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In most research, scientists have been interested in the mechanical impact of sawdust on adobe bricks, mainly compressive strength. This present paper is devoted to the characterization of the thermal transport properties of clay-sawdust materials. To evaluate the thermal impact of sawdust on earthen building envelopes, clayey composites with different sawdust percentage additions were developed. The results show that sawdust positively affects the thermal properties of earthen blocks. Indeed, adding 10% of sawdust decreases the thermal conductivity of composites of 30% and improves the thermal resistance of earthen building envelopes of 31%, while reducing their density. Sawdust can therefore be used in smart lightweight brick manufacturing. The experimental results were used to analyze the thermodynamic behaviors of a residential building using Energy-Plus software. Findings results demonstrate that clay-sawdust composites can reduce the energy consumption of conventional and traditional residential buildings by 21% and 5.3%, respectively.

Introduction

Developing local high-performance masonry materials is one of the most challenges facing humankind today to achieve positive-energy homes. Indeed, the buildings and building construction sectors constitute a major issue for green growth, which count for around 36% of the total energy consumption and 40% of CO2 emissions [1]. Therefore, innovative construction alternatives for achieving sustainable development are gradually becoming a necessity to promote the roadmap for zero-net energy buildings.

In this context, several by-products [START_REF] Zhang | A review of studies on bricks using alternative materials and approaches[END_REF] have been tested as building material additives in order to: (i) replace nonenvironmentally friendly elements, mainly cement (ii) develop local cost-effective building materials (iii) improve passive design and hydrothermal comfort. Agro-aggregates and plant fibers have been the most studied due to their availability and performance. In addition to the abundance of these easily renewable resources, their incorporation can considerably improve the thermal properties of building components [START_REF] Laborel-Preneron | Plant aggregates and fibers in earth construction materials: A review[END_REF].

For an all-natural efficient building brick, mixing agro-sourced materials with clay has gained much interest among researchers to develop earth-friendly composite. In fact, Earth has long been the eco-material most often used in construction. Even today, 30% of the population is installed in earthen structures, mainly built of adobe [START_REF] Houben | Earth construction : a comprehensive guide[END_REF].

Despite the high thermal inertia of earth, two key factors for a highly efficient earth-based building envelope still need to be improved, namely the thermal insulation and the mechanical strength. For this reason, many studies [START_REF] Christoforou | Cradle to site Life Cycle Assessment (LCA) of adobe bricks[END_REF][START_REF] Jokhio | Two-fold sustainability-Adobe with sawdust as partial sand replacement[END_REF][START_REF] Pacheco-Torgal | Eco-efficient masonry bricks and blocks: Design, properties and durability[END_REF][START_REF] Turgut | Limestone dust and wood sawdust as brick material[END_REF][START_REF] Elinwa | Effect of addition of sawdust ash to clay bricks[END_REF][START_REF] Vilane | Assessment of stabilisation of adobes by confined compression tests[END_REF] have been done on the improvement of clay bricks using wood industry waste. In most cases, however, researchers were only interested in the mechanical effect of sawdust on bricks, particularly compressive strength. For instance, Vilane [START_REF] Vilane | Assessment of stabilisation of adobes by confined compression tests[END_REF] investigated the mechanical properties of adobe samples with sawdust. The test results show that sawdust adobe reached optimum strengths of 3.3 N mm 2 at 15% of sawdust. Christoforou et al. [START_REF] Christoforou | Cradle to site Life Cycle Assessment (LCA) of adobe bricks[END_REF] found that the use of sawdust instead of wheat straw improves the environmental performance of the final product. Recently, Jokhio et al. [START_REF] Jokhio | Two-fold sustainability-Adobe with sawdust as partial sand replacement[END_REF] studied the compressive strength and flexural strength of sawdust-clay composite. Results show that sawdust increase the compressive strength of adobe for about 15% with an optimal sawdust replacement of 20%.

Since most research has been devoted to the mechanical effect of sawdust on adobe bricks, this present work will focus on the development and the characterization of the thermal performance of a sawdust-clay composite material. The studied samples were prepared with local ingredients to promote local green brick making in Eastern Morocco. All properties involved in the thermal transport mechanism were measured and then used in a building performance simulation to assess and compare the thermal behavior of a typical earthen residential building. The matrix used in this study was a clayey soil taken from ARGILUX company, which is a local brick factory located in Oujda, Morocco. Table 1 illustrates the Atterberg limits of the soil and its physical characteristics. Particle-size distribution analysis indicated a clay fraction of about 59%.

Nomenclature

Sawdust

For valorization purposes, the sawdust used was a local wood waste collected from a carpentry activity. Fig. 1 shows the XRD diffractogram of studied sawdust. As cellulose is a major constituent of sawdust, our objective is to evaluate the impact of sawdust on the thermal insulation improvement of unfired clay bricks. Moreover, the SEM micrographs [START_REF] Naiya | Adsorption of Pb (II) by sawdust and neem bark from aqueous solutions[END_REF][START_REF] Simón | Immobilization of Zn (II) ions from contaminated biomass using ceramic matrices[END_REF] of sawdust show porous structure, which will be useful in enhancing the thermal insulation of bricks. 

Sample preparation

The 12-samples presented in Fig. 2 were prepared by hand-mixing clay with different percentages of sawdust (2%, 4%, 6%, 8% and 10%) to evaluate its effect on the thermal performance of unfired bricks. The reference case consisted of a sample without sawdust. Once the samples were prepared, they were dried in ambient conditions until obtaining constant mass. The measurements were performed when the mass of the composites is stabilized. 

Thermal properties measurement

The thermal conductivity, the thermal diffusivity, the volumetric specific heat of sawdust-clay composites were simultaneously determined using the hot-disk method [START_REF] He | Rapid thermal conductivity measurement with a hot disk sensor: Part 1. Theoretical considerations[END_REF]. This method is based on the Transient Plane Source (TPS) technique. As shown in Fig. 3, the principle of measurement is to place the probe between two identical samples, and to measure the temperature variation of the samples while injecting a constant electric power into the probe [START_REF] Gustafsson | Transient plane source techniques for thermal conductivity and thermal diffusivity measurements of solid materials[END_REF]. The test protocol was carried out at room temperature with two sensor resistance 10.97 Ω and 12.39 Ω, an electrical power between 100 and 170 mW, and a measurement time of 40 seconds. Unlike steady-state measurements, the hot-disk method allows the samples to be characterized in a short time interval. The simultaneous identification of thermal properties is the major asset of this method, which makes the hot-disk technique an all-in-one thermal test device. The transient plane source (TPS) sensor consists the main part of the method, serving as both a heater element and a temperature sensor. The thermal conductivity, the thermal diffusivity, the thermal effusivity and the specific heat capacity of liquids, powders and solids can be deduced by monitoring the time-dependent temperature evolution through the samples. Fig. 4 schematizes the working principle of the used method. The first step is to sandwich the right sensor between two identical specimens, with some pressure applied to reduce contact resistance, as indicated. After thermal stabilization for up to 15 minutes, the samples are heated with a direct electrical current generated by the TPS sensor. The surface temperature variation is, then, monitored over the test time with the same sensor. Thus, two different algorithms can be chosen according to the thermal insulation criterion of the sample, to calculate simultaneously its thermal properties based on the recorded thermal time-dependent response.

Results and discussion

Thermal characterization

Table 2 summarizes the average results of five thermal tests for each percentage addition of sawdust. The density is deduced from the knowledge of the dimensions and the masses of the dry samples. Finding results show that sawdust addition affects positively the thermal transport properties of unfired claybased materials. The thermal conductivity of developed composites ranges from 0.89 to 0.62 W/m K, representing a drop of about 30%. As observed in Fig. 4, the thermal conductivity increases with density. Therefore, since the sample's density decreases with increasing additives, sawdust integration can be useful in the development of thermal-efficient lightweight building materials. Fig. 6 indicates the variation of the main thermal properties involved in the thermal heat transfer mechanism, namely: the thermal conductivity ( ), the thermal diffusivity ( ) and the volumetric heat capacity ( Cp). These properties were decreased with the increasing sawdust addition. However, if using the simplified equation below linking the specific heat capacity with the above-mentioned properties, sawdust addition improves the specific heat of unfired clay materials. The experimental tests show that 10% of sawdust addition increases the specific heat capacity of composites from 737.3 J/Kg K to 837.7 J/Kg K, leading to an improvement of about 12% compared to the reference case. 

Optimal clay-sawdust addition

According to [START_REF] Jokhio | Two-fold sustainability-Adobe with sawdust as partial sand replacement[END_REF], sawdust improves the compressive strength of adobes since respecting percentage addition. The optimal proportion of sawdust was 20%, which enhance about 15% the compressive strength. As illustrated in Fig. 4, the thermal conductivity of Clay-sawdust composites decreases with a quasi-linear variation. To estimate the thermal conductivity of the 20% clay-sawdust composite, we can use the following trend-line representing the % correlation with an r-squared value of about 0.98: 0.0294 0.9122

y x = - + (2) 
Where y represents the thermal conductivity in [W/m K] and x represents the sawdust addition in percentage. Therefore, Eq. 2 estimates that we can achieve a thermal conductivity of 0.324 W/m K by mixing 20% of sawdust with the studied clay. Consequently, the present study concludes that sawdust can be a useful aggregate in brick making manufacturing for the development of low-cost energy-efficient bricks. However, further research are needed to evaluate the thermal impact of sawdust on different soil-based materials in order to determine the optimal blend of ingredients ensuring the best possible thermomechanical performance.

Dynamic thermal simulation

Studied building and climate zone

After the thermal characterization of clay-sawdust composites, a building simulation was carried out using Energy Plus software during a TMY under Eastern Moroccan climate. The building is a residential ground floor space of 80 m 2 facing south, located in Oujda with the following geographical coordinates: Latitude 34.8 °N, Longitude -1.9 °E, Elevation 470 m. The building has a window-wall ratio of 19.5%. We assume that there is only an infiltration rate of 0.5 volume/h with no internal gains (unoccupied buildings).

As illustrated in Table 3, three exterior building envelopes are proposed to assess the impact of clay-sawdust walls on the heating and cooling demands for both traditional and conventional residential buildings. All simulated buildings have the same compounds as listed in [START_REF] Charai | Numerical Study of the Impact of Clay-Straw Walls on the Energy Performance of a Residential Building[END_REF]. Table 3. Thermal features of the proposed building envelope.

Exterior walls

Reference [START_REF] Charai | Numerical Study of the Impact of Clay-Straw Walls on the Energy Performance of a Residential Building[END_REF] Clay (0%) Clay-sawdust (10%)

Thickness [m] 0.2 0.4 0.4 U-value [W/ m 2 K] 3.12 2.04 1.4
For earthen envelopes, The U-value for the same wall thickness (40 cm) varied from 2.04 to 1.4 W/m 2 K due to the addition of only 10% of sawdust. Therefore, sawdust increases the thermal resistance of walls resulting in a good thermal insulation from the outdoor environment.

Clay-sawdust thermal behavior

Fig. 7 represents the hourly variation of the temperature during the year for the proposed building envelopes. The analysis of temperature variations shows that both earthen buildings generate a better thermal comfort compared to the reference case. Although the maximum outdoor temperature was 41.5 °C, the indoor temperature reached a maximum of 32.94 °C, 31.83 °C, 31.67 °C for reference, clay and clay-sawdust buildings respectively. While the minimum temperatures were 0.06 °C, 11.22 °C, 11.98 °C, 12.08 °C. These results show that sawdust addition in earthen building walls can effectively improve passive heating and cooling by regulating the temperature fluctuations of occupied zones. According to Moroccan standard RTCM [START_REF]Règlement Thermique de Construction au Maroc RTCM[END_REF], Fig. 8 represents the heating and cooling demands of studied buildings with set temperatures of 20 ° C and 26 ° C for heating and cooling, respectively. The total energy demand for heating in a year is of 4355.4 kWh for the reference building, while it is of 3699 kWh for the clay-sawdust building, thus decreasing the heating energy demand of 15%. On the other hand, the total energy demand for cooling in a year is of 1735.5 kWh for the reference building, while it is of 1112.2 kWh for the straw-clay building, thus decreasing the cooling energy demand of 36%.

The annual energy needs of the reference case, the clay and the clay-sawdust were one by one 6090.9, 5081.3 and 4811.2 KWh, which count for an energy saving of 16.6% and 21%, if we compare earthen building walls to the reference case, respectively. Therefore, 10% sawdust addition led to a saving of about 4.5 % of the energy consumption compared to the clay case. The intelligent behavior of clay-sawdust composites is explained by their high thermal storage capacity compared to the two other cases. a.

b. 

Conclusion

The present work developed clay-sawdust composites with different percentage additions. Thermal tests show that sawdust addition can be used for developing low-cost efficient unfired bricks. Experimental results show that sawdust affects positively the thermal insulation quality of building materials and other thermal transport properties. Adding 10% of sawdust decreases the thermal conductivity around 30% of an earthen-building block, the thermal diffusivity of 20.1% and the density of 22.7%. Moreover, the experimental tests show that 10% of sawdust addition increases the thermal storage capacity of unfired clay bricks from 737.3 J/Kg K to 837.7 J/Kg K, leading to an improvement of about 12% compared to the reference case. To evaluate the thermal performance, a dynamic thermal simulation was performed using the obtained thermophysical properties from the 10% clay-sawdust samples. The thermal performance analysis show that Clay-sawdust envelopes led to an energy saving of about 21% and 4.5% of the energy consumption compared to the reference and the clay case, respectively. Simulation results show that sawdust addition can be effective for passive cooling. The smart behavior of clay-sawdust composites is explained by their high thermal storage capacity and their low heat conductivity due to the sawdust addition. 
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Table 1 .

 1 Soil characteristics.

	Property	Value
	USDA texture	CLAY
	Sand %	6.5
	Silt %	34.5
	Clay %	59
	Liquid limit %	40
	Plastic limit %	21
	Plasticity index, PI	19

Table 2 .

 2 Thermal properties of clay-sawdust composites with different percentages of sawdust.

	Additive	Th. Conductivity	Th. Diffusivity	Vol. Specif. Heat	Effusivity	Density
	%	[W/m K]	[mm 2 /s]	[MJ/m 3 K]	[W s 1/2 /m K]	[Kg/m 3 ]
	0	0.89549	0.56937	1.57292	1186.7871	2133.14
	2	0.87424	0.56313	1.5534	1165.26051	1985.45
	4	0.79957	0.52264	1.53015	1106.05574	1883.85
	6	0.73957	0.51786	1.42817	1027.71904	1874.24
	8	0.6547	0.46732	1.40103	957.72039	1771.24
	10	0.62771	0.45455	1.38095	931.03626	1648.51
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