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The main objective of this study is to develop non-autoclaved insulating foam using bio-based materials. The bio-based materials used in this work were flax fibres of different lengths and hemp aggregates. The study was conducted as follows: First, the reference formulation, manufacturing process, and swelling height were optimized. Furthermore, several parameters such as the drying temperature, maturation time, water/sand ratio, quantities of the expansion agent, and the amount of cement required were analysed. Second, the bio-based insulating foam was optimised. Based on the reference composition, flax fibres that were 6 and 18 mm in length and hemp aggregates ranging from 2 to 25 mm in length were incorporated into a reference cementitious foam individually and in combinations. Finally, the physical, mechanical, and thermal behaviours of the bio-based insulating foam were studied. The results obtained for the swelling of the insulating foams were based on a well-structured process that respected the cure conditions and the experimental protocol. The bio-based insulating foam had better thermal conductivity that can reach 0.100 W/m•K. This value was equivalent, for example, to the thermal performance of wood with a density of approximately 435-565 kg/m 3 , or autoclaved cellular concrete with a density of 400 kg/m 3 . Furthermore, the bio-based insulating foams achieved compressive strengths of 0.15 MPa, which is almost equivalent to traditional insulating materials such as Batibord-based perlite. This compressive strength can be improved by increasing the quantity of the cement used and the density of the mixture.

Introduction

The circular economy is currently a global concern for many industries, including the construction industry. The construction industry ranks 2 nd in terms of CO2 emissions, causing 25% of the total CO2 emissions, compared to the 28% caused by the transport industry [START_REF] Luisa | Integration of renewable technologies in historical and heritage buildings: A review[END_REF].

The energy consumed in the building sector represents 49% of the total energy consumed unlike the industry and transport sectors which consumes 28% and 24% of the total energy, respectively. In addition, 60% of the energy consumed in buildings is related to heat loss through the walls (heating, air conditioning) [START_REF] Zheng | Application of improved grey relational projection method to evaluate sustainable building envelope performance[END_REF][START_REF] Ozel | Thermal performance and optimum insulation thickness of building walls with different structure materials[END_REF]. Although energy consumption is primarily due to thermal loss through the walls and the operation of household appliances, over a 50year life cycle, 1/5 of the energy consumed is associated with the creation of the building materials [START_REF] Schneider | Sustainable cement production -present and future[END_REF][START_REF] Damtoft | Sustainable development and climate change initiatives[END_REF][START_REF] Pacheco-Torgal | Embodied Energy versus Operational Energy. Showing the Shortcomings of the Energy Performance Building Directive (EPBD)[END_REF][START_REF] Sebaibi | Reducing energy consumption of prefabricated building elements and lowering the environmental impact of concrete[END_REF]. However, it is in the buildings sector that savings energy are easiest to achieve, particularly in housing built prior to 1974. At that time, the thermal insulation of buildings had neither economic nor environmental justification, as the notions of comfort remained secondary to the need for rehousing. It was the first oil shock of 1973 and the sudden increase in energy prices that made politicians and citizens aware of the need to save energy. This problem is not only a national one, as buildings are also the largest energy consumers in Europe [START_REF] Samson | Structure porale de mousses minérales[END_REF].

These different contextual data mean that the creation of new insulation materials may make it possible to increase the thermal performance of new or renovated buildings; however, these new materials must also require lesser quantities of non-renewable raw materials and energy used for production. In the context of sustainable development and energy conservation, the creation and optimisation of high-performance self-supporting insulating materials is necessary. Mineral foams are a solution that merits re-evaluation. Insulating foam is composed of 60-80% air and 40%-20% solid mass [START_REF] Cox | Fédération Belge de Béton Cellulaire (FeBeCel)[END_REF]. For 1 m 3 of raw material, 5 m 3 of insulating foam can be produced. This large savings in raw materials is one of the ecologically beneficial aspects of insulating foams. The production of cellular concrete composed of fine aggregate, lime, and water containing metal powder was performed in 1924 by J. A. Eriksson [10]. This method of manufacture was combined with the autoclaving process which uses three special environmental conditions: high pressure, presence of saturated water vapour, and a temperature of 180 °C. Because of the swelling of the material and its solidification by the autoclave system, the emulsified mixture becomes hard, which increases its mechanical strength. This method, using saturated steam under high pressure, avoided the fundamental problems of drying and shrinkage. The actual method of cellular concrete production was introduced after 1945 by J. Hebel [START_REF] Cox | Fédération Belge de Béton Cellulaire (FeBeCel)[END_REF][START_REF] Fabien | Effect of several parameters on non-autoclaved aerated concrete: use of recycling waste perlite[END_REF]. Some studies of foamed concretes thermal conductivity have been carried out and are listed in Table 1. The thermal conductivity is between 0.1 and 0.7 W/m•K for densities ranging from 600 to 1850 kg/m 3 [START_REF] Neville | Properties of Concrete[END_REF]. A decrease of 100 kg/m 3 induces a decrease in conductivity of 0.04 W/m•K on foamed concrete. Yan and Lee [START_REF] Yang | Tests on high-performance aerated concrete with a lower density[END_REF] obtained a thermal conductivity around 0.118 and 0.199 W/m•K for densities of 400 to 600 kg/m 3 . Kearsley et al. [START_REF] Kearsley | The effect of porosity on the strength of foamed concrete[END_REF][START_REF] Kearsley | The use of foam concrete for affordable development in third world countries[END_REF] and Aldridge et al. [START_REF] Aldridge | Introduction to foamed concrete: What, Why, and How. Use Foam[END_REF] have shown that the compressive strength of foamed concrete decreases with density decreasing. However, the composition and their dosages can change the results, the density is not necessarily a very relevant indicator of compressive strength. Thus, the cement/sand ratios, water/cement ratio, the type of cement used, its dosage, the size of the pores, their distribution, the type of surface active agents as well as possible treatments, especially during the cure, will also modify the mechanical performance.

The scientific issue of this paper concerns the prefabricated slab industry (Fig. 1) in which insulators are used as integrated thermal breakers that can drastically increase the thermal performance of all collective housing and tertiary buildings (Fig. 1). It is the ideal solution for a simple and economical treatment of thermal bridges in wall indoor thermal insulation (ITI).

Traditional insulation has a much better thermal performance but does not react well upon compression.

Fig. 1. Thermopreslab [START_REF] Fabien | Effect of several parameters on non-autoclaved aerated concrete: use of recycling waste perlite[END_REF] Fig. 1. Thermopreslab

Traditional insulators such as rock wool (Fig. 1) have a good thermal performance with low mechanical resistance. The objective of this work is to develop a non-autoclaved bio-based insulating foam using a mineral binder while limiting the production energy and the use of potentially harmful chemical components to reduce environmental impact. For better thermomechanical behaviour, this foam will be used to replace the current insulation methods such as rock wool (Fig. 1). Three main performance criteria are used: density, thermal conductivity, and compressive strength. To be considered an insulating material, a density less than 700 kg/m 3 to limit the consumption of raw material, a maximum thermal conductivity of Preslab Thermal insulation (Batibord or Rock wool) 0.2 W/m•K, and a compressive strength greater than 0.130 KPa should be attained. These values are determined by reference to the properties of lightweight concrete [START_REF] Chen | A novel lightweight concrete-fabrication and its thermal and mechanical properties[END_REF], hemp concrete [START_REF] Moujalled | Experimental and numerical evaluation of the hygrothermal performance ofa hemp lime concrete building: A long term case study[END_REF], foam concrete [START_REF] Ramamurthy | A classification of studies on properties of foam concrete[END_REF], and non-autoclaved insulating foam using waste material [START_REF] Fabien | Effect of several parameters on non-autoclaved aerated concrete: use of recycling waste perlite[END_REF].

To meet the target objectives, the procedure, which has 3 parts, is as follows:

i.

Optimisation of the non-autoclaved insulating foam: Several parameters such as water/sand (w/s) ratio, cement content, thermal treatment, relative humidity (RH), and the necessary time for preconditioning will be discussed.

ii. Incorporation of bio-based materials: Flax fibres of different lengths mixed with hemp are added to the foam reference composition.

iii. The thermal and structural responses of non-autoclaved bio-based insulating foams are presented.

Materials and specimen manufacturing

Materials

The cement used is Portland cement CEM I 52.5 N (EN 197-1); the characteristics and composition are described in Tables 2 and3. The fine aggregate used is siliceous alluvial washed with a granular class of 0/2 mm (NF P18-545) and a density of 2.65 g•cm -3 .

In addition to cement, hydraulic lime is also used in larger quantities as a binder in the design of foam concrete. The lime used is a white natural powder according to EN 459-1. The physical and mechanical properties are summarised in Table 4. The metallic aluminium used is a grey powder made up of particles with a maximum diameter of 60 µm and a purity of 99.9%. It functions as an expansive agent by creating porosity.

Two types of bio-based materials are used: flax fibres of two different lengths and hemp aggregates (Fig. 2):

-Flax fibres cultivated in Normandy were provided by the Vandecan-delaere Company of the Depestele Group in France. Flax fibres of two different lengths (6 and 18 mm) were used.

-The hemp was supplied by Ecolabel, with the length of the aggregates ranging from 2 to 25 mm. 

Specimen manufacturing

The mixing protocol is an important process because it can have a significant impact on the fresh and cured properties of the foam concrete. It is therefore necessary to adapt a protocol that can produce non-autoclaved foam concretes with homogenous and effectively dispersed pores considering the significant influence of the workability of cementitious composites.

Samples of different sizes were made depending on the characterization (Fig. 3):

-Cylindrical moulds with dimensions of 11×10 cm were used to observe the swelling and the porosity.

-Prismatic moulds with dimensions of 4×4×16 cm were used for compression strength tests.

-Mini slab moulds with dimensions of 4×14×16 cm and 7×28×28 cm were used for thermal conductivity tests.

After swelling, the upper surface of the prismatic samples were levelled with a metal ruler before drying to obtain flat and parallel specimens (Fig. 3).

Fig. 3. Specimen preparation after swelling for mechanical and thermal tests.

A climatic chamber that controls the RH from 0 to 70% and the temperature from 0 to 70 °C was used for the preconditioning and hardening of the non-autoclaved aerated concrete specimens. Subsequently, the samples were placed in the climatic chamber for drying and curing.

The basic composition of the components is shown in Table 6. A validation study of the maturation and drying processes was conducted by studying the effect of temperature (20, 40, 60, and 70 °C), RH (45% and 67%), and pre-conditioning and drying time (8, 24, and 48 hours) (see Fig. 4). Table 6. Initial composition of non-autoclaved foam concrete [START_REF] Fabien | Effect of several parameters on non-autoclaved aerated concrete: use of recycling waste perlite[END_REF]. For all the tests, the measurements were performed at 7 and 28 days. Three samples of each formulation were tested.

Bulk density

The air void content of the foam was measured using the experimental procedure recommended by the French Association of Civil Engineering [START_REF] Afgc-Afrem | Proceedings of technical meeting AFPC-AFREM[END_REF]. Subsequently, the bulk density of concrete could be calculated.

Water absorption

The water absorption was determined using the experimental protocol developed by RILEM TC 236-BBM [START_REF] Amziane | Recommandation du RILEM TC 236-BBM: essais de caractérisation du chanvre de chanvre pour déterminer la teneur en eau initiale, l'absorption d'eau, la densité sèche, la distribution granulométrique et la conductivité thermique[END_REF]. The test was repeated 6 times for each sample to improve the precision of the test results.

Mechanical properties

The compressive strength at 7 and 28 days was evaluated using the IGM press with a 250 kN sensor and fitted with a deformation sensor in accordance with the NF EN 196-1 standard.

Three specimens for each composition were performed.

Thermal properties

The thermal conductivity λ of the samples was measured by using the heat flow meter model HFM 436 Lambda. The HFM 436 Lambda complies with the ASTM C518-17 [START_REF]ASTM C518-17[END_REF] and EN 12667 [START_REF]Thermal Performance of Building Materials and Products -Determination of Thermal Resistance by Means of Guarded Hot Plate and Heat Flow Meter Methods -Products of High and Medium Thermal Resistance, European Committee for Standardization[END_REF] standards. In the HFM 436, the sample is placed between two heated plates set at The sample was undersized according to EN 12667 and HFM 436 recommendation; therefore, we used an additional piece of a different material made of wood fibres packaged in the form of panels. This was placed around the samples and made to cover the entire surface of the 30×30 cm plate (see Fig. 6). The material around the samples must have a thermal conductivity less than or equal to that of the samples tested. The material added was wood panel with a thermal conductivity of 0.05 W/m•K.

Fig. 6. Sample preparation for the thermal conductivity test with the HFM 436.

Results and discussions

Non-autoclaved foam concrete design

Wood panel

Sample

This part describe the design of an insulating foam containing more than 50% air that is lightweight and semi-supporting. To obtain a reference insulating foam, several parameters were analysed such as the filling level, the aluminium content, the water/sand ratio (w/s), and the cement content (Fig. 7). This is essential to control the swelling in the non-autoclaved process. 

Bio-based non-autoclaved foam concrete design

The flax fibres and hemp aggregates were used to design a bio-based insulating foam. The objective of this experiment was to study the feasibility of incorporating bio-based materials into non-autoclaved foam concretes. Different amounts of flax fibres by volume (0.3, 0.5, and 1.0%) were studied to determine the optimal addition percentage. The incorporation is carried out by substituting sand with fibres.

Fifteen formulations were studied by varying parameters such as the amount and length of the flax fibres and the amount of hemp aggregate used (see Table 12).

Six compositions were retained for experimental tests; they represent the cases in which the swelling was greater than 100% (Table 12). These formulations are referred to as F7, F8, F9, F10, F11, and F12. 

Density

Table 13 presents the density obtained for the studied formulations. The density is very low for all selected formulations, and it is lower than the target value of 700 kg/m 3 indicated previously in Table 7. Fibres and hemp are added by substituting them for the fine aggregate (sand), which has a higher density compared to the fibres. The lowest density was obtained for the F9 formulation with an optimal addition of 13.75% hemp aggregates. This lower density of 480 kg/m 3 can be explained by the density of the hemp which is 14 times lower than that of flax fibres. These results are consistent with the research of several authors (see table 1) where the density of foam concrete rang from 600-800 kg/m 3 [START_REF] Yang | Tests on high-performance aerated concrete with a lower density[END_REF][START_REF] Aldridge | Introduction to foamed concrete: What, Why, and How. Use Foam[END_REF]. 

Compressive strength

The mechanical compression strength values are the averages of three tests, and are listed in Table 14. The results of this mechanical characterization show that the compressive strength of biobased insulating foam varies from 150 KPa to 160 KPa. The materials obtained had slightly lower mechanical strengths than those of conventional cellular concrete. However, this result is consistent with the resistance range of foam concretes [START_REF] Sebaibi | Reducing energy consumption of prefabricated building elements and lowering the environmental impact of concrete[END_REF]. Depending on the chosen application (insulation, load-bearing insulation), this resistance can be improved by increasing the quantity of cement and reducing the water/cement ratio (w/c).

Thermal conductivity

The thermal conductivities of all compositions are presented in Table 15 and in Fig. 9. Each value is the result of an average of six values. For all foams produced according to the method presented, the thermal conductivity evolves linearly with the density.

The thermal conductivity is related to the amount of air present in the sample and does not seem to be affected by possible crystallization problems due to an excessive amount of aluminium. The thermal conductivity greatly improved with the addition of flax fibres and hemp aggregates. With the maximum hemp addition of 13.75%, the foam density reaches 480 Kg/m 3 and shows a better thermal performance with a conductivity of 0.101 W/m•K against 0.150 W/m•K for the reference foam. The addition of hybrid bio-based materials (flax and hemp) also provides a good thermal performance with a conductivity range from 0.105 to 0.120 W/m•K, depending on the amount added. The increase in thermal conductivity in the F10 and F10 mixture is mainly due to the fibres addition which probably have low thermal performance compared to the hemps. This is also obtained with other composition. The thermal performance is better with the addition only the hemp. 

Conclusion

This study aimed to deepen and improve our understanding of bio-based non-autoclaved foam concretes. An operational and repeatable process was developed to obtain a non-autoclaved foam with good mechanical and thermal performance. To be considered an insulating material, a density less than 700 kg/m 3 to limit the consumption of raw material, a maximum thermal conductivity of 0.2 W/m•K, and a compressive strength greater than 0.130 KPa should be attained. Several parameters such as temperature, conditioning time, relative humidity, w/s ratio, and cement content were studied. Once the reference formulation was optimized, flax fibres and hemp aggregates were used to design a non-autoclaved insulating foam using bio-based materials. The bio-based materials were incorporated by substituting them for fine aggregate.

Twelve bio-based non-autoclaved foam concretes formulations were analysed with the variation of the bio-based materials content. On these compositions six formulations gave encouraging results which three compositions with the hemp aggregates addition about 4, 6

13.75% and the other hand three hybrid dosage of hemp aggregates and flax fibre about 2.15, 3.65 and 7.4%. The results obtained confirm that all selected mix design validate the targeted specifications with a density less than 700 Kg/m 3 , a thermal conductivity lower than 0.2 W/m K and the mechanical properties higher than 0.13 MPa.

In the future, to improve mechanical characteristics without affecting the thermal performance, the addition of ultrafine particles such as fly ash could be a positive solution.

Another solution is to develop expanded geopolymers that will allow a favorable thermomechanical behavior.

Fig. 2 .

 2 Fig. 2. Left) flax fibres 6 mm long; middle) flax fibres 18 mm long; right) hemp aggregates

Fig. 4

 4 Fig.4summarises temperature treatment, relative humidity (RH), and drying time. We

Fig. 4 .

 4 Fig. 4. Temperature, RH, and drying time effect

  different temperatures. The surface dimensions of the sample used for the measurement are 30 × 30 cm. The heat flow Q per unit time and area through the sample is measured by a calibrated heat flux transducer. The plate temperatures are controlled by bidirectional heating/cooling Peltier systems, coupled with a closed loop fluid flow with an integrated forced air heat exchanger as shown in Fig. 5.

Fig. 5 .

 5 Fig.5. Illustration and general view of the thermal conductivity apparatus[START_REF] Baldinelli | Thermal conductivity measurement of insulating innovative building materials by hot plate and heat flow meter devices: A Round Robin Test[END_REF] 

Fig. 7 .

 7 Fig. 7. Parameters studied for the optimization of the non-autoclaved insulating foam

Fig. 9 .

 9 Fig. 9. Thermal conductivity vs density of bio-based non-autoclaved foams

  

Table 1 .

 1 Density, thermal conductivity and compressive strength of foamed concrete according to Aldridge et al.[START_REF] Aldridge | Introduction to foamed concrete: What, Why, and How. Use Foam[END_REF].

	Density ρ [kg/m 3 ]	Thermal conductivty λ [W/m•K]	Compressive strength [MPa]
	400	0.10	0.5-1.0
	600	0.11	1-1.5
	800	0.17-0.23	1.5-2.0
	1000	0.23-0.30	2.5-3.0
	1200	0.38-0.4	4.5-5.5
	1400	0.50-0.55	6.0-8.0
	1600	0.62-0.66	7.5-10.0

Table 2 .

 2 Physical and mechanical characteristics of cement CEM I 52.5N

	Strength (MPa)		Initial setting time at 20 °C (min)	Heat at 41 hours (J/g)	Density (g/cm 3 )	Blaine (cm²/g)
	1 day 7 d	28 d				
	23	48	62	150	319	3.15	4200

Table 3

 3 

	Ignition loss SiO2	Al2O3 Fe2O3 TiO2 MnO CaO MgO SO3 K2O Na2O P2O5
	2.2	19.4	4.6	3.9	0.3	0.0	64.3 1.2	2.6 0.86 0.06	0.3

. Elementary composition (%) of cement CEM I 52,5 N

Table 4 .

 4 Chemical, physical, and mechanical characteristics of white natural hydraulic lime

	Strength (MPa) 7 days 28 days	Blaine area (cm²/g)	Initial setting time at 20 °C (min)	Apparent density (cm²/g)	Density (g/cm 3 )	SO3 (%)	Free lime (%)
	2.02	3.5 (minimum)	319	11.7	0.6	2.7	1.9	25.7

Table 5 .

 5 Biobased materials used in this study

	Fibres	Flax fibres	Hemp
	density (Kg/m 3 )	1520 kg/m 3	110 kg/m 3
	Length (mm)	6 et 18 mm	2 to 25 mm
	Water absorption (%)	1.3	1.5

Table 7 .

 7 Table 7 lists the targeted characteristics for this non autoclaved insulating foam. Foam concrete target characteristics.

	Performance		Thermal conductivity	Compressive
		Bulk density		
	criteria		(W/ m•K)	strength (MPa)
	Targets	700 Kg/m 3	≤ 0.2	2

Table 12 .

 12 Mix design of bio-based non-autoclaved foam concrete

		F1	F2	F3	F4	F5	F6	F7	F8	F9	F10	F11	F12	F13	F14	F15
	Vf 6 mm	0.3	0.5	1	-	-	-	-	-	-	0.15	0.25	0.5	-	-	-
	Vf 18 mm	-	-	-	0.3	0.5	1	-	-	-	-	-	-	0.15	0.25	0.5
	Vag	-	-	-	-	-	-	4	6.8	13.75	2	3.4	6.9	2	3.4	6.9
	w/s	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35	0.35
	Air volume	< 50% < 50%	< 50%	< 50% < 50% < 50% >50%	>50%	>50%	>50%	>50%	> 50%	< 50% < 50% < 50%
	Swelling	<100% <100% <100% <100% <100% <100% >100% >100% >100% >100% >100% >100% <100% <100% <100%
	F : Formulation															
	Vf : Volume of fibres														
	Vag : Volume of aggregates														

Table 13 .

 13 Density of studied formulations

			REF	F7	F8	F9	F10	F11	F12
	Vf 6 mm (%)		-	-	-	0.15	0.25	0.5
	Vf 18 mm (%)		-	-	-	-	-	-
	Va (%)			4	6.8	13.75	2	3.4	6.9
	Bulk	density	610	520	505	480	550	530	500
	(kg/m 3 )								

Table 14 .

 14 Mechanical compressive strength values

		REF	F7	F8	F9	F10	F11	F12
	Vf 6 mm (%)		-	-	-	0.15	0.25	0.5
	Vf 18 mm (%)		-	-	-	-	-	-
	Va (%)		4	6.8	13.75	2	3.4	6.9
	σc-28 days [MPa]	0.17	0.15	0.15	0.14	0.16	0.16	0.15
	Standard	0.01	0.01	0.01	0.01	0.01	0.01	0.01
	deviation							

Table 15 .

 15 Thermal conductivity of bio-based insulating foams

		REF	F7	F8	F9	F10	F11	F12
	Vf 6 mm (%)		-	-	-	0.15	0.25	0.5
	Vf 18 mm (%)		-	-	-	-	-	-
	Vhemp (%)		4	6.8	13.75	2	3.4	6.9
	Thermal conductivity (W/m•K)	0.150	0.110	0.105	0.101	0.120	0.113	0.105

-Parameter n° 01: Filling height

This parameter was examined to determine how the filling level of different moulds influences the swelling rate. The filling height for the cylindrical specimens was 2, 3, and 4 cm for air volume swellings of 65, 55, and 50%. For prismatic moulds, the filling heights studied were 1, 1.5, and 2 cm targeting swellings of 65, 55, and 50% air volume. Table 8 represents the different results obtained for this parameter. We note that on average, the swelling rate is 60% for cylindrical specimens and 65% for prismatic specimens. The filling level has no influence on the air percentage or the swelling percentage. For the remaining work presented in this paper, we used a filling height of 3 cm for cylindrical moulds and 2 cm for prismatic moulds, thus aiming at 100% swelling.

-

Parameter n° 02 : Aluminium content

The second parameter studied was the optimal quantity of aluminium powder used; this was assessed to improve the swelling rate. Three powder contents were chosen: 0.06%, 0.08%, and 0.10%, according to the cement mass. We obtained a swelling of 47%, 62%, and 78%, respectively.

Therefore, an optimal Aluminium content level of 0.10% was finally chosen for the subsequent experiments.

-Parameter n° 03 : Ratio water/sand (w/s)

The w/s ratio was varied between 0.25 and 0.45. The results presented in Table 9 show that the swelling increases when the w/s ratio increases until 0.35 for cylindric and prismatic mould. A w/s ratio of 0.35 was used for the next part of the study. For a better swelling the quantity of water must be sufficient to keep necessary humidity during the treatment. 

-Parameter n° 04 : cement content

Cement can improve the mechanical strength of the insulating foam. Therefore, w/s ratios of 0.35 and 0.4 and cement contents of 3, 4, and 5% were used for the experiments. Table 10 shows the effect of the w/s ratio and cement content. The results of the variation in the quantity of cement on both formulations with the w/s ratios of 0.35 and 0.4 are shown in Table 10. A slight increase in the volume followed the addition of cement. Therefore, cement contributes slightly to the swelling of the insulating nonautoclaved foam. The change in w/s from 0.35 to 0.4 intervenes slightly to improve the swelling percentage. Therefore, for the next part of this study, a 5% cement content was used.

The resistances obtained with this are better compared to a lower cement content of 3%. Table 11 lists the reference mix design for non-autoclaved foam. Microscopic observations were performed to determine the diameter of the pores obtained (Fig. 8). The pore diameter varies from 1 to 2 mm