surfactants
and then plantbased surfactants. Panesaet al.[16] have compared the effect of 1 proteirbased
surfactant and 2 synthetic surfatants, they found that the protein-based surfactant gives smaller,

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

Moreover, the surfactanteffecton gypsum foam is studied by Samsoet al.[12], they used 6
types of surfactants (Hostapur OSB, CTAB, Sitren, AER SIKA, Micro Air, Cetrimide) and it turns out
OEAO (1 OO6APOO /3" AT A #AOOEIi EAA OOOZAAOAT OO CEO!
2AE 08 ¢ AT A 18y w W(MK) respeditely)rwihccalciud bulbhate 8sigthe

preformed foam method.
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Additionally, Zhaoet al.[19] indicated that the foaming agentperformance depends on the

following three parameters:

- The foaming capacity is the ratio between the finaloam volume and the solution
volume beforethe incorporation of the voids.

- The drainage rate, which is thavater 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 (hydrogemxygen..) into the
cement matrix structure by chemical reactions. Aluminium powder, zinc powder, hydrogen

peroxide, sodium dodecyl sulphate (SDS3$ the most usedfoaming agents.

Aluminium metal powder is widely used in the aerated concrete industry aan expansion
agent, and it is a hidily reactive metal that can easily generate FHgas and form aluminium
hydroxide when placed in water Corrosion of metallic aluminium in agueous alkaline solutions is
known as a useful process for generating hydrogen gas in various applications such aslaiel
production [20,21], the hydrogen gas produced by tis corrosion reaction of aluminium metal

introduces voids in the paste mixture and helps to devep a porous concrete structurg22] .

1.2.2.3 Water

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

matrix formulation and the nature of the surfactantaused.

700 ,
. v — p [kg/m?) I 136
- +— Rc [MPa]
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Figure 7 : Effect of the water/cement mass ratio on density and mechanical strength by [{8h
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Generally, the waterto-binder mass mtio 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 ofthe 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, Kearsleyet 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 the British Cement Associatiorj24],

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

The water content affects the uniformity, consistency and stability of the fon 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 thdensity [15].

According to ACI 523.3R93, the water must be freshclean, and drinkable, since organic
infections can damage the proteirbased 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, lotgrm hygro-
thermo-mechanical behaviour and to reduce mixing costs. The additiopsoportion ranging from
10 to 75% of the mass, the additions are divided into 3 groud&5,26]:

- Mineral additions such as silica fume, fly ash, ground slag, Lytag, metakaolin...
- Synthetic or vegetable fibres

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

Ameeret al.[27] have tested the mechanical behaviour of portlandite cemenbased foamed
concrete with/without ad ditions. They used 2 additives (fly ash and silica fume) and one
admixture (superplasticizer) with aw/ b ratio between 0.3 and 0.5 (depending on the formulation
and especially the amount of superplasticizer)Theyfound that by using all 3 additives togetler,
the compressive strengthexhibited are the largest then respectively with superplasticizers only,

with fly ash only and with silica fume only

Generally, pozzolanic additions increase the hydration heamountand the hydration speed
then accelerate the setting and ensure the air bubblesability in the concrete thereby improving
mechanical resistance. For example, fly ash improves the air bubb distribution in foamed

concrete and silica fume improves the mechanical behaviour in the short terf#8]. Moreover, the
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ground granulated blast furnace slag (GGBF&Jjdition improves the mechanical strength. A study
on the air-vacuum system of a foamed concrete consisting of a cement and ground granulated
blast furnace slagmixture resulted in a high strengthto-weight ratio [29]. Additionally, several
studies have considered granulated blast furnace slag, fly ash, metakaolin and others as
sustainable materialsin the development of environmentally friendly and sustainable concrete
[30z33] .

Some studies explain the results of incorporating fibres into foamed concrete. Theost used
fibres are alkaliresistant glass, kenaf, steel, oil palm fibre, polypropylene fibre. According to
Awang et al. [34], the fibresproportion should be between 0.25 and 0% of the total mass. In
addition, Zadllo et al.[35] used polypropylene fibres and found thapolypropylene 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 surfactantsaddition that produce air bubbles by mechanical vibratiorand
are preferred to produce non-autoclaved aerated concrete Additionally, they are the most
economical and controllable foamed concrete productiorj36], as no chemical reactions are

involved.

1.2.3.1 Chemical method

The chemical method is a method fofoaming by chemical reactions, the gagenerating
chemicalsor the expansion agentire mixed with the mineral suspension during the liquid phase,
which reacts with water and hydroxides in an alkaline medim at high temperature up to 60°Go
form hydrogen bubbles thus increasethe 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 st be cured in an autoclave at high temperature and pressure, this process
significantly increasesthe production energy consumption. The associatedembodied carbonis
375kg C@®m?3[37] whichismorethanOEA O 1T £ AT 1 OAT OET BAD BYSBAORDRAL |
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Wu et al.[39] have produced an ultralight foam concrete with a density less than 300 Kg/m3
and 2.23 MPa as a compressive strengtfihis aerated concrete is produced by using FDF as
expansion agent, fly ash, metakaolin as binder with a rat/b = 0.17- 0.19 using the chenical

method.

Yanget al.[13] also used thechemical method to producean aerated concrete with a density
of 686 Kg/m® 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 method s

The preformed foam method is based on the separate production of a light and stable aqueous
foam which is gradually inserted into a mineral suspensionn other words, the foam is produced
by mixing the diluted foaming agent with water. Then, the mineral sspension is added to the

foam gradually and stirred until the mixture becomes homogeneous.

Several studiesare dedicated tothe several parametersinfluence on the physical and
mechanical performance of foam concrete manufactured by the preformed methotihree main
parameters are studied: the preformed foanvolume, the mixingratio, and the foamed concrete
bulk density. These studies find that the average bubble size decreases with theb mixing ratio
and increases with the volume of foam introducedn 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 potein-based surfactant to
produce a norautoclaved aerated concrete with a density = 758 Kg/m® and Rc= 2MPa using
the following formulation: phosphogypsum between 4555%, cement/GGBFS ratio = 1, lime 4%,

sulpho-aluminous cement 2%.

The direct mixing mehod is based on the surfactantaddition directly to the mineral
suspension to create a stable mineral foam when all components are mixd&the foam obtained
gives a void structure in the foamed concret§l0]. It is strongly recommended that the foam be
stable and stabilisedto be able to support the pressure of the mortar until the initial setting of the

cement to build a solid concrete skeleton in aifilled voids [43].

Both methods require thefoam concretestructure to be maintained until its hardening [40] .
This stability depends on several parameters such as the shear stress of the suspension, the reatur
and concentration of the surfactant, thesurfactant molecular structure. According to Bun 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

1.2.4.1.1Rheology, consistency, and workability
Rheology and consistencyrepresent the study of the concrete flow and deformation
(plasticity, elasticity, viscosity, fluidity). According to Kunhanandan Nambiaet al. [45], the
rheology and consistency of foamed concrete is acceptable if the flow time of the Abrams cone is
between 8 and 12 sIn addition, the foam amount increases the fluidity and decreases thibamed
concrete rheology and consistency{45]. Furthermore, the superplasticizeraddition 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 140mm 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 theyround granulated blast furnace

slagincreases workability.

1.2.4.1.2Stability
The foam stability is an important factor that greatly affects the foamed concretstrength.
The production of a stable foamed concrete has many influencing parameters such as the foam
preparation method, the foaming agentype, the type of surfactants and additives used, thaix

formulation, etc.

Foam stability is the ability to resistdisturbances. Moreover, stability is determined by
measuring the lifetime of the interbubble films, which leads to the destruction of the foam over
time and the air volume reduction in the concrete[47]. Samsonet al. [12] have studied the
instability of foam andtheyfound three different phenomena of instability: drainage (a), ripening

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

(b)

Figure 8 : Sources oinstability: (a) Drainage[48]; (b) Ripening; (c) Coalescen{E?].
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First, Water at the edge of the @y 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 tair, air diffusion from the
smallest bubble to the largest will occur, this is called ripening (Figur8 (b)). This phenomenon

leads to the gradual disappearance of the smallest bubbles.

Finally, a much more aggressive phenomena can affect tf@am durability, coalescence
(Figure 8 (c)). Under the gravityeffect, the concentration of surfaceactive molecules can decrease,
which weakens the film. The film can then break, leading to the fusion of the two neighbouring
bubbles. The coalescencphenomenon like that of ripening, lead to a decrease in théubbles
total number, although the phenomena are quite different. The coalescengkeenomenonleads to

enhance the porous networkso the open porosity

Moreover, The use of superplasticizer with av/ ¢ < 0.3 increases stability by 43%. Stability is
also affected in case of incompatibility between the superplasticizer and proteibased

surfactants [49].

1.2.4.2 Mechanical

1.2.4.2.1Compressive strength
Density and mechanical behaviour are highly dependent, the compressive strength gradually
increases with density (Figure9). Firstly, it is remarkable that for a densityrange between 300

and 900 Kg/mg3, the compressive strength ranges between 0.6 and 11 MPa.

All values shown in Figure 9 are 2&lay compressive strength values, the average trend of 28

day maximum compressive strergth as a function of density is:
Y& T8UpY ug X Eq.2
While according to Samsof12] the trend is:
YO TP ¢ Eq.3

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

equation[7]:

YQ R o YP Eq.4
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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 bubblessize, which
improves compression strength. Thesilica fume and fly ashcombination increases canpressive
strength by 25%[29]. Nambiar et al.[27] analysed the air voidsstructure in foamed concrete by
identifying parameters such as theair bubbles size distribution and shapeand 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 compresve strength.

The mechanical performances of all the lightweight concretes analysed in this literature
review are referenced in Figure9. Generally, the compressive strength tends to decrease when
the density decreaseg$3,50]. However, as the constituents and theiamounts 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, itsomposition, the pores size, their
distribution, the surfactants type as well as any teatments, especially during the curing process,

will also modify the mechanical performance.

1.2.4.2.2Flexural strength
The flexural strength of foamed concrete is lower than that of ordinary concrete, but it¢ DY &

ratio ranging between 0.2 and 0.4s higher than that of ordinary concreteranging between 008
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and 0.11 [44] . Moreover, thetensile strength isranging between 15 and 35 %of the compressive

strength and it also improves with fibrous materialsadditions [51] .

According to Zolloet al.[52], the fibres increase flexural/tensile strength, improve tenacity
characteristics,and enrich the capacity and postracking 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. Byuret al.[44] found a relationship between Zday and 28day compressivestrengths:

YO p& X YO ¢ X Eq.5

1.2.4.2.3Elasticity modulus
The elasticity modulus of foamed concreteE is directly dependent on the density. It is four

times smaller than that of ordinary concreg, ranging from 1 to 12kN/m? [54].

Some researchers have studied the raw materiaksffects on the modulus of elasticity. For
example, Jonest al.[55] studied the polypropylene fibreseffects and theyfound that 0.5 vol% of
fibres improved the elasticity modulus Ewithout any effect on theair bubbles uniformity . They

also found that theelasticity modulus E depends on the type and amount of aggrate used

1.2.4.3 Physical characteristics

1.2.4.3.1Density
Foamed concrete is characterised by its very low density compared to ordinary concrete. Its
density is limited to 100-120 kg/m? and does not exceed 1800 kg/mJ56]. There are two types of
densities: fresh anddry. The fresh density is the density of fresh foameaoncrete,and the dry

density is the density after the concrete has hardened

To measure the actualresh mix density, it is usually necessary to fill and weigh a preveighed
standard container of known volume with the foam concrete produced. After that, the variation
between the theoretical densities and the actual densities shtdibe evaluated. For dry density,
the most acceptable tolerance is limited to £50 kg/r, up to £100 kg/m? for high density foam

concrete mixturesmore than 1500kg/m3 [57].

Generally, ebnsity is affected by the foanvolume, it decreaseswith increasing foam volume.
Moreover,the additions also influence the density, for example, Nambiaat al.[15] found that the
fly ash addition increases thefoamed concretedry density by 10%. Furthermore,the types of
aggregates and their gradations have #&cts on the density. IndeedMcCormick et al. [58]

indicated that the density increases withthe aggregatesproportion .
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1.2.4.3.2Porous structure
Several studies indicated that the highefoam volume had a significant effect on porosity59].
The air-voids in the foam concrete can be characterized by a feparameters like volume, size,
distribution, shape and spacing between air bubbleg$7]. Like conventional cementitious
materials, foamed concrete consists of nanpores (alsoAAT I AA CAl DI OAOGQ j AbI
AAPEI 1T AOU T 0O 1T EAOI PTI OAO jneapORAD [pADf DArrAphnoOAI

and/or trapped air).
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Figure 10 : Porosity versus density of foamedncrete 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 tfi@amed concreteair

content.

Foamed concrete is manufactured by entraining relatively largair 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 ad affects
compressive behaviour, tensile strength, thermal resistance and durabilif$0] . Indeed, Kearsley
et al. [61] proved that the air-void distribution is one of the most important micro properties
influencing the foamed concretestrength. According to Visagieet al.[62], a high total porosity n
will significantly reduce compressivestrength, especially if the pores are large. Moreover, it is

noted that a high wi/c ratio significantly impacts foamed concrete and provides porosity.
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Furthermore, using image processing software, Samsaat al. [60] carried out a 2D surface
analysis of foam concrete to studyhe foaming agent, formulation, production methodsmpacts
on the porosity and air bubblesdistribution 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.

1.2.4.3.3Shrinkage
Drying shrinkagerepresentsthe most recurrent problem in the foamed concretgroduction
that occurs during the first 20 days of casting. It is imes greater in foamed concrete than in

ordinary concrete.

Shrinkage should be limited to between 0.1% and 0.35% of the hardened concretsal
volume. The hydrationheat is the main reason for shrinkage, therefore there are 2 sdations to

reduce the shrinkage[63]:

- Addition of fly ash, silica fume or lime whichreduces the hydration heat and
consequentlyreducesshrinkage.

- Usingsuperplasticizers or redudng the w/b ratio.

1.2.4.4 Sustainability

1.2.4.4.1Permeability
Permeability is defined as a measure of the watdlow under pressure in a saturated porous
material and is fundamentally dependent on water absorption measurements as well as vapour
permeability. Generally, thefoamed concretewater absorption is almost duble 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 porosityKearlsey et al. [29] have found that permeability
does not depend only on the porosityamount, but also on the porositystructure. If pores are
interconnected, permeability increases and vice versa. Additionally, permeability depends on the

age and size of the sample.

1.2.4.4.2Long-term resistance against aggressive environments
Long-term resistanceto aggressive environments depends mainly on the formulation, thair

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 Jone®t al.[55] the absorptionrate, the depth of primary penetration describes
the degree offoamed concretefreeze-thaw resistance Kamacdaet al.[66] explained the influences
of these parameters andthey 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 ad water volume can be much greater in foamed concrete than in
normal concrete for the same duration of exposure to moisturéds 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 freezehraw cycles damage a mass,

dimensional and mechanical monitoring of the foamed concrete must be carried of7].

Concerning foam concrete, as a higborosity material, it is sensitive to environmental
moisture and water penetration, which severely limit the wide application of the foam concrete
product [68770]. Sun et al[18] found that the foam concretewater absorption with a dry density
My of 600 kg/m3 was reduced by 15%30% after 40 freezethaw cycles after immersion in water.
Further, Nambiar and Ramamurthy[53] found that the foam concretedry shrinkage was related
to the foam concretemoisture content, moisture loss can contribute to dry shrinkagdn addition,
Chen et al[71] found that thefoamed concreteotal weight with am of 550 kg/m? would increase
about two times after water absorption, which significantly educes 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 longterm behaviour.

Falliano et al.[73] found that the mass water absorption rate dcreased with increasing
foamed concretedry density ” . Sang et a[74] also found that” , 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, oamed concrete has 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 largefoam volume reduces carbonation
resistance. The alkaksilicate reaction is not remarkable, the chlorine resistance of aerated

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

According toZhanget al.[75], waterproofing of foamed concreteeduces the carbonation and
the corrosion. In addition, reducing thefoamed concretewater absorption is an effective way to

improve its overall performance.

Moreover, manyadditions can improve the waterproofing of foamed concrete, for example

Wanget al.[76] found that 3% rubber crumb content can improve the wateproofing performance

of foamed concreteby 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 (siloxanebased
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
1.2.4.6.1Acoustic

Foamed concrete is a good sound insulator because of its structure, air bubble distribution
and windy surface. Foamedancrete absorbs 10 times more sound waves than normal ordinary
concrete. Sound insulation is affected by the foammount andthe air bubbles size, distribution,

and uniformity [7].
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Figure 11 : Sound absorption spectrum of concrete samples of 25%, 30% and 35% alkali activated slag foam

concrete[77].

As shown figurell, Mastaliet al.[77] studied the acoustic performance of an alkali activated

slag fibre-reinforced foamed concrete and found that the acoustic insulabn is improved with an
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increase in the foamamount. Moreover, the closed and disconnected pore networklocks the

sound propagation, whichreducesabsorption, even though the porosityis relatively high [78].

1.2.4.6.2Fire resistance
Foamed concrete has the capacity to resist fire with a span close to that of normal concrete.
Concretewith densities of 950 kg/m3 and 1250 kg/ms3 can resist fire for 3.5 h and 2 h,@spectively.
Vilches et al [79] reported that foamed concrete with a density of 400 kg/m exhibited a fire

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

In addition, the raw materials may affect the foamed concretére resistance For example,
coarse aggregates in normal concrete lead to various expansiamd craking rates. The coarse
aggregateslack in foamed concrete provdes excellent fire resistance[80]. Kearsly et al. [81]
reported that foamed concrete comprising hydaulic cement with an AFOf/CaO ratio over two

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

1.2.4.6.3Thermal 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 catuctivity, specific heat,
thermal diffusivity and thermal resistance are considered asfoamed concretethermo-physical
properties. As known, a material thermal resistivity increases with decreasing thermal

conductivity.

The cementbased materialsthermal conductivity, such as cellular concrete, is an important
factor when considering the conduction heat transfedegree The heat dissipate@mountthrough

walls and roofs has a direct effect on thbuilding energy consumptiors.

Figure 12 shows the relationsip between thermal conductivity and density. Thermal
AT T AOAOEOEOU j1q ET AOAAOAMD otherEvidids, tEdrfaOrdsistaried ¢ A AT
decreases with increasing density. Furthermorehis maximum thermal conductivity is related to

the density by the relation following:

¢® pm " 18U Eq.6
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Figure 12 : Thermal conductivity versus density of foamed concrateseveral study

Furthermore, moisture content, temperature, aggregate type, binder type and concrete
density are important factors that influence theconcrete thermal conductivity . Porosity plays an
important role on the material thermal conductivity. Thermal conductivity decreasesnvhen using
LWA and/or foam due to the increasedthe concrete porosity. Also, thermal conductivity
decreases by about 0.6% when theoncreteporosity increases by 19482].In addition, thefoamed
concrete thermal conductivity increases by 54% wha the density increases by 2/3[83].
Moreover, it varies from 0.118 to 0.199W/( m.K) for densities between 400 and 600 kg/n§ and
from 0.1 and 0.7 W/(m.K) for densities ranging from 600 to 1850 kg/m [84]. Thermal
conductivity of foamed cortrete (1000 kg/m3) is six times lower than that of conventional
concrete[50]. It also increases by 1820% 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 theair voids size distribution in cementbased 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 condictivity.

1.3 BIO-BASEDCONCRETE

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

40 Abdelrahman MOHAMAD, 2021



Chapterl: Literature review

consumption solutions that are morerespectful of the environment. In this contextthe use of
materials of natural origin such as plants (wood, straw, flax, earth, hemp, etc.) is becoming
increasingly important. Indeed, theplant material incorporation in the construction products
formulation contributes to limiting COFemissions in a significant way, thus reducing the global
warming effect, provided plant growing does not give rise to larger emissiongonsidering the

total life cycle of the process.

Accordingto the French Ministry of Ecology, sustainable development and energy, "Biased
materials are materials derived from biomass of plant or animal origin. Todathese materials
represent a wide range of products and offer many applications in the buildingnd 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, compressd straw, etc.), plastic composite materials (matrices,

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

Bio-based concrete is considered as a lightweight concretS&eng et al. [86] studied the
prefabricated hemp concete 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 [87790]. These studies are essential for theertification implementation.
However, it turns out that the results presented in the literature can vary significantly and are not

necessarily representative of the mateal 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 replacesynthetic materials composites
because of several advantages such as biodegradabilitgnewability, recyclability, abundance,
permeability, corrosion resistance, high flexibility, hygroscopicity, nortoxicity, the ability to give
up moisture, no release of substances hazardous to health, nontation of the skin, no allergic
effects, competitive mechanical properties, reduced energy consumption, ledseatment

equipment abrasivenessand reduced waste dispoal problems. Flax, hemp, jute, sisal and cotton
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are the most used plant materials for reinforcing cementbased, geopolymer and polymer

composite materials due to their relatively high strength and elasticitynodulus.

The main chemical compositions of thelzove-mentioned ligno-cellulose plant materials are
cellulose, hemicellulose, lignin, wax and pectin with small sugaesnountsand starch proteins in
varying amounts. Cellulose, hemicellulose and lignin are the basic components that determine the

bio-basedmaterials physical properties.

Cellulose is the most rigid and strongest organic component that gives plant materials
strength, rigidity and stability. However, cellulose is a sermirystalline polysaccharide with a
hydroxyl group, giving the natural material a hydrophilic character whenused to reinforce

hydrophobic matrices[92].

Hemicellulose is strongly bound to cellulose fibrils, probably by hydrogen bonds. Hemi
cellulosesare branched, totally amorphousand 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 hygroscopid92].

Lignin and pectin serve as the chemical adhesive in the materi@3]. Lignin is amorphous,
highly complex, mainly aromatic polymers that absorb the leastater amount ofany natural fibre

components[94].

Most plant materials contain 6570% cellulose, which is crystalline and consists of three
elements, C, H and O, with the general formule3@; @~ [95]. Lignin and other noncellulosic
substances are associated with the cells walls and their presence changes the fimalterial
properties. An important characteristic d 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, theplant fibres mechanical properties ensure
the performance and competitiveness of the newsedmaterials.# 1 | DPAT EAO8 2 3% AADA(
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

Hemp fibers

= Hemp shiv

Powder

Hemp seed

Figure 13 : The different types of hemp extracf86].  Figure 14 : the hemp stalk attached by the hemg
fibres[97].

Hemp has been cultivated bjnumans 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 plamethe
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 ofmp 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 forhemp today.

As shown in Figure 13Hemp provides three ceproducts: thepowder, 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 wodFigure 14) and the hemp shiv can

be used to produce hemp concrete anglaster.

1.3.2.2.1Hemp 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 othemplant fibres [98].
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Figure 15 : Comparison between concretes with/without incorporated fibrég3].

Generally, thebio-based fibres are usedo [93]:

- Improve the concrete mechanical performanceijts 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 (Figre 15).

1.3.2.2.2Hemp shiv
Hemp shiv are aggregates made fromhé hemp stalkwood (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 characteristis.

(Al D OEEOO EAOA A bl O OO0 OOAOI AO OOOOAOOOA xEC
made up of parallel vessels in which circulates the plant's sapable 1 shows the hemp shiv

chemical composition[99].
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Table 1 : Hemp shivxchemical 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 210 5%
Nitrogen 0.41t0 1%
KFO 0.96 to 1.5%
CaO 0.891t0 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. Theemp shiv aggregate
geometry can change according to water conditionsAdditionally, the channel structure is

favourable to water trapping by capillary action.

Hemp shiv is light in weight which gives them a good insulating capacityMoreover, air
represents 92% of the total vdume occupied with onethird 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 kgm?3 [100z102].

1.3.2.3 Binder

The main role of the mineral binder associated with hemp in the hemp concret®mposition
is to ensure a minimum of cohesion between the component§his 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, constency 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 thehemp concretecompressive strength and decreases
the ductility of the material. Conversely, a high hemfbinder ratio makes the binder strength in
the matrix low. Further, the bonding points between the binder and the hemp shivra weak.
Consequently, the deformation before material failure is important and the mechanical behaviour

of the hemp shiv is dominant.

Abdelrahman MOHAMAD, 2021 45



Chapterl: Literature review

1.3.3 Properties of hemp concrete

This part presents thehemp concreteproperties, and the hemp shiveffectsin 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

Cerezoet al.[87] and Couedekt al.[103] show that the hemp shivsabsorption capacitiesis
around 250%, which changes theoncrete 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 hydrophilicmaterials leads to a

decrease in vorkability.

Some studies have shown that natural materials of plant origin have a negative effect on the
hydration of cement composites[105z107]. For example, hemp shivaffects thermal hydration
due to the incompatibility of the binder-plant aggregate mixture, resulting in a loss of binder
hydration, which reduces the mechanical strengtij108]. Different studies have shown similar
results [106,109], explained by the disruption of cement hydration reactions in thehemp shiv
moleculespresence. The exothermic hydratiorheat amountdecreases as the hemp shi@mount
increases This difference in hydration heatis due to the change in theement matrix structure.

The delay in setting is due to the inability to develop aluminates (8 and GAF)[110].

Moreover, Bilba et al.[111] observed a delayed setting time and a reduction in the hydration
heatin cement canposites reinforced with sugarcane bagasse fiberélso, Pageet al.[110] found

similar results using flax fibers.

Diquélo et al.[106] found that hemp shiv has damaging effects on theement setting and
hardening, as it delays and reduceshe GSH 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 ithe area around
the shiv particle. Another major obseration is that this lack of setting is related to both the
aqueous extracts and the byroducts of shiv degradation by the alkaline cementitious

environment.
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1.3.3.2 Mechanical

Hemp concrete is a materialexhibiting an elasteplastic behavior that is not fragile
[87,98,1127114]. 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 externalstresses.

Furthermore, the results obtained by Cerezetal. [87] show that the hemp concrete
mechanical properties depend on thebinder amount. Indeed, the mechanical strength varies
between 0.25 and 1.25 MPa and the elasticitpjodulus between 4 and 160 MPaAs the binder

content decreases the mechanical resistanceeglasticand Poisson's ratiodecrease.

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 behawes like a continuous binder matrix in which plant particles are embedded
Furthermore, the increase of theW/B ratio leads to a decrease in density which reduces the
mechanical properties but improves the thermal and hygroscopic propertiesMoreover, the

tensile and flexural strength of composites is correlated with the compressive strengtfp9].

1.3.3.3 Thermal

Nguyen's experimens[113] also show that thermal conductivity is affected by théemp shiv
amount. Senget 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 0.112W/( m.K) (hot wire). Also,they found that the thermal conductivity
increases with the increase of ambient humidity.
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Figure 17 : Simulated nfluence 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 concretdbermal 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 thedry 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. Theevolution plot of this water content as a function
of the relative humidity for a given temperature is called thevapour sorption/desorption

isotherm.

Type Il

Vads

P Po

Figure 18 : Type Il classified by IUPAC, 1985.

In the case of hemp shiv or hemp shiv concrete, the behaviour of the isothermsoistype Il
according to the IUPAC classificatiof89,116] (Figure 18).
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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 (Figud® (a)). The first change of
slope (Figure18) corresponds to thebeginning of adsorption of new gas molecules on the layer
of molecules already adsorbed without the latter necessarily being complet&igure 19 (b)). Itis
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 watercontents 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 bindertype influences thehemp concretecapillary absorption. Increasing the hgraulic
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 hydraulicit of the binder) contribute to the

permeability to a lesser exten{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 thewater repellent addition in bamboo fibers absorbs only 4%
of the water. Coated cellulosic materials can be wateesistant and without alkalinity and
improve the cementbased compositegiurability. Bilba and Arseng[119] also recommend the use
of a silane coating to improve the durability of cellulosic reinforcecconcrete, such as bagasse.
Toledo et al.[120] recommends immersing thefibre in a silica fume suspension before adding it
to the mix, resulting in more durable compo#es. Savastanat al.[121] reported that the use of
pulp fibres can improve durability. Similarly, Juarezet 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 increasdibre stiffness and reduce moisture absorption The
combination of pyrolysis and silane treatment improves the water resistance of thibres, which
become more hydrophobic[124]. Other studies have been carried out to study eucalyptus kraft
cellulosefibres 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 cementbased materials, as it has a
significant impact on the longterm strength of the materials. Cement is a highly alkaline material
with a pH above 125. It contains metallic hydroxyl groups that are formedecause othe calcium
silicates hydration and hydroxylation, aluminates and ferrites present in the cement matrix.
However, studies have shown that cement composites reinforced with natural plafifores are
susceptible to deterioration in cement matrices due to theveakening of the absorbed water and
alkaline solution in these fibre pores. The composites eterioration is also weatherdependent.
One of the main reasons for the deterioration of natural plarfibres in cementbased composites
is the dissolution of the Ignin and hemicellulose that bind the individualfibre cells with an
alkaline pore solution[126]. In other words, thefibres durability in alkaline media is low due to
the cellulose, hemicellulose and lignindissolution. The fibres degradation in the cementitious
basal matrix is one of the main causes of thenechanical properties decreasén the long term
[92].

The degradationrate depends on the crystallinity and fibrillar morphology of the cellulose
contained in thesefibres [127]. Govinet al.[128] found that fibres containing more lignin are
more sensitive to alkaline media. This is explained by the fact thigjnin and hemicelluloses are
more reactive than cellulose to alkaline attack. Therefore, the higher the cellulosgystallinity , the
slower the degradation rate. Moreover, the cellulosecrystallinity is higher than that of

hemicellulose or lignin.

Yanet al. [92] explained theplant materials degradation mechanismin more details.Indeed,
the cellulosic tissuesdegradation mechanisms in cemenbased 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 cementl&phase
and the porous solution. Advances in degradation include: (ignin and part of hemicellulose
degradation; (ii) hemicellulose degradation; (iii) cellulose degradation; and (iv) cellulose
microfibrils failure, followed by complete degradation otellulosic 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 theibres cell wall structure

is the main reason for cell wall mineralization92] .
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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 waterpresenceis indeed a risk factor for thehemp concretedurability. Moreover,
the hemp shivhydrophilic character leads to swelling of the particles, and thus leads to stresses
at the interface between the aggregate and the binddd34]. Furthermore, in the presence of
water and mineral binders, a high pHvalue can be reached within the material, which leads to
alkaline degradation, as well as plant mineralizatior}135]. The applied relative humidity value

also has an influence on the carbortion 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-based
materials development in civil engineering. Agriculture nowadays suffers deficiencies in Soil
Organic Carbons (SOC), specifically itarge farming and intensive croppng areas. Using
ACOEAOI OOOAI OPAOAO ET AEOEI Al CET AAmehisspnsADDI EA
should not induce more CGBemissions in producing more biomass dedicated to civil engineering.
Spares should remain real spares from agriculre. Unfortunately, such a drawback has already
been observed previously, called ILUC effect (Indirect Land Use Change) in tiediesel and
bioethanol development, impeding soitreturned biomass and further decreasing SO[@37z140].

The bio-based concretesievelopmentmust 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 foaned 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 norautoclaved foam concrete, 2 production methodsra 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 bidased concretes and in particular the hemp
concrete, which consists of binder and hemp particlemixture, this material presents excellent
thermal performances and insulation capabilities, while being lightweight. Moreaer, Hemp

concrete reduces the environmental impacthanks to its bio-based character
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Much researchdiscusseghe properties of these two types of concrete but few of them discuss
the combination of foamed concrete and hemp shiMineral aggregates are akady used in foam
concrete.This can give important thermal performances, reducing the environmental impact, but
the main challenges are t@reate a production method to produce this material withoutoo much

influence on mechanicalperformancesand 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 bibased materials to play an incrasingly

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@ater amount or by using
superplasticizer, accelerating theconcrete setting. Furthermore, it is found that both concretes
(foamed and biobased) present rather modest mechanical performnces and an important
permeability to water in the structure, because of the high porosity and theigh connectivity of
the porousnetwork. Therefore, to improve thehemp concretemechanical strengthit is necessary
to addpozzolans since it ismore compatible with plant materials, and we can use water repellents

to improve the waterproof character of the concrete.

Consequently it remains necessaryto create and optimize formulations for such new
materials, based on the mechanical and thermalepformances, and theenvironmental 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 concretestructures.
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C h apter 2 Methods, materials and production

of bio-based foam concrete

Abdelrahman MOHAMAD, 2021 53



Chapter2: Methods, materials and production of bibased foam concrete

54 Abdelrahman MOHAMAD, 2021



Chapter2: Methods, materials and production of bibased foam concrete

2. Methods, materials and production of bio -

based foam concrete

2.1 INTRODUCTION

The bibliographic study provided in the previous chapter highlighted the componentsffects
on the bio-based foamed concretedormulations and properties. In this chapter, the different
constituents used for the realization of the various cementitious formulations are presented, as
well as the applied characterizatiortechniques.This chapter is divided into three main partsFirst
part presents the raw materials used in this study (cement, additives, admixtures and hemp shiv)
to formulate the bio-based foamedconcretes. Second part, all the experimental methods and
processeaused to study thebio-based foamed concretessential properties (physical, mechanical,
thermal, hydric) are defined. Third, non-autoclaved biobased foamed concrete formulations are
ET OAOOECAOAA AU OOOAUET ¢ OEAOI Al h 1T AAEAT BAAT h #/

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 m{d., lower than the limit value given by the NF
EN 1008 standard (0.27 mgL). Its pH & equal to 7.4141].

2.2.2 Binders

2.2.2.1 Cement

The cement used comes from Calcia's Ranville plant. It is certified [NF EN 1B7and
referenced CEM | 52.5 NThe physical, mechanical and chemical properties of the cement
delivered by the supplier. The ordinary Portland cement (CEM ) used is a cement amposed of
97% clinker. Portland clinker is obtained by calcining a precisely fixed mixture of raw materials
containing elements commonly expressed as oxides CaO, BiBFOF, MgO and small amounts of

other materials.
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The clinker contains at least two thids of calcium silicates (3CaO.SKand 2Ca0.SiE), the
remaining part consisting of phases containing aluminium, iron and other component&ement

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 theclinker anhydrous phases.

- Obtaining a supersaturated solution in relation to hydrated phaseswith the
dissolution of anhydrous compoundsthe mixing water becanes 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 (GGBR3lich is a by-product from iron production,
fulfiling EN 206-1 has been widely used in concrete for a long time. The first norm for Portland
blast-furnace cement was realized in 1923A large amount of study carried out on GGBisased
concrete has shown that it offers advantages for fresh and engineering properties 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 agéhe characteristics of these alternative
binder are provided respectively inAppendix 1. Figure 20 showsXRDdiagram of GGBFS used in
this study, it is totally amorphous.

L
500

2-Theta [degrees]

Figure 20 : XRD diagram of GGBFS
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2.2.2.3 Metakaoli n

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°The presence
of MK enhancesthe strength atearly ages[142]. Thus, itreducesthe negative effect of GGBFS at
the early age of strength developmentAlthough, it was also noted that the Mkslag mixes
exhibited the most strength at 28 days.
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Figure 21 : XRD diagram of MK.

As shown in Figure 21, mtakaolin is crystallized with a mineralogical composition of77
wt% quartz and 23 wt% kaolinite . But we cannotalso excludesome amorphous contents in MK,
since the diagram exhibitssmall, modulatedbackground around 30° in2-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 absalte density. The absolute density of
CEM | andGGBF$s almostidentical, but GGBFS requires more water for hydratiorMK hasthe

lower absolute densityand the most pozzolan raw material with AIO; + SiQ more than 90%.
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Table 2 : Physicechemical characteristics of the binders

The chemical compound Chemical composition (%)
CEM | GGBFS MK

Calcium oxide (Ca0) 66.2 43 0.322

Aluminium oxide (Al20s) 4.44 10.7 Al20s +SIG=

Silicon dioxide (SiQ) 20.6 37.3 92.5
Ferric oxide (Fe0s) 4 0.2 3.7
Sulfur trioxide (SQ) 2.6 0.1 0.2

Sodium oxide (NaO) 0.07 0.7 0.252
Magnesium oxide (MO) 1.25 6.5 0.19
Potassium oxide (KO) 0.84 04 0.4

Others 1.1 2.436
Absolute density (kg/m3) 31 29 25

Thei T OO0 AT i1 11T1T T@EAAO &£ O AAi AT OEOET 6O i AOAOEAI

lime (Ca0). The Keil triangular diagram represents the ternary limsilica-alumina system. It
allows to locate and compare the compositions of the different binders. TheeK diagram of the

binders used in this study is shown in Figure 22.

I Portland cement
I Metakaolin

GGBFS

10 20 30 40 50 60 70 80 90

Alz:O3

Figure 22 : Keil ternary diagram for the different binders

2.2.3 Admixtures

To control the setting time andworkability of the studied concrete, additional additives are
used inthe mineral suspensions. According to standard NF EN 934[143], an admixture is a
"product incorporated at the time of mixing of concrete or mortar at a dose less than or egu@
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 awiding vibrating the concrete to protect air bubbles, so that the foamed
concrete paste should be fluid144]. In this context, it is necessarto use superplasticizer(SP)to
achieve a good fluidity of the fresh paste. Therefore, a superplasticizer with a high watexducing

capacity named MasterGlenium ACE 456 from BASF, based on polycarboxylasessed.

A commercial foaming agenhamed BETOMOUSS®&rom SIKAis used togeneratea stable
bubble network and to maintain the foamstructures until setting. This foaming agent(FA) is a

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

The foaming agent GGBFS anthemp 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 theementinitial hydration reactions, which accelerdes the
setting, improves the air bubblesstability in the cementitious matrix and develops the mechanical
strength early. In addition, a CHRYSO®Dem Ekla *2DEV demoulding agent, which does not
contain solvents in its composition, is used to create a nestick 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/cm?3) 1.45 + 0.01 1.06 + 0.01 1.04 +0.02
Recommended 1-15% 1-3% -
weight
Chlorides content S m8p S m8p 0.001 %
pH 6+1 6+1 9

Solids Content (%) 61.5%+2.7% 305%+15% 30 %

2.2.4 Hemp shiv

Hemp shiv (HS) used in this study is a commercialtype of product supplied by
Technichanvre® (Appendix 3). This productis composed of 95% hemp shiv and 5%f hemp
fibers. All the characteristics presented in the following sections aretudied according to the
recommendations of the Rilem TC 236 BBM Technical Committget6].
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2.2.4.1 Absolute and Bulk density

Only bulk density and thermal conductivity is given by the supplie(Appendix 3). Therefore,
accordingto ASTM B923,lhe measurement of absolute density is investigated by AccuPyc Il 1340
helium pycnometer. It allows accurate measurement of the volume of the solid phase of a sample
of known weight. The test should be repeted 3 times at least (with 3hemp shiv different
samples).In addition, Table 4 presents the bulkand absolutedensity, and thermal conductivity of

the hemp shiv.

Table 4 : Hemp shiv blk and absolute density, and thermabnductivity.

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 28BM[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 samplesf 25 g of aggregatéWater content is measured after

1, 15, 60 and 240 (4 hours) and 2880 minutes (48 hours) of immersion.

The samplemass at time t allows us to determine the water content w(t) which is expressed

as the ratio between thesamplemass gan at time t and its initial dry mass(Eq. 7).
00 — pmnm Eq.7

0 O :Water content at time t (%).
@ 0 :SampleMass at time t (g)

a 1 :Hemp shiv nitial mass before immersion inwater (g).

The variation of hemp shiv moisture content with time is modelled by the following equation:

00 OYOUp aé W Eq.8

"O'Y BCorresponds to theparticles surface water content, thus to theabsorbed water content during
the first minute.

U p : The parameter reflecting the water absorptionrate within the particle (varies with the particles

porosity).

0: 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 higlwater absorption capacity. IndeedFigure 23 showed
that the water absorbed by hemp shinincreases about 143% after one minute of immersionto
become araind 247% after 48 hours. These results confirm the higlwater 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, 0.51, 2, 4, 8and 16 mm. Each of the sieves is weighed to form a cumulative mass
curve of the sieve size. For elongated or flattened particlesuch 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 opening148].

Figure 24 : Protocol of granulometric analysis by image treatment (Scan, conversion of the gcaje and

adjustment in the form of ellipses).
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For image analysis,lte 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 contrag 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 scannemwith a resolution of 600 DPland 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 ttegents consist in correcting
the brightness and to binarize the image. The fourth step is to calculate thgarticles
characteristics. The last step is to use the Excel software to exploit the results and generate the
granulometric curves (Figure 25).
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Figure 25 : Aggregate size distribution determined by mechanical sieving and imhagenp shivanalysis
methodks.

Figure 25 showsthe granulometry of hemp shiv used in this studybtained from mechanical
sieving experiment and from image analysis Both types of determination give very close

distribution curves with particle sizes rangingbetween 0.6 ands mm.

2.3 METHODS

2.3.1 Production methods

Several parameters intervene in the elaboration of a foamed concrete and canfluence 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 thenixture function to obtain a good homogeneitwince
the homogeneity of the cellular structure is one athe essential parameters to control. Air bubbles
must remain stable in the concrete in a fresh state, without coalescence. Thus, it is preferdhk4]

to:

- Use a fastsetting binder and/or acceleration agent.
- Obtain a high viscosity cement matrix

- Obey ptal absence of vibration.

With respect to the previous advice, two production methods are applied in this study, the

preformed foam method and the direcimixing 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 amineral suspension.Figure 26 illustrates the protocol of
the preformed foaming method which is divided into two stagesOn 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 ithe IGMmortar mixer
with a capacity of about 2@ 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.

Dry mixing: Binder + :
. s 1 min
pozzolanic additives +
. -Slow speed-
hemp shiv
Surfactant and water Mixing w1ﬂ1 water and 3 min
admixtures -Slow speed-
D + !

Formation of foam Mineral suspension

!

Fresh foamed concrete

Figure 26 : Protocol of the preformed foaming method
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Figure 27 : IGM mixer usedo producemineral suspensions

2.3.1.2 Direct mixing method

Foamconcretes are also manufactured usinthe direct mixing method. Figure 28 illustrates

the protocol of this method whichis 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 inFigure 27, dl the solid elements CEM | GGBFSMK 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

isadded,and themixture is mixed by a paint mixer at highspeedfor 3 minutes. This mixing allows

air to be introduced into the suspension.

Dry mixing: Binder +
Pozzolanic additives +
hemp shiv

!

Mixing with water and
admixtures

!

Addition of surfactant

Mixing 3 min
-High speed-

!

3 min
-Low speed-

Fresh foamed concrete

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 %Repending on the required measurements, several

sizes of pecimens were used:

Rectangular prismspecimens of 4 x 4 x 16 cm3 for compressive strengtand
flexural strength.

- Rectangular prismspecimens of 30 x 30 x 5.5 cm3 for thermal conductivity.

- N11x22 cm?3 cylinders for porosity accessible to water

- Cubic specinens of 15 x 15 x 15 cm3 for capillary absorption.

2.3.2 Physical properties

2.3.2.1 Density

2.3.2.1.1Bulk density
Fresh pastedensity is measuredaccording to standard NF EN 1235®, immediately after the
end of the process bygravimetric measurements of the filled moulds The maximumrelative

uncertainty on this measurement is estimatedo 3%.

The bulk density” of the hardened foaned concrete samplesis determined according to
standard NF EN 123566 by the ratio between the mass and the volumef three samples of
4x4x16 cn®, these samples is drying at the temperature of 60 °C until constant weigln error
on the mass, but especially on the volume of the samples is possible. The maximum error orkbul

density measurement is estimated at 4%.

2.3.2.1.2Absolute density
According to ASTM B923, the absolute density measurement s investigated by AccuPyc
I 1340 helium pycnometer(Figure 29). It allows to accurately measure the solid phase volume of
a known weight samplelndeed, the measuremenprinciple is to introduce helium into a reference
enclosure with a known pressure and then extend this gas into the enclosure containing the
sample bymeasuring thesamplenew pressure. This measuremeninethod 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 densityneasuring 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 temperatureThe density is taken equal to the average of the three vas obtained.

2.3.2.2 Porosity

2.3.2.2.1Total porosity
According to the NF EN 1097 standard, total porositlg is obtained from the absolute density

and the bulk density using the following equation:

B €- 4 x 100 Eq.9

" . Bulk density (kg/ms3).
" . Absolute density (kg/m3).

2.3.2.2.2Porosity accessible to water
The porosity accessible to water and the bulk densitymeasurement was carried out by

hydrostatic weighing according to the NF P18159 standard (Figure30 and 31).

Figure 30 : Water-accessible porosity device.
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Valves

Vacuum desiccator and samples

Figure 31 : Scheme illustraing the process of wateaccessible 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 inthe pores and thus facilitate their saturation. As soon as the water is
introduced, the pressure is maintained for at least 44 hourslhen, the dry bulk density” , and

the porosity accessible to water are deduced by the followingequations:

” " Eqg.10
- —————— pPTT Eqg.11
&  =The foamed concrete driedveight at 105+5 °C (g).
& =Thefoamed concreteweight in saturated conditions dry surface (g).
a = The saturated foam concreteweight 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 foarad concrete. However, Ceritj144] 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 4x4x16 cfhprismatic mortar specimens in
accordance with NF EN 194. The device used isan electromechanical press from the IGM
company with a capacity of 250 kN, equipped with a load cell with a capacity®® kN to improve
the accuracy of the results (Figure82). Three samples were tested per formulation. The NF EN

196-1 standard requires a loading speed of 50/8l.
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Figure 32 : Flexural testdevice

To observe this behaviour better, it ipreferable to drive the test on the move instead of under
load. Thus, the 3point bending tests carried out on the mortars were conducted with a loading
speed of 0.20 mmmin. The displacement is measured using a digi 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 calculatedising thefollowing equation:

. 8/ 8

'Y =The flexural strength of foam concrete (MPa).
"G,  =The maximum flexural load at rupture (N).

0 = distance between supports (mm).
GHCE 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 (Figure33). The same press as for the flexural test was used, but the 50 kN

load cell was replaced by another one with higher capacity (250 kN).

'5\ i
Tlﬂ =

Figure 33 : Compressive testevice
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The loading speed is 2.4 ki$, according to NF EN 194. The halfprisms to be tested are
placed laterally in the center of the machine platform. Theompressive strength is calculated

according to the following equation:

‘ R
Y 3 Eq.13

'Y = The compressive strength of foam concrete (MPa).
"O; = The maximum compressive load at rupture (N).

aiQ= 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 testdevice

hot plate

Sample
corrective plates

Thermocouples

cold plate

Figure 35 : Schemadllustrating the process athermal conductivity test
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The device used iHFM 436 Lambda flowmeter (NETZSCHYigure 34) following the EN
12667 standard. It allowsthe measurement of the thermal conductivity of materials with a surface
area of 300x300 mm? and thicknesses ranging from 5 to 100 mm, at temperatures ranging frem
30 to 90 °C and for conductivities ranging fron®.002 to 2 W/(m.K). Figure 35 explains thehermal
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 teample

OEAOI Al AT T AOGAOEOEOU vplue§ 2AH AthirkeAniakndss of thefsantpl@ O AT A A

measured).

2.3.5 Hydration

2.3.5.1 Semi-adiabatic calorimetry

Hydration heat of foamedconcrete during the first few hours is measured by sermdiabatic

calorimetry (Langavant method), according to the NF EN 198 standard (Figure 36).

Figure 36 : Semiadiabatic calorimeter (NF EN 19®)

This test allows the determination of the heatamount released by the cement during its
hydration from the temperature evolution. At a given time, thecement hydration heat 0 ,
expressed byEq. 14, is equal to the sum of the heat accumulated in the calorimeter and the
heat dissipated to the outside) . The foamed concretetemperature under test is compared

with that of an inert sample in the reference calorimeter.

6 5 0 Eq.14
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The heataccumulated in the calorimeter and the heat dissipated to the outside are calculated
from Eq. 15 and Eq. B respectively:

0 —&Y Eq.15
With:

&= Total heat capacity of the calorimeter (UK).

a =CementWeightin the test sample (g).

Y'Y= Temperature difference between the test calorimeter and the reference calorimeter at time t (K).

R
|

| Q0 Eq.16

With:
| =Total heat loss coefficient of thealorimeter (J/(h.K)).

0= Time elapsed since the beginning of hydration (h).

2.3.5.2 Thermo -gravimetric analyses

Cement tydration degree is obtained from thehydrated cementitious compoundsbound
water content. Furthermore, as temperature increasessement hydration products decompose,

releasing water and carbon dioxide [146]. Therefore, thermogravimetric analyses (TGA) were
carried out.
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Figure 37 : Thermogravimetric analyses Figure 38 : ATG chart.

(TGA)device

Thermogravimetric analyses (TGA)(Figure 37 and 38) were realized at a heating rate of

10°dmin 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 2cm

were taken from the core of the test specimens. Each of these samples wasitbrished (< 4 mm)

AT A AOEAA AO ¢m J# EIT A OAAOOI AAOGEAAAOQI O AI O x¢
and dried again in an oven at 70°C. TGA measurements were made on samples of 1080 g

concrete powder.

2.3.5.3 X-ray diffraction

The hemp shivimpact on the foamed concretemineralogical 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 withfiiered copper radiation.
4EA AEEAOAAOE tetordell beBriedh A0 and 80°AwiiR a step of 0.013and a total

acquisition time of 2h.The foam concrete samples are previously crushaslith a cryo-grinder.

The diffraction diagramsanalysisis carried out using the Rietveld approach as implemented
in the MAUD software($ 8 # EAOAECT AO wAsd O#1 [-IBTE] 4Adh. ISBN:AT UOE 6
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 capillaryscent[149].

According to the NF EN 1305%tandard, Capillary water absorptionconsistsof following the
weight of the material exposed to water along itbottom face (immersion depth of 2 mm) during
the following immersion times: 5, 15, 30, 60, 120, 240, 1440, 2880, 5700 and 6600 minutdéisen
dried until reaching a constant mass in a ventilated oven at 80+2°Capillary absorption

coefficientd (E C¥j | pisSdefised 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 SPS11p tt &£OT id. 0 01T 51 E
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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 edlibrating the
sample under a series of vapour concentrations. The measurement is often quite sensitive to

temperature sincethis latter influences the sorption behaviour of materials.
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Figure 39 : Device used for DVS Figure 40 : Relative humidity levels and the weight of a sample
testing (ProUmid)

The isothermal sorption curves are determined discontinuously in successive steps of
increasing and then decreasing relative humidity (or vice versajFigure 40), according to a
method described in the NF EN ISO 12571 standard. The tests were carried out with
representative sampes 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 intervalsFor each moisture content, equilibrium is considered tde reached

when the variation in sample mass is less than 0.01%iter 120 minutes.

2.3.7 Visualisation method

The images obtained by the Keyence microscope (lig 41) provide a first observation of the
pore structure (Figure 42). To investigate the air bubbles andiemp shivdistribution , an image

analysis softwareis necessary.
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Figure 41 : Keyence microscope

Figure 42 : The raw image of the bidased foamed concrete with siZz®000x10000 (pixels).

For this purpose,the ImageJ software isisedfirstly to determine the hemp shiv surfaceamount
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 largeadii 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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Figure 44 : The steps of image treatment by the Image J software: (a) Delimitation of th

individual cells; (b) Removal of reflections present on the surface of the cells so that tF

bubble is coloured all black; (c) Edge detection analysis assuming ellipsoidal cosito
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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 stagesFixed objectives are highlightedby the choice of formulations,
the concretes must be light with a density lower than 800kg/m3, selfsupporting with a
compressive strengthlarger than 2 MPa and insulating with a thermal conductivity lower than @
W/(m.K).

2.4.1 Formulations

Twenty of foamed concretesare manufactured according to the preformed method using

eight different formulations. The control formulation is as follows inTable5.

Table 5 : Formulation of control foamed concrete.

Mixes Fresh Composition of mixture (kg/m3) Wt/ B

Names density CEMI GGBFS MK HS SP Acc FAG Wh Wt
(kg/m3)

C100POHO 890 700 - - - 14 7 21 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 orhis previous formulation. The modification of

the control formulation is achieved in 2 phasespresented inFigure 45:

- The first phase consists ofeplacing the cementby pozzolanic additions (20%
GGBF%nd 10% MK) without adding hempshiv.
- The secondphase operates the replacement o, 10 and 15 wt% of cement by

hemp shiv by fixing the pozzolanic additiongontent.

All the formulations are calculatedbased on constantotal volume of the sample Figure 46).

C100POHO C70P30HO

Replacement of cement by 20 Cement
mu}‘ L‘.GBFS nd mw‘,a MK
Pozzolanic
additions

Replacement of cement by 5, 10 and 15 vol% of hemp shiv
C70P30HO C65P30H5 C60P30H10 C55P30H15

I Cement
M -
4 Hemp shiv
Pozzalanic
| additions

Figure 45 : Composition of Bidbased foamed concrete.
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100 wt% of cement 100 vol% of cement

. x wt% of cement = y vol% of cement . — .

Replacement of y vol% of

cement by hemp shiv y vol%

X wt%

l—T—)

The volume of sample is still
fixed

Figure 46 : Protocol ofcementreplacement by the hemp shiv

The protocol to replace cement by hemp shiFigure 46) is the following (The idea is to

replace the cement withhemp shiv and maintain the same volume)

1- Based on the control foamed concret®rmulation with 100% cement,x wt% of the total
content of cementis substituted.

2- Calculaton of the volume occupied by thisx wt% @ using the following equation:
w — Eq.17

With,

Cement lulk density =1500 kg/m3 .
0 Set cement veight.
®  SetcementVolume.

- Calculate the mass of hemp shiv  based on the volume of cement calculated in equation

1 using the following equation:
0 w Eq.18

@  Set cement wlume =Hemp shivvolume.
Hemp shiv hulk density = 140 kg/m3.

0 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 Wh/B ratio, whatever thebinder amount and \ariable Wt/B ratio in order
to keep the same workability, relative to theadded hemp shivamount and removed cement

amount.
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Table 6 : Formulations of all the samplestudied in chapter 2.

Mixes Fresh Composition of mixture (kg/m3) Wt/B  Wb/B
Names density CEMI| GGBFS MK HS SP Acc FAG Wh Wit
(kg/m?)
C100POHO 890 700 - - - 14 7 2.1 0,00 168,00 0,24 0.24
C70P30HO 933 490 140 70 - 7 7 2.1 0,00 217,00 0,31 0.31
C95P0OH5 858 665 - - 33 14 7 21 8.15 167.75 0,25 0.24
C65P30H5 900 455 140 70 33 7 7 2.1 8.15 2143 0,32 0.31
C90POH10 825 630 - - 6.5 14 7 2.1 16.05 167.25 0,26 0.24
C60P30H10 867 420 140 700 65 7 7 2.1 16.05 211.35 0,33 0.31
C85P0H15 792 595 - - 98 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 Henghiv respectively, followed by their respective
guantities 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 byhemp shiv. Note that it is required tomaintain the same sample volume for

each formulation.

As a result of the highwater absorption capacity of the hemp shiv particles, a competition for
water between the hemp shiv particles and the mineral binder occurred during theemp concrete
setting: the hemp particles absorb the water necessary for thginder hydration [87,91,113]. This
leads to chalking of the hydraulc binders at the interface betweenthe binder and the hemp
particle [87]. Therefore, thewater quantities in the different formulations are adjusted inrelation

to the hemp shivvolume.

2.4.2 Density

The main factors affecting theconcretedensity are air content, binder, aggregate density and
water content [150]. As shown in Figure47, the density at 28days varies between 675 kg/m3
(C100POHO0) and B2 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 CFCs and C10BFCs (Figure 47) sine
OEA AAI AT O AOIE AAT OEOU jm E pumnm ECTioq EO EECE

kg/m3) Briefly, the bulk density decreases with the increase of hemp shiv amount.
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Figure 47 : Density of allsamples versus timfor (a) the C100BFCs and (b) the CBFCs.

Furthermore, by comparison of C70P30HO (included pozzolanic additions) with C100POHO
i xEOET 60 DPiTUUTT ATEA AAAEOET 1 O0Qqh EOS6O A& O A OEAO
pozzolanic additions since that GGBFS and MK absolute density (respesly 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 concretecompressive strengthdepends 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 mainlyu# 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 ofoamed concretes with pozzolanic materials is
greater than that of concretes without pozzolanic materials (Figure 48). For example, at 28 days,
the C70P30HO compressive strength is higher than that of C100POHO, although it is lower at 7
days.
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Figure 48 : Compressive strength versus tinh@ (a) the C1L00BFCs and (b) the CYBFCs.

The density decreases withincreasing hemp shiv content [98,152]. Similarly, looking at
Figure 48, the C1L00POHO compressivestrength drops significantly after thehemp shivaddition,
which does not occur with C70P30HO. This is due to the low cohesion between the cementitious
matrix and the hemp particles,which alters the concretesstiffness, producing new gaps in the
materials and increasing air entrapment[110]. As a result, thehemp shiv incorporation in FC
results in a decrease in 2&lay compressive strength ranging from 52% to 63% for C108FG
and from 24% to 37% for C70BF&. 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, Chamoiret al.[98] also found that thehemp 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 cahen 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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Figure 49 : Flexure strength versus timéor (a) the C106BFCs and (b) the CBFCs

The flexural strengthRs follows a similar behaviour to that of the compressive strengtiiRk: (See
Figure 48 and 49). The flexural strength of BFCs also shows a decrease from 31% to 44% for €100
BFCs and from 21% to 30% for CABFCs. According to Williamet al.[157], it was found that
increasing the binder ratio increases the flexural strength irboth perpendicular and parallel

directions. Consequently, the flexural strength almost decreases.

The R/Rratio of BFC samples ranging from 0.28 to 0.45 is larger than thatfomed concrete
in the literature with a ratio ranging from 0.2 to 0.4 and ordhary concrete with a ratio ranging
from 0.1 to 02 [158]. Compared taordinary and foamedconcretes the hemp shivaddition affects
the compressive strength more than the flexural strength, so thdvemp shiv reduces the

compressive strength more than the flexural strength resulting in an increased/R cratio.

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 K between the 2 faces. It is designated by the
Al AEEEAEATdO WM KIABGDOAOOA
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Figure 50 : Thermal conductivity of all samples versus tinfigr (a) the C106BFCs and (b) the CBFCs

Figure 50 shows that there is no significant difference in thermal conductivity between 7
and 28 dayslIn general, the thermalconductivity is inversely proportional to the foamed concrete
density [5,159]. Moreover,the thermal conductivity of eachraw materials influencesthe 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 contenaind high pozzolanic additives content
in the matrix, the thermal conductivity is lower. This is explainthe difference of 25% in the
thermal conductivity at 26A AUO AAOx AAT #pmmOomnm(m 1 E m8pwqu 77
0.1392 W/(m.K)) before the hemp shiv addition is significant.

The C100BFC sampleghermal conductivity was affected by thehemp shivincorporation,
whereas this behaviour & slightly observed for C76BFC samplesWhen 5% of the hemp shiv is
added, the thermal conductivity of C95P0OH5 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 CLOBFCs are decreased more
than those of C70BFCs.
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2.4.5 Cost and Cremissions

The most important factors for the feasibility of any material are its environmental and
economic impacts. Thus, the cost and G@missions for the manufacturing of BFCswere
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 (TaB)e
Thermal behaviour is considered here as the most important factor and in decreasing order of
importance compressive strength, CBemissions and cost, to which a weighof 4, 3, 2 and 1
respectively is assigned for a multcriteria analysis (Table 8). The CQ emission and cost
calculation methods for concretes are presented in Appendi%, the cost values are based on

supplier data and the C@emission values arebased on literature reference4161z7164].

The score is the sum of multiplication ofeach performanceweight with the rating which
presents as the score of the performance advantage. For example, for the thermal conduciivit
presented in Table 8, C70P30HO (Rating =3) has a higher rating than C100POHO (Rating =1), so
C70P30HO0 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 Compressive Cost CQ emission
(W/( m.K)) strength (MPa) j OFi 0 (kgCQ/md)
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 expensiy&able 8). Over 60% of the cost relates
to high doseadditives (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 conductivityith high

#/ F AIi EOOETT OAI OAh xEEI A #xmoon(m AQGEEAEOO
OOOAT CcOE xEOE i1 AAOAOA #/F AIEOOEIT 8
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Table 8 : Multicriteria ranking of the BFCs.

Ranking
(ole :
. Cost o Thermal Compressive
Mixs ) i Emission o Ca Cost Global
i OF I conductivity strength Score
(kg CATmM3) : Ranke
Weight =4 3 2 1
C100POHO 225 611 1 4 0 2 18 8
C70P30HO 206 458 3 4 2 2 30 1
C95P0OH5 223 582 2 2 1 2 24 5
C65P30H5 203 429 3 3 2 2 27 3
C90P0OH10 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

aWeights are coefficients to give priority to a given characteristic.
b Score = sum (Weight x Rating)

¢ Global Rank is the classification of formulations from best (1) to worsj.

As shown in table 8, mong the biobased foamed concretes, C55P30H15 can be considered as
A CiTA AliBPOTT EOA xEOE A OAlI AGEOAI/UnK)),TaxighOEAOI Al
compressive strength (Rc = 3.22 MPa) and G@missions half of those of C100POHO. As a
conclusion, the hemp shivncorporation in foamed concrete reduces the mechanical strength but
in terms of thermal resistance, CB emission and lightness, the firstresults 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 thagnter the
composition of composite materials developed in this study ahmore particularly the hemp shiv.
Indeed, the introduction of theseplant aggregatesin the foamed concrete composition can imply
modifications in the cohesionof the matrix, the hydration heat and the air bubblesdistribution.

Consequently, thephysical, mechanical, thermal and hydric properties of the materiatan be

changed

The second part of this chapter was devoted to the presentation of tliementitious composites
characterization methods. These methods are, in the vast majoritgither derived from current

standards, or adapted from preliminary tests.
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The third part of this chapter discussedthe preliminary results obtained on bio-based foamed
concrete (BFC) Ahigh amount of cement has been found to increase thermal conductivignd

#/ F AI EOOET T Oh OI OOAOOEOOOEITO 1T A& AAI AT O
improve insulating thermal performances.Moreover, hemp shivdecreasesdensity, compressive
strength, and thermal conductivity. But the pozzolanic addition mix improves the cohesion of

cementitious matrix in absence and presence of hemp shandin addition reduces CBemissions

Moreover, dl bio-based foam concretes are considered as blmsed lightweight concretes

(density lighter than 700 kg/m3), good thermal insulators with a thermal conductivity less than

0.2 W( m.K), but only C100POHO, C70P30H0, C95P0OH5, C65P30H5, C60P30H10 and C55P30H15

havea reasonably compressive strength (Re 2 MPa)

Thus, it is necessary to complete thstudy 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 shivcontents. 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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C h apte r 3 Porous structure and

cementitious matrix analysis
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3. Porous structure and cementitious matrix

analysis

3.1 INTRODUCTION

Based on the results of Chapter 2, in this chapter, tHBFC materialspore 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 densignd 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 structuregifter that, the hydration

heat and the mineralogy of he 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 Fresh Composition of mixture (kg/m3) Wit/B Whb/B
Names density CEMI| GGBFS MK HS SP Acc FAG Wh Wt
(kg/m3)
C100POHOP 891 700 - - - 14 7 21 000 168 0,24 0.24
C100POHOD 1600 1200 - - - 24 12 21 000 288 0,24 0.24
C70P30HOP 933 490 140 70 - 7 7 21 000 217 031 0.31
C70P30HOD 1589 840 240 120 - 12 12 21 000 372 031 0.31
C65P30H5P 900 455 140 70 33 6.7 6.7 21 807 214 032 0.31
C65P30H5D 1542 780 240 120 56 114 114 21 138 367 0,32 0.31
C55P30H5P 834 385 140 70 9.8 6.1 6.1 21 242 209 0,35 0.31
C55P30H5D 1227 660 240 120 168 103 1031 21 415 358 0,35 0.31
* Wt = Wb + Wh

The total amount of water(Wt) shows the wateramount absorbed by the hemp shiv particles
(Wh) and the water amount required for binder hydration (Wb), always respecting the ratio
Whb/B = 0.31.

Four formulations were chosen: C100POHO, the main control formdation, C70P30HO 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 slicorporation, 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 thefollowing, each sample elaborated by
OEA DPOAEI Oi AA T AOETA EO AATT OAA AU c¢0c¢c AT A AU
in Table 9 which represents the concretes compositions, "C55P30H15P consists of 55 wt% of
cement, 30 wt% of cement replaced bpozzolans, 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 foamedconcretes performances It directly
impacts density, strength, thermal conductivty, water performance and durability, and is related
to the amount of foam, wateradmixtures, 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:

3=(1- —)x 100 Eq.19

With,
" : Bulk density (kg/m3).
: Absolute density (kg/m3).

As shown in Table 10, the absolute densities of C100POHO, C70P30HO, C65P30H5 and
C5P305H15mixtures 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 naniarkable as the

amount of hemp that has been modified is extremely low in weight.

Table 10 : Absolute density of all samples

Mix Absolute density”  (kg/m3)
C100POHO 2444
C70P30H0 2386
C65P30H5 2380

C55P30H15 2361
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As shown in Table 11, the bulk densities of the foameambncretes producedby the preformed
method range from 579 kg/m® to 710 kg/m3 with a high porosity in the range of 70.7% to 74.5%.
Meanwhile, for the foamedconcretesobtained by the direct method, theapparent densities range
from 1092 kg/m3 to 1617 kg/m?3 and a porosity between 33.3% and 54.6 %. Hence, tHeamed
concretesporosity obtained by the direct method is lower than that produced by the preformed

method.

Table 11 : Physicalproperties of the biobased foamed concrete

Bulk density m

Mix Days (kg/m?) Porosity 3 (%)
C100POHOP 278 ;;g 71,4
C100POHOD 278 1222 34.5
C55P30H15P 278 Z;g 74.5
C55P30H15D 278 iggg 54,6
C65P30H5P 278 22; 72.2

7 1567
C65P30H5D 28 1234 38.9
C70P30HOP 278 222 70,7
7 1617
C70P30HOD o8 2601 333

The air bubblescreation in the direct method is more difficult since the air bubbles are formed
directly in the mineral suspension which exerts a high pressure otheir walls [60]. Thus, theair
penetration into the concrete structure is more difficult than in the preformed methodUsing 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 intte cementitious matrix to form the foamed
concrete. Moreover, many factors affect the air bubble productiocontrol such as speedjme, and
mixing directions. Additionally, the pozzolanic admixturesabsolute density is slightly lower than
that of cement,but the density of CLO0POHOD is lower than that of C70P30HOD. The explanation
for this unexpectedbehaviour is that the direct method ishard to control, depending on several
factors such as mixing time, mixing speedurfactantsamounts, water contentand 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 influencingfactors as possiblesince the bulk density is affected by
the absolute density of each constituent. Since thremp shivdensity is very low (m 1BO0 kg/m3),
the hemp shiv addition decreases the concrete density, therefore the densities of Ghased

foamed concretes with both methods decreases as the hemp shimount increases

Looking at Table 11, the porosity of CL00POHOR equal to 71.4 %, and on adding pozzolans,
the porosity of C70H30P0 becomes 70.7 %, hence pozzolanic additions reduce foamed
concrete porosity. This is in accordance with Gowripalan et a[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 porositgomparison of C55P30H15P, C65P30H5P and
C70P30HOP (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 isore 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%58]. Thus, thehemp
shiv incorporation affects the porosity of a lowporosity foamed concrete (made by direct
method) more than a highporosity foam concrete (made by preformed method)
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Figure 51 : Water-accessible porositgf foamed Figure 52 : Water-accessible porositpf foamed
concretes produced by the preformed method concretes produced by the direct method

The combination of Table 11, Figures 51 and 52 show that the wataccessible porosity
increases wth 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% ofahotal 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 operronnected pores more than those produced by the

direct methods.
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Figure 53 : Porosity of all samples against density.

As shown in figure53, for all the foams producedwith 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 thefollowing equations:

n TBIoX X 0® p,p Eqg.20

n TBIT Tww§ p,o Eqg.21

As a conclusion, the main parameter affecting bulk density is the porosity and absolute
density of each raw material. The production method and #& 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 concreteeused image
analysis A 4x4x16 cn$ sample isdivided into 4 parts as shown in figure 54the air bubble

distribution for each side is studied then the average of the curves is taken for the following
analysis.

Studied sides

I

L4 L4 L/4 L/4

Figure 54 : Air bubble distribution for the three sections of C65P30H5D.

This approach allows to obtain the air bubble size distributionj dbanulometryd @f the
different foam concretes consideredAll the curves studied can be found in thé\ppendix 4. For

clarification, C65P30H5D is chosen as an exampte show the three sections air bubble
distribution of samples.
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Figure 55 : Air bubble distribution for the three sections of CB30H5D.
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As shown in figure55, the "% partial ared, i.e.the sum of air bubble areas for each air bubble
radius, only a slight difference between the distributions is shownbetween different sample
sections, which means that the distribution of air bubbles is rather homogeneous laterally.
Generally, most of the air bubbles in the foamed concret# this research consists of small air
bubbles smaller than 0.5 mm
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Figure 56 : Cumulative air bubble distribution for the three sections of G&EHS5D.

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 ,i and
1 corresponding to a cumulative area % of 90, 50 and 10% respectiveljhese radii are used in

several studies[27,60,167z169] to determine the air bubblesdistribution and to calculate the air
bubblesuniformity .

3.4.2 Influences of the parameters on the air bubbles distribution

In this part, the influence ofpozzolanicadditions, the hemp shivamount and the production
methods on theair bubbles distribution are investigated.

3.4.2.1 Pozzolanic additions

To study the effects of cement replacement by pozzolanic additions on tlB#Cair bubbles
distribution , two mixes are tested in this part Thefirst mix is C10@POHO with 0 wt% of PZ and
the secondone is C7®30HO0 with 30wt% of PZ (20 wt% GGBFS and 10 wt% ). 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 methodare testedto 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 additiommaint (PZ).

Preformed Direct
Mix %P2 uc Rm (mm) uc Rm (mm)
C100POHO O 8,41 0,242 9,73 0,153
C70P30HO 30 51 0,188 8,1 0,088

Table 12 shows the mean radius (R) and the uniformity coefficient (UC) of the foamed
concretes. The air bubbleglistribution is considered totally uniform if UC=1i /i =1, as the

UC ratio increases the uniformity decreases

Looking at Table 12and figure 57, one can see darger voids uniformity ( UCcloser to 1)for
the mixeswith pozzolanic additions (PZ=3®%0). This largest homogeneity is associated to smaller
air bubble meanradius and is observed in the sample elaborated by the direct methodhe
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.

Preformed method Direct method

100 100 -
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Figure 57 : Cumulative air bubbles distribution versus radidsr 0 and 30% ofozzolanic additives (PZ)

using: (a) preformed mathod, (b) direct method.
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Additionally, looking at the crosssection views of C100POHOP and C70POHOP preformed
foamed concretes (Figure 58), we observe a very similar air bubble density. The pore structure of
these two foams shows veryconnected 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
(C70P30HOD and C100POHOD)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-SH more than in Portland cements[162], by increasing air bubble interfaces
thickness and blocking the air bubbles coalescence, resulting in smallervoid sizes and more

uniform distributions .

#pmm0m( mokg/mi) E #xmOon(mo0 jm E

Figure 58 : Pore structure evolution withand without pozzolanic additionaising preformed method.

#p 0 m( 11454 kgm3) E #x 1m0 o ( 601 kgm3) E

£0,100mm|

Figure 59 : Pore structure evolution with and without pozzolanic additions usiwigrect method.

Consequently, pozzolanic additions affect both mean void sizes and their distribution in the
porous structure, but this effect is moreprominent 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 thathemp shivincorporation affects BFCsdensity and porosity,

but we have rot considered sofar, their effect onthe distribution and sizesof 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 51 0,182 8.1 0.088
C65P30H5 5 579 0,219 11.33 0.063
C55P30H15 15 6.48 0.2 13.52 0.151

Note that UC cannot be smaller than, kince o cannot be snaller than rio. As shown in table
13, figure 60 (a) and61, hemp shivdoesnot affect the air bubblesdistribution in concretesusing
the preformed method. Uniformity coefficient (UC) and mean radius (R) increase very slightly
with the increase of hemp shiv. In addition, figure60 (a) shows that the shapes of all air
distributi on curves are very close to each othepointing for a similar air bubble distribution in

this hemp shiv incorporation range

Preformed method Direct method
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Figure 60 : Cumulative air bubbles distribution versus radidisr various hemp shiamounts(HS) using:

(a) preformed method, (b) dect method.
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Figure 61 : Pore structure evolution with increasing amount of hemp shiv usiting preformed method.
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Figure 62 : Pore structure evolution with increasing amount of hemp shiv usitig direct method.

Using the direct method (Figure60 (b) and 62), BFCsair distribution curves point out that
with a small hemp shiv amount(HS = 5%)the void distribution is not affected. However,
increasing the hemp shivamount to 15%, this distribution is significantly modified, and a
significant shift takes place, alsthe air bubblesradius increases significantly. Similarly, regarding
the table, the UC and the mean radius Rm increase significantly, so bubbles uniformity decreases
since UC increased. FigureXshows the difference between the BFCsurfacewith 5% and 15%
hemp shiv using the direct method. Looking at the surface of C55P30H15, the difference in dire
bubbles diameters is remarkable due to coalescence, which is anir bubbles instability

phenomenon. Therefore, the UC and.Rare increased

The low cohesionbetween hemp shiv and the cement matrikas been pointed out,resulting
in anon-homogeneousvoids distribution [106,112], then decreasing the mechanical resistance.
Therefore, larger incorporations of hemp shiv are aimed to result in a decreasétbe compressive

strength.
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3.4.2.3 Production methods

The air bubble production process also affects the physical properties and aitbubbles
distribution ; therefore, the production method choiceis very important to achievethe required

BFCsfunctionalities.

Table 14 : Uniformity Coefficient UC and the mean radi as a function of production methods.

Mix Rm (Mmm) ucC
C100P0OHOP 0,181 8
C100P0HOD 0,09 4,58
C55P30H15P 0,172 12,84

C55P30H15D 0,165 15
C65P30H5P 0,137 6,3
C65P30H5D 0,075 10,26
C70P30HOP 0,15 5.8
C70P30HOD 0,08 4,54

As shown in table14, all foams produced by the direct method represent much finer air
bubble distributions than those produced by the preformed method, e.g., CBS0H5D (R = 0.075
mm) and C6330H5P (Rn» = 0.137 mm) have the same formulation with different production
methods. C6%30H5D is produced using the direct mixing method while C8530H5P is produced
using the preformed method.The direct method requires a large surfactat amount to generate
the same foam volume produced by the preformed metho0] . The air bubbles distributions of
these twoBFCsare shown in figure60. Theair bubbles sizeof C63°30H5D is much finer than that
of C65P30H5P. C6%30H5D presentsa very small radiusR, (mean radius),R» = 0.075 mm, much
smaller than that of the C6®30H5P foam,R, = 0.137 mm. Except for the CFB30H15P/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 hydratioheat and the hydration rates, as
the extractive molecules diffuse in the mixing water and delay théinder hydration kinetics
[108,150,171]. This can alter the materialgproperties, particularly by reducing their mechanical
strength [29,151].
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Figure 63 : Hydration heatvariation versus time. Figure 64 : Hydration heat kinetics

As shown in figure 8, pozzolanic additions increase théydration 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]. Howeva, this material appearsOi | AET x DAOOEAOI AO8 4EA EUAOAO/
#u1 (cFqQh & O AA AGOET C OEA PiUUT I Al BehmetaskBldh OET T 4
phases With longer curing times, the conversion of these hydrates to hydrogarnéitable phase)
can be envisagedl173], increasing the hydrationheat, despite the fact that GGBFS slow down the
hydration kinetics [60,174]. Figure & shows that the C100POHydration reaction kinetics is
faster than that of C70P30HO0, which inormal due to the delayed effect of GGBFS on hydration, as
it does not react directly with water.
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Figure 65 : Hydration heat variation versus time. Figure 66 : Hydration heat kinetics.
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Looking at figure & and comparing the foaned concrete without hemp shiv C70P30HO0 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 handhe reaction speedsdecrease with the hemp shiv
amount. Moreover, curing is almost completed after 30h for C70P30HO, while nearly 50h is
needed for the other mixtures. The hydratiorheatalso decreases with hemp shiv incorporation,
due to cementitious matrix structure modifications The delay in setting observed in figure ®
could consequently be explained by an impediment in thaluminates AAOAT T BT AT O j #F !
#u! &q AOA O OEA EECE Al EAIETEOU 1T &£ OEA AAI Al Onh
compounds and generatingoy-products that prevent the setting and hardening process of hemp
shiv [145]. Consequently, hemp shiv delay theoncrete hardening [175]. In addition, the
pozzolanic materials present in the hemp shiwcomposition delay the hydration process and

prolong stabilisation over time [145].

3.5.2 Study of the minerology

Hydration heat and kinetics affect the anhydrousformation 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 concretemineralogical 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 com@AA [ AET T U T £ #F 3|
EUAOAOQEIT T 1 £ #7573 Oigdhation Ririelic©O 0T 1 6 OEA 1T OAOAIT I

Table 15 : Mineralogical composition of ordinary portlandite cemenit76].

Compound  Weight percentage (%)

#F 3 4010 75
#F3 6 to 30
B 0.1to 12
#U! & 21016

4EA OAOI O #F3h #F3h #f! Al A cérert ghemistyAwitiotheA A A A O/

following correspondence:

102 Abdelrahman MOHAMAD, 2021



Chapter 3:Porous structure and cementitious matrix analysi
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Moreover, the hydration reactionsequationsof silicatesj # f 3 A taA be#vAttBnqL77]:
&1 O #gRYd ¢g0O° 6FFGF 06O

&1 O #dBBYd T0° 8FFQ &0
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Figure 67 : Typical isothermal calorimetry curve of a cement.

Figure 67 shows a cementisothermal 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
xEOE OEA AAT AT O AT A 1 AO0COO0 A ZAAx 1T ET OOAO8 4EA #F3

with the water, forming ettringite and GSH (metastable): the ims 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, silicateshydroxides 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, namedacceleration period. This period begins when the concetmation of CaF énd
OHwmions 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, nucleatn and precipitation of the various phases, allowing the
formation of hydrates (ettringite, portlandite, GS-H). This chemical activity releases a lot of heat.

The formed hydrates begin to entangle and thus create a solid.

Period 4, namedperiod 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 decreasdtthe pore network is closed, part of the
cement is never rached 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 AFmThe complex
mechanisms at the origin of the creation of the varioulydration products that are silicaes and

aluminates are adsorption, hydrolysis, dissolution, solvation and crystallization.
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Figure 68 : XRD diagram of C100POHO.

XRD allows to analyze the pozzolanic addition and hemp shifluence 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 CQOPOHO obtained by XRD. It is useful to

remember that this foam concrete is produced by 100% cement. The results obtained show that

#popnnmonm(mn DOAOGAT OO i
(60 86" Fand gypsum (6™YO). This is
[176,179,180].

AETT U AAI AEOA | #A#/ 5 QF

similar to the results obtained in previous works
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Figure 69 : XRD diagranof: (a) C70P30HO, (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 C100POHO without pozzolanic
additions (Figure 68) and of C70P30HO with pozzolanic additions (Figure%(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 (s&e2.2.1.2). There are no
differences in the peaks detected in the different concretes (Figured$, 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 crystalli® 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 xray 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 C100POHO C70P30H0 C65P30H5 C55P30H15

Calcite 44.6+ 3 33+2 352 362+1.8
Portlandite 125+ 0.7 9.9+ 06 9+0.3 6.7+ 03
Ettringite 84+04 147+ 0.8 14.3+ 07 141+ 0.8
Alite 10.8+0.6 6.8+0.3 10.2+04 9.6+04
Belite 15.2+0.8 23+x11 195+1 17.4+0.8
Gypsum 7.9+0.1 23+03 25+0.2 1.7+0.2
Quartz 0 8.7+£0.4 9.2+06 119+0.8
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Pozzolanic additions, composed mainly of silica analuminate as well as metakaolin, react
with portlandite to form C-S-H and AFm[181]. Accordng to Badogianniset al.[182], the cement
replacementby 10% to 20% of metakaolin improves mechanical performances. THellowing
reactions between silicates and aluminates contained in the metakaolin and ptandite occur in

portlandite cement and water:
'Y 00 'O° OFFG
0 100 JO° 00 QF

Moreover, the aluminatespresencefavors theettringite formation. For this reason, looking at
Table 16, it is found that the portlandite and calcitemounts decrease and the ettringiteamount

increases with the addition of pozzolanic addities.

The large amount of# F&hd# F rBeans that thehydration reactions of the silicates are not
totally complete. This may be due to thevater small amount and the setting acceleratoraddition

to reduce the setting time and ensure the stability of the foam incorporated into the cement paste.

As opposed to portlandite cemehwhich is soluble in water, and hydrates by simplewater
addition, GGBFS needs an activator to hydrate. In this study these activators are gypsum, already
present in the cement. Therefore, the gypsuramount is reduced in the presence of pozzolanic

additions.

The presence of quartz in C70P30HO, C65P30H5 and C55P30H15 is due to unreacted quartz

caused by the presence of metakaolin which consists 7% 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 tekample series, the

(GGBFS + MK)/cement ratio increases, mineralogical compositior$83] .

3522 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%).1t should be noted that all samples are ageaf 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 and200°C is attributed to water release from ettringite and €5-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 carbonatdecompositions[186] .
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Figure 70 : TGA curves for the different foam concretes: (a) CL00POHO, (b) C70P30HO0, (c) C65P30H5 and (d)
C55P30H15.

Table 17 : Mass variations of all foamed concretes for the different phases.

Mass variation (%)

Temperature (°C) Phases C100POHO C70P30HO C65P30H5  C55P30H15

80 - 250 Evaporation of water + 13.3£0.6 17.3£0.8 16.5+0.8 16.2+0.8
Dehydration of ettringite
+ Decomposition of ESH
(and aluminates)
400 - 600 Portlandite dehydration 29+0.1 16+0.1 14+01 13+01
600z 1000 Calcium carbonate 10.6 £ 0.5 6.1+0.3 76+04 7.8+04

decomposition

Thermogravimetric analyses (Table 17)allow to estimate theportlandite amount present in
the cementitious materials. With increasingtemperatures, portlandite decomposes into water

and lime (CaO) according to the reaction:
0 0O %06wL 00 Eq.22

And according to equation (22):

a _ Eq.23
With:

a : Weight of portlandite (g).

0 : Molar mass of portlandite (73 g mol).
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a : Weight of water (g) lost during the specific temperature rise in thelecomposition of the
portlandite.
0  :Molar mass of water (18 gmol).

To calculate the mass percentage 6f ¢y "O , the following equation must be followed:

7AECEO —— pmm Eq.24

At larger temperatures, calcium carbonates decompose into carbon dioxide and lime:

6wo® 6wb 60 Eq.25

Similarly, to portlandite, the amount of calcium carbonate present in the material is estimated

from the mass loss corresponding to the departure afarbon dioxide:

a _ Eqg.26
With:

a :Weight of 6 © 6 (g).

0 : Molar mass of6 @ 6 (100 g/ mol),

a r: Weight of CQ (g) lost during the specific temperature rise in the decomposition od & 6 0
0  :Molar mass of C&X44 g/ mol).

Which consequently gives the mass percentage @f® 6 0

7AECEO Eopmm Eq.27
30 EC100POHO ®C70P30HO 30 - B C70P30HO0 mC65P30H5 @C55P30H15
25 4 25
20 1 20 A

S S
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Table 17 shows the mass variation of all foamed concretes for the different phases obtained
from the TGA curves in Figurd08 01 UUT 1 AT EA AAAEQEI T O 1 AAA DPi 001 4
to form CSH[187], and it promotes the pozzolanic productdormation (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 C70P30HO0 than in C100POHO.
In addition, the amount of material released into the atmosphere for a temperature betwea 400
and 600°C (Within Portlandite) is larger in C100POHO than in C100P30HTonsequently,the

portlandite weight percentage decreases by almost half (Figurely.

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 theemert
contentis substituted, which reduces the portlanditecontent [189]. This explains the decrease in
portlandite in the temperature range between 400 and 60°C and the TGA peak in the
temperature between 600 and 1000°C. For Govigt al.[128], the carbonatedormation is related
to the release of carbon dioxide induced by the alkaline degradation of the hemp particles, which
was responsible for the portlanditecarbonation, favoured by the very high open porosity (looked
AO o8 o h Hgmp&hivey#igs influences théinder hydration and hardening. Hydration
and indirect setting are delayed, this could reduce the compressive strength, and this could be

related to thelimited amount of pozzolanic reaction products found using GA.

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, TGIdes not directly verify mineral species. For instance,
between 0 and 250°C adsorbed water evaporates, and hydrates decompose and releasegus
x AOAOh xEOET OO AEOOET AOEIT 1T/ OEA EUAOAOAO ET b
EAAT OEAU xEEAE AAOATTAOA EO DPOAOGAT O ET OEA 1 AOA
hand, amorphous compounds which are hardly distinguishaklusing 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 materid.

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 pozzahic 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 thalensity. 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 daloreover, the
production method plays an important role in the formation of air bubbles, the prdormed
method is more efficient in forming foam for lightweight concretes with a density lower than 700

kg/ms3, but the direct method gives finer bubbles and anore 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 shiamounts. Studying the
mineralogy of BFCs, it is found that the cemens not fully hydrated and by adding pozzolans, the
portlandite amount decreases while theG-S-H and ettringite amount increases, which improves
the mechanical strength. It is also found that thé@emp shiv effed on mineralogy is only by its
activation of cabonation in the cement paste which negatively influences the binder hydration

and hardening and reduces the compressive strength.
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Chapter 4 Mechanical, thermal and hydric

properties
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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 whictlirectly influence

their properties.

In this part, we will study the mechanical propertiessince it is considered to be the most
important factors in measuring the foamed concretapplicability in the hardened state, then the
thermal conductivity is investigated. Finally, sorptiordesorption isotherms and capillary
absorption are studied since $ 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, thefoamed concretescompressive strengthis largely dependent on dry density,

porosity, age and raw materialg§29,151].
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Figure 73 : Compressive strength versus density fc  Figure 74 : Compressive strength versus density
concrete with/without pozzolanic additions using for concrete with/without pozzolanic additions

the direct method. using the preformed method.
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At first sight (Figures73 and 74), the foamed concretes produced by the direct method reach 72%
of'Y® (compressive strength maximal a0 days)for CLOOPOHOD and 63.5% for C70P30HOD
after 2 dayswhile the concretes produced by the preformed method reach 53% of & for
C100POHOP and 44% for C70P30HOP. In the literature, an ordinary concrete reaches 30% of

Y& at 2 days, in this case the rate is higher because accelerators were used.

Moreover, the rateof reaching maximum compressive strengtiof C70P30HOP/D concretes$s
smaller than those of CLOOPOHOP/D. This is explained by the slower hydration reactions ocicuy
in C70P30HOP/D (see 3.5.1) which makes curing sloweiHowever,at day 2 the C70P30HOP
compressive strength vassmaller than theseof C100POHOPbut it become larger at 7, 28 and 90
days. Similar results were obtained by Alumaily[170]. Using the direct method, the difference in
compressive strengths between C100POHOP and C70P30HOP becomesgdar Moreover,
pozzolanic additions improve theBFCscompressive strength in both method, due to their ability

to fill pores with C-S'H more than in portlandite cements (see 3.5.1).
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Figure 75 : Compressive strengtliersus time of Figure 76 : Compressive strength versus time of
various hemp shiamountsusing preformed various hemp shiamountsusing direct method.
method.

In figures 75 and 76, the'Y ¢} 'Y & ratio for C55P30H15, C65P30H5 and C70P30HO is
respectively 0.53, 0.59 and 0.61or 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 shivamount, which is coherent since these latter havan influence on the hydration
heat and on the porosity of the material (see chapter 3). Furthermore, a studyf 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 byproducts which prevent the setting and hardening

process. Consequently, hemp shiv delays the concrédtardening [175].

Figure 76 shows a significant drop of mechanical resistance between C70P30BiCand
C55P30H15D. Compressive strength at 28ays decreases from 348 MPa to 8.88 MPa with 15%
hemp shiv (C55P30H15D). Corresponding with the results obtained in section 3.the instability
of the air bubbles due to the large hemp shigmount resulted in low uniformity . In addition, the
low cohesion between thehemp 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 concretesamples 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 bubldeuniformity,
distribution and the mean radius. Indeed, the hemp shieffect on the mechanical resistance is
limited with the preformed method, the mechanical resistancest 28-daysrange between2.88

and 333 MPa as the air bubbleslistribution and their radius are clsely similar.
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Figure 77 : Compressive strength of all samples in function of production methiedsus time

As shown in the figures 7, there is a significant difference in mechanical strength between
the direct method and the preformed method. This difference is due to the vatian in the air
entrained amountinto the concrete by these two methodsTheair 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, bulble collapse affects negativelyon the air bubbles uniformity which leads to
lower strengths [27,190]. In addition to the air voidssize and their distribution, the compressive
strength is also influenced by the voieto-paste ratio, the air voids spacing and the number
(frequency). Therefore, the preformed method achieves higher porosity, then lowanechanical

strength.
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Figure 78 : Compressive strength of all samplesfunction of production methodgainst density at 28days.

As shown in thefigure 78, the important difference in the compressive strength of concretes
produced by the twomethods isdue to density differences as explained in part 3.1. Two studies
proposed that the compressive strength increases exponentially with densityf7,8], the
compressive strengthcurve as a function of foamed concretalensity produced by the direct
method follows the equation:*» T8 ¢ (0§ . The compressive strengthdgendencyof foamed
concretes produced by the preformed method i8near, slightly positively slopedandfollowed the
equation:’y minmHioc Y Y w

Compressive strengths of theoncretesC100POHOD, C70P30HOD and C65P30H5D are larger
than 25 MPa, then C65P30H5D can be considered as a structuratbased concrete. On the othe
hand, the others BFCs are sensiructural 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 sestiuctural foamed

concretes.

4.2.2 Flexural strength
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Figure 79 : Flexural strength versus time of bibased Figure 80 : Flexural strength versus time of bio
foamed concrete (BFC) using the preformed methot based foamed concrete (BFC) using the direct

method.

For BFC elaborated by both the preformed (Figure 9§ and direct (Figure 80) methods,
flexural strength follows similar behaviors as the compressive strength-or 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 shifree (C100POHOP and C70P30HOP) concretes
and concretes with hemp shiv (C65P30H5P and C55P30H15P) start to be significant at 7 days
This is due to the beginning of thehemp shiv lignocellulose degradation in the alkaline
environment (in this case the cematitious matrix) which reduces the flexural strength[171]. This

is alsodue 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 conetes with hemp shiv, as theconcrete hardening is
almost over but the hemp shivdegradation 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-2lays.

Similarly, to what was observed in thecompressive strengthcurves, flexure strengths vs
density curves (Figure 8) can be fitted for foamed concretes produced by the direct method
using:'Y T®& X Q8 . For samples produced by the preformed method, the equation is:
Y maingt i p X @lso the line slope is slightly positive for the same reasons of the

compressive strength curve.

The R/Rratio 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 #R. ratio decreases with increasing desity. 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.P158]. As a result, thehemp shiv
incorporation decreases the compressive strength more than the flexural strength resulting in an

increased R/R. ratio.

4.3 THERMAL PROPERTIES

Usually, foamed concretes exhibit excellent thermal insulation properties due to their cellular
microstructures, and hanp shiv is also a raw material with a low thermal conductivity (almost
0.048 W/(m.K)). Therefore, using a combination ofhemp shivin foamed concretes, one might

expect concretes with good thermal insulation performances.
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Figure 82 : Thermal conductivity of all samples against density 28-days.

As shown in Figure &, regarding C100POHOP and C70P30HOP which represent almake
same density, pozzolanaddition decreases the thermal conductivitypy 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 Wwihemp
shiv incorporation in the foamedconcrete. Indeed, the replacemenof cementby 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 matrixalso the hemp shivincorporation in
the cementitious matrix can induce porosity from the mixing phasgleading 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/mi, 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). Sah observations are coherent with our values between 0.35

and 0.55W/(m.K) for hemp shiv containing samples.

Furthermore, the BFCsthermal conductivity valuesin function of hemp shiv amount(0, 5,
15%) produced by the preformed method show a linear maximum rangéashed line (1) in the

Figure 82) described by the following equation
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_ P g pmm” T8LOYX Eq.28

Between 598 and 703 kg/ms3, 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 bylorozov
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 BFCsthermal conductivity values in function of hemp shiv amount Q, 5, 15%)
produced by the direct method draws a linear maximum equation @shedline (2) in the Figure
82):

_ o&p pmm” TBIOC Eqg.29

A decrease in density of 100 kg/m3 results in a decrease in thermabnductivity of 0.0381
W/(m.K). This value is close to 0.04 W/(m.KJfound by Samson et gl12] .

Therefore, thehemp shivinfluence has almost the same influencef the air on the thermal
performance of foamed concrete with density above 1000 kg/ms3, while their influence decreases
with the decrease ofdensity. In addition, the production method affects thehermal conductivity
slope. On the other hand, pozzolans decreatiee 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 HYDRICPROPERTIES

4.4.1 Sorption -desorption Isotherms

Figure 83 shows the isotherms obtained for the formulations in function ohemp shiv amount
and in function of the production method. Theobtained curves both sorption and desorption
curves are sigmoids. According to the IUPAgassification, the sorption curves could be classified
as type Il, while the desorption curves are type llIThe results are consistent since these types of
curves (Type |l for sorption curves and type Il for the desorption curvespre usually obtained n

macro-porous materials.
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Figure 83 : Isothermsof BFC in function of: (ahemp shiv content(b) presence of pozzolanic additions and

(c) production method.

As shown inFigure 83 (a), at low and medium relative humidity, the water content in the
sorption phase increases at the same rate for all 3 comtes.- | OAT OAOh AO 2( S ynmn
curve is nearly identical, so at low relative humidity, the hemp shiv does not affeBFCsorption.

At the highest relative humidity levels, the C55P30H15®ater 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 materialrgie the water

content of the individual hemp shiv increases with the surrounding humidity due to the highly

Abdelrahman MOHAMAD, 2021 123

b |



Chapter4: Mechanical, thermal and hydric properties

hydrophilic character of all lignocellulosic materials, which brought about by their free hydroxyl
bonds[192].

The sorption-desorption isotherms (Figure 8 (b)) depend on the open porosity of the
material [193], and back to Table 11 (cf. 3.3he C100POHOPporosity is 71.4% while that of
C70P30HOP is equal to 70.7%, slightly smaller. Therefore, in big 83 (b), the two curves are
close together, the one of C70P30HOP pointing slightly lower water contents. In conclusion,
pozzolanic additions pesent an indirect effect on the sorptiordesorption isotherms through its

influence on the porosity.

At low and medium humidity levels (Figure 8 (c)), the change inBFCwater 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. Thidifference 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 carbonatigand 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 slv also improves the capacity to retain water.

Table 18 : Sorptionrdesorption ratesand weightdifference values.

RH (%) 10 % 25 % 40 % 60 % 75 % 90 %
C100POHOP  Sorption (%) 0 0.92+0,16 1.92+0,09 3.13#0,13 5.05#0,19 8.230,1
Desorption (%)  3.5+017  4.13#0,12 5.33#0,21 6.58+0,15 7.12 0,18
Yw (%) * 35 3.21 3.41 3.45 2.07
Sorption (%) 0 0854003 179005 292009 4764015 7.43+0,13
C70P30HOP  Desorption (%)  3.01+01  356+0.12 501+017 6224021 6821024
Yw (%) 301 271 322 33 2.06
Sorption (%) 0 1064005 216+007 349+011 566+031 8.23+0,19
C65P30H5P  Desorption (%) 353+0.09 415012 594+023 737041 803+0.32
Yw (%) 353 3.09 378 3.88 237
Sorption (%) 0 0954002 186008 302018 531018 9.82+0,24
C55P30H15P  Desorption (%) 44022  487+0.19 5882028 743+036 8551043
Yw (%) 44 392 402 441 324
Sorption (%) 0 0474001 124+007 2294004 419+01  6.83+0,03
C55P30H15D  Desorption (%)  15+0.04 2312008 407+009 555#0.1 6.2 £+0.07
Yw (%) 15 184 2383 326 201

* Retained water contentYw (%) presents the differenceof water content (%) between desorption

and sorption at a specific RH%).
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Figure 84 : Retained vater content of BFC in function ofa) hemp shiv content, (b) presence of pozzolanic

additions and (c) production method.

4EA OAOAET AA xAOAO AiITOATO ¥x EO COAAOGAO OEAI
during desorption than during sorption at low %RH. Table 18 and Figure 83 shows the evolution
of OAGAET AA x A O bwer theirdlativd hudibity. ¥or 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.

&ECOOA wo j AQq OEIT xO OierApGhivamouri shéwind thad thedhempE OE  OE .
shiv is responsible for adsorption surfaces of the materialFigure 83 (b) discusses the difference

of retained water contentaw between the foaned concrete C100POHOP (without pozzolans) and
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C70P30HOP (with pozzolans). It is noticed that theurves shape is the same, the difference
between the values of these curves starts remarkably at 10% humidity to beconaémost similar
at a humidity 75%, therefore at high humidity both foam concretes retain the sameater amount.
While in figure 83 (c), the direct method decreases the water retention due to the porosity and
provides more hygroscopiccomfort 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 bycapillarity [196].
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The water absorption process observed in our samplesan be divided into two stages: rapid
and steadystate absorption (Figure 85). In the period of rapid absorption stage (Figure 85 (a)),
typically in the first hour, water absorptionis nearly coincident forthe foamed concretes included
hemp shiv. This stage is mainly controlled by capillary pres [197]. At the end of this rapid
absorption process water continues to penetrate the sampleswater transport reaching thegel
pores which are the pores of the hydration product structure This processis then mainly
controlled by diffusion mechanisns [198]. It has been noted that the movement of water in
foamed concretesis not just a function of porosity, but it depends on the distribution, diameter
and continuity of the pores as tortuosity. Therefore, thehydric behavior of foamedconcretesis

becoming more complex due to the larger volume of air void499].

Additionally, Figure 85 (b) shows thebiobased foamed concretegapillary absorption with
different hemp shivamounts (0, 5, 15%). Capillary absorption of these concretes increases with
increasing hemp shiv content. According to Yangt al. [200], there is a correlation between
capillary absorption and sorption. Indeed, looking at Figur 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 shivaddition. In this figure, it is found that both curves evolve with time in
the same way, but C70P30HOP absorbs less water by capillarity than C100POHO. Looking at the
porosity and water accessible porosity of these two concretes (see 3.3) and theiir bubble
distributions (see 3.4), it appears that the ones of C70P30HO are slightly smaller than that of
C100POHO, and the air bubbledistribution of C70P30HO0 is more uniform than that of C100POHO.
Moreover, the average radius of C70P30HO0 voids is site than that of CL00POHO, so their
bubble instability phenomenon (coalescence) (see 1.1) is more significant in C100POHM
addition, the coalescence lead tmore connected and largemporosity which raises the capillary
absorption [201]. Indeed,t was proven that the capillary absorption rate depends on the porosity

[74] andit increases with decreasing densityj202].

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 lowercapillary absorption in the
former than in the latter (Figure 85 (d)). This is alsoin accordance with the isotherm sorptior

desorption results.
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Figure 86 : Capillary water absorption versus Time
The capillary water absorption coefficientd 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 coefficientd calculation, the linear variation slope equation represents

the capillary absorption coefficient which in this case is equal to 0.886. The lines slopmsdculation

of the other concretes is found in theAppendix 5.

Table 19 : Capillary absorptbn coefficientsfor all samples

Samples Capillary absorption coefficientd
j ECTj i 68MEQQ
C100POHOP 1.21
C70P30HOP 0.88
C65P30H5P 1.19
C55P30H15P 1.62
C100P0OHOD 0.83
C70P30HOD 0.63
C65P30H5D 0.72
C55P30H15D 0.976

Table 19shows that the capillary absorption coefficients of the BFCs range betweendR® and
162ECTi I 6 8MEQQ8 ! AAT OAEIT-Z adiicretdig donsiddred ivaterpgoof Hits p v 1T T
AAPEI T AOU AAOT OPOEIT T AT A £AEGeRr, lacdordingo orimdabured O OE AT
capillary absorption coefficients, theAT AAT OAOAA "&#86 0 AATTT O AA Al T1C¢C
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respect to this norm. However, the direct method provides samples two times more waterproof
the ones elaborated using the preformednethod. The use of pozzolans also slightlfavors
waterproofing, this latter property not being destroyed for low contents ofhemp shiv(compare
D-samples).Also,the hemp shivincorporation in D-samples has less destructive effect concerning

waterproof properti es than in Rsamples.

4.5 FOAMEDCONCRETESLOBAL EVALUATION

The objective of this thesisis to develop and investigatea bio-based, structural, insulating and
waterproof foamed concrete. We selected consequently five main performancesin order to

evaluatethe concretes

- Mechanicalperformances based on the previous compressive and flexuratrengths
to identify the potential functionality of these concretes (selsupporting or
structural).

- Thermal performances based on the thermal conductivity, to identify insulating
capacites.

- Lightness, based on the density valuesio ease implementation and reduce
construction costs make the material more fire resistarn and sound insulabr.

- EcologyusingA OOE | A OEdmissiohs®E #/ F

- Waterproofing, based orcapillarity measurements

Impermeability Impermeability
Ecological Mechanical Ecological Mechanical
9 Strength 9 Strength
. Thermal . Thermal
Lightness resistance Lightness resistance
(a) CL00POHOP (b) C100POHOD
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Figure 87 : performance radar of different foamed concrete.

Looking atFigure 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, butheir levels of mechanical resistance and waterproofing arenodest.

While it is the opposite for the concretes made by the direct method (séégure 87 (b, d, f and h)).

Looking atFigure 87§ A AT A AQh

OEA DT UUIT I AhisiBnsehdshightQET T O

improve the mechanical performances The remaining performances are almost negligibly

affected andglobally, the pozzolansaddition goes the right way
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In this study, the cement was replaced by two different hemp shiguantities, 5 wt% and 15

wt% of cement:

- With 5% (Figure 87 e and f), the ecological chaer is slightly improved, for the
other performances the influence is almoshegligible 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 thermgberformances

and impermeability are reduced.

So, using the preformed method, we find that, comparing the different concretes, the bio
based foamed concrete C55P30HE5gives the best performances, a good insulatiort (= 0.12
W/(m.k)), light weight (m\[ @onmm ECTi oq AT A AAT 1T CEAAl j#/ F Al EC
level of mechanical resistance, it is a nestructural self-supporting concrete. Concerning
waterproofing, the results are modestwith a capillary absorption coefficientof 1.62kCTj | 6 8 MEQ

while for a waterproof concrete, this rate must be equaltow=0HCTj | 6 8 ME Q8

On the other hand, the C65P30H5ExXhibits the best mechanicaberformances among the
conaetes manufactured by the direct method, it is structural with a compressive strength almost
of 32 MPa, a lightveight (m= 1600 kg/m3) and an average thermal insulationcharacter (1 = 0.53
W/(m.K)), almost 3 times less than a thermal conductivity of an alinary concrete ¢ = 1.75
W/(m.K)). In addition, the water absorption coefficient is equal td0.72kgf j | 6 8 MEQh xEEAE

far from awaterproofing 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 toconcretes without pozzolans. It is also found that the
compressive strength is increased when using pozzolarthanksto their pore filling ability. Their

effecton thermal resistivity is low. Also, it slightly decreases sorption and capillary absorption.
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Hemp shiv also delays thehydration. Moreover,it has a negative effecon the mechanical
strength, sincethe lignocellulosedegradationin the cementitious matrix creates new pores in the
cementitious matrix, which increases the porosityamount and decreases the density and
mechanical strength. Additionally, at low and medium relative humidity, the hemp shifias no
effects on theBFCadsorption, but at the highest relative humidity levels the adsorption increases
significantly with the increase of hemp shivamount. Hemp shiv enhances the retained water

amount in the concrete.

Furthermore, since the porosity clanges significantly between the direct method (70%) and
the preformed method (40%), theprocess methodinfluences on all properties isevaluated.Using
the direct method provides structural concretes with adequatemechanical strengths for all
concretes exept the concrete with a large amount ofhemp shiv (15%). But their thermal
resistance remains modest compared to the ones of concretesproduced by the preformed
method, which also are self-supporting or semistructural foam concretes.The direct method
decreases the adsorption more than the preformed metho@apillary water absorption increases
with the increase of thehemp shiv amountand the direct method decreases this absorption

compared to the preformed method

A global evaluation of concrete foams is investigatedThis evaluation is based on 5 main
performances, mechanical and thermal performances, lightness, ecology and waterproofing.
C55P30H15P is the best among the foamed cometes produced by the preformed methodThis
concrete is characterized by its lightness, low thermal conductivity and ecologiceharacter.On
the other hand, C65P30H5D is chosen among the foamed concretes produced by direct method
due to itsmechanical andmedium thermal performances.However, these two concretes have low

water resistance.

Finally, amongthe concretes studied, we find norautoclaved, bicbased insulating and
structural foamed concretes but none of themexhibits a waterproof character, and cannot find
applicability toward hygrothermal comfort. Therefore, in the following chapter we will discuss
the waterproofing of the material and theways to developit, and then operate a thermal

simulation using an optimized material.
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C h apte r 5 Waterproofing and thermal simulation

of bio-basedfoamed concrete
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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 repellentfluence on
the formation of foam,and on itsphysical, thermal, hydric and mechanical properties in order to
improve the waterproof character of our material Also,to analyze a thermal simulation of house

using the BBISE materiahs a wall

The BFC concreteselectedpreviously are chosenfor studying their waterproofing character
after the mass and surface water repellentaddition. Studies on capillary absorption, physical and
mechanical properties are investigated to determine the influence of the use wfass and surface

water repellents on theconcretes

Furthermore, a thermal simulation using the software Pleiades is launched after the
application of the new sandwich concrete which is based on the select&FCin 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 foamedtoncretes. 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 Figure 89 : Schematic representation of surface

water repellents on thegores[203]. water repellents on thegores[203].
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Figure 90 : External waterproofing coating

To improve thefoamed concreteswaterproofing, it is advisable to use water repellents, due
to their ability to prevent water from penetrating the concrete. Medeiroset 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 coefficieris reduced from 73% to
98%.

Waterproofing methods include mainly internal mixing (Figure 88) and external coating
(Figure 89) [204,205]. External aating is achieved by spraying the water repellent on the surface
(Figure 90). It is applied after the concrete has fully cured (at 28 days)t decreases water
absorption by changing surface tensions to repel water. In fact, water repellents penetrate ids
the concrete where they attach themselves to the inner waltsf 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 waterdrop will remain in a spherical form on the surface and will not spreadTherefore,
the water repellents only influence the water absorption but not the hydration property of
concrete in the external coating method.nternal 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 thdBFCwater absorption but also influences
the paste mechanicalproperties. In other words, the mass water repeknt is not only a water
repellent for the internal mix of the cement paste that improves theoncretewaterproofing, but

it is also favorable for the compressive strengtifi71].

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 isosigly
reduced, thus reducing thewater penetration or external agents into the concrete; on the other
hand, the free lime naturally resulting from thecementhydration is fixed in the interior of the

concrete, thus reducing the risk of efflorescence.

MasterPel 300 concrete surface water repellent(SW)is a colorless productin agueous phase
for the concrete protection, to pulverize, guaranteeing the protection of the concretesurfaces
without modifying their aspect. Nonfilm 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 SwW
Consistence liquid liquid
Color White Incolor
Density (g/cm3) 1.03 £ 0.02 1.00 + 0.02
pH 105+1 61

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 repelleMlasterPel 3® and "M" which

designates the concreten which the mass water repellentMasterLife WP 760is incorporated.

Table 21 : Formulations of all concretes studied in chaptBr

Mixes Fresh Composition ofmixture (kg/m3) WH/L
Names density CEMI GGBFS MK HS SP Acc MW FAG
(kg/m3)

C65P30H5D 1542 780 240 120 56 114 114 - 21 0,32
C65P30H5DS 1542 780 240 120 56 114 114 - 21 0,32
C65P30H5DM 1542 780 240 120 56 114 114 114 21 0,32

C55P30H5P 834 385 140 70 98 6.1 6.1 - 21 0,3
C55P30H5PS 834 385 140 70 98 6.1 6.1 - 21 0,35
C55P30H5PM 834 385 140 70 98 6.1 6.1 114 21 035
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For example, in Table 21 which represents the concretes compositions, "C55P30H5PM
consists of 55 wt% of cement, 30 wt% ofement 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 lodking 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 repellengsldition on the conventional
concrete physical properties, but these studies on foamedoncretesare very rare. Most of these
studies have foundlimited influence. Furthermore, the effects of adding water repellents vary
between concrete typesWith conventional concretesthe density is found to decrease due to their
ability to encapsulateair into the paste[206], while with foamedconcretesit increases he density
as it slightly affects the foanstability [71].
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Figure 91 : Density of all samples Figure 92 : Porosity of all samples.

In Figures91 and 92, ComparingBFCsporosity and density without water repellent (C65P30H5D
and C55P30H15P)and others with surface water repellent (respectively C65P30H53 and
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C55P30H15R5), it is found thatthey are almost equal. The surface water repellent is applied to
the hardenedconcretes,and it does not change these physical properties

Butit is found that by incorporating water repellent in mass, porosity reducedy 15.5% and 5.3%,
for C65P30H5DM and C55P30H15M®, while density increasesby 8.8% and 12.9%, respectively.
This difference shown by the addition of bulk water repellent is caused by the chga in the
material phases since the bulk water repellent included in the cement paste affects the foam
stability . Indeed, Maet al.[71] found that the water repellent added to the foam concrete has low
influence on the foamstability, resulting in the dry densitysince the stability of the foam reduces
the air bubbles deflation, then it keeps the air in the cementitious matrix which affects thery
density.

5.4.2 Capillary absorption

Foamed concrete structure is characterized by the formation of macropores and micropores
in the cementitious matrix [207]. Macroporesare poreswith a diameter larger than 60 um[208],
and are formed due to the massexpansion during the aeration process, while micropores are
formed between themacroporeswalls [209]. It is known that water tends to beabsorbed easily
into the foam concrete due to the largair voids amount available inside the concreteTherefore,

the water repellents are used to reduce the water absorption of foamed concrete.

Water repellents are used primarily to improvethe material impermeability, i.e.to reduce
water penetration into the cementitious structure. Capillary absorptionor sorptivity tests are
used in several studies to measure the water repellenteasibility on concretes [71,76,204,206]
in accordance with NF EN 15042 .
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Figure 93 : Capillary absorption of C5B30H15P Figure 94 : Capillary absorption of C65P30H5D

usingthe two typesof water repellents usingthe two typesof water repellents
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Figure 93 shows C55P30H15Fcapillary absorption with and without using water repellents.
It can be seen that the capillarywater absorption of C55P30H15P needed a long time to reach
stability (almost 100h) due to its high porosity (> 74%), while for C55P30H15PS and
C55P30H15PMt required only 8h and30 min respectively. Capillary absorption is decreasedby
89% (from 0.604 to 0.071 g/cm? using asurfacewater repellent, while it decreasedy 99% (from
0.604 to 0.013 g/cn?®) for a bulk water repellent.

Similarly, Figure 94 shows capillary absorption of GB5P30H15P with and without water
repellent. The C65P30H15D0initial capillary absorption needng 48h to reach its maximumvalue,
while for C65P30H15DS and G5P30H15DM only 8h and5 min are necessary respectively. For

the latter sample, capillarity is filled completely quasi instantaneouslyCapillary absorption is
decreasedby 99%, from 0.293 to 0.004 g/cm2.

Table 2 gives the determined capillary absorption coefficients for all samples. The
calculation of the capillary water absorption coefficientd is presented in the Appendix 6 by

determining the linear variation slopes of the capillary water absorption.

Table 22 : Capillary absorptioncoefficientsusing different water repellents.

Samples Capilary absorption coefficient 6
kg¥j T 6 8MEQQ
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 rejency.

Figure 95 : Waterproofing of C55P30H15%R Figure 96 : Waterproofing of C65P30H5M
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Moreover, C55P30H15PM (figure 93) and C65P30H15DM (figure 94)capillary absormtion

coefficients are equal to 0.04 and 0.01L kC 7 j [h}{} &#8pectively. Both are considered as a

waterproof concrete according to NF EN 15042 [203], since they exhibit capillary absorption

coefficients lower than 0.1 kC T j [hj &oteover, the capillary absorption coefficients are

significantly reduced by using the surface water repellent but the BFCs do not exhibit waterproof
AEAOAAOAO OET AA OEA AAPEI T AOU AAOT OPOETT AT AEEEA
for C55B0H15PS 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 mechanicatrength. Figures % and 96 show the compressive and flexural
strengths of C55P30H15P and C65P30H5D, respectivelyith and without water repellents.
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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 BFG C55P30H15P and C65P30H5D, but when using mass water repellent, the
compressive strength increasesignificantly, by 23.8% from 3.17 to 4.16 MPa for C55P30H15P
and by 17.9% from 27.02 to 32.93 MPasame results were found in the literaturd210,211]. This
increase in compressive strength is related to thporosity amountwhichis decreased when using
masswater repellent. Figure 92 shows that the porositydecreasedoy 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 followsa similar behaviour asthe compressive

strength. Comparing the Rf/Rc ratio of BFCs without and with mass water repellents, we find that

Abdelrahman MOHAMAD, 2021 141



Chapter 5: Waterproofing and thermal simulation of bibased foamed concrete

for C65P30H5Dxhis ratio rangesbetween 0.13 and 0.14and 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 affectcompressive and flexuralktrengths proportionally .

5.4.4 Thermal conductivity
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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 conductivityFigure 99). However,
a 2% and 5% increase occurredfrom 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, respectivdly.

conclusion, the water repellents addition has no significant effect on thebiobased foamed

concretethermal 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 valorizei 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 usedin real life low energy buildings are compared with the results using our

sandwich materials
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5.5.1 Methods

8.04

Figure 100 : 3D housevision Figure 101 : 2D houseplan

To launch a thermalsimulation using the Pleiades software, several steps must be identified.
The first step consists in designing a housmodel. A free model froman internet site (figure 100
and101) was choser[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 theheating and coolingtotal consumption aretargeted.

Then the s@nario 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 enayy consumption in the building.

Next, the weather and thehouselocation was identified, because for each environment the
weather and the effective temperature and humidity are differentThese parameters are the main

criteria that define the functioning and the feasibility ofthe used materials.

5.5.1.1 Materials

In this study, all conditions are unchanged, only the exterior wall materials amaodified. Two
materials are used and compared in this part. On the one hand, the sandwich matelBISE
coming from the French acronym: (Béton Biosourcé Isolant Semi-structurel et Etanche a I'eau)
which means Biobased Concreteedi-structural Insulation and Waterproof. On the other hand,
an assembly of heavy concrete and rock wool identified in the library of softwareleiades Both

materials are heterogeneous.
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5.5.1.1.1BBISE
5.5.1.1.1.1 Input

Since Pleiades can include heterogeneous materials, we need to know several valsesh 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 constanpressure, G is the energy that necessary to increase bydegree
1 kg of the material or conversely the quantity of heat that 1 kg of material releases when its
temperature decreases byl degree The unit for Cp is Jkg.K) in the international S| unit system.
I wonder if this paragraph isnecessary These are definitiors of Ist 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 amasgiven

temperature:

00 Quooi- 00— & — & Eq.30
With,

G = Heat capacity (J/kgK).

& i =Massof constituent i (kg).

a = Total mass of the mixture & a (ko).

Table 23 : Heat capaity of principal compounds of BFCs.

Concrete type Heat capacity ¢ (J/kg.K)
FoamedConcrete(1400 kg/m?3) [213] 794
Foamed Concrete (700 kg/m) [213] 879
Hemp shiv 2100

To calculate theBFCsheat capacity, raw material values are extracted from the literature
(Table 23), then a calculation based on e®0 and the valuesof Table 23 for the total heat capacity
of C55P30H15PM and C65P30H15DM (see Tablé)2
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Table 24 : Density, thermal conductivity anéheat capacity of BFCs.

Concrete type  Densitym  Thermal conductivity 1 Heat capacityG
(kg/m3) (W/m.K) (Jkg.K)
C55P30H15PM 1650 0.1371 1062
C65P30H15DM 714 0.5691 859

After obtaining the BBISE componentsdensity, thermal conductivity and heatcapacity, their
dimensions must be identified

5.5.1.1.1.2 Dimensions
As shown in figurel02, BBISE is aandwichedconcretewhich madeof 3 layers, 2 outer layers
of structural insulation, waterproof concrete based on C65P30H5DNMnNd one inner layer of non

structural insulation based on C55P30H15PM. Figure03 shows a real example of the BBISE20.

Zone (a) STRUCTURAL INSULATION (C65)
Zone (b) NON-STRUCTURAL INSULATION (C35)
Zone (c) i STRUCTURAL INSULATION (C63)

Figure 103 : Sandwichedconcrete BBISE.
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As shown inTable 25, BBISEseveral dimensions are studied (20, 25, 30 and 4@m). The
thermal conductivity of this concreteis 0.1969 W/(m.K).

A material thermal resistance depends on the thickness of the material (e, in meters) and its
OEAOI A1l AT 1 AGAOGEOGEOU j1 Qg

Y Q_ in m2K/W units. Eq.31

The total thermal resistance of a wall is equal to thihermal resistancessum of eachmaterial

layer that constitutes it: Rvall = Rmateriall+Rmaterial2+ ...

Table 25 : Different types of BBISE used in this simulation.

Concrete type Zone (a) Zone (b) Zone (c) Thermal resistanceR

(cm) (cm) (cm) (m2.K/W)
BBISE20 4 12 4 1.02
BBISE25 5 15 5 127
BBISE30 6 18 6 152
BBISE40 8 24 8 2.03

The larger the thermal resistance, the more insulating the wall is. Thermal resistance
increases with thethicknessesof the constituting concretes Basedon RT2012, thermal resistance
of the material used in a new building must be greater than 2.8 m2.K/W, sthat the BBISE

thicknesswould have toreach 5% cm to become eligibleéo RT2012.

5.5.1.1.2Heavy Concrete and RockWool (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 woelith
respect to the dimensions used with the BBISE. Note that CRW4Dable 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 Rockwool  Thermal resistanceR

(cm) (cm) (m2.K/W)
CRW20 20 0 0.11
CRW25 20 5 1.33
CRWB0 20 10 2.55
CRWIO 20 20 4.99
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Table 26 presents the dimensions ofCRWmaterials and their thermal resistance.# 2 7 8 O

exhibit clearly alarger thermal resistance than BBISEs

5.5.1.2 Pleiades

We chose thissoftware because it is certified and provides thermal simulation of a building

in real conditions, including hygrothermal comfort and energy consumption at heating and

cooling.

Bathroom

Living room + kitchen

Figure 104 : 3D vision orPleiades Figure 105 : 2D plan of the house on Pleiades

Firstly, the software requires a definition anddimensioning of the house (Figures 104 and
105), then the materials used in the externaand internal walls, ceiling and slab. After this stage,
the heat transfer technique, thehouse location and the living scenario (Inhabitants number,
occupancy hours, ideal temperature in the room$ are described. All these scenariosare

standardly included in Pleiades
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5.5.2 Results and discussion

5.5.2.1 Thermal c omfort

BBISE and CRW concretes are compared by thickness, for example BBISE20 is compared to

CRW20.This eases to checknfluencesof thermal and hygrothermal performances

5.5.2.1.1Brager zone

In warm periods, theoccupantsaccept alarger temperature than in cold periods. This is the
hypothesis on which the Brager comfort diagram isased,and which is now used in theSTD
module.

This model is valid between-10 and 40°C of outsiddemperatures (x-axis of Figure 106). It
assumes that the idealnside 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°Gaarm weather. This assumption
sets the "comfort zone" materialized by the two black lines on #hdiagram (low limit and high

limit). A linear interpolation is assumed between the two regimes of cold and warmeathers.

@ BBISE20 (25,43%)
@® CRW20 (14,39%)

Operating temperature (°C)

e ¢ 2 ¢ o 100¢ 19%¢ 160 20%¢ 2% 2% 2 e 3 e
-6°C 0°C 6°C 12°C 18°C 24°C 30°C 36°C

Outside temperature (°C)

Figure 106 : Brager zoneof BBISE20 and CRW20

The Brager diagram gives an image of the evolution of théouse operating (inside)
temperature (weighted average between the temperatures of the ambient air and theom walls
temperature) as a function of the outside temperature of the moment. The study is b for one
year, 36 consecutive days, each point represents a day (red for using CRW agréen 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 withat putting any heating or cooling
application.

Figure 106 showsthe Brager zoneof BBISE20 and CRW20. For 25.4% of all déefgs one year,
BBISE20 provides thermal comfort while folCRW20it 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 resistancalmost 0.11 (m2.K/W), while the
thermal resistance of BBISE20 is 1.02 (m2.K/W).

It is also found that for both matrials most of the temperature points are belowthe Brager

zone, the insulation capacity of both materialgeing poor.

@ BBISE25 (27,75%) |
@ CRW25 (29,95%) |

Operating temperature (°C)

e -2 2 v s 100¢ 1¢ 1% 2% e 200 2% e ¢ e
-6°C 0°C 6°C 12°C 18°C 24°C 30°C 36°C

Outside temperature (°C)

Figure 107 : Brager zoneof BBISE25 and CRW25.

Looking at figure 107, it is found that theCRWthermal comfort percentagedoubles with the
5 cmaddition of rockwool to become 29.5% while for BBISE, it increasds/ 2% only to become
27.7% due to the increase of 5 cm in thickness. These results are expected, @RRWthermal
resistance increases fron®.11 (m2.K/W) without rockwool (CRW20) to 1.33(m2.K/W) by adding
5cm of rockwool (CRW25)For BBISE, theslight increase in thermalcomfort percentageis due to
the increase inthickness, keepingthe same physical and thermal propertiesIn this casethe

thermal resistance is increased from 1.02 (m2.K/W) with BBISE20 to 1.27 (m2.K/W) with
BBISE25.
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o @ BBISE30 (29,29%)
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Figure 108 : Brager zoneof BBISE30 and CRW30.

Comparing CRW25 and CRW3& is found that the thermal comfort percentage did not
increaseby a large amount (0,16% only, compared to the increase observetietween CRW20 and
CRW25 when the first 5 cm of rockwool was added. In Figure 80 CRW30 makes the thermal
comfort percentagereach 29.66%,while it was 295% in CRW25.0n the contrary,for BBISE
concretes thermal comfortincreases almost linearly(2%), by adding 5 cm thickness to become
29.7%. TheCRW30thermal 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 percentageis similar, so isthe distribution of temperature points.
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Figure 109 : Brager zoneof BBISE40 and CRWA40.
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Further, with increasing the insulating materialthickness (Figure 109), the CRW40largest
temperature points concentration is above theBrager zone(T > 22°C),while that of BBISE40 is
concentrated belowit. TheCRW40thermal resistance is 4.99 (m2.K/W), 2.5 timedarger than that
of BBISE4((2.03 (m2.K/W)), so the ability to retain heat in the house using CRW40 ligrger than
using BBISE®. Despite this capacity, it is found that the thermal comfogiercentageusing 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 abetter comfort in the house, it is important toconsiderthe hygrothermal comfort which
is not only influenced by the thermal resistance and the outside temperature but also by tladr
humidity effect. Givoni has created a diagram from which we can studize comfort based on the
temperature, the humidity and the air velocity.

5.5.2.1.2Givoni diagram

Givoni's diagram makes it possible to plot comfort ranges on @sychrometric chart (Figure
110). In this diagram, the absolute humidity is the ordinate, the dry-air temperature on the
abscissaandthe relative humidity gives the functioning zoneThis model for determining thermal
comfort includes evapotranspiration and considers no gaz condensatiorThe Givoni diagram,
established for a passive activity, defines, on ¢h 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/So,the
comfort zoneis CZpresented in Figure 11.0.
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i P__ =101.325 kPa s 0.028
| alm

|| sutan Qaboos University 53 e
[ MEIE, 2010 A 80% b

I CZComfort Zone / X / Ho.018
| NV:Natural Ventilation
HM High Mass
T 0014
HMV:High mass/Night Ventilation
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Figure 110 : Givoni's diagram based onsychrometricchart [214].
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Chapter 5: Waterproofing and thermal simulation of bibased foamed concrete

Diagramme de Givoni - Living room + Kitchen (22.4% du temps occ. )

(are A1p 83/8%) qua)u0d a1mst

0 5 10 15 20 25 30 35 40 a5 50

Dry bulb temperature (°C)

Figure 111 : Givoni diagram using BBISE20. Figure 112 : Givoni diagram usindcRW20

Figures 111 and 112 show the BBISE20 and CRW2@ivoni diagram respectively. At first
sight, CRW20 and BBISE28ygrothermal comfort percentages are close to the previous thermal
comfort percentages obtained by theBrager zone 22.4%and 13.1% for BBISE20and CRW20
respectively. Also, using CRW20, it is found that there are points on the graph that represent
temperatures reached 2°C with high relative humidityalmost 100% (The orange curves in the
figures 111 and 112represents the relative humidity). Looking at the distribution of the points on
the chart, theCRW20relative humidity is larger than that of BBISE20, since foamed concrete and
hemp concrete present abetter water and vapor permeability than heavy concreé [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 pemeability (= 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 usindCRW25.

Also looking atfigures 113 and 114 it can be noticed that thecomfort 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 increasesdy 2.5% to become 24.9%. Looking at the
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