
HAL Id: hal-02568025
https://hal.science/hal-02568025

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Optimizing performance of insulation materials based on
wheat straw,lime and gypsum plaster composites using

natural additives
Brahim Ismail, Dashnor Hoxha, Naïma Belayachi

To cite this version:
Brahim Ismail, Dashnor Hoxha, Naïma Belayachi. Optimizing performance of insulation materials
based on wheat straw,lime and gypsum plaster composites using natural additives. Construction and
Building Materials, 2020. �hal-02568025�

https://hal.science/hal-02568025
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


  

1 

Optimizing performance of insulation materials based on wheat straw, lime 1 

and gypsum plaster composites using natural additives 2 

 3 

Brahim ISMAIL1, Naima BELAYACHI1, Dashnor HOXHA1  4 

 5 

1 Université d’Orléans, INSA Centre Val de Loire, Université de Tours, Laboratoire de 6 

Mécanique Gabriel Lamé Polytech Orléans, 8 rue Léonard de Vinci, 45072 Orléans, France 7 

 8 

Corresponding author : 9 

 10 

Naima Belayachi 11 

Tel : 330238492502 12 

Fax : 330238417063 13 

E-mail address : naima.belayachi@univ-orleans.fr 14 

Postal address : Laboratoire LaMé, Polytech’Orléans 15 

8 Rue Léonard De Vinci 16 

45072, Orléans cedex 2, France 17 

 18 

Highlights   19 

• The thermal conductivity of bio-composites is optimized using natural additives. 20 

• The mechanical strength is sufficient to support the self-weight of bio-composites. 21 

• Effect of additives on microstructural changes and carbonation-hydration mechanisms  22 

• Changes in morphology of the binder’s microstructure influence mechanical behaviour 23 

Abstract  24 

The aim of this study was to optimize the thermal performances of a bio-composite based on 25 

cereal straw and mineral binders. The purpose is to reduce its thermal conductivity by 26 
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decreasing the amount of mineral binder while maintaining sufficient mechanical properties to 27 

ensure self-bearing. Three additives, namely hemoglobin, casein and gelatin, from a renewable 28 

and biodegradable biomass source were used. Thermal and mechanical characterization of the 29 

composites was carried out. The influence of the additives on the carbonation-hydration 30 

mechanisms, microstructure changes and macroscopic properties was investigated. The 31 

microstructure and the mineralogy of the binders without and with additives was investiagted 32 

through microstructural analysis (SEM, DRX and TGA). The optimized composites have an 33 

interesting thermal conductivity with acceptable mechanical properties for use in building 34 

insulation. 35 

Keywords: Wheat Straw, Lime, Plaster, Gelatin, Hemoglobin, Casein, Mechanical properties, 36 

Thermal conductivity, Carbonation rate. 37 

1 Introduction  38 

Faced with the challenging objectives of reducing energy consumption and the CO2 emissions 39 

from industry and the building sector and the depletion of raw materials, the development of 40 

new materials based on renewable resources and with a low environmental impact has become 41 

a central issue in research and the economy. The use of vegetable fibers in building materials 42 

is one solution to improve the hygrothermal behavior of buildings and reduce the use of raw 43 

materials by using agricultural products or even residues. Composites based on vegetable fibers 44 

have been the subject of several studies in recent years. They have shown interesting thermal, 45 

hydric and acoustic properties [1]. The performance of these materials depends on their 46 

constituents and the elaboration process adopted, such as the nature of the binder [2], the 47 

aggregate/binder ratio [3,4], the size of aggregates [2], the compaction [2,3,5–7] and curing 48 

conditions (temperature and humidity) [2,8].  49 
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In practice, as reported in the literature, most of the biobased materials developed use cement 50 

[9–14] or lime [2,3,5,7,15–17] as the principal binder in order to obtain acceptable mechanical 51 

properties and satisfactory durability. Nevertheless, because of the poor adhesion of vegetal 52 

aggregates with these binders, high aggregate fractions have to be used to obtain satisfactory 53 

mechanical properties. In turn the use of a high fraction of these binders in biocomposites leads 54 

to mediocre thermal conductivity of the composite, which is in most cases greater than that of 55 

classic insulation materials (rockwool, polystyrene foam). On the other hand, the cement 56 

manufacturing process generates a large amount of CO2 [18–20]. In fact, the production of one 57 

tonne of cement generates 900 kg of CO2 [8]. The lime industry also has a significant CO2 58 

emission rate [21,22]. Taking into account the amount of CO2 fixed during the carbonation of 59 

lime, the CO2 emission rate is estimated at between 335 and 415 kg/t [8].  60 

In order to ensure both a low environmental impact and an industrial use, various strategies 61 

have been applied by many researchers consisting in using alterantive binders, using additives, 62 

optimizing the surface of vegetal aggregates and so on. 63 

Several benefits have been reported in the literature on the incorporation of vegetal aggregates 64 

in order to develop materials with different use criterions. On the thermal behaviour point of 65 

view, the lowest thermal conductivity is the criterion for improving energy consumption. 66 

Experimental investigations have proposed insulation materials and established the positive 67 

effects of the vegetable fibers such as hemp [23] sunflower stalk [24]. In addition to the thermal 68 

performance, bio-composites are an excellent regulator of air humidity with a better water 69 

buffering capacity.  Other researchers have also highlighted the use of other binder in order to 70 

improve thermal, mechanical and hygric properties such as proteinic binder with flax shives 71 

developed by El Hajj et al [25], or hemp and straw extracted binder studied by Collet et al. [26].      72 

The present work aimed at optimizing the thermal performance of two composites based on 73 

cereal straw mixed with lime or gypsum plaster. These composites were developed in our 74 
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previous work [27–29]. The goal was to reduce the thermal conductivity by decreasing the 75 

amount of mineral binder while maintaining acceptable mechanical properties that allow the 76 

composites to support their self-weight during their implementation as thermal insulants. To do 77 

this, three procedures are proposed by integrating additives from a renewable and biodegradable 78 

source: in the first, a hemoglobin powder is added as an air entrainer to the constituents of the 79 

material in order to create additional porosity in the matrix and thus to reduce the thermal 80 

conductivity of the composite. The second consists on the one hand in increasing the porosity 81 

of the material and on the other hand in improving the adhesion to the matrix-fibre interface by 82 

replacing a certain percentage of binder with casein powder, which gives it adhesive qualities 83 

[30,31]. The third aims to substitute a portion of the mineral binder with another binder based 84 

on a gelatin, ensuring stronger bonds between the plant-based aggregates, thus increasing the 85 

aggregate fraction. In addition, because of its natural abundance and the facility of its extraction 86 

at an industrial scale, gelatin is economically very interesting [32]. Different percentages of 87 

substitution were used for each binder in order to select the optimal value in terms of cost-88 

performance.  89 

2 Materials and methods  90 

2.1 Raw materials  91 

2.1.1 Binders  92 

Three mineral binders were used in the present study to prepare the biocomposites: 93 

• Tradical PF70: is a pre-formulated binder manufactured in accordance with the 94 

requirements of NF 459. It is based on aerial lime (75%), hydraulic binders (15%) and 95 

pozzolan (10%). 96 

• Tradical Thermo: is also a pre-formulated binder manufactured in accordance with the 97 

requirements of NF 459. It is based on aerial lime (85%) and hydraulic binders (15%). 98 
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It is characterized by a shorter curing period than Tradical PF70 PF70 for the same 99 

properties. 100 

• A commercial plaster produced by Diall, wich is characterized by its quick setting time 101 

(10-15 minutes). 102 

2.1.2 Additives 103 

• Hemoglobin: this is a proteinaceous substance from pork blood obtained by 104 

fractionation and spray drying. Vepro 95 PHF is the commercial name of the product 105 

used in this study and is manufactured by the Vapran Group in powder form. 106 

• Casein: this is a protein extracted from milk, produced by EPI Ingredients Group in the 107 

form of a fine white powder (<400µm). It is used as a natural fixative for lime coating. 108 

• Gelatin: this is a technical gelatin 200 bloom produced by the Weishardt Group in 109 

powder form with a particle size less than 20 mesh (841 µm). 110 

2.1.3 Wheat straw 111 

The straw used in this study was harvested in the Region Centre Val de Loire in France in 2016. 112 

It was manually cut in the laboratory only in the longitudinal direction in order to maintain its 113 

natural tubular shape. Three different shapes were identified: flat, cylindrical, and elliptical 114 

(Fig.1.a, b). The observation of the straw by scanning electron microscopy (SEM) showed that 115 

the surface of the outer wall (Fig.1.c) was rough compared to that of the inner (Fig1.d), which 116 

promotes a good bond between the straw and the binder. 117 

The particle size distribution of the straw was determined using the image analysis method 118 

according to the RILEM recommendation [33]. A sample of 100 g, containing more than 3000 119 

particles, was spread on a black background and scanned.  The acquired images were processed 120 

using the Matlab code. Firstly, the images were segmented, then each detected particle was 121 

adjusted to an ellipse (Fig.2). The length and width of each particle was defined respectively 122 

according to the large and small axis of the adjusted ellipse. The results obtained are shown in. 123 
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Fig.3 The size obtained after cutting is the one that was intended for mixing with 90 % straw 124 

of 3.5 cm. 125 

 126 

Fig. 1. General aspect of the wheat straws used (a) and (b) identified section shapes (c) outer 127 

surface (d) inner surface. 128 

 129 

Fig. 2.  Image analysis steps to determine the particle size distribution. 130 

(a) (b)

(c)
(d)
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 131 

Fig. 3. Particle size distribution of wheat straw 132 

2.2 Optimization Methodology and Formulation of the Composites  133 

Two formulations were selected from our previous work [27–29] for this investigation.  The 134 

first is based on lime with a ratio of Water/Binder =1.1 and Straw/Binder = 0.2 and the second 135 

is based on plaster with a ratio of Water/Binder = 1.1 and Straw/Binder = 0.4. As noted above 136 

the objective of this work was to optimize these two formulations based on three procedures, 137 

the first and the second concern only the formulation based on lime and the third procedure 138 

concerns both formulations:   139 

1st procedure: consists in the first step in substituting 5% of lime dry mass by hemoglobin 140 

keeping the same fractions of the reference formulation Water/Binder = 1.1 and Straw/Binder 141 

= 0.2.  142 

The manufacture of the composites was carried out in two steps: 143 

Size (cm)

C
u

m
u

la
ti

v
e

p
a
ss

in
g

(%
)

0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8
0

10

20

30

40

50

60

70

80

90

100

Width
Length



  

8 

 

Preparation of binders: the lime and additive were dry mixed for 1 min at a speed of 140 rpm 144 

using an electric mixer, then water was added gradually for 1 min maintaining the same speed 145 

(Fig.4.a, b). Finally, the whole was mixed at a speed of 285 rpm for 3min to promote air 146 

entrainment.  147 

Preparation of straw-binder mixture: after the preparation of binders, the aggregates of the 148 

straw and the pre-wetting water were introduced into the mixer and mixed for 1 minute. Then, 149 

the previously prepared binder was added and the whole was mixed for 5 min (Fig.4.c, d).  150 

The resulting composite showed a very different appearance from that of the reference (Fig5.a, 151 

b). The aggregates were no longer coated by the binder but had become totally embedded in a 152 

very porous matrix. This cellular structure of the matrix is mainly due to the surfactant 153 

properties of hemoglobin that promote the formation of a stable foam when it is mixed with 154 

lime and water [34–36]. Then, the observed aspect which is characterized by an excess of binder 155 

made it possible to increase the Straw/Binder ratio to: S/B = 0.3 and 0.4. 156 

2nd procedure: The purpose of this procedure is to substitute 10% of lime by 5% of hemoglobin 157 

and 5% of casein. The Straw/Binder ratio was kept at 0.2 while the Water/Binder ratio was 158 

reduced to 1 to avoid the segregation phenomenon in the composite that was observed for the 159 

ratio 1.1 (the composites were prepared according to the same steps as in the first procedure). 160 

It was observed in the composite obtained that the intergranular porosity disappeared and that 161 

the composite became denser and more compact, which will significantly influence its 162 

properties (Fig.5.c). This can be explained by the fact that casein prevents the molecules of the 163 

air entrainer from forming a foam when it is used in the same percentage as the latter. 164 

Consequently, the percentage of hemoglobin was kept at 5% and the casein percentage was 165 

decreased to 2.5% (Fig.5.d). Following the same reasoning as in the first procedure, the 166 

Straw/Binder ratio was increased to 0.3 and 0.4. 167 
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3rd procedure: the aim here is to substitute a percentage of mineral binder (lime + water) with a 168 

gelatin-based binder. The latter is prepared by dissolving powdered gelatin in water at 50 °C to 169 

obtain a Water/Gelatin ratio of 3. This ratio was determined based on a preliminary study (four 170 

ratios were tested: Water/Gelatine=1, Water/Gelatine=2, Water/Gelatine=3 and 171 

Water/Gelatine= 4. The fraction Water/Gelatine=3 selected is the one which ensures the bonds 172 

between the aggregates with a minimal amount of gelatin).  173 

For this last procedure, the binder (Lime-gelatin or plaster-gelatin) was prepared according to 174 

the following steps in order to introduce the gelatin: firstly, the lime (or plaster) was mixed with 175 

water for 2 min at a speed of 140 rpm. The water was heated to 50 °C (Fig.6.a), then the gelatin 176 

was added and was mixed 2 min at the same speed until disappearance of the grains. Finally 177 

the gelatin binder was added to the lime binder (or plaster binder) (Fig.6.b) and the whole was 178 

mixed 2 min at 285 rpm. 179 

The mixing of the straw and binder prepared was carried out according to the same protocol 180 

described above. 181 

With regard to the optimization of the PF70 lime formulation, three percentages of substitutions 182 

were chosen: 10%, 20% and 50%. This substitution was also accompanied by an increase in the 183 

Straw/Binder fraction from 0.2 to 0.4. In a second step, PF70 lime was completely replaced by 184 

thermo lime. This binder was also substituted by gelatin using the same percentages as above 185 

(10%, 20% and 50%) and likewise increasing the Straw/Binder from 0.2 to 0.4. For the plaster-186 

based formulation, the binder was substituted by two percentages: 10% and 20% while 187 

maintaining the Straw/Binder ratio at 0.4. 188 

The mixtures were poured into wooden moulds measuring 30 × 30 × 10 cm3 without 189 

compaction and nor vibration. The lime-based composites were stored in the air-conditioned 190 

room at T = 20 °C and 65% RH for 28 days. The plaster-based composites were dried in a 191 
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ventilated oven at 45 °C until mass stabilization to avoid the development of microorganisms 192 

and were then stored in the same air-conditioned room for 28 days. 193 

 After this curing period, the composites were cut in order to obtain samples with the 194 

dimensions of 20×20×10 cm3 for thermal conductivity and mechanical tests. 195 

The samples were named according to their compositions, as indicated in Tab.1. 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

Fig. 4: Manufacturing process: (a) and (b) Binder preparation with hemoglobin and casein, (c) 207 

and (d) Mixing of the components  208 

 209 
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 210 

Fig. 5: The aspect of the composites of Lime_PF70+Straw (a) Reference (b) +5% 211 

Hemoglobin (c) +5%Hemoglobine+5% Casein (d) +5% Hemoglobin+2.5% casein. 212 

(a)

(b)

(c)

(d)
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 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

Fig. 6: Binder preparation for third procedure (a) Gelatin binder (b) Mixing of gelatin binder 221 

and mineral binder  222 

 223 

Mixture-ID Mass ratio 
Short Ref Long Ref S/B H/B C/B GB/B 

PF0 PF70_Reference_S/B=0,2 0.2 - - - 
PF1 PF70 +5% H_S/B=0,2 0.2 0.05 - - 
PF2 PF70+5% H_S/B=0,3 0.3 0.05 - - 
PF3 PF70+5% H_S/B=0,4 0.4 0.05 - - 
PF4 PF70+5% H+5% C_S/B=0,2 0.2 0.05 0.05 - 
PF5 PF70+5% H+2,5% C_S/B=0,3 0.3 0.05 0.025 - 
PF6 PF70+5% H+2,5% C_S/B=0,4 0.4 0.05 0.025 - 

PF10 PF70+10%GB_S/B=0,4 0.4 - - 0.1 
PF20 PF70+20%GB_S/B=0,4 0.4 - - 0.2 
PF50 PF70+50%GB_S/B=0,4 0.4 - - 0.5 
TH0 Thermo_Reference_S/B=0,2 0.2 - - - 

TH10 Thermo+10%GB_S/B=0,4 0.4 - - 0.1 
TH20 Thermo+20%GB_S/B=0,4 0.4 - - 0.2 
TH50 Thermo+50%GB_S/B=0,4 0.4 - - 0.5 

G0 Gypsum_Reference_S/B=0,4 0.4 - - - 
G10 Gypsum+10%GB_S/B=0,4 0.4 - - 0.1 
G20 Gypsum+20%GB_S/B=0,4 0.4 - - 0.2 

S/B : Straw/Binder H/B : Hemoglobine/Binder C/B : Caseine/Binder   224 

GB/B : Gelatin Binder/Binder  225 

 226 

Tab. 1. Composite designation and detailed mixture proportions (by mass) 227 

 228 

 229 

(a) (b)
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2.3 Laboratory characterization 230 

2.3.1 Thermal conductivity and mechanical test 231 

 232 

Thermal conductivity was measured using a NeoTIM conductivity meter based on the hot wire 233 

technique. The measurements were made on samples with the dimensions 20 cm × 10 cm × 10 234 

cm, along the perpendicular to the preferred fibre direction (Fig.7). The probe was placed in 235 

five different positions and the test was repeated three times in each position. The test was 236 

carried out in a wet state (immediately after curing the composites in an air-conditioned room 237 

at 65% RH) and in a dry state (the composites were dried in a ventilated oven at 60 °C until 238 

mass stabilization). 239 

The mechanical behavior of the composites was evaluated in the preferred fibre direction which 240 

is the loading direction of the block in the wall. Uniaxial compression tests were carried out on 241 

samples measuring 20 cm × 10 cm × 10 cm, using a compression testing machine (IGM250), 242 

equipped with a load cell of 250 kN at a displacement rate of 0.5 mm/min.  243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

Figure 7. Thermal and mechanical characterization (a) uniaxial compression (b) thermal 253 

conductivity 254 

(a) (b)
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2.3.2 Microstructural analysis  255 

In order to establish the effect of the additives on the composition and the microstructure of the 256 

binders, following analyses were carried out:  257 

- Thermogravimetric analyses were performed using a LINSEIS STA PT-1000 apparatus under 258 

inert atmosphere. Powder samples weighing approximately 60 mg were placed in an alumina 259 

crucible and heated from ambient temperature (20°C) to 1000 °C at a heating rate of 5°C/min. 260 

- X-ray diffraction (XRD) analyses by a Philips PW-1830 diffractometer, were performed to 261 

investigate the mineralogical composition of specimens. The analyses were performed under 262 

these conditions: radiation Cu K α1 (λ = 1.78897 Å), 2θ explored range 2–60°, 40 kV voltage, 263 

15 mA current intensity.  264 

- Scanning electron microscopy (SEM) has been used to observe the surface morphology and 265 

the microstructure of different specimens. 266 

3 Results and Discussion 267 

3.1 Thermal conductivity  268 

Fig.8 reports the results of thermal conductivity in the wet and dry state. As expected the wet 269 

thermal conductivity values are higher than dried ones for all composites, with differences 270 

between values obtained on the same composite in two states (dry and wet) varying in range 271 

11% to 25% respectively. This is due to the fact that in biosourced composites, as in other 272 

porous materials, water vapor that fills the pores supplies an extra conductivity to that of matrix. 273 

Similar results have been reported by other workers [37,38].  274 

From the Fig.8.a, it appears clearly that the substitution of 5% of the binder by hemoglobin 275 

(according to the first procedure) leads to a significant decrease of thermal conductivity thanks 276 

to the porosity created in the matrix. It can also be seen that despite the increase in the straw 277 

fraction Straw/Binder from 0.2 to 0.3 and to 0.4, the thermal conductivity remains practically 278 
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the same. This can be explained by the fact that the conductivity of the porous matrix in that 279 

case is equivalent to that of straw. 280 

In the case of the second procedure (Fig.8.b), as expected for the first formulation (PF4) when 281 

10% of the lime was replaced by 5% of hemoglobin and 5% of casein, the thermal conductivity 282 

increased and exceeded that of the reference formulation. This could be explained by the 283 

decrease of both porosity of the matrix and the intergranular porosity. It is however possible to 284 

obtain, lower condutivity values, close to those obtained when use the first procedure, by 285 

reducing the percentage of casein to 2.5% and increasing the Straw/Binder ratio to 0.3 and 0.4. 286 

When the third procedure is used, the substitution of mineral binder by gelatin binder and 287 

increase of mass fraction of fibers (Straw/Binder) from 0.2 to 0.4, led to a significant decrease 288 

of thermal conductivity in wet and dry state. When, 50% of mineral binder is substituted, the 289 

mean value of dried thermal conductivity has decreased by 21% as compared with the reference 290 

composites, similarly for both types of lime (PF70 and Thermo-lime) (Fig8.b, c).  291 

In the case of plaster-based composites (Fig.8.d), the thermal conductivity decreased from 0.064 292 

W/m.°C to 0.058 W/m.°C and 0.057 W/m.°C for a substitution percentage of 10% and 20%, 293 

respectively.  294 

In general, the thermal conductivity values obtained for the studied biocomposites are situated 295 

in lowest range of thermal conductivities compared to literature results (Tab.2) and fall into the 296 

class of thermal insulation materials according to the French standard NFP 75-101. 297 

 298 

 299 

 300 

301 
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 302 

Fig. 8. Thermal conductivity of the composites in dry and wet state (a) PF70 lime with 303 

hemoglobin and casein (b) PF70 lime and gelatin binder (c) Thermo lime and gelatin binder 304 

(d) plaster and gelatin binder. 305 
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 307 

Tab. 2 : Comparison of thermal conductivity of the present study with previous studies in the 308 

literature 309 

 310 

3.2 Mechanical behavior and compressive strength 311 

The nonlinear compressive stress-strain curves of different mixtures are presented in Fig.9. 312 

They were used to calculate the Young modulus as the slope of the elastic zone as well as the 313 

compressive strength of various formulations (Tab.3).  314 

As expected, the compressive strength of the reference formulations (with the exception of PF4 315 

and the plaster-based composites) is higher than that of the optimized formulations, since a 316 

larger amount of binder was used on the reference samples. Composites obtained using first 317 

procedure, manfiste a massively reduced compressive strength. In fact, the use of hemoglobin, 318 

as already indicated certainly decreases the thermal conductivity, but it promoted in the same 319 

time the embrittlement of the binder matrix because of the porous structure created (Fig10.a) 320 

[45]. The increase in the Straw/Binder ratio further decreased the strength of the composites, 321 

since the intergranular porosity was increased, and the amount of binder was reduced. The 322 

Composites λ (W/m.°C) References  
Lime (PF70) +Hemoglobin+Straw 0.054-0.057 Present study 
Lime (PF70) +Hemoglobin+Casein+Straw 0.065 Present study 
Lime (PF70) +Gelatin+Straw 0.059-0.069 Present study 
Lime (Thermo)+Gelatin+Straw 0.057-0.065 Present study 
Plaster +Gelatin+Straw  0.057-0.058 Present study 
Lime+Hemp Shiv 0.09-0.16 Collet et al. [38]   
Lime+Hemp Shiv 0.138 Walker et al [16] 
Pozzolanic +Sunflower 0.132 Magniont [6] 
Chitosan+Sunflower Stalks 0.056 Mati-Baouche et al [24] 
Starch + Hemp Shiv 0.049 Umurigirwa-Vasseur [39] 
Proteinic Binder +Flax Shives 0.1-0.14 EL Hajj et al [25] 
Binder extracted from wheat +Hemp Shiv 0.071-0.076  Collet et al [26] 
Corn Stalk+Magnesium Phosphate Cement 0.051-0.643 Ahmad et al [40] 
Cement+Wood aggregate 0.24-0.54 Akkaoui [41] 
Cement+Straw 0.75-1.32 Bederina et al [42] 
Starch based or silica based matrix+Hemp Shive 0,051-0,058 Hussain et al [23] 
Lime+maize/sunflower barkchips 0,112-0,127 Lagouin et al [43] 
Cement+Sand+Gravel+prickly pear 1,02-1,59 Kamoun et al [44] 
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addition of casein in the second procedure improved the strength compared to the first 323 

procedure. We also note that in the case of the third procedure, the reference composite strength 324 

based on Thermo lime (TH0) was twice as high as that of the same composite based on lime 325 

PF70 (PF0). This is due to the fact that the setting time of Thermo lime to obtain its full strength 326 

is shorter than that of PF70. Moreover, it is observed that the strength of the composites 327 

containing gelatin varies proportionally with the replacement percentage. The more this 328 

percentage increases, the more the strength increases for both limes PF70 or Thermo. This is 329 

mainly due to the adhesive properties of the binder formed (lime + gelatin binder) which creates 330 

good adhesion between the aggregates when the percentage of gelatin binder is high (Fig 10.b). 331 

The tendency is not the same for plaster binder with a higher strength for 10 % than 20 % of 332 

replacement. The microscope images (Fig10.c and Fig 10.d) show that mixing gelatin binder 333 

with the plaster leads to a matrix with a cellular structure that seems to be responsible for this 334 

difference. As a result, the binder becomes more vulnerable. 335 

The Young modulus variation followed the same tendency as compressive strength with 336 

measured values in range from 1.22 MPa to 11.82 MPa. Most of these values are greater than 337 

3 MPa, consigned value according to French professional regulations for hemp concrete (roof 338 

application) [46]. 339 

The low compressive strength values of the studied bio-composites do not qualify them for use 340 

as structural materials. However, the materials respect the condition of supporting the stresses 341 

due to their self-weight according to standard NF EN 1992-1-1.  The ability of each composite 342 

to support its self-weight for a wall of 3 m in height σsw(h=3m) is checked (the mean height 343 

between slabs in the building). Tab.3 indicates that this condition was well verified for all 344 

studied composites with the exception of PF3. Moreover, the deformations ɛsw (h=3m) induced 345 
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by the self-weight range between 1.4.10-3 and 9.7.10-3, which is admissible.  Even with worst-346 

case loading, the deformation remains lower than the breaking strain. 347 

 348 

 349 

Fig. 9. Typical mechanical behavior of composites (a) PF70 lime with hemoglobin and casein 350 

(b) PF70 lime and gelatin binder (c) Thermo lime and gelatin binder (d) plaster and gelatin 351 

binder. 352 
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 356 

Composites σrupture (Mpa) E(Mpa)  σsw(h=3m) ɛsw(h=3m) 
PF0 0.064 8.02 0.018 0.0023 
PF1 0.021 2.52 0.012 0.0047 
PF2 0.013 1.22 0.012 0.0097 
PF3 0.009 1.41 0.011 0.0078 
PF4 0.184 9.44 0.022 0.0024 
PF5 0.058 6.70 0.013 0.0019 
PF6 0.033 2.82 0.012 0.0041 

PF10 0.036 7.54 0.012 0.0016 
PF20 0.045 7.39 0.011 0.0015 
PF50 0.058 7.29 0.011 0.0016 
TH0 0.118 11.82 0.020 0.0017 

TH10 0.033 1.70 0.012 0.0069 
TH20 0.037 5.25 0.012 0.0022 
TH50 0.057 5.80 0.011 0.0019 

G0 0.031 6.88 0.010 0.0014 
G10 0.089 5.38 0.011 0.0021 
G20 0.06 4.05 0.010 0.0025 

 357 

Tab. 3. Mechanical properties of the composites 358 

 359 

Fig. 10. Microscope visualization of (a) PF1 (b) PF20 (c) matrix of G10 composite and (d) 360 

matrix of G20 composite. 361 

 362 

Straw

Porous matrix Good adhesion 

between aggregatesStraw

(a)

(c) (d)

(b)

Straw



  

21 

 

3.3 Optimal formulations 363 

In order to select optimal formulations in terms of thermal and mechanical performance, the 364 

various composites were classified according to their thermal conductivity and their mechanical 365 

compressive strength. The best composites are those with both good thermal conductivity and 366 

good mechanical strength. The results obtained are illustrated in Tab.4. The best compromises 367 

are obtained in the case of the G10, PF50, TH50, and PF5 368 

Formulation λ (W/m.°C) σmax (Mpa) 

PF0 + +++ 
PF1 +++++ + 
PF2 +++++ + 
PF3 +++++ + 
PF4 + +++++ 
PF5 +++ +++ 
PF6 ++++ + 

PF10 ++ + 
PF20 ++++ ++ 
PF50 +++++ +++ 
TH0 + +++++ 

TH10 ++++ + 
TH20 ++++ + 
TH50 +++++ +++ 

G0 ++++ + 
G10 +++++ ++++ 
G20 +++++ +++ 

 369 

+++++ : High performance    + : Low performance 370 

Tab. 4. Classification of composites according to thermal conductivity and mechanical 371 

resistance 372 

3.4 Thermogravimetric analysis 373 

In order to evaluate the effect of the additives on microstructural mechanisms such as the 374 

carbonation of lime and the hydration of plaster, one formulation was chosen for each 375 

procedure.  376 

Fig.11. a and b show the mass loss and DTG curves obtained for lime binders. Four phases 377 

were observed [47]: 378 
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• Tambient-200°C: evaporation of free water 379 

• 200 °C-380 °C: decomposition of additives (hemoglobin, casein and gelatin). 380 

• 400 °C-500 °C: dehydroxylation of portlandite according to the following chemical 381 

reaction:  Ca(OH)2 (s) � CaO(s) + H2O(g)  382 

• 500 °C-850 °C: decarbonation of calcite according to the following chemical reaction: 383 

CaCO3(s) � CaO(s) + CO2(g) 384 

The amounts of Ca(OH)2 and CaCO3 were calculated from the mass loss (ML) curves using 385 

relations (1) and (2). The carbonation rate was deduced according to equations (3) [47]. 386 

(Ca(OH)2)%=(ML200-380°C)×k1                                                                           (1)                                  387 

(CaCO3)% = (ML500-850°C)×k2                                                                           (2) 388 

With: k1=Mw(Ca(OH)2)/Mw(H2O) and k2=Mw(CaCO3)/Mw(CO2) ; Mw : Molar mass 389 

ROC = CHcarb/CHcarb+CHbinder; Rate of Carbonation                                        (3) 390 

CHcarb= CCbinder×k3 : portlandite consumed in carbonation reaction; CCbinder= ((ML500-580°C) 391 

×k2))-(CCRL×(%lime)) : calcite content of the binder; CCRL : calcite content of the raw lime;  392 

k3= Mw(Ca(OH)2)/Mw(CaCO3) ; CHfree = (ML200-380)×k1 : free portlandite content of the 393 

binder; CHbinder = CHcarb+CHfree: total portlandite content of the binder. 394 

The results obtained are shown in Tab.5. For the PF70 lime, the carbonation rate reached 395 

76.56% in the case of reference sample (PF0). It increased to 90.74% and 88.18% respectively 396 

for PF1 and PF5. It seems that the porosity created by the hemoglobin promotes the diffusion 397 

of CO2 into the material in the cured state and therefore a higher degree of carbonation is 398 

accessed. The addition of the gelatin binder reduced the carbonation rate to 55.94% (PF20), 399 

similarly for Thermo lime (TH20). This can be explained by the fact that the gelatin polymerizes 400 

and forms a thin film which slows down or prevents the diffusion of CO2 into the material. 401 

Fig.11.c shows the results obtained for gypsum binders. Two steps of mass loss were detected 402 

in the case of the reference sample: the first, between 80 °C and 200 °C due to dehydration of 403 
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the plaster according to the chemical reactions (4) and (5) according to literature [48]. The 404 

second between 500 ° C and 700 ° C attributed to the decarbonation of calcite according to the 405 

chemical reaction (6). For the G10 sample, a third step appears between 200 ° and 380 ° C 406 

corresponding to the decomposition of gelatin. The mass loss due to dehydration of the plaster 407 

in the G10 sample was estimated at 7 %. It is larger than that of the reference sample, indicating 408 

a greater degree of hydration .Wu et al [49] studied the effect of a polyacrylic ester emulsion 409 

on gypsum plaster. They noticed from thermogravimetric analyses that the presence of this 410 

additive decreased the mass loss due to dehydration of the plaster and therefore a low degree of 411 

hydration  412 

                                Ca2SO4·2 H2O(s)  → Ca2SO4·0.5 H2O(s) + H2O(g)          (4)   413 

           Ca2SO4·0.5 H2O(s)  → Ca2SO4 (s) + 0.5 H2O(g)           (5)      414 

  CaCO3→ CaO+CO2(g)          (6)  415 

 416 

 417 

 418 

 419 

 420 

Tab 5. Results from TGA to characterize the effects of additives on carbonation 421 

Samples Ca(OH)2 (%) CaCO3 (%) Carbonatation rate (%) 
PF70 lime (raw) 40.29 20.3 -- 
PF0 (Reference) 10.29 65.96 76.56 

PF2 (PF70+5%H) 4.11 75.06 90.74 
PF5 (PF70+5%H+2.5%C) 4.52 66.18 88.18 

PF20 (PF70+20 GB) 14.81 41.85 55.94 
Thermo lime (raw) 40.21 8.84 -- 

TH0 (reference) 9.36 64.41 81.04 
TH20 (Thermo+20%GB) 19.67 32.68 47.33 
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 422 

Fig. 11. TG-DTG curves  (a) PF70 lime-based binders (b) Thermo lime-based binders (c) 423 

plaster-based binders 424 

3.5 Morphology and Mineralogy analysis 425 

The effect of the studied additives on the microscopic structure of the binders is shown in 426 

Fig.12. We can see that the various lime-based binders contain needle-like calcite crystals with 427 

the exception of the PF5 sample, when casein was introduced. In this case, the crystals became 428 

smaller and have a rounded shape (Fig.12.c) itwhich leads to a good mechanical performance. 429 

Similar results were found by Ventolà et al.[50] and Liu et al.[51], with the change in the 430 

morphology of the calcite crystals by casein additive.  431 
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In the case of gypsum binders (Fig.12.g and Fig.12.h) the calcium sulfate dihydrate crystals 432 

(CaSO4H2O) formed in G0 and G10 are not similar. In the case of the reference sample, large 433 

rod-like crystals were observed, while in the case when gelatin was added, the crystals present 434 

an irregular shape and a small size which improves the mechanical strength. 435 

 The DRX results obtained for the different binders illustrated in  Fig.13, show that the three 436 

additives (hemoglobin, casein, gelatin) do not modify the mineralogical composition of the 437 

materials (no new chemical elements) : the same phases were observed in binders without and 438 

with additives. Portlandite (Ca(OH)2) and calcite (CaCO3) are the main minerals detected in 439 

the case of lime binders. Fig.13.a shows that the peak intensity corresponding to portlandite (at 440 

18°) is greater in the case of PF20 while the minimum value is observed in the case of PF1. The 441 

same trend was observed for thermo lime Fig.13. b. This confirms the results of carbonation 442 

obtained from the TG analyses. 443 

As regards the gypsum binders, the mineral phases were dihydrate (CaSO4.2H2O), hemihydrate 444 

(CaSO40.5H2O) and anhydrite (CaSO4). It is clear in Fig.13.c that the peak intensity 445 

corresponding to CaSO4 0.5H2O (at 14.7°) is greater in the case of G10, confirming that the 446 

degree of hydration is greater by adding gelatin. 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 
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Fig. 12. Scanning electron microscope images of the binder specimens (a) PF0; (b) PF1; (c) 457 

PF5; (d) PF20; (e) TH0; (f) TH20; (g) G0; (h) G10. 458 

 459 
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 461 

Fig. 13.  X-ray diffraction patterns (a) PF70 lime-based binders (b) Thermo lime-based 462 

binders (c) plaster-based binders 463 

4 Conclusions 464 

The objective of the present study was to reduce the thermal conductivity of a bio-based 465 

composite based on cereal straw while keeping sufficient mechanical properties for it to support 466 

its self-weight. The optimization approach was based on three different procedures using three 467 

additives obtained from a renewable and biodegradable source. The following conclusions can 468 

be drawn from this investigation : 469 
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• The addition of 5% of hemoglobin to the lime reduced the thermal conductivity but induced 470 

a drastic decrease in the mechanical strength. The combination of 5% of hemoglobin and 471 

5% of casein resulted in a denser composite with a mechanical strength three times greater 472 

than that of the reference sample but with a very high conductivity. A compromise was 473 

achieved between thermal conductivity and mechanical strength using 5% of hemoglobin 474 

and 2.5% of casein. 475 

• The mixture of gelatin binder with lime and plaster increased the volume fraction of the 476 

vegetable fibers in the composites thanks to its adhesive properties. Consequently, the 477 

thermal conductivity was decreased for the different composites studied. It diminished with 478 

increasing gelatin binder content. 479 

• The carbonation rate of lime was improved when hemoglobin was used thanks to the 480 

porosity created which promotes the diffusion of carbon dioxide into the material. 481 

Moreover, although the gelatin reduced the carbonation rate of two types of lime, the 482 

mechanical strengths obtained for the composites were acceptable thanks to its adhesive 483 

properties. The hydration degree of the plaster was slightly improved in the presence of the 484 

gelatin binder as was shown by the TG and XRD analyses. 485 

• SEM images showed that the addition of casein led to the formation of calcite crystals in 486 

rounded shapes, which improves the mechanical strength of the composites. Similarly, 487 

gelatin causes a change in the plaster microstructure which also leads to an improvement in 488 

the mechanical properties of the composites. 489 

The bio-based composites developed in this study have an interesting thermal conductivity with 490 

sufficient mechanical properties for thermal insulation use and building energy performances. 491 

5 Acknowledgements 492 

The authors gratefully acknowledge the ‘‘REGION CENTRE” for the financial support of the 493 

research program PEPITE. 494 



  

29 

 

6 References 495 

[1] S. Amziane, L. Arnaud, Les bétons de granulats d'origine végétale. Application aubéton de 496 

chanvre, Lavoisier, 2013. 497 

 498 

[2] L. Arnaud, E. Gourlay, Experimental study of parameters influencing mechanical 499 

properties of hemp concretes, Construction and Building Materials. 28 (2012) 50–56. 500 

https://doi.org/10.1016/j.conbuildmat.2011.07.052. 501 

 502 

[3] C. Véronique, Propriétés mécaniques, thermiques et acoustiques d’un matériau à base de 503 

particules végétales : approche expérimentale et modélisation théorique, (Ph.D. 504 

      thesis), Institut National des Sciences Appliquées de Lyon, 2005. 505 

 506 

[4] B. Mazhoud, F. Collet, S. Pretot, C. Lanos, Mechanical properties of hemp-clay and hemp 507 

stabilized clay composites, Construction and Building Materials. 155 (2017) 1126–1137. 508 

https://doi.org/10.1016/j.conbuildmat.2017.08.121. 509 

 510 

[5] T.-T. Nguyen, V. Picandet, S. Amziane, C. Baley, Influence of compactness and hemp hurd 511 

characteristics on the mechanical properties of lime and hemp concrete, Eur J Environ Civil 512 

Eng 2009;13:1039–50. 513 

 514 

[6] C.Magniont, Contribution à la formulation et à la caractérisation d’un écomatériau de 515 

construction à base d’agroressources (Ph.D.thesis) Université de Toulouse, 2010 516 

 517 

[7] S. Elfordy, F. Lucas, F. Tancret, Y. Scudeller, L. Goudet, Mechanical and thermal 518 

properties of lime and hemp concrete (“hempcrete”) manufactured by a projection process, 519 

Construction and Building Materials. 22 (2008) 2116–2123. 520 

https://doi.org/10.1016/j.conbuildmat.2007.07.016. 521 

 522 

[8] M. Chabannes, Formulation et étude des propriétés mécaniques d’agrobétons légers isolants 523 

à base de balles de riz et de chènevotte pour l’éco-construction, (Ph.D.thesis) Université 524 

Montpellier, 2015. 525 

 526 

[9] M. Khazma, N. El Hajj, A. Goullieux, R.M. Dheilly, M. Queneudec, Influence of sucrose 527 

addition on the performance of a lignocellulosic composite with a cementious matrix, 528 

Composites Part A: Applied Science and Manufacturing. 39 (2008) 1901–1908. 529 

https://doi.org/10.1016/j.compositesa.2008.09.014. 530 

 531 

[10] P. Coatanlem, R. Jauberthie, F. Rendell, Lightweight wood chipping concrete durability, 532 

Construction and Building Materials. 20 (2006) 776–781. 533 

https://doi.org/10.1016/j.conbuildmat.2005.01.057. 534 

 535 

[11] M. Khazma, A. Goullieux, R.-M. Dheilly, A. Rougier, M. Quéneudec, Optimization of 536 

flax shive-cementitious composites: Impact of different aggregate treatments using linseed 537 



  

30 

 

oil, Industrial Crops and Products. 61 (2014) 442–452. 538 

https://doi.org/10.1016/j.indcrop.2014.07.041. 539 

 540 

[12] A. Sellami, M. Merzoud, S. Amziane, Improvement of mechanical properties of green 541 

concrete by treatment of the vegetals fibers, Construction and Building Materials. 47 (2013) 542 

1117–1124. https://doi.org/10.1016/j.conbuildmat.2013.05.073. 543 

 544 

[13] The effect of a polyacrylic acid viscosity modifying agent on the mechanical, thermal 545 

and transport properties of hemp and rapeseed straw concrete | Elsevier Enhanced Reader, 546 

(n.d.). https://doi.org/10.1016/j.conbuildmat.2019.117536. 547 

 548 

[14] Impact of hemp shiv extractives on hydration of Portland cement | Elsevier Enhanced 549 

Reader, (n.d.). https://doi.org/10.1016/j.conbuildmat.2020.118300. 550 

 551 

[15] V. Nozahic, S. Amziane, Influence of sunflower aggregates surface treatments on 552 

physical properties and adhesion with a mineral binder, Composites Part A: Applied 553 

Science and Manufacturing. 43 (2012) 1837–1849. 554 

https://doi.org/10.1016/j.compositesa.2012.07.011. 555 

 556 

[16] R. Walker, S. Pavia, R. Mitchell, Mechanical properties and durability of hemp-lime 557 

concretes, Construction and Building Materials. 61 (2014) 340–348. 558 

https://doi.org/10.1016/j.conbuildmat.2014.02.065. 559 

 560 

[17] F. Collet, M. Bart, L. Serres, J. Miriel, Porous structure and water vapour sorption of 561 

hemp-based materials, Construction and Building Materials. 22 (2008) 1271–1280. 562 

https://doi.org/10.1016/j.conbuildmat.2007.01.018. 563 

 564 

[18] Benhelal, Emad, et al. “Global strategies and potentials to curb CO2 emissions in cement 565 

industry.” Journal of cleaner production 51 (2013): 142-161., (n.d.). 566 

 567 

[19] Prevention, Integrated Pollution. Control (IPPC): Reference Document on Best 568 

Available Techniques in the Pulp and Paper Industry. European Commission, Brussels, 569 

2001. 570 

 571 

[20] N. Mahasenan, S. Smith, K. Humphreys, - The Cement Industry and Global Climate 572 

Change: Current and Potential Future Cement Industry CO2 Emissions, in: J. Gale, Y. Kaya 573 

(Eds.), Greenhouse Gas Control Technologies - 6th International Conference, Pergamon, 574 

Oxford, 2003: pp. 995–1000. https://doi.org/10.1016/B978-008044276-1/50157-4. 575 

 576 

[21] A.S. Gutiérrez, J. Van Caneghem, J.B.C. Martínez, C. Vandecasteele, Evaluation of the 577 

environmental performance of lime production in Cuba, Journal of Cleaner Production. 31 578 

(2012) 126–136. 579 

 580 



  

31 

 

[22] European Commission, 2001. Integrated Pollution Prevention and Control (IPPC). 581 

Reference Document on Best Available Techniques in the Cement and Lime Manufacturing 582 

Industries. Available from: www.epa.ie/downloads/advice/ brefs/cement.pdf 583 

(20.11.2011)., (n.d.). 584 

 585 

[23] A. Hussain, J. Calabria-Holley, M. Lawrence, Y. Jiang, Hygrothermal and mechanical 586 

characterisation of novel hemp shiv based thermal insulation composites, Construction and 587 

Building Materials. 212 (2019) 561–568. 588 

https://doi.org/10.1016/j.conbuildmat.2019.04.029. 589 

 590 

[24] N. Mati-Baouche, H. De Baynast, A. Lebert, S. Sun, C.J.S. Lopez-Mingo, P. Leclaire, 591 

P. Michaud, Mechanical, thermal and acoustical characterizations of an insulating bio-592 

based composite made from sunflower stalks particles and chitosan, Industrial Crops and 593 

Products. 58 (2014) 244–250. https://doi.org/10.1016/j.indcrop.2014.04.022. 594 

 595 

[25] N. El Hajj, R.M. Dheilly, A. Goullieux, Z. Aboura, M.L. Benzeggagh, M. Quéneudec, 596 

Innovant agromaterials formulated with flax shaves and proteinic binder: Process and 597 

characterization, Composites Part B: Engineering. 43 (2012) 381–390. 598 

https://doi.org/10.1016/j.compositesb.2011.05.022. 599 

 600 

[26] F. Collet, S. Prétot, C. Lanos, Hemp-straw composites: thermal and hygric 601 

performances, Energy Procedia. 139 (2017) 294–300. 602 

 603 

[27] N. Belayachi, M. Bouasker, D. Hoxha, M. Al-Mukhtar, Thermo-Mechanical Behaviour 604 

of an Innovant Straw Lime Composite for Thermal Insulation Applications, Applied 605 

Mechanics and Materials. 390 (2013) 542–546. 606 

https://doi.org/10.4028/www.scientific.net/AMM.390.542. 607 

 608 

[28] N. Belayachi, D. Hoxha, M. Slaimia, Impact of accelerated climatic aging on the 609 

behavior of gypsum plaster-straw material for building thermal insulation, Construction and 610 

Building Materials. 125 (2016) 912–918. 611 

https://doi.org/10.1016/j.conbuildmat.2016.08.120. 612 

 613 

[29] M. Bouasker, N. Belayachi, D. Hoxha, M. Al-Mukhtar, Physical characterization of 614 

natural straw fibers as aggregates for construction materials applications, Materials. 7 615 

(2014) 3034–3048. 616 

 617 

[30] Ferragni, D., Forti, M., Malliet, J., Mora, P., Teutonico, J. M., & Torraca, G. (1984). 618 

Injection grouting of mural paintings and mosaics. Studies in Conservation, 29(sup1), 110-619 

116., (n.d.). 620 

 621 

[31] I. Centauro, E. Cantisani, C. Grandin, A. Salvini, S. Vettori, The Influence of Natural 622 

Organic Materials on the Properties of Traditional Lime-Based Mortars, International 623 

Journal of Architectural Heritage. (2017) 1–15. 624 

https://doi.org/10.1080/15583058.2017.1287978. 625 



  

32 

 

[32] Portier, F. (2016). Biomateriaux collagène/gélatine: des phases cristal-liquides aux 626 

matériaux hybrides (Ph.D.thesis) Université Pierre et Marie Curie-Paris VI. 627 

 628 

[33] S. Amziane, F. Collet, M. Lawrence, C. Magniont, V. Picandet, M. Sonebi, 629 

Recommendation of the RILEM TC 236-BBM: characterisation testing of hemp shiv to 630 

determine the initial water content, water absorption, dry density, particle size distribution 631 

and thermal conductivity, Materials and Structures. 50 (2017). 632 

https://doi.org/10.1617/s11527-017-1029-3. 633 

 634 

[34] S. Fang, K. Zhang, H. Zhang, B. Zhang, A study of traditional blood lime mortar for 635 

restoration of ancient buildings, Cement and Concrete Research. 76 (2015) 232–241. 636 

https://doi.org/10.1016/j.cemconres.2015.06.006. 637 

 638 

[35] Al-Rim, K., Ruzicka, M., & Queneudec, M. (1995, November). The effect of a 639 

biological air entraining agent on clay–cement mixture. In Proceedings of the IIIrd 640 

International ConChem Conference, Brussels (pp. 361-369)., (n.d.). 641 

 642 

[36] J. Jasiczak, K. Zielinski, Effect of protein additive on properties of mortar, Cement and 643 

Concrete Composites. 28 (2006) 451–457. 644 

https://doi.org/10.1016/j.cemconcomp.2005.12.007. 645 

 646 

[37] E. Gourlay, P. Glé, S. Marceau, C. Foy, S. Moscardelli, Effect of water content on the 647 

acoustical and thermal properties of hemp concretes, Construction and Building Materials. 648 

139 (2017) 513–523. https://doi.org/10.1016/j.conbuildmat.2016.11.018. 649 

 650 

[38] F. Collet, S. Pretot, Thermal conductivity of hemp concretes: Variation with 651 

formulation, density and water content, Construction and Building Materials. 65 (2014) 652 

612–619. https://doi.org/10.1016/j.conbuildmat.2014.05.039. 653 

 654 

[39] B.S. Umurigirwa-Vasseur, Elaboration et caractérisation d’un agromatériau chanvre-655 

amidon pour le Bâtiment, Ph. D. Thesis, REIMS University, Reims, France, 2014. 656 

 657 

[40] M.R. Ahmad, B. Chen, S. Yousefi Oderji, M. Mohsan, Development of a new bio-658 

composite for building insulation and structural purpose using corn stalk and magnesium 659 

phosphate cement, Energy and Buildings. 173 (2018) 719–733. 660 

https://doi.org/10.1016/j.enbuild.2018.06.007. 661 

 662 

[41] A. Akkaoui, Bétons de granulats de bois : étude expérimentale et théorique des 663 

propriétés thermo-hydro-mécaniques par des approches multi-échelles, n.d. 664 

 665 

[42] M. Bederina, B. Belhadj, M.S. Ammari, A. Gouilleux, Z. Makhloufi, N. Montrelay, M. 666 

Quéneudéc, Improvement of the properties of a sand concrete containing barley straws – 667 

Treatment of the barley straws, Construction and Building Materials. 115 (2016) 464–477. 668 

https://doi.org/10.1016/j.conbuildmat.2016.04.065. 669 



  

33 

 

 670 

[43] Influence of types of binder and plant aggregates on hygrothermal and mechanical 671 

properties of vegetal concretes | Elsevier Enhanced Reader, (n.d.). 672 

https://doi.org/10.1016/j.conbuildmat.2019.06.004. 673 

 674 

[44] Z. Kammoun, A. Trabelsi, Development of lightweight concrete using prickly pear 675 

fibres, Construction and Building Materials. 210 (2019) 269–277. 676 

https://doi.org/10.1016/j.conbuildmat.2019.03.167. 677 

 678 

[45] A. Remadnia, R.M. Dheilly, B. Laidoudi, M. Quéneudec, Use of animal proteins as 679 

foaming agent in cementitious concrete composites manufactured with recycled PET 680 

aggregates, Construction and Building Materials. 23 (2009) 3118–3123. 681 

https://doi.org/10.1016/j.conbuildmat.2009.06.027. 682 

 683 

[46] Règles professionnelles d’exécution d’ouvrages en béton de chanvre. Rapport technique, 684 

Commission Règles Professionnelles Construction Chanvre, RP2C, 2006 685 

 686 

[47] D. Zhang, J. Zhao, D. Wang, C. Xu, M. Zhai, X. Ma, Comparative study on the 687 

properties of three hydraulic lime mortar systems: Natural hydraulic lime mortar, cement-688 

aerial lime-based mortar and slag-aerial lime-based mortar. Construction and Building 689 

Materials, 186 (2018) 42-52. 690 

 691 

[48] M. Sophia, & N.Sakthieswaran, Synergistic effect of mineral admixture and bio-692 

carbonate fillers on the physico-mechanical properties of gypsum plaster. Construction and 693 

Building Materials, 204 (2019)  419-439. 694 

 695 

[49] Q. Wu, Z. Zhu, S. Li, S. Wang, B. Chen, Effect of polyacrylic ester emulsion on 696 

mechanical properties of macro-defect free desulphurization gypsum plaster, Construction 697 

and Building Materials. 153 (2017) 656–662. 698 

https://doi.org/10.1016/j.conbuildmat.2017.07.109. 699 

 700 

[50] L. Ventolà, M. Vendrell, P. Giraldez, L. Merino, Traditional organic additives improve 701 

lime mortars: New old materials for restoration and building natural stone fabrics, 702 

Construction and Building Materials. 25 (2011) 3313–3318. 703 

 704 

[51] Y. Liu, Y. Cui, H. Mao, R. Guo, Calcium carbonate crystallization in the presence of 705 

casein, Crystal Growth & Design. 12 (2012) 4720–4726. 706 

 707 




