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Abstract: The growing importance of environmental efficiency in reducing carbon emissions has
prompted scientists around the world to intensify their efforts to prevent the destructive effects
of a changing climate and a warming planet. Global carbon emissions rose by more than 40% in
2021, leading to significant variations in the planet’s weather patterns. Nevertheless, a significant
proportion of natural resources continue to be exploited. To prepare for this challenge, it is essential
to implement a sustainable approach in the construction industry. Biobased materials are made
primarily from renewable raw materials like hemp, straw, miscanthus, and jute. These new materials
provide excellent thermal and acoustic performance and make optimum use of local natural resources
such as agricultural waste. Nowadays, cement is one of the most important construction materials. In
an attempt to meet this exciting challenge, biobased materials with low-carbon binders are one of the
proposed solutions to create a more insulating and less polluting material. The aim of this review is
to investigate and to analyze the impact of the incorporation of different types of biobased materials
on the mechanical, thermal, and hygric performance of a mix using different types of binder.

Keywords: building materials; biomass; biobased insulation; hygrothermal characterization; mechan-
ical characterization; durability

1. Introduction

The production of concrete consumes a large quantity of resources and energy [1]. The
reuse of industry by-products and recyclable materials represents an interesting approach
to improve the sustainability of cementitious materials. It should be noted that the construc-
tion sector accounts for 40% of the world’s energy consumption, much of it dedicated to
heating [2]. In France, the residential building sector is responsible for 45% of total energy
demand and 21% of CO, emissions [3]. The construction industry must, therefore, urgently
address the issue of reducing greenhouse gas emissions and promote the use of energy-
efficient and environmentally friendly building materials [4-6], with the additional task of
limiting vulnerability to toxic fuels. In addition, a significant pattern has been established
between energy consumption and symptoms caused by “unhealthy building conditions”,
particularly allergies, demonstrating the necessity of a healthier approach [7]. The decrease
in climate change is a primary objective for many UN organizations. The renewed global
urban policy platform at the United Nations Habitat III conference in Quito (Ecuador) in
October 2016 was primarily focused on the environmental sustainability and low carbon
consumption of the built environment as a way of enhancing sustainable livelihoods and
addressing the challenge of climate change [8].

As a result, the need for eco-friendly buildings will grow significantly in the years
ahead. The eco-building community recognizes “green” building as a “building that, in
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its conception, the construction or the exploitation, decreases or avoids the impact, and
may decrease the impact, on the climate and the environment” [9]. Recent advances in
eco-friendly building concepts incorporate both active and passive technology to increase
the energy performance of buildings.

Nowadays, agricultural and industrial waste is being used to produce binders and
aggregates in order to reduce the use of natural resources [1]. Another example is the broad
range of natural fiber applications [10,11] that have been successfully developed for the
ecological construction field [12,13]. Current comfort standards and comfort performance
characteristics do not need to be called into question with these wastes [3]. These wastes
are made of fibers that are widely used in fiber-reinforced cement components [1,14,15].

This review provides a comprehensive investigation of the characteristics of hydraulic
binder components reinforced with natural fibers, along with perspectives for further
research. Initially, it presents natural fibers used in hydraulic binder composites, detailing
their physical and mechanical properties. It then explores the effects of natural fibers on
various aspects, including the physical, mechanical, and hygroscopic properties, as well as
the durability of hydraulic materials containing natural fibers.

2. The Use of Biomass Fibers in Building Materials
2.1. Retrospective on the Use of Biomass Fibers in Concrete

In 1910, a series of tests aimed at improving the strength of concrete was carried
out by J. Porter [16], who concluded that the presence of short metal fibers in concrete
increases its crushing and tensile strength. Later, Graham established a patent on fiber-
reinforced concrete. This was the first U.S. patent in which the use of steel plates as fibrous
reinforcements in building materials was described. A second U.S. patent on this subject
was taken out by Weakly et al., 1912 [17], who studied the use of steel wire strips composed
of two wires, with the intermediary of a ring, to ensure lasting adhesion with concrete.

Since the 1970s, there has been a kind of awakening in steel fiber-reinforced concrete
technology. Confidence in the specific properties of steel fiber-reinforced concrete is grow-
ing steadily as these concretes are used in industrial applications. The first paper on this
concept was attributed to Lankard. In this article, he confirmed that the addition of 1% to
2% fiber to refractory concrete gives a significant improvement in strength [18].

The high carbon emission and expensive cost of the synthetic fibers, as well as the
amount of fiber waste available, limit their use. For these reasons, natural fibers are an
efficient and cost-effective replacement for synthetic fibers, with lower environmental
impact. Figure 1 shows how construction has moved from conventional composites to
green composites.

Synthetic Fibers
Reinforced Composites
Metal-Matrix
Composite
Ceramic-Matrix 5 quanced Composites
Composites

Conventional Composites

Figure 1. Evolution of the use of metal and ceramic fibers towards synthetic fibers and now towards
natural fibers [18].
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Natural fibers such as sunflower [19], hemp, flax, abaca, kenaf, bamboo, jute, bagasse,
date palm, and pineapple leaf are used to make cement composites stronger because of their
properties like cost-effectiveness, having a wide range of mechanical performances, durabil-
ity, easy production, biodegradability, and good physical and thermal performances [20,21].

Biobased materials have advantages and disadvantages in terms of the physical, me-
chanical, thermal, and hydric properties of concrete [22,23]. Table 1 shows the mechanical
properties of various plant-based materials. Table 2 shows the advantages and disadvan-
tages of biobased materials. Figure 2 shows the difference in the carbon footprint between
four different biomasses: hemp, flax, jute, and kenaf. These materials are the most widely
used, thanks to their mechanical, thermal, and hydric properties.

Table 1. Description and comparison of 5 mechanical properties of 11 different biobased materials [24].

Plant Fiber Tensile Young's Specific Failure Strain Density Water Content
Strength (MPa) Modulus (GPa) Modulus (GPa) (%) (kg/m?) (eq.) (%)

Cotton 300-700 6-10 4-6.5 6-8 1550 8.5

Kapok 93.3 4 129 1.2 311-384 10.9
Bamboo 575 27 18 - 1500 -
Flax 500-900 50-70 34-48 1.3-3.3 1400-1500 12
Hemp 310-750 30-60 2041 24 1400-1500 12
Jute 200450 20-55 14-39 2-3 1300-1500 12
Kenaf 295-1191 22-60 - - 1220-1400 17
Ramie 915 23 15 3.7 1550 8.5
Abaca 12 41 - 3.4 1500 14
Sisal 80-840 9-22 6-15 2-14 1300-1500 11
Coir 106-175 6 52 15-40 1150-1250 13

Carbon footprint of one tonne natural fibre (mass allocation)
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Figure 2. Comparing the carbon footprints of natural fibers of 4 different natural fibers: hemp, flax,
jute, and kenaf [24].

The global population is growing, as are living standards. Consequently, consumption
of energy, emissions of carbon, and production of waste have been increasing globally. In
order to find an alternative, numerous researchers have decided to replace or supplement
the use of cementitious materials with a natural fiber. Biobased materials (sugar palm,
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pineapple, hemp, jute, kenaf, areca, banana, bamboo, sisal) that are frequently used in
construction are shown in Figure 3.

Sisal
Figure 3. Examples of several natural fibers currently used in the construction field [25].

Biobased materials are becoming increasingly popular in the construction sector
because of their excellent mechanical, thermal, and hydric properties. Furthermore, their
abundant availability in nature and ease of cultivation makes them attractive resources [26].
Hemp and flax shives are more used, but the biobased used is not limited to these two
types. Other materials such as kenaf, sisal, jute, flax, loofah, palm, and wheat are also used,
and researchers have even explored the use of brown and red algae in this field [27].

Table 2. Advantages and drawbacks of the use of natural fiber as a construction material [28].

Advantages Drawbacks

o Low specific weight, high specific resistance, and high

rigidity.

. Fibers are a sustainable resource, production of which
demands low levels of energy and involves the absorption
of CO,, while giving oxygen back to the environment.

e  Fibers may be produced at a lower cost than that of

synthetic fibers.

° Low levels of toxic fume emission when heated and when

incinerated at end-of-life.

Durability less than for synthetic fiber composites,
although it can be considerably improved with further
treatment.

High absorption of moisture, which causes swelling.

e Weaker resistance, in particular impact resistance,
compared with composites based on synthetic fibers.
Greater variability in properties.

Reduced treatment temperatures, limiting matrix features.

e  Reduced equipment abrasion damage compared to
composites based on synthetic fibers.

2.2. Hemp and Flax Plants in Focus
e Hemp plant

Hemp is the generic name given to the high-growth varieties of cannabis sativa, a
previously sidelined plant with many applications that is becoming increasingly popular
among professionals and entrepreneurs [23].

The plant is estimated to have around 25,000 useful usages [29,30]. Its use is steadily
increasing in many areas, such as the textile industry, construction, paper, etc. Hemp
(Cannabis Sativa) is an annual plant with palmate leaves grown for its stalk. Hemp
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cultivation provides two materials used in civil engineering. After drying and mechanical
treatment (defibration or scutching), the stalk is broken down into hemp shives, the granular
form of hemp (65-70% of the stalk mass), and filasse or tow, the fibrous form of hemp
(30-35% of the stalk mass) [31]. Figure 4 shows the hemp plant in the wild.

Figure 4. Hemp thrives in the wild [32].

Hemp shives (Figure 4) come in the form of small, short sticks measuring from a few
millimeters to a few centimeters in length, derived from the stem’s bark. These are collected
from parallel channels that allow sap to circulate within the plant and contain air when the
stem is dry. These morphological characteristics give hemp shive a high porosity, which
implies high water sensitivity, low density, and high acoustic and thermal performance [31].
In this context, the addition of biobased materials is an interesting proposition, as they are
known for their insulating properties [33-36] and, on the other side, they offer possibilities
for recycling naturally occurring waste and protecting the environment [37-39].

Many studies have been carried out on hemp shives [40-46] that can be applied to
biobased building materials like hemp concrete [41,47,48]. This insulated material is formed
from hemp shives mixed with a binder (lime) and water [49]. Life-cycle assessment of hemp
concrete has demonstrated a low carbon footprint and low embodied energy. In addition,
researchers [35,41,49,50] have shown that both hemp panels and hemp concrete offer a
good insulating material with highly promising physical and hygrothermal properties. Its
porous structure and lower density decrease thermal conductivity down to 0.1 W/(mK)
in comparison to traditional materials like Portland cement concrete, bricks, and blocks.
The overall thermal conductivity of building materials improves with a rising binder ratio.
Figure 5 shows hemp shives in bulk with a maximum diameter of 1 cm. The chemical
properties of hemp shives are shown in Table 3. The mechanical, thermal, and hydric
properties of hemp shives are shown in Table 4.

Figure 5. Hemp shives in bulk with a diameter of 1 cm [50].
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Table 3. Chemical composition of hemp shives cited in several studies.

Material References Cellulose Hemicellulose Lignin Pectin Others Wax
[24] 70.2-74.4 17.9-22.4 3.5-5.7 0.9 6.1 0.8
[51] 44% 18% 28% 4% 3% 1%

Hemp Shives [52] 50-60% 15-20% 30-30% - 4-5% -
[53] 34-44% 31-37% 19-28% 4% 1-2% 1%

[54] 50-60% 15-20% 20-30% - 4-5% -

Table 4. Mechanical, thermal, hydric properties of hemp shives.

Bulk Density Water Thermal Cond.
(kg/m3) Absorption (%) (W-m-1.K-1)

Hemp shives 140 247% 0.05-0.06 [55,56]

Mixture Ref.

e Flax plant

Flax (Linum usitatissimum) is a member of the Linaceae family and of the Linum genus,
which comprises over two hundred species [57]. The most widespread flax plant is called
Linum usitatissimum. The plant consists of a stem and a small blue flower at its end. It
possesses extended fibers running through its entire length, contributing to its stiffness.
Flax plants thriving in the wild are shown in Figure 6.

Figure 6. Flax thrives in the wild [58].

One of the plant particles used is flax shives [39,59,60], which offer poor thermal
conductivity. In fact, flax concrete, consisting of flax shives, binder (mainly lime), and
water, shows a high absorption capacity of around two to three times its weight in 48 h.
This is mainly due to its pores’ organization in parallel capillaries [38,39] and the presence
of a non-cellulosic component [61-63]. Rahim et al. [64] have compared the moisture
performance of flax and hemp concretes. They confirmed that flax concrete has a high
moisture efficiency with excellent moisture buffering capacity.

Flax fiber, like all types of plant fiber, has good thermal properties. These fibers are
used in industry to manufacture insulating materials. Flax fiber has a thermal conductivity
of between 0.037 and 0.040 W-m~!-k~! for fibers, with a bulk density of 1.38 g/cm? [65]. In
terms of acoustic insulation, flax is particularly effective against airborne noise. It achieves
an attenuation of around 55 dB [66]. Flax fiber is highly prized in the textile and automotive
industries, thanks to its specific mechanical properties. However, flax fiber has several
disadvantages that may reduce its use. One of these is the wide dispersion of its mechanical
properties, which depend, among other things, on the variety of the plant and its origin.
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The chemical properties of flax shives are shown in Table 5. The mechanical, thermal, and
hydric properties of hemp shives are shown in Table 6.

Table 5. Chemical composition of flax shives, cited in several studies.

Material References Cellulose Hemicellulose Lignin Pectin Others Wax
[61] 43+1.3 19.5£0.7 323+17 - 52+02 -
Flax Shives [62] 38£05 25+05 31.2 - 1.7 0.4
[63] 53 13 24 - 2-8 -

Table 6. Mechanical, thermal, hydric properties of flax shives.

Mixture Bulk Density Water Thermal cond. Ref
(kg/m3) Absorption (%) (W-m-1.K-1) ’
Flax shives 260-540 200-300% 0.057-0.064 [67-70]

2.3. Promising New Plants Used as Biomass in Building Materials

Biobased materials are being increasingly used in the construction sector. Hemp, flax,
jute, and kenaf are currently being used [71]. Researchers have been using these biobased
materials in mixtures with different binders (earth, lime, traditional cement. . .). Certain
natural fibers are not widely used in the construction field. In the following paragraph,
the mechanical, thermal, and hygroscopic properties of four different natural fibers, palm,
loofah, miscanthus, and seaweed are presented.

e  Seaweed
Algae are divided into three main groups: green algae, red algae, and brown algae [72].

> Green algae cannot be used in the construction field because of the emission of H2S
gas [73,74].

> Red algae were used in a conventional cement-based mixture in a single study and
only their mechanical properties were studied [75].

>  Brown seaweed in various forms (powder and fibers) is used in mixtures based on
silty and clayey soils. The mechanical, thermal, and hydric properties have been
studied in a mixture of brown seaweed (sargassum muticum) and loamy soil [27,76].

Seaweed is known for its hygrothermal properties. The presence of algae in an earth-
based or cement-based mixture makes the mixture more thermally and water-insulating
but mechanically weaker [27,76]. Figure 7 shows a type of brown seaweed: (a) material
collected from the sea, (b) fiber after washing, (c) fiber after being dried for 24 h in an oven
at 40 °C.

(b) (c)
Figure 7. Sargassum muticum. (a) Collection; (b) washing; and (c) drying, with color change [27].

e Date palm

Few studies have been carried out on the use of this natural fiber in construction.
Benmansour et al. [77] examined the use of this natural fiber with natural prompt cement
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(Figure 8), the results of which demonstrated that the incorporation of date palm increased
the thermal performance and water absorption capacities of the material. Nevertheless, the
density and compressive strength of the composite decreased considerably.

Figure 8. Date palm fiber with two different dimensions, DPF 3 (3 mm) and DPF 6 (6 mm) [77].

e  Miscanthus

Miscanthus (x giganetus) is a biomass-based perennial crop widely grown in Europe
for its very efficient use of water, nitrogen, and sunlight [78-80]. Miscanthus is considered
to be a strong, sufficiently firm fiber with excellent thermal insulation properties, compared
with other natural fibers such as straw, hemp, etc. [81]. Miscanthus is widely used as a
natural fiber for lightweight biobased concrete, thanks to its light, porous properties [82,83].

While miscanthus fibers are coated in a confined environment after application to
concrete, the alkaline environment has a solvent impact on the cellulosic constituents
of miscanthus fibers, which could impact the mechanical strength and the dimensional
stability of the miscanthus contained in the cement matrix.

Previous research shows that a concrete alkaline environment could reduce the sugar
content present in miscanthus [84]. Miscanthus fiber has a high affinity with water
and a high water absorption capacity, which influences the fibers’ behavior. Indeed,
the fibers” water absorption leads to fiber swelling/shrinkage, which leads to a fiber
dimensional variation, and as result, the biobased miscanthus concrete’s durability is
significantly affected. Figure 9 shows (a) raw miscanthus, (b) miscanthus powder, and
(c) heat-treated miscanthus.

Figure 9. (a) Raw miscanthus, (b) miscanthus powder, and (c) heat-treated miscanthus [85].

Table 7 is a summary of all the mechanical, thermal, and hydric properties of 13 dif-
ferent biomass materials. Plant-based materials are increasingly used in the construction
industry. Hemp, flax, jute, rapeseed, and sunflower are commonly used. Several re-
searchers have used these materials in mixtures with earth, lime, traditional cement, or
natural prompt cement. The durability of miscanthus concrete is influenced by the presence
of cellulose and hemicellulose in higher percentages compared to other natural fibers such
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as oak wood and flax fibers. This difference in percentage grants miscanthus a longer
setting time than the maximum mechanical resistance achieved. The durability refers to
the following phenomena:

e  Absorption of water by the fibers can lead to an increase in their volume, and during
freezing conditions, this can cause more frequent and intense freeze/thaw cycles.
These cycles can create microcracks in the concrete matrix, thereby reducing durability
by accelerating material degradation. Additionally, when the fibers absorb water and
swell, they can exert internal stresses on the cement matrix. This stress can lead to the
rupture or microcracking of the matrix, decreasing the overall strength of the concrete.

e  Furthermore, the swelling and shrinking of the fibers due to water absorption and
desorption can cause dimensional variations in the concrete.

e  These variations can induce internal stresses, leading to the formation of cracks. These
cracks can then propagate and widen under mechanical loads or thermal cycles, further
compromising the durability of the concrete.

Table 7. Summary of mechanical, thermal, and hydric properties of 13 different biomasses.

Plant Fiber Tensile Young's Specific Failure Strain Density Moisture
Strength (MPa) Modulus (GPa) Modulus (GPa) (%) (kg/m?3) Content (eq.) (%)

Cotton 300-700 6-10 4-6.5 6-8 1550 8.5

Kapok 93.3 4 129 1.2 311-384 10.9
Bamboo 575 27 18 - 1500 -
Flax 500-900 50-70 34-48 1.3-3.3 1400-1500 12
Hemp 310-750 30-60 20-41 2-4 1400-1500 12
Jute 200450 20-55 14-39 2-3 1300-1500 12
Kenaf 295-1191 22-60 - - 1220-1400 17
Ramie 915 23 15 37 1550 8.5
Abaca 12 41 - 3.4 1500 14
Banana 529-914 27-32 20-24 1-3 1300-1350 -
Pineapple 413-1627 60-82 42-57 0-1.6 1440-1560 -
Sisal 80-840 9-22 6-15 2-14 1300-1500 11
Coir 106-175 6 52 15-40 1150-1250 13

3. Physical Properties of Building Materials Incorporating Biomass

The characteristics of fiber-reinforced concrete are intimately related to the mechanical
and physical properties of natural fiber. In all cases, natural fiber is required for internal
curing, whose performance is largely influenced by the characteristics of the natural fiber.
Owing to its unique nature and constituents, hemp concrete exhibits behavior different
from that of traditional construction materials like cement blocks, bricks, cellular cement,
and so forth.

3.1. Bulk Density

The density of a material, as indicated by Ohmura et al. (2002) [86], is defined by the
specific spatial orientation of the product within the volume. In the hemp concrete case,
the content of the material and the fabrication process are both modified. As a result, the
density changes, and this parameter is also strongly influenced by the compaction process.
Indeed, it appears that in hemp concrete, higher density correlates with greater strength.
Additionally, the amount of moisture retained within the wall does influence density, albeit
to a lesser degree.

The density of hemp-based concretes varies according to several factors, such as the
proportions of the ingredients used and the manufacturing method. The specific gravity of
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hemp shives is considerably less than that of standard aggregate concrete. This means that
hemp concrete has a much lower density than ordinary concrete. Conventional concrete
most probably has a density of 2200-2400 kg/m3. Normal concrete is a lightweight product
with a density of approximately 200 to 600 kg/m3, according to [87]. Figure 10 shows the
variation in volumetric mass with respect to the mass percentages of added fibers.

2400

—u— Fibres brutes

2200 —eo— Fibres traitées

2000

T

1800

o (kg.m?)

1600

1400

T

1200

-

1 A 1 A 1 " 1

0 5 10 16 20

1000

Fraction massique de fibres (%)
Figure 10. Variation in density with respect to the mass percentages of palm waste fibers [88].

3.2. Porosity

A mixture of hemp (with 50% of the binder mass) and air lime (mixture density around
400 kg/m?) allows a porosity of over 70%. In addition to the mesopores (0.1-1 mm) within
the shives and in their contact area with the binder, the mortar also has micropores between
the hydrates of the binder matrix and macropores (of around 1 cm) in the arrangement of
the particles of the plant aggregate [89].

In fact, the density of flax concrete using the conventional formulation (water-to-
binder (W/B) ratio of 0.42 and fiber-to-binder (F/B) ratio of 1.45) is 550 kg/m? [69]. This
characteristic makes flax concrete a light, porous material for use in construction. The
average porosity of the flax concretes used is between 72% and 76%. These values are close
to the porosity of hemp concrete reported in the literature [62,69,90]. However, a small
improvement in flax concrete porosity was observed as a function of flax shives content.
The percentage of open porosity is measured following this equation:

Mair — Mdry

Po= ————— 7
Mair — Mwater

The variable “Pa” represents the water-accessible porosity in percentage. Other terms
include “Mair” for the sample mass after air saturation in [kg], “Mwater” for the mass of
the sample saturated and immersed in water in [kg], and finally, “Msec” for the mass of
the dry sample, obtained after drying at 60 °C with mass monitoring, also measured in

[kg] [91].

4. Mechanical Properties of Building Materials Incorporating Biomass

Compressive strengths of typical 2:1 mixes (binder/hemp by weight) range from
0.2 to 1.2 MPa [92-96] and are primarily a function of density, binder type, and age.
Likewise, bending strength is low; resistance values of between 0.06 and 0.12 MPa have
been determined [94,97-99]. The low mechanical strength of hemp concretes compared to
concrete with natural aggregates is generally explained by their high porosity. Nguyen
(2010) estimates that high shive porosity makes the concrete’s mechanical strength lower
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than that of other low-weight concretes [98,100]. Bouloc et al. (2006) show that the weak
performance of hemp concrete is attributable to the lack of cohesion of the hemp fibers and
their irregular arrangement [101].

Reducing the volume of voids requires greater compaction of the concrete in or-
der to achieve a durable concrete. The void volume can also be reduced by adding
smaller aggregates or reducing the average particle length. This improves compressive
strength [102-104], although more binder is required to keep the smaller-sized materials
together. The smaller aggregates may also increase the risk of setting and binder hardening
problems caused by the emission of polysaccharides [96,105]. The variations in particle
size have improved the compressive strength of the organic binders [50] and mineral
binders [106]. Formulations and pre-treatments adapted to the plants can also improve the
performance of hemp concrete [105,107] by reducing problems of setting.

Mechanical strength can also be enhanced by adding more binder [108]. According to
researchers [109], compacting increases the compressive strength of hemp concrete signifi-
cantly. This approach improves not only the mechanical strength of the material by using
less binder, but also improves its capacity to resist deformation before fracture [99]. The
experts believe there is a correlation linking density, compressive strength, and compaction.
They noted that a mix with higher density had higher compressive strengths, showing a
connection of density with compaction.

Evrard [110] created hemp concrete mixes with compressive strengths between
0.2 and 0.5 MPa. Arnaud et al. [111] found values varying from 0.4 MPa to 1.2 MPa
at 28 days of cure. O’'Dowd and Quinn [112] reported hemp concretes with compressive
strengths between 0.65 and 1.9 MPa at 28 days. Following Jami et al. [113], the properties
and ratio of the binder used in the formulation will determine the strength of the cured
hemp concrete.

The enhancement in the hydraulic properties of the binder leads to early strength
development. Cigasova et al. [114] studied hemp concrete using an MgO-based binder. The
experimental mixtures comprised a 40% volume of hemp hurds, MgO-cement, and a 31%
volume of water. The study investigated the effects of hardening time on mechanical (com-
pressive strength) and physical properties (density, thermal conductivity, water absorption)
of the composites. Conclusions drawn include that hardening time significantly affects
bio-composite properties; longer hardening times result in them having a compressive
strength of around 2 MPa at 28 days.

With a typical bulk density of 250-660 kg/m3, hemp concretes with various lime-
based formulations have shown compressive strengths of between 0.25 and 1.15 MPa
with a matching elastic modulus of between 4 and 160 MPa [100]. The calculation of the
optimum binder content is a major factor in achieving strong hemp concrete [108].

The compressive strengths of two different types of binders with three different
percentages of hemp shives (10%, 50%, and 90%) for ages ranging from 7 days to 90 days
were measured by Walker et al. [115]. In addition, it can be remarked that the formulations
manufactured with air lime with 10% of the hemp shives reached a maximum of 2.5 MPa
at 90 days, whereas those manufactured with air lime reached a maximum value eight
times higher at the same age. The results consistently show that formulations containing
50% and 90% hemp shives (by weight), produced with Tradical PF 70 (75% lime, 15%
hydraulic binder, and 10% pozzolanic), exhibit greater compressive strength compared to
those manufactured with air lime. The compressive strength decreases with the increasing
percentage of added hemp shives. Figure 11 shows the difference in compressive strength
for these two types of binder with three different percentages of addition of hemp shives.
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Figure 11. Compressive strength development of hemp composites (CLO0H10—10% hemp;
CL90H50—50% hemp; CL90H75—75% hemp with 90% calcic lime binder; TH10—10% hemp;
TH50—50% hemp; TH75—75% hemp with Tradical binder) [115].

Although compaction has been shown to be effective in enhancing mechanical per-
formance, several authors have expressed doubts about the advantages of incorporating
fibers [108,110,116]. Good compaction, coupled with the high workability of hemp shives,
makes hemp construction an attractive option in seismic zones [108]. When used as an
elastic support for walls made of wood, hemp concretes increase their resistance by a factor
of up to four, by preventing weak axes from buckling [117].

Hemp shives are an isotropic material [118], and their specific orientation varies
according to the construction method. In fact, the compressive strength is greater and
stiffness is weaker when aggregate is positioned parallel to the force direction of the
compaction force and is more brittle when it is charged perpendicular to the aggregate
orientation [119]. Table 8 summarizes results found in the literature with a focus on the
variation in compressive strength with different types of binder. The results show that the
compressive strength is greater when the density is higher. The compressive strength for
the formulation made with 85% natural hydraulic lime and 15% Portland cement and a
density of 753 kg/m?> has a compressive strength of 0.357 MPa, twice that of 100% natural
hydraulic lime 3.5, which has a density of 460 kg/m?.

Table 8. Mechanical properties of some hemp shives formulated with different binders.

Authors Binder Composition Density (kg/m?3) Compressive Strength (MPa)
Natural hydraulic lime (NHL 3.5) 460 0.18
[89] Natural hydraulic lime (NHL 2.5) 480 0.10-0.22
Commercial pre-formulated lime-based binder 460-500 0.30-0.34
[120] Commercial pre-formulated lime-based binder 270-330 0.1-0.2
[121] 85% NHL 3.5 +15% Portland cement 753 0.357
[121] Portland cement 638 0.622

Flax concrete is specifically developed as an insulator; it is used as a filling material in
buildings. However, a minimum compressive strength is required for insulating material,
to support at least its own weight during installation.

Flax concrete has a compressive strength of between 0.6 and 1.2 MPa for a content of
54 and 31%, respectively, after 28 days of manufacture [69]. This is sufficient for use as an
insulating material in construction. The compressive strength of flax concrete is absolutely
related to the quantity of flax shives. The flax shives content decreases compressive strength.



Eng 2024, 5

1004

In addition, the increase in the natural fiber content increases its specific surface area in
the material. Consequently, this leads to a weak binder/aggregate bond [69] and a low
compressive strength. Furthermore, it is also important to remember that the flax shives,
which we consider as coarse aggregates in the concrete mix, do not carry any strength
compared to the conventional coarse aggregates, hence the low compressive strength values
recorded. In general, the resistance sought depends on the application of the material in the
building. Roof applications require high natural fiber content and a small amount of binder.
In this case, the material will have good thermal insulation with low resistance [69]. Slab
formulations contain a low dosage of vegetative particles with a high amount of binder,
which gives them good mechanical strength [122].

Seaweed can be a sustainable material above all else, reproducing in the sea and
harvested from the seaside. Seaweed has many advantages: it is non-toxic and fire-
proof, provides good insulation, and reduces CO, emissions [123]. A large quantity of
stranded seaweed (between 50,000 and 100,000 m?, corresponding to an average of around
44,640 tons) is collected and processed annually by the local authorities concerned [124].

The advantage of using seaweed is that it improves mechanical, thermal, and hydric
properties. The chemical composition of the algae and its absorption capacity will improve
the mechanical and hydric properties of the composite [27,76].

Red seaweed is used in powder or gel form in the construction industry. In the lit-
erature, works have reported cement-based mortars containing a percentage of red algae
(powder and gel) [75]. M. N. L. Siddique et al. [75] studied the mechanical behavior (com-
pression) of cementitious mortar composites with Eucheuma cottonii (gel) and composites
with Gracilaria Sp. (powder). It is also noted that Cottonii (gel) and Gracilaria Sp. (powder)
have rheological properties as gelling and thickening agents [125], which can act as an
epoxy resin in a polymer-modified mortar.

In addition, the advantages that natural polymer-modified mortars are expected to
provide are excellent adhesion mechanisms, strength, and durability, which are key factors
in sustainability [126]. The results showed a better compressive strength performance
of natural polymer-modified mortar made with seaweed powder than that made with
seaweed gel.

Basing on these results, six formulations were produced (Figure 12). One control for-
mulation (without seaweed) was produced, and five with seaweed, added in the following
percentages: 0.1; 0.2; 0.5; 1; 2; and 5.1. The results showed that a low dosage of seaweed (0.1;
0.2; and 0.5%) increased the compressive strength of the mortars. On the other hand, this
strength decreased with increasing seaweed content (1; 2; and 5%). The results observed
may be due to the mortar’s hardening being “killed” by an excessive portion of natural
polymer incorporated into the mortar [75]. In this study, it was shown that agarose and
agaropectin created a very strong gel and increased the binding mechanism. This makes the
performance of natural polymer-modified mortar with seaweed powder more important.
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Figure 12. Split tensile strength and compressive strength of the composite modified with seaweed
powder [75].
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These results are verified in the study by [127]. The same materials were used with the
same compositions. The results show that the mixture with 0.6% added seaweed powder
has better compressive and tensile strength.

Palm fibers are rarely used in construction. Palm trees are harvested for their fruits.
Date palm wood is also an agricultural waste product and has been widely used as a
reinforcing material in recycled thermoplastic composites [128-130].

Benmansour et al. [77] studied the effects of adding different percentages of palm
fiber types (two different sizes) with the aim of investigating the effects of the percentage
additions and size on mechanical properties. In this study, composites were formed using
Vicat cement, sand, and water, with percentages of date palm fibers added. Compressive
strength decreases with increasing date palm fiber content This behavior is due to the
increase in fiber content, which leads to low sample density. The maximum compressive
strength was obtained for the two-dimensional mix at a fiber percentage of 5%, which
remained much lower than that of the mortar without fibers.

The results presented in Figure 13 show that the compressive strength of the composite
decreases considerably as the percentage of fibers in the composite increases. On the other
side, the compressive strength of the composite (with diameter of 6 mm) is almost constant
with 5, 10, 15% of addition and decreases largely after this percentage. On the other hand,
the compressive strength of MDP3 (diameter of 3 mm) decreases with the percentage of
addition.
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Figure 13. Comparison of the compressive strength of formulations manufactured with 3 different
diameters at different rates [77].

Miscanthus has been used in many interesting ways, and lightweight miscanthus
concrete is one of them. Studies on miscanthus have shown it can be used for both
passive noise protection and fire protection [131]. Miscanthus fibers have already been
shown to have a relatively high insulating capacity in regard to temperature [132-134].
Eschenhagen et al. [135] found a low-cost insulated particle board based on miscanthus
and sunflower stems in France and demonstrated that it had great potential because of its
lower density and better thermal conductivity.

Wu et al. [85] investigated the effect of 1% miscanthus in bulk (RM1), powder (MP1,
MP1.5, MP2), and heat-treated miscanthus (HM1). After these three mixtures, two mixtures
were made with heat-treated miscanthus with additions of 1.5% and 2%.

The compressive and flexural strengths at 28 days of the HM1 mortar were 52.8 MPa
and 8.86 MPa, respectively, with an overall improvement of 82.7% and 26.9%, respectively,
compared to the RM1 mortar. The strength of miscanthus mortar at 28 days is shown
in Figure 14. This decrease in compressive strength can be explained by the removal of
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miscanthus sugar after combustion, which increases adhesion to the mortar and reduces
the porosity of HM1.
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Figure 14. Compressive and flexural strength at 28 days for all mixtures (RM: raw miscanthus; HM:
heat-treated miscanthus, and MP: powder miscanthus) [85].

The mechanical properties vary significantly across different materials, influenced
by factors such as the type, size, and content of the biomass used, including its physical
and chemical composition. Consequently, it is challenging to determine which biomass
produces the most mechanically robust materials. Nevertheless, it is evident that seaweed,
characterized by its notably high water absorption rate and porosity after drying, experi-
ences a decrease in compressive strength beyond a threshold of 0.06% relative to binder
mass. Conversely, hemp and flax shives can be incorporated at high addition rates, up to
a maximum of 10%. This rate represents the threshold for achieving good compressive
strength, beyond which the resistance begins to decline.

5. Hygrothermal Behavior of Building Materials Incorporating Biomass
5.1. Hygric Properties

The hemp shives” and fibers” absorption capacities vary considerably due to their
chemical and physical composition [22]. Hemp concrete is acknowledged as an environ-
mentally friendly construction material, not only because of its low carbon content but also
because of its ability to regulate heat, moisture, and relative humidity.

Biobased materials are known for their good thermal and hydric properties due to their
chemical and physical compositions. These materials are considered not just low-embodied-
carbon materials but materials that are able to regulate heat, moisture, and relative humidity.
The significant differences in biodiversity among biobased materials, as well as variations
in their proportions in the mixture and particle sizes, result in formulations with varying
water absorption capacities [136].

5.1.1. Water Vapor Permeability

Water vapor permeability is measured by two different methods. Permeability is
measured using a dry cup (silica gel to make the humidity 0 in the cup and 50% on the
outside) or a wet cup (humidity 95% in the cup and 50% on the outside to determine the
quantity of water absorbed by the sample) [137].

Two different cups can be used for this test, one dry and one wet. In the dry cup, a
substance is used in which the base of the cup is at 0% RH and the outside is at 50% RH,
while in the wet cup, where the base of the cup is at 94% RH and the outside is still at 50%
RH.
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Figure 15 shows at left the dry test and at right the wet test.

0% RH 100% RH
Desiccant Water
Dry Cup Wet Cup
Average RH = 25% Average RH =75%

Figure 15. At the left, the water vapor permeability measured in dry cup and at the right, the same
measured in wet cup [138].

Hemp concrete is usually manufactured using conventional hemp shives. The re-
search currently published on hemp concretes has, therefore, focused on formulations with
insignificant fiber levels. The open porosity of hemp concrete allows heat transfer by con-
ductive heat transfer (in solid, liquid, and gas phases), convective heat transfer (in pores),
radiative heat transfer (between pore walls), phase changes (evaporation or condensation of
vapor in pores), and water vapor diffusion [122]. It features a high humidity diffusion rate
and a water vapor permeability of around 2.3 x 10~!! kg/(Pa.m.s) and is almost constant
at low-to-moderate relative humidity [23]. Water vapor diffusion resistance depends on
the binder formulation and type. For illustration, a formulation of a wall with natural
hydraulic lime (NHL 2) and a density of 476 kg/m? has a vapor diffusion resistance factor
of 2.6 p, whereas the same formulation prepared with natural hydraulic lime (NHL 3.5)
and a density of 563 kg/ m? has a resistance factor of 3.6 p [122].

The high open porosity of hemp concrete results in a high presence of voids. The
high presence of these voids gives the material the ability to absorb more water and,
subsequently, it will be less resistant. The water resistance depends on several parameters.
One of these parameters is the type of binder used; depending on the binder used the
density of the material differs and subsequently the percentage of pores decreases or
increases [122].

In this study, Haba et al. [139] used the same formulation and details as the study
of Benmansour et al. [77]. However, the type of binder is different. Haba et al. used
Portland cement instead of Vicat cement. The constituents are 62% cement, 23% sand,
15% date palm fibers, and W/C = 0.68. Portland cement was chosen because of its high
mechanical performance, sand was used as a filler for the production of low-cost pastes,
and date palm fibers were used in small percentages to improve the physical, mechanical,
and hygrothermal properties of the matrix.

The water vapor permeability of date palm concrete (DPC) was studied by using
the dry cup method (NF EN ISO 12572) [138]. Walker et al. [140] highlighted that the
macropores between the plant fillers have a significant influence on the water vapor
permeability when compared to the micropores in the binder of the hemp lime concrete
material.

Table 9 presents the results of the moisture vapor resistance factor of date palm
concrete (DPC) compared with other construction materials. DPC and hemp-lime are both
bio-composite materials, unlike traditional building materials such as solid concrete and
aerated autoclaved concrete, which have a higher water vapor resistance value. Therefore,
the incorporation of date palm fibers into a cement-based binder has led to a very significant
improvement of the microstructure, consequently improving the transfer of water vapor
through the DPC. The moisture content of the DPC rose from 12 kg-m~3 at 27 + 5% RH to
19 kg'm 3 at 47 4 5% RH [141-143].
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Table 9. Resistance to water vapor diffusion [139].
Water Vapor Diffusion Resistance Ref.
DPC 44 [139]
LHM-wall 4.8 [144]
Solid concrete 130 [145]
Aerated autoclaved concrete 10 [145]

Wu et al. [85] investigated the effect of 1% miscanthus in bulk (RM1), powder (MP1,
MP1.5, and MP2), and heat-treated miscanthus (HM1). After analyzing the first results,
two heat-treated mixtures with miscanthus with an addition of 1.5% and 2% were studied.

In this study, they not only investigated the effects of adding miscanthus to these
different shapes and sizes on mechanical properties, but also studied their effects on water
properties. To this end, Wu et al. [85] studied the water absorption of the mixtures after 24 h
immersion in water. The results show that the percentage of water absorption decreased by
15.1% in the mixture with HM1 compared to that with RM1 and increased by 5.8% for the
mixture with MP1 compared to RM1. MP1.5 and MP2 had the highest percentages of water
uptake at 17.4 and 25.6%, respectively. The detailed results are shown in the attached table
(Table 10).

Table 10. Physical and hydric properties of miscanthus properties [85].

Sample  Oven-Dry Density (kg/m®)  Changes in % Porosity (%) Changes in % 24 h Water Absorption Changes in %
RM1 1932 £19 - 16.7+0.3 - 8.6+02 -
HM1 2006 + 26 +3.8 151 +04 —9.6 73+02 —15.1
MP1 1893 23 -2.0 175+ 0.3 +4.8 91402 +5.8
MP1.5 1809 + 18 —6.4 185 +£0.2 +10.8 10.1+0.1 +17.4
MP2 1688 + 28 —126 19.1+0.2 +14.4 108+ 0.1 +25.6

The hemp shive and the fiber of date palm are capable of absorbing two or three times
their weight in 10 min when they are immersed at a saturation level of 95% [89,146]. In con-
trast, the flax and miscanthus particles can reach three times their weight in 48 hours [38,39,75].

The conclusion that can be drawn from the comparison of these biobased materials is
that there are several parameters that directly influence the absorption rate and percentage
of a mix: the type, physical and chemical composition, fiber content, and particle size of the
plant aggregates.

5.1.2. Moisture Buffering Value

The moisture buffering capacity is a hygroscopic parameter by means of which
moisture-bearing materials in contact with the ambient air adsorb and desorb humid-
ity to achieve an equal balance with the relative humidity of the ambient space [147].
There are a number of methods for measuring the buffering capacity of moisture, such
as the Japanese standards [148], the Nordtest protocol [141], the method proposed by
Padfield [149], the ISO standard [150], and the concept of the ultimate buffering value of
moisture [151]. The cumulative amount of humidity buffered by the moisture-absorbing
surface material at any time can be obtained from the quantity of water created less the
water removed by all the moisture removal mechanisms [152] (Figure 16).

Hemp concrete exhibits an impressive moisture buffer value (MBV) of 2 g/(m?-%RH),
significantly exceeding the traditional concrete’s MBV of 0.37 + 0.04 g/(m?-%RH) [147,153].
The MBV measures a material’s ability to absorb or release moisture in response to changes
in relative humidity levels [107]. A higher MBV indicates a greater capacity for regulating
ambient humidity. Unlike traditional concrete, hemp concrete maintains stable relative
humidity and temperature conditions, unaffected by its moisture absorption or desorption
behavior. MBV values vary based on application methods and thickness. For example,
Lelievre et al. [154] recorded a value of 2.3 g/(m?-%RH), while sprayed and cast hemp con-
crete yielded approximately 2.14-2.15 g/(m?-%RH), respectively [155,156]. The dynamic
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moisture behavior of hemp concrete allows for significant humidity absorption, which can
reduce energy consumption for cooling. When cycled daily between RH levels of 33% to
80%, with densities ranging from 405 to 510 kg/m?, hemp concrete demonstrated a notable
mass gain exceeding 110 g/m? and a steaming depth of over 4 cm [90].
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Figure 16. Moisture accumulation in the test room resulting from moisture generation and removal
by ventilation, air leakage, and diffusion through test walls [144].

Flax concrete, a natural material, exhibits a high moisture buffer value ranging from
2.03 to 2.82 [69]. Higher F/B ratios result in increased equilibrium water content, especially
noticeable at RH levels exceeding 90%. Flax shives have an impressive absorption capacity,
able to absorb up to three times their weight within 48 h. The adsorption capacity of flax
concrete is closely related to the amount of flax shives present. Interestingly, the size of
the flax shives does not significantly affect sorption isotherms. Instead, they enhance the
porosity of flax concrete between particles, altering the material’s microstructure and pore
sizes. When fine pores dominate the microstructure, water may be trapped inside due to
the “ink-bottle effect”, resulting in a larger hysteresis curve [69]. The moisture buffer values
for various materials are shown in Figure 17. Table 11 provides a summary comparing the
moisture buffering properties between hemp concrete and flax concrete.
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Figure 17. Classes of moisture buffer values from negligible to excellent [147].
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Table 11. Comparison of moisture buffering properties between hemp and flax concrete.

Material

Hemp Concrete Flax Concrete

Moisture Buffer Value (MBV)

2g/ (m?-%RH) 2.03 to 2.82 (range)

Application Methods and Thickness

Varies; sprayed: 2.14-2.15 g/(m?-%RH),
cast: 2.14-2.15 g /(m?-%RH)

Equilibrium Water Content

Stable, unaffected by water saturation or

Increased with higher F/B ratios, especially noticeable at
desorption behavior

RH > 90%

Absorption Capacity

Significant, reduces energy consumption

associated with cooling Absorbs up to three times its weight within 48 h

Influence of Dimensions

Enhances porosity, alters microstructure and pore sizes

Hysteresis Curve

Larger hysteresis curve possible due to “ink-bottle effect”
trapping water in fine pores

According to moisture buffer value classes ranging from negligible to excellent, hemp
concrete and flax concrete are considered to have excellent moisture buffer values. These
values depend strictly on the percentage of plant aggregates present in the material. Flax
concrete exhibits a higher MBV than hemp concrete because flax absorbs a higher percent-
age of water compared to hemp shives.

5.1.3. Sorption Isotherms

The sorption/desorption test is one of the most widely known tests for studying
the hydric properties of a material. This test consists of placing the sample at a constant
temperature of 23 °C throughout the test and in a relative humidity increasing gradually
from 10 to 90% HR for the sorption protocol and decreasing gradually from 90 to 10%
HR for the desorption protocol. This test follows the standard NF EN ISO 12571 [157].
Fabbri et al. [158] studied the effect of the percentage of hemp in the mixture on sorp-
tion/desorption. Fabbri et al. [158] considered two formulations; the first is a formulation
with hemp shives mixed along with a binder (75% lime, 15% hydraulic binder, and 10%
pozzolanic), also known as Tradical PF 70. The second formulation is made with a binder
developed by ParexGroup. In order to study the hydric properties, both formulations were
tested by sorption/desorption tests at two different temperatures, 23 °C and 40 °C. The
results show that the higher the percentage of plant aggregates in the mix, the higher the
sorption value. Similarly, the increase in temperature had a direct influence on the percent-
age of water content. In fact, the percentage of water content for the same formulation was
higher at 23 °C than at 40 °C, as illustrated in Figure 18 [159-161].
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Figure 18. Sorption/desorption curves obtained at 23 °C and 40 °C for the formulation (HC1:
hemp /binder = 0.33; HC2: hemp/binder = 0.42) [158].
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The isotherms of flax shive concrete were assessed for three different mixtures, with
three samples for each mixture, as studied by Benmahiddine et al. [69]. In the mixture
with an addition of 17.5% of the weight of the binder by flax shives, the water content was
16%. Conversely, in the mixture with an addition of 11.5% of the weight of the binder by
flax shives, the water content was 11%. These findings indicate that, for the same relative
humidity, the water content increases as the flax/binder ratio increases. This is attributed
to the high absorption capacity of plant flax particles, which can absorb up to three times
their weight in 48 h.

In the study of Haba et al. [139], the sorption isotherms of date palm fiber were studied
in order to investigate the influence of date palm fiber on the sorption of the composite.
The percentage of water absorbed by the material depends on the percentage of palm
fibers contained in the mixture. The curve shows that the maximum percentage of water
absorption depends on the proportion of palm fibers contained in the mixture.

In conclusion, flax concrete absorbs more water than hemp concrete. Hemp concrete
with 50% hemp shives absorbs 17% of water by weight, while flax concrete with 17.5%
absorbs almost the same volume. This significant variation is due to the higher water
absorption rate of flax shives than hemp shives.

5.2. Thermal Properties

Thermal properties are characterized by many parameters; the main parameters are
thermal conductivity and specific heat capacity. A green building is not conditioned only
by the strength of its materials, but also by the thermal behavior of the materials. Thermal
conductivity is a function of density, porosity, moisture content, and temperature.

Thermal conductivity is the measure of a material’s conduction of heat. Thermal
conductivity is one of the most important properties that characterize the thermal behavior
of materials [69]. This parameter is measured by several methods: the guarded hot plate
method, the hot wire method, the heat flow meter method, and the transient plane source
with hot disc. The most widely used is the heat flow meter method, which involves placing
the material between two plates at two different temperatures to determine its ability to
resist heat [162].

Natural fiber has low thermal conductivity, indicating that it can contribute to a
reduction in the transmission of heat through the material. Thermal conductivity of
hemp concretes is characterized by high-performance values. For roof insulation and
wall construction, it ranges from 0.06 to 0.09 W/m-K, while for prefabricated structures,
it ranges from 0.14 to 0.27 W/m-K, as shown in study [22,142]. Hemp fiber has a low
thermal conductivity, which means it can help reduce heat transmission through the
material. This can be useful for structures requiring thermal insulation, such as external
walls or roofs. These natural fibers added to concrete mixes can improve the thermal
insulation of the material and reduce heat loss. Thanks to its low thermal conductivity,
hemp can also help maintain a constant temperature inside the building, reducing heating
and cooling requirements.

Thermal conductivity depends on many parameters like density, moisture content,
and temperature [163]. According to Arnaud et al. (2013) [164], the thermal conductivity
(A) of hemp concrete ranges from 0.06 to 0.18 W/m-K for a dry specific gravity between
200 and 800 kg/m3 [164]. The thermal conductivity of hemp concrete will be affected by
the quantity of fiber, which will have an impact on density. There is considerable research
evidence that, regardless of the mineral binder selected or the porosity, the higher the binder
content, the higher the thermal conductivity [164]. The thermal performance also improves
with increased humidity and temperature, whereas mechanical characteristics increase with
greater density [41,99,119,165,166]. Therefore, for a hemp percentage by weight between
20% and 40%, the concrete density decreases on average from 611 to 369 kg/m?, and thermal
conductivity from 0.14 to 0.094 W/(m-K) [163]. A 45% reduction in energy consumption
was reported when using hemp concrete instead of cellular concrete [167].
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Solid and liquid phases are both responsible for the transfer of heat, and conduc-
tivity improves with humidity [100]. The results proved this assumption with a light-
density hemp concrete of approx. 200 kg/m?, wherein the thermal conductivity in-
creased from 0.06 to 0.085 W/ (m-K) between relative humidity (RH) = 0% and RH = 50%,
reaching 0.10 W/ (m-K) with RH = 75%. The average densities of approximately 450 kg/ m3
increased thermal conductivity by 10% from 0.10 to 0.11 W/(m-K) between RH = 0% and
RH = 50%, reaching 0.13 W/(m-K) with RH = 75%.

The low density of hemp concretes has increased their thermal resistance even further,
by as much as 40% between 0 and 50% relative humidity. Specific heat increases in
accordance with the amount of humidity absorbed. The open porosity of hemp concretes
allows them to control the humidity of the internal air. In this way, their macroporosity
makes a greater contribution to their permeability than that of the micropores with different
types of binders, particularly when compared to hemp concretes with hydraulic lime, air
lime, and Portland cement [140]. For instance, the thermal conductivities of the solid (hemp
shive) and air phases are of the order of 0.5755 and 0.025, respectively W/(m-K) [168].
Therefore, hemp has thermal conductivities of 0.089 and 0.1229 W/(m:K) in the transversal
and longitudinal directions of the particle, respectively [169]. The HFM 446 is commonly
used to measure the thermal conductivity of a material. Figure 19 illustrate the upper and
lower plate and their positioning during installation measurement.

Hot plate
Cooler

Sample
Electrical heater
Copper colil
Thermocouples
Thermopile
Insulation

Figure 19. Apparatus used to measure the thermal conductivity [170].

The thermal analyses of hemp concrete conducted in many research units show a scale
of insulation values varying from 0.22 K m?/W to 0.40 K m? /W in low-density 200 kg/m?
to medium-density 400 kg/m? wall insulation mixes [167]. Table 12 is a summary table
of the thermal conductivity of hemp shives as a function of saturation levels. There is an
increase in thermal conductivity as a function of the quantity of fibers and the orientation
of the fibers in the transverse orientation compared to the longitudinal one [122].

The mean thermal conductivity of “typical” flax concrete is around 0.100 W/ (m-K),
considerably lower than that of other building materials like concrete cement, valued at
0.12 W/ (m-K) [171-173]. This value validates the isolating capacity of concrete with flax
shives.

In addition, we found that the flax concrete’s thermal conductivity has been established
to decline with the level of flax shives used. This decrease can easily be attributed to the
increased density and porosity of flax concrete, which improves with the quantity of flax
shives, as the thermal conductivity of air is smaller than that of the flax and binder [69].



Eng 2024, 5 1013
Table 12. Thermal conductivity of hemp shives formulated with different binders.
Authors Binder Composition Density (kg/m®)  Thermal Conductivity (W/(m-K))

200 0.06 to 0.085

[100] Air lime 63%; hydraulic lime 37%
450

[142] Air lime with pozzolanic 611 to 369 0.14 t0 0.094

[164] - 200 to 800 0.06 to 0.18

[170] Tradical PF 70: 75% air lime with 15% hydraulic and 10% ) 01

pozzolanic binders

This reduces heat transmission, which in turn reduces the material’s thermal conduc-
tivity. Another parameter that has a direct influence on thermal conductivity is the size and
shape of the flax fiber [69]. Several literature reviews have demonstrated that the thermal
conductivity of natural fiber material is lower in the transverse direction than in longitu-
dinal direction. The reasons for choosing this approach are the anisotropy of the natural
aggregate and its longitudinally organized porosity [54,168,169,174]. This arrangement
leads to lower heat transfer in transverse orientations because the large pore spaces have a
much lower thermal conductivity than the solid phase cell walls of the particles.

In addition to their study on the effects of adding a percentage of palm fiber on
mechanical properties (two sizes), Benmansour et al. [77] studied the effect on thermal
properties. Thermal conductivity was measured using the hot wire method.

Thermal conductivity decreases with date palm fiber content. In the reference sample,
the thermal conductivity was of the order of 0.83 W/(m-K), and this value decreased to
0.075 W/(m-K) after an addition of 30% in all three cases. This sharp drop in thermal
conductivity in the blend with a high percentage of date palm is due to the very low
thermal conductivity of date palm (0.083 W/ (m-K)). The decrease in thermal conductivity
as a function of the percentage of fiber addition for the three different fiber sizes is illustrated
in Figure 20.
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Figure 20. Thermal conductivity of mixtures with 3 different sizes; MDP3: (diameter of 3 mm), MDP6:
(diameter of 3 mm), and MDP mix: (diameters between 3 and 6 mm) and several percentages of date
palm fiber [77].

Specific Heat Mass

The thermal properties of plant-based concrete are characterized by its thermal conduc-
tivity (the thermal conductance of a material) and specific heat (the ability of the material
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to store heat). Plant-based concrete has a higher Cp value than traditional concrete due to
the presence of plant material, which has a high Cp value.

Based on Evrard (2008) [52], the specific heat capacity of hemp concrete is around
1500 J/kg-K when dry, rising to over 2900 J /kg-K at around 99% relative humidity (RH) [54].
By comparison, concrete made from traditional cement has a specific heat capacity of
800 J/kg-K to 1200 J /kg-K [23].

6. Durability of Building Materials Incorporating Biomass

Evaluating material durability can be achieved through on-site assessments, involving
exposure to natural climatic conditions, or through accelerated ageing tests conducted
in laboratory settings [170]. There has been limited scientific research into the durability
of materials made from natural fibers and hydraulic or mineral binders. Hemp concrete
has a good performance in all the durability tests except for the freeze/thaw test [23].
Such studies are not available in abundance, as very few studies have been performed. A
hydraulic binder with hemp shives is suitable for reinforcing the composite against the
wetting/drying and freezing/thawing cycles.

For the construction field, it is important to remember that concrete is part of the
building system and must be protected inside and out by a coating. When applying this
type of construction, it is necessary to be aware of the influence on the water content.

Hemp shives are rich in cellulose and lignin components. They are sensitive to
moisture, and hemp concrete can age in a damp environment. These problems of durability
may be due to a decrease in the mechanical, thermal, or acoustic performance caused by
the alkaline degradation of the hemp fibers, the mineralization of the plant fibers, or the
expansion caused by the absorption of water or the growth of micro-organisms [175].

The durability of plant-based concrete was examined using various tests: resistance to
freeze/thaw, resistance to salt exposure, biodeterioration, and wetting/drying.

6.1. The Influence of Wetting and Drying Cycles on the Mechanical and Hygrothermal Behavior

Wetting /drying is one of the most important tests for measuring the durability of
concrete, and the immersion/drying test is one of the tests applied to measure the dura-
bility of plant-based concrete. This test is not standardized, but there are several stud-
ies that have investigated the effect of immersion/drying on mechanical, thermal, and
hydraulic properties.

This test consists of immersing the samples in water for a certain period; this period
is not specified, but between 24 and 48 h is considered appropriate, and the samples are
then dried either at room temperature or in an oven (this time is between 24 and 72 h). The
time it takes for a sample of hemp concrete or plant-based concrete to become saturated
is between 24 and 48 h. This time varies according to the type of binder used, the fiber
content, and the shape of the sample.

Samples of hemp concrete (34% binder and 16% hemp shives) are immersed for 48 h
and then dried for 72 h in a 50 °C oven [170]. This cycle is repeated 10 times, with the test
being completed over a period of 40 days. Samples are immersed/dried and reference
samples are tested in order to compare them and to study the effect of this test on the
mechanical characteristics.

Physical properties are mainly characterized by bulk density, absolute density, and
open porosity. In order to study the effects of the immersion/drying test, the open porosity
is determined before and after the wetting/drying test. According to study [170], a formu-
lation with the binder Tradical PF 70 (a binder is defined as a commercial binder when it is
composed of 75% air lime with 15% hydraulic and 10% pozzolanic binders) and 50% of
the weight being hemp shive was studied. The total porosity was measured in samples
that had dried under ambient conditions (21 £ 2 °C and 50% RH) and in samples that had
undergone immersion/drying. The results show a slight increase in porosity from 71.57%
to 73.4%, with this slight increase caused by cracks on the binder/hemp shive interface and
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an eventual dissolution of the hydrates initially present in the dough. The decrease in the
percent of total porosity is shown in Figure 21.

73.5 - 73.4
I
— = 0,
S 73- £=2.64%
-
>
=
w
E 72.5 4
[=]
=%
E
e 72 4
[
71.51
71.5 -

71 -

Unweathered Weathered

Figure 21. Total porosity of weathered and unweathered hemp concrete [170].

6.1.1. Mechanical Properties

Mechanical properties are some of the properties that are studied after durability,
whatever the materials considered, whether insulating or structural. The parameters that
have influence on compressive strength are the shape of the sample tested, the type of
binder, the type of plant aggregates added, the percentage of plant aggregates added, and
the percentage of water added. All these parameters have an influence on the density of the
sample, and the compressive strength of the sample is related to the density of the sample.
The compressive strength of a material considered to be insulating does not exceed 2 MPa
at 28 days [92,170,176]. The compressive strength of samples made with air lime or PF 70
(a binder is defined as a commercial binder when it is composed of 75% air lime with 15%
hydraulic and 10% pozzolanic binders) with 50% of the binder mass mixed with hemp
shives was around 1 MPa at 28 days [92,170,176].

With the aim of studying the durability of this material, a compressive strength
test after the immersion/drying test was measured by several researchers [170,176]. A
very significant decrease was observed in the compressive strength of samples made
with PF 70 (a binder is defined as a commercial binder when it is composed of 75% air
lime with 15% hydraulic and 10% pozzolanic binders) and hemp shives [170] in that the
compressive strength decreased by 51%, from 0.94 MPa, for the sample that did not receive
the wetting /drying test, to 0.46 MPa for the sample that received accelerated ageing. This
decrease in compressive strength was probably due to cracks caused by the swelling and
shrinkage of the hemp shives and can be explained by the sharp increase in the percentage
of porosity. The compressive strength is determined by two factors: the load velocity and
the deformation percentage. Compressive strength is at its maximum when the sample is
completely crushed. Figure 22 shows hemp concrete at the moment of crushing (maximum
deformation reached).



Eng 2024, 5

1016

Figure 22. Typical failure of hemp-lime concrete under an axial compressive load [92].

6.1.2. Hygrothermal Properties
e  Thermal conductivity

Thermal conductivity is the ability of a material to resist temperature. This parameter
is measured by several methods, the most common of which is the heat flow meter. This
apparatus is used by placing the sample in the machine and adjusting the temperatures
of the bottom and top plates of the sample, followed by directing a flow of heat from
the top plate to the product and then measuring the resistance capacity of this material.
Figure 23 shows the apparatus used to measure this parameter. The figure shows the
bulk-filled sample at top left and the plate-shaped bio-composite sample at top right, ready
for measurement in a Netzsch HFM 446 Lambda Small instrument (Institute of Materials
and Structures at Riga Technical University in Latvia, Riga, Latvia).

The distribution can differ if the shives or fibers are distributed in the longitudinal or
transversal direction [48,49,177]. A decrease of 6.63% was found in thermal conductivity
between the specimen under laboratory conditions (21 =+ 2 °C and 50% RH), when the value
of thermal conductivity was 0.10094 W/(m-K), and that of the samples after application
of the wetting/drying test. This decrease was due to an increase in the percentage of
porosity [170].
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Figure 23. Loosely filled bulk specimen above left and plate-shaped bio-composite specimen above
right, ready for measurements in a Netzsch HFM 446 Lambda Small instrument. The graph at the
bottom presents the A values as measured at different average temperatures [178].
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e  Water vapor permeability

This parameter gives a criterion as to whether the material used will be water-
insulating or not. Resistance to water vapor permeability depends on several parameters,
for example, in the case of plant-based concrete or vegetable concrete, its resistance depends
on the type of binder, the biobased materials, and their percentage in the formulation. The
resistance to water vapor diffusion for a formulation with natural hydraulic lime (NHL
2 binder) and a density of 476 kg/m> was 2.6 x 10~!1; for a formulation with the same
fiber and the same percentage of natural fibers but with a different binder (NHL 3.5), the
density of the formulation increased to 563 kg/m?, and the resistance factor increased to
3.6 x 10711 kg/(msPa) [122].

The water vapor permeability or the diffusion resistance factor is measured after the
application of the immersion/drying test to study a sample’s performance against durabil-
ity. To this end, samples manufactured with PF 70 (Tradical PF 70) and an addition of 50%
of the binder mass of hemp shive were subjected to the diffusion resistance factor and water
vapor permeability test before and after the immersion/drying test. The results show a very
large increase in water vapor permeability from 2.85 x 10711 to 3.94 x 10~!! kg/(msPa).
This increase was reflected in a sharp drop in the diffusion resistance factor, which fell from
6.88 to 4.99.

e  Sorption isotherms

Plant-based concrete is recognized for its thermal and hydric properties. These proper-
ties are of particular interest thanks to the high hygrothermal properties of natural fiber.
The hygric properties, such as thermal properties, are linked to and dependent on the
binder type, the interaction of binder and fiber, the type of fiber, and the percentage of
fiber in the mix. Several parameters are known for the study of the hydric properties of
a material, one of which is the sorption/desorption test. This test consists of placing the
sample in a constant temperature (23 °C) and a humidity of 10%, and then it assumes
five humidity values varying between 10% and 90% of sorption and five values between
90% and 10% of desorption. This test is standardized under the international standard
NF EN ISO 12,571 [157]. The samples were placed into this machine with a temperature
set at 23 °C, and the machine was connected to a computer with a software package that
tracked all the calculation points and gave us a sorption/desorption graph when the test
was finished.

Sorption isotherms have also been tested by [170]. This test was applied to samples
that had undergone the immersion/drying test and reference materials, which had dried at
room temperature. The moisture content of the reference materials was more interesting
than that of the samples, with respect to the size and random distribution of the shives, as
well as the reduced water absorption capacity and reduced water storage capacity of the
shives in weathered hemp concrete. The random distribution of pore sizes can cause water
to be retained in small pores because of the “ink bottle” effect [179,180]. The conclusion that
can be drawn is that hemp concretes lose their ability to absorb water and subsequently
become less hydrically resistant.

6.2. Resistance to Freeze/Thaw

Freeze/thaw resistance is one of the most widely used parameters for measuring
a material’s durability. The resistance of lime mortar or hemp concrete is tested by the
standard EN 15304:2010 [181]. This standard involves subjecting the nine-month samples
to 10 freeze/thaw cycles between —15 and 20 °C.

The effects of freezing/thawing are most severe in conditions close to saturation, as
the expansion of the ice is then the most damaging. The samples were, therefore, soaked
for 48 h before being frozen, with 90% of the water being absorbed. In addition, to ensure
that the quantity of water was close to saturation, the samples were submerged for 12 h
at the end of cycles 4 and 8 [92]. The freeze/thaw test was applied to two materials,
which were then formed into cylindrical specimens, one made from alkali aluminosilicate
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cement and the other from Portland cement. The results show that the cylinder made
from Portland cement was more affected and sensitive to this test than the one made from
alkali aluminosilicate (Figure 24), and the compressive strength of Portland cement is
lower than that of alkali aluminosilicate because their microstructure is affected by the
freeze/thaw test.

concrete

Freeze-thaw
cycles

Freeze-thaw
cycles

cement concrete

/Alkalialuminosilicaa / Portland cement \

Figure 24. Results of freeze/thaw test on alkali aluminosilicate and Portland cement concrete [182].

6.3. Resistance to Salt Exposure

There are currently no standards for assessing the resistance of hemp-lime concrete
manufactured with hemp shive and hydraulic lime to exposure to salt. The samples
produced 9 months previously were treated with a salt solution in an SC1000 salt spray
chamber with an open lid. Resistance to salt exposure was measured by regularly dis-
persing a solution of NaCl in the form of small drops through nozzles in the chamber
for 12 h, followed by 12 h of drying. The concretes underwent 4 weeks of cycles (the
first 2 weeks at 20 °C and the rest at 40 °C). They were dried for 2 months, and their
compressive strength was measured [92]. An example of the test’s application is shown
in Figure 25. Three cubic specimens (10 x 10 x 10 m®) were semi-immersed in a box
containing 5.0% NaySO4 with a pH between 6 and 8 at 25-30 °C. Based on the changes
in mass loss, compressive strength, relative dynamic modulus of elasticity, and surface
morphology of the concrete samples, the resistance to sulfate attack is ranked as follows:
C25 > C25 + 8.0% AS >C25 + 6.0% AS >C25 + 8.0% AF >C25 + 6.0% AF>C25 + 3.0% AR
>C25 + 5.0% AR (alkaline accelerator based on sodium aluminate, AR; alkali-free accelera-
tor based on fluoroaluminate, AF; alkali-free accelerator based on aluminum sulfate, AS).

100mm x100mm x 100mm Vent hole
Concrete specimen

Surface cover
/’ 7/: '/; 7/: ;‘ ;/ Controller.

5.0% Na,SO.
- "” 5 SRC | e Drying of concrete specimens ‘
T =

Insulation wall

/ Sulfate attack test vessel

Dry-wet cycle test of sulfate attack on concrete

Figure 25. Diagram of the semi-immersion and dry/wet test for sulfate attack on shotcrete [183].

This shows that the addition of liquid accelerators has a negative impact on the sulfate
resistance of concrete. Furthermore, under both sulfate attack conditions, the concrete
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sprayed with 5.0% RA was the most severely degraded, while the concrete sprayed with
8.0% SA showed the highest resistance to sulfate attack.

6.4. Biodeterioration

There are several tests available to measure the durability of a material on a laboratory
scale. One of these tests is the biodeterioration test.

This test is directly related to the choice of cement, which has an influence on the
durability of the composites used (concrete, mortar....). Alkalis contained in cement or other
concrete constituents can cause chemical reactions with certain aggregates.

To this end, De Muynck et al. [184] measured two concrete samples. One was submit-
ted to eight cycles of the microbiology test. Two different tests were conducted, at different
times. The first test series (RC, CC, EC, PUL, and WGC sewer pipes) and the second (RC,
FC, and ZC laboratories) involved, respectively, eight and four accelerated test cycles.

The cycle was divided into four steps:

(1) H,Simmersion in a recipient holding approximately 200 ppm H,S for 2 days;

(2) Immersion in a recipient containing 1.5 L of mixed SOB cultures obtained from a
sewer pipe biofilm [185] (composition of the medium: 10 g/L elemental sulfur, 3 g/L
KH,POy, 0.1/L NH4Cl, 0.1 g/L MgCl-6H,0, and 0.14 g/L CaCl-2H,0) for 10 days;

(3) Immersion in a container containing distilled water for 2 days;

(4) Drying at room temperature for 1 day. The vessels from the second and third steps
were put on a rotatory shaker at 90 rpm. The other specimen was stored at normal
temperature. The results show that a loss of cement paste is clearly visible (Figure 26),
in contrast to the residual aggregates, which were unaffected.

Figure 26. A sample of the concrete before (A) and after (B) eight cycles of the microbiological test.
A loss of cement paste is clearly visible, while the aggregate remains relatively unaffected [184].

7. Discussion

The research presented provides a thorough examination of biobased concrete materi-
als derived from various sources such as hemp, flax, date palm, seaweed, and miscanthus.
Despite their advantages in energy-efficient construction, biobased concretes generally
exhibit lower mechanical properties compared to conventional concrete due to decreased
sample density [77]. Compressive strength, a critical mechanical property, varies based
on the type and percentage of plant aggregates used, as well as the binder employed. For
instance, hemp concrete with a 2:1 mix ratio (binder to hemp shives by mass) typically
ranges from 0.2 to 1.2 MPa [92,93,95,96,115], while flax concrete typically falls between
0.6 and 1.2 MPa after 28 days [69]. Variations in compressive strength are often linked
to differences in mechanical properties between the types of plant aggregates used [133].
Generally, the introduction of plant aggregates decreases the density of the concrete mix
and subsequently its compressive strength due to factors such as low mechanical strength
of the aggregates, increased porosity, and compromised fiber /matrix adhesion [85].



Eng 2024, 5 1020

Biobased concrete is known for its low thermal conductivity and high water absorption
capacity. For example, hemp concrete typically exhibits a thermal conductivity ranging
from 0.06 to 0.18 W/(m-K) [41,99,119,165,166], while flax concrete has even lower values,
around 0.057 W/(m-K) [54]. Additionally, the addition of date palm fibers can significantly
reduce thermal conductivity, with an observed reduction of 30% in a sample’s conductiv-
ity [51]. Concrete materials based on biomass have unique characteristics that influence
their durability and weather resistance. While they may offer frost/thaw resistance com-
parable to conventional concrete, their behavior regarding carbonation and cracking may
vary depending on the types and percentages of plant aggregates used. Research has
shown that certain biomass-based concrete materials, such as those containing hemp or
flax, may exhibit increased resistance to carbonation due to their chemical composition
and specific porosity [186]. However, they may also be more prone to cracking due to their
low elasticity modulus and moisture absorption capacity, necessitating specific design and
formulation to ensure long-term durability [187]. Environmentally, biomass-based concrete
materials offer significant benefits, including plants’ ability to absorb carbon dioxide dur-
ing growth, thereby reducing the overall carbon footprint of constructed structures [188].
These materials also pave the way for new applications in sustainable construction, such as
thermal insulation, construction panels, and even structural elements, although challenges
remain, including raw material availability and the standardization of formulations to
ensure consistent performance [189].

8. Conclusions

All plant-based materials inherently absorb water, affecting their water diffusion
resistance. For instance, hemp concrete demonstrates a resistance of 2.6 at a density of
476 kg/m?3 [23], whereas palm concrete has a higher resistance of 4.4 [139]. Various factors,
including binder and aggregate types and percentages, influence water absorption rates [23].
Despite differences in properties among plant aggregates, determining the optimal material
for mechanical, thermal, or hydric performance remains challenging. Generally, adding
plant fibers reduces formulation density while increasing porosity, thereby enhancing
thermal properties but reducing water resistance.
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