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ABSTRACT

The utilization of environmentally friendly materials derived from agricultural sources is becoming more
prevalent in the construction industry. Many studies have already been conducted on various agro-resources,
providing a variety of information on the characteristics of botanical aggregates and bio-based concrete. How-
ever, the prediction of the mechanical behavior of bio-based concrete remains complex owing to the various
factors that influence its properties. Hence, it is crucial to collect a multitude of diverse information scattered
throughout the literature regarding the mechanical response of bio-based materials under different loading
conditions.

This paper review aims to evaluate the mechanical behavior law and mechanical properties of bio-based
concrete under various loadings (compression, flexion, and shear) in accordance with multi-plant-aggregates
and different mineral binders. The literature has provided around 120 papers listing a compilation of 18 plant
aggregates sourced from various origins that are utilized in plant-based concrete. On the other side, a few types of
aggregates and binders were introduced in the literature regarding the mechanical behavior of bio-based con-
crete. Several factors can affect the mechanical properties of bio-based concrete at the composite scale such as
the formulation, the casting process (energy), the curing conditions, the morphology of the aggregates, the
density, the porosity, the mineral matrix properties, and particles/binder physicochemical interactions. Hence,
this paper elaborates on a conceptual understanding that focuses on the mechanical response of bio-based
concrete in relation to the various influencing factors up to the application of these materials in building sector.

1. Introduction

the disposal of biomass residues derived from lignocellulosic plants,
obtained from agricultural or forestry sources is warranted in the con-
struction sector (Cuenca et al., 2013; Sellami et al., 2013). Many
lignocellulosic aggregates have been investigated for the production of

Nowadays, buildings roughly contribute to 1/3 of the world’s total
energy consumption and global carbon emissions (Transition to Sus-
tainable Buildings). The statement of the World Green Building Council
was clear, to effectively align with the Paris Agreement’s goals and
achieve complete decarbonization by 2050 while ensuring global
warming remains below 1.5°, the building and construction sector must
address embodied emissions throughout the entire lifecycle of buildings
(“WGBW19,” 2019).

Biomass burning is a critical environmental issue since it pollutes the
air as open-field burnings of biomass in India and China reached 84 and
10 Tg (Terra gram = 10'2 g), respectively, causing severe health prob-
lems (Zhang et al., 2016, 2017). Accordingly, a sustainable method for
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bio-based concrete, as listed in Table 1. These lignocellulosic aggregates
were mixed either with organic binders such as starch (Benitha Sandrine
et al., 2015) or mineral binders such as Portland cement, prompt natural
cement (Collet et al., 2015), hydraulic lime (Hirst et al., 2010),
non-hydraulic or calcic lime (de Bruijn, 2008), commercial lime (Tronet
et al., 2016), hydraulic lime mixed with Tradical 70 (Boutin et al.,
2006), pumice lime (Nozahic et al., 2012), clay (Mazhoud et al., 2017),
gypsum, geopolymer (Ahmad et al, 2021), magnesium phosphate
cement and alkali-activated cenosphere (Kristombu Baduge et al.,
2019).

Integrating biomass aggregates into construction offers multiple
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Abbreviations list

Apparatus modulus (Eini), 19

Apparent modulus (Eal), 8

Axial strain rate (e axi), 8

Barely straw (BS), 6

Binder-to-aggregate ratio (B/A), 25

Bulging and crushing failure mode (FM2), 11
Calcium-silica-hydrates C-S-H, 17

Change in deflection (AS), 22

Change in Load (AF), 22

Cohesion (C), 23

Corn cob (CQC), 6

Elastic modulus (EC), 20 (Ecyc), 19 (Ee), 8
Flexural modulus (Eelast), 22

Fourier Transform Infrared Spectroscopy (FTIR), 17
Hardening modulus (Etan), 19

Hemp (H), 6

Hempcrete (HLC), 2

Interfacial transition zone (ITZ), 29

Lateral deformation (elat), 8

Lavender straws (LS), 17

Length of the specimen (L), 22

Lime rice-husk concrete (LRC), 11

Lime-hemp concrete (LHC), 11

Longitudinal deformation (elong), 8

Maximum compressive stress (omax), 4

Maximum flexural load Fmax, 10

Maximum friction angle (@p), 23

Peak deviatoric stress (q), 23

Quarry fines derived from aggregates washing procedure (FWAS), 6
Ratio of deviatoric stress to mean effective pressure (M), 23
Relative humidity (RH), 28

Secondary apparent modulus (Ea2), 8

shear band failure mode (FM1), 11

sunflower bark and pith with medium density (SBPD5), 7
Sunflower barks (SB), 17

sunflower pith concrete with low density (SPD2), 7
Thickness of the specimen (h), 22

Ultimate strength (cu), 5

Width of the specimen (b), 22

Young’s modulus (E), 4

Table 1
Classification of various plant-aggregates used in the literature.
Family Plants Fraction  References
Wastes of plant’s Hemp Shiv (Arnaud and Gourlay, 2012;
fiber Nguyen et al., 2009, 2010;
Tronet et al., 2016; Véronique,
2005)
Flax Shiv (Benmahiddine et al., 2020;
Garikapati and Sadeghian, 2020)
coconut Coir (Asasutjarit et al., 2007;
Lertwattanaruk and Suntijitto,
2015)
Residues of wood Wood chip (Akkaoui et al., 2017; Al Rim
transformation et al., 1999; Bouguerra et al.,
1998a)
Cereal stalks or Barely Straw (Belhadj et al., 2016; Giroudon
straws et al., 2019; Laborel-Préneron
et al., 2017)
Wheat Straw (Bouasker et al., 2014; Viel et al.,
2018)
Corn Stalk (Ahmad et al., 2018, 2021)
Rice Straw Morsy (2011)
Oilseed plant straws  Sunflower Stem (Abbas et al., 2020; Magniont
et al., 2012)
stalk Brouard et al. (2018)
Rape Straw (Brouard et al., 2017, 2018)
Other cereal plants Corn Cob (Laborel-Préneron et al., 2017,
waste than straws 2018)
Rice Husk Jauberthie et al. (2003)
Wild plants Diss Stem (Merzoud, 2011; Sellami et al.,
2013)
Bamboo Stem (Corréa et al., 2015; Park et al.,
2019)
Sugar remnants Sugar cane Bagasse (“Agricultural Waste Materials as

Thermal Insulation for TH,” n.d.)
Costantine et al. (2020)
(Acikel, 2011; Chen et al., 2017)

Sugar beet pulp

Bioenergy crop Miscanthus ~ Stem
remnants

Scented plant

straws

Lavender Straw Giroudon et al. (2019)

benefits, including carbon-negative properties, low density, sustain-
ability, and improved indoor comfort through humidity control, thermal
regulation, and acoustic insulation (Amziane and Collet, 2017; Bakkour
et al., 2024; Bouguerra et al., 1998b; Hirst et al., 2010) For instance, 1

m? of hemp concrete with 25 mm thickness can store up to 35 kg of CO
over 100 years (Boutin et al., 2006). In addition, biomass aggregates
enhance corrosion resistance when incorporated into ordinary concrete,
particularly in the case of bio ashes like wheat straw and banana leaf,
which help mitigate the corrosion rate (Thomas et al., 2021). However,
the main problem that limits the durability of bio-based materials is the
chemical degradation of lignocellulosic aggregates in an alkaline me-
dium (Vo and Navard, 2016). In this regard, some treatments were
found to enhance the durability of bio-based concrete including coating
and impregnation of lignocellulosic aggregates by epoxy and adhesives,
chemical or physical treatments, and even cementitious matrix modifi-
cations (Vo and Navard, 2016).

The primary issue with bio-based concrete is its inherent challenge
related to low mechanical strength. Across different studies, HLC (hemp-
lime concrete) exhibited a compressive strength of less than 2 MPa
(Arnaud and Gourlay, 2012; de Bruijn et al., 2009; Elfordy et al., 2008;
Jalali et al., 2006; kioy, 2005). Likewise, similar ranges of compressive
strength were found for other types of bio-based concrete containing the
following plant-by crops as aggregates: barely straw (Giroudon et al.,
2019; Laborel-Préneron et al., 2017), rice husk (Chabannes et al., 2015),
corn cob (Laborel-Préneron et al., 2017), sunflower bark (Lagouin et al.,
2019), sunflower pith (Magniont et al., 2012), and maize (Lagouin et al.,
2019). The low compressive strength along with a poor Young’s
modulus, indicates that this composite material is unsuitable for struc-
tural applications (Arnaud and Gourlay, 2012; kioy, 2005; Tronet et al.,
2016; Véronique, 2005). This finding was explained by (Bouloc, 2006)
to the high flexibility of aggregates, and their imperfect arrangement
within the material. Besides the composition of binders, (Nguyen et al.,
2009, 2010) observed a relatively high compressive stress of hemp
concrete within the range of 2.65-3.57 MPa. This was attributed to the
increased compaction pressure during casting, aimed at reducing voids
within the material. In the same context, (Tronet et al., 2016) obtained a
compressive stress of as high as 4.74 MPa for a casting stress of 6.7 MPa.
Another study by (Tronet et al., 2011) revealed a compressive strength
of 7 MPa at 7.5% of strain as the highest value of compressive strength of
LHC reported in the literature. However, relatively superior compressive
strength values were observed for bio-based specimens made with ag-
gregates like miscanthus, corn stalk, and rice straw. For instance, mis-
canthus concrete reached up to 38 MPa in compressive strength making
it suitable for structural applications under some formulations and
physical treatments of the aggregates (Acikel, 2011). To this end, the
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physical and mechanical properties of some treated aggregates can
significantly alter the potential use of bio-based materials.

Bio-based concrete exhibited similarly low flexural resilience and
strength within the range of 0.1-0.4 MPa (Elfordy et al., 2008; Jami
et al.,, 2019; Murphy et al., 2010; Walker et al., 2014). However, the
flexural strength of hempcrete under some formulations validates the
Masonry Standards Joint Committee of a bare minimum flexural
strength of 0.21 MPa (“TMS 402/602-08 Building Code Requirements
and Specification for Masonry Structures, 2008,” n.d.). The evolution of
flexural modulus differs from that of Young’s modulus as function of
aggregate content. Flexural modulus tends to increase as aggregate
content increases up to some extent (Agossou and Amziane, 2023; Al
Rim et al., 1999).

In contrast to compressive and flexural loadings, only pair of studies
in existing literature have assessed the shear properties of bio-based
concrete (Chabannes et al.,, 2017; Youssef et al., 2015). Only two
types of plant-based concrete were studied under shear loading: hemp
and rice-husk concrete (Chabannes et al., 2017). The peak deviatoric
stress for hemp-lime concrete and rice husk concrete was about 3.3 MPa
and 1.75 MPa, respectively. It must be noted that the deviatoric stress
depends to a large extent on the confining pressure during the shear test
(Chabannes et al., 2017; Youssef et al., 2015). However, shear modulus
depends to a large extent on the failure mode, since specimens that
failed under shear banding exhibited higher shear modulus than speci-
mens that failed under bulging (Chabannes et al., 2017).

Hereinafter, it is crucial to investigate the factors that may affect the
mechanical parameters of bio-based concrete. Due to the extensive di-
versity of bio-aggregates, the characteristics of the same bio-aggregate
might vary depending on its origin (Stevulova et al., 2013). The vari-
ability of bio-based concrete properties has 2 origins: intrinsic vari-
ability of the aggregates themselves (microstructure, porosity, density,
water absorption), and uncertainty caused by insufficient information
with respect to their mechanical performance (Niyigena et al., 2016). To
mitigate the uncertainty of the biomass properties, specimens must
undergo consistent drying conditions, follow a standardized protocol for
aggregate sieving and casting process, ensure high-accuracy mechanical
testing, and use a uniform method to identify the mechanical properties
among the different specimens. Additionally, combining specimens re-
sults for scatter and goodness-of-fit analyses based on log-normal dis-
tribution is recommended (Niyigena et al., 2016).

This paper review aims to offer a conceptual insight into the me-
chanical response and properties of bio-based concrete, specifically
focusing on functional aspects under various types of loading, including
compression, flexion, and shear. This review also covers the numerous
factors that influence the mechanical properties of bio-based concrete.
These parameters can be dispatched into five categories. Firstly, the
composition’s nature, including the characteristics of the bio-
aggregates, (sizing, density, water absorption, porosity) (Arnaud and
Gourlay, 2012; Stevulova et al., 2012; Véronique, 2005), and the type of
binders (de Bruijn et al., 2009; Hirst et al., 2010), secondly, the
formulation process (Nguyen et al., 2009; Tronet et al., 2016), thirdly,
physicochemical interactions between aggregates and mineral binders
(Bourdot et al., 2019; Diquélou et al., 2015), fourthly, the casting
methodology including the casting energy (Elfordy et al., 2008; Tronet
etal., 2016) and the aggregates’ orientation (Huang et al., 2022; Youssef
et al., 2015), and lastly the curing conditions of bio-based materials
(Arnaud and Gourlay, 2012). Regarding the diversity in the mechanical
characteristics of bio-based concrete, several studies were performed
including literature reviews addressing the influence of certain factors
on the properties of these bio-ecological materials (Lagouin et al., 2019;
Saez-Pérez et al., 2020).

Hence, the literature selected for this review paper was carefully
chosen from various range of references, with particular emphasis on the
mechanical behavior of bio-based concrete. The present manuscript is
divided into four main sections. The first section examines the me-
chanical response of bio-based concrete to different types of mechanical
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loading (compression, flexion, and shear). The second part elaborated
on the mechanical performance of these materials according to the
aforementioned various loading types. The third section lists a
condensed overview of the various factors that can influence the me-
chanical properties of bio-based concrete at the composite scale. The last
section elaborated on the application of bio-based concrete with a key
connection to the mechanical performance of these materials as listed in
this review paper. The outstanding results of this paper will allow the
authors to have a prediction on the mechanical law regarding the mix of
bio-aggregates with a mineral binder. This review is the outcome of a
comprehensive literature survey conducted as part of the “BIOUP”
project that aims to make significant advances in understanding the
macroscopic properties of bio-based concretes, depending on the nature,
or the type of aggregates and mineral binders.

2. Mechanical response and deformability of bio-based concrete
2.1. Compressive behavior

In the literature, the compressive behavior of plant-based concrete
has been evaluated through both monotonic and cyclic compression
tests, that were conducted on two different specimen shapes: cylindrical
and cubic.

The compressive behavior of plant-based concrete is typically elas-
toplastic, showcasing a broad range of potential strains (Arnaud and
Gourlay, 2012; Véronique, 2005). Accordingly, the stress-strain diagram
of bio-based concrete consists of three distinct phases. The red hollow
section in Fig. 1 marks the set-up phase at the test’s start (Véronique,
2005).

During the initial phase, bio-based concrete demonstrates a linear
quasi-elastic behavior (Arnaud and Gourlay, 2012; Elfordy et al., 2008;
Walker et al., 2014), allowing for the determination of its Young’s
modulus (E). In this stage, the cement matrix, known for its greater ri-
gidity compared to the bio-aggregates provides support for compressive
stresses, resulting in slight strains being recorded. However, taking the
small deformation theory to be true (strain up to 0.4 %), the modulus of
elasticity E is determined as the gradient within the linear portion of the
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Fig. 1. Compressive behavior of plant-based concrete for different specimens’
geometry (Pavia et al., 2015; Youssef et al., 2015).
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stress-strain curve, as per Hooke’s law (Véronique, 2005).

In the second phase, bio-based concrete exhibits an elastoplastic
response. This phase is characterized by a progressive inflection,
described by a slower increase in stress. This leads to the propagation of
stress accentuation zones around the aggregates, resulting in gradual
cracking of the binder matrix. As the material undergoes greater strain,
particles crush gradually, culminating in the brittle failure of the binder
(Arnaud and Gourlay, 2012; kioy, 2005; Véronique, 2005). This per-
manent plastic strain is evident in cyclic (loading-unloading) tests.
Generally, the high porosity of plant aggregates allows for greater
deformation, unlike traditional mineral-based concrete, where the ag-
gregates are considered non-deformable. This phase, often referred to as
the “plateau” in literature, indicates a very slow increase in stress
despite higher strain levels (Véronique, 2005; Walker et al., 2014).
(Arnaud and Gourlay, 2012) demonstrated that the length of the
post-peak plateau phase is directly related to the binder content in hemp
concrete; lower binder content extends this phase due to the weaker
setting of the mineral binder. The stress-strain curve eventually reaches
its peak, representing the compressive stress (6pmax Of the orange curve in
Fig. 1), with the maximum strain occurring at this point, as shown in
Fig. 1.

The third phase of the curve was not common among all plant-based
concrete. For instance, several studies highlighted that the third phase in
the mechanical behavior of bio-based concrete relies to a large extent on
the geometry of the specimen (Glouannec et al., 2011; Pavia et al., 2015)
(See Fig. 1). In this context, cylindrical specimens indicate complete
damage to the binder matrix, rendering it non-functional in terms of
mechanical support (orange curve in Fig. 1) (Arnaud and Gourlay,
2012). At this stage, the plant aggregates primarily bear the compressive
stresses. As the particles are less rigid than the binder, strain levels in-
crease while stress levels decrease. A distinct behavior of wood concrete
in the third phase was remarked by (Akkaoui et al., 2017) as a plateau
phase occurred after the peak stress. This plateau corresponds to the
densification of the aggregate structure, resulting in increased density
and closure of intergranular and possibly intragranular porosities.
Conversely, several authors have observed a different mechanical
response for cubic specimens characterized by a rapid stress increase
with strain during the third phase, signifying densification or plastic
hardening (see blue curve in Fig. 1) (Elfordy et al., 2008; Walker et al.,
2014; Youssef et al., 2015). Indeed, (Akkaoui et al., 2017) attributed the
densification response obtained in the third phase to the low binder
content in the wood-concrete configurations. The particles are sur-
rounded by a fine coating of cement paste, making the particle’s fraction
significant in supporting the load. (Elfordy et al., 2008) explained the
observed densification by the squeezing of shives, which enhances the
rigidity of bio-based concrete by increasing structural wall contact,
thereby improving the mechanical properties. According to the authors
(Elfordy et al., 2008; Walker et al., 2014), the o, ultimate strength of the
compressive behavior corresponds to the debut of the plastic strain (o
of the blue curve in Fig. 1). Their methodology of calculation considered
findings beyond the elastic strain limit, where deformation increases the
stress without causing the specimen to fracture. This methodology was
further elaborated by (Lecompte et al., 2015) based on the Yield strength
as sketched in Fig. 1. This phenomenon is due to the irreversibility
aspect of porous materials under compaction, similar to materials with
high porosity when subjected to compression loading, restricted
compression, or pressing indentation(Hirth and Tullis, 1989; Tancret
and Osterstock, 2003).

Since the mechanical response of bio-based concrete is anisotropic
(Nozahic et al., 2012; Véronique, 2005; Youssef et al., 2015), the
fabrication process of cubic elements imparts to a large extent the ten-
dency of the blue curve in Fig. 1. By default, layer-by-layer compaction
induced an orthogonal orientation of the aggregates with respect to the
compaction direction (Williams et al., 2016). However, stratification of
the plant-based concrete occurred in other directions and encouraged
the aggregates to orientate in a radial direction (Huang et al., 2022).

Cleaner Engineering and Technology 23 (2024) 100819

Indeed, two different orientations of aggregates will result after the
compaction: parallel to the casting or compaction direction, and
orthogonal to the compacting direction as shown in Fig. 2. In this regard,
it is worth mentioning that the mechanical tendency of the blue curve in
Fig. 1 is only valid for cubic specimens with aggregates oriented
perpendicularly to the compaction direction. The difference in me-
chanical tendency (mechanical strength 10 times higher for perpendic-
ularly oriented specimens at relatively higher strain) between
parallel-oriented specimens (blue curve in Fig. 2) and perpendicularly
oriented specimens (orange curve in Fig. 2) was explained in previous
studies (Huang et al., 2022; Nozahic et al., 2012; Youssef et al., 2015).
According to (Youssef et al., 2015) the poor mechanical characteristics
of parallel-oriented bio-based concrete stem from the early failure
mechanism described by collapse and buckling between the layers of the
specimen. This assumption was reported by one of the hypotheses of
(Nozahic et al., 2012), where the authors elaborated the brittle behavior
observed in parallel-oriented specimens to the encounter of plant par-
ticles with longitudinal direction under loading. This interaction led to
the rapid crushing of particles due to interface shearing. In this context,
perpendicular-oriented specimens evaluate the actual strength of the
material whereas parallel-oriented specimens evaluate the strength of
the coating interface between particles and cement paste. Indeed, the
interface coating strength can be enhanced by chemical treatments
(Nozahic and Amziane, 2012; Sedan et al., 2008). For instance, (Nozahic
and Amziane, 2012) found that the maximum interfacial shear stress
increased by 66% for Ca(Oh), treated sunflowers compared to raw
sunflowers.

The compressive behavior of bio-based concrete is notably affected
by the nature of the bio-aggregated. Given this context,
(Laborel-Préneron et al., 2017) evaluated the effect of several plant
particles (S: barely straw; H: hemp; CC: corn cob) on the mechanical
response and properties of earth-based materials using soil made of
quarry fines derived from aggregates washing procedure (FWAS) as
illustrated in Fig. 3.

The multiple curves illustrated in Fig. 3 correspond to the fluctuation
in aggregate sizing (variable lengths used) and the numbers (3 % and 6
%) refer to the proportions of aggregates in each mixture. Generally, the
ductility of earth-based composites markedly improved with the inclu-
sion of bio-aggregates. Indeed, composites with Barely straw (S3 & S6)
exhibited a very high strain rate at maximum stress compared to the
other two composites thanks to its high compressibility. Yet, in struc-
tural application for buildings, such material distortions (19.9% of strain
for S6) are intolerable (Laborel-Préneron et al., 2017). As a result, the
strain was confined to 1.5%, and its related compressive stress was
maintained to ensure a strain suitable for the desired application as

30
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Tn’ 15 4
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Fig. 2. Mechanical behavior of bio-based concrete according to the orientation
of the particles with respect to compaction direction, (blue): Parallel orienta-
tion, (orange): Perpendicular orientation (Youssef et al., 2015). (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 3. Stress-strain curves for different plant-based composites (FWAS: quarry
fine earth; S: barely straw; H: hemp; CC: corn cob, SBD8: sunflower bark at high
density, RSD5: rape straw at medium density, SBPD: mix of sunflower bark and
pith at medium density, SPD2: sunflower pith at low density) (Laborel-Préneron
et al., 2017; Brouard et al., 2018).

described by (Véronique, 2005).

A direct correlation can be drawn between the increased content of
aggregates and the decrease of the compressive stress. The values of the
compressive stress decreased from 2.4 MPa to 3.2 MPa at 3% of aggre-
gates proportion to 1.8 MPa for hemp (H) and corn cob (CC), respec-
tively. This limitation in mechanical performance, associated with the
inclusion of aggregates possessing poor mechanical properties, can be
linked to the decline in bulk density observed when plant aggregate was
added (Al Rim et al., 1999; Ghavami et al., 1999). However, an excep-
tion can be noticed regarding the compressive stress of barely straw
composites (S) where this parameter increased from 3.3 MPa to 3.8 MPa
between 3% and 6% of aggregate proportion, respectively. The authors
(Laborel-Préneron et al., 2017) have attributed this evidence to two
reasons: firstly the high compressibility of barely straw allowing a
decrease in their porosity as strain increased, and secondly the more
elongated shape of barely straw compared to hemp and corn cob
(Laborel-Préneron et al., 2018). In a parallel research, (Brouard et al.,
2018) evaluated the influence of various bio-based concrete having the
same binder and mixing ratio but different densities. Indeed, D8 was the
most dense configuration while D2 was the lowest. Similar elastoplastic
behavior was remarked between sunflower pith concrete (SPD2) and the
green concrete having a mixture of sunflower bark and pith (SBPD5)
with the latter reaching a higher level of compressive strength due to the
higher density of the mixture. However, rape straw concrete displayed a
distinct compressive response, characterized by a steady rise in stress
causing significant deformation without resulting in specimen failure.

Due to the slow hardening kinetics of plant-based concrete, influ-
enced by the retarding effects of aggregate extracts on cement paste
hydration (Diquélou et al., 2015), its mechanical behavior is closely
linked to its age (Arnaud and Gourlay, 2012). Studies by (Arnaud and
Gourlay, 2012; Véronique, 2005) examined the evolution of hemp
concrete’s mechanical properties over time to understand its hardening
kinetics. Indeed, Fig. 4 illustrates that recently laid bio-based concrete
(less than 6 months) is more deformable, making peak stress prediction
difficult as it is mainly absorbed during the ductile phase (Véronique,
2005). Similar findings were reported by (Arnaud and Gourlay, 2012),
where hemp concrete at an early age presents a very ductile behavior
with a long post-peak plateau zone. This is attributed to the incomplete
hydration and setting process of cement in plant-based concrete at an
early age. (Arnaud and Gourlay, 2012; Véronique, 2005) explained this
difference to the early-stage hydration of the cement, which had not yet
reached its full setting inside a bio-based concrete. More particularly,
the mechanical response at this early stage is mainly governed by the
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Fig. 4. Compressive behavior of hemp concrete according to the composite age
(Véronique, 2005).

behavior of the particles rather than the binder.

As bio-based concrete ages, the hydrates progressively interconnect,
forming a continuous network that gradually transmits stresses (Arnaud
and Gourlay, 2012). The properties of the mineral binder start to impart
a greater influence on the mixture. This is evident in Fig. 4, where the
compressive stress rises from 0.35 MPa at 21 days to 0.85 MPa at 24
months, while the corresponding strain (at maximum stress) decreases
from 0.11 to 0.04 between 21 days and 24 months, respectively.

Hence, the variation in the mechanical behavior of plant-based
concrete over time can be explained by the same consideration
regarding the binder content. At low age, the mechanical response is
primarily governed by the aggregates (lower compressive strength and
higher ductility). Conversely, at high age, the mechanical properties
more closely resemble those of the cement paste alone (high compres-
sive strength and brittle behavior).

The cyclic compressive behavior of bio-based concrete (loading-
unloading) can be divided into two zones based on the maximum stress
((1): prior-peak zone, and (2): beyond-peak zone) as shown in Fig. 5a. In
the prior-peak zone (1), the material demonstrates orthotropic linear
elastic response (Véronique, 2005), with residual deformation observed
during loading-unloading cycles (Akkaoui et al., 2017). The residual
deformation shows nearly linear changes in lateral strains relative to the
longitudinal strain (Véronique, 2005). However, (Nguyen et al., 2010)
further subdivided the prior-peak zone into 3 distinct phases (see
Fig. 5b): (i) homogeneous elastic behavior, (ii) elastoplastic behavior
with mineral binder and interface damage, and (iii) pronounced hard-
ening with stress distribution to the aggregates and the initiation of their
collapse (sealing the microstructure within the aggregates). It must be
noted that the largest deformation was recorded during phase (iii).
Thereafter, two mechanical parameters can be determined in phase (i) of
the prior-peak zone: modulus of elasticity, defined as the gradient at the
start of the curve ¢ = f(¢), and the Poisson’s coefficient which corre-
sponds to the ratio lateral (ej5) to longitudinal deformation (ejong)
(Véronique, 2005). However, (Mazhoud et al., 2017) identified three
different moduli during the loading-unloading cycles as shown in the
crop section of Fig. 5a: the apparent modulus (Ea;) at the initial part of
the loading curve, the elastic modulus (E.) during the linear part of
discharging cycle, and a secondary apparent modulus (Eay) during the
second loading cycle. After the end of loading-unloading cycles, the
mechanical response exhibited an inflection tendency that progressively
increases with strain (Véronique, 2005), reflecting non-linear deforma-
tion under compressive stress due to progressive binder matrix cracking
(Nguyen et al., 2010). Once the peak stress is reached, the first zone
ends, and the second, beyond-peak zone starts at a relatively high strain
rate (e44x;5%). During the second zone, the binder matrix is completely
damaged, and the aggregates primarily bear the load. Due to the sig-
nificant variance in rigidity between bioparticles and cement paste
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Fig. 5. (a): Cyclic compression curve for hemp concrete (Véronique, 2005), (b): Superposition of cyclic and monotonic loading curves of a compression test on

hemp-lime concrete(Nguyen et al., 2010).

(ratio of 400), the stress supported by the aggregates is lower, resulting
in a decreasing stress-strain curve in the post-peak zone.

2.2. Flexural behavior

The flexural response of bio-based concrete has been characterized
through three-point and four-point bending tests. Various studies have
discussed the flexural properties of plant-based and earth-based mate-
rials (Acikel, 2011; Belhadj et al., 2016; Chen et al., 2017; Elfordy et al.,
2008; Garikapati and Sadeghian, 2020; Khazma et al., 2008;
Laborel-Préneron et al., 2017; Mazhoud et al., 2017; Morsy, 2011;
Murphy et al., 2010; Nguyen, 2010; Sassoni et al., 2014; Sassu et al.,
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Fig. 6. Flexural behavior of bio-based concrete across different studies
(Agossou and Amziane, 2023; Elfordy et al., 2008; Garikapati and Sadeghian,
2020; Laborel-Préneron et al., 2017; Sedan et al., 2008).

2016; Walker et al., 2014).

Fig. 6 illustrates the flexural response of several bio-based concrete
under different loading conditions. These materials exhibit quasi-elastic
behavior, described by two stages. In the initial stage, there is a nearly
linear response, characterized by the matrix mainly carrying the load
until a first macroscopic crack occurs, which emerges between the
bottom of the specimen and the central axis of the prism (Le Troedec
et al.,, 2007; Murphy et al., 2010; Sedan et al., 2008). This first crack
aligns with the peak load reached, after which there’s an abrupt
decrease in flexural load due to the difference in rigidity between
cement matrix and plant-aggregates, leading to specimen failure
(Murphy et al., 2010; Walker et al., 2014). It must be noted that (Sedan
et al., 2008) utilized hemp fiber in the composition of their mortars. In
fact (Murphy et al., 2010), found that hemp concrete with low aggregate
concentration (10 %) acts in a brittle manner after rupture, suggesting
similar behavior between hemp fiber and shives at low proportions. In
this regard, natural fiber-reinforced cement-based materials (green
curve in Fig. 6) exhibit slight variations in flexural behavior compared to
typical plant-based concrete. Several studies (Agossou and Amziane,
2023; Dalmay et al., 2010; Le Troedec et al., 2007) have identified three
distinct phases of the flexural behavior of natural fiber mortars: a first
linear elastic phase corresponding to the characteristics of the mineral
matrix ending with the first crack as highlighted on the green curve in
Fig. 6, a second phase of multiple cracks indicating stress transition from
the cement matrix to the natural fibers where these latter’s bridge
microcracks on specimens inducing a controlled failure of the compos-
ite, and a third phase of progressive failure because of the failure at the
interface fiber/matrix (Iucolano et al., 2015).

A similar tendency is observed in the flexural behavior of earth-based
composites to that of bio-based materials. Indeed, (Laborel-Préneron
et al., 2017) studied the effect of several bio-aggregates (S: barely straw;
H: hemp) on the flexural behavior of earth bricks using quarry fines from
aggregate washing processes (FWAS). The representative curves in Fig. 6
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show increased ductility and deflection at failure due to residual
strength storage. The authors (Laborel-Préneron et al., 2017) have
explained the higher peak strain (strain computed at maximum deflec-
tion load) of earth composites with barely straw (S) compared to hemp
(H) to the morphological characteristics of each aggregate. For instance,
hemp particles were less elongated than barely straw particles
(Laborel-Préneron et al., 2018). In a parallel study, (Murphy et al., 2010)
observed that as aggregate content increases in the formulation of hemp
concrete, better ductility is reached during failure. However, similar
rigidity at the elastic phase exists between hemp and barely straw
composites made with Portland cement and FWAS earth. Hemp-lime
concrete showed lower rigidity in the elastic phase compared to other
types of hemp concrete (Elfordy et al., 2008). The variabilities in flexural
response between studies are due to differences in plant-based concrete
formulation, specimen shape, and casting process. This later was unique
in the research conducted by (Elfordy et al., 2008), where they used a
projection process during casting, resulting in a substantial increase in
the flexural stress of hemp-lime concrete as can be seen by the maximum
load of the corresponding curve (Fp,x=3568 N) in Fig. 6. It can be
noticed that flax-lime concrete (orange curve in Fig. 6) exhibited a
different flexural behavior due to the addition of jute fabric mesh,
causing stress concentration in the local area near the flax shives,
thereby lowering flexural strength and rigidity (Garikapati and Sade-
ghian, 2020).

2.3. Shear behavior

It is essential to gain insight into the shear behavior of bio-based
concrete, as shear failure is the most prevalent type of wall failure
(Chabannes et al., 2017; Jami et al., 2019). Triaxial compression tests
have been used to investigate this behavior, although studies are
limited, primarily focusing was on hemp concrete and rice husk concrete
(Chabannes et al., 2017; Youssef et al., 2015). A key factor in triaxial
compression tests is the confining or lateral pressure, which consists of
the vertical pressure applied by the piston as shown in Fig. 7a. The final
assembly of the triaxial shear test is presented in Fig. 7b. The shear
response of (a): lime-hemp concrete and (b): rice husk concrete is pre-
sented in Fig. 8 (Chabannes et al., 2017). Likewise, (Youssef et al., 2015)
assessed the shear behavior of cubic cut hemp lime with different for-
mulations M1 (W/B = 0.55, B/A = 1.8, and compactness = 0.37 MPa),
M4 (W/B = 0.55 and B/A = 0.54, and compactness = 0.54 MPa)), and a
confidential chanvribloc as shown in Fig. 9 (a), (b), and (c), respectively.
It must be noted that the lower and upper terms in Fig. 9 correspond to
the location of the cut portion of a hardened hemp lime cylinder whether
at the top or at the bottom of the cylinder. The discrepancy in shear
behavior for hemp-lime concrete between the two studies was due to
several factors such as specimen shape, strain computation, confining
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pressure, and mixing design. For instance, (Youssef et al., 2015) tested
cubic specimens, whereas (Chabannes et al., 2017) tested cylindrical
specimens. In addition, the strain computed by (Chabannes et al., 2017)
was an axial strain whereas (Youssef et al., 2015) computed an angular
strain. However, common trends in the shear behavior of chanvribloc
and LHC (lime -hemp concrete) include an initial elastic phase up to a
small range of strain (lower than 2%), followed by a plastic phase (strain
hardening). (Chabannes et al., 2017) observed an additional two phases
for LHC and LRC: a plateau phase (small increase in deviatoric stress
under high axial strain rate increase), followed by a post-peak phase
characterized by rapid softening. Nevertheless, both studies indicated
that plant-based concrete performed in ductile response, suggesting its
potential for structural application, particularly in dissipating energy
during seismic events (Youssef et al., 2015).

Increasing confining pressure was found to enhance peak deviatoric,
shear strength, and ductility in both studies as seen in Fig. 8(a) and (b)
and Fig. 9 (c). For instance, a gain in deviatoric stress by 22% and 16 %
was reached between 25 kPa and 150 kPa for LHC and LRC, respectively.
The differences in shear behavior between LHC and LRC were attributed
to their anisotropy, with LHC exhibiting a stratified arrangement leading
to bulging failure, while LRC was more isotropic (Chabannes et al.,
2017). LRC specimens presented a less ductile behavior than LHC
specimens due to the intrinsic characteristics of rice husk, the distribu-
tion of particle sizing, and the ratio of voids between the aggregates.
However, for high confining pressures (100 and 150 kPa), some LHC
specimens exhibited brittle behavior marked by lower strain rates and
higher elastic modulus, due to localized shear band failure mode (FM1).
Those specimens were highlighted by a hollow circle for each repre-
sentative curve as shown in Fig. 8 (a). This type of failure (shear band)
was well known in the literature to cause a fast decline and softening
response following the peak stress (Marri, 2010). Nonetheless, most of
LHC specimens experienced bulging and crushing failure mode at their
bottom part (mainly denoted FM2 in the authors’ study (Chabannes
et al., 2017)), attributed to density gradients and non-uniform distri-
bution of pores along the specimen. This non-uniform distribution
prompts the initiation of microcracks in the weaker lower half, resulting
in densification in that region. In contrast, LRC specimens mostly
experienced shear banding (FM1) except for one specimen that failed
due to bulging (FM2), which showed significant strain hardening at a
strain range from 3% to 18%, mitigating the plateau phase until failure.

3. Mechanical performance of bio-based concrete (strength and
rigidity)

3.1. Properties under compressive loading

The mechanical properties of bio-based concrete under compressive

(b)

Fig. 7. (a): Schematic representation of triaxial shear test, (b): Final triaxial compression test set-up of the bio-based specimen (Chabannes et al., 2017).
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upper (1 and 2 MPa) (Youssef et al., 2015).

loading examined in the literature are reported in Table 2. The varia-
tions of the mechanical parameters computed in the same study are due
to several reasons such as the mix formulation of bio-based concrete, the
methodology of assessing the properties, casting process, compaction
energy, age of bio-based concrete, curing conditions, size of the parti-
cles, treatments on aggregates, and the type of mineral binder.

3.1.1. Compressive strength

The compressive strength emerges as a critical mechanical parameter
in construction, denoting the material’s ability to resist compressive
loads without deformation or failure (Jami et al., 2019). Currently, there
is no standardized procedure for measuring or identifying the
compressive strength in compacting behavior (Mazhoud et al., 2017;
Niyigena, 2016; Walker et al., 2014). Different methodologies have been
used to determine this property. For instance, drawing from the model of
(Lam and Teng, 2009), some studies (Elfordy et al., 2008; Lecompte
et al., 2015; Mazhoud et al., 2017; Tronet et al., 2016; Walker et al.,
2014) identify the compressive stress as the yield strength (at the depart
of the elastic phase of the stress-strain curve). However, some studies
proposed arbitrary characterization values of strain during elastic and
plastic zones (1.5% and 7.5%) at which compressive stresses were
computed (Nguyen, 2010; Nguyen et al., 2009, 2010; Tronet et al., 2011,
2016) with (Véronique, 2005) further explaining the choice of 1.5% to

match the intended application of hemp concrete under compressive
loads. In contrast, most studies on plant-based concrete report
compressive strength as the ultimate strength (omax) reached by the
material before failure (Arnaud and Gourlay, 2012; Chabannes et al.,
2015; de Bruijn et al., 2009; Hirst et al., 2010; kioy, 2005; Véronique,
2005), providing easily discernible values of compressive stress due to
the typical elastoplastic behavior as shown in Fig. 1 (orange curve). The
compressive stress varies according to the mixture’s formulation, casting
process including the compacting energy, the type of constituents
(mineral binders and aggregates), the shape of the specimen (cylindrical
or cubic), and the material’s age under storing conditions. Fig. 10
summarizes the compressive strength values for various bio-based con-
crete with respect to aggregate content. These multiple factors
contribute to the complexity of comparing results between distinct
studies.

A general trend can be observed with the decline in compressive
stress as the bio-aggregates percentage increases. This pattern is linked
to high pores and voids between and within formulations, leading to
lighter green density (Niyigena et al., 2016; Véronique, 2005). Conse-
quently, there is a direct correlation between low-density and low
compressive stress. (Niyigena et al., 2018), further noted that elevated
aggregate content enlarges the specific area of the aggregates, thereby
leading to a weaker particle/binder interface and subsequently lowering
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Table 2
Mechanical properties of bio-based concrete under compression.
Aggregates Binder nature Dry density Compressive 01.5% 67.5% Young’s References
(kg/m3) strength o, (MPa) (MPa) (MPa) modulus E
(MPa)
Hemp hurds Tradical PF 70" 684 0.3 10 Nguyen et al. (2009)
963 - 40
850 - 1.58 3.57 131 Nguyen et al. (2010)
670 - 1.34 2.65 113
Hemp shives NHL 3.5" 460 0.18 0.08 0.13 9 Arnaud and Gourlay (2012)
NHL 3.5-Z¢ 480 0.31 0.21 0.27 36
NHL 3.5-Z¢ 480 0.31 0.21 0.27 36
NHL 2¢ 480 0.10-0.22 0.19 0.21 5-24
Tradical PF 70" 460-500 0.30-0.34 0.22 0.3 -
- 610 1.88 0.70 1.65 43 kioy (2005)
- 830 1.98 0.86 1.82 52
T70° 356 0.3 0.21 0.35 14 Véronique (2005)
391 0.35 0.22 0.39 44
504 0.7 0.57 - 15
Lime-based binder - - 1.5 3.2 120 Tronet et al. (2011)
1.4 3.3 103
1.1 3.9 90
1 7 105
Tradical PF 70" - 1.36 - 2 43 Tronet et al. (2016)
- 1.63 - 3 51
- 213 0.2 4 70
- 4.74 2.2 7 147
- 3.95 1 9 122
Commercial lime-based binder 270-330 0.10-0.20 - - - (Sutton et al., 2011)
Patented MgO based binder with 330 1.15 - - - Sassoni et al. (2014)
water-soluble vegetable protein
60% Dolomitic Lime +40% 540 0.266 — - — Sinka et al. (2014)
Metakaolin 397 0.154 - - -
330 0.133 - - -
Pure Dolomitic Lime 461 0.181 - - -
367 0.136 - - -
345 0.125 - - -
NHL3.5 643 0.414 - - 12.495 Sassu et al. (2016)
698 0.146 - - 3.387
85% NHL+15% Portland cement 753 0.357 - - 12.190
Portland cement 638 0.622 - - 15.07
BCB Tradical’ 351 0.675 - - 16 Elfordy et al. (2008)
387 0.675 - - 26
417 0.45 - - 24
461 0.78 - - 34
481 0.8 - - 35
Binders mix 360 0.2 - - - Walker et al. (2014)
Commercial mix 360 0.21 - - -
GGBS 360 0.13 - - -
GGBS + WR 360 0.14 - - -
Metakaolin 360 0.1 - - -
Metakaolin + WR 360 0.2
Hydrated + Hydraulic Lime 587-733 0.2 - - 13.41 de Bruijn et al. (2009)
587-733 0.15 - - 12.65
587-733 0.44 - - 17.4
587-733 0.83 - - 28.01
Portland 587-733 0.55 - - 49.4
THB?® 221 0.025 - - 3.3 (Hirst et al., 2010)
278 0.05 - - 3.7
342 0.18 - - 12
Clay 509.48 0.48 — - 26.12 Mazhoud et al. (2017)
477.36 0.47 - - 23.52
451.51 0.43 - - 20.19
373.71 0.39 - - 16.25
Stabilized Clay 577.41 0.68 - - 55.97
524.60 0.64 - - 48.28
475.22 0.58 - - 36.56
410.28 0.47 - - 25.96
Hemp shives Prompt natural cement 488.88 0.46 - - 43.45 Niyigena et al. (2016)
451.61 0.44 - - 31.86
469.78 0.43 - - 32.77
422.10 0.32 - - 30.97
50% NHL5 + 50% flash calcined 924.8 2.2 - - - Magniont et al. (2012)
metakaolin 630.3 0.3 - - -
533.6 0.2 - - -
Pumice lime 1184 2.14 - - - Nozahic et al. (2012)

(continued on next page)
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Table 2 (continued)

Aggregates Binder nature Dry density Compressive 01.5% 67.5% Young’s References
(kg/m3) strength 6, (MPa) (MPa) (MPa) modulus E
(MPa)
1266 5.44 - - -
Green binder (wheat straw) 179.84 0.26 - - - Viel et al. (2019)
187.85 0.34 - - -
165.92 0.27 - - -
181.57 0.29 - - -
cork NHL 3.5 561 0.73 - - 18.57 Sassu et al. (2016)
Rice husk 50% NHL3.5 + 50% cl90-S 625 0.33 - - 45 Chabannes et al. (2015)
666 0.31 - - 51
Flax shives Tradical PF 70 638 1.19 - - - Benmahiddine et al. (2020)
541.2 0.8 - - -
468 0.53 - - -
664.6 0.91 - - -
549 0.74 - - -
460.9 0.61 - - -
643.8 0.91 - - -
550.8 0.79 - - -
469.4 0.59 - - -
CEM 1 52.5 850 0.4 — - — Khazma et al. (2008)
Wood chips CPA-CEMII 32.5 - 0.19 — - 249 Akkaoui et al. (2017)
- 2 3 - 756
- 4.1 3.8 - 1900
CPA-CEMI 52.5 1170 - - - - Al Rim et al. (1999)
1010 2.42-2.67 - - 958
870 1.9-2.35 - - 819
700 1.11-1.35 - - 371
490 0.31-0.34 - - 94
CPA-CEMI 52.5 1065 7 - - - Bouguerra et al. (1998a)
908 5 - - -
800 4 - - -
621 2.8 - - -
Sunflower 50% NHL5 + 50% flash calcined 1041.6 5.5 - - Magniont et al. (2012)
metakaolin 777.2 3.5 - -
670.4 2.2 - -
576.4 1.1 - -
Pumice-lime 1084 1.63 — - — Nozahic et al. (2012)
1204 4.68 - - -
Clay binder 235 0.19 0.08 0.12 3.5 Brouard et al. (2018)
512 0.4 0.08 0.22 6.1
714 2.1 0.17 0.63 5.8
Lime-based binder 539.64 0.20 0.045 0.18 - Lagouin et al. (2019)
Metakaolin 511.07 0.32 0.132 0.32 -
Barely straw Sand cement - 18 - - - Belhadj et al. (2016)
_ 13 _ _ _
_ 12 _ _ _
FWAS" 1519 3.3 0.7 - 62 (Giroudon et al., 2019;
1195-1315 3.8 0.4 - 31 Laborel-Préneron et al., 2017)
1520 2.1 0.6 - 43 Laborel-Préneron et al. (2017)
1075 3.6 0.3 - 25
Corn cob FWAS" 1878 3.2 2.1 - 217
1754 1.8 1.3 - 102
1876 1.3 1.3 - 136
1654 1 0.9 - 69
Miscanthus Portland 1504 14.8 - - - Chen et al. (2017)
1406 11.0 - - -
1160 5.21 - - -
1520 23.14 - - -
1436 15.97 - - -
1340 10.78 - - -
CEMII 32.5 1840 37 - - - (Acikel, 2011)
1900 37 - - -
1840 46 - - -
Lavender FWAS" 1772 3.7 1.8 - 134 Giroudon et al. (2019)
Straw 1585 3.9 0.6 - 64
Bamboo Portland - 13.55 - - 13500 Park et al. (2019)
- 5.76 - - 5000
- 3.13 - - 3200
- 15.01 - - 16300
- 14.15 - - 9800
- 8.99 - - 5100

(continued on next page)
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Table 2 (continued)

Cleaner Engineering and Technology 23 (2024) 100819

Aggregates Binder nature Dry density Compressive 01.5% 67.5% Young’s References
(kg/m3) strength 6, (MPa) (MPa) (MPa) modulus E
(MPa)
- 23.73 - - 18900
- 19.04 - - 12200
- 17.75 - - 10300
Rape straw Clay binder 438 - 0.1 0.3 3.2 Brouard et al. (2018)
Prompt natural cement 580 0.8 - - 20 Sheridan et al. (2017)
640 1.48 - - 50
Rice Straw CEM I 52.5R 1200 9 - - - Morsy (2011)
1550 15 - - -
1600 18 - - -
1850 30 - - -
Rice husk CPA-CEM I 52.5 1110 20.6 — - 1000 Jauberthie et al. (2003)
1145 23.8 - - 2600
Maize Lime-based binder 160 0.24 - - 7.5 Abbas et al. (2020)
Metakaolin 534.08 - 0.027 0.17 - Lagouin et al. (2019)
Corn stalk MgO-based binder 817 6.3 - - - Ahmad et al. (2018)
1048 9.4 - - -
1657 20.8 - - -
1854 28.4 - - -
# 75% hydrated lime Ca(OH),, 15% hydraulic lime, 10% pozzolana.
b

Natural hydraulic lime with a minimum compressive strength of 3.5 MPa.

a o

Natural hydraulic lime with a minimum compressive strength of 2 MPa.
¢ 63% air lime, 37% hydrated lime.

70% hydrated lime, 15% pozzolans, 15% hydraulic lime.

8 90% air lime with additional hydraulic components and other additives.
M Quarry fines earth from aggregate washing processes.

-
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the compressive stress.

Nevertheless, the impact of aggregate content on compressive stress
varies across studies. Some researches (Acikel, 2011; Belhadj et al.,
2016; Giroudon et al., 2019; Nguyen et al., 2010; Tronet et al., 2011)
have noticed a rise in the compressive strength with higher aggregate.
For instance, (Nguyen et al., 2010) noted that compressive strength
increased with more aggregate content due to higher compaction pres-
sure applied and the addition of more mineral binder to maintain a
constant binder/aggregate ratio. Similarly, (Tronet et al., 2011) found
that higher aggregate content led to increased compressive strength at
high strain rate (7.5%) due to increased compaction stress needed to
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achieve the desired density for all specimens (816 kg/m?). However, this
increase in compressive strength is not limitless. In this regard,
(Bouhicha et al., 2005) observed a rise in the compressive stress of soil
composites up to 1.5% of barely straw, meanwhile, further increase
resulted in a decline of compressive stress. Thus, optimizing the pro-
portion of plant aggregates is crucial for enhancing mechanical
properties.

Fig. 10 illustrates the compressive strength as a function of aggregate
content for different bio-based specimens assessed in the literature.
Bamboo concrete was the least influenced type by the increased aggre-
gate content, due to a wet coating technique that improved compressive
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strength compared to dry natural aggregates (Park et al., 2019).
Hemp-lime concrete (LHC or hempcrete), stood out as the most exam-
ined type of bio-based concrete, with compressive strengths typically
ranging from 0.2 MPa to 2 MPa (Arnaud and Gourlay, 2012; kioy, 2005;
Magniont, 2010; Sinka et al., 2015; Sutton et al., 2011; Tronet et al.,
2011; Veéronique, 2005; Walker and Pavia, 2014). Indeed, this light-
weight material has significantly lower compressive strength than
traditional concrete blocks, about 1/20th (Sutton et al., 2011). There-
fore, French professionals recommend tamped lime-hemp concrete walls
and roofs to have a compressive strength of 0.3 MPa (Construire en
chanvre. Regles professionnelles d’éxécution - SEBTP, n.d.; Tronet et al.,
2016). Bouloc attributes LHC’s low compressive strength to the
non-perfect alignment of the shives, high aggregate pliability under
deformation, and porous nature, applicable to other plant-based con-
cretes using wood chips, flax shives, rice husk, sunflower stem, and corn
cob (Bouloc, 2006). However, Wood concrete exhibited relatively
higher compressive strength values (Akkaoui et al., 2017; Al Rim et al.,
1999; Bouguerra et al., 1998a) than hemp concrete due to the higher
density and physical properties of the wood chips compared to hemp
shives. To this end, higher compressive strengths have been reported for
LHC when higher compaction stresses are applied, indicating a higher
density (Nguyen, 2010; Nguyen et al., 2009, 2010; Tronet et al., 2011,
2016). (Elfordy et al., 2008) also found a correlation between density
(weight), compressive stress, and compactness. (Tronet et al., 2011)
reported ultimate compressive strength up to 7 MPa and 9 MPa (Tronet
et al., 2016) for hemp-lime concrete at higher strain rates (7.5%), due to
its continuous ascending mechanical response which makes the identi-
fication of a stress peak complicated (Walker et al., 2014), unlike con-
ventional elastoplastic behavior (Arnaud and Gourlay, 2012). In parallel
studies on plant-based composites (Bourdot et al., 2019; Giroudon et al.,
2019; Laborel-Préneron et al., 2017; Lagouin et al., 2019; Niyigena
et al., 2018), other indicators of stresses in the elastic zone (strain of
1.5% and 5%) have been proposed to determine the compressive
strength.

Other plant-based concretes like those using barely straw (Belhadj
et al., 2016), miscanthus (Acikel, 2011; Chen et al., 2017), rice straw
(Morsy, 2011), corn stalk (Ahmad et al., 2018), and bamboo (Park et al.,
2019) demonstrated significantly higher compressive strength for the
same aggregate content compared to hemp-lime concrete. This finding
highlights that some of these bio-based concrete can be considered as
load-bearing materials at a specific aggregate content below 7% fol-
lowed by a refining and chemical treatment of the aggregates as in the
case of miscanthus concrete that reached a 38 MPa at 5% of treated
miscanthus particles (Acikel, 2011). In the same regard, corn stalk
concrete exhibited compressive strength of around 25 MPa at 10%
aggregate content, much higher than hemp-lime concrete’s 2.1 MPa.
(Ahmad et al., 2018) attributed this improvement to the high early
strength of MgO-based binders and the strong interaction between un-
deformed corn stalk aggregates and the cement paste. The morpholog-
ical parameters of the aggregates greatly impart the mechanical
properties. For instance, some studies (Giroudon et al, 2019;
Laborel-Préneron et al., 2017) found that the compressive strength of
bio-based concrete for relatively longer aggregates increased by 0.5 MPa
for barely straw and by 0.2 MPa for lavender straw, as the aggregate
content increased from 3% to 6%, respectively. This evidence was
related to the consolidation process of longer aggregates, owing to their
high compressibility, thereby reducing porosity as strain increases
(Laborel-Préneron et al., 2017, 2018). In addition, (Morsy, 2011) re-
ported a compressive stress of 30 MPa for rice straw concrete at 5% of
aggregate content, improved by NaOH treatments that removed
non-cellulosic impurities. This, in turn, led to stronger chemical bonding
and mechanical interlocking between straws and cementitious matrix.

Nevertheless, the rise in compressive stress did not reliably indicate
the suitability of plant-based composites, as it also increased the corre-
sponding strain (Ratsimbazafy et al., 2021). For instance, (Chabannes
et al.,, 2017) noted greater unconfined compressive stress in hemp
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concrete compared to rice-husk concrete, accompanied by increased
strain at maximum stress; 6% for hemp concrete versus 3% for rice husk
concrete. This was attributed to the more compact granular skeleton of
hemp shives and the higher inter-particle porosity in rice husk concrete
(Chabannes et al., 2017).

Fig. 11 displays the compressive stress of bio-based concrete relative
to the median aggregate length. No direct trend was remarked due to
multiple occurrences with conflicting impacts as noted in the literature
(Ahmad and Chen, 2020; Arnaud and Gourlay, 2012; Laborel-Préneron
et al., 2017; Ratsimbazafy et al., 2021; Stevulova et al., 2013). Bamboo
has a specific shape of particles where both its height and width are close
in size, making it a good substitute for natural aggregates as in the case
of the study by (Park et al., 2019). Nevertheless, lengthier particles
could potentially lead to higher intermolecular porosity, resulting in
poor mechanical performance (Ahmad and Chen, 2020; Benmahiddine
et al., 2020; Laborel-Préneron et al., 2017; Niyigena et al., 2016; Ste-
vulova et al., 2013; Williams et al., 2018). In contrast, lengthier rice
straws resulted in relatively superior compressive strengths due to the
chemical treatment (Morsy, 2011) has followed which aims to extract
the pores of these particles. Moreover, (Arnaud and Gourlay, 2012)
found that hemp concrete with ariel lime and larger shives enhanced
CO2 diffusion, crucial for binder curing and hydration, thereby
improving the mechanical effectiveness.

It is worth mentioning that for the same size of corn stalk aggregates,
(Ahmad and Chen, 2020) found a compressive strength less than 2 MPa
whereas (Ahmad et al., 2018) noted a compressive strength of up to 28
MPa. This enormous difference is due to the mechanical properties of the
magnesium phosphate cement used by (Ahmad et al., 2018).

Chemical and physical interactions amid bio-aggregates and mineral
binders have been studied (Bourdot et al., 2019; Diquélou et al., 2015;
Sabathier et al., 2017). Generally, water-soluble contents from ligno-
cellulosic aggregates disrupt the hydration process of the mineral binder
at different ages (Diquélou et al., 2015; Magniont and Escadeillas,
2017). (Diquélou et al., 2015) used chemical FTIR analysis to show that
water-soluble contents in hemp shives create a halo of unhydrated
cement, reducing the creation of hydrates such as C-S-H and portlandite,
thereby weakening the mechanical performance. Fig. 12 presents the
compressive stress of sample cement pastes based on aggregate
water-soluble content over 7 days. (Diquélou et al., 2015) established a
correlation between delayed setting in three cement pastes, leached
from three distinct hemp particles, and the compressive stress of the
corresponding sample pastes. The compressive stress decreased as
water-soluble mass content increased, with a 25% reduction in the worst
case, attributed to few hydrates formed (C-S-H and portlandite). In a
parallel study (Sabathier et al., 2017), also observed the same tendency
in bio-based concrete with Portland cement and pozzolanic binder,
using sunflower bark and lavender straw as aggregates. In both types of
mineral binders used, water-soluble content of sunflower barks (SB) is
less than lavender straws (LS), which means that sunflower barks have a
mitigated effect on compressive strength. Indeed, for water soluble
content of 10.6%, bio-based concrete with SB reached a compressive
stress of 42.5 MPa and 24 MPa, for composites with Portland cement and
pozzolanic binder, respectively (Sabathier et al., 2017). This compres-
sive strength declined by 25% and 50% after one week, when lavender
straws were employed (22.7% water soluble content) in the composition
of plant-based specimens with Portland cement and pozzolanic cement,
respectively. Conversely, the lignocellulosic extracts of sunflower barks
and lavender straws did not significantly affect the compressive stress of
lime-based composites, owing to ariel setting of lime and carbonation of
Ca(OH)s,. In the same context, (Bourdot et al., 2019) found a very low
compressive strength in corn bark composites due to substantial delay
caused by water extractives on the heat flow of the pozzolanic paste,
reaching up to 27 h of delay. These findings suggest a potential corre-
lation between mechanical performance, water-soluble compound
dosage, and nature in aggregates. Additionally, different binders’ effects
on plant-based concrete highlight the need to study components from
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basic extraction (pH 9 and 12) (Ratsimbazafy et al., 2021).

3.1.2. Young’s modulus

The modulus values of bio-based concrete vary widely between the
studies. This fluctuation arose from diverse factors such as the compo-
sition, formulation, casting process, storing conditions, and the meth-
odology used for assessing this parameter. In the last case, (Niyigena
et al., 2016, 2019) obtained an enormous variability in modulus values
based on the assessing method. Young’s modulus varies due to the
pronounced non-linearity of the mechanical behavior of bio-based
concrete even in the elastic phase (Niyigena et al., 2016). As of today,
there is no conventional method or standard by which modulus is
calculated (Niyigena et al., 2019). Plant-based concrete can have several
types of modulus depending on the type of compression tests (Akkaoui
et al., 2017; Mazhoud et al., 2017). For instance, 4 different types of
moduli exist in cyclic compression tests: Eiy; (apparatus modulus), Egec
(secant modulus), Ecy (elastic modulus), Ean (hardening modulus).
However, for monotonic compression test, only the apparatus modulus
can be calculated (Niyigena et al., 2016, 2019). These moduli are
graphically schematized in Fig. 13. Ejy; corresponds to the apparatus
modulus, determined as the slope during the beginning of loading in the
stress-strain curve; Eg.. represents the slop at various loading levels
which connects the origin into the tangent point; Ecy. is the modulus of
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Fig. 13. Schematic representation of the various modulus during the
compressive behavior of bio-based concrete (Borel and Reiffsteck, 2006).

elasticity which corresponds to the invertible slope at the rechargin-
g/loading cycles; Eap corresponds to the setting modulus, computed at
the completion of the initial loading phase. Three different approaches
were used in assessing the modulus: Tangential, floating, and cyclic. Out
of these approaches, the floating method emerged as the most suitable
due to its minimal dispersion and consistent performance over time
(Niyigena et al., 2019).

Fig. 14 illustrates Young’s modulus values for the different bio-based
concrete related to aggregate content. It must be noted that for the same
aggregate content, different values of Young’s modulus were registered
due to varying sample densities as compaction energy increased, as
observed in the following studies (Akkaoui et al., 2017; Brouard et al.,
2018). Sunflower pith concrete stands as one of the least robust mate-
rials compared to other bio-based specimens with a Young’s modulus
ranging between 3 MPa and 6 MPa for an aggregate content of 17 %
between varied densities (Brouard et al., 2018). This evidence was
explained by (Brouard et al., 2017) due to the low binder/aggregate
ratio for sunflower concrete which prohibited the binder skeleton from
taking shape around the aggregates, leading to a sharp decrease in
Young’s modulus.

Hemp concrete (Hirst et al., 2010; Laborel-Préneron et al., 2017;
Nguyen et al., 2010; Véronique, 2005), rice-husk concrete (Chabannes
et al.,, 2015), and barely straw concrete (Giroudon et al., 2019;
Laborel-Préneron et al., 2017) reached the same rigidity range as
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between 20 MPa and 80 MPa regardless the variability of aggregate
content. However, in the study of (Tronet et al., 2011), the high
compactness of hemp shives up to 500 kg/m> led to relatively higher
modulus values in the range of 100-120 MPa regardless of the high
aggregate content exceeding 50 %. This evidence is in line with the fact
that a high compaction load can stiffen the composite specimen by
reducing the intermolecular voids even in the case of a high aggregate
percentage.

Wood concrete is considered the most robust bio-based material with
a rigidity reaching up to 980 MPa (Akkaoui et al., 2017) and 1100 MPa
(Al Rim et al., 1999). This tremendous increase is due to the high density
of wood concretes and the superior mechanical properties of wood chips
compared to other aggregates.

A similar tendency to compressive stress can be remarked, where the
rigidity of the plant-based concrete decreases as aggregate content in-
creases. Indeed, (Mazhoud et al., 2017) noted a decrease in elastic
modulus from 26.12 MPa to 16.25 MPa when the shives-to-binder ratio
rise from 0.4 to 0.75, respectively, leading to a relationship between
these two parameters as follow: Ec 12.878 x (hemp/binder)’o'”z.
Furthermore, a linear relationship was found between Young’s modulus
and compressive stress. In the same regard, (Chamoin, 2013) found that
compressive strength has a linear evolution closer to the increase of
apparent modulus than elastic one. In contrast to aggregate content, the
modulus increases when cement content increases. Some studies
described this evidence by the ability of high cement content to fill
intermolecular porosity (Akkaoui et al., 2017; Murphy et al., 2010). The
type of bio-particles used has a significant impact on the rigidity of the
plant-based specimens. For instance, for the same binder type and
aggregate content, the rigidity of earth-based composites varied pro-
portionally composites with hemp shives, lavender straws, and corn
cobs (Laborel-Préneron et al., 2017). This can be linked to the bulk
density of the aggregates and their physical characteristics. As a matter
of fact, the size of the aggregate used can impact directly the Young’s
modulus. For instance, (Niyigena et al., 2016) found that smaller shives
led to higher Young’s modulus than composites with large shives.
Similarly, (Arnaud and Gourlay, 2012) elaborated that smaller shives
showed a better and more thorough mineral binder coating during the
mixing process. Furthermore, the initial water absorption rate of smaller
aggregates is less than large aggregates, where (Akkaoui et al., 2017)
showed that the elastic properties (Young’s modulus) of wood aggre-
gates decreased from 12670 MPa to 10300 MPa between a water content
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of 12% and 25%, respectively.

3.2. Properties under flexural loading

3.2.1. Flexural strength

Flexural strength is a key parameter of plant-based concrete, indi-
cating its ability to resist bending stress(Jami et al., 2019). Fig. 15 il-
lustrates the flexural strength of various bio-based materials with
respect to aggregate content. The differences of flexural strength for the
same aggregate content as the case of hemp concrete tested by (Sassoni
et al., 2014) are due to the variabilities in densities due to different
compaction pressures. Unlike compressive strength, there’s no direct
relationship between bio-particles content and flexural stress. In fact,
plant aggregates impact flexural and compressive strength differently.
For instance, (Belhadj et al., 2016) showed that adding aggregates can
increase flexural strength by up to 6 %, along with other improvements
such as lightness, deformability, and ductility. However, after reaching a
certain extent of aggregate proportions, further increases in aggregate
content result in a drop in flexural strength. In contrast, the same au-
thors found that increasing barley straw content resulted in declining
compressive stress and increasing dimensional variations (Belhadj et al.,
2016). In addition, (Agossou and Amziane, 2023) revealed that the
flexural stress of flax gypsum composites increased from 1.46 kN to 3.42
kN by increasing fiber content from 1 to 3 %, respectively. Nevertheless,
great variability of flexural strength occurred due to fiber length
(Agossou and Amziane, 2023). Indeed, (Laborel-Préneron et al., 2017)
observed that earth composites made with short barely straws demon-
strated a higher flexural strength of 1.8 MPa, compared to 1.6 MPa for
those made with long straws, due to density variations. This finding
(Laborel-Préneron et al., 2017) contradicts those of (Danso et al., 2015;
Mostafa and Uddin, 2015) who reported that longer fibers improve
flexural strength by increasing adhesion area. (Laborel-Préneron et al.,
2017) supported their findings with two reasons: short straw particles
mixed more thoroughly with the matrix, leading to a better distribution
of coated particles; and specimens with short barely straws had better
visual surface quality, indicating improved adhesion and mechanical
resistance. Some studies (Al Rim et al., 1999; Elfordy et al., 2008)
established exponential and linear relationships between increasing
density and increased flexural strength in plant-based concrete. Here-
inafter, establishing a direct relationship between aggregate or fiber
content and specimen density is crucial to understanding fluctuations in
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Fig. 15. Flexural strength of plant-based concrete and earth-based composites related to aggregate content across different studies (HS: hemp shives; BS: barely
straw; MS: miscanthus stem, WC: wood chips; RS: rice straw; RH: rice husk; FS: flax shives).

flexural strength with varying fiber content. Although, most researches
in the literature showed that adding bio-aggregates results in increasing
the flexural strength (Agossou and Amziane, 2023; Al Rim et al., 1999;
Aymerich et al., 2016; Bouhicha et al., 2005; Galan-Marin et al., 2010),
only one study (Al Rim et al., 1999) investigated that flexural strength
begins to decrease after the aggregate content exceeds 10 %. This
decrease is due to two competing phenomena: the shape of wood ag-
gregates, and the decrease in matrix’s volume proportions (Al Rim et al.,
1999). Furthermore, (Morsy, 2011) noted that the flexural stress of rice
straw concrete increased up to 5.49 MPa for 7.5% of aggregate content,
while additional increases in aggregate content resulted in a declined
flexural stress. Other studies (Belhadj et al., 2016; Murphy et al., 2010;
Sedan et al., 2008) reported the same findings. More particularly,
(Murphy et al., 2010) observed that a lower load-carrying capacity was
found for composites with higher aggregate content. This was evident as
flexural strength showed an increase when binder content was risen by
25% and 50%, yet increasing this latter to 90% had a mitigated effect on
the flexural stress of hemp concrete. Hence, the bond between hemp
shives and lime significantly contributes to the composite’s flexural
strength.

(Belhadj et al., 2016) observed that barely straw concrete with a
maximum flexural strength of 4.6 MPa, prevented the specimen’s
splitting after crack initiation due to the tensile properties of barely
straw. (Chen et al., 2017) noted the same evidence for miscanthus ag-
gregates, where the tensile strength of miscanthus fibers (180-260 MPa)
mitigates the negative impact of high miscanthus content on flexural
strength through crack bridging. (Sellami et al., 2013) found that hori-
zontal fiber arrangement enhances tensile resistance and flexural
strength.

For structural applications, standards must be met. In this regard, the
Masonry Standards Joint Committee mandates minimum flexural stress
of 0.21 MPa for clay and concrete blocks (“TMS 402/602-08 Building
Code Requirements and Specification for Masonry Structures, 2008,” n.
d.“BS 6073-1:1981 Precast concrete masonry units. Specification for
precast concrete masonry units (AMD 3944) (AMD 4462) (Withdrawn),
British Standards Institution - Publication Index | NBS,” n.d.), while
British Standard BS 6073 mandates at least 0.65 MPa for building ma-
terials(“BS 6073-1:1981 Precast concrete masonry units. Specification
for precast concrete masonry units (AMD 3944) (AMD 4462) (With-
drawn), British Standards Institution - Publication Index | NBS,” n.d.“BS
6073-1:1981 Precast concrete masonry units. Specification for precast
concrete masonry units (AMD 3944) (AMD 4462) (Withdrawn), British
Standards Institution - Publication Index | NBS,” n.d.). Hemp concrete
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has been extensively studied for flexural properties, with Hempcrete
Company LTD reporting a flexural stress in the range of 0.3-0.4 MPa
(Abbott, 2014). Other studies report values from 0.11 to 0.15 MPa for
hemp concrete (Elfordy et al., 2008; Murphy et al., 2010; Walker et al.,
2014). A similar range of flexural strength was reported for other
bio-based specimens with the following aggregates: flax shives (Khazma
et al., 2008), and wood chips (Al Rim et al., 1999). Nevertheless,
(Sassoni et al., 2014) found that hybrid binders (Kauru, 2012) and
varying nominal densities can affect the flexural strength of hemp
concrete to a large extent. For instance, low-density composites ach-
ieved similar flexural strengths to those found by (Sedan et al., 2008),
but medium and high-density composites had flexural strengths 17 times
higher than typical values, making comparison difficult (Sassoni et al.,
2014). (Sedan et al., 2008) reported high flexural strengths (4-7 MPa),
due to superior mechanical properties of hemp fibers compared to
shives. The discrepancy between studies arises from different testing
norms, such as the French norm EN196-1 (“EN 196-1,” n.d.) followed by
these studies (Jauberthie et al., 2003; Walker et al., 2014; “EN12089 -
Determination of bending behaviour of Thermal Insulation Products.,”
n.d.), the European standard EN 12089 (“EN12089 - Determination of
bending behaviour of Thermal Insulation Products.,” n.d.“EN12089 -
Determination of bending behaviour of Thermal Insulation Products.,”
n.d.) followed by Sassoni et al. (2014), and the French standards NF
18-407 (“NF P18-407,” n.d.) used by (Al Rim et al., 1999).

3.2.2. Flexural modulus

Unlike Young’s modulus, which is determined from the steady linear
section of the compressive response of bio-based concrete, the flexural
modulus is calculated using a mathematical equation. (Agossou and
Amziane, 2023) provided the formula for determining the flexural
modulus of plant-based mortars:

0.21L% (AF
Eelose = b3 A—S

@
Where, 0.21 is an empirical constant as recommended by the Norm UNE
EN ISO 14125 (Standards, n.d.); Eelast in MPa; L denotes the length of the
specimen, in mm; b denotes the width, in mm; h denotes the thickness, in
mm; AS denotes the change in deflection; AF denotes load between, in
N;

Fig. 16 shows that flexural modulus decreases as aggregate or fiber
content increases in plant-based concrete and mortars. This reduction in
stiffness is attributed to increased porosity caused by higher aggregate
content (Agossou and Amziane, 2023; Iucolano et al., 2015, 2018). (Le
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Fig. 16. Flexural modulus of plant-based composites across different studies
(HF: hemp fiber; HS: hemp shives; BSS: barely straw short; BSL: barely straw
long; FF: flax fiber; RH: rice husk; WC: wood chips).

Troedec et al., 2007) reported very high values of flexural modulus,
which can be explained by special treatments applied on hemp fibers, as
the flexural modulus of 10% hemp mortars increased from 1090 MPa for
untreated hemp fibers to 2590 MPa for NaOH-treated fibers.

3.3. Properties under shear loading

3.3.1. Deviatoric shear stress

Fig. 17 illustrates the mean peak deviatoric stress q for various
confining lateral pressures (ranging from 25 kPa to 150 kPa). Two key
mechanical parameters, the maximum friction angle (@,) and the
bonding or cohesion (C), were derived from failure lines of plant-based
concrete using linear analysis of the maximum values, as defined by
equations (2) and (3), respectively. Fig. 18 (a) illustrates the forces di-
agram in the case of a triaxial shear test.

¢ = arcsin MS—-&-6 2
Sin,
C=C(y) x 7(/] 3

M’ is the ratio of deviatoric stress to mean effective pressure and
relates to the gradient of the failure trajectory in q-6,," diagram as shown
in Fig. 18 (b) (M’ = q/on’). (Youssef et al., 2015) found M’ hard to
determine due to the continuous ascending shear behavior, preventing
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Fig. 18. (a): State of stress during triaxial compression test, (b): Coordinates of
failure trajectory q-6,," (Chabannes et al., 2017).

the identification of a peak deviatoric stress. Generally, the deviatoric
stress was higher for lime-hemp concrete than rice husk concrete across
all confining pressures. This is attributed to the difference in friction
angle 46° for lime-hemp concrete compared to 29° for rice husk con-
crete, although both had similar cohesion of approximately 0.36 MPa.
Based on the models applied for traditional concrete (Zingg et al., 2016),
as well as to sand and clays strengthened or by cement injection
(Horpibulsuk, 2005; Maalej et al., 2007), the friction angle was
commonly associated with the granular skeleton (interlocking in
bio-aggregates), while the bonding among aggregates (C) predomi-
nantly contributed to cohesion. The higher friction angle of lime-hemp
concrete can be explained by the shives size range which provides bet-
ter packing of the particles and shear strength. Additionally, the
morphological characteristics of the aggregates such as particle shape
(thin semi-ellipsoidal for husk versus thick parallelepiped for shives),
surface roughness, and rigidity are all inherent features that impact the
friction angle.

3.3.2. Shear modulus

Fig. 19 shows the shear Young’s modulus for two types of bio-based
concrete with respect to the lateral confining pressure. The shear
Young’s modulus was very dependent on the failure patterns of the
specimens. Indeed, lime-hemp concrete specimens experiencing FM1
failure mode exhibited higher modulus compared to those with FM1/2
or FM2 failure modes. For instance, at a lateral confining pressure of
150 kPa, the shear Young’s modulus for lime-rice husk (LRC) decreased
from 260 MPa under FM1 (shear banding) to 220 MPa under FM2
(bulging). An intermediate modulus was observed for the combined
failure mode (FM1/2). The results indicate that for non-uniform density
specimens (FM2 failure mode), the modulus corresponds to the weaker
part with a higher void ratio. However, within the same failure mode,

Deviatoric stress q (MPa)

——LHC
LRC

Load path

0 0.2 0.4 0.6

1 1.2 14

Mean effective pressure om' (MPa)

Fig. 17. Shear strength of bio-based concrete with respect to confining pressure (Chabannes et al., 2017).
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Fig. 19. Relationship between shear modulus and lateral confining pressure
(Chabannes et al., 2017).

the modulus varied linearly with the confining pressure, similar to
granular materials (Becquart, 2006). The authors noted that LHC spec-
imens had a higher shear modulus than LRC specimens, aligning with a
weaker mechanical behavior under unconfined compression for LRC
(Chabannes et al., 2017).

4. Factors affecting the mechanical properties of bio-based
building materials

4.1. Formulation

The formulation of bio-based concrete can be considered one of the
major factors influencing its mechanical performance, particularly its
fresh density and subsequent compressive strength. Fig. 20 illustrates
the compressive stress of lime-hemp concrete with distinct formulations,
all measured at 28 days of curing (Arnaud and Gourlay, 2012; Cha-
bannes et al., 2014; Dinh, 2014; Mukherjee and MacDougall, 2013;
Nguyen et al., 2010; Tronet et al., 2016) except for one study (Gross and
Walker, 2014) which measured strength after 5 months. The data shows
that a higher binder-to-aggregate (B/A) ratio generally results in a rise in
compressive stress. However, the tremendous rise in the compressive
stress at a low B/A ratio of 0.5 in the study of (Tronet et al., 2016) is
attributed to the substantial impact of compaction energy. As a matter of
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fact, the compressive stress values listed in the following studies(Dinh,
2014; Mukherjee and MacDougall, 2013; Nguyen et al., 2010; Tronet
et al., 2016) were relatively higher than previous mechanical in-
vestigations on hemp-lime concrete due to enhanced compaction energy
during the casting process.

4.1.1. Binder content

The binder content tremendously affects the mechanical response
and properties of bio-based concrete, with higher binder content
generally indicating a low aggregate content, and vice versa. According
to some studies (Arnaud and Gourlay, 2012; Véronique, 2005),
increasing the binder content, enhances the mechanical characteristics
of bio-based concrete, resulting in a higher peak. (Véronique, 2005)
identified three distinct mechanical behaviors of hemp concrete based
on the binder content as illustrated in Fig. 21. For low binder content,
the composites exhibit better ductility with particles linked by rigid
“bridges of binder. Similarly, (Arnaud and Gourlay, 2012) observed a
long plateau of ductility in low binder content, attributing it to the
significant role of hemp particles when the binder quantity is insuffi-
cient. With intermediate content of binder, the bio-based specimen
consists of aggregates enveloped by hydrate layers of different thick-
nesses. However, the high content of binder results in aggregates being
buried inside a continuous binder matrix, which predominantly de-
termines the mechanical characteristics of bio-based concrete. Two
hypotheses arise from (Véronique, 2005): Firstly, higher binder content
makes plant-based concrete more similar to mineral binder in terms of
brittleness and higher mechanical properties; Secondly, lower binder
content indicates higher aggregate proportions, leading to a better
ductility but lower mechanical properties due to increased porosity.
(Murphy et al., 2010) reported similar findings (Fig. 22), noting a more
brittle and pronounced compressive behavior with increased commer-
cial lime binder up to 90%, while lower binder content (10%) resulted in
better strain at failure but lower mechanical loading. Additionally, a
higher binder content expands the elastic zone at the initial phase
(Murphy et al., 2010; Véronique, 2005), as explained by (Akkaoui et al.,
2017) because the mineral matrix primarily carries the load during the
elastic phase. Nevertheless, (Nguyen et al., 2009, 2010) presented
different observations regarding binders. Irrespective of hemp concrete
bulk density and water/binder ratio, they found that compressive
strength increased at 7.5% of strain with higher aggregate content. This
can be explained by the compaction energy applied by the authors as
higher compactness was performed for composites with higher aggre-
gate content. In contrast to previous studies, (Akkaoui et al., 2017;
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=45 2014]
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e Gourlay,2012]
"-‘:6‘0 3.5 - @ LHC [Gross & Walker,
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55 — MacDougall, 2013]
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Fig. 20. Effect of mix formulation on the compressive stress of hemp-lime concrete(B/A: binder/aggregate; W/B: water/binder).
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Fig. 21. Effect of binder content on the mechanical behavior of hemp concrete (Véronique, 2005).
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Fig. 22. Influence of two distinct binders content on the mechanical behavior
of hemp concrete (Murphy et al., 2010).

Murphy et al., 2010; Véronique, 2005; Nguyen et al., 2009) obtained a
lower strain at maximum stress for configurations with higher binder
content regarding low compactness bio-based composites.

4.1.2. Aggregate content

A proportional relationship exists between high aggregate content
and decreased mechanical properties. (Bouguerra et al., 1998a) found
that increased wood proportions significantly raise the porosity of the
wood-concrete. These higher micropores leads to lighter apparent den-
sity, which in turns results in lower mechanical properties (Elfordy et al.,
2008). Similar discussions were elaborated in section 3.1.1 of this
review.

4.2. Aggregates characteristics

4.2.1. Aggregate size

The size of the aggregate significantly impacts the intermolecular
porosity and mechanical properties of bio-based concrete. (Niyigena
et al., 2018) discussed that large particles resulted in weak binding be-
tween the bio-based composite constituents, leading to low mechanical
properties. Similar findings were observed by (Benmahiddine et al.,
2020) with flax concrete, where larger aggregates produced lower
compressive strength compared to smaller ones. Additionally, elongated
aggregates tend to retain more water, leading to a dry mixture and
further reducing mechanical properties (Niyigena et al., 2016, 2018).
Conversely, plant-based composites made with smaller and finer ag-
gregates exhibited better mechanical performance (Arnaud and
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Gourlay, 2012; Niyigena, 2016). Indeed, (Niyigena et al., 2018) noted an
increase in bulk density for hempcrete with smaller particle size. Simi-
larly, (Chen et al., 2017) showed that a finer aggregate, achieved
through grinding, improves the apparent density and mechanical per-
formance of miscanthus concrete. (Arnaud and Gourlay, 2012)
explained that finer aggregates slow down CO, diffusion, decelerating
hardening kinetics and enhancing mechanical properties. Moreover, a
better coating of small aggregates with mineral binder was found to
enhance the mechanical properties of bio-based composite (Arnaud and
Gourlay, 2012; Niyigena et al., 2016).

The size of particles alters the mechanical behavior of plant-based
concrete. For instance, (Niyigena et al., 2018) identified three distinct
behaviors based on aggregate size: low strain (around 3% at omax),
medium strain (around 5% at 6pax), and high strain (beyond 20%).
Hence, for optimized mechanical properties, finer and smaller aggre-
gates are recommended (Arnaud and Gourlay, 2012).

4.3. Binder characteristics

4.3.1. Effect of nature of binder

Several mineral binders were employed in the formulation of plant-
based concrete, including lime-based binder (Arnaud and Gourlay,
2012; Véronique, 2005), pozzolanic binders (Sinka et al., 2014; Walker
et al., 2014), Mgo based binder (Ahmad et al., 2018; Sassoni et al.,
2014), Portland cement (de Bruijn et al., 2009; Sassu et al., 2016),
pre-formulated lime binder (Arnaud and Gourlay, 2012; Nguyen et al.,
2009, 2010), and prompt natural cement (Niyigena et al., 2016). Some
of these binders have been approved and made available for utilization
alongside hemp shives, such as: NHL2 (Pavier’s white lime), NHL 3.5
(Saint Astier’s pure white lime), NHL 3.5 Z: (Lafarge’s white lime), and
tradical pre-mixed binder PF 70 (Amziane and Arnaud, 2013; Arnaud
and Gourlay, 2012). As a matter of fact, (Arnaud and Gourlay, 2012)
conducted an experimental study to evaluate the effect of these vali-
dated mineral binders on the mechanical response of hemp concrete.
Fig. 23 (a) illustrates the mechanical behavior of hemp concrete having
the exact formulations and cured at the same conditions but with
different mineral binders. The compressive stress of hemp concrete with
NHL 3.5 reached 0.15 MPa, whereas this parameter reached a maximum
of 0.32 MPa when PF 70 was employed. A similar enhancement in ri-
gidity can be noticed for PF 70 mineral binder. This can be explained by
the composition of PF 70 mineral binder, whose pozzolanic proportions
enhance its setting and hydration mechanisms. In a parallel study,
(Lagouin et al., 2019) examined the influence of mineral binders on
sunflower bark and maize concrete. Fig. 23 (b) demonstrates that
metakaolin-sunflower concrete exhibits higher mechanical strength
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Fig. 23. Effect of mineral binder type on the mechanical behavior of bio-based concrete, (a): (Arnaud and Gourlay, 2012), (b) (Lagouin et al., 2019):

than lime-sunflower concrete. The evidence was attributed to the me-
chanical response between lime-based pre-mixed binder and
metakaolin-pozzolanic based binder paste alone. More particularly, the
mechanical strength of mortars made with lime, and modified by
pozzolan additions, demonstrated an improvement due to shrinkage
decrease, which minimizes cracking around aggregates in mortars
(Nezerka et al., 2014).

4.4. Casting process

4.4.1. Effect of initial compactness

The compaction pressure applied during casting significantly in-
fluences the mechanical properties of bio-based concrete. It must be
noted that the pressure exerted by the top plunger or punch of the
compaction device during the casting process of (Nguyen, 2010; Nguyen
et al., 2009, 2010) and in previous studies (Arnaud and Gourlay, 2012;
Bouloc, 2006; de Bruijn et al., 2009; Elfordy et al., 2008; Evrard et al.,
2008; Jalali et al., 2006; “Utilisation du chanvre pour la préfabrication
d’éléments de construction - ProQuest,” n.d.) was never higher than 2.5
MPa.

Fig. 24(a) and (b) illustrates a nomenclature and schematical rep-
resentation of the compaction devices used in the following studies
(Nguyen et al., 2009, 2010; Tronet et al., 2016). In the literature, the
following studies have assessed the effect of compaction energy on the
mechanical properties of bio-based concrete (Nguyen et al., 2009, 2010;
Tronet et al., 2011, 2016). In general, the compactness pressure is
proportional to the apparent density of plant-based concrete, which
diminishes the volume of void spaces or intergranular pores at the
microstructure of the bio-based concrete (Nguyen et al., 2009). They
showed in Fig. 24 (c) that for the same binder/aggregate ratio, a heavier
compaction led to a more pronounced mechanical behavior and so to
better mechanical properties. Hence, the compressive stress of
plant-based concrete is directly correlated to the compaction stress
applied during casting (Nguyen et al., 2010; Tronet et al., 2016). In a

(b)

4.5

parallel study, (Tronet et al., 2011) obtained the highest value of
compressive strength for lime-hemp concrete reported in the literature
owing to the compaction process applied to bulk mixtures. The authors
revealed a value of 7 MPa for compressive strength at 7.5% of strain.

4.5. Curing conditions

The curing conditions play an essential role in predicting the me-
chanical properties of bio-based concrete since they alter the humidity
of the environment in which the hydrates of the mineral binder will be
formed. Different studies have evaluated the influence of curing condi-
tions on the mechanical properties of bio-based concrete (Arnaud and
Gourlay, 2012; Jauberthie et al., 2003). For example, (Arnaud and
Gourlay, 2012) cured hemp concrete samples at 20 °C placed in various
relative humidity conditions: 30%, 50%, 75%, and 98%. Fig. 25 displays
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Fig. 25. Effect of storage conditions under various relative humidity (RH) on
the mechanical behavior of hemp concrete (Arnaud and Gourlay, 2012).
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the mechanical behavior of the same hemp concrete under various
curing conditions. It is evident that with severe humidity levels (98%
RH), the mechanical properties of hemp concrete tend to deteriorate.
Indeed, moist conditions significantly decelerate the setting process of
hemp concrete. They attributed this evidence to the atmospheric curing
of a binder (Arnaud and Gourlay, 2012). Typically, the passage of CO5
from the atmosphere into the voids or the pores of a lime mortar is
obstructed when the internal moisture level of the material is excep-
tionally high (Van Balen and Van Gemert, 1994). This is due to the
saturation of mortar’s pores prioritizes transfers in the liquid phase,
which occur far more slowly than in the gas phase in a full saturated
setting. (Arnaud and Gourlay, 2012) provided another argument to
support the very low mechanical properties in case of high moisture
content (RH of 75% and 98%), related to the physical and chemical
interactions between shives and binder that disrupt the mechanical
setting of hemp concrete. The same consequences were remarked in
poor humid conditions (30% RH) where a severe slowdown in the curing
of hydraulic lime-based binder occurred. However, (Jauberthie et al.,
2003) have shown that compressive strength was higher in humid
conditions (95% RH) than in normal conditions (50% RH). The authors
explained that high humidity conditions (95% RH), were suitably
conductive to pozzolanic reactivity than medium humidity (50% RH)
(Jauberthie et al., 2003). In contrast, flexural strength decreased from
7.2 MPa at 50% RH to 6.5 MPa at 95% RH. The contradiction found
between compressive and flexural stress is actually related to the impact
of storing conditions on fiber content. For instance, a decrease in the
degree of fiber reinforcement occurred from 3.66 at 95% RH to 2.86 at
50% RH between compression and flexural loading, respectively
(Jauberthie et al., 2003).

4.6. Physico-chemical interactions between particles and binder

The water-soluble compounds of lignocellulosic aggregate can
adversely affect the curing and setting of the mineral binder, thereby
influencing the mechanical properties of the whole composite (Bourdot
et al., 2019; Diquélou et al., 2015; Sabathier et al., 2017). In fact, the
extracts of aggregates (sugar, protein, phenolic compounds, ash, and
others) induce a delay on the setting and hydration mechanisms of
plant-based concrete (Diquélou et al., 2015). Indeed, (Delhomme et al.,
2022) have shown a complete formation of a hallo covering a few mil-
limeters at the interfacial transition zone between aggregate and cement
paste after 12 h of age as seen in Fig. 26 (a). The same findings of a
non-hydrated hallo area around aggregates were recorded by (Diquélou
et al., 2015) as seen in Fig. 26 (b). According to (Diquélou et al., 2015),
this few millimeters halo area has a significant impact on the limited
distance between particles (size of interparticle matrix), and a notable
effect on the amount of cement included in a traditional bio-based
concrete. As a consequence, the aggregates extracts act as a strong
retarding agent which reduces the quantityt of hydrates formed (C-S-H
and portlandite), resulting in lower mechanical properties). (Delhomme

(a)

(b)
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et al., 2022) performed an FTIR mapping to illustrate the change in area
under the portlandite band wavenumber. The code of colors of mapping
in Fig. 26 (c) ranges from blue indicating a very small area of vibration,
though green, to red highlighting a larger area of vibration. The color
transition ranged from green to red, indicating varying levels of por-
tlandite concentration from the least concentrated area (ITZ or
non-hydrated zone) to the most concentrated area (hydrated zone) as
schematized in Fig. 26 (d).

5. Application of bio-based concrete

Bio-based concrete began to be applied in walls, slabs and plasters in
the early 90’s in France (Allin, 2005; Magwood, 2016). Their applica-
tions consists mainly of timber frame walls (Barbhuiya and Bhusan Das,
2022; Wadi et al., 2023), roofing insulation panels (Magwood, 2016;
Sassoni et al., 2014), floor, rendering, new construction and repair
works (Kawaai et al., 2022; Tziviloglou et al., 2016). Depending on each
type of application, 3 main parameters are usually tailored to meet the
desirable criteria’s: formulation, mechanical strength, and rigidity
(Amziane and Arnaud, 2013; Vo and Navard, 2016). For instance, the
minimum threshold mechanical performance that must be respected for
hemp concrete regarding the following applications: walls (compressive
strength and elasticity modulus higher than 0.2 and 15 MPa, respec-
tively); roofs (compressive strength and elasticity modulus higher than
0.05 and 3 MPa, respectively); floors (compressive strength and elas-
ticity modulus higher than 0.3 and 15 MPa, respectively); rendering
(elasticity modulus higher than 20 MPa); flagging (compressive strength
and elasticity modulus higher than 0.3 and 20 MPa, respectively)
(Amziane and Arnaud, 2013). Accordingly, most of hemp concrete
specimens evaluated in this review can meet the standards for these
types of application as shown in Figs. 10 and 14, respectively. Taking
into account that hemp concrete is among the least mechanical per-
formant bio-based materials as elaborated in Figs. 10 and 14, other
bio-based materials can endure a more pronounced load application up
to some extent of aggregates dosage. Furthermore, formulation alters
the use of bio-based specimens depending on 3 levels of binder dosage:
low, intermediate, and high (Amziane and Arnaud, 2013; Véronique,
2005). For instance, for the same type of binder (Tradical PF 70), the
formulations in terms of mass percentage for roofs (25.1% hemp shive,
24.6 % binder, 50.3% water), walls (16.5 % hemp shive, 33.7 % binder,
49.8% water), and floors (14.2% hemp shive, 34.8 % binder, 50.9 %
water) (Véronique, 2005). It can be noticed that the binder content in-
creases progressively from low content for roofs to high content for
floors. This is in accordance with the mechanical requirements of each
application as previously noted which implies higher binder content for
application that requires superior mechanical performance. It must be
noted that the formulation of any bio-based concrete regarding its
application depends to large extent on the density of the binder and the
water absorption of the aggregates.

To this end, bio-based concrete especially hemp concrete was used as
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Fig. 26. Halo zone formation around the grain, (a):(Delhomme et al., 2022), (b): (Diquélou et al., 2015), (c): Infrared mapping, (d) The observed region of the
vibration band area corresponding to Portlandite (3640 em ™) (Delhomme et al., 2022).
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tamped infill materials in timber frame walls (Wadi et al., 2023), and
pre-cast blocks which cover several range of thermal and mechanical
benefits (Collet and Pretot, 2014; Jami et al., 2019). Moreover, hemp
shives play an efficient role in wall rendering and floor screed applica-
tions since it reduces the quantity of binder, promotes the structural
integrity of the binder by securing a bonding interface between the
surface and the render (Jami et al., 2019). Rendering can be applied on
hemp concrete after a recommended period between 3 and 10 weeks,
with a preferable natural hydraulic lime since it allows faster hardening,
lower pigmentation, and less microbial colonization (Arizzi et al., 2018).

Hemp concrete walls can be cast in situ, which is common, or they
can be precast into blocks off-site and assembled on-site using conven-
tional masonry techniques (Saez-Pérez et al., 2020). Fig. 27 depicts two
buildings with load-bearing hemp walls: one constructed with pre-
fabricated hemp concrete blocks (A) and the other with cast, compacted
hemp concrete (B). Additionally, it includes building blocks made from
hemp concrete mixed with either a clay binder (C) or NHL3.5 lime (D).
Images (E) and (F) illustrate a non-loadbearing building featuring an
internal timber structure and cast, non-rendered hemp-lime concrete
walls. Likewise, Fig. 28 illustrates a hemp-based house built in Florida,
USA.

Other bio-based specimens like miscanthus concrete, corn stalk
concrete, and rice straw concrete can be used as load-bearing blocks for
an aggregate content of 5% or less thanks to their superior mechanical
strength as shown in Fig. 10. In this regard, Fig. 29 presents the different
stage of using miscanthus concrete from isolation panels to an entire
house built with them. The proportions of miscanthus during the casting
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Fig. 28. Hemp-based house built in Florida, USA (“Hempcrete House,” n.d.).

process has a critical influence on the potential use of these materials
whether for insulation or structural applications. Moreover, a refining
process of aggregates promotes the mechanical performance of these
bio-based materials and so their application.

In addition, bio-based materials were often used as self-healing
materials that target the recovery and repair of existing ordinary con-
crete by regaining water tightness lost by cracking (Tziviloglou et al.,
2016). In fact, the bacteria presented in bio-based materials became
active when a crack bridged in a hardened concrete, which in case
precipitate limestone and seal the open crack. In the same context,

Fig. 27. Hemp concrete constructions can be created using pre-made building blocks (A) or by casting and compacting load-bearing hemp-clay concrete walls (B).
These building blocks are made from hemp shives (2-25 mm) combined with either a clay binder (C) or a lime binder, with the optional addition of mineral pigments
(D). Images (E) and (F) depict various views of a building constructed with non-load-bearing, cast hemp-lime concrete walls after 20 years of exposure to weather
conditions in Switzerland. (G) illustrates the sprayed application of hemp concrete as an exterior coating(Saez-Pérez et al., 2020).
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Fig. 29. (a): Miscanthus-based mix and block (author’s work), (b): miscanthus based noise barrier and (c): a house built with miscanthus concrete in Louvain-la-

Neuve, Belgium(“D.Robinet, les utilisations du miscanthus, 2009,” n.d.).

theoretical explanations suggest that electro-chemical reactions account
for the enhancement of corrosion resistance in ordinary concrete can be
due to the consumption of dissolved oxygen by bacteria, which may act
as a cathodic inhibitor (Kawaai et al., 2022).

Therefore, it is evident that bio-based materials can be effectively
used to build eco-friendly buildings that ensure both optimal thermal/
acoustic comfort and positive environmental impact.

6. Conclusions

Drawing from the gathered data in the literature about the me-
chanical behavior of bio-based concrete under various loadings
(compressive, flexural, and shear), and the factors affecting the me-
chanical properties of these materials, the following points can be
concluded.

e Mechanical Behavior: Bio-based concrete exhibits similar
compressive and shear responses, described by an elastoplastic
behavior with three distinct phases: linear, plateau, and failure,
while flexural response consists of a linear phase followed by pro-
gressive failure as the load transfers to the aggregates.
Deformability: Bio-based concrete shows significant deformability
across different loading types (compression, flexural, shear), espe-
cially for specimens with high aggregate content oriented orthogo-
nally to compaction, making it effective for energy dissipation in
seismic events.

Compressive Strength: Hemp concrete has compressive strength
ranging from 0.1 to 2 MPa, with higher values (up to 7 MPa) under
compaction pressure. Similar ranges were found in concretes with
flax shives, wood chips, and other plant-based aggregates. Strength is
higher in concretes using miscanthus, corn stalk, and rice straw,
making them viable load-bearing materials when properly refined
and chemically treated.

Young’s Modulus: Bio-based concretes containing hemp, flax,
barley, and rice husks have a Young’s modulus below 200 MPa,
while wood, sunflower, and corn cob concretes exhibit relatively
higher modulus values.

Flexural Strength: Most bio-based concretes have flexural strength
between 1 and 6 MPa, with compaction processes increasing strength
up to 17 MPa.

Shear Strength: Hemp-lime concrete exhibits higher peak shear
strength (3.2 MPa) than rice-husk concrete (1.5 MPa), attributed to
hemp’s better particle arrangement and reduced voids.

Binder and Aggregate Content: High binder content/low aggregate
content increases mechanical performance but reduces ductility, and
vice-versa. Optimum mechanical performance is obtained at an
aggregate content of less than 10 %.

Water-Soluble Extracts: Increased water-soluble extracts generally
decrease compressive strength, with hemp having the least impact
and corn cob the most severe. The effect varies by aggregate and
binder type.
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o Aggregate Size: Smaller aggregates enhance mechanical properties
due to better bonding and lower water absorption, while longer ag-
gregates offer higher deformability.
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