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Energy consumption and carbon emissions are challenging the current construction industry. The development of sustainable building materials has thus become increasingly crucial, given the high environmental impact of traditional construction materials, such as cement and ordinary concrete. Bio-based concrete has emerged as a promising solution to alleviate these issues due to high insulation performance and sustainability. This material recycles agricultural waste as aggregates and addresses the negative effects of waste accumulation and incineration. Multiscale modeling has advantages in studying the connection between microstructure and macroscopic performance. However, current models are unable to meet the complex structural characteristics of bio-based concrete.

In this study, we developed a novel homogenization model based on multi-scale structural features to predict, evaluate, and optimize the mechanical and thermal properties of a wide range of bio-based concretes.

The proposed model considers various factors, including the volume fraction of each phase, the shape and orientation of bio-aggregates, different pore sizes, moisture, and imperfect contact. To validate the model, we conducted a series of verifications at different scales, working conditions, and sources of bio-aggregates. The intercomparison shows a good agreement between the analytical, numerical, and experimental data.

Next, we used the verified model for parametric analysis to quantify the effect of structural features on macroscopic performance. While all the factors mentioned above have an influence on the concrete properties, the effects on the mechanical and thermal behaviors may be reversed. For instance, increasing the volume fraction of bio-aggregate reduces the mechanical performance but increases the thermal insulation.

Moreover, the type of binder and the moisture have a strong influence on the mechanical properties and the thermal insulation, respectively, while the volume fraction of bio-aggregates has a significant effect on both. Also, the anisotropy of bio-based concrete is not negligible due to orientation, shape, pore distribution, and imperfect contact. Additionally, the influence of bio-aggregate shape decreases with aspect ratio, but it also depends on volume fraction, orientation, moisture, etc. Therefore, evaluating and optimizing the performance of bio-based concrete requires systematic and comprehensive work.

Finally, we combined models of mechanical and thermal behavior to optimize the comprehensive performance of bio-based concrete through a multi-objective optimization approach, in order to find the best tradeoff between competing objectives. The results of the optimization analysis illustrate the optimal solution and recommendations corresponding to three main practical applications of bio-based concrete.

Overall, this study provides a comprehensive framework for predicting, evaluating, and optimizing the mechanical and thermal properties of bio-based concrete. The developed model has the potential to be a valuable tool for designing and optimizing bio-based concrete for a wide range of applications, thus reducing iv the carbon footprint of concrete production, and promoting sustainable and efficient development in the construction industry.
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Introduction

The construction industry significantly contributes to carbon emissions and energy consumption, and buildings account for a large portion of this. Bio-based concrete, made from recycled agricultural waste and low-carbon binders, has the potential to reduce these impacts due to lower embodied carbon and thermal insulation properties.

Bio-based materials exhibit lower mechanical performance and higher thermal insulation than conventional building materials. These macroscopic characteristics arise from their complex microscopic multi-scale structure, such as the shape, orientation, and porosity of bio-aggregates. Establishing quantitative macro-micro relationships can enable the prediction and optimization of material behavior, especially the mechanical and thermal properties, from a perspective of multi-scale structure.

Multiscale homogenization models can help to solve this issue. Therefore, this study developed a novel multiscale homogenization model applicable to the mechanical properties of bio-based concrete. The model performed well in the application of hemp, sunflower, and corn concrete, and was subsequently used to optimize the weak mechanical performance of bio-based concrete.

Optimizing the mechanical properties with a single-objective approach has the potential to enhance the load-bearing capacity of bio-based concrete, enabling its application to moderately loaded building components. However, such an approach could negatively impact its thermal insulation, which is a crucial factor in the widespread adoption of bio-based concrete. To address this, the study then presented a thermal model of bio-based concrete.

Detailed analysis of the mechanical and thermal models suggests that the microscopic features that contribute to improved mechanical performance can actually compromise thermal insulation, and vice versa.

To achieve a perfectly balanced bio-based material that exhibits both superior strength and excellent thermal insulation, we combined the two models by a multi-objective optimization approach to obtain a balanced material.

This thesis comprises four chapters. The first chapter is a literature review, while chapters two to four consist of journal articles that have either been published or are in the process of being submitted. As of writing this manuscript, chapter 2 contains a published journal article, and chapter 3 includes a published article and another article scheduled for publication on May 9, 2023. Chapter 4 is an unpublished manuscript that is currently being prepared for submission, and its final version will depend on the requirements of the target journal. A brief overview of each chapter is provided below.

Chapter 1 introduces the current challenges in the construction industry and identifies bio-based concrete as the focus of the study. Then, a review of the literature revealed that existing models are inadequate for predicting and optimizing the complex structure of this material. Therefore, this study aims to develop a novel model for bio-based concrete that can accurately predict, evaluate, and optimize its mechanical and thermal properties.

Chapter 2 presents a multiscale model of the mechanical properties by a two-step homogenization. This model considered the effects of pores, modulus of binder and aggregate, shape, orientation, and volume fraction on mechanical properties. It was then verified by comparison with experimental data from the literature. Further, this model was used for parametric analysis and single-objective optimization.

Chapter 3 presents a multiscale model of the thermal conductivity of bio-based concrete by numerical and analytical approaches, respectively. They were verified on multiple scales, various bio-aggregates, and humid environments.

In Chapter 4, the two models developed in Chapters 2 and 3 were integrated to optimize the combined mechanical and thermal properties of bio-based concrete using a multi-objective optimization approach. The resulting optimal solutions were tailored to meet the demands of various industrial applications and practical needs.

In conclusion, the models proposed in this study can effectively predict, evaluate, and optimize the mechanical and thermal properties of bio-concrete. By a multi-objective optimization approach, it is possible to achieve a balanced bio-based material with both high mechanical performance and excellent thermal insulation, expanding its potential applications in the building industry.
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CHAPTER I : Literature review

Chapter introduction

Chapter 1 provides a comprehensive literature review to contextualize the study and identify research gaps in the field of bio-based concrete. The review first highlights the significance of bio-based concrete as a solution to environmental and sustainability challenges in the construction industry due to its low carbon footprint and high insulation properties.

Then, the physical, mechanical, thermal, and hygrothermal properties of bio-based concrete were investigated in detail, revealing that its porous structure, weak mechanical properties, and moisture-sensitive low thermal conductivity are key characteristics.

The microstructure of bio-based concrete affects its macroscopic properties. Therefore, the literature review delves into the micro-macro linkages between the material's microstructure and its mechanical and thermal properties, considering factors such as plant and binder type, fiber volume fraction, orientation and shape, moisture, density, treatment, temperature, and age. However, the review finds that current multiscale homogenization models are not sufficient for complex bio-based concrete structures. Thus, the main objective of this study is to develop a novel multiscale model to predict, analyze, and optimize the mechanical and thermal properties of bio-based concrete.
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Background

In recent years, the global community has been increasingly concerned with issues related to environmental protection, energy crisis, and sustainability. The building industry plays a significant role in these issues because of the large amount of carbon emissions and energy consumption [1][2][3]. From 1990 and 2019, global CO2 emissions from buildings increased by 50% [4]. In the UK, buildings are responsible for 50% of CO2 emissions [5]. Moreover, buildings account for about 30-40% of total energy consumption in developed countries [6]. In France, this sector accounts for 43% and 25% of energy consumption and greenhouse gases [7]. In 2021, the International Energy Agency (IEA) reported that building operations were responsible for 30% of global final energy consumption, while building space heating and cooling account for the largest share [8,9]. In 2019, heating and cooling was the largest residential energy demand in Europe and Eurasia [4]. Net-Zero Energy Buildings (NZEB) [10,11] and Net-Zero Carbon Buildings (NZCB) [12,13] are becoming increasingly popular, making these issues even more challenging.

Globally, a significant amount of agricultural waste is generated every year, and over 30% of waste from crop straw and forest crop is burned and discarded [14,15], leading to environmental pollution and human health risks [16]. In fact, they can be used as aggregates for concrete, known as bio-based concrete [17][18][19].

The use of recycled agricultural waste in the construction industry can reduce waste accumulation and environmental hazards [20]. Also, buildings made of bio-based materials consume less energy and contribute to carbon emissions reduction. Firstly, bio-based concrete has excellent thermal insulation [19,[21][22][23], which reduces energy consumption for space heating and cooling of buildings. For example, the application of biobased materials significantly reduces the annual electricity consumption of buildings [24]. Secondly, plants are good materials for carbon sequestration, and many life cycle assessments demonstrate the advantages of bio-based buildings in reducing emissions [25][26][27][28][29].

Bio-based concrete 1.2.1. Definition

Many studies [22,[30][31][32][33] have shown that these agricultural wastes or by-products can be reused in the construction industry. This material, partially derived from biomass, is an effective means of reducing energy consumption, carbon emissions, and the accumulation of agricultural waste, thus contributing to the NZEB and NZCB processes. It offers many advantages over traditional building materials: high insulation, high acoustic absorption, high porosity, light weight, moisture regulation, low carbon footprint, and energy savings [21,34], etc. They will be discussed separately in section 1.3. Although the mechanical strength of this material is very low, it is mainly used in non-load-bearing structures such as floors, roofs, and walls [34,35].
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Up to now, there is no clear definition of this material. Various terms have been used to denote this concept. According to the European Commission's definition, "bio-based products" are materials derived in whole or in part from biological sources, excluding materials embedded in geological formations and/or fossils [36]. It includes products produced through bio-catalysis and fermentation, as well as biodegradable plastics, etc. Therefore, the concept of bio-based products is too broad to describe this study, and it is not limited to uses in the construction industry. Another concept is "lightweight concrete", which is classified according to unit weight. The density of lightweight concrete is not higher than 1920 kg/m 3 [37]. It can be further divided into "aerated or foam concrete" and "lightweight aggregate or structural lightweight concrete" [37][38][39][40]. Lightweight aggregates contain natural aggregates such as perlite, shale ceramsite, scoria, pumice, plant, and artificial aggregates such as expanded glass, expanded shale, expanded polystyrene, expanded clay, waste rubber, waste plastic, and fly ash [41]. The concept of lightweight concrete includes not only plant aggregate concrete, but also a variety of materials. Similarly, for the concept of natural fiber concrete, it involves all fibers of natural origin: plant origin (e.g., hemp fibers), animal origin (e.g., animal hair), and mineral origin (e.g., basalt and asbestos fibers) [42].

Therefore, it is necessary to define this type of material before starting this study. It can contribute to standardize the classification of scientific research. This manuscript uses "bio-based concrete" as a term to represent this type of material, which refers to the use of plant particles or fibers in whole or in part as aggregates and combined with binders to form lightweight concrete for construction purposes. Sometimes it is also called bio-based building material because it is mainly used for building roofs, walls, and floors, etc. Generally, bio-based concrete consists of recycled plant fibers and a lime-based binder, without the addition of mineral aggregates. Depending on the type of crop, there are a variety of bio-based concretes, such as hemp [43], sunflower [44], corn stalk [45], flax [46], rape straw [47], date palm [48], jute [49], coconut [50],

wheat straw [51], lavender [52], rice husk [53], miscanthus [22], apricot shell [54], pine needle [55], woodaggregate [56], etc. These aggregates used in construction materials are called bio-aggregates. In particular, hemp concrete is the most widely studied bio-based material [57,58] and it is abbreviated as "Hempcrete" in some studies [59,60]. Also, hemp concrete usually consists of a lime-based binder and hemp fibers, so it is also called "hemp-lime" in some articles [61,62]. Due to pozzolanic reactivity, plant waste can also be used as an additive in the form of ash [21,63]. Note that this study only focuses on plants as fibers or aggregates in construction materials.

Composition

Bio-based concrete usually consists of binder and bio-aggregate, while very few studies use both mineral and bio-aggregate. Various recycled agricultural wastes are used in place of traditional mineral aggregates, such as sand and gravel. Due to the different applications, the density, porosity, mechanical properties, CHAPTER Ⅰ Literature review thermal conductivity, and acoustic properties of bio-based concrete are required differently. Moreover, plant fibers themselves have multiple sizes, shapes, porosities, and pore structures depending on the source. Therefore, a variety of mix proportions for bio-based concrete appeared in the experimental study.

Researchers tried to find a ratio that meets the needs. It is clear that a lightweight, high mechanical properties, high thermal insulation, and high acoustic absorption material was the common goal. As shown in Table 1.1, an experimental study from [57] used two types of binders. Binder 1 is a commercial lime, which consists of 60% natural lime, 40% hydraulic and pozzolanic binder. Binder 2 contains 70% metakaolin and 30% air lime.

In addition, potassium sulfate and superplasticizer were used as additives to the concrete of Binder 2. In order to compare the performance of concrete with different bio-aggregates and to find suitable reuse solutions for the corresponding plant fibers, ten plant aggregates were studied: hemp, linseed shives, sunflower pith, sunflower bark, coriander straw, wheat straw, wheat chaff, corn spat, miscanthus stalk, vine shoots. It can be seen from Table 1.1 that the binder and water requirements in the casting procedure are related to the type of bio-aggregate. Moreover, the density of different bio-aggregate concrete varies, especially the dry density. [57].

Most agricultural plant aggregates used in construction materials are composed of lignin, hemicellulose, and cellulose. These components are less compatible with conventional binders [45,64]. Therefore, researchers commonly use lime-based binders in bio-based concrete to improve compatibility and achieve light weight and low carbon emissions. In general, the binders associated with bio-aggregates are natural and Portland cements, aerial limes, hydraulic limes, dolomite limes, formulated crystallization, etc [21].

Bio-aggregates are derived from natural plants and the determination of their chemical composition facilitates the study of surface treatments. Although there are various plant species, their main composition consists of hemicellulose, cellulose, and lignin (see 

Application review

Human cultivation of hemp can be traced back to 8000 BCE [66]. Hemp concrete is the most widely researched and applied bio-based concrete. As early as the 1990s, hemp concrete came to be used in historic timber buildings, repair works, and new construction in France [21,67]. Due to its excellent thermal insulation properties, bio-based concrete is mostly used as a building insulation material. On the other hand, the strength of bio-based concrete is very low and it is mainly used for non-load-bearing structures, while the frame provides the support of the building. Depending on where it is processed and cast, bio-based concrete can be manufactured on site or off site [34]. Off-site construction is further subdivided into spraying and molding.

For the spraying process, the dry lime and hemp mixture is delivered to the spray gun by a high-pressure air stream. Then water is mixed with the dry material at the nozzle, as shown in Figure 1.1. For the casting through the mold, the mixture of bio-based concrete is mixed in a mixer and transported to the construction site. It is then injected into the prepared formwork. Note that the tamping operation is generally necessary, as self-healing or gravity compaction is difficult to achieve on bio-based concrete [68]. Precast blocks are the main method of off-site construction. Moreover, depending on the structural composition of the building, bio-based concrete can be used for walls, roof, floor, window frame filling, and render.

Wall. The bio-based concrete used for walls is usually filled within a load-bearing frame, as shown in Roof. Bio-based concrete can be filled in the frame of a building roof as an insulating material, and it also has a pest-proof function [34,71]. The formulation used for roof has the lowest binder content. It therefore has a high porosity and a low density, generally not exceeding 300 kg/m 3 [70]. Floor. As an important part of the heat transfer between the building and the outside world, bio-based concrete floors are also one of the applications, as shown in Figure 1. 3 (e). The density of hemp-based concrete used for flooring is 300-500 kg/m³ [70], which is heavier than hemp-based concrete used for roof. This is because it increases the load-bearing capacity of the floor, while the lighter roof reduces the burden on the building's support structure [34,71].

Window frame filling. The gaps between building windows and frames are weak spots for insulation.

Bio-based concrete can be used to fill this gap instead of synthetic materials [34]. Render. For some buildings with high load-bearing requirements and subsequent building renovations, bio-based concrete can be used for walls in the form of plaster mortar. In this case, a high binder content is required to provide adequate adhesion [34]. Its density is usually greater than 800 kg/m³ [70]. firewall [68,74], (c) soundproof wall [68,74], (d) roof [72], (e) floor [68,74], (f) frame filling [73].

Characteristics of bio-based concrete 1.3.1. Physical properties

Bio-based concrete is a mixture of binder, bio-aggregates, and water, which then becomes a porous composite. X-ray tomography is an important way to study the complex microstructure of bio-based concrete [75], as shown in Figure 1.4. At this scale bio-based materials have three phases: bio-aggregates, binders, and air pores. Due to the special shape of the bio-aggregate, i.e., generally elongated fibers, larger pores are formed between the bio-aggregates. These pores are referred to as inter-particle pores. Further, there are micropores in the binder paste. Moreover, the bio-aggregate itself is a porous material and the pores located inside the bio-aggregate are called intra-particle pores. The shape and size of the intraparticle pores depend on the type of bio-aggregate. Therefore, the total porosity of bio-based concrete is a sum of inter-particle pores, intra-particle pores and macropores. in the illustration of the binder, which acts as a surface layer for the bio-aggregate on the right. This difference depends on the ratio of binder to bio-aggregate in the casting. [78] defined the total open porosity of biobased concrete as the sum of intra-particle porosity and inter-particle porosity. As shown in Table 1.4, binder type (C1 and C2), bio-aggregate type (sunflower: S, four sources of hemp: F, H, G, and UK), and compaction (*) can all affect the porosity of bio-based concrete. Also, the total open porosity of bio-based concrete is higher than 70% regardless of the formulation, and this is without considering the microscopic pores inside the binder. High porosity is the key to bio-based concrete as a thermal and acoustic insulation material.

Therefore, the study of porosity is naturally the key to improve the performance of the material. [34,[START_REF] Jami | Hemp concrete: carbon-negative construction[END_REF].

In particular, the stress-strain curves of the bio-based concrete differ in the direction perpendicular and parallel to the compaction, as shown in Figure 1.19. In the direction perpendicular to compaction, the young's modulus in the elastic stage is higher but the ultimate strength is lower. This can be explained by the heterogeneity of the bio-based concrete. The heterogeneity of the fibers themselves, the fiber arrangement, the pore structure, etc. all contribute to this heterogeneity. stage [START_REF] Zhao | Application of Natural Plant Fibers in Cement-Based Composites and the Influence on Mechanical Properties and Mass Transport[END_REF][START_REF] Li | Performance-based design of all-grade strain hardening cementitious composites with compressive strengths from 40 MPa to 120 MPa[END_REF]. In the first stage, the matrix bears the main load. In the second stage, the matrix cannot resist the load and then cracks, so the fibers bear the load until they are pulled out. In the third stage, the crack extends further until it fails. 

Thermal properties

Insulation materials are broadly classified as organic, inorganic, combined, and advanced materials [START_REF] Hung Anh | An overview of factors influencing thermal conductivity of building insulation materials[END_REF].

Plant fibers belong to organic insulation materials, which have good insulation properties and are not inferior to other insulation materials, as shown in 

Hygrothermal properties

Bio-based concrete is a high porosity material with high water vapor permeability and high moisture storage [3,[START_REF] Bennai | Experimental characterization of thermal and hygric properties of hemp concrete with consideration of the material age evolution[END_REF][START_REF] Bennai | Assessment of hygrothermal performance of hemp concrete compared to conventional building materials at overall building scale[END_REF]. Ten plant fibers in the study from [57].

The combination of bio-aggregates and binder provides both the bonding and excellent insulation properties required. RATSIMBAZAFY [57] investigated the thermal conductivity of ten types of plant concrete listed in Table 1.1. As shown in Figure 1.12, blue represents dry thermal conductivity and orange represents thermal conductivity at 55±5% relative humidity. Their dry thermal conductivity ranges from 0.060 to 0.087, while the thermal conductivity in a humid environment is relatively higher, as shown in 

Type of binder

Lime based binders are the preferred choice for bio-based construction materials due to its low embodied carbon (EC), embodied energy (EE) and better compatibility with bio-aggregates compared to cement. The kiln temperature for the production of lime is lower than that of cement, they are generally not higher than 900 and 1450 °C [START_REF] Haik | Alternative unfired binders as lime replacement in hemp concrete[END_REF]. High temperature calcination turns calcium carbonate into calcium oxide (quicklime) through a chemical reaction. This process releases about 0.7 tons of CO2 per ton of quicklime produced [28,[START_REF] Williams | Essential guides for building designers: lime green-traditional mortar mixes for today-NBS shortcut[END_REF]. The calcium oxide then combines with water during the construction process to form calcium hydroxide (slaked lime). Finally, during the life of the building, the calcium hydroxide reabsorbs CO2 and reverts to calcium carbonate. This carbonation process is accompanied by the hardening of the lime-based binder and has a positive carbon sequestration. Moreover, this carbonizes 90% of the CO2 released by the calcination process [START_REF][END_REF].

The compatibility of binders and bio-aggregates is closely related to the performance of bio-based materials. Ahmad et al. [64] compared Portland cement, magnesium phosphate cement, and geopolymer binders in corn stalk concrete and tried to find a substitute for conventional binders to solve the compatibility problem. Their study found that the compressive strength of geopolymer-based and magnesium phosphate cement-based concrete was 150% and 550% higher than that of Portland cement-based concrete for the case of untreated corn stalk. For the comparison of thermal conductivity, magnesium phosphate cement-based concrete was significantly higher than the other two materials, while geopolymer-based concrete was slightly lower than Portland cement-based concrete.
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Although lime-based binders have lower carbon emissions and calcination energy consumption compared to ordinary Portland cement, unfired binders have a greater advantage in this regard. Haik et al.

[93] investigated the potential of five unfired binders (Kalgir, Mamshit, Motza, Amiad, and Basalt, Table 1.8) to partially replace lime in hemp concrete. The lime-based binder used in the experiment was Tradical ® PF70 [START_REF]Tradical -Building lime innovation[END_REF] which is a widely used binder for hemp concrete and as a reference for the five alternative binders.

The mechanical properties of the different binders and hemp concrete from that study are shown in Figure 1. 14 (left). For the pure binder sample, the compressive strength of all five alternative binders was lower than that of the reference sample (100% lime). However, after the addition of hemp, the compressive strengths of 50% Kalgir and 50% Mamshit were 134% and 124% higher than the reference concrete, and their stressstrain curves also showed better mechanical performance. Authors Haik et al. [START_REF] Haik | Alternative unfired binders as lime replacement in hemp concrete[END_REF] explained this phenomenon by the absorption of water by hemp in the mixture. Then, the hydration reaction of lime was not sufficient to reach the maximum potential strength. In contrast to the mechanical properties, the thermal conductivity and heat capacity of hemp concrete with different binders are almost the same, as shown in 

Fiber shape and percentage

The sources and production processes of bio-aggregates lead to differences in shape. Understanding the effect of bio-aggregate shape on concrete properties facilitates the better use of a wide range of agricultural wastes. In addition, the percentage of bio-aggregate is an important parameter in the formulation.

Benmahiddine et al. [START_REF] Benmahiddine | Effect of flax shives content and size on the hygrothermal and mechanical properties of flax concrete[END_REF] used three sizes of flax fibers: bulk size (BS), medium size (MS), and large size (LS) in their study, and the length distribution is shown in Figure 1. 15 (a). Different lengths of flax fibers have different aspect ratios and are thus associated with fiber shape. Also, three flax fiber percentages in that study: 11.5%, 14.5%, and 17.5% by mass. Three shapes and three percentages make up nine flax fiber concrete formulations. nine formulations are denoted by Fi-j, with i denoting the three shapes and j denoting the three percentages, as illustrated in demonstrates that the thermal conductivity decreases with flax size generally. Authors Benmahiddine et al.

[97] explained this by the differences in the arrangement and anisotropy of flax due to shape. 

Fiber orientation

Bio-based materials are not isotropic, which is reflected in the different thermal conductivity and mechanical properties of the concrete specimens in the vertical and horizontal directions [START_REF] Nguyen | Effect of compaction on mechanical and thermal properties of hemp concrete[END_REF][START_REF] Williams | The influence of the casting process on the internal structure and physical properties of hemp-lime[END_REF]. Because of the effect of compaction, it was found that the plant fibers tended to be distributed in the plane perpendicular to the compaction, as shown in Figure 1.16. Due to compaction, the biological fibers tend to be randomly and uniformly distributed in the plane perpendicular to the compaction, while the angle between the fibers and the compaction tends to be 90°. It is important to note that 90° is in an ideal situation and impossible to achieve in reality. The orientation of the bio-aggregate in the concrete is closely related to the compaction process.

Williams et al. [START_REF] Williams | The influence of the casting process on the internal structure and physical properties of hemp-lime[END_REF] investigated the effect of three layer thicknesses (25, 50, and 150 mm) and three compaction levels (30%, 45%, and 60% volume reduction compared to the non-compacted state) on the mechanical and thermal properties of the concrete. compressive rupture stress of hemp concrete and the degree of compaction and layer thickness. The compressive rupture stress of hemp concrete increases significantly with the compaction level and has no clear relationship with the layer thickness. Also, there is a significant difference in the failure mode of the hemp concrete in parallel and perpendicular directions as shown in Figure 1. 17 (b). This is related to the specific arrangement of plant fibers. It can be seen from Figure 1.17 (c) that the vertical thermal conductivity of hemp concrete is greater than the parallel thermal conductivity, which is on average 16% higher. This difference is greater than that in compressive rupture stress. Moreover, both parallel and vertical thermal conductivities increase with the compaction level and approximately do not vary with layer thickness.

Overall, the orientation of the bio-aggregate can influence the behavior of the concrete.

(a) Compressive rupture stress.

(b) Stress-strain curves of hemp concrete in parallel and perpendicular directions.

(c) Thermal conductivity. 

Moisture

Bio-based concrete has strong water absorption. The thermal conductivity of water is much higher than that of dry concrete. Moisture has a significant effect on the thermal conductivity of concrete. Effect of moisture on the thermal conductivity [45].

The effect of moisture on the mechanical properties of bio-based concrete is more on the setting. Humid environments like 75% and 98% RH greatly slow down the setting of hemp concrete [START_REF] Arnaud | Experimental study of parameters influencing mechanical properties of hemp concretes[END_REF]. This is the fact that high moisture impedes the diffusion of carbon dioxide in the pores of the lime mortar [START_REF] Van Balen | Modelling lime mortar carbonation[END_REF].
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The density of bio-based concrete is an indicator that combines several factors such as the type, shape and percentage of bio-aggregates, degree of compaction, porosity, moisture, etc. The variation of thermal conductivity of hemp concrete with dry density in the literature was summarized by Seng et al [23], as shown in Figure 1.19. Although the change in density may be due to a variety of factors. In general, the higher the density, the higher the thermal conductivity. It can be seen that WP and CS can improve the compressive strength of concrete while WO decreases it. The fact that WO impairs mechanical properties can also be found on splitting tensile strength, flexural strength and elasticity modulus (Table 1.9). The WO treatment forms a hydrophobic film, which increases the porosity of the concrete [54,[START_REF] Bederina | Drying shrinkage studies of wood sand concrete -Effect of different wood treatments[END_REF]. The positive effect of the WP treatment comes from the waterproof agent, which promotes the hydration of the binder [54]. 1.9. Mechanical properties of apricot shell concrete after surface treatment [54].

The study from [45] compared the effects of pretreatment methods on the thermal properties of corn stalk concrete, as shown in Figure 1.21. The abbreviations on this figure refer to Section 1.4.5. The thermal conductivity and heat capacity of ACS (alkalization with NaOH) and LCS (hydrophobic with linseed oil) concrete are higher compared to that of the untreated concrete. In detail, the enhancement effect of LCS was more significant than ACS, especially for thermal conductivity. The authors [45] explained this as pretreatment increasing the density of the concrete. Considering that bio-based concrete is generally used for building insulation, the pretreatment reduces the thermal insulation although it increases the mechanical properties as well. In practical applications, a balance between mechanical properties and thermal insulation should be obtained. For example, ACS pretreatment can increase the mechanical properties of concrete while maintaining approximately no decrease in thermal insulation. 

Aging

The study as in to analyze, predict, and optimize material properties. However, figuring out the impact of these micro-and meso-level factors on macro-level behavior requires enormous time and economic costs in experimental campaigns. Moreover, some factors are difficult to characterize experimentally and control quantitatively.

For example, it is difficult to set a planned bio-aggregate distribution through the manufacturing process.

Thus, quantitative study of the effect of bio-aggregate distribution on macroscopic behavior cannot be achieved through experiments. Analytical and numerical simulations are attractive alternatives to experiments.

Analytical methods based on micromechanics have been widely used for various heterogeneous composite materials. However, it is rarely involved in the field of bio-based construction materials. Due to the complex microstructure of bio-based building materials, i.e., heterogeneity of bio-aggregates, orientation distribution of fibers or particles, shape of fibers, pores of different sizes, high water absorption, imperfect contact between bio-aggregates and binders, etc. Therefore, it is difficult to apply existing models from other materials directly to bio-based materials. It is necessary to develop an applicable and novel model according to the specificity of bio-based materials.

Although micromechanical models based on micro-geometric features on bio-based concrete have not been studied much so far, they serve as an important reference for the development of novel models. Most of the current analytical models in this field are based on conventional mean field homogenization methods (MFH), which is derived from the Eshelby solution [START_REF] Eshelby | The determination of the elastic field of an ellipsoidal inclusion, and related problems[END_REF]. Several classical theories have been developed

according to different assumptions about the interaction between inclusions. The most commonly used of these is the Mori-Tanaka (MT) scheme [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF]. In addition, self-consistent scheme (SC) [START_REF] Hill | A self-consistent mechanics of composite materials[END_REF] and double inclusion scheme (DI) [START_REF] Nemat-Nasser | Micromechanics: overall properties of heterogeneous materials[END_REF][START_REF] Lielens | Micro-macro modeling of structured materials[END_REF] are also widely used for the micromechanics and homogenization of heterogeneous materials [START_REF] Jain | Micro and mesomechanics of fibre reinforced composites using mean field homogenization formulations: A review[END_REF]. SC schemes based on the assumption of composite spheres have long been used for modeling building materials such as aerated concrete [START_REF] Boutin | Conductivité thermique du bé ton cellulaire autoclavé : modé lisation par mé thode autocohé rente[END_REF] and rubber waste concrete [START_REF] Benazzouk | Thermal conductivity of cement composites containing rubber waste particles: Experimental study and modelling[END_REF]. The same approach has been applied directly to bio-based concrete. It was applied by Cerezo [43] back in 2005 for modeling the mechanics and thermal conductivity of hemp concrete. Subsequently, it appeared on the modeling of various plant fiber concretes [19,[START_REF] Djoudi | Effect of the addition of date palm fibers on thermal properties of plaster concrete: experimental study and modeling[END_REF][START_REF] Oné Sippe-Potiron | Auto-coherent homogenization applied to the assessment of thermal conductivity: Case of sugar cane bagasse fibers and moisture content effect[END_REF][START_REF] Somé | Modeling and experimental characterization of effective transverse thermal properties of hemp insulation concrete[END_REF]. In the SC scheme the phases of the heterogeneous material are assumed to be an assembly of composite spheres [19], as shown in Figure 1.24 (a). Most of these models are in the dry state. In this case, the bio-based concrete is considered to contain three phases, with the small, medium, and large spheres in In fact, mathematical descriptions of the orientation and shape of the fibers have been provided in the studies of other composites. a series of papers by Giraud et al. [START_REF] Giraud | Effective porothermoelastic properties of transversely isotropic rock-like composites[END_REF][START_REF] Giraud | Effective poroelastic properties of transversely isotropic rock-like composites with arbitrarily oriented ellipsoidal inclusions[END_REF][START_REF] Giraud | Effective thermal conductivity of transversely isotropic media with arbitrary oriented ellipsoï dal inhomogeneities[END_REF] and a Ph.D. thesis by Huynh [START_REF] Huynh | ESTIMATION DES PROPRIETES POROMECANIQUES EFFECTIVES DES ARGILITES: APPORT DES METHODES D'HOMOGENEISATION[END_REF] described the orientation distribution function (ODF, denoted by W (θφ, φα)) to define the fiber orientation and the aspect ratio of the ellipsoid to define the fiber shape. Specifically, an ellipsoidal inclusion of arbitrary orientation is embedded in the matrix to form a two-phase heterogeneous material. The coordinate system associated with the matrix is the global coordinate system, while the coordinate system associated with the inclusions is the local coordinate system. The arbitrarily oriented inclusion is realized by a two-step rotation φα and θφ between the two coordinate systems, as shown in Figure 1. 25 (a). For inclusions in multiple directions, the contributions of all inclusions can be accounted by integration over the unit sphere [START_REF] Giraud | Effective porothermoelastic properties of transversely isotropic rock-like composites[END_REF]:

(1)

For the transversely isotropic orientation distribution, ODF depends only on θα and can be expressed as [START_REF] Giraud | Effective porothermoelastic properties of transversely isotropic rock-like composites[END_REF]:
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𝜎 is the parameter related to the degree of the preferred alignment. 𝜎 = 0 represents the average distribution of fibers over 0 to 180º , and A→∞ indicates an aligned distribution. The effect of parameter 𝜎 on the fiber orientation distribution is shown in Accordingly, the above-mentioned approach to the shape and orientation of inclusions is used for biobased materials although there are only a few examples up to now. Nguyen-Sy et al. [START_REF] Nguyen-Sy | A multi-scale homogenization approach for the effective thermal conductivity of dry lime-hemp concrete[END_REF] and Tran-Le et al.
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MFH method. In that model, the hemp particles are considered as two-phase materials containing a solid phase and oriented pores, and the lime-based binder is considered to consist of an isotropic solid phase and pores. The homogenization process was executed on porous binder, porous hemp, and dry hemp concrete, respectively. The comparison of simulated data with experimental data showed the reliability of this model in terms of parallel and perpendicular thermal conductivity. Note that ODF was used to measure the orientation distribution of the hemp particles in the binder. However, the parameters of the ODF were obtained after several inverse analyses. This may only work under similarly formulated hemp concrete and processing conditions, while the applicability of fiber distribution for a wide range of bio-based materials is yet to be investigated. By the fact, it was mentioned in Section 1.4.4 that plant fiber orientation can now be characterized by image analysis or X-ray tomography. However, the ODF approach in this model cannot directly utilize the data from fiber orientation measurements. Moreover, the above model is only used for dry bio-based materials. The high-water absorption of bio-based concrete can have a significant effect on the thermal conductivity.

Another study [START_REF]Modeling thermal conductivity of hemp insulation material: A multi-scale homogenization approach[END_REF] developed a multiscale model of the effective thermal conductivity for wet hemp shives in bulk. Individual hemp shiv was assumed to be a three-phase composite of solid phase, air, and water.

This study introduced the effect of moisture into the modeling of hemp materials and provided ideas for this purpose. However, this study only focused on hemp shives in bulk and no binder was involved. As far as I have shown, subsequent studies have not taken moisture into account for the multi-scale micromechanical modeling of bio-based concrete. Furthermore, this study obtained by inverse analysis a thermal conductivity of 0.5755 W‧m -1 ‧K -1 for the solid phase of individual hemp, which is a very critical parameter for the modeling of hemp materials. Most studies have focused on the properties of hemp concrete rather than individual hemp fibers, but data on individual hemp fiber for multi-scale modeling. Experimental measurements of the thermal properties of small-thickness materials are difficult, especially when samples are millimeter-scale or smaller [START_REF] Pierre | Characterization of the thermal properties of millimeter-sized insulating materials[END_REF]. Pierre et al. [START_REF] Pierre | Characterization of the thermal properties of millimeter-sized insulating materials[END_REF] measured the longitudinal thermal conductivity of individual hemp fiber to be 0.124 ± 0.023 W‧m -1 ‧K -1 by the original method developed by Ré my et al [START_REF] Ré My | Measurement of the In-plane Thermal Diffusivity of Materials by Infrared Thermography[END_REF]. This study performed transient temperature measurements through an infrared camera and circumvented the boundary condition problem [START_REF] Pierre | Characterization of the thermal properties of millimeter-sized insulating materials[END_REF][START_REF] Ré My | Measurement of the In-plane Thermal Diffusivity of Materials by Infrared Thermography[END_REF]. Then on this basis, Glé et al. [START_REF] Glé | Densities of hemp shiv for building: From multiscale characterisation to application[END_REF] calculated the thermal conductivity of the hemp solid phase based on the density difference using the MHF method. As a result, the density and longitudinal thermal conductivity of individual porous hemp are 265 ± 15 kg‧m -3 and 0.124 ± 0.023 W‧m -1 ‧K -1 , while they are 1454 kg‧m -3 and 0.564 ± 0.126 W‧m -1 ‧K -1 for the solid phase. It can be seen that this result is close to the one obtained by the inverse analysis of hemp shivs in bulk. Of course, this varies on hemp samples from different sources due to the varying porosity.

In addition, MFH methods have good approximations at low-volume fractions. In contrast, its prediction for high inclusions volume has been criticized [START_REF] Jain | Micro and mesomechanics of fibre reinforced composites using mean field homogenization formulations: A review[END_REF][START_REF] Ferrari | Asymmetry and the high concentration limit of the Mori-Tanaka effective medium theory[END_REF]. For instance, the study in the literature [START_REF] Mishra | A Mori-Tanaka Based Micromechanical Model for Predicting the Effective Electroelastic Properties of Orthotropic Piezoelectric Composites with Spherical Inclusions[END_REF] demonstrated that the Mori-Tanaka-based micromechanical model well predicts the effective piezoelectric strain constants at low volume fractions (0.15). But beyond this, the average relative difference is up to about 30%. Although when the volume of the inclusions is higher than that of the matrix, the "inverse Mori-Tanaka method" [130] can be used, i.e., the matrix is considered as an inclusion. However, this is only a compromise solution because it does not completely solve the problem of high volume and the inclusions may have a complex orientation distribution and shape. The iterative approach can reduce the volume fraction at each step.

[131] implemented an iterative homogenization for hemp concrete, but the macropores were not counted, as shown in Figure 1.26. Generally, the macropore increases with the percentage of plant aggregates due to its elongated shape. Thus, it is more realistic to consider both macropore and aggregate in each step of the iteration. f) Plant fiber orientation is usually defined with probability density functions in existing studies, but this method cannot utilize data from X-ray tomography.

g) Existing iterative methods lack consideration of macropores.

Therefore, this study proposes a multi-scale homogenization model for mechanical properties and thermal conductivity applicable to a wide range of bio-based construction materials. This model considers the above issues and predicts, evaluates, and optimizes the macroscopic behavior of bio-based materials in terms of microscopic morphological characteristics. Chapter 2 describes the mechanical behavior of the biobased material, while Chapter 3 deals with the thermal conductivity. Chapter 4 combines the mechanical behavior and thermal insulation to optimize the bio-based material by a multi-objective optimization method.
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CHAPTER II : Modeling the mechanical properties of bio-based concrete

Chapter introduction

The weak mechanical property of bio-based concrete is a potential limitation compared to traditional construction materials, making it primarily suitable for non-structural purposes in the construction industry.

The microstructure of bio-based concrete plays a crucial role in determining its mechanical properties.

Although optimizing mechanical properties through microstructure is feasible, quantifying the link between the two through experimental methods is challenging. Therefore, it is necessary to propose a model to predict and optimize the mechanical properties of bio-based concrete.

Homogenization using micromechanical methods can establish macro-micro connections. In this study, a multiscale model applicable to bio-based concrete is developed, taking into account the shape and orientation of the bio-aggregate, volume fraction, properties of each phase, and other characteristics on the multiscale structure. The model is validated using hemp, sunflower, and corn concrete. Furthermore, the developed model is used for parametric analysis and optimization to improve the mechanical performance of bio-based concrete. This research contributes to the development of a model that can assist in the prediction and optimization of bio-based concrete for practical applications in the construction industry.

This study was published in Journal of Building Engineering on October 1, 2022.
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Introduction

Over the past century, there has been a dramatic increase in natural resources due to the increasing population.

The fastest growth from 1900 to 2005 came from construction minerals, as the most important component in the building sector, which increased by a factor of 34 [1]. These products in the building sector, especially concrete, lead to copious greenhouse gas emissions, thus aggravate climate change [2]. In the UK, 50% of carbon dioxide emissions come from buildings [3]. In the OECD countries, the building sector accounts for 40% of energy consumption and generates 36.2 trillion tonnes of carbon dioxide emissions [4]. When it comes to France, this sector accounts for 43% and 25% of energy consumption and greenhouse gases [5]. Moreover, cooling and heating of the building space require approximately 60% of the total energy consumed in the building [6].

The use of bio-based products can be an effective way to reduce carbon emissions. According to the European Commission's definition, bio-based products are materials derived partly or wholly from biological sources that can help reduce CO2 emissions and dependence on fossil fuels [7]. On the one hand, the embodied carbon (EC) in plant aggregates is lower than that of conventional materials, i. e. the lower CO2 emissions associated with the manufacture and construction throughout its life cycle [8]. The literature [9,10] on life cycle assessment (LCA) also demonstrates the lighter environmental impact of bio-based concrete. Moreover, it contributes to carbon sink in building materials due to the considerable amount of carbon that plants can store [11]. On the other hand, its outstanding thermal insulation [12][13][14] helps to save energy and thus indirectly reduces carbon emissions. Additionally, the plant aggregates used in bio-based building materials come from waste agricultural by-products, and their large deposition [15] can be a burden to industry. Therefore, this type of building material is also known as eco-friendly concrete or bio-based concrete.

Compared to conventional concrete, bio-based concrete has a high porosity, weak mechanical properties, and low density [16][17][18]. Therefore bio-based concrete is generally used as an insulation material for external walls, floors, and ceilings, rather than as a direct replacement for high-strength concrete due to its weak CHAPTER Ⅱ

Modeling the mechanical properties of bio-based concrete 80 mechanical properties [19][20][21]. In general, it has a high-volume fraction of plant fibers to achieve superior acoustic absorption and thermal insulation [12,13,22], which leads to a complex microstructure. These complex structures bring too many factors affecting the mechanical properties of bio-based concrete. In detail, firstly, various types of plant fibers have different shapes and internal pore structures [23][24][25], which requires a multi-scale analysis involving the distribution of pores inside the plant fiber. Secondly, some plant fibers such as hemp [26] and sunflower bark [27] have high aspect ratios, tamping or compaction during the manufacture of bio-based concrete can significantly affect the orientation of these fibers in the concrete.

Several researchers [28,29] have investigated the effect of fiber orientation in straw bales on the properties of the material. However, the orientation distribution of fibers in bio-based concrete is more complex compared to straw bales. It has been previously observed that plant fibers tend to be perpendicular to the direction of compaction [30][31][32]. Most studies on orientation are based on experiments and it's difficult to quantify the relationship between orientation and material properties. Lastly, many factors affect the mechanical properties of bio-based concrete. A single-factor study is not comprehensive because of the interrelation of these factors. However, there is not an optimization scheme that simultaneously addresses all of the following factors: volume fraction, modulus of binder and aggregate, shape, and orientation.

Micromechanics is one of the effective solutions, which have been used to model a wide range of cementbased materials [33,34], but few have been carried out to predict bio-based material's behavior. Collet and Pretot [14] predicted the thermal conductivity of hemp concrete by self-consistent scheme with spherical inclusions. Somé et al. [35] developed a model containing one type of hemp shape to predict the thermal conductivity of concrete and assumed a random distribution of hemp fibers. However, most models are based on thermal conductivity and do not take into account the effects of different orientations or shapes. Studies conducted by Dartois et al. [36] and Tran-Le et al. [37] have considered the distribution of hemp fibers embedded in the concrete and include mechanical properties. But these studies only focused on hemp concrete since it has been applied in the construction industry in France as early as the 1990s [12,38,39], none of the predictions contain sunflower and maize. In fact, hemp is not produced on a large scale in the world. In detail, the global hemp area was 0.273 million ha [40] (2020), while sunflower and maize were 26 [41] (2019) and 197 [42] (average 2017-19) million ha respectively. The increase in transport distances results in additional carbon emissions. It is therefore necessary to find other locally available bio-aggregates. Recently, several experimental studies have been conducted to verify the potential of sunflower [43][44][45] and maize [26,27] in building materials. These two plants can be used as a substitute for conventional mineral aggregates because of their large availability in the world compared to hemp. Therefore, modeling on bio-based concrete should be expanded from hemp to more types of bio-aggregates to facilitate this substitution.
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Moreover, the above-mentioned articles on modeling focus only on model development, and rarely use the model further for parametric analysis and optimization, especially involving the interconnection of multiple factors. Therefore, a multiscale model was developed, in this paper, to optimize the effective mechanical properties of bio-based building materials. This model was built on three representative volume elements (RVEs) and applied to hemp, sunflower, and maize concrete for validation. Then, the effects of volume fraction, modulus, orientation, and shape on bio-based concrete were investigated to figure out their detailed roles. It's an important step before incorporating the hygrothermal aspect to understand deeply the link between microstructure and macro behavior. Furthermore, in order to quantify the influence of these parameters, a weight evaluation method was proposed and used in the case of bio-aggregates with high and low aspect ratios and volume fractions. This evaluation method gave a priority to optimize bio-based building materials in different shapes and volume fractions. Moreover, this research took into account the shape, aspect ratio, and orientation distribution of different kinds of plant fibers, hence it is applicable to most bio-based building materials.

Material definition

Description of micro structure of bio-based concrete

Bio-based concrete has a more complex microstructure than ordinary concrete due to the diverse structure of plant fibers and high-volume fraction. Therefore, it is necessary to investigate the structural characteristics of bio-based concrete on multiscale before theoretical analysis. Representative elementary volume (RVE), commonly used to present the periodic structure of composite materials, was introduced to illustrate the structure of bio-based concrete. As shown in Fig. 1, a typical RVE concerning bio-based concrete contains binder, plant fibers, and pores. The binder has a porous structure with a random distribution of pores, its porosity depends on the types of binder and mix proportions. The plant fibers have a specific directional pore distribution, which depends on the plant species and the part of the stalk where they are located. Moreover, bio-based concrete has three types of pores, which were mentioned in other experimental studies [44]. Fig. 1 shows only the approximate multiscale structures of three types of concrete with cylindrical and ellipsoidal fibers. The accurate shapes and orientations of fibers, which require statistical analysis, will be described in detail in the following sections. 

Shape

Natural fibers have complex shapes due to their sources and manufacturing methods, so conventional gradation measurements are not sufficient to cover the exact characteristics of the fibers, which will introduce errors in the subsequent theoretical analysis. With the development of automated image analysis (AIA), it has become easier to obtain statistical characteristics such as area, diameter, and perimeter of irregular fibers [47].

Subsequently, the shape factors of the fibers can be calculated on the basis of these measurements. Aspect ratio (R) and circularity (𝑓 𝑐𝑖𝑟𝑐 ) are two of the most common components of the shape factor, which only depends on the relative size, not absolute size. Circularity describes the degree of roundness of fiber and is defined in Eq. (1).

𝑓 𝐶𝑖𝑟𝑐 = 4𝜋 𝑆 𝑃 2 (1) 
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The value of 𝑓 𝑐𝑖𝑟𝑐 varies from 0 (infinitely elongated particle) to 1 (Circle) [48]. Aspect ratio is defined as the ratio of its maximum directed diameter to perpendicular directed diameter [47]. For ellipsoidal fibers, it is the ratio of the major axis to the minor axis. For cylindrical fibers, it is the ratio of height to diameter. Fig. 2 illustrates this definition for both cases, i.e., the aspect ratio R=a/b. Moreover, circularity can be transformed into an aspect ratio when the shape of the inclusions is determined.

Where S and P are the area and perimeter of the projection perpendicular to A-A, as shown in Fig. 2. These measurements [48] require the use of the foregoing AIA method that is based on the statistics of numerous fibers. It is worth mentioning that cylinders and ellipsoids are self-symmetric, which allows parameters from two dimensions can be used in three dimensions to evaluate the shape of the fibers. The shape of the appearance of plant fibers can be obtained from the experimental observations, which will be described separately in Section 2.2. When the shape of the appearance is cylindrical, there is the following relationship between circularity and aspect ratio.

𝑓 𝐶𝑖𝑟𝑐 = 𝜋𝑅 [1 + 𝑅] 2 (2) 
When it has an ellipsoidal shape, the equation about circularity and aspect ratio is as follows.

𝑓 𝐶𝑖𝑟𝑐 = 4𝜋 2 𝑅 [2 𝜋 + 4 (𝑅 -1)] 2 (3) 
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Modeling the mechanical properties of bio-based concrete 84 Data from several studies [12,49] suggest that plant fiber concrete has different properties in the parallel direction and perpendicular direction. The reason for this is that inclusion orientation is a key factor in the anisotropy of a composite. The orientation of the fiber in the matrix is influenced by many factors, such as manufacturing method, fiber properties, boundary forms, and placing methods, etc. [50]. Therefore, it is essential to investigate the distribution of inclusions in the matrix for bio-based concrete. Since the beginning of the 21st century and especially in the last few years, x-ray tomography has been rapidly applied in cementitious materials [51]. Several researchers [27,52] have used it to observe the fiber orientation in the concrete and to obtain statistical data by computer analysis. The distribution of fibers in the bio-based concrete can be represented by two angles φ and θ, as shown in Fig. 3. According to Lagouin et al. [27] and Williams et al. [31,49], the orientation of the fibers in the concrete is greatly influenced by the compaction.

To be specific, when the compaction direction is along the Z-axis, the elongated fibers always tend to be logically distributed in the direction perpendicular to the Z-axis. This means that the number of fibers increases with θ as can be found from the statistical results, and most fibers have a θ greater than 40° [27].

On the other hand, the fibers are not subjected to external forces in the X-Y plane, so θ is randomly but uniformly distributed in every possible value. 

Particularities and individual characteristics of components 2.2.1. Binder

Due to low emissions [20,21] and better compatibility with plant particles [53], lime-based binders are used in this study instead of ordinary Portland cement. This binder contains hydraulic lime, pozzolanic lime, air lime or their mixture, etc. [12,44,54]. The Young's modulus of this binder is approximately between 180 and 500 MPa [25,36,55] due to variations in components and water content. As a comparison, Young's modulus of ordinary Portland cement varies from approximately 20 to 27 GPa [56]. Nevertheless, bio-based concrete is mainly used as an insulation layer rather than for structural applications [21].
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Hemp

From the literature [57,58], hemp is the most common plant aggregate studied for bio-based concrete despite the fact that its total mass production is the lower one in the world. In contrast, relatively few papers have been published on other agricultural by-products regardless of their proven viability in the construction industry [57]. Therefore, in this paper, hemp was selected for a benchmark in order to enrich the research on other plant aggregates. It can be found from the literature that different sources yield distinctive shapes of hemp, such as platy [36] and cylindrical particles [12,35]. Considering that the experimental data used as a comparison in Section 4 is from near-cylindrical hemp, cylindrical fiber is used in this model. Moreover, two shapes bring the same performance when the volume fraction is low [36]. Hemp has a porous structure with internal pore distribution characteristics with reference to [58,59]. The density of hemp is 100Kg/m 3 . Two types of hemp concrete, i. e. dry density of 410Kg/m 3 (porosity of 0.78) and 600Kg/m 3 (porosity of 0.70), are used in section 4.2 [26]. Figs. 1 and4 show elementary representations of hemp concrete and hemp fiber. 
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Sunflower pith has a different structure from hemp, it has an approximately ellipsoidal shape and a low aspect ratio [26]. In Section 4, the estimated aspect ratio according to an inverse calculation is set to 2.2. SEM photographs from [60] show that sunflower pith has a honeycomb pore structure. Therefore, elementary representations of sunflower pith concrete and sunflower pith fiber are shown in Figs. 1 and4. Additionally, the density of sunflower pith is 14 Kg/m 3 . In section 4.2, there are two types of sunflower pith concrete: dry density of 150 Kg/m 3 (porosity of 0.94) and 550 Kg/m 3 (porosity of 0.77) [26].

Maize pith

The maize pith particles used in Abbas et al. [26]'s experiment show a non-uniformity in size. But in general, most of the particles have a similar shape to sunflower pith, i.e., ellipsoid. Additionally, it is more elongated.

Thus, its aspect ratio is set to 3. Maize and sunflower pith are located in similar locations in the plant and have densities of 18 and 14 kg/m³ [26], respectively, so their internal structures are considered similar, as shown in Fig. 4. Moreover, the dry density and porosity of the maize pith concrete used in Section 4.2 are 160 Kg/m 3 and 0.92 [26].

Model description

According to classical theory by Eshelby [61], the fourth-order effective stiffness tensor of a composite material containing matrix and inclusions can be expressed by the following equation:

ℂ ℎ𝑜𝑚 = ℂ 𝑀 + ∑ 𝑓 𝑖 𝑁 𝑖=1 (ℂ 𝑖 -ℂ 𝑀 ) ∶ 𝔸 𝑖 (4) 
Where the subscript M represents matrix. The subscript i represents the number of families, a family is defined as a group of inclusions with identical orientation and mechanical properties. When i is equal to 1, all inclusions have the same orientation and stiffness tensor. ℂ ℎ𝑜𝑚 represents the effective stiffness tensor, ℂ 𝑀 , ℂ 𝑖 represents the stiffness tensor in the matrix and i-th family (from 1 to N), the calculation of the stiffness tensor for homogenized material is shown in Appendix A. 𝑓 𝑖 represents the volume fraction of the i-th family, 𝔸 𝑖 represents the concentration tensor. A modified Mori-Tanaka scheme (MT) with reference to [45][46][47] was used in this study, which specifically took into account the orientation and shape of the inclusions embedded in the bio-based matrix. In particular, all calculations were based on the Bechterew notation [65], which will be described in Appendix A.

Inclusions with a parallel orientation

As shown in Fig. 5, two kinds of composites are considered to contain matrix and cylindrical or ellipsoidal inclusions arranged in an initial direction. In this case, the number of families is equal to 1 because of the same orientation of all inclusions. Therefore, Eq. ( 4) can be recast as:

ℂ ℎ𝑜𝑚 = ℂ 𝑀 + 𝑓 1 (ℂ 1 -ℂ 𝑀 ) ∶ 𝔸 1 𝑀𝑇 (5) 
In Eq. ( 5), 𝔸 1 𝑀𝑇 is the concentration tensor of MT scheme and can be expressed as:

𝔸 1 𝑀𝑇 = [𝕀 + ℙ 1 : (ℂ 1 -ℂ 𝑀 )] -1 : [(1 -𝑓 1 ) 𝕀 + 𝑓 1 [𝕀 + ℙ 1 : (ℂ 1 -ℂ 𝑀 )] -1 ] (6) 
Where ℙ 1 is the Hill tensor, which depends on the stiffness tensor of the matrix and the Eshelby tensor 𝕊 𝐸 , while the Eshelby tensor depends on the shape of the inclusions. The relationship between them can be expressed by the following equation.

ℙ 1 = 𝕊 𝐸 ∶ ℂ 𝑀 -1 (7) 
The components of Eshelby tensor 𝕊 𝐸 in Eq. ( 7) for cylindrical and ellipsoidal inclusions can be calculated according to Toshio Mura's book [66] and shown in Appendix B.

Basis transformation

ℙ 1 in Eq. ( 6) is on a local basis, but in the case of the inclusions with a given θ and φ orientation, ℙ 1 should be replaced by ℙ 1 (𝜃 , 𝜑) that corresponds to a global basis. So, Eq. ( 6) can be recast as:

𝔸 1 𝑀𝑇 = [𝕀 + ℙ 1 (𝜃 , 𝜑) : (ℂ 1 -ℂ 𝑀 )] -1 : [(1 -𝑓 1 ) 𝕀 + 𝑓 1 [𝕀 + ℙ 1 (𝜃 , 𝜑) : (ℂ 1 -ℂ 𝑀 )] -1 ] -1 (8) 
In this case, the inclusions are not along the initial orientation, but the given θ and φ orientation, as shown in the shape of the inclusions in this study, two angles φ (0< φ <2 π) and θ (0< θ < π) were introduced in this study [67,68], as shown in Fig. 6. The process of transformation in Bechterew notation is shown in the following equation.

𝑃 1 (𝜃 , 𝜑) = 𝑀𝑃 1 𝑀 𝑇 (9)
Where M is a rotation matrix and is given in the following equation, 𝑀 𝑇 is a transpose matrix of M. 

Fig. 6. Transformation between the global coordinate system (X, Y, Z) and local coordinate system (x, y, z).

Where the rotation matrix M depends on a matrix g, which is related to the Euler angles between a global and a local coordinate. g in Eq. ( 10) can be expressed as: 

Uniformly distributed but arbitrarily oriented inclusions (Isotropic case)

In this case, there is no effect of compaction on the fiber distribution, thus the inclusions are uniformly distributed but arbitrarily oriented in the matrix, as shown in Based on Eq. ( 4), the fourth-order stiffness tensor by MT scheme can be rewritten as:

ℂ ℎ𝑜𝑚 = ℂ 𝑀 + ∑ 𝑓 𝑖 𝑁 𝑖=1 (ℂ 𝑖 -ℂ 𝑀 ): 𝔸 𝑖 = ℂ 𝑀 + ∑ 𝑓 𝑖 𝑁 𝑖=1 (ℂ 𝑖 -ℂ 𝑀 ): [𝕀 + ℙ 𝑖 (𝜃 , 𝜑) : (ℂ 𝑖 -ℂ 𝑀 )] -1 : [𝑓 𝑀 𝕀 + ∑ 𝑓 𝑖 𝑁 𝑖=1 [𝕀 + ℙ 𝑖 (𝜃 , 𝜑) : (ℂ 𝑖 -ℂ 𝑀 )] -1 ] -1 (12) 
Where 𝑓 𝑀 is the volume fraction of the matrix.

For the convenience of the calculation, 〈𝕋〉 was introduced here with reference to the literature [63], which is defined as follows:

〈𝕋〉 = ∑ 𝑓 𝑖 𝕋 𝑖 𝑁 𝑖=1 , 𝕋 𝑖 = [ℙ 𝑖 (𝜃 , 𝜑) + (ℂ 𝑖 -ℂ 𝑀 ) -1 ] -1 (13) 
In Eq. ( 13), the mechanical properties of the inclusions in each family are absolutely the same and only the directions are different. Therefore, ℂ 𝑖 in the i-th family can be replaced by ℂ 1 and Eq. ( 13) can be rewritten as:

〈𝕋〉 = ∑ 𝑓 𝑖 [ℙ 𝑖 (𝜃 , 𝜑) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 𝑁 𝑖=1 (14) 
Then substituting Eq. ( 14) into (12) and simplifying it, the effective stiffness tensor ( 12) can be recast as [63]:

ℂ ℎ𝑜𝑚 = ℂ 𝑀 + [𝑓 𝑀 〈𝕋〉 -1 + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 (15) 
〈𝕋〉 in Eq. ( 15) is difficult to calculate, so transform it into an integral as follows:

〈𝕋〉 = 𝑓 𝐼 4𝜋 ∫ ∫ [ℙ 𝑖 (𝜃 , 𝜑) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 sin𝜃𝑑𝜑𝑑𝜃 2𝜋 𝜑=0 𝜋 𝜃=0 (16) 
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𝑓 𝐼 in Eq. ( 16) is the total volume fraction of all families. For the convenience of calculation, Gauss-Legendre quadrature was introduced to calculate the double integral in Eq. ( 16). Prior to application, intervals [0, 2π] of φ and [0, π] of θ should be transformed into

[0,1]. Let 𝜃 = 𝜋 2 𝜃 𝑡 + 𝜋 2 , 𝜑 = 𝜋𝜑 𝑡 + 𝜋 (17) 
Where 𝜃 𝑡 and 𝜑 𝑡 are new variables in the integration by substitution method to replace θ and φ, respectively.

Then ( 16) can be recast as:

〈𝕋〉 = 𝑓 𝐼 4𝜋 ∫ ∫ [ℙ 𝑖 ( 𝜋 2 𝜃 𝑡 + 𝜋 2 , 𝜋 𝜑 𝑡 + 𝜋) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 sin ( 𝜋 2 𝜃 𝑡 + 𝜋 2 ) 𝑑(𝜋 𝜑 𝑡 + 𝜋)𝑑 ( 𝜋 2 𝜃 𝑡 + 𝜋 2 ) 1 𝜑 𝑡 =-1 1 𝜃 𝑡 =-1 = 𝜋𝑓 𝐼 8 ∫ ∫ [ℙ 𝑖 ( 𝜋 2 𝜃 𝑡 + 𝜋 2 , 𝜋 𝜑 𝑡 + 𝜋) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 sin ( 𝜋 2 𝜃 𝑡 + 𝜋 2 ) 𝑑(𝜑 𝑡 )𝑑(𝜃 𝑡 ) 1 𝜑 𝑡 =-1 1 𝜃 𝑡 =-1 (18) 
Calculate by Gauss-Legendre quadrature. It can be seen in detail from Section 2.1 that the plant fibers have a uniform distribution of φ on [0, 360º ] and an average value of θ in bio-based concrete under the influence of compaction, as shown in Fig. 8. Therefore, in bio-based concrete, 〈𝕋〉 is replaced by 〈𝕋〉 𝑏𝑖𝑜 , then Eq. ( 15) is rewritten as:

Inclusions with anisotropic distribution

ℂ ℎ𝑜𝑚 = ℂ 𝑀 + [𝑓 𝑀 〈𝕋〉 𝑏𝑖𝑜 -1 + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 (20) 
With

〈𝕋〉 𝑏𝑖𝑜 = ∑ 𝑓 𝑖 [ℙ 𝑖 (𝜃 * , 𝜑) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 𝑁 𝑖=1 (21) 
𝜃 * in Eq. ( 21) is a specific value that can be obtained from experimental observations, as detailed in Section 2. N should be infinite in Eq. ( 21), but the numerical method proves that N=50 is sufficient for this study (see

Appendix C for details).

By the analysis above, Eq. ( 21) can be expressed as:

〈𝕋〉 𝑏𝑖𝑜 = 𝑓 𝐼 50 ∑ [ℙ 𝑖 (𝜃 * , 2𝜋 50 
𝑖) + (ℂ 1 -ℂ 𝑀 ) -1 ] -1 50 𝑖=1 (22) 
Finally, the homogenized stiffness tensor of bio-based concrete can be calculated by substituting Eq. ( 22) into (20).

Application and validation in bio-based building materials

Scale 1: Porous bio-aggregate and porous binder

The porosity and the arrangement of the pores in bio-aggregate depend on the type of plant. Also, binders with different mix proportions in the experiment also have different porosities. Therefore, it is necessary to investigate individual bio-aggregate and binder to make the model applicable to a wider range of bio-based materials. As described in Section 2.2, at the microscopic scale, both bio-aggregates and binder consist of microscopic pores and solid phases. The variation of Young's modulus with porosity for hemp, sunflower pith, and binder is shown in Fig. 9, where Young's modulus of the solid phase of bio-aggregates and binder are from [36]. It should be noted that the curves in Fig. 9 are from the results of the model. It can be seen that the modulus of hemp differs in the axial and transverse directions because of the directional distribution of the pores. In contrast, the sunflower pith is isotropic and its Young's modulus is between the two curves of hemp. Although hemp has heterogeneity in different directions, the high porosity greatly reduces this difference.

Moreover, the modulus of the binder is much larger than that of the bio-aggregates, as shown in Fig. 9. In this case, this difference is further reduced. Literature [37] gives 82.5% porosity in hemp, then the anisotropy is only 0.48% (see Fig. 10).Therefore, the subsequent mechanical calculations consider the hemp to be isotropic. This assumption was also adopted in other literature [36]. Note that the anisotropy discussed here is for individual bio-aggregate rather than bio-based composites. In fact, both the elongated shape and the particular orientation distribution of the bio-aggregate increase the anisotropy of the composite. 
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On scale 1, the homogenized bio-aggregates and binder were obtained. On scale 2, these two homogenized phases are further homogenized for the effective properties of composites. To verify the accuracy of the multiscale model based on homogenization theory, the theoretical effective Young's modulus was compared with the experimental data from Abbas et al. [26], where there are three types of plant fiber: hemp, sunflower pith, and maize pith. The model has to be simplified before its application due to the lack of data. It is obvious from Figs. 1 and 2 that bio-based concrete has a complex structure at different scales, which includes a variety of information such as volume fraction of each component, orientation, the shape of inclusions, etc.

However, on the one hand, it is difficult to find researchers who have completed all these measurements with the same materials and mix proportions to get the whole information. On the other hand, the ratio of Young's modulus of hemp to binder is only 0.3% (1.5 MPa/500 MPa [36]), hence Young's modulus of hemp is assumed to be equal to that of the pore here. It should be noted that the original shape and orientation of the bio-aggregate are still preserved here. It is also noted that this assumption is only used in this section. The effect of E-Aggregate on mechanical properties will be studied in Section 5.2 (see Figs. 15 and16). In summary, in order to use the available experimental data from Abbas et al. [26], in this section, there are some assumptions in the calculations as follows:

-Aggregates are considered to have the same properties as pores because of their negligible modulus and density compared to the binder, but the shape and orientation are preserved.

-Two-phase structure in this modeling, phase 1: 'binder', phase 2: 'pores'.

-The volume fraction of phase 2 is approximately equal to total open porosity in [26].

The approximate volume fraction of phase 2 for different types of plants is shown in Table 1. Young's modulus of binder in this model is 500 MPa with reference to a classical lime-based binder [25,36].

On the other hand, the orientation distribution of plant fibers affects the effective mechanical properties of bio-based concrete (described in Section 2), but the paper of Abbas et al. [26] does not cover it. Therefore, theoretical results here are given in the form of a range, i.e., θ is from 0° to 90°. When θ is equal to 0, all plant fibers are directed towards the direction of compaction and the effective Young's modulus is maximum.
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Conversely, when θ is equal to 90°, there is a minimum. These behaviors will be explained in Section 5.4.

Based on these assumptions, a comparison between the effective modulus and the experimental data from Abbas et al. [26] is shown in Fig. 11.

As can be seen from Fig. 11, Young's modulus in the experiments of Abbas et al. [26] is between the maximum (θ=0) and minimum (θ=90º ) values except for maize. As for maize, it can be seen from the data of maize that the relative error is acceptable because of the small modulus of this concrete. Another worthwhile point in Fig. 11 is that the experimental value is closer to the theoretical value with θ of 90°. This can be explained by the aforementioned findings, under the influence of compaction, the fibers tend to be distributed in the plane perpendicular to the compaction direction, which results in a lower effective modulus parallel to the compaction direction than the modulus in the perpendicular direction. The relationship between compaction and plant fiber orientation is discussed in detail in Section 5.3. Density is one of the most common parameters of bio-based concrete, and previous researchers [13,14,27] have related the thermal conductivity of concrete to density and obtained the corresponding mathematical equations to make some predictions. As for the effective modulus, its relationship with density can also be established. Therefore, in this section, the model predictions were also compared with experimental data [58] (Table 2) of hemp concrete based on densities.

Literature [20,58] has shown Young's modulus of hemp concrete corresponding to different densities, but it can be seen that the similar density may correspond to a far different Young's modulus. This is due to the different binders used by the experimenters, and it can also be seen in Section 5. 5 that the E-Binder has a significant effect on Young's modulus. Therefore, first of all, it is necessary to calculate Young's modulus of the binder with pores by inverse analysis: E-Binder (Kioy [69])=210MPa, E-Binder (Nguyen et al.
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Modeling the mechanical properties of bio-based concrete 95 [70])=520MPa. In the inverse analysis, θ of the plant fibers was 75°, which was based on the average value of the X-ray tomography [27]. The volume fraction of hemp can be calculated from the dry density of lime (1760 kg/m 3 [71]) and the density of hemp-lime concrete, and thus the effective Young's modulus with a θ of 75º can be calculated. As a result, the volume fractions of hemp corresponding to the density in the two groups of experiments are shown in Table 2. As can be seen from the results in Fig. 12, the simulated curves are generally consistent with the experimental results. Moreover, for the same experimenter, the distribution of hemp fibers can be considered the same because of the similar compaction for each sample. 

Parametric study

In order to optimize the mechanical properties of bio-based building materials, these main parameters that can affect the mechanical property are investigated in this section: volume fraction, modulus of binder and aggregate, shape, and orientation. The initial Young's modulus and Poisson's ratio of matrix and inclusion are 500 MPa, 1.5 MPa, 0.2, and 0.1 [36], respectively. E1, E2, and E3 represent Young's modulus along the X, Y, and Z axes in Fig. 2, respectively, and the compaction direction is along the Z axis. There are similar decreasing curves for different shapes between the isotropic case and the anisotropic case.

Influence of volume fraction

Despite this, the effective modulus of inclusions with different shapes or aspect ratios are different, which can be found in Section 5.3. In the anisotropic case, E3 along the direction of compaction is less than E1 and E2 perpendicular to the direction of compaction, this can be explained by the fact that θ is 75° and greater than 45°. If θ is less than 45° the result will be reversed. A detailed analysis of this is discussed in Section 5.4. 

Influence of fiber shape

As shown in Fig. 17, Young's and share modulus increase with aspect ratio but at a decreasing rate. This behavior can be understood as the larger the R, the thinner and longer the fibers when the volume fraction is fixed. As a weak part of the heterogeneous structure, external stress generates less strain in this slender weak part and the binder acts as a better framework and support in this case. In detail, the growth rate is large at the beginning of the curve, then the modulus can be considered to be independent of R when R is greater than about 8-9. On the other hand, from Fig. 17 we can see that the curve of the ellipsoid gets closer to the cylinder as R increases. When R is greater than 8 or 9, it can be assumed to have the same modulus regardless of whether it is an ellipsoid or a cylinder. This is because the cylindrical case of the MT scheme is based on the ellipsoidal case and the assumption that the major axis of the ellipsoid is infinite. This does not affect the study of the fiber shape on the effective elastic properties. The same conclusion can be found in other cases in Fig. 18, modulus has a positive correlation with aspect ratio, wherever the fiber is oriented in the matrix. According to this finding, the researcher can appropriately select fibers with a high aspect ratio to obtain concrete with better mechanical properties. However, two points need to be noted, firstly, that it is futile to try to increase the mechanical properties by increasing R when R is greater than 8. As for the modeling of bio-based concrete, it is crucial to get an accurate value of R when it is less than 5, because small alterations in R can significantly affect the effective modulus. Secondly, an improvement in the aspect ratio may lead to an increase in the porosity of the concrete, which in turn reduces its mechanical properties. Therefore, the experimenter has to take these factors into account and optimize the concrete proportion according to the shape of the plant fibers. In addition, it can be seen from Fig. 19, R only affects E2 and E3 when φ is equal to 0. In this case, the value of E1 is independent of θ and R. In other words, the effective modulus perpendicular to the direction of the fiber is not affected by R. So, if the experimenter compacts the concrete specimen sufficiently so that the fibers are completely distributed in a plane perpendicular to the direction of compaction, the effective modulus along the direction of compaction is independent of the fiber shapes. Although this situation is difficult to be realized, it can still be suggested that the effective modulus along the compaction direction is minimally affected by R when there is adequate compaction. 

Weights of parameters

All the parameters covered in the foregoing section can influence the effective properties of bio-based building materials. However, the weight of each parameter is unclear. Hence a method of measuring parameter weight is presented in this section.
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When the weight of a parameter is studied, the value of this parameter is replaced by a contrast value in Table 3, and other parameters remain the benchmark values. In these two cases, the modulus in the compaction direction is Ea and Eb, respectively. Then the weight of this parameter is as follows. The selection of the values in Table 3 was based on the following principles:

𝑊𝑒𝑖𝑔ℎ𝑡 = |𝐸 𝑏 -𝐸 𝑎| 𝐸𝑎 × 100% (23) 
-Try to ensure that the value of 'Contrast' is twice or nearly twice the value of 'Benchmark'.

-The selection of the volume fraction: Section 3 shows that bio-based concrete has a high-volume fraction of fibers, so 0.5 and 0.8 were chosen here to make this evaluation method more applicable to real bio-based concrete.

-The selection of R: Fig. 17 shows that R=8 is an important point to measure the effect of aspect ratio on the effective mechanical properties. Moreover, the slope of the curve is large when R=3 and close to 0 when R=16.

-The selection of θ. In an ideal uncompacted case, θ of fibers in bio-based concrete is close to 45º . In a fully compacted case, θ is close to 90º .

As a result, the weight for each parameter is shown in Fig. 23. E-Binder has the greatest weight, followed by volume fraction. When R is less than 8, the factor of shape has a similar weight to orientation. The factors of shape (R>8) and E-Aggregate barely affect the bio-based modulus. In order to increase the modulus of biobased concrete, the most important method is the alteration in binder types and plant fibers volume fraction.

Afterward, the compaction process can be adjusted appropriately with reference to the conclusions in Section 5.4. When the aspect ratio of the plant fiber is less than 8, it is also important to note the influence of shape on the results. In this perspective, the influence of different plant aggregates on the modulus of bio-based concrete is more a reflection of its shape than its modulus. This method for weight evaluation of parameters is based on ellipsoidal plant fibers, so the above conclusions are applicable to all bio-based concretes with inclusion of similar shapes. In fact, in the previous discussion, ellipsoidal inclusions were shown to have The aspect ratios of hemp, maize, and sunflower vary considerably, which affects the choice of the optimization method. Moreover, Section 5.4 showed the opposite effect of orientation on Young's modulus in the parallel and perpendicular directions. Therefore, the evaluation method described above is further used to investigate the effect of different R and volume fractions on optimization. Since E-Binder has a large effect and E-Aggregate has a negligible effect on the results, these two parameters are not considered in the subsequent analysis. Fig. 24 illustrates the effect of shape, orientation, and volume fraction in four cases: low (R=3) and high (R=8) aspect ratios, low (0.2) and high (0.5) volume fractions. A single-parameter analysis is utilized here, where one parameter is studied while holding the others constant.

As shown in Fig. 24 (a), volume fraction has almost the same effect on different shapes of aggregates regardless of E1 or E2. For E3, orientation has a more negative effect in the case of a high aspect ratio (such as hemp), while for E1 there is an opposite trend. Therefore, for aggregates with low aspect ratios (such as sunflower pith and maize), orientation is a good choice for optimization, as an increase in orientation can increase E1 with a slight decrease in E3. As can be seen from Fig. 24 (b), compared to low aggregate volume fractions, there is a more significant optimization in the high volume fraction both by shape and orientation.

This can be explained by the fact that there are more plant fibers in this case, so the cumulative effect is greater. Further, the above optimization method was applied to bio-based material with a low aspect ratio and high volume fraction. As a result, Young's modulus in the vertical direction can be increased by 32.1% through the optimization of orientation and shape, which is equivalent to the decrease in modulus caused by a 20% increase in volume fraction. It can be seen from this example that the optimization method can improve the mechanical performance of bio-based building materials without changing the volume of plant fibers.

Conclusion

This paper aims to optimize the mechanical properties of bio-based building materials by a multiscale model that takes into account the shape and orientation of plant fibers. This model established a connection between the micro-geometric characteristics and macroscopic mechanical properties of different bio-based building materials. Hemp is the most popular bio-aggregate in the building industry, but its planting area is much less than that of sunflower and maize. Therefore, hemp, sunflower pith, and maize were selected in this paper to verify the reliability of the models. Moreover, most of the previous models did not have a detailed study of the main factors affecting the mechanical properties, especially in terms of orientation and shape. Accordingly, this research considered the effect of the following parameters on the mechanical properties of the composites: volume fraction, modulus of binder and aggregate, shape, and orientation. To quantify the priority of these parameters in the optimization, a weight evaluation method was proposed. Further studies based on this evaluation method indicated that the optimization measures need to be adjusted for different bio-aggregate volume fractions and aspect ratios. Finally, suggestions and priorities were made for optimizing the mechanical properties of the composites in terms of the choice of the volume fraction and shape of bioaggregates, the level of compaction, and the choice of binder. 

(A.5)
This notation is in accordance with Hooke's law and 𝜎 ̂= 𝐶 ̂𝜀, 𝜀̂= 𝑆 ̂𝜎 ̂, 𝑆 ̂= 𝐶 ̂-1 .

In the isotropic case, the stiffness tensor ℂcan be expressed by fourth-order decomposed tensors 𝕁 and 𝕂 [72].

ℂ = 3𝑘𝕁 + 2𝜇𝕂 (A.6)
In Bechterew notation, 𝕁 and 𝕂 can be expressed as:

𝕁 = [ 1 3 1 3 1 3 0 0 0 1 3 1 3 1 3 0 0 0 1 3 1 3 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ] 𝕂 = [ 2 3 - 1 3 - 1 3 0 0 0 - 1 3 2 3 - 1 3 0 0 0 - 1 3 - 1 3 2 3 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 ] (A.7)

Appendix B. Eshelby tensor with different inclusion shapes

In transversely isotropic materials, the Eshelby tensor 𝕊 𝐸 can be represented in the Bechterew notation as: The Eshelby tensor depends on the shape of the inclusions and the properties of the matrix. When the cylindrical inclusions are embedded in an isotropic matrix, and the inclusions are oriented along the z-axis in a cartesian coordinate system, the components of the Eshelby tensor can be expressed as [66]: In Eq. (B.2), 𝜈 is Poisson's ratio of the matrix.

𝕊
𝑆 1111 𝐸 = 5 
In the case of ellipsoidal inclusions, the major axis of the ellipsoid is along the z-axis of the global coordinate system, and its shape can be described in the cartesian coordinate system as:

𝑥 2 𝑎 1 2 + 𝑦 2 𝑎 2 2 + 𝑧 2 𝑎 3 2 = 1 (B.3)
Where 𝑎 1 = 𝑎 2 < 𝑎 3 𝑤𝑖𝑡ℎ 𝑎 1 = 𝑎 2 = 𝑎, 𝑎 3 = 𝑅𝑎. (𝑅 > 1).

The components of Eshelby tensor in this case can be expressed as [66]:

𝑆 𝑖𝑖𝑖𝑖 𝐸 = 3 8𝜋(1-𝜈) 𝑎 𝑖 2 𝐼 𝑖𝑖 + 1-2𝜈 8𝜋(1-𝜈) 𝐼 𝑖 , 𝑆 𝑖𝑖𝑗𝑗 𝐸 = 1 8𝜋(1-𝜈) 𝑎 𝑗 2 𝐼 𝑖𝑗 - 1-2𝜈 8𝜋(1-𝜈) 𝐼 𝑖 , 𝑆 𝑖𝑗𝑖𝑗 𝐸 = 1 16𝜋(1-𝜈) (𝑎 𝑖 2 + 𝑎 𝑗 2 )𝐼 𝑖𝑗 + 1-2𝜈
16𝜋(1-𝜈) (𝐼 𝑖 + 𝐼 𝑗 ).

(B.4)

Where 𝜈 is the Poisson's ratio of the matrix, and 𝐼 𝑖𝑖 , 𝐼 𝑖 , 𝐼 𝑖𝑗 can be obtained by the following equations.

𝐼 1 = 𝐼 2 = 2𝜋𝑎 1 2 𝑎 3 (𝑎 3 2 -𝑎 1 2 ) 3 2 [ 𝑎 3 𝑎 1 ( 𝑎 3 2 𝑎 1 2 -1) 1 2 -cos h -1 𝑎 3 𝑎 1 ] , 𝐼 3 = 4𝜋 -2𝐼 1 , 𝐼 11 = 𝐼 22 = 𝐼 12 , 𝐼 12 = 𝜋 𝑎 1 2 - 1 4 𝐼 13 = 𝜋 𝑎 1 2 - (𝐼 1 -𝐼 3 ) 4(𝑎 3 2 -𝑎 1 2 ) , 𝐼 31 = 𝐼 1 -𝐼 3 𝑎 3 2 -𝑎 1 2 , 3𝐼 33 = 4𝜋 𝑎 3 2 -2𝐼 31 , 3𝐼 11 = 4𝜋 𝑎 1 2 -𝐼 12 - 𝐼 1 -𝐼 3 𝑎 3 2 -𝑎 1 2 .
(B.5)

Appendix C. Numerical implementation of φ

With reference to calculus theory, the distribution of φ in Eq. ( 21) is uniformly distributed over N families, i.e., 𝜑 ∈[0, 2π]. Therefore, the value of N can be interpreted as the number of integration points in calculation, which affects the accuracy of the effective modulus. Table C.1 presents that 50 is sufficient for this calculation. The value of E3 in Table C. 1 shows that it hardly depends on the number of integration points, which is consistent with the findings of Section 5.4. 

CHAPTER III : Modeling the thermal conductivity of bio-based concrete

Chapter introduction

The construction industry is one of the largest consumers of energy, with heating and cooling of building operations being a major contributor. Bio-based concrete possesses the desirable property of thermal insulation, making it an attractive building material for reducing energy consumption during building operations.

Bio-based concrete offers an advantage in this area due to its low thermal conductivity, which can lead to significant energy savings. Understanding the microscopic mechanism of thermal conductivity in biobased concrete is essential to optimize this property.

This chapter presents a multi-scale thermal model consisting of two journal papers (Articles B and C).

Article B proposes a finite element model based on a multi-scale structure considering the volume fraction, shape, orientation, binders, and macroscopic pores. This model has four scales as follows.

1. Bio-based composite, which contains bio-aggregates, binders, and macropores. This scale involves factors such as volume fraction, shape, and orientation of the bio-aggregate.

2. Bio-aggregate, which contains bio-aggregate solids and intra-particle pores. The shape of the pores is considered.

3. Pore and moisture, which allows this model to be applied in a humid environment.

Binder, which consists of binder solids and microscopic pores.

This model accurately predicts the effective thermal conductivity of bio-based concrete. It visualizes the effect of the multi-scale structure on thermal conductivity and reveals the mechanism of heat flow through plant fibers. However, it requires significant computational resources and time.

As a complement and verification, article C develops an analytical model that considers the orientation and shape of plant fibers, moisture, imperfect contact, and pore size. A series of comparisons are then The results show that the analytical model accurately predicts the thermal conductivity of bio-based concrete and can be used to optimize its thermal insulation properties.

Overall, this chapter highlights the importance of understanding the microstructure of bio-based concrete and presents two models that can be used to predict and optimize its thermal conductivity. Articles B was published in Construction Materials on July 4, 2022, and article C will be published in Construction and Building Materials on May 9, 2023.
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Introduction

In recent years, there has been an increasing discussion on carbon emission, energy crisis, environmental protection, and sustainability. The building industry plays a vital role in these areas as global CO2 emissions from building increased by 50% from 1990 to 2019 [1]. Moreover, in developing countries, buildings account for about 15-25% of total energy consumption, while in developed countries it is 30-40% [2]. Further investigations show that space heating was the largest residential energy demand in Europe and Eurasia,

CHAPTER Ⅲ

Modeling the thermal conductivity of bio-based concrete 118 exceeding 50% in 2019 [1].

The use of bio-based construction materials is one of the solutions to mitigate carbon emissions and energy consumption. This is due to the fact that bio-based construction materials have advantages over traditional concrete in these issues. On the one hand, plant aggregates have lower embodied carbon, which means lower CO2 emissions are associated with the processes of construction and materials throughout their whole lifecycle [3]. Moreover, they promote carbon sink in building materials since plants store considerable amounts of carbon in a relatively small volume [1,4]. On the other hand, the excellent performance of biobased materials in thermal insulation can save the energy consumption of space heating as mentioned above.

Especially considering the growing global interest in net-zero energy buildings (NZEBs), more and more countries have set their own goal for NZEBs [5][6][7]. Obviously, the study of thermal conductivity helps to improve the thermal performance of bio-based materials, which thereby promotes environmental protection and reduces energy consumption.

Several experimental studies [8][9][10] have shown the low thermal conductivity of bio-based concrete. This is due to the high intra-particle porosity in plant particles and macro porosity in bio-based materials [11,12].

Moreover, bio-based materials are used in buildings because of their role as a humidity regulator, absorbing moisture in high-humidity environments and releasing it in the opposite case [13][14][15]. Many studies [15][16][17][18][19][20] have shown that the effect of moisture on the thermal conductivity of bio-based materials cannot be ignored because of their strong water absorption capacity. The thermal conductivity of dry plant particles (e.g., hemp: axial: 0.122 W/mK, transverse: 0.08 W/Mk [21]) is much lower than that of water (0.598 W/mK [22]). It is significant to consider the effect of moisture in the modeling of bio-based materials. In addition, compaction in the casting of bio-based materials affects the orientation of the plant fibers, and the plant fibers tend to be distributed in a plane perpendicular to the direction of compaction [23,24]. In this case, the fact that the thermal conductivity of bio-based materials depends on the orientation has been confirmed in research [21,23,25].

Numerical simulation has been widely used in fiber-reinforced construction materials, but most of them are related to steel fiber-reinforced concrete. For example, Rezakhani et al. [26] investigated the effect of size, shape, and strength of steel fiber on the quasi-static properties of concrete. Naderi and Zhang [27] studied the compression and tensile fracture behavior of steel fiber-reinforced concrete by a 3D fine-scale modeling approach. Liang and Wu [28] developed a model for the thermal conductivity of steel fiber concrete and then investigated these parameters: model thickness, steel fiber diameter, and volume fraction (0.5%, 1%, and 2%). However, these methods cannot be completely used for modeling bio-based building materials since there are more complex microstructures in bio-based materials compared to steel fiber concrete. Some plant fibers such as hemp [29] and wheat straw [30] have a transversely isotropic structure compared to the isotropic
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Modeling the thermal conductivity of bio-based concrete 119 steel fiber. The volume fraction of plant fiber in concrete is much higher than that of steel fiber, e.g., 55% in [12]. In addition, the porous structure leads to high water absorption of plant fiber [18,31], which affects the material properties, especially for thermal conductivity [16,17].

This paper aims to develop a multi-scale numerical model to investigate the effect of the microstructure of bio-based building materials on thermal conductivity. In this modeling, the bio-based material is considered to consist of three components, each of which can be subdivided into more components at the microscopic scale. The details of each component are as follows.

• Binder: binder solid and micropores;

• Bio-aggregates: intra-particle pores (air and water) embedded in a solid matrix;

• Macropores.

This model considers the size, shape, orientation, porosity, and water saturation of plant fibers. From the microscopic to the macroscopic scale, the microstructural characteristics of each component are linked to the macroscopic property by a successive numerical homogenization. This link can promote the application of bio-based concrete as an insulation material in buildings. In addition, the study of various porosities and shapes of bio-aggregate helps the model to be applied to a wider range of bio-based construction materials.
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Materials and Methods

Materials

The material used in this model is bio-based construction material. Initially, hemp was selected as an example, which is one of the most widely studied plant fibers in bio-based construction materials. Then, the approach explores the application of this model to other types of bio-based materials by varying the shape and porosity of the bio-aggregate in the model.

Hemp is a porous transversely isotropic material from the microstructure due to the arrangement of the pores, as shown in Figure 1 from the literature [12,32]. It is essential to investigate the internal structure of hemp before multi-scale modeling. The cross-section in Figure 1(A-1) illustrates two diameters of the conduit: about 50 μm for the vessel and about 20 μm for the tracheid [32], while the longitudinal section (see Figure 1(A-2,B-2)) shows the elongated tubular structure. Additionally, Figure 1(B-1) clearly presents the nearly circular cross-section of the pores. Some of the physical and thermal properties of dry hemp shiv are shown in Table 1. In Table 1, the first value in multiple options is selected for the model. Aggregates used by different researchers may vary because of their source and manufacturing process, especially in terms of length and width. For specific heat capacity and thermal conductivity, the differences in values from various literature (Table 1) are slight, so the choices have little effect on the results. For length and width, the study of shape in Section 3.3.4 will compensate for this selection preference. 1320/1247/1272 [33,35,36] Thermal conductivity of solid (W/(m‧K)) 0.564/0.576 [34,37] Note: The first value in these multiple options is selected for the model.

1. 2. 3.
Binders involving plant fibers are usually lime-based or metakaolin-based binders rather than cement. The former comes from high-temperature calcined limestone or kaolinite. At the microscopic scale, lime-based binder consists of binder solids and fine pores with most pore sizes distributed at 1 µm [38]. The physical and thermal properties are shown in Table 2.

Table 2. Properties of binder.

Property Value Reference

Density (kg/m 3 ) 1079 [38] Porosity (%) 50.6/54.8 [21,38] Specific heat capacity (J/(kg‧K)) 890/859 [35,39] Thermal conductivity of solid (W/(m‧K)) 0.24/0.277 [38,40] Pore size diameter (μm) 0.02-4 [38] Note: The first value in these multiple options is selected for the model.

Methods

The microstructure of bio-based material and the dimensions of each part were investigated in the previous section and can be represented in Figure 2. At the macroscopic level (10 0 -10 2 mm), bio-based building materials include a binder, bio-aggregates (Length: 4 mm, width: 1 mm), and macropores (1-3 mm). Further, the binder on a scale of 10 -2 -10 0 μm includes micropores (0.02-4 μm) and binder solid, while the bioaggregate on a scale of 10-10 2 μm includes intra-particle pores (20-50 μm) and bio-aggregate solid. In a humid environment, the porous structure of bio-aggregate absorbs moisture, which is distributed along the elongated pores, so water is assumed to be distributed in the air matrix as a cylinder in this model on a scale of 10 0 -10 μm. Thus, in the present multi-scale model, binder, bio-aggregate, and bio-based composite are sequentially homogenized by numerical methods. Among them, bio-aggregate is homogenized in a humid environment involving intra-particle pores and moisture. The details of each homogenization step are 

Modeling of Binder

Scale 1 (10-2-100 μm): the binder.

The binder is considered to consist of binder solids and micropores on scale 1 (10-2-100 μm), as shown in Figure 2. The micropores are considered to be randomly distributed in the solid. Micropores, with pore sizes in the range of 0.02-4 μm and mostly 1 μm [38], are considered to be randomly distributed in the solid.

Note that there is only one homogenization step here. The model of the porous binder based on these data is shown in Figure 3. The pores were embedded in the binder solid to form a two-phase material, and then the mesh was applied to the whole. The nodes are shared at the interface of the two phases. 

Two-Scale Modeling of Individual Hemp Shiv

Scale 2 (100-10 μm): pore and moisture.

The porous structure of the hemp shown in Figure 1 facilitates the absorption of moisture. Moreover, the elongated cells allow the water to be distributed in a directional arrangement. Therefore, on scale 2 (Figure 2) of the numerical model, the moisture is assumed to be a cylinder embedded in the air matrix as shown in As shown in Figure 2, the homogenization at this scale aims to combine the homogenized material (moisture and voids) from the previous step with the hemp solid. Figure 1 shows that there are two types of pores inside the hemp: vessel (50 μm) and tracheid (20 μm). Therefore, the finite element models of tracheid and vessel were built according to their corresponding dimensions in Figure 5. It should be noted that the pores were generated randomly in the cross-section. hemp, and macropores. Macropores in the modeling are considered randomly distributed in the homogenized binder (binder solid and micropores). Therefore, prior to considering the hemp, the numerical homogenization was carried out between the binder and the macropores by a similar method as in Figure 3. After obtaining the homogenized binder, the final model containing the hemp is shown in Figure 6. The model was generated in the commercial software Digimat and then solved by Abaqus. As shown in Figure 6, the heat flow is transferred from the high-temperature side to the low-temperature side. In this process, the effective thermal conductivity of the composite can be calculated by applying the classical Fourier's law [42,43]. Note that the length and width of the hemp are 4 and 1 mm, respectively, according to Table 1. It is also worth noting that plant fibers in bio-based building materials usually tend to be distributed perpendicular to the compaction direction [24,44]. Therefore, in this model, the hemp is randomly distributed in the plane perpendicular to the compaction direction. For hemp construction material, the volume fraction of each component is essential for the modeling. This can be found in the literature [12] and listed in Table 3.

Table 3. Volume fraction of each phase in hemp construction material from [12]. 

Phases

Results and Discussion

Effective Thermal Conductivity of Binder

The study of the effective thermal conductivity for a porous binder involves only one factor, i.e., the volume fraction of the micropores in Figure 2. The effective thermal conductivity of porous binder is presented in Figure 8. As the porosity increases, the thermal conductivity of the binder decreases. The results of the numerical simulations in this paper agree well with the experimental data from the literature [21,38,40]. 
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Figure 9 shows the thermal conductivity with water saturation in different directions on scale 2. Note that λ║ and λ┴ in Figure 9 denote the axial direction and the direction perpendicular to the axial direction, respectively. The axial direction is the revolution axis of the inclusion. The results in Figure 9 show that λ║ increases almost linearly with water saturation while λ┴ increases at an increasing rate. This difference makes the anisotropy increase initially, then decrease with water saturation. It takes a maximum of about 0.4. From this conclusion, it is known that water saturation affects the anisotropy of the pore-moisture, which in turn affects the anisotropy of the hemp and the bio-based composite. First, the orientation of the moisture illustrated in Figure 4 leads to differences in the thermal conductivity of the pore-moisture in different directions, i.e., anisotropy. Then, the orientation of the anisotropic pore-moisture in the hemp solid leads to the anisotropy of the hemp shiv, as shown in Figure 5. Finally, the anisotropic hemp is distributed in a specific direction in the composite, which results in the anisotropy of the composite. After obtaining the properties of pore-moisture in the previous step, the hemp solid is homogenized with pore-moisture. The porosity of hemp varies with the source and processing method. Moreover, the study of porosity can also help to extend the present model to more plant fibers. So here the thermal conductivity of hemp with different porosity is studied as shown in Figure 10. As porosity increases, only at WS = 1.0, the thermal conductivity of hemp increases in 2 directions. This can be explained by the fact that the thermal conductivity of hemp solid is greater than that of pore-moisture when WS ≤ 0.8. Comparing λ║ and λ┴ in Figure 10 at the same WS, when WS = 1.0, λ║ = λ┴ because the isotropic pore-moisture is embedded in the isotropic hemp solid. When WS ≤ 0.8, λ║ > λ┴ owing to the anisotropy of pore-moisture, which can be seen in Figure 9. Another finding from Figure 10 is that water saturation significantly increases the transverse thermal conductivity of hemp when WS > 0.6. Finally, the experimental data on dry hemp from the literature
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Effective Thermal Conductivity of Bio-Based Construction Materials
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Figure 6 shows a complex numerical model of bio-based composite, and it is necessary to perform a mesh size analysis before studying the factors. A hemp volume fraction of 0.25 was selected here to investigate the effect of mesh element size on the thermal conductivity of the composite in horizontal and parallel directions.

It should be noted that in the study of bio-based composites, λ║ represents the thermal conductivity parallel to the compaction direction, and λ┴ represents the thermal conductivity perpendicular to the compaction direction.

As shown in Figure 12, the thermal conductivity of the bio-based composite decreases as the mesh element size decreases. The thermal conductivity varies slightly when the mesh element size decreases from 0.2 to 0.1 mm. However, during this process, the number of elements in the finite element numerical simulation increases from 2,007,549 to 10,049,154. Therefore, a mesh element size of 0.2 mm was chosen in the study of bio-based composites. The dimensions of bio-aggregates can be found in Figure 7.

Figure 12.

Testing of mesh element size.

Validation with Experimental Data

It is necessary to validate the model with the experimental results before conducting the parametric analysis. Figure 13 shows the comparison of the results of the numerical simulations with the experimental results from the literature [23,40]. It is important to note that the numerical simulation results in Figure 13 are based on the volume fraction of macropores in Table 3, i.e., macro-porosity was assumed to be a constant at different volume fractions of hemp, and then the density of the composite was calculated according to Tables 1 and2. It should also be noted that for the experimental results from CEREZO [40], the authors did not distinguish the different thermal conductivity perpendicular and parallel to the compaction direction, so there is only one type of value in Figure 13. In contrast, the experiments from WILLIAMS [23] have different thermal conductivities in different directions. It can be seen that the results from CEREZO [40] are between
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Moisture

It is known from the previous sections that water saturation significantly affects the thermal conductivity of pore-moisture and hemp. In detail, in the multi-scale model, water saturation affects pore-moisture initially (Figure 9), then hemp (Figure 11), and finally bio-based composite. Figure 14 shows the effect of water saturation on the thermal conductivity of bio-based composites. Due to the high thermal conductivity of water compared to other components, the increase in water saturation reduces the thermal insulation of bio-based composite whether in the direction parallel or perpendicular to the compaction.

Further analysis in Figure 15A demonstrates the effect of water saturation on the thermal conductivity of the material at different scales. λ║ increases approximately linearly with water saturation for pore-moisture and hemp shive. In contrast, it is nonlinear for the bio-based composite. This can be explained by the different arrangements of the inclusions. In bio-based composite, the inclusions are distributed randomly rather than linearly in the plane perpendicular to the compaction direction. In pore-moisture and hemp shiv, heat flow The effect of water saturation on the anisotropy of the pore-moisture, hemp shiv, and bio-based composites presented in Figure 15B. They have similar trends since the materials affect each other between different scales. This finding also illustrates that the macroscopic properties of a material depend on its microstructure state. Moreover, from pore-moisture to composite, anisotropy is decreasing as homogenization advances from microscopic to macroscopic scales (WS > 0.1). This is due to the fact that the new phases are isotropic materials at each step of homogenization, such as hemp solids and binders. 

Shape of Bio-Aggregate

The multiscale homogenization models for inclusions with length and width of 4 and 1 mm has been discussed in the previous sections. However, on the one hand, the hemp size depends on the source and the manufacturing method. On the other hand, there are other local agricultural by-products specific to different countries and regions. Therefore, a comparison of three different shapes of bio-aggregates was undertaken and is shown in Figure 16. As can be seen from Figure 16, the thermal conductivity in the parallel direction is almost the same for different shapes. In contrast, with respect to the perpendicular direction, the thermal conductivity of inclusions with an aspect ratio (calculated by length/width) of 2 is lower than that of the other shapes. This relative difference increases with water saturation. These findings can be explained by the anisotropy and arrangement of the bio-aggregate. In the parallel direction, the transfer of heat flow needs to cross the cross-section of the plant fibers. In this case, the shape of the fibers in the perpendicular direction does not affect the properties in the parallel direction generally. On the contrary, in the perpendicular direction, the heat flow prefers to transfer along the plant fibers rather than cross them transversely, and the elongated plant fibers can better transfer the heat from one side of the specimen to the other side. Conversely, for plant fibers with a low aspect ratio, the heat flow from one side to the other side needs to cross more interparticle zones, which will undoubtedly increase the thermal resistance. This phenomenon will continue to be discussed in the next section based on finite element results. 

Analysis of Fiber Orientation

Figure 17 shows the distribution of heat flux in the X-and Z-directions. Note that the compaction is along the X-axis. The distribution of the heat flux in the X-direction (Figure 17A) shows that the heat flux on each inclusion is almost the same. Moreover, it is less than the heat flux on the matrix. This is because, in the Xdirection, the heat flow needs to pass through each inclusion transversely. Additionally, the transverse thermal
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As for the distribution of the heat flux in the Z-direction, as shown in Figure 17B, the heat flux varies significantly on the inclusion in different orientations. In this case, the initial heat flow direction is along the Z-axis, so the inclusions oriented exactly in the Z-direction have the maximum heat flux, as shown in fiber

A in Figure 17B. The heat flux is minimized when the fiber direction is perpendicular to the Z-axis, such as fiber D in Figure 17B. Moreover, the heat flux on fiber D is approximately equivalent to that of the fibers in Figure 17A, since the heat flow crosses the fibers transversely in both cases. In summary, the larger the angle (acute angle) between the fiber direction and the Z-axis (initial heat flow direction), the lower the heat flux.

For example, the angle in fiber: C > B > A; as a result of heat flux: A < B < C. The heat flow tends to transfer along the bio-aggregate rather than across it because of its anisotropy. 

Conclusions
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The purpose of this study is to develop a multi-scale numerical model to analyze the effect of the microstructure of bio-based construction materials on thermal conductivity. These factors were considered in this model: size, shape, orientation, porosity, and water saturation of plant fibers. The study of these factors can link microstructure and macroscopic thermal conductivity, which ultimately promotes the application of bio-based concrete as an insulation material in buildings. Moreover, considering the lack of research on numerical modeling, especially those involving multi-scale microstructures, in bio-based building materials, this study can make a contribution to the current literature. Additionally, the analysis of shape and porosity undertaken here can extend our modeling to more types of plant aggregates.

Based on the numerical simulation results, the main conclusions can be summarized as follows:

• For individual plant fiber, the thermal conductivity in the axial direction is greater than that in the transverse direction. For bio-based construction material, the thermal conductivity along the compaction direction is less than that perpendicular to the compaction direction.

• The anisotropy (the ratio of thermal conductivity in two directions) of both individual fiber and bio-based construction material increases initially, then decreases with water saturation. They take a maximum of about 0.4 water saturation.

• For transversely isotropic bio-aggregates, such as hemp, the thermal conductivity (WS ≤ 0.8) decreases with porosity. Moreover, the decline rate decreases with water saturation.

• The thermal conductivity of hemp and bio-based construction material increases with water saturation in both parallel and perpendicular directions. Further analysis shows that the parallel thermal conductivity of hemp increases linearly with water saturation, in contrast to the non-linear increase in thermal conductivity of bio-based material.

• Comparing the inclusions with different shapes (length/width = 2, 4, and 10), in the direction of compaction, the thermal conductivity of the bio-based material is almost independent of the shape. In the direction perpendicular to the compaction, the thermal conductivity at the length/width of two is lower than that of the other shapes, and the relative difference increases with water saturation.

• The analysis of the plant fiber orientation shows that the heat flow tends to transfer axially along the fiber rather than transversely across it. The heat flux on the fiber decreases with the angle (acute angle) between the fiber and the initial heat flow. This can be explained by the transversely isotropic structure of the plant Funding: This research received no external funding.

Introduction

Energy and carbon emissions are increasingly being discussed today. The building industry can play an important role in addressing the energy crisis and carbon emissions. According to a recent report by the International Energy Agency (IEA), building operations were responsible for 30% of global final energy consumption and 27% of total energy sector emissions in 2021 [1]. Building space heating and cooling (H & C) account for the largest share, about 60% of the total building energy consumption [2]. Moreover, heating systems emit 45% of building emissions, while it relies on fossil fuels to provide more than 55% of final
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Modeling the thermal conductivity of bio-based concrete 140 energy consumption [3]. These issues are more challenging especially considering the objectives of Net-Zero Energy Buildings (NZEB) [4,5] and Net-Zero Carbon Buildings (NZCB) [6,7]. Building insulation is the preferred solution for energy saving and emission reduction, which reduces energy demand for H & C and improves energy efficiency [8][9][10][11].

A large amount of plant waste is generated globally each year, and more than 30% of the waste from crop straw and forest crops is burned and discarded [12,13]. This results in environmental pollution and human health risks [14]. In fact, these wastes can be used as aggregates for concrete, known as bio-based material or lightweight concrete or plant fiber concrete, such as hemp [15], sunflower [16], miscanthus [17], and corn stalk [18] concretes, etc. Despite the low mechanical strength of bio-based concrete, it is mainly used in nonstructural parts of buildings, such as floors, roofs, and walls [19,20]. These are the main areas where the building exchanges heat with the outside environment. Therefore, excellent thermal insulation is one of the keys to the application of bio-based concrete in buildings. The thermal conductivity of hemp concrete is 0.06 -0.16 W/(mK) [21], compared to 1.6 -3.2 W/(mK) [22] for conventional concrete. This indicates higher energy efficiency for indoor H & C. Bio-based buildings not only consume less energy, but also contribute in terms of carbon emissions. On the one hand, the application of bio-based materials significantly reduces the annual electricity consumption of buildings and thus indirectly reduces CO2 emissions by 25% compared to conventional insulation materials [23]. On the other hand, plants are good materials for carbon sequestration, and many life cycle assessments (LCA) show the advantages of bio-based buildings in emissions [24][25][26][27]. In addition, bio-based building materials are characterized by acoustic absorption, low density, and moisture regulation [20,28,29].

The thermal conductivity of bio-based materials, a key indicator for improving the energy efficiency of buildings, is influenced by microstructural characteristics. Experimental studies [30,31] found different thermal conductivities of the bio-based samples in vertical and horizontal directions. This is caused by the anisotropic pore structure and orientation distribution of plant fibers. Due to the effect of compaction, the fibers tend to be distributed in the plane perpendicular to the compaction [32,33]. Plant fibers from different sources have different shapes, and fibers from the same source have different sizes depending on the processing method. [34] studied a variety of plant fibers such as hemp, sunflower, and corn husk, which vary in shape and porosity. Consequently, the thermal conductivity of the concrete from these plants differs.

Moreover, most agricultural plant aggregates used in construction materials are composed of cellulose, hemicellulose, and lignin, which leads to weak compatibility of the aggregates with high alkaline binders [35,36]. Scanning electron microscopy (SEM) images in the literature also confirm the presence of an interfacial transition zone (ITZ) between the bio-aggregates and the binder [36][37][38], especially in the condition of dry-wet cycles [39]. Imperfect contact in the ITZ increases the resistance to heat transfer.
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Moisture is another factor that greatly affects thermal conductivity. Bio-based concrete has high water absorption because of its high porosity. Specifically, the total porosity of bio-based concrete consists of three components: macropores between aggregates, intra-particle pores inside the aggregates, and micropores inside the binder [40]. These pores at different scales prevent heat transfer, but absorb moisture from the air in humid environments, which increases the thermal conductivity of the material [41,42]. Moreover, the volume percentage of the plant, the type of binder, the surface treatment of the plant, etc. can all affect the thermal conductivity of the bio-based material [28,36,43].

Figuring out the correlation between thermal conductivity and numerous microstructural factors requires a large number of experimental measurements, which undoubtedly takes a lot of time and cost. Moreover, it is difficult to quantitatively control some factors during the experiments, such as fiber orientation. The analytical homogenization model meets these needs by analyzing the quantitative relationship between the above microscopic characteristics and the thermal conductivity. Previous studies have made some achievements in the modeling of bio-based concrete, but there is still some need for improvement. For instance, early models of bio-based materials were based on the assumption of spherical inclusions, where different material phases were placed in composite spheres according to volume fraction [44]. This obviously lost features such as fiber shape, orientation, and anisotropy in the modeling [15,41,45]. Then, literature [46,47] took the shape of the inclusions into account in the model through the tensor transformation between global and local coordinate systems. The disadvantage is that the imperfect contact observed experimentally between the binder and the plant fiber is not addressed in these models. The model in [48] considered the imperfect contact on lime hemp concrete, but moisture was not involved. Also, to model the anisotropic orientation distribution, the probability density function of the orientation was introduced in the above study.

Although this is an indirect way to obtain the orientation distribution of the fibers, i.e., data from X-ray tomography cannot be directly used.

Most of the current analytical models in this field are based on conventional mean-field methods, such as the Mori-Tanaka method. They have good approximations at low-volume fractions (<0.15 in the study of [49]). In contrast, its prediction for high inclusions volume has been criticized [50,51]. For instance, the study in the literature [49] demonstrated that the Mori-Tanaka-based micromechanical model well predicts the effective piezoelectric strain constants at low volume fractions (0.15). But beyond this, the average relative difference is up to about 30%. Although when the volume of the inclusions is higher than that of the matrix, the "inverse Mori-Tanaka method" [52] can be used, i.e., the matrix is considered as an inclusion. However, this is only a compromise solution because it does not completely solve the problem of high volume and the inclusions may have a complex orientation distribution and shape. The iterative approach can reduce the volume fraction at each step. [53] implemented an iterative homogenization for hemp concrete, but the
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Some methods based on 3D numerical models are also applicable to bio-based concrete. [54] developed a numerical model with spatial distribution, size, and shape to predict the thermal conductivity and mechanical behavior of straw concrete. This model performs well with an intuitive visualization, but has limitations in terms of volume fraction and computational cost compared to the analytical method. With the development of 3D X-ray reconstruction techniques, a 3D realistic structure based on a bio-based concrete sample can also be used for modeling various properties [55]. It is closer to the real material structure than the traditional numerical model. Nevertheless, this model cannot be used for parametric analysis and material optimization because of the immutability of the structure.

It is clear that there is a gap between current models and actual experiments on the thermal conductivity of bio-based materials. Also, most of the existing studies focus only on specific cases and are not generalizable to a wide range of plant fibers. Therefore, this study aims to develop an analytical model of thermal conductivity that incorporates all the above factors, especially considering anisotropy, imperfect interface, moisture, and different pores' size. This model relates thermal conductivity to microstructural characteristics to predict and evaluate the thermal insulation of a wide range of bio-based materials. An iterative mean-field homogenization approach (I-MFH) involving both macropores and plant aggregates was developed for the model. Moreover, the fiber orientation method in this study can make use of data directly from X-ray tomography, which is lacking in the commonly used probability density function. Then, the model was verified at different scales, i.e., binder, aggregate, and bio-based composite. This verification was performed by comparison with finite element models and experimental data from the literature. Finally, the model was applied to a wide range of agricultural by-products. 

Nomenclature

Latin symbols Superscripts

𝐴

Theoretical basis of the multi-scale homogenization method

Heat conduction problem

The complex microstructural and morphological characteristics of bio-based building materials can influence macroscopic behavior. Homogenization techniques can relate microscopic characteristics to macroscopic behavior and quantify their correlation. The general basic homogenization approach is first presented in this section and then developed in later sections with regard to the multi-scale microstructure of bio-based materials. Consider a Representative Volume Element (RVE) (domain Ω) containing a homogeneous matrix (thermal conductivity tensor 𝜆 0 ) and inclusions (volume fraction 𝑓 𝐼 , thermal conductivity tensor 𝜆 𝐼 ). The boundary of the RVE, ∂𝛺, is subjected to a macroscopic uniform thermal gradient field 𝐸. In this case, the thermal conduction problem can be expressed by the microscopic and macroscopic Fourier's law as:

𝑞(𝑥) = -𝜆(𝑥) ⋅ 𝑔𝑟𝑎𝑑 𝑇(𝑥) 𝑄 = -𝜆 ℎ𝑜𝑚 ⋅ 𝐸 (1) 
where 𝑞(𝑥) and 𝑄 denote the microscopic and macroscopic heat fluxes, 𝑔𝑟𝑎𝑑 𝑇(𝑥) denotes the microscopic heat gradient field, 𝜆 ℎ𝑜𝑚 is the effective thermal conductivity tensor.

Thanks to the concentration tensor 𝐴(𝑥), which is also known as localization tensor, the macroscopic and microscopic thermal gradient field can be converted using the following equation:

𝑔𝑟𝑎𝑑 𝑇(𝑥) = 𝐴(𝑥) ⋅ 𝐸 (2) 
Then, volume averaging of the microscopic heat flux and the combination of Eqs. ( 1) and ( 2) yield:

𝜆 ℎ𝑜𝑚 = ⟨𝜆(𝑥) ⋅ 𝐴(𝑥)⟩ (3) 
For a composite consisting of a matrix and r-phase inclusions, Eq. ( 3) can be rewritten by the classic Mori-Tanaka scheme [48,56,57] as:

𝜆 ℎ𝑜𝑚 = ∑ 𝑓 𝑟 𝑁 𝑟=0 ⋅ 𝜆 𝑟 ⋅ 𝐴 𝑟 𝑀𝑇 (4) 
with
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𝐴 𝑟 𝑀𝑇 = 𝐴 𝑟 0 ⋅ (∑ 𝑓 𝑟 𝑁 𝑟=0 𝐴 𝑟 0 ) -1 (5) 
𝐴 𝑟 0 in Eq. ( 5) represents the concentration tensor of the r-th phase, a value of 0 for r represents the matrix, while 1 represents the first phase of inclusions, and so on. The concentration tensor of the matrix 𝐴 0 0 is 𝛿. In the case of single inclusions, all inclusions have the same properties. Therefore, the concentration tensor of the inclusion 𝐴 𝑟 0 (r = 1, 2, …) is expressed as follows:

𝐴 𝑟 0 = [𝛿 + 𝑃 𝑟 ⋅ (𝜆 𝐼 -𝜆 0 )] -1 (6) 
where 𝑃 𝑟 in Eq. ( 6) is interaction tensor of corresponding inclusion, which is similar to the Hill tensor in the mechanics problem [58]. But it is a second-order tensor compared to the fourth-order tensor in the mechanics.

𝑃 𝑟 can be expressed by the symmetric second-order depolarization tensor 𝑆 𝑟 as follows:

𝑃 𝑟 = 𝑆 𝑟 ⋅ (𝜆 0 ) -1 (7) 
𝑆 𝑟 depends on the shape of the inclusions. In the case of three-dimensional sphere-like inclusions, it can be expressed in the Cartesian coordinate system as:

𝑥 2 𝑎 1 2 + 𝑦 2 𝑎 2 2 + 𝑧 2 𝑎 3 2 = 1 (8) 
where

𝑎 1 = 𝑎 2 < 𝑎 3 𝑤𝑖𝑡ℎ 𝑎 1 = 𝑎 2 = 𝑎, 𝑎 3 = 𝑋𝑎. (9) 
X is the ratio of the length to the diameter of the inclusions, which is referred to as the aspect ratio in this paper. Moreover, the depolarization tensor 𝑆 𝑟 in Eq. ( 7) can be obtained from the equations containing X, as detailed in 0

Tensor transformation of inclusions between global and local coordinate systems

The generic homogenization method described above is only applicable in the case of unidirectional inclusions. However, during the casting or spraying of bio-based concrete, fibers are embedded in the matrix in various orientations. The orientation distribution of the fibers in bio-based concrete depends on the manufacturing technology, fiber shape, etc., which will be discussed in detail in subsequent sections. In this section, a fiber orientation transformation method is introduced to cover all possible orientations in 3D space.

As shown in Fig. 1, the orientation of the fiber in the matrix can be defined in terms of two angles: θ is the angle between the principal axis of the inclusion and the Z-axis in global coordinates, whereas φ is the angle
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𝜆 𝑖𝑗 𝐺 = 𝜆 𝑚𝑛 𝐿 𝑅 𝑚𝑖 𝑅 𝑛𝑗 ( 10 
)
where R can be expressed in the form of a matrix as:

𝑅 = | 1 0 0 0 cos𝜃 -sin𝜃 0 sin𝜃 cos𝜃 | ⋅ | cos𝜑 -sin𝜑 0 sin𝜑 cos𝜑 0 0 0 1 | (11) 
Fig. 1. Definition of inclusion direction.

As described above, in the later sections dealing with inclusions in different directions, the tensor associated with the inclusions will all be transformed by Eq. (10).

Multi-scale homogenization of bio-based building materials

As shown in Fig. 2, bio-based concrete has three components on a scale of 10 0 to 10 2 mm: macropores, homogenized bio-aggregates, and binder. Moreover, there is imperfect contact in the ITZ between the binder and the bio-aggregate, which will be discussed in Section 2.3.3. Further on a scale of 10 to 10 2 µm, experimental observations [59][60][61] found that some plant aggregates, such as hemp and wheat straw, have a directional pore distribution. On the scale of 10 -2 to 10 0 µm, there are micropores in the binder. In addition, the moisture in the bio-based concrete will be discussed in Section 2.3.2. The homogenization methods and calculations on scales 1, 2, and 3 will be described separately in the next subsections. (1 -𝑓 𝑝 𝑏)(𝜆 𝑝 -𝜆 𝑏 𝑆) ] 𝛿 (12) where 𝜆 𝑏 denotes the effective thermal conductivity tensor of porous binder, while 𝜆 𝑏 𝑆 and 𝜆 𝑝 denote that of binder solid and air pore. 𝑓 𝑝 𝑏 is the porosity in the binder.

Individual bio-aggregate in wet condition (Scale 2: 10-10 2 μm)

On the one hand, bio-based aggregates have high porosity, these pores have various shapes and orientations in different types of plants. For example, they have aligned cylindrical pores in hemp [59] and straw [61,63],

while sunflower pith [64] has spherical pores with an approximately random distribution. In the present model, the different pores can be represented by varying X in Eq. ( 9) based on the specific plants. On the other hand, bio-based building composites have strong water absorption due to high porosity and volume fraction [40]. The presence of water can significantly increase the thermal conductivity of the composite [15,42,65]. Therefore, it is necessary to consider water saturation in the bio-based model.

Assume that 𝑒 3 is the unit vector oriented in the symmetrical axis of the transversely isotropic inclusion.

According to [66], the bio-aggregate can be considered to contain aggregate solid and pore inclusion saturated
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𝜆 𝐴 = 𝜆 𝐴 ⊥ (𝛿 -𝑒 3 ⊗ 𝑒 3 ) + 𝜆 𝐴 ∥ 𝑒 3 ⊗ 𝑒 3 (13) 
with

𝜆 𝐴 ⊥ = ( (1 -𝑤)𝑓 𝑝 𝐴 𝜆 𝑝 + 𝜆 𝐴 𝑆 + 𝑤𝑓 𝑝 𝐴 𝜆 𝑤 + 𝜆 𝐴 𝑆 + 1 -𝑓 𝑝 𝐴 2𝜆 𝐴 𝑆 ) -1 -𝜆 𝐴 𝑆 𝜆 𝐴 ∥ = (1 -𝑤)𝑓 𝑝 𝐴𝜆 𝑝 + 𝑤𝑓 𝑝 𝐴𝜆 𝑤 + (1 -𝑓 𝑝 𝐴)𝜆 𝐴 𝑆 (14) 
where 𝜆 𝐴 denotes the effective thermal conductivity tensor of the aggregates. The magnitudes of its two components, 𝜆 𝐴 ⊥ and 𝜆 𝐴 ∥ , denote the effective thermal conductivity perpendicular and parallel to the axial direction of aggregates. 𝑓 𝐴 𝑆 and 𝑓 𝑃 𝐴 represent the volume fraction of bio-aggregate solid and intra-particle pore. The water saturation noted by w is the volume ratio of water to the intra-particle pore. 𝜆 𝑤 , and 𝜆 𝐴 𝑆 are the thermal conductivities of water, and aggregate solid, respectively.

Imperfect contact between bio-aggregates and binder

Due to the imperfect contact between the aggregate and the binder [36][37][38], it is necessary to consider the effect of the thermal resistance at the interface in the modeling of bio-based composites.

Special attention is paid on a scale of 10 0 to 10 2 mm in Fig. 2, where the red outline represents the imperfect contact between the bio-aggregate and the binder. Due to the elongated profile in most cases, the plant fibers are in contact with the binder almost through the axial side instead of the two tips. This suggests that ITZ is basically considered to appear on the axial side, as can be seen from the SEM image [36]. Moreover, from the point of view of heat transfer, the passage of temperature laterally through the fibers is accompanied by greater thermal resistance, while the passage axially along the fibers can be achieved in an easier way along the outer walls of the fibers or the binder.

This has been confirmed by the thermal flux distribution maps of the finite element simulations in our previous work [67]. Given the above, a method based on thermal jumping [48,68,69] is adopted in this paper, as shown in the following equations:

𝜆 ~𝐴 ⊥ = 𝜆 𝐴 ⊥ 1 + 𝜂 𝜆 𝐴 ⊥ 𝜆 𝑏 𝜆 ~𝐴 ∥ = 𝜆 𝐴 ∥ ( 15 
)
where 𝜆 ~𝐴 ⊥ denotes the effective thermal conductivity perpendicular to the axial direction and with the imperfect contact.
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𝜆 ~𝐴 = 𝜆 𝐴 ⊥ 1+𝜂 𝜆 𝐴 ⊥ 𝜆 𝑏 (𝛿 -𝑒 3 ⊗ 𝑒 3 ) + 𝜆 𝐴 ∥ 𝑒 3 ⊗ 𝑒 3 (16) 
2.3.4. Three-phase bio-based building materials (Scale 3: 10 0 -10 2 mm) On scales 1 (10 -2 -10 0 μm) and 2 (10-10 2 μm), the binder and bio-aggregates have been homogenized

based on micromorphology. Further on scale 3 (10 0 -10 2 mm) in Fig. 2, bio-based composite is considered to contain an isotropic binder, macropores, and transversely isotropic bio-aggregate. Its effective thermal conductivity of bio-based material can be expressed by Eqs. ( 4) and ( 5) as:

𝜆 ℎ𝑜𝑚 = (∑ 𝑓 𝑟 𝑁 𝑟=0 ⋅ 𝜆 𝑟 ⋅ 𝐴 𝑟 0 ) ⋅ (∑ 𝑓 𝑟 𝑁 𝑟=0 𝐴 𝑟 0 ) -1 = [(1 -𝑓 𝑝 -𝑓 𝐴 )𝜆 𝑏 + 𝑓 𝑝 𝜆 p ⋅ 𝐴 𝑝 0 + ∑ 𝑓 𝑟 𝑁 𝑟=2 𝜆 𝑟 ⋅ 𝐴 𝑟 0 ] ⋅ [(1 -𝑓 𝑝 -𝑓 𝐴 )𝛿 + 𝑓 𝑝 𝐴 𝑝 0 + ∑ 𝑓 𝑟 𝑁 𝑟=2 𝐴 𝑟 0 ] -1 (17) 
𝑓 𝐴 and 𝑓 𝑝 denote the volume fraction of aggregates and macropores on scale 3. The value of r in Eq. ( 17)

represents the specific phase, and the matrix and macropores are represented by 0 and 1. When r is greater than 1, it relates to inclusions in different orientations, i.e., specific θ and φ according to the method in Section 0. Also, X-ray tomography in the literature [16,32,33] shows a specific anisotropy of the bio-based material, that is, the fibers tend to be uniformly distributed in the plane perpendicular to the compaction. In detail, φ in Fig. 1 is equally distributed in the interval 0 to 360º , whereas θ tends to be 90º . This is due to the fact that the fibers always tend to be distributed in the plane perpendicular to the compaction under pressure. As described, the fiber-related terms ∑ 𝑓 𝑟 𝑁 𝑟=2

𝜆 𝑟 ⋅ 𝐴 𝑟 0 and ∑ 𝑓 𝑟 𝑁 𝑟=2 𝐴 𝑟 0 in Eq. ( 17) can be rewritten as: 

∑ 𝑓 𝑟 𝑁 𝑟=2 𝜆 𝑟 ⋅ 𝐴 𝑟 0 =
where 𝜃 * is the effective angle between the compaction and the fiber axial direction in the corresponding biobased concrete. 𝜆 ~𝐴 𝑁 (𝜃 * , 𝜑) and 𝐴 𝐴 𝑁 (𝜃 * , 𝜑) are obtained based on Eq. (10). In theory, an infinite value of N in Eq. ( 18) can cover all possible directions, which makes the same thermal conductivity of the bio-based material in the X (𝜆 𝑋 ) and Y (𝜆 𝑌 ) directions in Fig. 1. However, this leads to a high computational cost.

Therefore, a reasonable value can balance the computational cost and accuracy. The case of 0.5 𝑓 𝐴 and 0.35 𝑓 𝑝 proves that N of 10 is sufficient for this calculation because the relative error between 𝜆 𝑋 and 𝜆 𝑌 is only 1.21×10 -8 %.
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Iterative approach

Conventional mean field methods do not predict well for high inclusions volumes [50,51]. A novel iterative mean-field homogenization method (I-MFH) as shown in Fig. 3 provides a good solution to the problem of high inclusions volume. Firstly, the macropore and bio-aggregate are divided into n portions. Subsequently, the first portion of macropore and bio-aggregate are homogenized with the binder to obtain an equivalent medium 1. Further, the homogenization operation is performed in medium 1, and the second portion of the macropore and bio-aggregate to obtain an equivalent medium 2. Eventually, the equivalent bio-based material can be achieved after the targeted n-step homogenization. In contrast to the literature [53], this method considers both macropore and aggregate in each step of the iteration. Fig. 4 illustrates the computational process to implement the above iterative scheme. Note that only the medium and one portion of the aggregate and macropore are considered in each step of the iteration. Therefore, the volume fraction of the aggregate (𝑓 𝐴 𝑚 ) and macropore (𝑓 𝑝 𝑚 ) at the n-th iteration step can be calculated using the equation in Fig. 4. In addition, a number of iterations n needs to be set before the calculation. A large value of n can overcome the weaknesses of the meanfield approach at high fiber volumes, which in turn improves the prediction accuracy. However, this also increases the computational cost. Therefore, a test on the number of iterations is used to determine a suitable value of n (see Fig. 5). This test is based on high-volume fractions of aggregates and macropores which are 0.5 and 0.35. A total volume fraction of 0.85 is sufficient to cover most cases. It can be seen from Fig. 5 that the vertical and parallel thermal conductivity decreases sharply within 10 and especially within 5. When n is greater than 20, the thermal conductivity is almost independent of the iteration. Therefore, 20 is selected as the value for this iterative scheme.

Additionally, it can be probably deduced that in this case the reliability of the conventional MT method is doubtful with inclusions volumes higher than 0.085 and especially 0.170. This also 

Shape of bio-aggregates

As with mineral aggregates, the size of bio-based aggregates is usually measured by gradation rather than by a constant value. This makes it difficult to obtain the aspect ratio X in Eq. ( 9). This section presents a method to calculate the equivalent aspect ratio based on the cumulative percentage of length and width. The cumulative distribution function of the fiber length can be represented by the Weibull function [48,70] in Eq.
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𝐹(𝐿) = 1 -𝑒 -𝛼 𝐿 𝐿 𝛽 𝐿 (19) where 𝛼 𝐿 and 𝛽 𝐿 are parameters that reflect the length distribution, which can be obtained from the fitting of experimental data.

Likewise, this method can be used for width as follows:

𝐹(𝑊) = 1 -𝑒 -𝛼 𝑊 𝑊 𝛽 𝑊 (20) 
Subsequently, the effective length (𝐿) and width (𝑊) can be calculated by the following equations:

𝐿 = ∫ 𝐿𝛼 𝐿 𝛽 𝐿 𝐿 𝛽 𝐿 -1 𝑒 -𝛼 𝐿 𝐿 𝛽 𝐿 𝑑𝐿 +∞ 0 𝑊 = ∫ 𝑊𝛼 𝑊 𝛽 𝑊 𝑊 𝛽 𝑊 -1 𝑒 -𝛼 𝑊 𝑊 𝛽 𝑊 𝑑𝑊 +∞ 0 (21) 
Ultimately, the effective aspect ratio in Eq. ( 9) is 𝑋 = 𝐿/𝑊.

Model verification and application

Effective aspect ratio of bio-aggregates

The method described in Section 0 was used to calibrate the particle size distribution of wheat straw from [61]. Fig. 6 shows a comparison of simulation and experimental data for length and width. It can be seen from R 2 that the simulation based on the Weibull function gets a good match with the experimental data. This implies that this method can effectively utilize the existing and commonly used cumulative distributions to develop a size model for bio-aggregates. Then the average length (𝐿) and width (𝑊) calculated by Eq. ( 21) are 2.80 and 0.43 cm, respectively. Finally, the effective aspect ratio of wheat straw is 6.51.

Fig. 6. Comparison of experimental data [61] and fitting based on Weibull functions.

In the same way, the length and width of the hemp from [60] were fitted and the results are shown in Fig.

7.

The average length and width were calculated to be 5.48 and 1.53 mm based on the obtained parameters α and β. The effective aspect ratio of hemp particles for construction materials was thus calculated to be 3.59.

On the other hand, literature [71] 

Effective thermal conductivity of porous binder

On scale 1, the effective thermal conductivity of the binder can be obtained using Eq. ( 12) and
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shown with the curve in Fig. 8. Note that lime-based binder is a common choice for bio-based concrete because of its compatibility and low emissions in the manufacturing process [19]. Therefore, the thermal conductivity of the binder solid used for the simulations is 0.56 W/(mK) [48] from lime.

The Finite Element Method (FEM) results are taken from our previous study [67] as a comparison and verification. It can be seen from Fig. 8 that the present simulation matches the FEM results perfectly. Further comparison with different types of lime used in [44] for plant concrete also demonstrates good applicability. 

Effective thermal conductivity of porous bio-aggregates

Fig. 9 shows the comparison of the present model with the FEM and experimental results on scale 2. The thermal conductivity of aggregate solid and porosity used for model input was cited from hemp concrete [71],

which is 0.564 W/(mK) and 81.8%. As can be seen from Fig. 9, both parallel and perpendicular thermal conductivities decrease with porosity, which can be explained by the fact that the thermal conductivity of air (0.026 W/(mK)) is much lower than that of the aggregate solid (0.564 W/(mK)). Furthermore, the parallel thermal conductivity is greater than the perpendicular one because the heat flow tends to transfer axially along the fiber rather than transversely across it. Generally, the present model agrees well with the FEM and experimental results. This implies the reliability of the present model on individual bio-aggregate.

Fig. 9. Model validation on bio-aggregates with intra-particle pores (FEM: [67], experimental data: [72]).

Effective thermal conductivity of bio-based composite 3.4.1. Verification on binder-aggregates with orientation

After the model has been validated on binders and aggregates, this section aims to verify the reliability of the fiber orientation conversion to provide an additional basis for subsequent case applications. For this purpose, a finite element model of a two-phase material, i.e., binder-aggregate, is developed and compared with the analytical solution. In this finite element model, the transversely isotropic inclusions are embedded in an isotropic binder. According to the simulation of the shape of the hemp in Section 3.1, an aspect ratio of 3.59 was adopted for the inclusions. Moreover, the only variable for all cases is the orientation (defined in terms of θ and φ in Fig. 1). The number and volume fraction of inclusions are 75 and 0.25. Fig. 10 shows the thermal conductivity of the binder-aggregates as a function of orientation for φ and θ of 30º . Note that the three curves represent the thermal conductivity of the binder-aggregates in the X, Y, and Z directions in the global coordinate system, respectively. When φ is 30º , 𝜆 𝑋 reaches its maximum value at θ of 0 and 180º , while 𝜆 𝑌 and 𝜆 𝑍 reach it at θ of 90. This can be explained by the heterogeneity of bio-aggregates, where the thermal conductivity in the axial direction is greater than that in the transverse direction. In other words, the smaller the angle (acute angle) between the measured direction and the axial direction of the inclusions, the greater the thermal conductivity. When θ is 30º , it is noted that 𝜆 𝑍 is independent of φ, because the angle between the axial direction of inclusions and the Z-axis is always 30° regardless of φ. Also, a good agreement can be seen from the comparison of the FEM and the analytic solution in Fig. 10, the maximum relative errors for the two cases are 0.88% and 0.77%. Although the binder-aggregates is a simplified example in this section, this enables this section to exclude other factors and to better investigate the influence of fiber orientation on macroscopic behavior. Returning to the subject, this verification result shows that the quantitative description 

Case 1 for dry hemp concrete

The above verifies the present model on scales 1 and 2. Good predictability was also achieved in the simulations of shape and orientation. In this section, the model containing the three scales is applied to dry hemp concrete. The input parameters of this model were obtained from different literature and are presented in Table 1.

Table 1. Parameters of hemp concrete.

Property Value Reference

ρb (kg/m 3 ) 1079 [16] fp b (%) 50.6 [48] λb s (W/(m‧K)) 0.56 [48] ρA (kg/m 3 ) 265 [72] fp A (%) 81.8 [71] λA s (W/(m‧K)) 0.564 [71] X 3.59 Calculated from [60] θ 75º [58] fp 0.15 [59] It can be seen from the simulation results shown in Fig. 11 that the thermal conductivity perpendicular to the compaction is higher than that parallel to the compaction. In fact, this is caused
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Modeling the thermal conductivity of bio-based concrete 157 by the arrangement of hemp particles and its own anisotropy. The comparison of experiments and simulations shows that the present model predicts thermal conductivity well in both perpendicular and parallel directions. The dotted line in Fig. 11 was from an empirical equation: λ = 0.0002ρ + 0.0194 W/(mK) [44], which was used to calculate the effective thermal conductivity of hemp concrete from the density. Although the equation approximately agrees with the experimental results, it does not take into account the effect of orientation. In contrast, the present method is able to predict thermal conductivity for different orientations. Note that the parameter of imperfect contact here is 0.15 by inverse analysis, but this is related to the type of binder and aggregate, and the treatment of the aggregate. Many studies [73][74][75] have been devoted to treating the surface of the aggregates to improve the ITZ. The parameter of imperfect contact used in this study can quantify this behavior. In the application, for instance, this parameter is first obtained from the inverse analysis according to several sets of experimental data, which in turn can be used to predict the effective thermal conductivity of other concretes with the same surface treatment method.

Case 2 for dry and wet wheat straw concrete

Further, the present model is applied to wheat straw concrete and considers the effect of moisture and imperfect contact. The experimental data in this section are obtained from the study by Ismail et al. [54,61].

The main input data for this model are shown in Table 2 and Table 3. Note that the binder used in straw composite 1 is lime-based binder, while in straw composite 2 it is lime and 20% gelatin. The thermal conductivity of the solid phase of wheat straw was obtained by inverse analysis to be 0.80 W/(mK) at an intra-particle porosity of 86%. where the better contact between the bio-aggregates and the binder restricts the absorption of water.

Moreover, from a dry to a humid environment, the thermal conductivities of the straw composites 1 and 2

increase by about 20%. The raising from dry to wet states suggests that it is important to consider water saturation when studying the thermal conductivity of bio-based building composites.

Fig. 13. Calibration of the thermal conductivity of wheat straw concrete with moisture.

Case 3 for other bio-based building materials

The parameters in Section 0 were further used to approximately predict the effective thermal conductivity of building materials containing various plant aggregates. The predicted results were then compared with several experimental observations [28,[76][77][78][79] as shown in Fig. 14. It can be seen that when η is equal to 0, i.e., perfect contact, the curves of thermal conductivity in both directions cover a narrower range. In fact, due to the imperfect contact between the aggregate and the binder discussed earlier, η should be greater than 0.

When η = 2, the thermal conductivity in both directions decreases compared to the perfect contact, which is due to the thermal resistance of the interface and the special arrangement of the plant fibers. In addition, η of 2 covers a larger area where more experimental data are located. This also indicates that in practical situations, imperfect contact is not negligible.

Due to the different types of plant fibers and binders used in these studies, aggregate surface treatment methods, etc., the value of η varies accordingly. The best way to do this is to obtain the coefficients by inverse operation for the corresponding working conditions and use them to predict the behavior of other materials under the same conditions. It is interesting to note that this operation can also be used to quantify the degree of surface treatment of plant fibers. Fig. 14 shows a variety of plant fibers, so the model gives a range of 

Conclusion

The use of bio-based materials in buildings is mainly due to their low thermal conductivity. Previous experimental studies have identified the effects of plant fiber type, orientation, imperfect contact, pores on different scales, and moisture on thermal conductivity. However, so far, no study has perfectly combined all these factors in one model to predict the effective thermal conductivity. Therefore, this study developed a multiscale model based on an iterative homogenization method and considered the above factors simultaneously. In particular, a new iterative approach was used for the model, which iterates over both macropores and bio-aggregates, compared to the conventional iterative approach that considers only aggregates. Also, the approach of fiber orientation in this study can utilize the fiber orientation distribution from X-ray tomography, while the commonly used probability density function is an indirect way to describe the orientation.

A series of comparisons with experimental data from literature and finite element models were performed on different scales and cases. Firstly, the model agrees well with the experimental results in terms of binder and individual fibers. Secondly, a finite element model of the binder-aggregate was developed to compare with the analytical model, then the results implied that the approach for plant fiber orientation was accurate.

Thirdly, the model was applied to dry hemp concrete, which verified the predictive ability of the model in both perpendicular and parallel directions. Further, the successful application of the model on wet wheat straw concrete demonstrated the significant effect of moisture on thermal conductivity. Therefore, for modeling thermal conductivity under non-drying conditions, consideration of moisture is essential. Finally, CHAPTER IV : Performance optimization of bio-based concrete through a multiobjective approach

Chapter introduction

The preceding chapters have presented models for predicting the mechanical and thermal properties of bio-based concrete, but a single-objective optimization approach may not guarantee optimal performance for both properties. For example, an increase in the volume fraction of bio-aggregate may improve thermal insulation but reduce mechanical performance. Thus, this chapter proposes a multi-objective optimization approach that combines both models to optimize the overall performance of bio-based concrete.

Three optimization strategies are presented based on the structural differences of bio-based concrete in main industrial applications, including bio-based blocks or filler materials, bio-based roofs, and bio-based shotcrete. The optimization was first performed in a broad decision space and then extended to specific situations, including high-volume bio-aggregates, low-density roofs, and humid environments. As a result, the optimal solution for each situation was provided.

By applying a multi-objective optimization approach to the previously developed models, this chapter can provide an optimal solution for the comprehensive performance of bio-based concrete. This approach enhances the application potential of this sustainable material by allowing us to optimize multiple properties simultaneously, rather than focusing on a single property in isolation. In conclusion, this study provides a valuable contribution to the field of sustainable construction by demonstrating the potential of bio-based concrete and providing a framework for optimizing its performance.

This chapter is formatted as a manuscript for submission to a journal, and its final version is subject to possible revisions during the journal review process.
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Introduction

In recent years, the construction industry has been exploring sustainable alternatives to traditional building materials in response to the urgent need to reduce the carbon emissions and energy consumption [1,2]. One promising solution for low-load building components is bio-based concrete [3]. It is a composite material consisting of recycled agricultural waste, such as hemp [4], sunflower [5], and flax [6], as well as low-carbon binders including lime and metakaolin [7]). Bio-based concrete represents a new generation of sustainable building materials that have gained significant attention for their low-carbon footprint [8,9] and energy efficiency [10]. Studies assessing the life cycle of bio-based constructions have shown that they offer environmental benefits [9][10][11]. This sustainable material has the potential to support the European Green CHAPTER Ⅳ
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Deal's goal of reducing greenhouse gas emissions by at least 55% by 2030 and achieving climate neutrality by 2050 [12].

Bio-based concrete's excellent thermal insulation is one of its main advantages for use in construction. Its thermal conductivity can be as low as 0.06 W/m‧K [13] compared to 1.28 W/m‧K for normal concrete, 0.81 W/m‧K for clay bricks, 0.26 W/m‧K for hollow blocks, and 0.22 W/m‧K for aerated concrete [14].

Nevertheless, it performs weakly in terms of mechanical properties, for example, its compressive strength is generally less than 5 MPa [15]. This limits its use to non-load-bearing parts [16] and greatly hinders its potential for more applications. Therefore, it is important to improve and optimize the mechanical properties of bio-based concrete. However, improving the material's mechanical properties may come at the expense of its thermal insulation. For instance, reducing the volume of bio-aggregates can enhance the mechanical

properties, but at the same time the thermal insulation decreases [6]. In addition, binder, pretreatment, and fiber orientation all have varying degrees of influence on both properties [17,18]. Thus, it is necessary to improve the combined mechanical and thermal properties through a multi-objective optimization approach.

The macroscopic behavior of a material is closely related to its multi-scale structural characteristics.

Several experimental studies have demonstrated that the complex microscopic features of bio-concrete can influence its performance. [18,19] found that bio-fibers in concrete are often distributed in the plane perpendicular to compaction, which creates differences in properties between the horizontal and vertical directions. Moreover, the properties of concrete can be affected by the different shapes of bio-aggregates. As an example, the aspect ratio can influence the thermal conductivity and compressive strength of wheat straw [20]. Therefore, it is possible to optimize bio-based concrete by considering multi-scale structural features.

To achieve a comprehensive optimization, it is essential to establish quantitative relationships between mechanical and thermal properties and the aforementioned factors. Traditional experimental methods are time-consuming and cannot quantify the effects of factors such as orientation on performance.

The analytical method has several advantages in this case, including reduced cost, faster results, and greater control over variables [21]. It enables the analysis of complex systems that are challenging to replicate experimentally. Nevertheless, previous models are inadequate for the intricate microstructure of bio-based concrete. The composite sphere assumption-based model was employed initially for bio-based concrete [22][23][24]. This scheme is simple to execute and can approximately anticipate concrete behavior. However, it overlooks the fibers' shape and orientation distribution. Subsequently, researchers such as [25] enhanced the model by incorporating more microstructural features. But they do not encompass moisture, imperfect contact, and comprehensive multiscale structure in one model.

Our previous study [26,27] proposed multiscale models for the mechanical properties and thermal conductivity of bio-based concrete, respectively. The models considered several factors, i.e., the volume fraction of each phase, shape and orientation of plant aggregates, moisture, pore size, and imperfect contact.

In this study, we optimize the combined mechanical and thermal performance of bio-based concrete using a CHAPTER Ⅳ

Performance optimization of bio-based concrete through a multi-objective approach multi-objective approach. This optimization contains four decision variables: aspect ratio, porosity, volume fraction, and orientation, as well as two objectives: higher mechanical properties and thermal insulation.

Moreover, we propose three optimization strategies based on the main industrial applications of bio-based concrete. To cover a wider range of design possibilities, the optimization was first carried out in the general case and then in more practical design requirements, such as high-volume bio-aggregates, more demanding performance requirements, low densities, and wet environments. The results provide specific optimal solutions for different applications and requirements, with three preferences offered: mechanical properties, thermal insulation, and balanced performance. This study aims to improve the overall performance of biobased concrete by means of a multi-objective optimization approach, increasing its potential for applications and contributing to a more sustainable and efficient construction industry.

Methodology

Multi-scale models

Bio-based concrete is a sustainable building material composed of agricultural waste and low-carbon binders. It has a more complex microstructure than traditional concrete due to the shape and high-volume fraction of the plant aggregates. In previous research [26,27], we proposed homogenization models based on the multi-scale structure of bio-based concrete, focusing on its mechanical and thermal performance, respectively. They were developed from the classical Mori-Tanaka homogenization theory [28] and considered several factors, including the multi-scale structure, shape and orientation of the bio-aggregates, volume fractions of each component, different pore sizes, water content, and imperfect contact. The effective mechanical and thermal properties of the homogenized material can be summarized by Eqs. (1) [26] and (2) [27]. In this study, we will combine both to optimize the overall performance of bio-based concrete.

ℂ ℎ𝑜𝑚 = ∑ 𝑓 𝑟 𝑁 𝑟=0 ℂ 𝑟 ∶ [𝔸 𝑟 ∶ (∑ 𝑓 𝑟 𝑁 𝑟=0 𝔸 𝑟 ) -1 ] (1) 
𝜆 ℎ𝑜𝑚 = ∑ 𝑓 𝑟 𝑁 𝑟=0 𝜆 𝑟 ⋅ [𝐴 𝑟 ⋅ (∑ 𝑓 𝑟 𝑁 𝑟=0 𝐴 𝑟 ) -1 ] (2) 
In the above equations, ℂ ℎ𝑜𝑚 and 𝜆 ℎ𝑜𝑚 denote the effective fourth-order stiffness tensor and second-order thermal conductivity tensor. The volume fraction of the 𝑟 -th phase is represented by 𝑓 𝑟 , where 𝑟 = 0 corresponds to the binder and 𝑟 ranging from 1 to N represents the inclusions (bio-aggregates) in different directions. 𝔸 and 𝐴 denote the fourth-order and second-order concentration tensor. It depends on the Hill CHAPTER Ⅳ

tensor ℙ (mechanical problem) or the interaction tensor 𝑃 (thermal problem), which contains information about the shape of bio-aggregates.

Additionally, the thermal model considered moisture (W) and imperfect contact (η), where bio-aggregates were assumed to be made up of aggregate solids and pore inclusions partially or fully saturated with water.

Detailed calculations can be found in [27].

Multi-objective optimization problem

The concept of multi-objective optimization is based on the idea of simultaneously optimizing multiple objectives that are often in conflict with each other [29]. In such cases, finding a single optimal solution that satisfies all objectives is often not possible, and a trade-off between conflicting objectives must be made. To deal with such problems, the domination-based approach proposed by Goldberg D. E. [30] is widely used. In this approach, the decision variables 𝑋 = (𝑥 1 , 𝑥 2 , . . , 𝑥 𝑚 ) and the objective functions 𝑓(𝑋) = (𝑓 1 (𝑋), 𝑓 2 (𝑋), . . , 𝑓 𝑛 (𝑋)) are defined, and then the general multi-objective optimization problem can be expressed mathematically as follows:

min 𝑓(𝑋) = (𝑓 1 (𝑋) , 𝑓 2 (𝑋) , . . . , 𝑓 𝑛 (𝑋)), 𝑜𝑟 max (-𝑓(𝑋))

with two types of constraint functions 𝑔 𝑖 (𝑋) and ℎ 𝑖 (𝑋) as follows 𝑔 𝑖 (𝑋) ⩾ 0 (𝑖 = 1, 2, . . . , 𝑘) ℎ 𝑖 (𝑋) = 0 (𝑖 = 1, 2, . . . , 𝑙)

and the boundaries of the decision variables

𝑋 𝐿𝑜𝑤𝑒𝑟 ⩽ 𝑋 ⩽ 𝑋 𝑈𝑝𝑝𝑒𝑟
In multi-objective optimization, the solutions can be categorized as dominated or non-dominated. A dominated solution is one that is worse than at least one other solution in all objectives. A non-dominated solution, on the other hand, is one that is not dominated by any other solution. The set of non-dominated solutions is called the Pareto optimal set [31]. The Pareto optimal solution set cannot be improved in any objective without worsening at least one other objective. The Pareto optimal solution set forms a front in the objective space, which is called the Pareto front. The Pareto front represents the trade-offs between the objectives and shows the best possible compromise solutions for different preferences or scenarios. In the context of bio-based concrete, the objectives of interest typically include both mechanical and thermal performance. Therefore, this study aims to find the Pareto optimal solution set under different constraints to improve the overall performance of bio-based concrete for various industrial applications.
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After identifying the mechanical and thermal insulation properties as the two main objectives for multiobjective optimization of bio-based concrete, it is crucial to note that the specific optimization targets may vary depending on the intended application of the concrete. Based on the investigation the main industrial applications of bio-based concrete [15,32,33], three main types have been identified, classified by their anisotropic microstructures:: bio-based block (BB) or bio-based wall filling materials, bio-based roofing (BR), and bio-based shotcrete (BS). Fig. 1 illustrates the structures and corresponding optimization strategies for these three types.

In BB, concrete blocks are generally stacked horizontally into walls, with load-bearing primarily along the compaction direction. Therefore, 𝐸 ∥ is chosen as the mechanical optimization target. Thermal insulation properties are mainly determined by the heat transfer inside and outside the wall, which is represented by 𝜆 ⊥ in the direction perpendicular to the compaction.

In BF, the load bearing direction is the same, i.e., 𝐸 ∥ . But thermal insulation properties are determined by the thermal conductivity in the direction perpendicular to the roof surface, i.e., 𝜆 ∥ . It should be noted that this study focuses on horizontal roofs.

In BS, fibers tend to be randomly distributed on the sprayed wall surface [34]. Therefore, the optimization targets are 𝐸 ⊥ and 𝜆 ∥ .

The optimization strategy for bio-based concrete is to find the Pareto optimal solution for multiple industrial applications, thus to improve the overall performance of bio-based concrete based on different constraints.

Fig. 1. Three optimization strategies for bio-based concrete.

Decision variables and constraints

The optimization of bio-based concrete involves selecting suitable decision variables and constraints to ensure that the resulting meets the requirements of different applications. In this study, four decision variables were chosen: aspect ratio (X), porosity in binder (fp b ), volume fraction of fibers (fA), and fiber orientation (θ).

The boundaries of these decision variables, i.e., their minimum and maximum values, were determined based on a literature survey, as presented in Table 1. These values were selected to cover and slightly exceed those reported in the literature, which can compensate for any omissions in the literature survey and provide a more comprehensive exploration of the design space.

Moreover, the performance requirements of bio-based concrete vary depending on its intended application, such as the dosage of bio-aggregates, mechanical and thermal insulation properties requirements, environmental humidity, and density. Therefore, corresponding constraints were proposed to optimize the performance of bio-based concrete for specific requirements, as detailed in sections 2 to 5.

The sampling density (SD) shown in Table 1 represents the number of points sampled between the minimum and maximum values of each decision variable. For example, SD-3 indicates that three equally spaced points are sampled in each decision space, i.e., X (3,7,11), fp b (0. 

Results and discussions

Sampling density (SD)

Fig. 2 shows the point distributions of the generated objective values and the corresponding Pareto fronts in BB for five sampling densities, namely, SD-3, SD-6, SD-9, SD-12, and SD-15. As can be observed, the Pareto fronts become more densely packed with points as the sampling density. Higher sampling densities lead to more accurate approximations of the true Pareto fronts. It is worth noting that the amplitude of the lines decreases as the sampling density increases. This implies that some Pareto optimal solutions may have been missed at lower densities, but they were found as the density increased. Thus, the use of higher sampling densities is crucial to ensure that all relevant Pareto optimal solutions are identified, especially when dealing with complex multi-objective optimization problems. In terms of BB, the comparison of SD-9 and SD-12 reveal that the Pareto front of SD-9 is less accurate at approximately -300 MPa, whereas the Pareto front of SD-12 and SD-15 are nearly identical. Therefore, SD-12 satisfies the requirements of BB. Similarly, the minimum sampling density requirements for BR and BS are SD-9 and SD-12. In summary, SD-12 was chosen as the sampling density for the subsequent optimization analyses. The results demonstrate that a density of SD-12 is adequate for identifying the Pareto-optimal solutions for this optimization problem, striking a balance between accuracy and computational cost. 

Point distribution of the objectives

The selected sampling density SD-12 was implemented to represent the objectives in three main applications. The resulting point distribution was plotted in Fig. 4. While the decision variables were uniformly selected, the density of the point distribution was significantly higher in the lower-right corner of the plot. This means that the overall sensitivity of the objectives to the decision variables is not uniform, and is more pronounced when the thermal conductivity and mechanical properties are high. A comparative analysis of the three applications reveals that the high point density region in BS is closest to the Pareto front,
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The point distribution reflects the general sensitivity of the objectives to the decision variables. To investigate this phenomenon in detail, further studies in Section 3.3 could examine the specific decision that contribute to the point distribution. θ are spread over all the objective ranges, while the point distribution of the other variables depends on the thermal or mechanical properties. This indicates that X and θ can work in all cases. However, increasing the values of fA and fp b leads to a loss in mechanical properties, which cannot be compensated by the optimization of X and θ. Further comparison of X and θ reveals that the distribution of X is uniform, while θ is distributed CHAPTER Ⅳ
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The coverage of the same color represents the optimization potential through the other three variables, with larger coverage indicating larger optimization space. In Fig. 5, the red color of fA and fp b is more widely distributed, i.e., concrete at low fA and fp b has greater optimization potential through four decision variables.

This can be explained by the higher sensitivity of concrete performance in this case.

When comparing the colors of the Pareto fronts, it can be observed that high X and low θ are optimal solutions for BB. But, the suboptimal solution of X (from 6 to 8) is also worth considering when the bioaggregate shape has been determined because it is very close to the Pareto front. Moreover, the optimal solutions for fA and fp b vary with thermal conductivity. Lower values of fA and fp b are optimal for mechanical performance preference, while higher values are optimal for thermal insulation preference, regardless of the values of X and θ. As mentioned earlier, multi-objective optimization leads to a set of solutions without prioritization.

However, recognizing that different stakeholders may have distinct preferences regarding the objectives, we CHAPTER Ⅳ

Performance optimization of bio-based concrete through a multi-objective approach 183 define three distinct preference scenarios. The first preference scenario, referred to as 'preference for mechanical properties' (PM), places a higher priority on maximizing mechanical properties while accepting a certain trade-off in thermal insulation. The second preference scenario, denoted as 'balanced performance' (BP), reflects a balanced compromise between thermal insulation and mechanical properties, acknowledging an equal preference for both objectives. Lastly, 'preference for insulation' (PI) represents a strong emphasis on achieving optimal thermal insulation performance while allowing for a moderate compromise in mechanical properties. By considering these three preference scenarios (Fig. 5), we aim to provide a comprehensive understanding of the trade-offs and optimal solutions that cater to a range of stakeholder preferences in this multi-objective optimization problem. Table 3 presents the detailed optimal solution for BB, BR, and BS in the general case. 

BR

The point distribution for application BR in the general case is depicted in Fig. 6. Unlike BB, the point distribution of BR is more continuous from the upper left to the lower right. It can be inferred that the influence of decision variables on mechanical and thermal performance is more balanced. A modification in one factor is more clearly reflected in both performances. Additionally, the color distribution of fp b and fA in Fig. 6 is similar to that in BB, but more concentrated. At the low conductivity, the comparison of Fig. 5 and Fig. 6 for θ exhibit opposite color distributions due to the distinct microstructures. Table 3 provides three specific optimal solutions. Fig. 6. Color-coded point distribution of objectives in BR.

BS

Fig. 7 illustrates the point distribution for the application BS. The points are arranged from the upper left to the lower right and their continuity is between BB and BF. The distribution for fA and fp b is consistent with that observed in BB. For concrete with a priority on mechanical performance, it is recommended to take low values of fp b and fA. For high thermal insulation concrete, the opposite is recommended. The color distribution of θ is the opposite of that observed in BB. Hence, high θ values are suggested in BS. The optimal solutions for this case are listed in Table 3.

The optimal point distribution shares some similarities across different applications. The large X value is the optimal solution for all cases although the lifting effect through X is weak. Moreover, the color maps of fA are consistent across all three applications. The bio-aggregate volume fraction plays a crucial role in determining the mechanical properties of concrete. High bio-aggregate content often leads to inferior mechanical performance. The pursuit of improved strength presents opportunities for replacing traditional 

Constraints on bio-aggregates

The volume fraction of bio-aggregates used in the formulations analyzed in Section 3.3 ranged from 0.1 to 0.9, which covers both structural and non-structural applications. However, recent laboratory formulations have primarily focused on non-structural applications, where the volume fraction of bio-aggregates is relatively high, such as 0.40, 0.46 [13]. Therefore, this section specifically examines cases where the volume fraction is greater than 0.4. Fig. 8 shows the point distributions and Pareto fronts in high-volume bioaggregates for BB, BF, and BS. The concrete with high-volume bio-aggregates has approximately the same point distribution as the general case but exhibits lower mechanical performance and better thermal insulation. As an example, comparing the PM points of BB for the two cases shows that high-volume bioaggregates exhibit a 47% reduction in mechanical strength and a 12% improvement in thermal insulation.
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Although formulations with high-volume bio-aggregate are typically used for non-load bearing structures and can lead to improved thermal insulation, increasing the fraction of bio-aggregate requires careful consideration of the resulting changes in mechanical properties.

The corresponding optimal solutions are listed in Table 4. 

Performance Constraints

Bio-based concrete is a building material that possesses superior thermal insulation and weak mechanical properties. Compared to commonly used building materials, bio-based concrete has an advantage in terms of thermal conductivity, which can reach about 0.06 W/m‧K [13], while that of aerated concrete and hollow bricks is 0.22 and 0.26 W/m‧K [14] (Fig. 9). Meanwhile, the modulus of elasticity for hemp concrete is typically between 32 to 95 MPa when used in moderate dosage [22]. Bio-based concretes with mechanical properties higher or lower than this range can be defined as high or low mechanical performance, respectively (Fig. 9). To limit the impact of these trade-offs, performance constraints are set at a thermal conductivity of 0.22 W/m‧K and a modulus of 95 MPa.

The plot in Fig. 9 shows three zones that represent different combinations of thermal insulation and mechanical performance. Zone 1 represents solutions that exhibit both high thermal insulation and improved mechanical performance, whereas Zone 2 represents improved mechanical performance and low thermal insulation, and Zone 3 shows high thermal insulation but weak mechanical performance. Given the performance constraints, the optimal solutions from Zone 1 are selected. Accordingly, Table 5 lists the three optimal solutions in this zone. Roof structures generally have a lower load-bearing capacity compared to other parts of a building. The utilization of bio-based materials in roofing systems must be meticulously designed to ensure that the structure can safely support the weight of the roofing material and any additional loads, such as snow or wind.

The density of bio-based materials can vary depending on the specific formulation. The density of bio-based roofing does not exceed 300 kg/m 3 [43], making it a lightweight concrete. Therefore, this section sets the density constraint to 300 kg/m 3 . The left side of Fig. 10 shows the distribution of points in the decision space under the density constraint, where the lightweight zone and the decision space are marked in red and black.

The optional range of the bio-based roofing occupies a small portion of the decision space, featuring outstanding thermal insulation and very low mechanical strength. Fortunately, bio-based roofing does not have a large load-bearing role, which allows the advantages of thermal insulation to be fully exploited in this case.

To further investigate the point distribution and the Pareto front, the lightweight Zone is magnified and displayed on the right side of Fig. 10. The variation of the Pareto front from PM to BP to PI shows a rapid decrease in mechanical performance, ending at 12 MPa. Hence, this weak bio-based roofing is often utilized with load-bearing frames (Tradical ® [44]). As a result, the optimal solutions for bio-based roofing within this density range are presented in Table 6. 

Optimization in humid environments

The behavior of bio-based materials in humid environments is a crucial factor in their design. Bio-based concrete has a porous structure that results in a strong water absorption capacity [45], and several experimental studies [46,47] have demonstrated the significant influence of water content on thermal conductivity. Given that bio-based concrete structures may often be exposed to humid environments, it is essential to investigate the differences in multi-objective optimization under varying levels of humidity. This section explores three distinct water saturation levels: 0, 0.3, and 0.6, which respectively represent dry, low humidity, and high humidity building environments. Water saturation refers to the volume ratio of water to intra-particle pores.

As Fig. 11 shows, the Pareto front gradually moves away from the origin with moisture in wet environments. Also, it is found that the differences of three Pareto fronts are minor from -800 to -200 MPa, but increased significantly from -200 MPa to 0 MPa. The curve's slope also decreased when the modulus was greater than -200 MPa, particularly for BB, as thermal conductivity decreased. These findings suggest that the decision variables have a more significant impact on mechanical performance than insulation properties in low-density concrete. Lower density concrete is more sensitive to humidity changes, whereas increasing density can help resist the effects of changing humidity levels in the environment. It should be noted that this measure must meet the requirements of performance or density. 

Summary of optimal solutions for varied requirements CHAPTER Ⅳ

Performance optimization of bio-based concrete through a multi-objective approach 192

In this section, we provide a comprehensive summary of the optimal solutions obtained through multi-objective optimization for different requirements in bio-based concrete. The multi-objective optimization process was conducted separately for distinct sets of design requirements, including high-volume aggregates, higher performance requirements, and lightweight considerations. Addressing these specific requirements individually allowed designers to tailor the optimization strategies more effectively to meet the desired objectives.

Fig. 12 illustrates the distribution of objective values under the three different requirements. In the general case, the point distribution ranges from -800 to -11 MPa, while under the more specific requirements, the distribution ranges from -400 to -11 MPa. The thermal insulation properties of bio-based concrete play a crucial role in various applications.

Moreover, there are overlapping regions between the high-volume aggregates area and the performance-oriented area, as well as between the lightweight area and the high-volume aggregates area. This indicates the possibility of optimal solutions that simultaneously meet both requirements. For example, optimal solutions satisfying both volume and performance can be found in the range of -330 to -100 MPa. Notably, around -105 MPa, the optimal solution aligns with the Pareto-optimal solutions for both requirements. Similarly, within the range of -45 to -11 MPa, the optimal solutions fulfill the requirements for lightweight and high volume. However, when comparing the lightweight and performanceoriented areas, no overlapping region is observed, suggesting a trade-off between these two requirements. It is worth mentioning that lightweight concrete is commonly utilized in applications such as roofs, where exceptional performance is not critically required. Performance optimization of bio-based concrete through a multi-objective approach 193 mitigating the impact of ambient humidity. These optimized solutions provide valuable insights for applications in regions characterized by high humidity levels or exposure to moisture.

Collectively, the multi-objective optimization results demonstrate the versatility and adaptability of bio-based concrete in meeting diverse design requirements. The tailored solutions offer designers a range of options to enhance mechanical strength, insulation properties, or achieve a balance between different performance aspects.

Conclusion

Bio-based concrete is gaining attention due to its excellent thermal insulation and eco-friendliness.

Optimizing the properties of bio-based concrete facilitates the expansion of its application, especially considering the weak mechanical properties. However, single-objective optimization cannot meet the requirements of practical applications. To address this challenge, our previous study presented a novel multiscale model for mechanical and thermal properties of bio-based concrete, which has been verified through comparison with finite element and experimental data. In this study, we applied the model to optimize the combined performance of bio-based concrete in terms of its mechanical and thermal insulation properties, using a multi-objective optimization approach customized for bio-based construction.

We identified three main industrial applications of bio-based concrete through a literature survey and developed three optimization strategies to optimize the performance of bio-based concrete for each application. The optimization included four decision variables, including aspect ratio, porosity, volume fraction, and orientation. The boundaries of the decision variables are given in the general case, i.e., the range of values in the reference and slightly beyond it. This can give more possibilities for formulation design.

Correspondingly, we first performed the optimization in the general case and then extended it to more realistic situations, such as those involving high-volume bio-aggregates, more stringent performance requirements, low densities, and humid environments. Results showed that the optimal solution varied with each application and situation. As a key result, this study provided the optimal solutions for specific applications and requirements, as well as three preferences for improved mechanical performance, outstanding thermal insulation, and balanced performance, respectively. This gives different decision makers more flexibility in choosing the best option for their needs.

In conclusion, this study provides essential design parameters for optimizing the combined performance of bio-based concrete across various industrial applications, requirements, and preferences. This has the potential to enhance its practicality and maximize its contributions to reducing carbon and energy consumption in the construction industry. 

Conclusions and perspectives

This thesis aims to propose a multi-scale homogenization model for predicting and optimizing the mechanical and thermal properties of bio-based concrete. This objective is achieved in two steps: the first step proposes separate models for the mechanical and thermal properties, while the second step combines the two models through a multi-objective optimization approach.

Both models are based on the multiscale microstructure of bio-based concrete and consider several factors such as the volume fraction of each phase, the shape and orientation of the bio-aggregate, and pores.

Additionally, the mechanical model takes into account the mechanical properties of the binder, while the thermal model considers imperfect contact and moisture. These additional factors have been shown in previous experimental studies to significantly influence the performance of individual objective.

The mechanical behavior of bio-based concrete is influenced by several factors, as revealed by the parametric study. These include E-Binder, volume fraction, orientation, shape (R < 8), shape (R > 8), and E-Aggregate, in order of decreasing impact. upgrading the binder and reducing aggregate volume fraction are two significant ways to enhance the mechanical properties of bio-based concrete. Further investigations showed that orientation optimization, achieved by increasing the level of compaction, is beneficial for low aspect ratios (such as sunflower pith and maize). The volume fraction has a similar effect regardless of high or low aspect ratios. Moreover, for high volume bio-aggregates, the optimization potential in terms of shape and orientation is significant. This can be explained by the cumulative influence of plant fibers. In this case, a 32% increase in the modulus perpendicular to the compaction direction can be achieved through shape and orientation optimization for a given component characteristic.

Bio-based concrete is used in buildings mainly due to its high thermal insulation. Its thermal conductivity is related to volume fraction, porosity, shape, orientation, imperfect contact, and moisture. The thermal conductivity of hemp and bio-based construction material increases with water saturation in both parallel and perpendicular directions. However, the parallel thermal conductivity of hemp increases linearly with water saturation, whereas that of bio-based materials increases nonlinearly.

Regarding the effect of inclusion shape on thermal conductivity, three shapes were investigated: length/width = 2, 4, and 10. The results show that for bio-based materials, the thermal conductivity is almost independent of shape in the direction of compaction. However, in the direction perpendicular to compaction, the thermal conductivity at low length/width is lower than that of other shapes, and the difference increases with water saturation.

The anisotropy of bio-based materials is a non-negligible feature, which leads to mechanical and thermal properties that exhibit large differences horizontally and vertically. Due to the compaction or spraying of the process, the plant fibers tend to be distributed in a direction perpendicular to the compaction or spraying. The average angle of the fibers depends on the degree of compaction or spraying during the construction process.

Heavy compaction leads to unidirectional optimal mechanical properties for a constant mixture, while moderate compaction achieves balanced optimal mechanical properties in all directions.

The slender structure of the individual fibers also increases the anisotropy of the concrete in terms of thermal conductivity. The thermal conductivity of the fibers is greater in the axial direction than in the transverse direction. Based on the analysis of plant fiber orientation, it can be observed from the finite element analysis that heat tends to flow axially along the fiber rather than transversely across it. The heat flux on the fiber decreases as the angle (acute angle) between the fiber and the initial heat flow increases. This behavior can be attributed to the transversely isotropic structure of the plant fibers. Moreover, the anisotropy of both individual fiber and bio-based construction material initially increases, reaches a maximum of approximately 0.4 water saturation, and then decreases with further water saturation. Anisotropy decreases as the scale increases from pore-moisture, to bio-aggregate, to concrete.

The comparison of finite element models, analytical models, and experimental data from the literature showed a high agreement across various scales and cases.

Although the multiscale model for bio-based concrete performs well in terms of individual mechanical and thermal properties, practical applications often require an overall performance of the material. To address this need, a multi-objective optimization method was proposed to simultaneously consider both mechanical performance and thermal insulation. The optimization involves four decision variables: shape, porosity, volume fraction, and orientation, and two optimization objectives: high mechanical performance and thermal insulation. The distribution of points in the two objectives suggests that the combined performance of the material is more sensitive to the decision variables at low densities.

Since optimization schemes for bio-based concrete should correspond to different industrial applications, three optimization strategies based on the classification of structural were proposed for three different industrial applications: bio-based blocks or wall filling materials, bio-based roofs, and bio-based shotcrete. Sensitivity analysis reveals that the optimal solutions with respect to the decision variables differ for the three industrial applications, confirming the need for classification of optimization strategies.

To provide more flexibility for the formulation design of bio-based concrete, we also give the optimal solution for the general case, which involves a larger range of values for the decision variables. This can provide a better perspective to analyze the impact of decision variables on the overall performance. However, practical applications may have specific requirements, such as more demanding performance, high-volume bio-aggregates, low density roofs, and humid environments. Corresponding constraints for these specific requirements were developed for optimization, and optimal solutions were subsequently given.

The optimal solution in a multi-objective optimization problem is a solution set, namely a Pareto solution set. There is no difference in quality between the optimal solutions in the set. For bio-based concrete, we divide the Pareto solution set into three specific cases: high mechanical performance, high thermal insulation, and balanced performance, providing practitioners with more options in actual construction.

The findings presented in this thesis provide valuable insights into the prediction and optimization of bio-based concrete for practical applications. By providing a better understanding of the material's properties and a multi-objective optimization approach for improving its overall performance, this research has the potential to advance the development of such sustainable and eco-friendly materials, and could ultimately contribute to the reduction of carbon emissions in the construction industry.

There are still some aspects that could be improved in future work. Specifically, for the shape and orientation of bio-aggregates, this model used an effective fiber aspect ratio and orientation to simplify the calculations. Although these values were derived from length and width distribution curves from image analysis, and orientation distribution curves from X-ray tomography, a more realistic distribution would be closer to reality. Thus, future work could consider incorporating real distributions directly into the model.

Moreover, this study only focused on the linear mechanical behavior of bio-based concrete, and future work could expand upon this by modeling its nonlinear mechanical properties through analytical or numerical approaches. This would allow for a more comprehensive understanding of the material's behavior under varying loads and conditions. Fracture, shrinkage, and creep behavior of bio-based concrete are also potential topics that need to be investigated. Furthermore, carbon emissions and energy consumption throughout the entire lifecycle are supplementary to objectives of mechanical and thermal performance, which can lead to a more comprehensive optimization.
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Figure 1 . 2

 12 shows the various methods of construction of hemp concrete. The use of several types of precast blocks can be seen to enhance the aesthetics of the building.
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 11 Figure 1.1. Spraying of bio-based concrete [69].
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 12 Figure 1.2. Construction methods for hemp concrete [21].
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 13 Figure 1.3 (a). Moreover, bio-based concrete walls are also used in firewalls, soundproof walls, and interior partition walls because of its high thermal insulation, high sound absorption, aesthetics, and low toxicity of the bio-based material [68], as shown in Figure 1.3 (b) and (c). The density used for this formulation is between 350 and 550 kg/m 3[70]. This provides a balance of mechanical properties and insulation.
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 13 (d) illustrates the construction process of a bio-based concrete roof from Tradical ®[72].

Figure 1 . 3

 13 (f) shows an example from Tradical ®[73].

Figure 1 . 3 .

 13 Figure 1.3. Various applications of bio-based concrete. (a) wall with load-bearing blocks [68,74], (b)firewall[68,74], (c) soundproof wall[68,74], (d) roof[72], (e) floor[68,74], (f) frame filling[73].
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 14 Figure 1.4. Microstructure of hemp concrete [76].

Figure 1 . 5

 15 illustrates the pores in the bio-based material at different scales and they all show CHAPTER Ⅰ Literature review three different sizes of pores. The comparison between the left and right of Figure 1.5 shows the difference
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 15 Figure 1.5. Pores at different scales in bio-based concrete [43].
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 1617 Figure 1.6. Stress-strain curves of bio-based concrete in different directions [82,83].
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 1718 Figure 1.7. Flexural load-deflection test of industrial hemp fiber-reinforced beam [84].
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 18 Figure 1.8. Triaxial shearing behaviour of bio-based concrete [85].
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 19 Figure 1.9. Tensile stress-strain curves of bio-based concrete [86].

Figure 1 .

 1 10 demonstrates the sorption capacity of a variety of plant fibers: hemp shiv (HS), sunflower pith (SP), sunflower bark (SB), corn bark (CB), corn cob (CC), and barley straw (BS), it increases with the relative humidity of the environment and increases more rapidly when it is almost saturated. Among the above-mentioned bio-aggregates, sunflower pith and sunflower bark have higher water absorption on average. For corn bark, it has the lowest water absorption at low relative humidity and increases fastest at high relative humidity. It regulates and moderates building humidity changes, thus balancing indoor and outdoor temperature and humidity changes and suppressing external weather[START_REF] Rahim | Characterization of flax lime and hemp lime concretes: Hygric properties and moisture buffer capacity[END_REF].

Figure 1 . 10 .

 110 Figure 1.10. Sorption capacity of bio-aggregates. Hemp shiv (HS), sunflower pith (SP), sunflower bark (SB), corn bark (CB), corn cob (CC), and barley straw (BS) [57].
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 1111 Figure 1.11. Hourly temperature and relative humidity of hemp concrete wall [92].
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 1 Figure 1.13.

Figure 1 . 13 .

 113 Figure 1.13. Thermal conductivity of ten types of bio-concrete [57] (Left: dry, right: 55±5% relative humidity).

Figure 1 .

 1 14 (right).

Figure

  Figure 1.14. Effect of binder type on mechanical (left) and thermal (right) properties [93].

Figure 1 . 1 .

 11 The effect of flax shape and percentage on the thermal conductivity of concrete is shown in Figure1.15 (b). The comparison of j=1,2,3 shows that the thermal conductivity of flax concrete decreases with the percentage of bio-aggregate. This can be explained by the lower thermal conductivity of porous flax particles compared to the binder. The comparison of i=1,2,3

Figure 1 .

 1 15 (c) illustrates that the compressive strength of flax concrete decreases with volume fraction, while the effect of the flax shape on the compressive strength is almost negligible. The effect of the high percentage can be explained by the increase in porosity and the weak bonding of the binder/bio-aggregate.

Figure 1 . 15 .

 115 Figure 1.15. Effect of flax fiber size (a) on thermal conductivity (b) and compressive strength (c). Fi-j, i = (1, 2, 3) denotes BS, MS, and LS, respectively. j = (1, 2, 3) denotes the mass percentage of 11.5%, 14.5%, and 17.5%, respectively. (Adapted from [97]).

  (a) Measured by image analysis[START_REF] Williams | A method for the assessment of the internal structure of bioaggregate concretes[END_REF].(b) Measured by X-ray tomography[18].

Figure 1 . 16 .

 116 Figure 1.16. Orientation of plant fibers in concrete [18,82].
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 1 17 (a) shows the relationship between the CHAPTER Ⅰ Literature review49 

Figure 1 . 17 .

 117 Figure 1.17. Mechanical properties (a) (b) and thermal conductivity (c) of hemp concrete at different compaction levels and layer thickness [99].

Figure 1 . 18 shows

 118 the significant increase in thermal conductivity of corn stalk concrete with moisture in three binders (OPC: ordinary Portland cement, GP: geopolymer, MPC: magnesium phosphate cement) and three pretreatment methods (UCS: untreated corn stalk, ACS: alkalization process, LCS: hydrophobization process).

Figure 1 .

 1 Figure 1.18. Effect of moisture on the thermal conductivity [45].
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 119 Figure 1.19. Thermal conductivity of hemp concrete with dry density [23].

Figure 1 . 20 .

 120 Figure 1.20. Surface treatment of apricot shell and compressive strength of corresponding concrete [54].

Figure 1 . 21 .

 121 Figure 1.21. Effect of pretreatment on the thermal properties of corn stalk concrete [45].

Figure 1 .

 1 Figure 1.22 (top) illustrates the effect of temperature on the thermal conductivity of corn stalk concrete with three binders and three pretreatment methods for nine formulations as described in Section 1.4.5. It can be seen that the thermal conductivity increases with temperature from 20°C to 50°C regardless of the binder and pretreatment. This can be explained by the fact that high temperatures enhance the heat transfer in the pores [45,106]. Seng et al. [23] gave an empirical equation for dry hemp concrete with temperature as shown in Figure 1.22 (bottom).

Figure 1 . 22 .

 122 Figure 1.22. Thermal conductivity of corn stalk (top) and hemp (bottom) concrete with temperature [23,45].

Figure 1 .

 1 23 shows the stress-strain curves of hemp concrete at five ages (21 days, 3 months, 6 months, 15 months, 24 months). The hardening kinetics of bio-based concrete is slower compared to normal concrete. Hemp concrete has good ductility at early ages. As the age increases, the ductility of the concrete decreases but the compressive strength increases. The authors[START_REF] Arnaud | Experimental study of parameters influencing mechanical properties of hemp concretes[END_REF] explained that at early ages the binder hydrate does not form a network of connections and at this time the behavior of the concrete is more reflected in the hemp. After a long time of setting, the binder takes the main stress under strain.
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 123 Figure 1.23. Effect of aging on compressive strength test [100].
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 1124 Figure 1.24. Self-consistent scheme in the modelling of bio-based concrete.
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 1 25 (b).

  (a) Transformation between local (associated to the inclusion) and global coordinate (associated to the matrix). (b) Orientation distribution function.

Figure 1 . 25 .

 125 Figure 1.25. Mathematical description of the orientation of ellipsoidal inclusions [118].
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 126128 Figure 1.26. Iterative homogenization method from [131].
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 127 Figure 1.27. FEM models for straw concrete [132].
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 128 Figure 1.28. 3D X-ray tomography reconstruction [76].
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 1 Fig. 1. Elementary volume of bio-based concretes, (a) [26], (b) [46].

  (a) Cylinder inclusion. (b) Ellipsoid inclusion.

Fig. 2 .

 2 Fig. 2. Aspect ratio (R=a/b) for cylindrical and ellipsoidal fibers.

Fig. 3 .

 3 Fig. 3. Inclusion orientation depend on φ and θ.

Fig. 4 .

 4 Fig. 4. Elementary representation of hemp, sunflower pith and maize pith fibers, (a) [26], (b) [46], (c) [60],(d)[32].

  (a) Cylinder inclusions. (b) Ellipsoid inclusions.

Fig. 5 .

 5 Fig. 5. Inclusions arranged in an initial direction.

Fig. 3 .

 3 Fig. 3. Therefore, a transformation from local to global is necessary. Based on the classical Euler angles and
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 7 Moreover, the inclusions are rotated by different angles based on the initial orientation to develop different new families. Therefore, in this case, the number i of families of inclusions should be considered infinite, this indicates that it covers all directions. (a) Cylinder inclusions. (b) Ellipsoid inclusions.

Fig. 7 .

 7 Fig. 7. Inclusions uniformly distributed and arbitrarily oriented in the matrix.

[ 27 ,

 27 31,49] have shown that the specific distribution of plant fibers leads to an anisotropic behavior of biobased concrete on a macroscopic scale. Through the study of the microstructure of bio-based concrete in Section 2, we will consider here the case of inclusion with anisotropic distribution and the same stiffness C1 embedded in an isotropic matrix of stiffness CM. (a) Cylinder inclusions. (b) Ellipsoid inclusions.

Fig. 8 .

 8 Fig. 8. Inclusions with anisotropic distribution in bio-based concrete.

Fig. 9 .

 9 Fig. 9. Young's modulus of individual bio-aggregate (Left) and binder (Right) with porosity (EA: Young's modulus in the axial direction, ET: Young's modulus in the transverse direction).

Fig. 10 .

 10 Fig. 10. Young's modulus of bio-aggregates and binder with porosity (Anisotropy of hemp=(EA-Hemp/E-Binder)-(ET-Hemp-/E-Binder)).

Fig. 11 .

 11 Fig. 11. Comparison of Young's modulus from homogenization theory and experiments. (Experimental data was from Abbas et al. [26])
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 9613 Figs. 13 and 14show the variation of effective modulus with volume fraction for different shapes of inclusions. Young's modulus E and shear modulus G decrease with the volume fraction of plant aggregates.
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 13 Fig. 13. Effective modulus with volume fraction of bio-aggregates in the isotropic case.
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 1415 Fig. 14. Effective modulus with volume fraction of bio-aggregates in the anisotropic case. (R=3 and θ=75º )

Fig. 15 .

 15 Fig. 15. Effective modulus with E-Binder and E-Aggregate in the anisotropic case. (Cylindrical inclusions, θ=75º , volume fraction=0.5)

Fig. 16 .

 16 Fig. 16. Poisson's ratio with E-Binder and E-Aggregate in the anisotropic case. (Cylindrical inclusions, θ=75º , volume fraction=0.5)

Fig. 17 .

 17 Fig. 17. Influence of aspect ratio of ellipsoidal inclusion in the anisotropic case. (θ=75º , volume fraction=0.20, the dashed line is for cylinder)

Fig. 18 .

 18 Fig. 18. Comparison between cylinders and ellipsoids with different aspect ratio in the different case. (Left: Isotropic case. Right: Inclusions with φ and θ=45º , volume fraction=0.20, the first six curves are related to ellipsoidal inclusions.)

Fig. 19 .

 19 Fig. 19. Influence of R for ellipsoidal inclusions when θ=0º and 45º . (Volume fraction=0.20)

Fig. 20 .Fig. 21 .

 2021 Fig. 20. Influence of angle θ and φ for cylindrical inclusions with a given θ and φ orientation. (Cylindrical inclusions, volume fraction=0.20)

Fig. 22 .

 22 Fig. 22. Influence of θ for cylindrical inclusions in bio-based concrete. (Volume fraction=0.16)

Fig. 23 .

 23 Fig. 23. Weights of the parameters affecting the effective modulus of bio-based concrete.

  (a) Different aspect ratios. (b) Different volume fractions.

Fig. 24 .

 24 Fig. 24. Differences in optimization for different aspect ratios (Vertical (E1) and parallel (E3) directions.Low aspect ratio: R=3, high aspect ratio R=8, low volume fraction: 0.2, high volume fraction: 0.5).

  Modeling the thermal conductivity of bio-based concrete 116 performed between the analytical model, the finite element model, and experimental data from the literature.

Figure 1 .

 1 Figure 1. Microstructure of hemp shiv is reprinted with permission from Ref. [32]. 2018. Elsevier.-A, reprinted with permission from Ref. [12]. 2018. Elsevier.-B, (A-1,B-1) cross-section, (A-2,B-2) longitudinal section.
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 2 Figure 2. Multi-scale homogenization model for the thermal conductivity (The photograph of the sample on the right is reprinted with permission from Ref. [41]. 2020. Elsevier).

Figure 3 .

 3 Figure 3. Multi-scale homogenization model for scale 2-binder.

123 Figure 4 .

 1234 Figure 4. Homogenized materials considering pores and moisture can be obtained through the homogenization in this step and used for modeling on the next scale. It is noted that water saturation (WS),i.e., the volume ratio of water to pore, is used to quantify the moisture value of the hemp.

Figure 4 .

 4 Figure 4. Multi-scale homogenization model for scale 2. Scale 3 (10-102 μm): the bio-aggregates.

Figure 5 .

 5 Figure 5. Multi-scale homogenization model for scale 3-bio-aggregate.2.2.3. Modeling of Bio-Based Construction MaterialsScale 4 (100-102 mm): the bio-based composite.

Figure 6 .

 6 Figure 6. Multi-scale homogenization model for scale 3-bio-based composite.

Figure 7 .

 7 Figure 7. Multiple shapes of bio-aggregates in numerical models.

Figure 8 .

 8 Figure 8. Effective thermal conductivity of binder (Experimental results as a comparison are from[21,38,40]).

Figure 9 .

 9 Figure 9. Effective thermal conductivity of pore-moisture (Anisotropy = λ┴).

Figure 10 .

 10 Figure 10. Effective thermal conductivity of hemp with porosity in various water saturation (WS: water saturation, λ║ and λ┴ denote the axial direction of hemp and the direction perpendicular to the axial direction, respectively).

Figure 11 .

 11 Figure 11. Variation in effective thermal conductivity with water saturation for hemp shiv.

Figure 13 .

 13 Figure 13. Comparison of numerical simulation with experimental data from [23,40].

  CHAPTER ⅢModeling the thermal conductivity of bio-based concrete 130 can be transferred directly through the tubular inclusions.

Figure 14 .

 14 Figure 14. Effective thermal conductivity of composite with water saturation.

Figure 15 .

 15 Figure 15. Comparison of (A) thermal conductivity and (B) anisotropy in multiple homogenization steps.

Figure 16 .

 16 Figure 16. Comparison of bio-aggregates in various shapes.

Figure 17 .

 17 Figure 17. Analysis of plant fiber orientation based on finite element results (the compaction direction is in the X-axis. (A)-thermal flux X, (B)-thermal flux Z).

Fig. 2 .

 2 Fig. 2. Multi-scale structure of bio-based building materials for modeling (The photograph of the sample on the right: [62]).2.3.1. Binder with micro pores (Scale 1: 10 -2 -10 0 μm)As shown in Fig.2, the porous binder on scale 1 consists of micropores and binder solids. The effective thermal conductivity of the binder is expressed in Eq. (12) and the detailed calculation procedure is shown in Appendix B.

Fig. 3 .

 3 Fig. 3. Process of the iterative homogenization approach.

Fig. 4 .

 4 Fig. 4. Flowchart of the iterative computation.

Fig. 5 .

 5 Fig. 5. Iteration test.

  analyzed the dimensions of eight types of hemp shivs by 2D-images, where the median lengths and widths were 3.42-8.62 mm and 1.02-1.95 mm. Afterward, the average aspect ratios ranged from 3.26 to 4.42. It can be seen that the results of the present model are in this range.

Fig. 7 .

 7 Fig. 7. Fitting of the size of hemp (Experimental data: [60]).

Fig. 8 .

 8 Fig. 8. Model validation on binder: I-MFH versus FEM [67].

  CHAPTER ⅢModeling the thermal conductivity of bio-based concrete 156 of fiber orientation by the analytical scheme in Section 2.2 is reliable.
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 10 Fig. 10. Model verification on binder-aggregates with orientation.

Fig. 11 .

 11 Fig. 11. Model validation on dry hemp concrete with density (Experimental data: [31,43,44,65]).

Fig. 12

 12 Fig.12shows a comparison between the simulation and experiment for dry wheat straw concrete. It demonstrates the non-negligible relative error between the simulation and the experiment in the case of perfect contact, with a maximum of 26.07%. A good agreement was then achieved in subsequent operations considering imperfect contact. The imperfect coefficients for straw composites 1 and 2 are 2.58 and 0.30. This indicates a better contact between the aggregate and binder in composite 2. The facts from the literature[54,61] support this conclusion, i. e, 20% of the gelatin was added to the binder in composite 2 compared to composite 1, which improved the imperfect contact in the ITZ. This indicates the potential of this model in measuring the contact degree.

Fig. 12 .

 12 Fig. 12. Calibration of the thermal conductivity of wheat straw concrete with imperfect contact.In order to verify whether the water saturation in this model can be applied to bio-based concrete, wheat straw concrete in a wet state was added to the comparison, as shown in Fig.13. Inverse analysis in the model

  CHAPTER ⅢModeling the thermal conductivity of bio-based concrete 160 predictions rather than specific values. It can be seen that the area of η from 0 to 2 covers most cases, which demonstrates the applicability of this model to various plant fiber building materials.

Fig. 14 .

 14 Fig. 14. Validation on various plant aggregates (Experimental data: [28,76-79]).

Fig. 2 . 3 .

 23 Fig. 2. Point distribution and Pareto front (Line) at varying sampling densities. Furthermore, the Pareto fronts under the five sampling densities were compared in BB, BR, and BS to determine a suitable sampling density that meets all cases, as shown in Fig. 3. As expected, the Pareto front approaches the origin of the coordinate axis as the sampling density increases, indicating that a low sampling density is inadequate to locate all optimal solutions. The comparison of adjacent sampling densities shows that the Pareto front advances more slowly with increasing sampling density, suggesting that it is close to the true Pareto solution set at a moderate sampling rate.

Fig. 3 .

 3 Fig. 3. Comparison of Pareto fronts at different sampling densities for three applications (Icons and represent inadequate and adequate sampling density in the comparison).

Fig. 4 .

 4 Fig. 4. Density plot of the objective values.
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 35 Sensitivity analysis and multi-objective optimization in the general case 3.3.1. BB This section aims to analyze and optimize bio-based concrete in the general case by providing overall recommendations for all possible decisions. The distribution of objectives with decision variables marked in different colors is shown in Fig. The analysis of the color distribution shows that different values of X and

Fig. 5 .

 5 Fig. 5. Color-coded point distribution of objectives in BB (PM: preference for mechanical properties, BP: balanced performance, PI: preference for insulation).

  CHAPTER ⅣPerformance optimization of bio-based concrete through a multi-objective approach 185 construction materials in load-bearing structures. To achieve this, research should focus on a novel binder with enhancing mechanical properties and moderate micropores. Additionally, it is important to evaluate the environmental benefits of novel binders. These factors give possible directions for the experimental study.
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 7 Fig. 7. Color-coded point distribution of objectives in BS.
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 8 Fig. 8. Point distribution in high-volume bio-aggregates.
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 9 Fig. 9. Optimization under performance constraints.
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 10 Fig. 10. Optimization of bio-based concrete for lightweight roofing.

Fig. 11 .

 11 Fig. 11. Optimization of bio-based concrete under dry, low humidity, and high humidity conditions for three industrial applications.

Fig. 12 .

 12 Fig. 12. Optimal solutions for varied requirements.

Furthermore, our study

  delved into optimizing bio-based concrete performance in humid environments. By incorporating environmental factors into the optimization process, we found that the optimal solution varies with ambient humidity, particularly in low-density concrete. Increasing the density of bio-based concrete contributes to CHAPTER Ⅳ
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Table 1 .

 1 

	Binder	Bio-aggregates	mixing	Bio-	Water /	Fresh	Dry density
			sequence	aggregate /	binder ratio	density	
				binder ratio			(Kg/m 3 )
						(Kg/m 3 )	
	Binder 1	Hemp	1	0.43	1.40	731	391 ± 5
	Binder 1	Linseed shives	1	0.58	1.29	742	413 ± 7
	Binder 1	Sunflower pith	1	0.14	1.36	647	333 ± 10
	Binder 1	Sunflower bark	1	0.64	1.20	734	425 ± 9
	Binder 1	Coriander straw	1	0.37	1.34	700	385 ± 6
	Binder 1	Wheat straw	1	0.28	1.25	655	386 ± 9
	Binder 1	Wheat chaff	1	0.35	1.23	665	406 ± 18
	Binder 1	Corn spat	1	0.37	1.35	704	398 ± 5
	Binder 1	Miscanthus stalk	1	0.73	1.33	790	381 ± 10
	Binder 1	Vine shoots	1	1.21	1.22	886	513 ± 17
	Binder 1	Hemp	2	0.43	1.40	731	399 ± 8
	Binder 1	Sunflower pith	2	0.14	1.36	647	321 ± 8
	Binder 1	Sunflower bark	2	0.64	1.20	734	412 ± 5
	Binder 1	Wheat straw	2	0.28	1.25	655	378 ± 6

1. Mix proportions of bio-based concretes

Table 1 .2).

 1 

	Sample	Soluble	Hemicellulose Cellulose	Lignin	Ash	Humidity of samples
	Flax Shiv	9.1 ± 1.9	17.6 ± 2.4	43.5 ± 4.7 27.1 ± 4.5	2.7 ± 0.9	4.7 ± 0.7
	Hemp Shiv	17.2 ± 1.1	21.6 ± 1.8	49.0 ± 2.8 8.1 ± 0.6	4.1 ± 1.6	3.1 ± 0.4
	Maize Bark	15.3 ± 0.2	34.8 ± 0.9	42.8 ± 1.0 3.3 ± 0.2	3.8 ± 0.2	2.8 ± 0.1
	Miscanthus	7.2 ± 0.5	27.8 ± 1.4	43.6 ± 9.8 19.0 ± 10.8 2.4 ± 0.1	3.5 ± 1.5
	Reed	9.6 ± 1.5	28.3 ± 1.3	47.6 ± 1.2 10.5 ± 1.5	4.0 ± 0.1	2.4 ± 0.1
	Rice Husk	7.7 ± 0.3	19.8 ± 0.5	42.1 ± 0.6 16.8 ± 0.2	13.7 ± 0.1 1.9 ± 0.1
	Sunflower Bark 6.0 ± 2.2	18.1 ± 2.8	30.3 ± 6.2 41.7 ± 8.5	3.8 ± 0.5	6.5 ± 0.1
	Sunflower Pith	38.6 ± 1.1	5.0 ± 1.9	23.3 ± 6.8 21.4 ± 6.4	11.7 ± 0.3 8.7 ± 0.3
	Wheat	10.5 ± 0.1	34.1 ± 4.5	45.3 ± 4.3 6.2 ± 0.3	3.9 ± 0.1	5.5 ± 0.1

Table 1 . 2

 12 

. Chemical composition of hemp

[65]

.

Figure 1.5 illustrates the microstructure of five types of

  

	agricultural wastes commonly used in construction materials: hemp shiv, flax shiv, rape straw, wheat straw,
	and corn cob. The five bio-aggregates mentioned above have different epidermis, phloem layer, vascular
	cambium, xylem layer, and pith layer, which result in different porosity. Moreover, most of the bio-aggregates
	have tubular pores except for corn cob.

Table 1 .3. Microstructure

 1 of various bio-aggregates[77].

Table 1 .4. Porosity

 1 

	Formulation	C2-H*	C2-S	C2-H + S	S	H	H98-G	H98-UK	H98-F	CLIN-UK	CLIN-G	C1-F
	Total open porosity	0.7	0.77	0.7	0.99	0.87	0.786	0.715	0.719	0.739	0.814 0.75
	Inter-particle porosity	0.41	0.36	0.43	0.76	0.66	0.5	0.53	0.47	0.47	0.49	0.43
	Intra-particle porosity	0.49	0.63	0.48	0.96	0.61	0.58	0.4	0.47	0.51	0.64	0.56
	Aggregate's grain density	296	59	-	59	296	460	486	523	486	460	523

of bio-based concrete

[78]

.
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Table 1 .5. Relationship

 1 between porosity and density[79].

	1.3.2. Mechanical properties

Compressive strength and young's modulus. Compressive

  

	strength and young's modulus are two of the most important properties of the material. Table 1.6 shows the measurements of compressive strength and young's modulus of dry cannabis concrete by different researchers. It can be seen that the strength of bio-based concrete is very low compared to conventional concrete. This is mainly attributed to the strength, imperfect alignment, and porosity of the plant fibers [34,80]. Low strength is a limitation for its use in a wider range of structural materials. In other words, improving the mechanical properties of bio-based materials can expand its range of applications. Authors Binder Composition Density (kg/m3) Compressive strength (MPa) Young's modulus (MPa) Nguyen et al. (2009) NA 850 -131 670 -113 Arnaud and Gourlay, (2012) NHL 3.5 a 460 0.18 9 NHL 3.5-Z b 480 480 0.10-0.22 5-24 Commercial pre-formulated lime-based binder 460-500 0.30-0.34 -Kioy, (2005) NA 610 1.88 43 830 1.98 52 Cerezo, (2005) NA 356 0.3 14 391 0.35 44 504 0.7 15 Tronet et al., (2016) Commercial pre-formulated lime-based binder -1.36 43 -1.63 51 -2.13 70 -4.74 147 -3.95 122 Sutton et al., (2011) Commercial pre-formulated lime-based binder 270-330 0.10-0.20 -Sassoni et al., (2014) Patented MgO based binder with water-soluble vegetable protein (Canti, 2013) 330 1.15 -640 3.04 -Sinka et al., (2014) 60% Dolomitic Lime + 40% Metakaolin 540 0.266 -397 0.154 -330 0.133 -Sinka et al., (2014) Pure Dolomitic Lime 461 0.181 -367 0.136 -345 0.125 -Sassu et al., (2016) NHL 3.5 643 0.414 12.495 698 0.146 3.387 Sassu et al., (2016) 85% NHL 3.5 + 15% Portland cement 753 0.357 12.19 0.31 NHL 2.5 c Sassu et al., (2016) Portland cement 638 0.622 15.07

Table 1 .6. Compressive

 1 strength and young's modulus of hemp concrete

Table 1 .7. The

 1 

	thermal conductivity of organic materials ranges

Table 1 .7. Thermal

 1 conductivity of different insulation materials[START_REF] Hung Anh | An overview of factors influencing thermal conductivity of building insulation materials[END_REF].

1.14. Effect

  of binder type on mechanical (left) and thermal (right) properties[START_REF] Haik | Alternative unfired binders as lime replacement in hemp concrete[END_REF].

	Binder designation	Source	Basis	Place of origin in Israel
	Kalgir	Commercial product	Limestone	Negev
	Mamshit	Commercial product	Clay	Mamshit, Negev
	Motza	Commercial product	Dolomitic clay	Motza, Yehuda mountains
	Amiad	Waste material	Limestone	Amiad quarry, Galilee
	Basalt	Waste material	Basalt	Daliot quarry, Golan

Table 1 .8. Sources

 1 of five unfired binders to replace lime[START_REF] Haik | Alternative unfired binders as lime replacement in hemp concrete[END_REF].

  Table

	N	2.21 ± 0.14	3.65 ± 0.22	10.4 ± 0.4
	CS	2.43 ± 0.15	3.97 ± 0.20	12.1 ± 0.5
	WP	2.57 ± 0.17	4.20 ± 0.24	12.4 ± 0.3
	WO	1.91 ± 0.20	3.24 ± 0.25	9. 7 ± 0.5
	SS	2.31 ± 0.16	3.82 ± 0.23	10.6 ± 0.4
	WL	2.30 ± 0.13	3.72 ± 0.29	10.3 ± 0.3

Mix code Splitting tensile strength (MPa)

Flexural strength (MPa) Modulus of elasticity (GPa)

  𝑔 31 √2𝑔 22 𝑔 32 √2𝑔 23 𝑔 33 𝑔 22 𝑔 33 + 𝑔 23 𝑔 32 𝑔 23 𝑔 31 + 𝑔 21 𝑔 33 𝑔 21 𝑔 32 + 𝑔 22 𝑔 31 √2𝑔 31 𝑔 11 √2𝑔 32 𝑔 12 √2𝑔 33 𝑔 13 𝑔 32 𝑔 13 + 𝑔 33 𝑔 12 𝑔 33 𝑔 11 + 𝑔 31 𝑔 13 𝑔 31 𝑔 12 + 𝑔 32 𝑔 11 √2𝑔 11 𝑔 21 √2𝑔 12 𝑔 22 √2𝑔 13 𝑔 23 𝑔 12 𝑔 23 + 𝑔 13 𝑔 22 𝑔 13 𝑔 21 + 𝑔 11 𝑔 23 𝑔 11 𝑔 22 + 𝑔 12 𝑔 21 ]

		𝑔 11 2	𝑔 12 2	𝑔 13 2	√2𝑔 12 𝑔 13	√2𝑔 13 𝑔 11	√2𝑔 11 𝑔 12
		𝑔 12 2	𝑔 22 2	𝑔 23 2	√2𝑔 22 𝑔 23	√2𝑔 23 𝑔 21	√2𝑔 21 𝑔 22
	𝑀 =	𝑔 13 2 √2𝑔 21	𝑔 23 2	𝑔 33 2	√2𝑔 32 𝑔 33	√2𝑔 33 𝑔 31	√2𝑔 31 𝑔 32
		[					

  𝑁 𝜃 𝑡 and 𝑁 𝜑 𝑡 denote the number of integrating points, 𝑁 𝜑 𝑡 =2𝑁 𝜃 𝑡 . 𝜃 𝑡 , 𝜔 𝜃 𝑡 𝑢 , 𝜑 𝑡 , 𝜔 𝜑 𝑡

	〈𝕋〉 ≈	𝜋𝑓 𝐼 8	∑ 𝑁 𝜃 𝑡 𝑢=1	∑ 𝑁 𝜑 𝑡 𝑣=1	𝜔 𝜃 𝑡 𝑢	𝜔 𝜑 𝑡 𝑣 [ℙ 𝑖 ( 𝜋 2	𝜃 𝑡 +	𝜋 2	, 𝜋 𝜑 𝑡 + 𝜋) + (ℂ 1 -ℂ 𝑀 ) -1 ]	-1	sin ( 𝜋 2	𝜃 𝑡 +	𝜋 2	) (19)

𝑣 denote the coordinates and Gauss-Legendre weights corresponding to the 𝑁 𝜃 𝑡 and 𝑁 𝜑 𝑡 integrating points which are comprised respectively in the intervals [-1,1]. Different inclusions shapes such as cylinder and ellipsoid can be achieved by altering the Eshelby tensor.

Table 1 .

 1 Approximate volume fraction of phase 2 according to[26].

	Phase 2	H	S1	M	H+S2	S2
	Volume fraction	0.78	0.94	0.92	0.70	0.77

Notes: From left to right, H: hemp, S1: sunflower pith in the case 1, M: maize, H+S2: hemp + the same sunflower in the case 2, S2: the same sunflower in the case 2.

Table 2 .

 2 Some experimental data[58,69,70] and results of calculations of fiber volume fractions for hemp concrete.

	Experimenter		Kioy			Nguyen
	Density (Kg/m 3 ) 356	610	830	670	850
	E (MPa)	14	43	52	113	131
	Volume fraction	0.80	0.65	0.53	0.62	0.52

Fig. 12. Comparison of Young's modulus of hemp concretes based on density. (Experimental data are from [58])

Table 3 .

 3 Data input for weighting analysis.

	Parameters	E-Binder	E-	Volume	Orientatio	Shape	Shape
			Aggregate	fraction	n		
						(When	(When R<8)
						R>8)	
	Benchmark 500 MPa	1.5 MPa	0.5	θ=45º	R=8	R=8
	Contrast	1000 MPa 3 MPa	0.8	θ=90º	R=16	R=3

  The fourth order stiffness tensor ℂ is usually represented in Voigt notation by 𝐶 ̅ in the form of 6×6 matrix. 𝐶 1111 𝐶 1122 𝐶 1133 𝐶 1123 𝐶 1131 𝐶 1112 𝐶 2211 𝐶 2222 𝐶 2233 𝐶 2223 𝐶 2231 𝐶 2212 𝐶 3311 𝐶 3322 𝐶 3333 𝐶 3323 𝐶 3331 𝐶 3312 𝐶 2311 𝐶 2322 𝐶 2333 𝐶 2323 𝐶 2331 𝐶 2312 𝐶 3111 𝐶 3122 𝐶 3133 𝐶 3123 𝐶 3131 𝐶 3112 𝐶 1211 𝐶 1222 𝐶 1233 𝐶 1223 𝐶 1231 𝐶 1212 ]One issue worth recognizing here is that 𝕊 should be equal to ℂ -1 . But in Voigt notation, 𝑆 ̅ ≠ 𝐶 ̅ -1 . This caused difficulties for the subsequent calculations in this paper, so a new notation called Bechterew, which replaces Voigt notation, is introduced here.In Bechterew notation, the stress tensor and strain tensor are denoted by 𝜎 ̂ and 𝜀̂ as:

	𝜎 ̅ = 𝐶 1122 [ 𝜎 ̅ 1 𝜎 ̅ 2 𝜎 ̅ 3 𝜎 ̅ 4 𝜎 ̅ 5 𝜎 ̅ 6 ] 𝐶 2222 𝐶 2233 √2𝐶 1123 √2𝐶 2223 √2𝐶 3323 2𝐶 2323 = [ 𝜎 11 𝜎 22 𝜎 33 𝜎 23 𝜎 31 𝜎 12 ] 𝜀̅ = [ 𝜀̅ 1 𝜀̅ 2 𝜀̅ 3 𝜀̅ 4 𝜀̅ 5 𝜀̅ 6 ] = 𝐶 1111 𝐶 1133 √2𝐶 1123 √2𝐶 1131 √2𝐶 1112 [ 𝜀 11 𝜀 22 𝐶 1112 𝐶 2233 √2𝐶 2223 √2𝐶 2231 √2𝐶 2212 𝜀 33 2𝜀 23 2𝜀 31 2𝜀 12 ] 𝐶 1133 𝐶 3333 √2𝐶 3323 √2𝐶 3331 √2𝐶 3312 2𝐶 2331 2𝐶 2312 √2𝐶 1131 √2𝐶 2231 √2𝐶 3331 2𝐶 3123 2𝐶 3131 2𝐶 3112 ̂= [ 𝐶 √2𝐶 1112 √2𝐶 2212 √2𝐶 3312 2𝐶 2312 2𝐶 3112 2𝐶 1212 ]	(A.1)
			𝐶 ̅ =				
				[				
	[ 2𝜀 23 𝜀 11 𝜀 22 𝜀 33 2𝜀 31 2𝜀 12 ]	=	[	𝑆 1111 𝑆 2211 𝑆 3311 2𝑆 1211 2𝑆 1222 2𝑆 1233 4𝑆 1223 4𝑆 1231 4𝑆 1212 ] [ 𝑆 1122 𝑆 1133 2𝑆 1123 2𝑆 1131 2𝑆 1112 𝑆 2222 𝜎 22 𝜎 11 𝑆 2233 2𝑆 2223 2𝑆 2231 2𝑆 2212 𝑆 3322 𝑆 3333 2𝑆 3323 2𝑆 3331 2𝑆 3312 𝜎 12 ] 2𝑆 3111 2𝑆 3122 2𝑆 3133 4𝑆 3123 4𝑆 3131 4𝑆 3112 𝜎 31 2𝑆 2311 2𝑆 2322 2𝑆 2333 4𝑆 2323 4𝑆 2331 4𝑆 2312 𝜎 33 𝜎 23	(A.3)
				𝜎 ̂= [ 𝜎 ̂5 𝜎 ̂6] 𝜎 ̂1 𝜎 ̂2 𝜎 ̂3 𝜎 ̂4	=	[ √2𝜎 31 √2𝜎 12 ] 𝜎 11 𝜎 22 𝜎 33 √2𝜎 23	𝜀̂=	[ 𝜀̂5 𝜀̂6] 𝜀̂1 𝜀̂2 𝜀̂3 𝜀̂4	=	[ √2𝜀 31 √2𝜀 12 ] 𝜀 11 𝜀 22 𝜀 33 √2𝜀 23	(A.4)
	In addition, the stiffness tensor denoted by 𝐶 ̂ in Bechterew notation (or compliance tensor 𝑆 ̂) can be
	represented by a 6×6 matrix of this form:		

(A.2)

When we describe Hooke's law in terms of the compliance tensor in Voigt notation, there is 𝜀̅ = 𝑆 ̅ ∶ 𝜎 ̅, which can be expressed in matrix form as follows:

Table C .

 C 1. A test of the accuracy of the integral. (In this case, the input of the parameters is shown in Section 5, and the volume fraction is 0.4, θ=75º , the shape is cylindrical.)

	NI	2	5	50	100
	E1 or E2	171.39 210.25 210.25 210.25
	(MPa)				
	E3 (MPa)	175.23 175.21 175.21 175.21
	Notes: NI is the number of the integration points, E1, E2 and E3 are Young's modulus along the X, Y and Z
	axis, respectively.				
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Modeling the thermal conductivity of bio-based concrete

[START_REF] Djoudi | Effect of the addition of date palm fibers on thermal properties of plaster concrete: experimental study and modeling[END_REF] 

Table 1 .

 1 Properties of hemp shiv.

	Property	Value	Reference
	Particle density (kg/m3)	265	[33]
	Solid density (kg/m3)	1454	[34]
	Length (mm)	4-8 mm	[34]
	Width (mm)	1-2 mm	[34]
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Table 2 .

 2 Volume fraction of each component of wheat straw concrete[54,61].
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Table 3 .

 3 Properties of wheat straw concrete[54,61].

	Property	X	λp	λw (W/(mK)) λb	in	λb	in
			(W/(mK))		composite 1	composite 2
					(W/(mK))		(W/(mK))
	Value	4	0.026	0.598	0.168		0.143

Table 1 .

 1 It affects the accuracy of the Pareto front. A higher sampling density results in a more accurate Pareto optimal solution, but also increases the computation time and cost. Hence, determining an appropriate sampling density is the first step in optimization. In this study, we compared five sampling densities (SD = 3, 6, 9, 12, and 15), with the corresponding number of objective points being the quadratic of the sampling density. Additionally, the fixed parameters for the model inputs are shown in Table2. Decision variables and boundaries.

	2, 0.425, 0.65), fA (0.1, 0.5, 0.9),

Table 2 .

 2 Fixed parameters in this model.

	Parameter	Value	Reference

Table 3 .

 3 Optimal solution for the general case.

	Applicatio	Preferences X	fp b	fA	θ (º)	E (MPa) λ (W/m‧K)
	ns							
	BB	PM	11	0.20	0.10	45	712	0.37
		BP	11	0.49	0.10	45	370	0.23
		PI	11	0.65	0.90	45	16	0.08
	BR	PM	11	0.20	0.10	45	712	0.37
		BP	11	0.49	0.10	57	358	0.23
		PI	11	0.65	0.90	90	12	0.06
	BS	PM	11	0.20	0.10	90	718	0.36
		BP	11	0.49	0.10	90	372	0.22
		PI	11	0.65	0.90	90	16	0.06

PM: preference for mechanical properties, BP: balanced performance, PI: preference for insulation.

Table 4 .

 4 Optimal solution in high-volume bio-aggregates.Performance optimization of bio-based concrete through a multi-objective approach

	Application	Preferences X	fp b	fA	θ (º)	E (MPa) λ (W/m‧K)
	s							
	BB	HM	11	0.20	0.39	45	375	0.25
		HT	11	0.45	0.46	45	180	0.16
		BP	11	0.65	0.90	45	16	0.08
	BR	HM	11	0.20	0.39	45	375	0.26
		HT	11	0.45	0.39	78	180	0.17
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Table 5 .

 5 Optimal solution under performance constraints.

	Applications Preferences X	fp b	fA	θ (º)	E (MPa) λ (W/m‧K)
	BB	PM	11	0.53	0.10 45	331	0.21
		BP	11	0.65	0.10 45	227	0.16
		PI	11	0.65	0.46 45	100	0.11
	BR	PM	11	0.53	0.10 45	331	0.21
		BP	11	0.65	0.10 90	212	0.15
		PI	11	0.65	0.39 90	99	0.11
	BS	PM	11	0.45	0.17 90	356	0.22

Table 6 .

 6 Optimal solution for lightweight roofing.Performance optimization of bio-based concrete through a multi-objective approach

	Preferen	X	fp b	fA	θ (º)	E	λ
	ces					(MPa)	(W/m‧K)
	PM	11	0.20	0.90	45	45	0.11
	BP	11	0.24	0.90	86	31	0.09
	PI	11	0.65	0.90	90	12	0.06
				190			
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Data Availability Statement:

The data presented in this study are available on request from the corresponding author.

The parametric study showed that the factors affecting the effective modulus of bio-based were E-Binder, volume fraction, orientation, shape (R<8), shape (R>8), E-Aggregate, from heavy to light. This provided suggestions for optimizing bio-based building materials, i.e., the mechanical properties are improved mainly by the volume fraction of plant fibers and E-Binder. In addition to this, further studies on shape, orientation, and volume fraction showed that optimizing by orientation, i.e., increasing the level of compaction, is a good choice for a low aspect ratio (such as sunflower pith and maize). Conversely, the volume fraction has almost the same effect regardless of the high or low aspect ratios. Moreover, there is a more significant optimization in the high volume fraction both by shape and orientation. According to this optimization method, the modulus perpendicular to the compaction direction can be increased theoretically by 32% through shape and direction for a given component characteristic.

In general, two significant ways to improve the mechanical properties of bio-based concrete are: firstly upgrading the binder and secondly reducing the volume fraction of the aggregates. However, the novelty of this article is to propose an alternative way to optimize the bio-based concrete, with constant aggregate proportion and binder properties, by selecting the aspect ratio and orientation of plant fibers. It was shown (see Fig. 17) that a greater aspect ratio (until 8) improves the mechanical properties. Moreover, this study highlighted the impact of the manufacturing processes on the overall behavior. For a constant mixture, heavy compaction gives unidirectional optimal mechanical properties, while moderate compaction achieves balanced optimal mechanical properties in all directions.

It should be noticed that a modification of one parameter affects not only the mechanical properties as shown in this work but also other properties, such as thermal and acoustic insulation. The significant added value of this article is that it proposes a calculation method able to investigate the usual other global characteristics and set out the basis to obtain a more balanced bio-sourced concrete.
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Appendix A. Bechterew Notation

According to Hooke's law 𝝈 = ℂ𝜺, the strain tensor 𝝈 and stress tensor 𝜺 are represented in Voigt notation by 𝜎 ̅ and 𝜀̅ , each with six components [68]. that some experiments investigated aggregate surface treatment to improve the interface with the binder, the imperfect contact coefficient can also be used to quantify this operation by inverse analysis. In addition, the fits to the shapes of hemp and wheat straw were consistent with the literature data.

In this study, a three-phase iterative model was developed to predict the effective thermal conductivity of various bio-based materials. In future work, this model may be used for sensitivity analysis and thus optimizing the thermal insulation of bio-based materials based on porosity, volume fraction of each phase, fiber orientation, shape, etc. Moreover, the application of bio-based concrete requires a comprehensive performance in terms of mechanical and thermal properties, thus contributing to the improvement of sustainability and to the reduction of energy consumption. 

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. In reference to [80], the depolarization tensor 𝑆 𝑟 can be expressed in a form of matrix,

For spherical inclusion, 𝑋 = 1 and 𝑏 = 1/3.

For prolate inclusion, 𝑋 > 1,

For oblate inclusion, 𝑋 < 1,

Additionally, cylindrical inclusions can be regarded as ellipsoids with X of infinity. Therefore, according to Eq. (A.1), (A.2), and (A.4), the depolarization tensor for cylindrical inclusion can be written as a form of matrix as: Then, Eq. ( 7) can be rewritten as:

Substituting Eq. (B.2) into ( 6):

Next, substituting Eq. (B.3) into (5) yields:

As a result, the effective thermal conductivity of porous binder is as follows: 
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Performance optimization of bio-based concrete through a multi-objective approach