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MECHANICAL PROPERTIES OF RAMMED EARTH STABILIZED WITH LOCAL WASTE AND RECYCLED MATERIALS

Keywords: Rammed earth, mechanical properties, sustainable materials, eco-friendly binders, circular economy

Traditional techniques of construction using natural and locally available materials are nowadays raising the interest of architects and engineers. Clayey soil is widely present in all continents and regions, and where available it is obtained directly from the excavation of foundations, avoiding transportation costs and emissions due to the production of the binder. Moreover, raw earth is recyclable and reusable after the demolition, thanks to the absence of the firing process. The rammed earth technique is based on earth compressed into vertical formworks layer by layer to create a wall. This material owes its strength to the compaction effort and due to its manufacture procedure exhibits layers resembling the geological strata and possessing high architectural value. The hygroscopic properties of rammed earth allow natural control of the indoor humidity, keeping it in the optimal range for human health. Stabilization with lime or cement is the most common procedure to enhance the mechanical and weather resistance at once. This practice compromises the recyclability of the earth and reduces the hygroscopic properties of the material. The use of different natural stabilizers, fibers, and natural polymers by-products of the agriculture and food industry, can offer an alternative that fits the circular economy requirements. The present study analyses the mechanical strength of an Italian earth stabilized with different local waste and recycled materials that do not impair the final recyclability of the rammed earth.

INTRODUCTION AND BACKGROUND

The building and construction sector is responsible for about 40% of energy-related carbon dioxide (CO2) emissions and 36% of global final energy consumption in 2017 [START_REF] Globalabc | Global Status Report: towards a zero-emission, efficient and resilient buildings and construction sector 73[END_REF]. Moreover, the disposal of Construction and Demolition Waste (CDW) at end-of-life in Europe accounts for 35% of the total waste production [START_REF] Villoria Sáez | A diagnosis of construction and demolition waste generation and recovery practice in the European Union[END_REF]. In order to find sustainable construction materials, the interest in earthen architecture has been increasing in the last years. Nowadays the historical knowledge in this field is more investigated and considered, taking inspiration from the raw earth traditional construction techniques widespread in the five continents [START_REF] Vissac | Argiles & Biopolymères[END_REF]. Earthen construction technique is one of the most widespread in the world: still today one-third of the human population lives in earthen houses [START_REF] Minke | Building with earth[END_REF]. Rammed earth (RE) construction is made by compacting soil into vertical formwork using a pneumatic hammer directly on the construction site Fig. 1. The soil can be excavated from the foundation and reused as construction material, reducing the environmental impact of the construction phase. Morel et al. compared a concrete house and a rammed earth house, demonstrating that the impact of transportation decreases by up 453% and the energy embodied in a building by 240% [START_REF] Morel | Building houses with local materials: means to drastically reduce the environmental impact of construction[END_REF]. Earth mixtures adapted as a building material are composed of a mixture of clay, silt, sand, and occasionally larger aggregates such as gravel or stone. Clay interacts with water and is responsible for the earth's plastic behavior, keeping together silt and sand grains. Earth sets through a drying process that does not include chemical reactions. This reversible process represents the main advantage and drawback of the material at the same time. As an example, earthen construction materials can be reused for the construction of a new building or for agriculture purposes. Moreover, earthen walls can mitigate the indoor climate maintaining a good and stable level of humidity for human life. At the same time, an earthen building does not withstand weathering and develops lower mechanical performance compared with construction employing hydraulic binders. An additional operative issue is the high spatial variability and the lack of standardization in the soil composition. Earths' peculiarities demand different construction techniques, such as rammed earth (RE), mud bricks called adobes, soil blocks, and so on. The first step for using soil is the analysis of the available material [START_REF] Avrami | Terra Literature Review An Overview of Research in Earthen Architecture Conservation undefined-undefined[END_REF]. Frequently, the material is not suitable for direct use and it requires stabilization to modify its physical-chemical earth parameters to improve the material characteristics [START_REF] Danso | Physical, mechanical and durability properties of soil building blocks reinforced with natural fibres[END_REF][START_REF] Minke | Building with earth[END_REF]. This process can be achieved through grain size distribution modification, fibers and biopolymers addition, or chemical stabilization with cement or lime. The latter one is the most common for compressed earth blocks (CEB) and RE techniques, to enhance simultaneously the mechanical resistance and the durability. The main drawbacks of chemical stabilization are the environmental impacts of cement production, the loss of recyclability due to the irreversible chemical reactions, and the reduced hygroscopic properties of the earth [START_REF] Arrigoni | Reduction of rammed earth's hygroscopic performance under stabilisation: an experimental investigation[END_REF]. The use of biopolymers from waste agriculture and industrial by-product could be an alternative and is nowadays investigated as potential soil stabilizers for earthen construction [START_REF] Statuto | Experimental development of clay bricks reinforced with agricultural byproducts[END_REF]. Moreover, the reuse of industrial by-products creates less environmental impact and introduces the circular economy principles into companies' business models, allowing to unlock some synergies along the value chains of the companies. This research aims to test different recycled materials and local waste as natural stabilizers for RE construction, considering their efficiency to enhance the mechanical performances and the processing during construction. 

MATERIALS

The soil named ABS has been supplied by Minerali Industriali Srl (Novara, Italy) and comes from northern Italy, Lozzolo (Piemonte, Vercelli). The soil has been dried indoor (25°C and 50% RH) and crushed to a size smaller than 2 mm. The soil ABS is composed mainly of lime (44%) and clay (36%), with a smaller percentage of sand (20%) [START_REF] Losini | Evaluation of different raw earthen plasters stabilized with lime for bio-building exploitation[END_REF] (Tab. 1, Fig. 2). X-ray diffraction analysis shows that the earth contains the abundant presence of quartz and mixed clay composition, mostly not swelling illite, with minor fractions of kaolin and interstratified illite/montmorillonite [START_REF] Losini | Evaluation of different raw earthen plasters stabilized with lime for bio-building exploitation[END_REF]. A base mix composed by one part of the soil and by three-part of sand was prepared to comply with the recommendations of guidelines on grain size distribution parameters suggesting a clay content range between 5-16% [START_REF] Maniatidis | A review of rammed earth construction[END_REF]. The grains exceeding the size of 2 mm were eliminated through sieving, to maintain the maximum grain size dimension ten times smaller than the minimum samples side of 3.8 cm. The sand used to create a mix for sample preparation has been supplied by Dal Zotto S.r.l from sand quarries of the river Piave, selected with a grain-size distribution of 0-2 mm (Tab. 1, Fig. 2).

All the data of the soil ABS, sand, and the MIX (1:3 soil-to-sand ratio) are summarized in Tab. 1 and Fig. 1. The final composition of the mix presents a lower content of clay, around 10%, and reduced plasticity. The liquid limit was determined through the cone penetrometer method, both on the soil and the mix, to underline the influence of the finest particles of the sand (>0.425 mm) on the total plasticity. Two local materials have been tested as soil stabilizers: citrus pomace and sheep wool (Fig. 1). Citrus pomace has been provided by the company Silvateam S.p.a. Citrus pomace is a by-product from juice production, difficult to manage due to the fresh state and the consequent biodegradability risk (Fig. 1 a,b). It can be used as animals feed with a very low market value. The availability of this material requires new solutions to its management to avoid environmental risks when it is discharged as waste. Almost 50% of the wet fruit mass is discharged after industrial processing, which consumes about 30 million tons of citrus fruits per year [START_REF] Choi | A low-energy, cost-effective approach to fruit and citrus peel waste processing for bioethanol production[END_REF]. It has been dried in the oven at 50 °C for 24h and meshed to 1 mm before be used as a stabilizer for RE. Sheep wool has been provided thanks to the collaboration with CNR of Biella and comes from the Biella The Wool Company consortium (Fig. 1 c). In Europe, about 75% of sheep wool production is not suitable for the textile industry. The wool is annually removed for animal health and the consequent generation of waste fibers is about 150 thousand tons [START_REF] Fantilli | The use of wool as fiber-reinforcement in cement-based mortar[END_REF][START_REF] Petek | Management of waste sheep wool as valuable organic substrate in European Union countries[END_REF]. This fiber is used for thermal building insulation, when discarded it is considered as special waste, with a high cost of disposal. Little research about the use of sheep wool for earth construction is available, mainly about CEB production [START_REF] Aymerich | Effect of reinforcing wool fibres on fracture and energy absorption properties of an earthen material[END_REF][START_REF] Galán-Marín | Clay-based composite stabilized with natural polymer and fibre[END_REF].

METHODS AND PROCEDURE

The mechanical behavior of earthen materials is non-linear, non-reversible and stress-history dependent. It is rather impossible to investigate every possible combination and obtain a generalized form of a constitutive relationship. It seems more reasonable to get, through some specific tests, experimental information capable to describe the material behavior even in a limited range of boundary conditions and stress path but closest to the real ones. The typical requirement for a building element is its load-bearing capacity, which should be sufficiently high to guarantee an adequate distance from failure in operating conditions. In this direction, unconfined compressive strength has been evaluated as a first reasonable representation of a possible real loading path an earthen material element is subjected to. The literature review by [START_REF] Maniatidis | A review of rammed earth construction[END_REF] put also in evidence that the unconfined compression test has also been used as a reference for the evaluation of rammed earth construction and also give some indication on the minimum required experimental values which can be obtained both from field or laboratory test. 

Mix composition with natural additives

Two sample typologies with different mix compositions were prepared and compared with the control samples. The citrus pomace was mixed with the base mix composed of 1:3 soil sand ratio (MIX) with a proportion of 1% on dry weight, while the wool fibers were mixed with a proportion of 0.25% on dry weight. The percentages were selected based on previous research on the same additives and the traditional practice of raw earth stabilization [START_REF] Galán-Marín | Clay-based composite stabilized with natural polymer and fibre[END_REF]. The base mixture for samples was prepared with distilled water, the right weight proportion of soil, earth and additive, and mixed with a blender for 5 minutes to avoid water evaporation. To guarantee a good dispersion of wool, small fibers have been added during the mixing process. The mixture prepared is then sealed into containers for 24 h to ensure homogeneous distribution of humidity before preparing the samples for different tests. All the samples are thus prepared using the MIX with different additives, MIX + citrus or MIX + wool, and the control samples are made only with the MIX composition without additives.

Proctor Test

The final dry density, obtained by compacting soil, is an important parameter for sample preparation because it is related both to the energy of compaction and the initial water content in the mixture. To determine the maximum dry density (MDD), for a given compaction effort, the Proctor test has been used. The modified Proctor (2703 kN/m 2 ) test was preferred to the standard one (596 kN/m 2 ) to simulate a compaction effort similar to that given by pneumatic placement [START_REF] Burroughs | Recommendations for the Selection, Stabilization, and Compaction of Soil for Rammed Earth Wall Construction[END_REF][START_REF] Maniatidis | A review of rammed earth construction[END_REF]. The Proctor test consists of five layers of 2.5 cm, compacted into a standardized mold (102.1 mm diameter, 125 mm high), using specific compaction energy. Fig. 4 shows the compaction and the demolding phase. The final sample obtained is used to determine the water content and the dry density by drying in the oven for 24h at 105°C. Repeating the test for different water contents, the entire curve that relates the water content and the dry density is determined (ASTM D1557, 2007). The curve allows the identification of the MDD at which corresponds to an optimum water content (OWC), which will be used for future samples' preparation. This procedure was repeated to obtain the complete curve for the base mix and the other two mix compositions with wool and citrus, because for each new composition of soil or additive, the OMC and MDD change and need to be determined.

Samples preparation

The sample preparation is based on coring directly the samples from the proctor sample, already prepared with the optimum water content. Samples for the mechanical test were cored with a cylindrical sampler of 38 mm diameter and 76 mm height, in order to respect a slenderness ratio of 2 and have a direct representative result during the compressive strength test [START_REF] Aubert | An earth block with a compressive strength higher than 45 MPa! Constr[END_REF][START_REF] Bruno | Mechanical behaviour of hypercompacted earth for building construction[END_REF]. This method of sample preparation allowed reaching a similar dry density to the maximum determined by the proctor curve, maintaining the same compaction energy used during the proctor test. At least 3 samples for each mixture typologies were prepared and conditioned at 20 °C and 59.14% of relative humidity. The conditioning lasted until all the samples reached the equilibrium, verified by the criteria of the relative percentage of weight variation less than 0.05%, as illustrated by the following formula [START_REF]Standard Test Method for Unconfined Compressive Strength of Cohesive Soil[END_REF]. The humidity in the sample can strongly influence the final compressive strength by modifying the suction properties of the material [START_REF] Champiré | Impact of relative humidity on the mechanical behavior of compacted earth as a building material[END_REF][START_REF] Chauhan | Unsaturated behavior of rammed earth: Experimentation towards numerical modelling[END_REF]. The uniformity in the density of the samples was considered as a significant parameter to validate the procedure of preparation, which is not standardized and can be subjected to the ability of the operator. Values of standard deviation smaller than 5% in the density were considered acceptable to assure a good reproducibility of the samples. The samples for the shrinkage test were prepared using proctor samples made of two layers of 2.5 cm each and cored with a sampler to obtain smaller samples of 50 mm diameter and 30 mm height just before performing the experiment.

Shrinkage test

The shrinkage test was performed to evaluate the influence of the additives during the drying phase, particularly important to evaluate the material behavior during the construction phase. The moisture loss can produce shrinkage and cracks in the wall. This corresponds to the development of internal weakness, lower mechanical strength, and water resistance. Then, study the influence of the additives on this parameter allows the determination of the improvement during the construction phase and the possible long-term consequences. The test was performed in compliance with the standard NF 94-060.2. The samples were let dry in an ambient atmosphere at 20 o C, not subjected to lateral constraints. The samples are mounted on a dial gauge, shown in controlled measuring periodically (every two hours) the variation of the height and mass, through the dial gauge and a weighing scale. This method determines which is the water content at which the axial deformation stops. The curve obtained by the test correlates the water content with the axial deformation, and the intersection of the two portions of the curves corresponding to the non-retain phases and the normal phase identifies the shrinkage limit, also known as effective limit water content. It should be considered that this kind of test does not verify the volumetric shrinkage, but only the linear one. Therefore, the shrinkage factor calculated by the test is not representative of the real volumetric shrinkage and can not be used to compare the value between different mixes.

3.5

Unconfined compressive strength test The unconfined compressive strength was tested registering the correspondent vertical displacement by the gradual application of a load. The test was performed with an unconfined lateral surface and two steel plates on the top and bottom of the specimen. The test was conducted with a triaxial load frame TRITECH applying a constant displacement rate by the lower plate, while the upper one was connected to a load cell to register the load applied until failure. To set up and proceed with the experiment the standard ASTM D2166 was followed, which suggests applying the load to produce an axial strain at a rate of 0.5 to 2 %, and a constant displacement rate of 1 mm/min was chosen to respect the criteria (ASTM D2166/D2166M, 2016). The water content of each sample was measured at the end of the test by drying them in the oven at 105 ⁰C for 24h.

RESULTS

Proctor test curves

The proctor curves are reported in Fig. 6. The results are presented in the γd -w plane and all the mixtures exhibit a typical trend of the experimental data allowing to identify the optimum water content (OWC). The maximum dry density is slightly decreased with the use of the fibers, as showed by Erreur ! Source du renvoi introuvable., while the optimum water content increases. Therefore, at this first stage, it can be inferred that the adopted additives probably influence the possibility of grain arrangement, and its consequent reduction of voids, while the increase of water content can be associated whit the more water probably retained by citrus and wool fibers. Another important parameter is the maximum degree of saturation that can be reached through the assigned compaction effort: as expected, all the curves are asymptotic to a constant degree of saturation line in the wet of optimum compaction side. This degree of saturation has been evaluated considering, for each mixture, a reference s obtained from the following mixing rule:

𝛾 𝑠_𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑝 𝑚𝑖𝑥 + 𝑝 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑝 𝛾 𝑠_𝑚𝑖𝑥 + 𝑝 𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝛾 𝑠_𝑑𝑑𝑖𝑡𝑖𝑣𝑒 (2)
where p is the percentage (g/g) of each component (as specified in under script) and γ is the unit weight of its solid part. s_wool has been assumed equal to 1.3, which is an average value from literature reference [START_REF] Moody | Major Fibers and Their Properties[END_REF]. Conversely, no specific data has been found for γs_citrus. Hence it was assumed to be 0.8 g/cm 3 averaging a given range for dried pomace of grape seed (ITALCOL S.p.A., products datasheet). The adopted mixing rule has been also verified in a previous work where the s of a mix composed of one part of soil and three parts of sand was experimentally evaluated [START_REF] Rahman | Investigation of suction and shrinkage properties of earth-based materials for sustainable buildings[END_REF]. Given the optimum values (γd_MDD and w_OWC ) the degree of saturation (Sr) and porosity n has been estimated from formula (3) and the water-filled (nw) porosity has been obtained by multiplying the total porosity by Sr, and the air-filled porosity derived by difference from the total porosity.

𝑛 = 1 - 𝛾 𝑑 _𝑀𝐷𝐷 𝛾 𝑠 _𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , 𝑆 𝑟 = 𝛾 𝑠 • 𝑤_𝑂𝑊𝐶 𝑛 𝑛-1 (3)
The limit saturation degree for the base mix was determined about 80%, and the use of the additives has not a big influence on this parameter. This value is mainly related to the ability of the air entrapped into the soil to be drained upon compaction even with high water contents. The experimental observations that give very small variations in limit Sr for the different additives may therefore suggest that increasing the compaction water contents all the mixtures tends to reach a similar porosity structure, dominated by the undisturbed soil grain distribution: that similar structure entraps the same amount air in voids and the slight differences can be again associated with the retention properties of additives. Therefore, the effect of the additives can be mainly observed for low water content, while in high water contents became almost reduced.

Tab. 2 Results on the optimum mixtures from the Modified Proctor Test. Saturation limit degree (Sr_limit), saturation at optimum water content (Sr_Optimum), unit grain weight (γs) and the maximum dry density are reported in the table.

4.1

Shrinkage limit Fig. 7 illustrates the results of the shrinkage test, showing the comparison between MIX and proposed additives mixtures. Considering the overall volume change of the sample proportional to axial deformation, for all the analyzed samples experimental results show an initial volume reduction followed by a constant volume region below a water content which is identified as the shrinkage limit. Axial deformation, therefore the volume change, and water content exhibit a typical linear dependence but with different slopes with an increase for citrus and wool. Since all the samples start from the optimum condition, these slope increases might be related to a looser structure (lower dry density) thanks to which easily evolves during the drying process. The addition of fibers also seems to change the shrinkage limit, which moves from 3.62% of the control mix to 5.4% and 4.71% for citrus pomace and wool respectively. This effect is certainly interesting to analyze and it can be related to the significant differences between retention properties of soil and additives or the toughening effect of wools and citrus fibers, which can limit volume reduction. At this stage, both hypotheses seem reasonable and a deeper investigation appears to be required.

4.2

Mechanical test A minimum quantity of three samples for each type was prepared and tested after conditioning at assigned temperature and humidity as described in section 3.3. Conditioning results in terms of the final degree of saturation are summarized in Tab. 3, together with unconfined compression results. A graphical representation of the shear stage is also reported in Fig. 8 in the stress-strain plane. The results show that the use of additives seems not to change the typical overall mechanical behavior which is expected when dealing with soil aggregates, i.e. elastoplastic with possible softening. However, some effects can be observed through parameters describing that behavior. The initial elastic part ends at almost 80% of the maximum stress for all samples except for the wool ones for which extends in a bigger range probably due to the longer fibers that enhance the elastic response. Moreover, the secant Young's modulus at 80% of the maximum load applied appears to be reduced by the presence of additives.

. Moreover, there are differences in the peak stress: the samples with wool fibers have a slight increase by 6.10%, while the samples with citrus fibers have a decrease by 24.5% with respect to MIX samples as also detailed reported in Tab. 3. The results of the wool reinforced samples seem to be in accordance with other literature results. As an example, [START_REF] Statuto | Experimental development of clay bricks reinforced with agricultural byproducts[END_REF] et al. found that the use of wool fibers at 3% in the mixture for adobe bricks double the maximum compressive strength against control samples and Galán-Marín et al., 2010 showed increments in the compressive strength of 37% (from 2.32 to 3.05 MPa), using wool fiber (0.25%). No literature references were found on citrus pomace fibers as reinforcement. However, a deeper insight into experimental data may lead to some preliminary hypotheses about the relevant effects on the mechanical behavior of addition. It is reasonable to consider, as many literature works underline, that the added fibers give a bigger resistance to the aggregate thanks to a contribution to the structure strengthening (like a sort of grain locking) but the conditioning stage offers also evidence on how retention properties are significantly influenced. The degree of saturation after conditioning (Sr_final) reported in Tab. 3 (i.e. the degree of saturation at UCS test starting), is different between samples and it may have therefore presumably positive effects of fibers, that should be combined with the opposite one related with water presence. The observed strength increase in wool-added sample may therefore be associated both to the structure effects related to a greater fibers length, ranging from a few millimeters up to 10 cm, and a lower saturation degree reached after conditioning. Conversely, in citrus added samples the theoretical strength-increasing of fiber (even shorter) appears to be not so strong and to be superseded by the strength reduction caused by the higher degree of saturation. Also, the differences in after-peak softening can be related to that aspects: the slower reduction in stress observed in wool samples can be again associated with fibers presence and the different amount of water. Finally, it can be noticed that the citrus pomace presented some issues related to mold growth, suggesting that this material should be used in combination with small quantities of other stabilizers to reduce the biodegradability of the mixture. 

Mixture

CONCLUSIONS

The use of wool fibers and citrus pomace as additives in mixtures to be used with rammed earth give the possibility to influence physical and mechanical properties of final aggregates. In particular, the preliminary experimental investigations presented in the paper show some significant effects on compaction, shrinkage and shear strength. The use of the adopted fiber-based additives increases the proctor optimum water content and decreases the maximum dry density compared to an unstabilized mixture. On the opposite side, the use of citrus suggests easier compaction compared to the control samples. However, the looser structure obtained after compaction affects the shrinkage rate which becomes bigger. More complex consideration should be made for shear strength of samples subjected to the same environmental condition because fibers have both a direct mechanical effect on grain locking and on retention properties, which may act differently on mechanical strength and therefore appears to be quantified with accuracy to assess the goodness of the mixture. The use of additive soil mixture seems to be a good approach but further investigations may assess the quality of the proposed solution: the possible way to improve mechanical response should also be accompanied, as an example, by studies on the flexural strength and the risk of biodegradability due to the use of organic material. Further investigations can be addressed towards the investigation of the hygrothermal properties to evaluate the impact of the material on the energy efficiency of the building operational phase. Finally, a life cycle assessment analysis appears also necessary on the sustainability of using waste materials, like the proposed one, as additives to obtain proper mixtures for earthen buildings, in comparison to traditional techniques.

Fig. 1

 1 Fig. 1 Rammed earth house, south France region (St. Chef, Isere).

Fig. 2

 2 Fig. 2 Grain size distributionsoil (ABS), SAND and MIX (1:3 soil-to-sand ratio).

Fig. 3 a

 3 Fig. 3 a) fresh citrus pomace b) dried and meshed citrus pomace c)sheep wool fibers.

Fig. 4

 4 Fig. 4 Proctor test a) Proctor test machinery b) and c) sample demoulding.

Fig. 8
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  Tab. 1 Materials data sheet, where MIX is composed by 1:3 soil-sand ratio.

	Earth	Clay (%)	Silt (%)	Sand (%)	Gs specific gravity	LL (%)	PL (%)	PI (%)
	Diameter (mm)	d<0.002	0.002<d<0.06	0.06<d<2				
	ABS	36	44	20	2.65	42	24	18
	SAND	-	4	96	2.78	-	-	-
	MIX	9	12	79	2.77	24	18	6

  Tab. 3 Unconfined compressive strength (UCS) test results. The saturation degree measured on the samplesafter the test is reported (Sr_final).

	Density samples	UCS, qu (MPa)	Improvement UCS (%)	Young modulus (MPa)	Sr_final (%)
	MIX	2.51 ± 0.17	-	285 ± 17	7.47
	MIX + Citrus	1.90 ± 0.11	-24.5	197 ± 23	7.31
	MIX + Wool	2.67 ± 0.18	+ 6.1	194 ± 38	6.46
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	Fig. 7 Shrinkage test results.			
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