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Abstract 

The use of plant aggregates obtained from agricultural co-products mixed with mineral 

binders to form eco-friendly insulating building materials has been initiated for a few years to 

bring environmentally friendly solutions to the construction sector. Several studies on 

different agro-resources have already been carried out, providing various information about 

the properties of plant aggregates and plant-based concrete. However, the characteristics of 

the agricultural co-product, which allow it to qualify as a plant aggregate for plant-based 

concrete, are not yet very clear despite the multitude of data, especially on hemp concrete. 

Therefore, it is important to gather numerous but very disparate pieces of information 

available in the literature concerning the properties of plant aggregates and their correlations 
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with composites. This review is based on the results of 120 articles and aims to identify the 

characterization methods and the multi-physical properties of plant aggregates affecting 

those of plant-based concrete and to propose additional factors that could influence the 

properties of the composites. A total of 18 plant aggregates of different origins used for plant-

based concrete have been listed in the literature. In France, hemp shiv is the most studied 

one, but its quantity is quite low unlike cereal or oilseed straws and wood transformation 

residues. With the existence of several characterization methods, properties like 

microstructure, particle size distribution, bulk density, water absorption capacity, and 

chemical composition of aggregates are easily and frequently determined. In contrast, data 

on the apparent density of particles, the skeleton density, and the hygro-thermal properties 

of aggregates are rare. The particle size, density, and porosity have been identified as 

important parameters influencing the properties of the composites. Other parameters related 

to the behavior of the aggregates under wet compaction and compression of their stacking 

can also predict the physical and mechanical properties of the obtained plant-based concrete. 

Dosages of the constituents should be preferred as formulation parameters for future studies 

assessing the impact of the aggregate properties on the composites. 

Keywords  

Multi-physical properties; building materials; agricultural by-products; plant aggregates; 

plant-based concrete 

 

1. Introduction 

Climate change is one of the biggest threats faced globally and also a tough social and economic 

issue [1, 2]. Considering its harmful effects, the construction sector has to face four major 

environmental issues including, Greenhouse gas (GHG) emissions, energy consumption, 

consumption of non-renewable resources, and waste production. Plant-based materials are 

alternative solutions due to their unique ecological benefits, home comfortability (humidity, 

thermal and acoustic regulation), and material sustainability [3]. Since prehistoric times, people 

have already used plant fibers as reinforcing materials by incorporating straws into bricks during the 

reign of Pharaoh [4]. However, scientific studies on fiber-reinforced concrete (FRC) made from plant 

fibers started at the end of the 20th century. The defibration process of certain plant stems such as 

hemp, and textile flax generates woody particles (called shives) used for a long time as animal litter 

or combustion (i.e., for energy production). For about 30 years, to improve the environmental 

concerns linked to the construction sector, these plant particles or “plant aggregates” have been 

used as thermal insulating building materials, either in their bulk state or incorporated into mineral 

binders to form “plant-based concrete”. Several plant aggregates including hemp shiv, flax shiv, 

coconut coir, wood chip, cereal or oilseed straws, rice husk, corn cob, diss stem, bamboo stem, cane 

bagasse, sugar beet pulp, miscanthus stem, and lavender straw have been already tested with 

mineral binders, but most of the studies on plant-based concrete were majorly concentrated on 

hemp shiv due to the development of the hemp industry [5]. Although France is the first European 

producer of hemp [6], hemp shiv is much less available than some agricultural by-products such as 
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cereal straws [7]; thus, more research is required for the locally available plant by-products. Due to 

the highly diverse plant aggregates used in plant-based concrete, their multi-physical properties also 

vary with a multitude of characterization methods proposed by different researchers. Presently, no 

universal standard is available to govern the characterization of plant aggregates used in building 

materials. In turn, the work of RILEM (International Union of Laboratories and Experts in 

Construction Materials, Systems, and Structures) TC (Technical Committee) 236-BBM (bio-

aggregates-based building materials) was dedicated to this area. This work is relatively centered on 

the basic characteristics of hemp shiv as it is one of the most studied and widely used bio-aggregate 

in construction materials [5]. The properties and methods of characterization of hemp shiv and 

hemp concrete are the best known in the literature. Because of these observations, this review 

intends to identify all the aggregates of plant-based concrete mentioned in the literature as well as 

the correlation between their properties and those of the composites to understand the key 

parameters related to the aggregates thereby, assessing their potentials. This information can help 

in developing plant-based concrete that can be largely developed from available and compatible 

local agricultural resources. 

In recent years, with the rapid growth of green construction technology, several studies based 

on the properties of plant-based concrete, including literature reviews, have been published. Lately, 

Sáez-Pérez et al. studied the factors such as the quality of the aggregate, the choice of the binder, 

the dosage of the constituents, and the manufacturing methods affecting the properties and 

performance of hemp aggregate concrete [8]. Similarly, Jami et al. published another review based 

on the properties of hemp concrete [9]. Interestingly, apart from discussing the usual properties of 

hemp concrete, they related mixing and manufacturing processes to each other and also addressed 

the possible applications of hemp concrete in the construction sector. 

The present review discusses the multi-physical properties of plant aggregates and their effects 

on the properties of plant-based concrete. It summarizes 120 published articles based on the 

properties of plant aggregates and their impact on the characteristics of the composite formed with 

mineral binders. It is structured in two main parts. The first part is dedicated to the generalities of 

plant aggregates used with mineral binders. Firstly, the term “plant aggregate” was discussed and 

defined, followed by a classification of the listed plant aggregates according to their origins. Besides, 

their transforming process was indicated. Next, the availability of plant aggregates in France was 

briefly discussed. Lastly, a comprehensive review of the literature was carried out on the multi-

physical properties of plant aggregates used in construction and the variety of methods applied to 

characterize them. The second part of the review treats the impact of diverse factors related to 

plant aggregates, such as their mass content, nature, and properties. Literature showed that the 

physical, mechanical, hygrothermal, and even acoustical properties of the composites may be 

affected by all these parameters. 

2. Overview of Plant Aggregates Used with Mineral Binder 

2.1 Definition of the Term “Plant Aggregate” 

According to the fields of use, different terms have been used in the literature to designate 

vegetal additions into a mineral matrix. Since, for the first half of the 20th century, the term "fiber" 

has been used to classify the vegetal additions into a cement matrix for the manufacture of 
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prefabricated fiber-cement profiled elements, historically based on asbestos fibers but then 

substituted by vegetal fibers of different origins for various health reasons. The plant fibers 

incorporated in these materials have micro or nano dimensions and are used for the mechanical 

reinforcement of the cement matrix. The term "fiber" is also used in the formulation of cement-

bonded particle boards. The particles used in these formulations are in millimeters, and the 

prefabricated elements obtained are mainly used as elements of exterior walls or partitions. For 15 

years, the term “plant aggregate” has been preferred over fibers to define particles with high intra-

particle porosity and incorporated into the mineral matrix to improve its thermal insulation 

performance. 

According to the FRD (Fibres Recherche Développement) report published in  2011 [10], to create 

the same semantic for plant fibers common to all sectors, a plant aggregate was defined as the part 

of the plant corresponding to the marrow or the ligneous parts of stems, obtained from post-

decortication or post-refining separation, with millimeter to centimeter length varying according to 

the defibrated plant and customer demand (Figure 1). However, this was an incomplete definition 

because other parts of plants like coir [11], husk [12], cob [7], or pulp [13] are also considered 

aggregates. In addition, the length of the particles alone is not enough to differentiate the fibers 

from the aggregates because a few lengths are common in both of them, as shown in Figure 1. 

 

Figure 1 Semantics of plant fibers [10]. 

To complete this definition, Laborel-Préneron et al. (2016) defined two geometrical parameters, 

including the inverse of aspect ratio (1/AR, with AR defined as the ratio of length to diameter) and 

the diameter (Figure 2). It made it possible to differentiate the fibers with the smallest 1/AR ratio 

and diameter values from the aggregates with 1/AR higher than 0.10. However, the straws located 

between the fibers and aggregates were much more difficult to classify according to this criterion. 
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Figure 2 The graph depicting the variation in the inverse of the particle’s aspect ratio 

(AR) as a function of its diameter [14]. 

The inverse of the AR (1/AR) as a function of the minor axis of all the plant aggregates 

incorporated in a mineral binder presented in this review is shown in Figure 3 and compared with 

those of the fibers reviewed in earlier studies [14]. Contradictory, the plant residues considered in 

this review and, which will be called here as "plant aggregates" were less elongated with an inverse 

AR higher than 0.05 and a minor axis (minor axis of the ellipse shape fitted to the particle) higher 

than 0.5 mm in comparison to fibers, after undergoing a decortication or a grinding process followed 

by sieving. The particles not included between these intervals were the small particles of hemp shiv 

(minor axis less than 0.5 mm) and were not certified for construction uses [15]. 

 

Figure 3 The inverse of the particle’s aspect ratio (1/AR) as a function of its minor axis 

[7, 15-62]. 

Plant aggregates are derived from various parts of the plants and are often agricultural by-

products. To identify the nature and the processing of the by-products valued as plant aggregates 

in plant-based concrete, a classification based on their origin is presented in the following paragraph. 
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2.2 Classification, Nature, and Processing of By-products Considered as Plant Aggregates in Plant-

based Concrete 

A total of 120 papers covering the properties of 18 plant aggregates and/or the properties of 

composites formed with mineral binders were reviewed. They were related to 18 different 

agricultural by-products, which were further classified into nine categories according to their origin 

as follows: fiber plant wastes, wood transformation residues, cereal straws, oilseed straws, wastes 

from cereal plants other than straws, wild plants, sugar plant wastes, energy crop residues, and 

aromatic plants. These plant aggregates are listed in Table 1. 

Table 1 Classification of by-products used as plant aggregates in plant-based concrete 

and location of the related studies. 

Origins Plants Fractions 

Locations of 

published 

studies 

References 
Number of 

references 

Fiber plant wastes Hemp Shiv 

France, UK, 

Slovakia, 

Sweden, Spain, 

Canada 

[7, 15, 16, 20, 28, 

29, 32, 35, 36, 

41, 42, 44-46, 

49-54, 59-89] 

51 

 Flax Shiv 
France, Canada, 

Poland 

[23, 27, 40, 54, 

60, 81, 90-94] 
11 

 Coconut Coir Thailand, Brazil [11, 95, 96] 3 

Wood 

transformation 

residues 

Wood Chip 

France, Algeria, 

Brazil, Australia, 

Nigeria, Turkey, 

Egypt, USA 

[18, 28, 97-112] 18 

Cereal straws Barley Straw 
France, Algeria, 

Egypt 

[7, 22, 24, 38, 41, 

42, 99, 113, 114] 
9 

 Wheat Straw France, Egypt [24, 60, 88, 99] 4 

 Corn Stem France, China [16, 17, 43, 65] 4 

 Rice Straw Egypt, China [115-117] 3 

Oilseed straws Sunflower Stem France 

[16, 25, 26, 29, 

43, 45, 53, 65, 

118, 119] 

10 

 Rape Straw France, UK 
[25, 26, 54, 55, 

60, 82] 
6 

Wastes from 

cereal plants 

other than straws 

Corn Cob 
France, 

Portugal, Italy 
[7, 41, 42, 120] 7 

Rice Husk 
France, Spain, 

UK, Vietnam 

[12, 29, 30, 121-

123] 
6 
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Figure 4 exhibits the location of the reviewed articles as well as the nature of the studied plant 

aggregates. They were from different countries all over the world. However, most published studies 

were based in Europe, especially France. 

 

Figure 4 Location of published studies using agricultural by-products as plant aggregates 

in plant-based concrete and representation of the corresponding number of studies 

published per country (based on publications between 1986 and 2020). 

Wild plants Diss Stem Algeria, France [58, 124-126] 4 

 Bamboo Stem 
Brazil, Nigeria, 

Malaysia 
[33, 127-129] 4 

Sugar plant 

wastes 
Sugar cane Bagasse 

France, 

Malaysia, UK 
[121, 130-133] 5 

 Sugar beet Pulp France [13, 134] 2 

Energy crop 

residues 
Miscanthus Stem France, china [31, 135, 136] 3 

Aromatic plant 

straws 
Lavender Straw France [38, 56, 119] 3 
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For each by-product, general information about the plant, its geographical location, and 

processing methods are detailed below. 

2.2.1 Fiber Plant Wastes 

Hemp shiv (51 papers out of 120). Hemp, scientifically called Cannabis Sativa L., is an annual plant 

from the Cannabaceae family with height varying from 1 to 3 m. It is very popular for the quality of 

its fibers and is used in the automotive, paper, and textile industries or for producing ropes. In 

general, Cannabis Sativa L. species is found in Central Asia and especially in Europe. It is grown in 

temperate climates. 

As shown in Table 1, the studies based on the use of hemp shiv with mineral binder were mainly 

done in France, UK, Slovakia, Sweden, Spain, and Canada. Hemp shiv is the by-product of the hemp 

defibration process and corresponds to the inner part of the fragmented stem, representing 40 to 

60% (w/w) of the Cannabis Sativa L. plant. Depending on whether the defibration process was done 

before grinding (i.e., complete or partial), pure shiv or fibered hemp shiv (i.e., shiv containing fiber 

impurities) can be obtained. In industry, whether the mechanical defibration is preceded or not by 

a retting process affects the chemical composition of hemp shives, especially the content of pectins. 

This can impact the hemp shiv/binder chemical interactions (setting delay), the hemp shiv/binder 

interface, and the mechanical properties of the manufactured hemp concrete [72]. In addition to 

untreated hemp shives (with or without pre-wetting with water) mixed with an enhanced mineral 

matrix, several treatments for hemp shives are presented in the literature to address these 

problems. The most common solution is the coating of the aggregates using mineral binder [35, 53], 

linseed oil [59], or water-repellent sol-gel [79]. Other treatments, such as the leaching of the hemp 

shives using a neutral or alkaline solution, were also studied [53, 83]. All these treatments conducted 

on the hemp aggregates can have different impacts on the multi-physical properties of the 

composite. 

Flax shiv (11 papers out of 120). Flax (Linum usitatissimum L.) is a member of the genus Linum in 

the Linaceae family. Flax is an annual plant and is cultivated for its fibers and/or seeds. It is cultivated 

in the cooler regions of the world. The world production of flax (linseed) was 2.95 Mt, led by Russia, 

Canada, Kazakhstan, and China [137]. The textile flax is 1.2 m tall with slender stems. Flax shives are 

obtained from the inner part of the flax stem and are produced as a by-product of flax fiber 

production from the textile industry [92]. In the case of oleaginous flax, the main final product is the 

seed. To avoid the lodging of the plants before the seed harvesting, a plant-growth regulator is thus 

most often applied, resulting in plants with much lower stem heights (less than 60 cm). However, 

straws from oleaginous flax can also be valorized for their textile fibers [138], and the obtained 

shives can thus remain available as plant aggregates after the extraction of those fibers. 

France, Canada, and Poland have majorly published research on flax concrete (Table 1). As for the 

hemp shives, the flax shives are the by-products obtained from the defibration of the flax stem, with 

or without retting before mechanical defibration and sieving. A few particle coating treatments to 

optimize the water absorption and the chemical interactions between flax shives and lime or 

cement have been reported in the literature. These included coating using a mixture of cement and 

sucrose [40], a PEC elastomer, [94], and linseed oil [93]. These treatments improve the mechanical 

properties and behavior of flax concrete in water and slightly reduce their thermal performance. 
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Coconut coir (3 papers out of 120). The coconut is the fruit obtained from the tree named Cocos 

nucifera L. It belongs to the family of palms, or Arecaceae, and can attain a height of 25 m. The 

coconut tree gives its first fruit at the age of five or six years and reaches its maximum production 

after about 15 years. An adult coconut tree can produce between 50 and 500 coconuts per year. 

Coconut coir is the fruit of the coconut palm, and it surrounds and protects the coconut. Its pith and 

short fibers are the by-products obtained from the extraction of long fibers. Coconuts grow 

abundantly in coastal areas of tropical countries [121]. Most of them are found in the Southeast of 

Asia, e.g., Indonesia, Philippines, and India, the leading producer with 70% of the world production. 

World production of coconuts is around 40 to 50 Mt/y, producing around 15 to 20 Mt/y of coir husk. 

Coconut coir is thus a widely available by-product in tropical countries. 

Thailand and Brazil are the main countries that have researched the mixture of coconut coir and 

cement (Table 1). Coconut coir is extracted by beating it using an automated mechanical extraction 

machine. After sieving, the by-product obtained is immediately mixed with cement or pretreated 

by washing it with tap water followed by drying in the sun [11]. The pretreatment can be done in 

two ways, washing-boiling-drying [95] or boiling-washing-drying [11]. Results have shown that 

pretreatment involving boiling majorly improves most of the mechanical properties of the 

composite. 

2.2.2 Wood Transformation Residues (Wood Chips) (18 Papers out of 120) 

Wood is the most abundant raw material in nature. There are two main types of wood: softwood 

and hardwood. Softwood refers to wood that comes from evergreen or coniferous trees like pine, 

spruce, cedar, and redwood, whereas hardwoods are obtained from deciduous trees like ash, oak, 

teak, birch, walnut, and mahogany. Wood is used for many purposes and in many forms, such as 

lumber, industrial, and energy wood. Russia, Canada, Brazil, and the USA are the leaders in terms of 

forest area, with 50% of the total forest area worldwide (39,000,000 km2). Several countries like 

France, Algeria, Brazil, Australia, Nigeria, Turkey, Egypt, and the USA have studied the mixing of 

wood chips with the mineral binder (Table 1).  

Wood chips result from all kinds of woodworking activities. Several treatments of wood chips are 

proposed in the literature to solve the problems associated with their chemical interaction with the 

hydraulic binder and swelling. These include treatment with cold or hot water [97, 106, 109, 111], 

coating with hydraulic lime or linseed oil [106], and thermal treatment by mild pyrolysis under a 

nitrogen atmosphere [102, 104, 108]. 

2.2.3 Cereal Straws 

Barley straw (9 papers out of 120). Barley, or Hordeum vulgare, is a cereal that belongs to the 

grass family. Globally, the use of barley grain is divided between animal feed (55 to 60%), malt 

production (30 to 40%), seed production (5%), and human nutrition (2 to 3%). Barley is harvested 

once or twice a year. It is currently popular in temperate areas where it is grown as a summer crop 

and in tropical areas where it is sown as a winter crop. In 2016, the world production of barley grain 

was 141 Mt/y, led by the European Union, producing 41% of the world’s total production.  

Research articles dealing with the mixing of barley straw with earth or Portland limestone cement 

are mainly from France, Algeria, and Egypt (Table 1). Barley straw is the stem rejected during seed 

harvesting. Apart from crushing and sieving, no special treatment is applied to the barley straw 
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when combined with an earth binder. On the contrary, when mixed with Portland-limestone cement, 

several treatments, including immersing barley straw for some time in boiling water, gas oil, varnish, 

or waste oil of car engines, are applied to improve the straw/binder interface [113]. 

Wheat straw (4 papers out of 120). Wheat is a grass widely cultivated for its seed and cereal grain 

that is a worldwide staple food. Several species of wheat together form the genus Triticum, and 

among them, the most widely grown is common wheat (T. aestivum). The two current important 

varieties include durum wheat or Triticum turgidum L. (mostly grown in Europe, North America, and 

the Middle East) and soft wheat or Triticum aestivum (grown in mid-latitude countries like China, 

India, United States, Russia, France, Canada, and Germany). Wheat is grown on a larger land area 

than any other food crop (220.4 million ha in 2014). In 2016, the global wheat production was 

estimated as 749 Mt led by EU (157.3 Mt/y) and followed by China (131.7 Mt/y), India (93.5 Mt/y), 

Russia (73.3 Mt/y), and the USA (62.9 Mt/y). Articles based on the mixing of wheat straw with a 

mineral binder are originated from France and Egypt (Table 1). 

 Like other straws, wheat straw is also the rejected part after seed harvesting. Aggregates are 

obtained by grinding and sieving. In the four reviewed references, wheat straws obtained did not 

undergo any specific treatment, but they were directly mixed with earth. No study was conducted 

on wheat straws mixed with any other mineral binder apart from earth, such as lime, cement, or 

pozzolanic binders. 

Corn stem (4 papers out of 120). Corn (Zea mays L.) is an annual tropical herbaceous plant of the 

Poaceae family (grasses), widely grown as a cereal for its starch-rich grains but also, in some cases, 

as a forage plant. It is mainly used for animal feed, human food, and agro-food industries for the 

production of alcohol as biofuel, biogas, or bioplastics. Corn is the most widely produced grain in 

the world, with grain production slightly ahead of rice and wheat. The top two producers are the 

USA and China, accounting for nearly 60% of the world's total production (1,038 Mt/y between 2014 

and 2016). France and China are the countries mainly studying corn stem (pith, bark, or the whole 

stem) and mineral binder mixtures (Table 1).  

The corn stems are ground in the first stage after harvesting to obtain aggregates of corn pith, 

bark, or stem (mix of pith and bark). Following it, in the case of corn pith or bark alone, mechanical 

separation is done using a tilted conveyor belt and a blowing system. Finally, sieving on a 1 mm sieve 

is done to remove the fines. No particular treatments are carried out on these aggregates as 

reported in the literature. Instead, they are directly mixed with either cement, lime, or pozzolanic 

binder [17, 43, 65]. 

Rice straw (3 papers out of 120). Rice is the seed of the grass species Oryza sativa (Asian rice) 

and Oryza glaberrima (African rice). As a cereal grain, it is the most widely consumed staple food of 

a large part of the world's population, especially in Asia. 

 In 2016, the world production of rice grain was 741 Mt, led by China and India with a combined 

50% of the total production. The cultivation of rice generates a lot of straw (60 to 85% of the plant 

aerial part). Egypt and China are doing extensive research on the use of rice straw particles as plant 

aggregates in combination with mineral binders. Like the first two cereal straws, the aggregates 

from rice straw are obtained after grinding and sieving. Treatment, such as immersion in water or 
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sodium hydroxide, can be done on the rice straws according to ASTM-D1109–84 [139] to improve 

their compatibility with the cement [117]. 

2.2.4 Oilseed Straws 

Sunflower stem (10 papers out of 120). Sunflower (Helianthus annuus L.), an annual plant of the 

Asteraceae family, is a native of North America. It is widely cultivated in all the continents, especially 

for its seeds rich in vegetable oil for cooking applications. The world’s total harvest of sunflower 

seeds in 2016 was 42.1 Mt. Its main producers are Russia and Ukraine, with a production of 21.0% 

and 15.5%, respectively, of the total produce.  

Nine papers found in the literature about the properties of sunflower aggregates used in plant-

based concrete were all from France. Sunflower straw is composed of a rigid external part named 

“bark” and a lightweight inner part with a honeycomb-like structure named “pith”. Sunflower pith 

and bark are obtained by the same process of grinding, separation, and sieving as that used in the 

case of corn. No treatment applicable on the mixture of sunflower pith and mineral binder is 

proposed in the literature. However, several treatments are used with the sunflower bark, such as 

washing in clear water [53], soaking in a calcic lime solution, or coating with linseed oil or a paraffin 

wax [118]. The purpose of these treatments is to improve the aggregate/binder interface and, 

consequently, their compatibility. 

Rape straw (6 papers out of 120). Rapeseed or Brassica napus L. is an annual plant with yellow 

flowers of the Brassicaceae family. It is widely grown for its seeds and is used as animal feed and for 

the production of edible oil or biofuel.  

Rape is a global crop and is mainly cultivated in cool temperate zones. France and UK are the 

major countries that published articles about rape straw concrete. Rape straw is considered a waste 

resulting from the harvest of the seed part but can be milled to form aggregates. After sieving to 

remove fine particles, they are directly incorporated into the earth or lime binder to form the 

composite. 

2.2.5 Cereal plant wastes other than straw 

Corn cob (7 papers out of 120). The generalities of corn have already been discussed in the 

paragraph dedicated to corn stem. Countries involved in research on corn cob are France, Portugal, 

and Italy (Table 1). Corn cob is the central part of the maize ear, once cleared of its grains. It is then 

crushed to obtain aggregates. The corn cob is made up of three layers. The hardest inner layer is the 

only one used after a centrifuge-based separation process (the particles in each layer have different 

densities and are separated easily) [42]. In some other cases, all the crushed aggregates are used 

after removing fines [140, 141], although the aggregates obtained absorb much more water. 

Rice husk (6 papers out of 120). The general discussion on rice has already been conducted in the 

paragraph dedicated to rice straw. The main applications of rice husks include landfills in the soil 

and energy sources for the production of electricity or heat because of their high heating value [30]. 

In the construction sector, they have been the subject of research on ash from calcination.  

In Table 1, the rice husks studied in the articles (6 out of 120) came from France, Spain, UK, and 

Vietnam. Rice husks are the agro-industrial by-products resulting from the rice hulling, and they 
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represent 20% (w/w) of the whole paddy rice grain harvested. They are mixed in their natural state 

with mineral binder [30], pre-soaked for 24 h to solve the water absorption problem [12], or even 

pre-treated with a lime solution before being used to improve the mechanical performance of the 

composite [122]. 

2.2.6 Wild Plants 

Diss Stem (4 Papers out of 120). Diss also called Ampelodesmos mauritanicus, is from the Poaceae 

family. It is a very luxuriant monocotyledonous plant growing in a wild state around the 

Mediterranean basin. This plant has been used previously in the realization of vernacular 

constructions due to its natural mechanical and hydric qualities [124].  

Algeria and France are the two countries researching aggregates produced from the stem of diss. 

Aggregates from diss stem are obtained after the grinding and sieving process. They are mixed with 

cement or clay binders; however, their mixture with cement undergoes a setting problem due to 

the presence of water-soluble substances contained in the plant. As a result, the diss aggregates are 

preferably boiled in water [58, 124] or covered with linseed oil before mixing with cement [58]. 

Bamboo stem (4 papers out of 120). The bamboos are evergreen perennial flowering plants in 

the Bambusoideae subfamily of the Poaceae grass family. Bamboo is one of the fastest-growing 

plants in the world due to a unique rhizome-dependent system. The internodal regions of the stem 

are usually hollow, and the vascular bundles in the cross-section are scattered throughout the stem 

instead of a cylindrical arrangement. Bamboo has been and is still widely used as an ornamental 

plant or for producing serving utensils and various materials. Apart from its structural use in the 

building industry (e.g., for the erection of scaffolds in Asia), it can also be used in the form of 

aggregates mixed with cement.  

Most of the bamboo species are of Asian and American origin, found at varying altitudes up to 

3,000 m in the Himalayas. Besides, a few species naturally occur in continental Africa and Oceania, 

while none in Europe. Only three articles were found in the literature on the use of bamboo’s stem 

aggregates with cement and were from Brazil, Nigeria, and Malaysia (Table 1). Bamboo stem 

aggregates are obtained via the grinding and sieving process, and prior use may be washed in water 

at 45 °C followed by air drying [127]. 

2.2.7 Sugar Plant Wastes 

Bagasse from sugar cane (5 papers out of 120). Sugar cane corresponds to several species of tall 

perennial true grasses of the genus Saccharum, tribe Andropogoneae. It is used for sugar production. 

It has stout, jointed, and fibrous stalks rich in sugar (sucrose) and is accumulated in the stalk 

internodes. Global production of sugar cane in 2016 was 1.9 billion tons, with Brazil producing 41% 

of the world's total production, followed by India (18%). The sugar cane industry produces large 

quantities of bagasse. It is estimated that world bagasse production is about 250 Mt/y. Five articles 

from France, Malaysia, and the UK on the compatibility of sugar cane bagasse aggregates with 

cement were found in the literature (Table 1).  

Bagasse is the fibrous residue of the sugar cane that is passed through the mill to extract the 

juice containing sugar. This by-product is then cut for use with a mineral binder. Two treatments, 
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including a heat treatment by pyrolysis under a nitrogen gas flow [130, 131, 133] and chemical 

treatment with an alkaline solution made of calcium hydroxide [133], were found in the literature 

to improve the setting of the composite and its thermal performance. 

Sugar beet pulp (2 papers out of 120). Beet, also known as Beta vulgaris, is a subspecies of the 

plants belonging to the Amaranthaceae family. They are grown for their fleshy roots and used for 

the production of sugar, as a vegetable in the human diet, fodder plants, and more recently as a fuel 

source to produce bioethanol. Pulp is a by-product obtained from the processing of sugar beet and 

is mainly used as fodder for horses and other livestock.  

Recently, in France, studies have been done for their use as plant aggregates for concrete after 

drying [13, 134]. The aggregates are covered with cement or linseed oil to make them inert to the 

mineral matrix and reduce their strong affinity for water [13]. 

2.2.8 Energy Crop Residues (Miscanthus Stem, 3 Papers out of 120) 

Miscanthus is a genus of perennial herbaceous plants of the Poaceae family (Gramineae) and 

native to Africa and South Asia. Some species of miscanthus (so-called “elephant grass” or 

Miscanthus giganteus) are gaining significant attention in the agricultural, industrial, and energy 

sectors for their productivity and energy value (biomass energy).  

Research on the use of miscanthus aggregates for plant-based concrete is mainly done in France 

and China (Table 1). The miscanthus aggregates are obtained by drying, milling, and sieving the 

stems after harvest. Several treatments on miscanthus aggregates are carried out to improve the 

mechanical performance of the resulting plant-based concrete. These include enzymatic 

scarification with a cocktail made of cellulase, β-glucosidase, and xylanase after two distinct pre-

treatments with sulfuric acid or ammonia [135, 136] and saturation with water and impregnation 

with cement [31]. 

2.2.9 Aromatic Plant Straws (Lavender Straw, 3 Papers out of 120) 

Lavender (Lavandula) is a genus of plants of the Lamiaceae family. They are dicotyledonous 

shrubs, mostly purple, and arranged in spikes. Most of them are highly fragrant, thus widely used in 

all branches of perfumery. Formerly, lavender was grown in France and some countries of the 

Mediterranean basin. Then the culture spread in Eastern Europe (Bulgaria, Russia, Ukraine, etc.) and 

even in Tasmania or Canada, where mutated plants could now resist freezing. The three articles 

about the mixing of lavender aggregates with a mineral binder found in the literature were from 

France (Table 1).  

Lavender straw is a by-product of the production of lavender essential oil, extracted through 

hydrodistillation, and corresponds to the crushed stems. The obtained by-product is mixed with 

earth or with a pozzolanic binder. To limit the detrimental chemical interactions observed between 

the water-soluble components of the lavender straw and the pozzolanic binder, a mineral 

pretreatment based on a pozzolanic binder has been reported in the literature [56]. Nevertheless, 

the mechanical performance of composites formulated from these pretreated aggregates remained 

very limited. 
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2.3 Availability of By-Products Used as Plant Aggregates in Plant-based Concrete in France 

France is the most productive country in terms of publications on plant-based concrete (68 

papers, Figure 4); hence, in this section, we mainly focused on the availability of the distinct by-

products in France.  

Some existing studies assessed and compared the number of available by-products in a country 

[7, 142], which in turn took account of the non-harvestable parts (necessary to maintain soil fertility 

or inaccessible parts) and those allocated for other uses (e.g., litter, animal feed, energy, etc.). This 

assessment was essential before assessing a by-product. 

Figure 5 compares the total quantities of the by-products available in France that can be used as 

plant aggregates in plant based-concrete and the number of articles published for each of them. 

Notably, due to the limited data available for each by-product instead, the total quantity was 

presented in the graph, and the numbers of articles published are mentioned wherever applicable. 

The data for this study was collected from earlier studies [6] and [143]. 

 

Figure 5 Comparison of the total quantities of by-products in France possibly usable as 

plant aggregates in plant-based concrete and the number of papers about each of them. 

The results plotted in Figure 5 revealed that the number of published papers and the total 

quantities of agricultural by-products were uncorrelated. Widespread by-products such as wood 

residues and cereal straws have been studied very little. On the contrary, hemp shives (0.03Mt/y), 

which represent only 0.02% of the total by-products in France, have been the most studied plant 

aggregates. This could be explained by the fact that the hemp sector was the first one to be 

established in France, in particular under the leadership of the “Construire en Chanvre” association. 

As a result, a lot of publications on the professional rules of hemp construction were published in 

2007 and were last updated in 2012. The low availability of hemp shiv in several regions of France 

adds an economic and environmental additional cost in their transportation; thus, limiting the 

expansion of the hemp sector. This necessitates the diversification of the widely available by-

products and their complete characterization regarding their possible use as plant aggregates in 

plant-based concrete.  

Thus, it would be of great interest to focus more research on the most available by-products such 

as wood chips, cereal straws, and even flax shives. 

The diversification of these agricultural co-products raises the problem of their characterization. 

Indeed, in the case of material science, there is no standard protocol for the characterization of 

these plant additions. Between 2010 and 2016, some work was carried out by teams from 20 
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laboratories within the framework of TC-Rilem 236 BBM, which partially resolved this problem by 

publishing recommendations in 2017 concerning the multi-physical characterization of plant 

aggregates [144]. However, these recommendations were based on the tests conducted only on 

hemp shives, and also several properties of plant particles were not addressed. The characterization 

of hemp shives and alternative plant aggregates are presented in the following section. 

2.4 Characterization Methods and Properties of Plant Aggregates 

This part summarizes the multi-physical characterization and properties of plant aggregates 

encountered in the literature. The most used bio-aggregate characterization protocols are those 

recommended by RILEM TC 236-BBM [5] and are based on hemp shives. However, there are also 

other ways for conducting such characterizations both on hemp shives and other plant aggregates. 

The various physical, hygro-thermal, and chemical characterizations of these plant aggregates are 

mentioned below. 

2.4.1 Physical Properties of Plant Aggregates 

Microstructure. Several methods have been proposed by RILEM TC 236-BBM [5] to analyze the 

microscopic structure of the plant aggregates. The most used are the imaging methods like scanning 

electron microscopy (SEM) and X-ray tomography. These methods can determine the pore size and 

its distribution, porosity, and microstructural morphology of the plant aggregates. SEM is a 2D 

technique carried out with a scanning electron microscope fitted with field emission and a 

secondary electron detector. Whereas X-ray tomography is a 3D image analysis including an X-ray 

source, a rotation state on which the object is fixed, an X-ray detector, and reconstruction software 

[5]. 

SEM requires at least two sections to analyze the microstructure of the plant aggregates, 

whereas X-ray tomography can do it directly. SEM analysis provides detailed structural information 

such as the shape and size of individual pores inside plant aggregates, but these are the 

representatives of only pores visible in the image. The X-ray tomography quantifies the pore size 

distribution, porosity, and tortuosity of the porous network. However, it does not apply to extremely 

large samples and pores much smaller than the resolution as they cannot be distinguished in such 

a situation. SEM and X-ray tomography methods together may determine the microstructural 

parameters of the plant aggregates more precisely. The combined SEM and X-ray tomographic 

Figure 6 and Figure 7 show the microstructural differences between various plant aggregates. 

Details about pore diameter and particle porosity of 12 plant aggregates are mentioned in Table 2 

wherever data are available. 

Apart from imaging methods, mercury intrusion porosimetry (MIP) can also be used to evaluate 

the pore size distribution of the internal open porosity of particles. In this method, mercury is 

inserted inside a particle by applying increasing pressures. The higher the pressure, the more the 

mercury will fill the small pores. The Wasburn equation relates the injection pressures to the pores 

accessible, as shown in Eq. (1) 

𝑃 =
−2𝛾 cos 𝜃

𝑟
(𝟏) 
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where 𝑃 is the imposed pressure (Pa), 𝛾 is the interfacial energy (surface tension) of mercury (N/m), 

𝜃 is the contact angle of mercury with the tested material (°), and 𝑟 is the radius of the pore (m). 

MIP method has two limitations, 1) the pores are rarely cylindrical, unlike what is taken as a 

hypothesis, and 2) the particle walls can be modified under the effect of pressures. 

 

Figure 6 SEM cross-sectional images of (a) hemp shiv, (b) flax shiv, (c) barley straw, (d) 

wheat straw, (e) sunflower pith, (f) rape straw, (g) corn cob, (h) rice husk, (i) miscanthus 

stem, and (j) lavender straw [7, 30, 31, 38, 45, 60, 64]. 

 

 

Figure 7 (a) 3D tomography reconstruction and (b) section images of (1) hemp shiv, (2) 

corn bark, and (3) sunflower bark [43, 64]. 

All the plant aggregates exhibited a highly porous structure, however, with some differences 

(Figure 6 and Table 2). Hemp shiv had a tubular microstructure with pore diameters ranging from 5 

to 60 µm and a cell wall thickness of about 4 µm. The 3D tomography reconstitution of Hemp shiv 

in Figure 7 showed longitudinal open pores with a particle porosity between 72% and 83%. Flax shiv 

pores were also organized in the form of capillaries parallel to the growth direction of the plant, 

with pore diameters varying only from 15 to 33 µm. The particle porosity of flax shiv calculated in 

earlier studies [81] was around 71%. Straws also exhibited a tubular microstructure with very thin 

cell walls (< 2 µm). Their pore diameters varied from 2 to 100 µm in barley straw, from 6 to 30 µm 
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in wheat straw, and from 10 to 50 µm in rape straw. 3D representations of both corn and sunflower 

bark showed a tubular and an alveolar structure (Figure 7) with the same pore diameters ranging 

from 10 to 80 µm. The particle porosity of corn bark was between 51 and 64%, while that of 

sunflower bark could vary between 58% and 80%. Sunflower pith had a particularly alveolar 

structure, with an average pore diameter greater than 100 µm and thin cell walls. This large and 

high-porous structure of the sunflower pith could explain its lightness. With a tubular and an 

alveolar microstructure and pore diameters ranging from 20 to 80 µm, corn cob is different from 

other plant aggregates as its cell wall thickness is up to 45 µm. This structure makes the corn cob 

denser than all the other plant aggregates. Pore diameters varying from 1 to 30 µm were detected 

in a single thin rice husk (about 80 µm), but its solid phase was predominant, and particle porosity 

varied from 34% to 50%. Miscanthus stem showed tubular microstructure with pore diameters 

ranging from 30 to 50 µm and a larger number of pores inside than outside thereby, making it denser 

(Figure 6). The porosity of miscanthus stem particles was around 82% to 84%. SEM image of 

lavender straw in Figure 6 shows a concentrically organized tubular structure. All the biggest pores 

between 30 and 60 µm were located in the center, surrounded by small square pores with a size 

ranging from 7 to 9 µm, which in turn were surrounded with a dense envelope containing pores of 

varying sizes. The cell wall thickness was between 1.5 and 2 µm. 

Table 2 Pore diameter and particle porosity of 12 plant aggregates. 

The above results showed that the microstructure of the plant aggregates is a characteristic 

feature, which is often studied in the literature and varies significantly from one plant aggregate to 

another. Besides, the microstructure impacts other properties of aggregates, such as their density 

or their water absorption capacity, as discussed in the following paragraphs. 

Plant aggregates Pore diameter (µm) Particle porosity (%) References 

Hemp shiv 5-60 72-83 

[7, 20, 28, 29, 34, 35, 45, 49, 

50, 53, 55, 60, 63, 64, 69, 74, 

86, 89] 

Flax shiv 15-33 71 [23, 40, 60, 81] 

Barley straw 2-100 - [7, 24, 38] 

Wheat straw 6-30 - [24, 60] 

Corn bark 10-80 51-64 [43] 

Sunflower pith > 100 - [25, 45] 

Sunflower bark 10-80 58-80 [25, 43, 53] 

Rape straw 10-50 78 [25, 54, 55, 60] 

Corn cob 20-80 - [7, 140, 141] 

Rice husk 1-30 34-50 [30, 122] 

Miscanthus stem 30-50 82-84 [31] 

Lavender straw 7-60 - [38, 56] 
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Particle size distribution and shape of the plant aggregates. Two main methods are 

recommended by the RILEM TC 236-BBM [5] to determine particle size in plant aggregates, such as 

mechanical sieving and image analysis. Mechanical sieving uses sieves with standardized square 

meshes to study soil and mineral aggregates (NF ISO 3310–1 [145] and ASTM E-11–95 [146]). This 

method only finds the width of the particles as they can pass through the sieve in the direction of 

their length. Thus, only spherical plant aggregates like corn cob particles are suitable for this method 

but not the elongated ones such as straw. Image analysis is more adapted for the majority of the 

elongated plant aggregates. In this method, firstly, the particles are sieved at 500 µm to remove 

dust. They are then homogenized before being scanned on a black background to obtain better 

contrast for the image analysis by using the software. However, this method is only performed with 

a small number of particles. So, the precision of the results can be limited by the representativeness 

of the sample. Moreover, the dimensions obtained are only related to the 2D projection of the 

particles. Geometrical parameters obtained via image analysis include major and minor axis, 

equivalent area diameter (EAD) are based on a particle with a perfect circular cross-section, 

circularity, and AR (AR, ratio of major length to the minor length). Figure 8 presents the extreme 

major and minor axis length curves (i.e., the maximum limits of the major axis and the minimum 

limits of the minor as observed in the literature) of seven different plant aggregates and shows the 

extent of each particle size. Nevertheless, in terms of shape and size, two hemp shives of different 

origins differed more significantly than a hemp shiv compared with a corn or sunflower bark [65]. 

Indeed, the particle size of plant aggregates is an easily adjustable parameter according to the 

calibration process. A list of median values of the length, width, and AR of plant aggregates found 

in the literature is also presented in Table 3. 

 

Figure 8 Extreme minor and major axis curves obtained by image analysis for seven 

different plant aggregates [7, 30, 38, 53, 56, 62, 82]. 

Table 3 Median length, width, and AR values of the plant aggregate particles. 

Plant aggregates 
Median particle 

length (mm) 

Median particle 

width (mm) 

Aspect ratio 

AR (-) 
References 

Hemp shiv 0.7 – 30.0 0.25 – 5.0 2.28 – 8.75 
[7, 15, 20, 28, 29, 32, 

35, 41, 42, 45, 50-54, 
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The very small space between the major and minor axes of corn cob explained the similarity 

between these two dimensions. In addition, the steepness of their slope indicated a little variation 

in the dimensions. The AR value of the corn cob was very close to 1 (between 1.40 and 1.50 in Table 

3), indicating a nearly circular cross-section. Rice husk also exhibited a similar steep spindle, but the 

distance between the two curves was larger than that of the corn cob, which indicated that major 

and minor axes were quite regular but not the same. This resulted in an AR value higher than 1 (i.e., 

between 2 and 3 in Table 3), thereby explaining the elongation in the particle. The grading curves 

of the remaining five aggregates were quite similar. Their ARs were superior to that of rice husk (i.e., 

from 2 to 14), indicating highly elongated particles of straws and stem barks. 

Apart from the AR, circularity has also been used to validate the difference in shape between 

two or more aggregates. It varies between 0 (elongated shape) and 1 (circular shape). For example, 

the difference in circularity between two hemp shives and two bark particles from corn and 

sunflower is shown in Figure 9. Besides, the shape of the particles impacts their granular 

arrangement and consequently their bulk density. 

 

Figure 9 Circularity of hemp shives (H3: hemp shiv (batch number 3), H4: hemp shiv 

(batch number 4)), corn bark (Co), and sunflower (S) [65]. 

60-62, 65, 69, 70, 82, 

88] 

Flax shiv 5.5 – 20.0 0.5 – 4.1 4.87 – 20.00 [23, 55, 60, 93] 

Wood chip 20.0 7.0 2.86 [18, 97] 

Barley straw 7.6 – 35.0 2.0 – 2.5 4.10 – 14.00 [7, 41, 42] 

Wheat straw 9.0 – 12.00 1.1 – 1.2 8.18 – 10.00 [60] 

Corn bark 9.0 – 14.0 1.8 – 8.3 1.70 – 6.11 [17, 43, 65] 

Sunflower pith 9.0 6.0 1.50 [45] 

Sunflower bark 5.7 – 9.0 1.8 – 8.3 2.99 – 4.74 [43, 53, 65, 118] 

Rape straw 3.9-15.0 0.9-3.0 5.00 – 6.20 [54, 60, 82] 

Corn cob 3.6 – 5.0 2.6-3.7 1.40 – 1.50 [7, 41, 42, 60] 

Rice husk 6.7 2.7 2.44 [29, 30] 

Diss stem 10.0 – 15.0 1.5 10.00 [58] 

Bamboo stem 6.8 – 8.8 0.5 – 1.0 7.09 – 14.17 [33, 127] 

Miscanthus stem 11.0 3.0 3.67 [31] 

Lavender straw 5.0 – 30.0 1.5 – 3.0 3.33 – 10.00 [38, 56] 
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Densities. The plant aggregates have three distinguishable densities, namely, the bulk density of 

the particle arrangement, the apparent density of particles, and the skeleton density. As illustrated 

in Figure 10, in a bulk arrangement of plant aggregates, the bulk density is considered as the ratio 

of the mass to the volume of the solid particles along with the intra-and inter-particle voids. For the 

apparent density of the particles, the volume includes that of the solid plus the intra-particle voids. 

Lastly, the skeleton density takes into account the volume of the solid part only. 

 

Figure 10 Illustration showing the calculation for bulk density, apparent density, and 

skeleton density of the plant aggregate. 

It is possible to determine all kinds of porosities existing in a plant aggregate arrangement from 

all three densities. The total porosity of the bulk arrangement of plant aggregates is the sum of the 

inter-particle (the volume percentage of voids between particles in a bulk aggregate arrangement) 

and the intra-particle porosity (the volume percentage of voids inside the particles). The results of 

these previously defined parameters for each plant aggregate are presented in Table 4. 
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Table 4 The bulk density, the apparent density of particles, skeleton density, total porosity, and inter and intra-particle porosity values of 

the plant aggregates available in the literature. 

Plant 

aggregates 

Bulk density 

(kg/m3) 

Apparent 

density of 

particles 

(kg/m3) 

Skeleton 

density 

(kg/m3) 

Total porosity 

(%) 

Inter-particle 

porosity (%) 

Intra-particle 

porosity (%) 
References 

Hemp shiv 
70 – 163 

(37 references) 

250 – 320 

(7 references) 

1259 – 1500 

(9 references) 

90 – 92 

(9 references) 

55 – 61 

(7 references) 

32 – 37 

(5 

references) 

[7, 15, 16, 20, 28, 29, 32, 35, 

41, 42, 45, 46, 50–54, 60–63, 

65, 66, 69–71, 74, 76, 80, 82-

89] 

Flax shiv 
90 – 141 

(9 references) 

374 

(1 reference) 

1270 – 1342 

(2 references) 

90 – 93 

(2 references) 

76 

(1 reference) 

17 

(1 reference) 
[23, 40, 55, 60, 90–94] 

Coconut 

coir 
- - 

1125 

(1 reference) 
- - - [96] 

Wood chip 
50 – 280 

(5 references) 

233 – 690 

(5 references) 

1100 – 1200 

(1 references) 

82 – 87 

(1 reference) 

52 – 70 

(3 references) 
- [18, 99–101, 105, 106, 111] 

Barley 

straw 

47 – 107 

(5 references) 
- 

870 

(1 references) 

94 

(1 references) 
- - [7, 24, 41, 42, 99] 

Wheat 

straw 

25 – 54 

(2 references) 
- 

865-1478 

(2 references) 

96 – 98 

(2 references)  
- - [24, 60] 

Corn pith 
18 

(1 reference) 
- - - - - [16] 
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Rice straw 
96–160 

(1 reference) 
- - - - - [117] 

Corn bark 
75 – 120 

(3 references) 
- - - - - [17, 43, 65] 

Sunflower 

pith 

14 – 20 

(2 references) 

35 

(1 reference) 
- - 

43% 

(1 reference) 
- [16, 45] 

Sunflower 

bark 

98 – 168 

(4 references) 

296 

(1 reference) 

1540 

(1 reference) 

94 

(1 reference) 

67 

(1 reference) 

27 

(1 reference) 
[43, 53, 65, 118] 

Rape straw 
73 – 125 

(4 references) 

256 

(1 reference) 

1162 – 1411 

(2 reference) 

89 – 94 

(2 reference) 

49 

(1 reference) 

40 

(1 reference) 
[54, 55, 60, 82] 

Corn cob 
212 – 497 

(5 references) 
- 

1333 

(1 reference) 

72 

(1 reference) 
- - [7, 41, 42, 60, 141] 

Rice husk 
98 – 122 

(3 references) 

453 

(3 references) 

690 – 780 

(3 references) 

82 – 87 

(3 references) 

73 – 78 

(3 references) 

9 – 10 

(3 

references) 

[29, 30, 122] 

Diss stem 
37 – 50 

(2 references) 
- - - - - [58, 124] 

Bamboo 

stem 

298 

(1 reference) 

500 – 780 

(1 reference) 
- - - - [33, 127] 

Miscanthus 

stem 

78 – 119 

(1 reference) 

222 – 250 

(1 reference) 

1400 – 1406 

(1 reference) 

92 – 94 

(1 reference) 

52 – 65 

(1 reference) 

30 – 39 

(1 reference) 
[31] 
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Lavender 

straw 

64 

(2 references) 
- - - - - [38, 56] 
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Several results for bulk density in contrast to the low number of results for the apparent density 

of particles and skeleton density of all the plant aggregates were observed in Table 4. For example, 

in the case of hemp shiv, there were 37 references for bulk density and only 7 and 9 references for 

the apparent density of particles and skeleton density, respectively. This difference was explained 

by the existence of a protocol well defined by the RILEM to determine the bulk density of plant 

aggregates, while there was no recommendation for the two other densities. The methods of 

calculating and the results of each kind of density of the plant aggregates were developed in the 

following subsections. 

Bulk density. The most widely used method present in the literature for determining the bulk 

density of plant aggregates was proposed by the RILEM TC 236-BBM [144]. In this method, bulk 

density is measured in a dry state (specimens are dried at 60 °C until their weight becomes constant). 

The measurement is performed with a cylindrical mold (height at least twice the diameter and the 

diameter is at least equal to 10 cm). Other methods are also cited in the literature [18, 31, 67, 92], 

but the principle remains the same, i.e., drying the material and measuring its mass by knowing its 

apparent volume. Nevertheless, differences between certain values could be related to the fact that 

whether the aggregates were compressed or not in the container before being weighed. For 

example, in the case flex shiv, the density of 90 kg/m3 value was calculated without compaction [81], 

while the value of 141 kg/m3 was obtained after compaction with a tamping rod (25 strokes on each 

of the two layers of aggregates) [91]. Thus, the 141 kg/m3 density was much closer to a tapped 

density value. This indicated that the proposed protocol must have a comparable level of 

compaction as in the case of the RILEM protocol (with ten shakes of the cylinder from top to bottom 

to ensure a loose arrangement). 

In general, the results showed that the pith particles and some straws had the lowest bulk 

densities (sunflower pith 14–20 kg/m3, wheat straw 25–54 kg/m3, diss stem 37–50 kg/m3, barley 

straw 47–107 kg/m3, lavender straw 64 kg/m3, and rape straw 73–125 kg/m3) [7, 16, 24, 41, 42, 45, 

54–56, 58–60, 99, 124]. Hemp shiv, corn bark, miscanthus stem, flax shiv, wood chip, rice straw, 

sunflower bark, and rice husk had medium bulk density values (between 70 and 168 kg/m3). On the 

opposite, corn cob and bamboo stem were the heaviest aggregates (more than 200 kg/m3). These 

results were aligned with the microstructures observed previously and were associated with the 

inter-particle pores, which in turn were linked to the elongation of the particles. In addition to the 

intra-particle porosity, the inter-particle one could be enhanced by a more elongated shape of the 

plant particles. Figure 11 presents the mean of the bulk density as a function of the mean of the AR 

for all plant aggregates when both parameters are available. The results showed that the more the 

particles are elongated, the greater the inter-particle porosity and, therefore, the lower the bulk 

density. The low densities of corn and sunflower pith were ascribed to their high particle porosity 

due to their highly porous microstructure. 
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Figure 11 Mean of bulk density as a function of the mean of aspect ratio (AR) of plant 

aggregates. 

Bulk density allows characterizing plant aggregates as loose-fill insulating materials. However, 

aggregates rearrange themselves when they are mixed with a binder and compacted in the wet 

state in a composite, thereby limiting their inter-particle porosity that would also be partially filled 

by the binder. This necessitates the measurement of the apparent density of the particles to 

determine the particle porosity. 

The apparent density of the particles. The apparent density of the particles has been previously 

measured based on a straight section of stem and the corresponding area determined by image 

analysis and the measured height [5]. Other methods encountered in the literature include mercury 

intrusion porosimetry (MIP), X-ray tomography estimation [43], the water displacement method or 

Archimedes method [31, 105], and utilization of fine sand less than 250 µm, which eliminates the 

voids surrounding the particles and allows to determine their exact volume [13, 147]. 

All these methods are limited by the reliability of the volume of the particles or stem obtained. 

In the case of the method proposed in earlier studies [118], the fact that the walls of the stem are 

not perfectly parallel and the uncertainty in the accuracy of the perpendicularity of the section 

probably lead to an error in the value of the stem volume. In MIP, the particle volume is determined 

from the volume of solid and open pores, while the closed pores are neglected. The volume 

estimation from X-ray tomography may be biased due to the imprecision in resolution. With 

Archimedes method, first immersion in the water swells up the particle, thereby changing its volume. 

In the fine sand method, the compressing of the particles may modify the volume; thus, it is 

necessary to ensure the same level of compaction in the sand from one measurement to another. 

Nevertheless, this method could be interesting if the protocol and the representative elementary 

volume (REV) are properly implemented. 

The majority of apparent densities of particles identified in the literature were between 250 

kg/m3 for hemp and up to 780 kg/m3 for bamboo stems (Table 4). On the contrary, sunflower pith 
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had a very low value of 35 kg/m3 due to the presence of several and very large pores and thin cell 

walls, resulting in a low apparent density of the particles. Hence, it could be said that the apparent 

density of the particles is closely related to their microstructure. It is to be noticed that results for 

the apparent density of particles varied widely, depending on the method used or the treatments 

experienced by the particles. For future research and development, a standardized method would 

be required to avoid diversification of the results so that they can have more precision. 

Skeleton density. The skeleton density of plant aggregates is measured with a manual 

pycnometer method [24, 29–32, 49, 50, 55, 60, 86, 87]. Successive weightings of pycnometer (i.e., 

pycnometer with dry aggregates, pycnometer with aggregates filled with filling fluid, and 

pycnometer filled with water) give the mass of solid aggregates and their volume. Nozahic et al. 

(2012) estimated the value of the skeleton density of lignocellulosic aggregates, and the latter was 

equal to that of the cellulose (1540 kg/m3) [53]. It depends on the constituents of the cell walls. The 

majority of identified values were between 1100 and 1540 kg/m3, which was in agreement with the 

real densities of the pure chemical components of the cell walls. The low values recorded for rice 

husk (690–780 kg/m3) [29, 30, 122] might be due to the closed pores, which were not detected by 

the pycnometer method. The volume of the solid was thus overestimated, thereby reducing the 

resulted skeleton density. 

Table 4 indicated that for the majority of aggregates arranged in bulk, the inter-particle porosity 

is always higher than the intra-particle due to the elongated shapes of the aggregates, which 

generate a lot of intergranular voids. Sunflower pith has the lowest inter-particle porosity (43%) due 

to its circular shape, resulting in fewer intergranular voids, whereas rice husk has the greatest inter-

particle porosity (73–78%) due to its convex and elongated shape, leading to widely spaced particles 

aggregates. In the composite, the inter-particle porosity is filled by the rearrangement of the 

aggregates and the binder matrix. The intra-particle porosity data of the sunflower pith is not 

available in the literature. However, it should be the highest one in particular due to its original 

porous microstructure. For the rest of the aggregates, this parameter is between 9% for rice husk 

and 40% for rape straw. In terms of total porosity, it could be said that bulk plant aggregates are 

porous materials. Corn cob, which is the densest aggregate, is also least porous with 72% of total 

porosity, followed by wood chip and rice husk (82–87%). Shiv, straw, and stem are the most porous 

aggregates with more than 90% of total porosity. The porosity of plant aggregates generally plays 

an important role in their water absorption capacity, as discussed below. 

Water absorption. The water absorption capacity 𝑤(𝑡) of a plant aggregate is defined as the 

quantity of water it can absorb per unit of time and is calculated according to Eq. (2) mentioned 

below: 

𝑤(𝑡) =
𝑚(𝑡) − 𝑚0

𝑚0
∗ 100 (𝟐) 

where 𝑚(𝑡) is the wet mass of the aggregates (kg) for an immersion time t and 𝑚0 is the initial dry 

mass (kg). 

Water absorption is an essential parameter for plant aggregates when they are mixed with a 

mineral binder. In most cases, plant aggregates have very high water absorption rates, which creates 

a competition between the water absorbed by the aggregates and that required for the hydration 
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of the binder. This competition can thus induce a disturbance in the setting of the binder [20, 28, 

49]. 

The most widely used method in the literature to determine the water absorption of plant 

aggregates was the one proposed by RILEM TC 236-BBM [144]. The water absorption measurements 

are carried out at several time intervals to determine the evolution of the absorption kinetics of the 

aggregates. This allows the prediction of their short-term behavior (i.e., in the initial minutes) during 

the first contact of the water/aggregate/binder mixture and also their behavior at saturation. 

Nozahic et al. (2012) proposed a model for the kinetics of water absorption in plant aggregates as a 

logarithmic function of time: 

𝑤(𝑡) = 𝐼𝑅𝐴 + 𝐾1. 𝐿𝑜𝑔(𝑡) (𝟑) 

where 𝐼𝑅𝐴 is the initial rate of absorption, corresponding to the water absorption rate after 1 min 

and representing the absorption of water only on the surface of the particles (%), and 𝐾1 is the 

coefficient of water absorbed by the particle over time (%.Log(min)–1). 

Laborel-Préneron et al. (2018) represented the water absorption as a function of the logarithm 

of time for three different aggregates (hemp shiv, barley straw, and corn cob), as shown in Figure 

12. This representation of water absorption in mass percentage suggested that barley straws have 

the highest absorption capacity (IRA of 247%), followed by hemp shiv (IRA of 218%) and corn cob 

(IRA of 48%). However, the dosage of aggregates in the plant-based concrete formulation might be 

very different, which means that the mass representation of water absorption is not a good 

parameter for predicting its impact on the formulation of the composite. Instead, the volume 

representation would be much more consistent. 

 

Figure 12 Water absorption as a function of the logarithm of time in hemp shiv, barley 

straw, and corn cob [7]. 

Table 5 presents, wherever applicable, the IRA and K1 data of different plant aggregates obtained 

through RILEM and other methods. Most of the hemp shiv aggregates had higher water absorption 

at IRA (122–218%) in comparison to values obtained by the RILEM method (190–240%). This 
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difference could be explained based on the fact that other methods did not use salad spinner before 

weighing [28, 49, 118] or just used an absorbent paper to remove water from the aggregate surface 

[31]. Consequently, an additional amount of water could be present between the aggregates and 

might increase the absorption value. Diverse results have also been observed with the RILEM 

method due to different origins of the hemp, which might differ the size, and the spin might also 

vary from one operator to another. As expected, the same RILEM method provided the lowest 

absorption capacity (IRA of 48%, and K1 of 9.8%.Log (min)–1) of the corn cob due to its low porosity 

as compared with other plant aggregates, followed by lavender straw (IRA of 100%, and K1 of 

12.5%.Log (min)–1). All other straws, shives, and barks, with higher porosities revealed higher water 

absorption capacity (IRA > 100% and K1 > 17%.Log (min)–1). According to the definition of K1, a 

correlation could be expected between it and the apparent density of the particles. However, this 

hypothesis could not be verified due to the lack of data. Indeed, the density of the particles was rare 

in the literature and it was only very recently that the kinetics of water absorption was represented 

as a function of the logarithm of time. It is thus necessary to find a standardized method which can 

easily determine the apparent density of the particles. 

Table 5 IRA and K1 values of different plant aggregates found in the literature. 

The studies reported in the literature showed that the physical properties of plant aggregates also 

influence their hygro-thermal properties, as discussed in the next section. 

 

Plant 

aggregates 

RILEM 

method 

  Other 

methods 

  

 IRA (%) K1 

(%.Log(min)–1) 

References IRA (%) K1 

(%.Log(min)–1) 

References 

Hemp shiv 122–

218 

19.5–50.0 [7, 35, 69, 

76] 

190–240 20.1 [28, 50, 53, 

73] 

Barley 

straw 

247 19.4 [41] 300 - [24] 

Wheat 

straw 

- - - 180-225 - [24] 

Corn bark 105–

106 

18.5–19.8 [43, 65] - - - 

Sunflower 

bark 

141–

148 

17.8–18.5 [43, 65] 216 57.3 [53] 

Rape straw 218 23.9 [82] - - - 

Corn cob 48 9.8 [7] - - - 

Beet pulp - -  160 - [13] 

Lavender 

straw 

100 12.5 [56] - - - 
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2.4.2 Hygro-thermal Properties of the Plant Aggregates 

Plant aggregates are used as insulating materials. Thus, to ensure indoor comfort apart from their 

physical properties, their hygro-thermal properties are also important. These properties are 

discussed in the following section. 

Sorption-desorption isotherms. The sorption-desorption isotherm property links the moisture 

content of the material at equilibrium to the ambient relative humidity (RH) at a given temperature. 

It is evaluated by using the saturated salt solution (SSS) technique or the dynamic vapor sorption 

(DVS) method.  

The standard NF EN ISO 1270 [148] governs the SSS technique. Briefly, plant aggregates samples 

are dried at 40 °C [24, 32, 69, 114] in an oven until mass stabilization (change in mass less than 0.1% 

between two weighings in 24 h). Following this, at least 10 g of the material to be tested is put in a 

container that is not sensitive to humidity variation (glass cups, for example) and then kept in a 

ventilated sealed desiccator or box at 23 °C in which the RH is controlled by saturated salt solutions. 

Samples are tested gradually with the salt solutions after stabilization from the dry state to the 

saturated state for sorption and conversely for desorption isotherm. 

In the DVS method, few particles between 10 and 100 mg are put on a microbalance kept inside 

a sealed thermostatically controlled chamber at a constant temperature of 20 °C [28], 23 °C [7, 32, 

43, 114], or 25 °C [45, 69]). Each study followed its way of programming the DVS, but the idea is to 

regulate the RH inside the controlled chamber in a step-wise manner from zero to more than 95% 

in the case of sorption and the reverse path for desorption. Literature showed three different ways 

to program the moisture equilibrium to move to the next level of relative humidity. The first one 

was a time criterion assuming stabilization of the sample (360 min, 720 min, 1,440 min, or 2,160 

min). The second one considered a percentage change in the mass per unit time (dm/dt) over a 

period of more than 10 min, below which it was assumed that the moisture attains a balance. Lastly, 

the third one was the combination of the two previous criteria. 

Bui et al. (2017) carried out a comparative study of the two methods (SSS and DVS) on the barley 

straw. They concluded that sorption isotherms measured with the two methods were very close (a 

difference lower than 0.1%). However, many factors inherent to the protocol of the SSS method led 

to greater disparities in the measurements, while the automatic weighing of the DVS method 

allowed more stability in the measurement of the kinetics of the water uptake. Unlike the SSS 

method, the DVS one allowed faster measurements, but for one sample only. However, it was 

limited by mass and volume, which could be problematic for porous building materials like concrete 

[114]. 

Sorption isotherms were obtained by plotting mass change against RH and illustrated the water 

vapor sorption capacity as a function of the relative humidity. Figure 13 shows different sorption 

curves of various plant aggregates measured with a DVS machine. 
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Figure 13 Sorption capacity of various plant aggregates (HS, hemp shiv; SP, sunflower 

pith; SB, sunflower bark; CB, corn bark; CC, corn cob; BS, and barley straw) [32, 41, 43, 

45, 69, 79, 114]. 

In general, sorption curves in Figure 13 are similar to type II or type III curves according to the 

IUPAC (International Union of Pure and Applied Chemistry) classification and are common for 

lignocellulosic materials. For relative humidities ranging from 0% to 50%, sunflower pith had the 

highest sorption value, followed by sunflower bark, barley straw, hemp shiv, corn cob, and corn 

bark. This could be explained by the high amount of open porosities in the sunflower pith aggregates. 

In the capillary condensation domain (> 85% RH), the water uptake for corn bark was the highest 

due to the presence of a greater number of smaller pores inside it. Notably, only the sorption curves 

are shown in Figure 13; however, several authors [7, 24, 28, 45, 78, 149] also took desorption 

measurements. All the authors observed a hysteresis phenomenon between the sorption and 

desorption curves. This phenomenon is usually explained by capillary condensation, the ink-bottle 

effect, and the contact angle difference between adsorption and desorption [149].  

The sorption values for all these plant aggregates were higher than 20% at 95% RH. In general, 

plant aggregates have high sorption capacity inducing good moisture buffering and thus indoor 

comfort. 

Thermal conductivity. The thermal conductivity λ (W/m.K) is a common parameter used to 

characterize the insulating or conducting power of building materials. Indeed, the thermal 

conductivity of bulk plant aggregates is measured as a useful property when they are proposed as 

loose-fill insulation materials for buildings.  

Several methods are used to measure thermal conductivity, but the two most encountered 

methods in the literature include the hot wire [29, 53, 55, 60, 88] and hot plate [7, 35, 41, 45, 56, 

99, 106] method. 

In the hot wire method, the five-centimeter-long hot wire sensor is embedded between two 

containers filled with bulk aggregates, and the heat is passed to attain a temperature rise (ΔT) of 

more than 10 °C during a given heating time (t). These parameters are used to give a high correlation 

coefficient (R2) between the experimental data and the fitting curve as described in Eq. (4). 

∆𝑇 =
𝑞

4𝜋𝜆
(ln(𝑡) + 𝐾) (𝟒) 
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where q is the heat flow per meter (W.m–1), and K is a constant representing the thermal diffusivity 

of the material. 

Whereas, in the hot plate method, the specimen is placed in a thin plastic box with a temperature 

difference (ΔT) aroused due to the hot and cold plate of the device. The steady-state is assumed to 

reach when the change in conductivity is less than 1% in 60 min. At this point, the thermal 

conductivity of the specimen can be deduced from the apparent density of the system and the 

dimensions and thermal conductivity of the plastic box from Eq. (5), 

𝜆𝑎𝑝𝑝 =
𝑄. 𝑒𝑡
Δ𝑇. 𝑆

(𝟓) 

where 𝜆𝑎𝑝𝑝  is the apparent thermal conductivity of the specimen within the thin plastic box 

(W/(m.K)), 𝑄 is the heat input (W), 𝑒𝑡 is the total thickness (m), and 𝑆 is the cross-section of the 

specimen (m²). 

Figure 14 shows the variation of thermal conductivity as a function of bulk density. In general, 

the thermal conductivity increases with the bulk density because of the decrease in the porosity 

(intra-particle pores and inter-particle voids between plant aggregates) of the aggregates. The 

variations observed in some results might be due to the disparity in the environmental conditions 

(temperature and relative humidity) at the time of recording the measurements. The thermal 

conductivity of these plant aggregates is highly sensitive to the variation in temperature and relative 

humidity. The hot plate measurement method is less exposed to temperature and relative humidity 

variation compared to the hot wire measurement, and it must be done in a hygro-thermally stable 

environment. The differences observed between lavender and barley straws, even though they had 

roughly the same densities, might be due to the heat transfer by convection through the large inter-

particle pores between the arrangement of the lavender aggregates [56]. All the plant aggregates 

are very good insulating materials with thermal conductivities always less than 0.08 W.m–1.K–1 

except for corn cobs, which are very dense aggregates. In addition to this bulk property, the mixing 

of plant aggregates with reactive mineral binder also requires knowledge of their chemical 

properties. 

 

Figure 14 Thermal conductivities of plant aggregates versus their bulk densities (HS: 

hemp shiv, FS: flax shiv, WC: wood chip, RH: rice husk, BS: barley straw, WS: wheat straw, 

RS: rape straw, CC: corn cob, RH: rice husk, LS: lavender straw) [28, 30, 42, 45, 53, 56, 

60, 70, 106]. 
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2.4.3 Chemical Properties of the Plant Aggregates 

The properties of the plant aggregates are influenced by their chemical composition. Depending 

on the quantity and nature of the chemical components present in the aggregate, the hardness or 

compressibility, and durability of the latter may be affected. While mixing with a reactive mineral 

binder, the chemical components of the bio-aggregate can also react with the binder and impact its 

drying time like-wise the hydration mechanism; thus, affecting the overall mechanical properties 

and durability of the composite. 

Magniont and Escadeillas (2017) reviewed the chemical composition of bio-aggregates and their 

interactions with mineral binders [150]. As bio-resources, the three main structural components of 

bio-aggregates are cellulose (C), hemicelluloses (H), and lignins (L), coupled with other secondary 

components like ash, pectins, wax, proteins, and various extractives. They characterized the bio-

aggregates as per consecutively decreasing ranking of their three structural components as 

proposed by Vassilev et al. (2010) [151], who found that the bio-aggregates are of either CHL or CLH 

types (Figure 15) depending on their nature, i.e.,  wood residues (hemp and flax shives) and 

herbaceous or agricultural by-products (straws, stalks or fibers). Table 6 lists the chemical 

components of plant aggregates mentioned in this review. Indeed, all the plant aggregates are rich 

in cellulose, which is linked to their mechanical performance [152]. Hemicelluloses are easily 

dissolved under alkaline attack. Thus, corn cob with the highest quantity of hemicelluloses (37–41%) 

is not suitable to mix with an alkaline mineral binder. Coconut coir, rice husk, and bamboo stem 

have the highest lignin contents as 30–46%, 26–31%, and 18–32%, respectively. Since Lignin is a 

polymer protecting the stem of the plant from chemical and physical aggressions, therefore, these 

aggregates rich in high lignin could have the longest durability. 

 

Figure 15 Structural composition of bio-aggregates (C: cellulose, H: hemicelluloses, L: 

lignins; HS: hemp shiv, HF: hemp fiber, Cc: corn cob, CSt: corn stalk, SSt: sunflower stalk, 

SS: marrow-less sunflower, SP: sunflower pith, FS: flax shiv, FF: flax fiber, LBr: lavender 

branches, LL: lavender leaves, LF: lavender flowers, and WS: wheat straw) [5]. 
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Table 6 The list of the chemical components of the plant aggregates (contents are expressed in mass proportion of the dry matter). 

 

Origins Plants Fractions References Cellulose (%) Hemi-cellulose (%) Lignin (%) 

Other chemicals (ash, 

pectins, wax, proteins, 

etc.) (%) 

Fiber plant wastes Hemp Shiv 
[7, 29, 32, 35, 42, 50, 

53, 60, 69, 72, 74, 83] 
34.0-62.5 9.0-37.0 4.0-28.0 5.5-28.0 

 Flax Shiv [60, 90] 44.6 24.41 21.0-22.0 7.6-22.8 

 Coconut Coir [11, 95] 34.9-52.1 0.3-33.7 29.8-45.8 10.2-26.8 

Cereal straws Barley Straw [7, 24, 42] 37.7 26.7-34.9 5.5-15.8 - 

 Wheat Straw [22, 60] 37.6-43.0 29.7-34.9 5.2-15.8 11.7-21.2 

 Rice Straw [116, 117] 28.0-48.0 19.8-31.6 7.2-16.0 11.6-28.8 

Oilseed straws Sunflower Bark [29, 53, 118, 119] 38.6-47.4 9.4-30.0 3.5-18.6 8.9-26.4 

 Rape Straw [60] 53.1 18.1 9.6 18.5 

Wastes from cereal 

plants other than 

straws 

Corn Cob [7, 42, 60, 141] 32.5-48.1 37.2-40.7 3.3-14.7 7.0-19.8 

Rice Husk [29, 30] 25.0-35.0 18.0-21.0 26.0 –31.0 17.0-30.0 

Wild plants Diss Stem [58] 30.3-40.0 2.72-11.1 - 30.78 

 Bamboo Stem [127] 52.8 29.0 24.1 5.4 

Sugar plant wastes Sugar cane Bagasse [133] 48.7-49.4 18.5-25.6 19.8-23.1 1.88-3.92 

Aromatic plant straws Lavender Straw [119] 33.7 13.9 14.7 30.4 
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Apart from agronomic, environmental, and processing parameters, the same bio-aggregate 

showed variable results (Figure 15) due to the differences in the commonly used indirect time 

consuming gravimetric methods proposed by Klason (1922) [153], Saeman et al. (1954) [154], or 

Van Soest and Wine (1968) [155] to analyze the biomass composition. Sluiter et al. (2010) [156] 

identified numerous parameters that may give varying results in the case of the method based on 

sulfuric acid hydrolysis. These parameters include,  

– the drying method (air-dried, dried at 100 °C, or 105 °C), 

– the nature of the extracting solvents (alcohol/benzene, hot and cold water, acetone/water, 

etc.), 

– the extraction time, 

– the sample amount, and 

– the temperature, time, biomass to acid ratio, and H2SO4 concentration of primary and 

secondary hydrolysis. 

Other methods based on infrared microscopy [63, 72, 96, 116, 118], thermogravimetric analysis 

[24], and X-ray diffraction [96] are also available in the literature to obtain results in less time with 

high accuracy and low cost. 

All the studies agreed with the detrimental effects of extractives on mineral binders, such as 

disruption of the early setting and hardening mechanism, modifying the mechanical performance 

in the hardened state, and influencing the long-term durability [56, 65, 72, 119]. Bourdot et al. (2019) 

prepared binder pastes by mixing the pozzolanic binder with the extractives of five different hemp 

shives, sunflower and corn bark, and also the plant aggregates from them. As shown in Figure 16, in 

the case of the five tested hemp shives, the hydration delay in the model paste and the mechanical 

performance of the hemp concrete were directly related to the extractives content of the shiv. 

However, for different species, this conclusion was no longer valid because the nature of the water-

soluble extractives or that of the products of the bio-aggregates obtained from the alkaline 

hydrolysis by the mineral binder would also intervene. 

 

Figure 16 Evolution of the hydration delay of the model pastes and elastic modulus of 

plant-based concrete as a function of the extractives content of the bio-aggregates (H: 

hemp shiv, S: sunflower bark, Co: corn bark, HC: hemp concrete, SC: sunflower bark 

concrete, and CoC: corn bark concrete) [65]. 
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In addition to these proposed conclusions, the difference between the number of the extractives 

and the intensity of the setting delay could be due to the differences in the extractable compounds 

obtained through neutral extraction (pH 7) and extractions done at a more basic pH (up to 12 inside 

the mineral binder at an early age). Extractions at pH 9 and 12 must be performed for comparison. 

On the other hand, the representation of the extractives content as a mass percentage (kg of 

extractives/kg of aggregates) appeared as not the best indicator, given the fact that the aggregates 

do not have the same dosages in the composite mixture. It would be more judicious to seek another 

representation relative to the quantity of binder. Details related to the mechanisms of the chemical 

interactions impacting the properties of composites will be discussed in section 3.2.2. 

2.4.4 Conclusions 

Table 7 summarizes the properties of each plant aggregate that have been previously studied 

and the corresponding number of papers reported based on these studies. 

Hemp shiv (51 references) is the most studied plant aggregate in the literature, and its properties 

are the best known, followed by wood chip (18 references), flax shiv (11 references), sunflower stem 

(10 references), and barley straw (9 references). Data concerning the other straws are reported less, 

while these straws are widely available in France. Thus, they could be developed as potential plant 

aggregates for plant-based concrete. Apart from these straws, comparatively very little data are 

available for wild plants, sugar plant waste, miscanthus, lavender, and coconut. The chemical 

properties, microstructure, particle size distribution, bulk density, and water absorption capacities 

of the plant aggregates are all systematically measured. The chemical compositions of all the plant 

aggregates reviewed in this paper were well investigated. The data for other physical properties of 

the plant aggregates, such as the apparent density of particles and the skeleton density, are scarce 

in the literature with unusual characterization methods, while they could have a predominant 

impact on the performance of the composite. Plant-based concretes are intended to be used for 

thermal insulation and moisture regulation. Mostly their hygro-thermal properties such as the 

sorption-desorption isotherm and thermal conductivity have been measured; however, there are a 

few measurements on plant aggregates alone, whereas these properties could also influence the 

properties of the final composite. In the following part, the impacts of the properties of plant 

aggregates on the composites are discussed in detail. 
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Table 7 Summary of the number of articles on the properties of the plant aggregates used with a mineral binder. 

   Physical properties 
Hygro-thermal 

properties 

Chemical 

properties 

Origins 
Plants 

aggregates 

Number 

of 

referenc

es 

Micro-

structur

e 

Particle 

Size 

Distributio

n 

Bulk 

densit

y 

Apparen

t density 

of 

particles 

Skeleto

n 

density 

Water 

absorptio

n 

Sorption-

desorptio

n 

isotherm 

Thermal 

conductivit

y 

Chemical 

compositio

n 

Fiber plant 

waste 

Hemp shiv 51 18 29 37 7 9 19 8 7 13 

Flax shiv 11 6 4 9 1 2 3 0 0 2 

Coconut 

coir 
3 1 1 0 0 1 0 0 0 2 

Wood 

transformati

on residues 

Wood chip 18 2 7 5 5 1 3 0 1 4 

Cereal straws 

Barley 

straw 
9 5 6 5 0 1 3 3 3 3 

Wheat 

straw 
4 2 4 2 0 2 1 1 1 1 

Rice straw 3 0 1 1 0 0 0 0 1 2 

Corn stem 4 2 3 4 0 0 2 1 0 1 

Oilseed 

straws 

Sunflower 

stem 
10 7 7 4 1 1 5 2 2 4 

Rape straw 6 2 3 4 0 1 2 0 0 1 

Cereal plant 

waste other 

than straw 

Corn cob 7 5 5 5 0 1 4 1 2 5 

Rice husk 6 2 2 3 3 3 3 0 2 2 
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Wild plants 

Diss stem 4 4 2 2 0 0 2 0 0 1 

Bamboo 

stem 
4 1 3 1 1 0 0 0 0 1 

Sugar plant 

waste 

Bagasse 

from sugar 

cane 

5 0 1 0 0 0 1 0 1 1 

Sugar beet 

pulp  
2 1 1 0 0 0 1 0 0 0 

Energy crop 

residues 

Miscanthus 

stem 
3 1 2 1 1 1 1 0 0 1 

Aromatic 

plant straws 

Lavender 

straw 
3 2 2 1 0 0 1 0 1 1 

TOTAL 153 61 83 84 19 23 51 16 21 45 
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3. Effects of Various Parameters of the Plant Aggregates on the Properties of Plant-based Concrete 

Literature shows that various parameters related to plant aggregates could influence the 

properties of plant-based concrete. In this section, (i) the evolution of the factors such as the 

amount and nature of the plant aggregates, and (ii) their characteristic effects on the properties of 

the obtained composites are discussed. This analysis will allow distinguishing the preponderant 

parameters linked to plant aggregates having impacts on the properties of plant-based concrete. 

3.1 Effects of the Content and the Nature of thePlant Aggregates on the Properties of Plant-based 

Concrete 

3.1.1 Effects on the Physical Properties of the Plant-based Concrete 

As a lightweight building material, density is an important property of plant-based concrete. 

Several authors have studied the evolution of the density of the composite by varying the amount 

of plant aggregate in the composite [18, 22, 23, 25, 28, 30–32, 38, 41, 45, 49, 61, 67, 77, 97, 99, 102]. 

However, it was difficult to compare the results from the different studies. Since the formulation 

and the manufacturing parameters varied, the densities of the plant aggregates were different; 

besides, the dosages of the plant aggregate and binder (kg of constituents per m3 of composites in 

the fresh state) were rarely known. These difficulties only allowed investigating the evolution of the 

densities of the composites as a function of the variation in the amount of the plant aggregates 

(Figure 17). Notably, the references taken into account in this figure were only those containing 

mixtures with a varying amount of plant aggregate. The "plant aggregate content" is defined as the 

mass percentage of the plant aggregate compared to the sum of all the constituents (aggregate, 

binder, and water) in the initial fresh state. It is directly given as a formulation parameter in the 

articles or deduced from the masses of all the constituents, or the A/B and W/B ratios (A for 

aggregate, B for binder, and W for water). In Figure 17, the points corresponding to the results 

obtained from the same study using the same plant aggregate were linked together to highlight the 

trend in the evolution of the densities of the composites as a function of the mass percentage of 

the plant aggregates. 
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Figure 17 Evolution of dry density of the plant-based concrete as a function of the plant 

aggregate content for various studies (HS: hemp shiv; FS: flax shiv; WC: wood chip; BS: 

barley straw; WS: wheat straw; SP: sunflower pith; SB: sunflower bark; RH: rice husk; CB: 

corn cob; MS: miscanthus stem; and LS: lavender straw) [18, 22, 23, 28–31, 38, 41, 45, 

49, 61, 67, 77, 97, 99, 102]. 

All authors except Nguyen et al. (2010) [49] showed that for any type of plant aggregate, the 

density of the composite decreased with the increasing content of the plant aggregate. This was 

attributed to the low bulk density of plant aggregates (from 20 kg/m3 for sunflower pith to 497 

kg/m3 for corn cob) compared to that of mineral binder (above 1000 kg/m3). However, this trend 

was different from the results found in the work of Nguyen et al. (2010) on hemp concrete. The 

latter showed an increase in the density of the composite with the increase in the amount of the 

hemp shiv. This result could be explained by the increase in the compaction stresses with the 

increase in the aggregate content during the sample manufacturing, resulting in the decrease in the 

intra-and inter-granular porosity of the plant aggregates and thus the increase in the density of the 

composite. Indeed, in the case of hemp shiv content varying from 15.6% to 36.7%, the compaction 

stress used in this study varied from 0.30 MPa to 1.60 MPa; thus, the density of the hemp concrete 

ranged from 575 to 612 kg/m3. These results showed that the plant aggregate content (mass 

percentage in the fresh state) is not a good parameter to indicate the evolution of the density of 

the composite if the level of compaction is not taken into the account. Indeed, a plant aggregate 

dosage (mass of aggregate in kg per volume of composite in m3) would be much more relevant. 

Even if the density of plant-based concrete generally follows the same decreasing trend as a 

function of the content of plant aggregate (mass percentage), some authors have pointed out a 

difference depending on the type of aggregate used. The raw earth composites with low contents 

of hemp shiv, barley straw, and corn cob (2.5wt.% and 5wt.%), Laborel-Préneron et al. (2018) [41] 

showed that densities of the composites with corn cob (1878 kg/m3 and 1754 kg/m3) were higher 

compared to those with hemp shiv (1603 kg/m3 and 1221 kg/m3) and barley straw (1519 kg/m3 and 

1315 kg/m3). Giroudon et al. (2019) [38] also found high-density values for raw earth composites 
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incorporated with lavender straw (1772 kg/m3 and 1585 kg/m3) compared to those made from 

barley straw (1519 kg/m3 and 1315 kg/m3). Ashour et al. (2011) observed no significant difference 

in the density of the composites with a low aggregate content of less than 1wt.% in the earthen 

plasters comprised of barley straw, wheat straw, or wood shaving. On the contrary, with an 

aggregate content of about 9wt.%, the composite made from wood shaving showed high density in 

comparison to those made from barley and wheat straws. These variations in the results were 

attributed to the differences in the bulk densities of the plant aggregates. However, Chabannes et 

al. (2014) [30] showed that with the same plant aggregate content (19wt.%) and bulk density (about 

103 kg/m3), the dry density of rice husk concrete was much higher than that of the hemp concrete 

(634 kg/m3 and 364 kg/m3, respectively). Besides, even with the same content and bulk density of 

the plant aggregate, the rice husks and hemp shives behaved completely differently in their wet 

states and under compaction during the concrete production. Rice husks compacted easily 

compared to hemp shives, which required the addition of more material. Thus, it could be concluded 

that apart from bulk density, it is highly important to analyze other parameters as well, representing 

the real behavior of the aggregates in the composite. For the sake of comparison, it is also more 

relevant to use dosage (mass of constituents (in kg) per volume of concrete (in m3)) and/or volume 

percentage (%) as formulation parameter instead of mass percentage, which does not control the 

real dosage of the binders in composites and also compare the eventual impacts of the nature and 

properties of the plant aggregates. 

The density of plant-based concrete is closely linked to its porosity. The density of the composite 

decreases as the plant aggregate content increases implies an increase in the composite’s porosity. 

Plant aggregates have a porous structure; hence, by increasing their quantity, the porosity of the 

composite also increases, keeping all the other parameters constant. Moreover, an increase in the 

amount of the aggregate contributes more to inter-granular porosity, which also enhances the 

porosity of the composite. For example, Benmahiddine et al. (2020) [23] showed an increase in the 

porosity of flax concrete from 72% to 76% when the content of flax shiv was increased in the range 

of 12wt.% to 18wt.%. 

3.1.2 Effects on the Mechanical Properties of the Plant-based Concrete 

For their application as insulating materials, plant-based concrete requires a minimum of 

mechanical strength to be self-supporting and to handle the stresses during transport and 

implementation. Previously reported studies showed that the compressive strength and Young’s 

modulus of the plant-based concrete decreased as a function of the plant aggregate mass content 

(Figure 18) [18, 23, 31, 38, 42, 45, 61, 77, 97, 102]. 
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Figure 18 Evolution of (a) compressive strength and (b) Young’s modulus of the plant-

based concrete as a function of plant aggregate content (HS: hemp shiv; FS: flax shiv; 

WC: wood chip; BS: barley straw; SP: sunflower pith; SB: sunflower bark; RH: rice husk; 

MS: miscanthus stem; and LS; lavender straw) [18, 23, 28, 30, 31, 38, 41, 45, 49, 61, 77, 

97, 102]. 

The results were attributed to the impact of the porosity of the added aggregates, reducing the 

mechanical strength and stiffness of the composite. Moreover, Niyigena et al. (2018) [15] assumed 

that the increase in the aggregates content enhanced the specific surface area of the aggregates, 

resulting in a weak bonding at the interface between the binder and plant particles, thus, reducing 

the compressive strength. However, some results deviated from this trend and emphasized that it 

is not possible to compare results from different studies. For example, Nguyen et al. (2010) [49] 

observed an increase in the compressive strength due to the increased compaction level at the 

initial state, which also decreased the porosity. The raw earth composites made from elongated 

plant particles of barley and lavender straw [38, 42] showed that the maximum compressive 

strengths slightly increased from 3.3 MPa to 3.8 MPa, and from 3.7 MPa to 3.9 MPa, respectively. 

Laborel-Préneron (2017) et al. and Giroudon et al. (2019) [38, 42] ascribed this increase to a 

consolidated phenomenon due to the high compressibility of the straws. The elongated shape of 

the aggregates could also increase the compressive strength by limiting the crack openings. Also, 

this increase in the maximum stress was accompanied by an increase in the corresponding strain, 

which went up from 8% to 20% for barley straw and from 4% to 9% for lavender straw, respectively 
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for a 2.5% and 5% plant aggregate content. These results showed that the maximum compressive 

stress was not a good indicator of the use of composites. Consequently, other indicators 

corresponding to the stresses in the elastic behavior phase (the strain equal to 1.5% or 5%) were 

proposed in the literature to have comparable results representing the performance of the 

composites in use [15, 38, 42, 43, 65]. The decreasing trend of the compressive strength 

corresponding to a stress level of 1.5% with the content of aggregates is shown in Figure 18. 

Concerning the nature of the aggregate, the raw earth composites with corn cob, hemp shiv, and 

barley straw showed varying mechanical behaviors during compression depending on the types of 

aggregates used (Figure 19) [42]. Also, with the same plant aggregate mass content, the rigidity of 

the composite formed with corn cobs was much higher in comparison to the composite formed with 

hemp shiv and barley straw. Besides, the strain level at maximum stress of the barley straw 

composite was quite high compared to those of the other two composites because of its high 

compressibility. Chabannes et al. (2014) [30] (between hemp and rice husk concrete) and Brouard 

et al. (2018) [25] (between sunflower pith, sunflower bark, and rape straw concrete) also concluded 

that the nature of aggregate had a strong influence on the mechanical behaviors during the 

compression of the composites. The impact of the characteristics of the plant aggregates on the 

mechanical performance of the composites is discussed in section 3.2.2. 

 

Figure 19 Strain-stress diagram (FWAS: fines from washing aggregate sludge; SX, HX, and 

CCX, respectively composites with barley straw, shiv hemp, and corn cob at Xwt.% 

(2.5wt.% or 5wt.%) [42]. 

Cérézo (2005) [28] is one of the few researchers who compared the compression behavior of 

hemp concrete with different hemp shiv contents to the compression behavior of a slightly 

compacted 16 cm diameter × 32 cm high specimen made of only dry hemp shiv. She concluded that 

for a roof formulation (25.1% hemp shiv mass content), the behavior of the concrete was identical 

to the ductile performance of the aggregates alone, with no peak and low mechanical resistance 

(Figure 20). The mechanical behavior improved as the aggregate content decreased from 17.3% for 

A4–1 to 9.9 for A3–2 and became much similar to the behavior of the binder alone. The mechanical 

behavior of aggregates stacks could therefore be a good indicator of the behavior of the composite 

at low binder dosage. 
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Figure 20 Strain-stress diagram of different hemp concrete formulations with different 

wt.% of hemp shiv at 1 year (ROOF: 25,1%; A4–1: 17.3%; A3–0.75: 16.9%; WALL: 16.5; 

FLOOR: 14.2; A3–1: 14.8; A4–1.5: 14.4; A3–1.5: 11.9; A3–2: 9.9) [28]. 

3.1.3 Effects on the Thermal Properties of the Plant-based Concrete 

Several studies have shown a quasi-linear relationship between the density and the thermal 

conductivity of the plant-based concrete [11, 25, 28, 30, 35, 38, 45, 56, 61, 97, 99, 102]. In Section 

3.1.1, it was found that the density of the plant-based concrete decreased with the increasing plant 

aggregate content. Figure 21, therefore, logically highlights a reduction in the thermal conductivity 

of the plant-based concrete with the increasing plant aggregate content. 

 

 

Figure 21 Evolution of thermal conductivity of the plant-based concrete as a function of 

the plant aggregate content in various studies (HS: hemp shiv; FS: flax shiv; WC: wood 

chip; BS: barley straw; WS: wheat straw; SP: sunflower pith; RH: rice husk; and CC: corn 

cob) [18, 23, 28, 30, 30, 38, 41, 45, 49, 61, 67, 77, 97, 99, 102]. 
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A lot of explanations are available for this phenomenon. First, the addition of the porous plant 

aggregates increases the porosity of the composite, which in turn improves its thermal performance. 

Simultaneously, an increase in the amount of aggregate decreases the amount of binder, which is a 

good thermal conductor; thus, decreasing the thermal conductivity of the composite. Exceptionally, 

the increase in thermal conductivity was ascribed to an increased density of the composite due to 

stronger compaction stress at an initial state with the increase in the amount of aggregates [49].  A 

difference in the thermal conductivity between the composites depending on the type of aggregate, 

the binder used, and the density of the composite due to the level of compaction was observed at 

the same aggregate content [49, 50]. Moreover, Brouard et al. (2018) [25] showed that even with 

the same plant aggregates mass content of 54wt.% the thermal conductivity of the plant-based 

concrete formed with different kinds of plant aggregates was very different (0.071 W.m–1.K–1 for 

rape straw concrete and 0.158 W.m–1.K–1 for sunflower bark concrete), although these differences 

were not only due to the nature of the aggregates. Even with the same mass content of constituents 

or the same A/B ratio, the dosages (kg.m–3) of all the constituents were different, especially that of 

the binders, which significantly impacted the thermal conductivity. The dry densities of each 

composite were, therefore, very different (438 kg.m–3 for rape straw concrete and 714 kg.m–3 for 

sunflower bark concrete) like-wise their thermal conductivities. Thus, it could be concluded that to 

study the impact of the nature of the aggregates; it is necessary to work with a constant dosage 

and/or volume percentage of constituents (kg of constituents per m3 of composites or volume 

percentage of constituents). 

3.1.4 Effects on the Hygric Properties of the Plant-based Concrete 

The literature shows that plant-based concrete has moisture regulation capacities. Since the 

sorption capacity of the aggregate is greater than that of the binder, the sorption capacity of the 

composite increases simultaneously with the content of the plant aggregate [25, 41, 55, 157]. 

Ashour et al. (2011) showed that at a low aggregate content of 1wt.%, the sorption curves of the 

composites made by incorporating barley straw, wheat straw, and wood shavings in a mixture of 

clay and sand were not significantly different. The difference began to be more significant at 3wt.% 

and was very pronounced at 9wt.% [157]. The composite made of barley straw had the greatest 

sorption capacity, followed by wheat straw and wood shavings (Figure 22). 
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Figure 22 Water adsorption isotherms of earth plaster made with wheat straw, barley 

straw, and wood shavings, and without straw at 20 °C with (a) 9wt.%, (b) 3wt.% and (c) 

1wt.% of aggregate content [157]. 

For the same aggregate mass contents (2.5wt.% and 5wt.%), Laborel-Préneron et al. (2018) 

showed that there was little difference between the sorption curves of composites made from 

barley straw, hemp shiv, and corn cob [41]. Brouard et al. (2018) also made the same observation 

in rape straw and sunflower bark concrete at 54wt.% aggregates mass content [25]. Rahim et al. 

(2015) found that the difference between the sorption curves of hemp concrete and flax concrete 

was not remarkable at low RH, but it was much more pronounced at above 70%. Especially at 95% 

RH, the moisture density was 95 kg/m3 and 160 kg/m3 for hemp and flax concrete, respectively [81]. 

Few studies investigated the impact of the formulation on the water absorption capacity of plant-

based concrete. Water absorption test was carried out by capillarity based on the AFPC-AFREM 

protocol [158], ASTM C 67–03 standard [159], or ISO 15148 standard [160]. It was observed that if 

the capillary absorption of the plant aggregate was higher than that of the binder, absorption 

kinetics increased with the plant aggregate content [45, 161]. For example, Magniont et al. (2012) 

[45] reported the absorption coefficients of hemp concrete with 5.8wt.%, 11.8wt.%, and 32wt.% of 

hemp shiv as 5.7 kg/m2, 9.5 kg/m2, and 16.0 kg/m2, respectively at 15 min. Similarly, plant-based 

concrete made from sunflower pith had less but not negligible absorption capacities of 1.75 kg/m2, 

2.75 kg/m2, and 2.75 kg/m2 compared to that of hemp concrete, even at very low proportions of 

pith particles equal to 0.7wt.%, 1.3wt.% and 2.0wt.%, respectively. When the binder absorption 

capacity was greater than that of the aggregate [32, 85], the absorption coefficient decreased with 

the increase in the amount of the aggregate. For example, the capillary absorption coefficient of 

plant-based concrete made from hemp shiv and earth binder decreased from 0.058 kg. m–2.s–1/2 to 

0.031 kg.m–2.s–1/2 when the dry mass content of the plant aggregate increased from 42% to 53% 

[32]. 

The water vapor permeability measured with the wet cup method (NF EN ISO 12572) evaluated 

the hygric performance of the plant-based concrete. Laborel-Préneron et al. (2018) [41] and Abbas 

et al. (2020) [16] have shown that the nature of aggregate and binder impacted the water vapor 

diffusion resistance factor. For example, Abbas et al. (2020) showed that the water vapor diffusion 
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resistance factor of the plant-based concrete (using HB binder: mix of cement and lime) made with 

sunflower pith (HB-S, µ = 4.7 ±0.3) and maize pith (HB-M, µ = 5.1 ±0.6) with the same mass 

proportions of aggregates (5wt.%) were of the same order of magnitude while that made with hemp 

shiv (HB-H, µ = 4.0 ±0.3) was slightly lower even with higher mass proportion (15wt.%). Lagouin et 

al. (2019) concluded that the water vapor permeability of sunflower bark concrete (MS, µ = 1.35 

±0.16) and maize bark concrete (µ = 1.40 ±0.20) was not significantly influenced by the nature of 

the aggregate [43]. However, this similarity could come from the fact that both the aggregates used 

were from the bark with similar properties. 

The moister buffer value (MBV) is another parameter to assess the capacity of a material to 

moderate the variation in RH. As shown in Figure 23, Benmahiddine et al. (2020) [23] concluded 

that MBV of flax concrete increased with the increase in the flax shiv content. The MBV values for 

the formulations F1–1, F1–2, and F1–3 with 11.5wt.%, 14.5wt.%, and 17.5wt.% flax shiv, were 2.18 

±0.15 g/(m2.%RH), 2.45 ±0.10 g/(m2.%RH), and 2.82 ±0.21 g/(m2.%RH), respectively. This was due 

to the high moisture regulation capacity of flax shives. However, the results varied in the literature 

depending on the combination of binder and plant aggregate used. Laborel-Préneron et al. (2018) 

and Rahim et al. (2016), [41, 55] worked with three different aggregates, and Ratiarisoa et al. (2016) 

worked with two different aggregates [56]). The results showed that the MBV depended both on 

the water vapor permeability and the sorption capacity of the composites, which were, as shown 

above, influenced by the nature and the dosage of plant aggregates. Thus, it could be concluded 

that the nature of the aggregate influences the moisture buffering capacity of the composite. 

 

Figure 23 (a) Moisture buffer value (MBV) of the flax concrete, (b) its standard deviations 

(Fi-j: formulation with i (1: mix of medium and large, 2: medium, 3: large) flax shives size 

and j (1: 11.5%, 2: 14.5%, 3: 17.5%) flax shives mass content) [23]. 

3.1.5 Effects on the Acoustical Properties of the Plant-based Concrete 

Three papers studied the impact of the content of plant aggregates on the acoustical properties 

of plant-based concrete. This was done by measuring the acoustical absorption coefficient with 

Kundt or impedance tubes [28, 31, 162]. All of them showed that the sound absorption peak shifted 

to a higher frequency, depending on the amount of the plant aggregate. 

Cérézo (2005) observed two peaks in the case of hemp concrete, as shown in Figure 24. This 

observation was consistent with the others results of hemp concrete reported in the literature [163, 
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164]. The first peak corresponding to the coating and roof formulations shifted from 300 Hz to 500 

Hz with aggregate contents of 8.3% and 25.1%, respectively. The amplitude of the second peak 

located at 1500 Hz decreased until it almost disappeared at very low aggregate content. 

 

Figure 24 Acoustical absorption of different hemp concrete formulations in 10 cm thick 

samples [28]. 

Similarly, Chen et al. (2017) [31] observed a single peak for miscanthus concrete that shifted from  

700 Hz to 1300 Hz. The addition of plant aggregates increased the open porosity inside the 

composite, which improved its acoustical performance. In addition, it was observed that in the case 

of the composites made from the composed binder (mixture of hydraulic lime, calcareous charges, 

hydrophobic, and rheological admixtures) and hemp shiv (C2-H*), and sunflower pith (C2-S), the air 

resistivity of the composites varied from one aggregate to another [165] and was equal to 11625 

N.s.m–4.and  36250 N.s.m–4 for C2-H* and C2-S, respectively. However, as mentioned previously, the 

unknown dosages (kg.m–3) of binder in the two mixtures made the comparison difficult. Thus, it is 

more rationale to consider a dosage of the constituents as a formulation parameter to compare 

different composites; thus, capable of isolating and studying the effect of the nature of the 

aggregate. 

The properties of aggregates, their size, and porosity may bring these acoustical differences 

between the composites and are discussed in the following part. Nevertheless, various studies 

showed that the type and amount of the binder and the degree of compaction are the principal 

parameters influencing sound absorption [76, 163, 164, 166, 167]. 

3.2 Effects of the Characteristics of the Plant Aggregates on the Properties of the Plant-based 

Concrete 

3.2.1 Effects on the Physical Properties of the Plant-based Concrete 

The bulk density, size of the particles, and compressibility of the plant aggregates impacted the 

density of the composites [15, 17, 20, 23, 25, 30-32, 42, 46, 55, 61, 84]. However, all the results 

reported in the literature were not consistent since the composites have different types of binder, 

dosages of binder, and levels of compaction. Figure 25 shows the evolution of densities of the plant-
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based concrete as a function of the bulk density and the medium length of the used particles, and 

the points of the same study are linked together for those which showed a similar trend. 

 

Figure 25 Evolution of the density of plant-based concrete as a function of (a) the bulk 

density, and (b) the median particle length of plant aggregates (HS: hemp shiv; FS: flax 

shiv, 16% of content; FS1: flax shiv, 11.5% of content; FS2: flax shiv, 14.5% of content; 

FS3: flax shiv, 17.5% of content; WC: wood chip; BS: barley straw; WS: wheat straw; SP: 

sunflower pith; SB: sunflower bark; RH, rice husk; CB, corn bark; MS: miscanthus stem; 

and LS: lavender straw) [15, 17, 20, 23, 25, 30–32, 42, 46, 55, 61, 84]. 

The results shown in Figure 25a were contradictory to each other. Some authors found that 

increasing the bulk density of aggregates increased the density of the composite [25,31,32,61]. At 

first glance, these results appeared logical as a denser aggregate will contribute to a denser 

composite. However, other authors observed opposite results [30, 55]. For example, in the case of 

concrete made with hemp shiv, flax shiv, and rape straw, Rahim et al. (2016) observed a decrease 

in the density of the composite when the bulk density of the aggregates increased. The respective 

bulk densities of flax shiv, hemp shiv, and rape straw were 90 kg/m3, 125 kg/m3, and 130 kg/m3, 

whereas the dry densities of the obtained composites were 598 kg/m3, 478 kg/m3, and 462 kg/m3, 

respectively. This might be due to the difference in the compaction behavior of the aggregates in 

the composites. Although, the same mass proportion of aggregate (16wt.%) and binder (36wt.%) 

was considered for each mixture, the highly compressed flax shiv increased the dosages (kg/m3) of 

binders and aggregates in the composite. Hence, the density of flax shiv concrete was higher 
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compared to those of hemp and rape straw. The variability in the dosages of binder therefore did 

demonstrate the real influences of the properties of the aggregates. Considering this difference in 

the compaction behavior of the aggregates, it could also be said that the dosages (kg/m3) of the 

constituents are much more relevant formulation parameters compared to the mass proportions 

(%). Besides, it is well known that during the manufacture of composites, the interparticle porosities 

are mainly filled and reduced by the binder and rearrangement of the aggregates under compaction, 

therefore it is necessary to characterize the intrinsic properties of the aggregates including particle 

porosity and density. Recently, Niyigena et al. (2018) compared hemp concrete made from hemp 

shives of different origins, sizes, and densities [15]. The influence of the aggregate bulk density on 

that of concrete did not follow any particular trend. Hence, it could be said that the bulk density of 

aggregate could not be correlated with the density of the composite since it did not reflect the true 

behavior of the aggregates in the composites. It was also observed that each aggregate reacted 

differently under compaction in the wet state in the composite, but no test currently allows to 

quantify the capacity of the aggregates to rearrange and compress. So, this necessitates developing 

a testing method to quantify and understand the behavior of different plant aggregates and 

optimize their amounts for the formulation of plant-based concrete. 

Most of the studies found that the density of the composites generally decreased [17, 20, 30, 42, 

46, 55, 61, 84] or remained constant [23] with the increase in the median length of the aggregates 

(Figure 25b ]. This decrease was attributed to the fact that longer aggregates provide more inter-

particle porosity. However, given that the inter-particle porosity was partially reduced in the 

composite after compaction and addition of binder, the decrease in the density of the composite 

was often very less [20, 61] or even absent [23]. Hence, the median length of the particles could be 

considered as a parameter influencing the density of the composites, but its impact was less 

significant than the dosage and the nature of the aggregates. 

3.2.2 Effects on the Mechanical Properties of the Plant-based Concrete 

Although the mechanical properties of the composite followed a decreasing trend with the 

increase in the plant aggregate mass content, the results found in the literature were much more 

divided concerning the correlation between the plant aggregate properties and mechanical 

performances of the composite. Several studies have already been carried out to determine, directly 

or indirectly, the effects of bulk density, the size of the particles, and the chemical composition of 

the plant aggregates on the mechanical properties of plant-based concrete. Unfortunately, due to 

the variation in the several parameters (formulation, specimen shapes, and mechanical test 

procedures), it was very difficult to conduct a global comparison of the results found in the literature. 

Thus, in Figure 26 and Figure 27, the results of only those articles which studied the impact of bulk 

density and median particle length of plant aggregates on the compressive strength and Young’s 

modulus of plant-based concrete, respectively, are presented. 
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Figure 26 Evolution of (a) compressive strength and (b) Young’s modulus of plant-based 

concrete as a function of the plant aggregate bulk density (HS: hemp shiv; CB: corn bark; 

SP: sunflower pith; SB: sunflower bark; RS: rape straw; and RH, rice husk) [15, 25, 30, 42, 

43]. 

 

Figure 27 Evolution of (a) compressive strength and (b) Young’s modulus of plant-based 

concrete as a function of the plant aggregate median particle length (HS: hemp shiv; FS: 

flax shiv; BS: barley straw; CB: corn bark; and RH, rice husk) [15, 17, 20, 23, 30, 42, 52, 

61, 84]. 
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Irrespective of the nature of the plant aggregates [15, 25, 30, 42, 43], many studies showed that 

the bulk density of plant aggregates was not correlated with the compressive strength and Young's 

modulus of the composite. For instance, Niyigena et al. (2018) observed highly scattered results for 

both compressive strength (σ(ε= 1.5%)) and Young's modulus in the case of several varieties of 

hemp with different bulk densities (Figure 26). Similarly, for aggregates of different nature but the 

same mass proportions in the composite, Brouard et al. (2018) [25] showed that the differences in 

the bulk density of sunflower pith (16 kg/m3), rape straw (65 kg/m3), and sunflower bark (129 kg/m3) 

did not show any particular trend in the mechanical properties of the resulting plant-based concrete 

(0.16 MPa, 0.62 MPa, and 0.35 MPa, respectively for maximum compressive strength (σmax), and 

3.7 MPa, 3.3 MPa and 6.2 MPa for Young’s modulus). Although the comparison based on the 

maximum stress was not adequate as it did not represent the useful property of the composite (Cf. 

3.1.2), the comparison of Young’s modulus clearly showed that the rape straw concrete was least 

rigid even with a bulk density between the other two plant aggregates. Hence, the bulk density of 

the aggregate could not be correlated with the mechanical performance of the plant-based concrete. 

Also, the characterization of the bulk particle arrangement did not predict the behavior of the vibro-

compacted particles in the composite. However, in the future, the characterization of a stack of 

moistened and compacted particles can be considered for better improvement. 

In Figure 27a, the influence of the median particle length on the compressive strength did not 

show any trend due to the varying compressive strengths and several phenomena with opposite 

effects described in the literature [17, 20, 42, 84]. Increasing the median particle length of 

aggregates might increase the inter-granular porosity and weaken the mechanical performance of 

the composite [17, 42, 84], but in the short term (i.e., at 28 days) for plant-based concrete made of 

aerial lime with large size of particles, it might facilitate the diffusion of CO2 which is responsible for 

the setting and hardening of the binder and increases the mechanical performance of the 

composite[20]. 

The increase in the median particle length of the aggregates stiffened the composites [15, 30, 52] 

(Figure 27b). It could be due to the decrease in the specific surface area of the larger aggregates, 

making them more coated with the binders, unlike the smaller aggregates, or entanglement of the 

long particles within the composite acting as fiber reinforcers. In the case of hemp shiv and rice husk 

concrete [30], apart from the size of the aggregates, the compression behavior of the granular pile 

could also be an important parameter. The rice husk with a lot of inter-particle porosities due to its 

convex shape was easy to compress and could influence the stiffness of the composite. The 

contradictory behavior encountered in the case of barley straws in ref [42] could be due to the low 

mass proportion of the aggregates used (2.5wt.%) in the composite. 

The literature also mentions interactions between the water-soluble components inside plant 

aggregates and the mineral components of the binder, impacting the mechanical properties of the 

plant-based concrete. Magniont and Escadeillas (2017) [150] reviewed the interactions between 

bio-aggregates and mineral binders and highlighted the disturbing effects on the setting and 

hardening mechanisms of the mineral binder at an early age and medium and long term based 

modification of the properties and the durability of the composites. Diquélou et al. (2015) [72], via 

FTIR analysis, observed at an early age (3 days) a halo corresponded to some non-hydrated cement 

surrounding the hemp particles. Magniont and Escadeillas (2017) [150] listed several families of 

extractable chemicals identified as retarding agents for mineral binder hydration, e.g.: 

– Monosaccharides such as glucose, galactose, mannose, rhamnose, arabinose, and xylose; 
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– Non-cellulosic polysaccharides such as sucrose, arabinogalactan, xylan, starch, hemicelluloses, 

and pectins; 

– Phenolic compounds such as tannins; 

– Terpenes; 

– Organic acids such as acetic acid or fatty acids. 

Mostly, calorimetric measurements are conducted to assess the negative effect of the chemicals 

present in plant aggregates on the setting and hardening of the cement paste by comparing the 

heat released from a binder paste made with pure water and leaching solutions of plant particles or 

water mixed with powder of the plant particles. Figure 28 shows the compressive strengths of model 

pastes as a function of the water-soluble content of the aggregates after seven days. The results of 

the same study with the same binder were interrelated. 

 

Figure 28 Compressive strength of model pastes after seven days as a function of water-

soluble mass content (HS: hemp shiv; SB: sunflower bark; LS: lavender straw; and CB: 

corn bark) [65, 72, 119]. 

Diquélou et al. (2015) correlated the delaying of the setting for three cement pastes made from 

the leaching solutions of the three different hemp shives with the compressive strength of the 

model pastes [72]. The compressive strength was found to decrease with the increase in the water-

soluble mass content. However, in the worst case, they reported a decrease in compressive strength 

by 25% after seven days due to the reduced amount of hydrates (C-S-H and portlandite). Sabathier 

et al. (2017) also observed the same trend with model pastes made from the solutions containing 

sunflower bark or lavender straw extractives and three different binders [119]. In all the cases, the 

water-soluble content of sunflower bark (10.6%) had little effect on the compressive strength of the 

binder pastes made with cement or a pozzolanic binder. On the contrary, the effects of the water-

soluble content of lavender straw (22.7%) were very significant. The compressive strengths of 

cement paste and pozzolanic paste were decreased by 25% and 50%, respectively, after seven days. 

In contrast, the extractives from sunflower bark and lavender had no significant effect on the 

compressive strength of the lime-based binder pastes. The authors assumed that the water-soluble 

compounds did not influence the aerial setting due to the carbonation of Ca(OH)2. Bourdot et al. 

(2019) observed the same correlation between the water-soluble mass content of plant aggregates 

and the compressive strengths of the binder pastes, and the influence of the nature of water-soluble 



Recent Progress in Materials 2021; 3(2), doi:10.21926/rpm.2102026 

 

Page 53/69 

compounds in the case of the extractives taken from five different hemp shives, sunflower bark, and 

corn bark [65]. Finally, it could be inferred from these results on the model pastes that the 

mechanical performance of the composites could be correlated with the dosage and the nature of 

the water-soluble compounds in the aggregates. The various binders used to make plant-based 

concrete also indicated the necessity to study the effects of components resulting from basic 

extraction (pH9 and 12). 

To conclude, the bulk density of the plant aggregate could not represent the behavior of plant 

aggregate in the composite. Thus, it is important to find a suitable indicator capable of quantifying 

the behavior of aggregates under compaction in the wet state during the manufacture of plant-

based concrete. The analysis of the results suggested that it is difficult and purposeless to compare 

the mechanical properties as the characteristic parameters varied from one study to another. 

Nevertheless, Young’s modulus increased as a function of median particle length. Lastly, water-

soluble compounds of the plant aggregates, depending on their nature and quantity, reacted with 

the binders and significantly reduced the compressive strength.  

3.2.3 Effects on the Thermal Properties of the Plant-based Concrete 

Bulk density, particle size, and thermal conductivity of plant aggregates were correlated with the 

thermal conductivity of the plant-based concrete in the literature. Figure 29 illustrates the variation 

of the thermal conductivity of plant-based concrete as a function of the bulk density and median 

particle length of the plant aggregate. 

 

Figure 29 Evolution of the thermal conductivity of plant-based concrete as a function of 

(a) the bulk density and (b) the median particle length of plant aggregates (HS: hemp 

shiv; FS: flax shiv; CB: corn bark; RS: rape straw; and RH: rice husk) [15, 17, 23, 30, 32, 

42, 55, 61, 61, 84]. 

No trend was observed in the case of the variation of the thermal conductivity of the composite 

with the bulk density of the aggregate (Figure 29a). Besides, the results of one study contradicted 

the results of another study. A few studies reported an increasing trend [17, 32, 41], while some a 
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decreasing trend [30, 55] or no trend at all [15, 61] in the results obtained. These contradictions 

were explained by the fact that the bulk density of the aggregates does not represent the behavior 

of the aggregates in the composite. It is, therefore, necessary to characterize the aggregates by the 

particle density and porosity, which could be much more relevant in predicting the thermal 

conductivity of the composite. 

In general, the thermal conductivity of hemp concrete decreased with the size of the aggregates 

as (Figure 29b)  [17, 23, 32, 55]. The increased size of the aggregates offered more inter-granular 

porosity, which reduced the conductivity of the composite. The contradictory results of Stevulova 

et al. (2013) [84] and Niyigena et al. (2018) [15] were attributed to the different varieties of the 

hemp shiv aggregates used and the level of compaction experienced by the samples. 

As mentioned in paragraph 2.4.2, the thermal properties of plant aggregates were not 

systematically measured, contrary to the thermal properties of the composites formed. 

Nevertheless, some studies measured the thermal conductivity of different plant aggregates and 

composites formed with the same mass proportion of aggregates, as shown in Figure 30 [25, 30, 42, 

53]. 

 

Figure 30 The thermal conductivity of plant-based concrete as a function of the thermal 

conductivity of bulk aggregates (HS: hemp shiv; BS: Barley straw; RS: rape straw; SP: 

sunflower pith; SB: sunflower bark; RH: rice husk; CC: corn cob) [15, 25, 30, 42, 53]. 

Generally, the thermal conductivity of the composite increased with that of the aggregate. For 

example, Brouard et al. (2018) [25] investigated the correlation between these two properties and 

found that with thermal conductivities of 0.036 W.m–1.K–1 for sunflower pith, 0.043 W.m–1.K–1 for 

rape straw, and 0.053 W.m–1.K–1 for sunflower bark, the thermal conductivities of the concrete 

formed were 0.055 W.m–1.K–1, 0.071 W.m–1.K–1 and 0.157 W.m–1.K–1, respectively. In contrast, 

Chabannes et al. (2014) observed a decrease in the thermal conductivities of the composites as a 

function of thermal conductivities of the aggregates (rice husk and hemp shiv) [30]. The rice husks 

compressed more during manufacture, had a higher density (637 kg/m3) than that of the hemp 
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concrete (459 kg/m3), even for the same A/B ratio of 1.5. The higher the level of compaction, the 

more difficult it would be to relate the performance of the bulk particle arrangement to that of the 

composite. 

To summarize, the thermal conductivity of plant-based concrete increased with the particle 

length, but it was not influenced by the density and thermal conductivity of the bulk aggregates. On 

the contrary, the bulk density of an aggregate is not its real density inside the plant-based concrete, 

as it also depends on the compressibility and behavior of the aggregate with respect to water 

(settling or swelling). However, for future studies, density expressing the true behavior of each 

aggregate in the concrete could be a good parameter. 

3.2.4 Effects on the Hygric Properties of the Plant-Based Concrete 

Generally, for the same type of plant aggregate, its size does not affect the sorption and 

desorption isotherms of the resulting concrete. Benmahiddine et al. (2020) [23] made similar 

observations in the case of flax concrete comprised of flax shives with their average length varying 

from 8 mm to 17 mm (Figure 31). 

 

Figure 31 Sorption isotherms of flax concrete made from shives of three different sizes 

[23]. 

Similar results were obtained by Ahmad and Chen in the case of corn stalk concrete with a slight 

1% water content difference in favor of the concrete made from coarse aggregates at 95% RH [17]. 

As mentioned in paragraph 3.1.3, the difference in sorption and desorption isotherms of plant-

based concrete manufactured with different aggregates is not remarkable for low plant aggregate 

content [26, 41, 81, 157]. However, it increases with the increase in the aggregate dosage and is 

significantly higher at high RH. Rahim et al. (2015) explained the difference between the sorption 

curves of hemp and flax concrete at high RH based on the size of the pores inside the flax shiv 

particles, which are smaller compared to those inside the hemp shiv, leading to more capillary 

condensation [81]. Ashour et al. (2011) also explained that the equilibrium moisture contents of 

plasters reinforced with barley and wheat straws are higher than that obtained with wood shavings 

due to the high moisture absorbing capacity of the pores of straws [157]. 
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The capillary absorption of plant-based concrete also increased with the decrease in the particle 

size of the aggregates due to the increase in the specific surface area of the aggregates [84]. The 

capillary absorption coefficient varied with the plant-based concrete, depending on the type of plant 

aggregate used. Rahim et al. (2015), reported the capillary absorption coefficients of rape straw and 

hemp-lime concrete as 0.062 kg.m2 s–0.5 and 0.267 kg.m2 s–0.5, respectively [81]. The authors 

assumed that the porosity of rape straw lime concrete was more adapted to a capillary diffusion. 

The hydric properties of plant-based concrete were strongly linked to the particle size and the 

porosity of the aggregates, especially with high contents [157]. Apparently, the porous structure of 

plant aggregates such as straws, sunflower pith, and flax shiv increased the sorption capacity of the 

concrete. 

3.2.5 Effects on the Acoustic Properties of Plant-Based Concrete 

Cérézo (2005) [28] and Chen et al. (2017) [31] emphasized that the plant aggregates with open 

porosities like hemp shiv and miscanthus stem improved the sound absorption when incorporated 

into a binding matrix. Thus, it could be assumed that an aggregate with more open porosity should 

increase the acoustic absorption of concrete. Besides, hemp and miscanthus stem concrete 

exhibited different acoustical absorption responses (double peaks and single peaks) [28, 31]. This 

observation estimated that the pore-scale of plant aggregates might be a parameter influencing the 

acoustical properties of plant-based concrete. However, so far, no conclusion could be made 

regarding the effect of the aggregate’s physical properties on the acoustical properties of the 

composite.  

4. General Conclusion 

One hundred twenty articles on 18 different plant aggregates mixed with mineral binders were 

reviewed in this paper. This comprehensive review summarized the characteristics of the plant 

aggregates studied so far and the various associated experimental methods. It further explored the 

correlation of these properties with the useful properties of the obtained composites. However, this 

correlation was obscure; thus, it is necessary to find characterization methods for relevant 

indicators to easily correlate the properties of the aggregates with those of the composites. 

The following points summarize the results of this analysis: 

❖ The 18 plant aggregates mentioned in the literature were classified based on their origins. 

The comparison between the total number of the co-products and articles published in France 

showed an inconsistency. A third bibliography dealt with hemp shiv and represented only 0.02% of 

the total co-products. Therefore, future research should focus more on the available agro-resources 

such as wood chips, cereal straws, sunflower stem, or flax shiv. 

❖ The microstructure and porosity of plant aggregates could be well assessed by combining 

SEM and X-ray tomography. These two imaging methods evidenced that the plant aggregates had 

highly porous structures, but their porosity, pore-scale, and cell pore characteristics were all 

different for each type of aggregates and could influence other properties like density and water 

absorption. In the case of the elongated aggregates, image analysis was often preferred instead of 

mechanical sieving to determine the particle size distribution and shape of plant aggregates, even 

though it only allowed 2D representation of the particles. 
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❖ The bulk density of plant aggregates was the most well-known property in the literature; 

however, it could not represent the aggregates in the composite. Hence, for future studies, it is 

necessary to explore other density-related parameters like the density of particles and the skeleton 

one. Knowledge of the three densities of plant aggregates assisted in estimating various porosities 

such as total porosity, inter-particle, intra-particle, and particle porosity, which would be very useful 

to understand the properties of the composites. 

❖ Several methods were mentioned in the literature to determine the water absorption of 

plant aggregates. However, they had highly variable results and did not estimate the real water 

requirements of the aggregates during the manufacture of the composites. Thus, it is necessary to 

develop methods to determine the true water absorption of each type of aggregate in a composite 

and optimize the formulation of plant-based concrete. 

❖ Two methods were listed in the literature to perform the sorption-desorption test on plant 

aggregates: the SSS technique and the DVS method. The second method gave the most precise 

results but used only a small quantity of material which could raise the problem of 

representativeness. 

❖ The hot wire and hot plate guarded methods recommended by TC RILEM 236-BBM were the 

most used methods in the literature to determine the thermal conductivity. The hot wire method 

was faster and easier to implement, while the second took a long time but gave results with more 

precision. All the studies claimed that the thermal conductivity of plant aggregates increased as a 

function of the bulk density. Except for corn cob, the thermal conductivities of all the plant 

aggregates were less than 0.08 W.m–1.K–1, implying that these aggregates could be used as bulk 

insulating materials because of their very good insulating capacity. 

❖ It is more appropriate to represent the amount of water-soluble compounds in terms of 

dosage (kg.m–3) than mass proportion. These water-solubles were found to be responsible for the 

set delay of the binders in the composite. Also, it is preferable to use alkaline solutions (pH 9 and 

12) instead of the usual neutral water solution (pH 7) used in the literature to determine the water-

soluble content in the aggregates since the medium of reactive binders in which the aggregates are 

incorporated are often alkaline. 

❖ In the literature, the common parameters used to describe a plant-based concrete 

formulation were either the mass content or the aggregate-to-binder ratio. The dosage of the 

constituents (kg.m–3) was supposedly more relevant to evaluate the effect of aggregates or binders 

on the composites with more precision. In general, a simultaneous increase in the dosage of 

aggregates and a decrease in the dosage of binder could lighten plant-based concrete by increasing 

its porosity and improve its hygro-thermal and acoustic properties. However, it could adversely 

affect their mechanical performance. Nevertheless, depending on the nature of the aggregates, the 

impact levels of the dosages of aggregates on the composites might vary with their properties. Apart 

from the aggregate dosage and nature, many other parameters such as the implementation 

methods, the curing conditions, and the age of the tested samples could also influence the 

properties of the composite, thereby making the study of an isolated parameter more difficult. 

Therefore, standardized curing and characterization methods are needed to study the impact of the 

nature and dosage of the aggregates. 

❖ A variable binder dosage (kg/m3) was found to be an arduous method to assess the impact 

of the aggregate properties on the composite performances. Hence, it is necessary to find a suitable 
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formulation method to keep a constant binder dosage for any type of aggregates to determine their 

impact on the composites. 

❖ Despite the limitations associated with the simultaneous variation of many formulation 

parameters, an analysis was carried out to identify the aggregate parameters directly affecting the 

composite. The bulk densities, as well as the thermal conductivities of the bulk arrangement of plant 

aggregates, were not good indicators of the properties of composites. In contrast, the density and 

the porosity of the particles were intrinsic to the aggregates and could strongly affect all the 

properties of the composite. 

❖ It was also observed aggregates under compaction in a wet state (as is the case during the 

manufacture of composites) behaved differently. Therefore, it is necessary to determine an 

indicator to quantify the influence of this phenomenon on the properties of plant-based concrete. 

In addition to this indicator, it would also be interesting to study the compression behavior of the 

compacted granular stacking without a binder, which seemed to influence the compression 

behavior of the composite. 

❖ It was observed that when the median particle length of the aggregates increased, the 

density and the thermal conductivity of the composite decreased along with the increase in its 

Young's modulus. On the other hand, it did not affect the sorption-desorption isotherm of the 

composite. 

❖ The mechanical parameters of plant-based concrete varied significantly from one study to 

another, thereby preventing any rigorous comparison between them. So, it would be important to 

define a unique compressive strength value by setting, for example, the same level of deformation 

to allow the comparisons. 

❖ Extractives from plant aggregates and their chemical nature significantly influenced the 

mechanical performances of model pastes, which could also impact the properties of the 

composites. 

This review demonstrated multiple properties of plant aggregates but not all relevant to the 

properties of the plant-based concrete. Thus, in the future, it would be important to find accurate 

indicators related to aggregates to assess the potential of local resources for producing green 

building materials. 
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