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Abstract: Enhancing the use of natural fibre for geotechnical purposes has attracted greater attention
in the past decade, mainly because of the tangible benefits that this green approach would bring to
our sustainable infrastructure developments. While this topic has been subjected to often sceptical
review or discussions, they usually focus on narrow aspects such as soil reinforcement, resulting in a
lack of thorough assessment over different aspects and applications. The current paper hence aims to
not only provide a more balanced review between theoretical concepts and practical perspectives,
but also to link different functions of natural fibre that would facilitate design effectiveness. Three
major geotechnical purposes of natural fibre in terms of the practice are identified and discussed, i.e.,
(i) soil reinforcement; (ii) enhanced drainage for soil consolidation; and (iii) filtration, separation and
erosion controls. In these distinct applications, natural fibres, despite being used in different forms
such as geotextiles, drains and individual fibres, often give significant contributions to improving soil
structures, resulting in greater stabilization of the entire system. The key unique feature of natural
fibres is their ability to generate biological bonding with soil media (i.e., biodegradation associated
with reinforcement), while substantially improving the tensile strength of the soil structure, thus
providing larger resistance to mud pumping, liquefaction, internal instability and erosion. Apart
from successful findings and applications in practice, main challenges that are currently hampering
the wider application of natural fibres will be addressed in this paper.

Keywords: fibre-reinforced soil; biodegradable PVDs; erosion control; filtration; natural fibre drains;
fibre composites; slope stabilization

1. Introduction

The term “geosynthetics” is normally used to imply synthetic products for geotechnical
purposes, for example, prefabricated vertical drains (PVDs) are used widely nowadays
for accelerating soil consolidation, while geogrids are commonly used to reinforce soil
structures such as retaining walls and foundations [1-3]. The majority of geosynthetics are
made from synthetic (artificial) polymers such as PVCs, PE, PP, etc., which are sub-products
of the petroleum industry. For example, PP (polypropylene), which is the second-most
widely produced plastic and is commonly used for geogrids and cores of PVDs, is made by
polymerization of propylene extracted from petroleum. Despite an increasing role of these
materials in the development of infrastructures, they are now seen as a considerable factor
causing deteriorations to our sustainable living and natural environment. Firstly, the wider
use of fossil-based materials means more exploration of oil and thus the associated oil
processing industry that leads to a huge emission of greenhouse gases (i.e., approximately
40% of the total greenhouse gases from production of rubber and cement, according to [4]).
Secondly, most geosynthetics take a long time, e.g., several hundreds of years, to decompose.
Further, once they are decomposed, they generate nano- and micro-plastics which can cause
serious disturbances to the ecosystem and also pose significant risks to human health [5].
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Plastic wastes including geosynthetics have thus been listed as one of the most serious
issues that the human race is facing in the 21st century.

The use of green materials and technologies has received greater attention in re-
cent decades across various engineering sectors including geotechnical matters. Many
sustainable approaches such as using recycled and biodegradable materials for ground im-
provement have been investigated extensively in recent years with considerable outcomes
that have successfully been transferred into practice [6]. Among those, natural fibres such
as jute and coconuts have shown their unique and excellent engineering characteristics
that can be used effectively to not only improve soil conditions but also to bring immense
benefits to the natural environment. For example, coir (coconut fibre), which is abundant in
many countries, especially Southeast Asia, has a large content of lignin (35-45%), making
these fibres resist biodegradation very well [7,8]. The tensile strengths of jute and coconut
fibres are relatively high (i.e., 100 to 860 MPa), which enable them to be highly valuable in
enhancing soil resistance to tension-induced failures such as cracks and liquefaction. In
addition, there are various natural fibres that can be employed for geotechnical purposes;
they are listed in Table 1 with their major biochemical and engineering features.

Table 1. Key biochemical and engineering properties of common natural fibres used in geotechnical
engineering [9-12].

Biochemical Components (%) Key Engineering Properties
Fibre Name Cellulose Hemi-Cellulose Lignin Density (kg/m®) Water Absorption (%) Tensi(l;/[%t;)e ngth hﬁﬁ&lﬁs{?&gﬁ’ )
Jute 56-71 29-35 11-24 1100-1500 12-105 250-860 10-30
Coir 32-51 11.7-21 31-45 870-1520 95-180 100-225 3-6
Hemp 67-78 5.5-16.1 2.2-3.7 1140-1500 8-9 270-920 30-70
Bamboo 40-55 18-20.8 15-32.2 600-1225 40-52 140-1000 33-40
Rice straw 38-59 36 20.6-22 450 348 - -
Palm 32-35 24-28 26.5-28.9 1300-1460 1-10 21-400 26-32
Flax 62-72 18.6-20.6 2-5 1500 7 345-1500 27.6-80
Kenaf 70 3 19 1040-1400 307 223-1000 136
Wheat 30 50 15 800-900 280-350 - -
Sisal 57-71 16 11 700-1450 56-230 280-750 9-56
Water Hyacinth 45.6 21 11.3 700 - 315 -

Although past studies [9,13-15] have provided reviews on the engineering applications
of natural fibres, there is still a lack of thorough assessment on the use of natural fibres
for multiple contexts of geotechnical engineering. In fact, previous review papers only
look into specific applications such as soil reinforcement [13,14], soil consolidation [16],
erosion and filtration [17,18], while none of them have assessed the role of natural fibres in
a wider context with their multiple functions. For example, when functioning as an erosion
controller, natural fibres can also contribute significantly to reinforcing soil, which requires
a more thorough consideration of multiple aspects of how natural fibres can influence
the applied soil environment. Further, many past investigations heavily concentrate on
biochemical, physical and manufacturing properties such as the size and sources of natural
fibres, but the mechanism and real applications in geotechnical engineering have not
received proper attention. This paper is hence developed to overcome those limitations
by giving a critical review into the existing findings and applications of natural fibres in
broader geotechnical contexts. Specifically, three major distinct applications are addressed
in this paper, while noting that they can be combined or co-exist for multiple purposes, i.e.:

(i) Reinforcement of soil fabric for enhanced shear resistance and stability,
(if) Acceleration of drainage for soil consolidation;
(iii) Erosion/filtration controls with vegetation promotion.
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The key concept and mechanism of the above well-recognized applications in geotech-
nical practices will be presented, followed by successful laboratory and field studies. It is
also important to emphasise that while natural fibres can significantly improve drainage
capacity, it is not considered as an independent application as it normally serves as a
facilitating factor to the genuine purposes such as soil consolidation and erosion controls.
Combinations of natural fibres with other soil stabilization techniques such as lime and
cement are not also covered in this paper due to their overly broad scope [19,20]. Major
challenges that are currently hampering this approach from wider success will also be
discussed in this paper for future research consideration.

2. Reinforcement of Soil for Enhanced Shear Resistance and Stability
2.1. Concepts and Mechanism

Natural fibres can be used to enhance the stability of soil via reinforcement and/or
drainage effects. Figure 1 represents the principal concept of this application, where fibres
are combined with soil elements to form a new soil-fibre composite for greater shear
strength and tensile resistance. In this application, fibres alter soil structure (fabric) so that
the external load will be borne by both soil skeleton and fibre networks. There are three
major positive effects that natural fibres can bring to the soil matrix, i.e.:

(i) Enhancing internal friction by adding soil-fibre interlocking and interface resistance
(Figure 1a);

(ii) Bearing tensile stress while reducing the load distribution to the soil skeleton, thereby
mitigating soil deformation under non-uniform loading such as earthquakes and
transportation (Figure 1b);

(iii) Generating biological bonding (via microorganism activities) between soil and fibre
elements in the long run (both Figure 1a,b).
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Figure 1. Cont.
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Figure 1. Improvement mechanism of fibre-reinforced soils: (a) interaction between fibres and soil
particles and (b) effects of fibres on tensile resistance of soils.

In the mechanism (i), the inclusion of fibre elements can significantly prevent soil
particles from displacement under loading, thus reducing soil deformation and promoting
its bearing capacity. Furthermore, as soil is normally a composite of individual particles
with relatively poor tensile resistance, natural fibres with significantly larger tensile strength
can compensate for this weakness of soil. Figure 1b demonstrates an example where the
tensile zone near the ground surface induced by cyclic traffic loads (e.g., heavy trains)
can be reinforced effectively by the inclusion of fibres. The tensile stresses are likely to
be transferred and borne by fibres, thereby reducing their distribution to soil particles as
well as tension-induced failures such as cracks and liquefaction, which is similar to other
synthetic fibre (e.g., polypropylene)-reinforced soils [21]. In the long run, organic bonding
between soil and natural fibres can be established due to the metabolism of microorganisms
around soil-fibre zones that further strengthen soil—fibre matrix.

It is important to note that there are basically two different ways to reinforce the soil
foundation using fibres. The initial task is mixing individual fibres with soil particles to
form a new soil-fibre matrix, and second is separately placing layers of fibre composites
such as geotextiles, meshes and mattresses to improve performance of the entire foundation
(Figure 2). In the first of these two approaches, fibre and soil elements work together
at a particle scale to resist loading, whereas the second context is where fibre and soil
layers are often separated and resist loading individually at a layer scale. For example,
the vertical loads induced by trains propagate over the depth of the track foundation, and
they are borne by different layers, e.g., subgrade and jute/coir geotextiles. In addition to
load bearing, the fibres in the second case usually act as filters for separation and erosion
controls, which will be elucidated later in this paper.
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Figure 2. Two different contexts of fibre-reinforced soils: (a) fibres interact with soil at a particle
scale (mixture of soil and fibre elements) and (b) fibres reinforce the soil foundation at a layer scale
(combined with filtration purposes).

2.2. Successful Research Findings and Field Applications

Natural fibres have been used to reinforce soils since ancient times; for example,
rice straws were commonly mixed with clay soil for foundation and walls of buildings
thousands of years ago in Asian countries such as China, India and Vietnam, among others.
However, considerable investigations were only documented around 100 years ago, and
most of them were mainly carried out in laboratory and pilot field scales. One of the very
first applications of natural fibres for geotechnical purposes was using cotton fibres to
reinforce road foundations [22]. On the other hand, jute burlaps were employed for road
subgrade in Dundee (UK) in the 1920s [23]. While there might have been applications
in practice since then, the attention to using natural fibres for soil stabilization has truly
happened in the recent 2 decades. The following are common issues that have received
great efforts:

(i) How can fibre help improve engineering characteristics of soil, including shear
strength, tensile strength, bearing capacity, internal erosion, filtration capacity, stability
and liquefaction resistance?

(i) What is the optimum fibre content?

(iii) How can fibre be combined with other techniques such as lime, cement and polymer
synthetics to enhance soil stabilization?

(iv) How does treated soil fibre behave with enhanced durability?

Extensive laboratory tests have been carried out in the past decade to clarify the above
questions; however, only representative investigations, which address different aspects of
fibre-reinforced soils, are included in this paper (Table 2). Basically, most studies agree well
that the inclusion of natural fibres can improve engineering features of soil significantly,
especially shear and tensile strengths. For example, Wang et al. (2019) [20] used large-scale
triaxial tests to examine shear strength of (wheat) straw fibre-reinforced clayey soil. They
found that when 0.4% by mass of straw fibres was added, the cohesion and friction angle
of soil increased by 13% and 17%, respectively, resulting in about a 38% increase in shear
strength. Sujatha et al. [24] adopted an unconfined compression strength test (UCS) to
investigate the influence of coconut fibres on a highly compressive clay. The results showed
that the shear strength increased by 51% when 0.75% by mass of fibres was used. In the
failure mechanism, they found that the size of cracks under shearing decreased significantly
as fibres took the majority of tensile stresses. Quantitatively, Tran et al. (2019) [25] reported
a 52.5% improvement in tensile strength, while Paul and Sarkar (2022) [17] showed a 23.71%
increase in CBR values when the optimum fibre content was used.
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Table 2. Representative state-of-the-art studies of natural fibre-reinforced soils in the past 15 years.

Past . . . Optimum Fibre .l
No Studies Soil Detail Fibre Name Content Key Findings
W Vertical deformation decreased from 25
1 Subaida et al. (2009) CH soil (LL 60 and oven Layer between gravels to 40%
[71 P125) c01r'l and subgrade Plastic deformation reduced in the order
geotextiles of 14 to 30% (large-scale model test)
. . Improved filtration by a factor of 1.55,
5 Bordoloi et al. (2017) ML soil, (LL 42, PI Jute, coconuft and water 1% by mass 1.75 and 2.65 using jute, coconut and
10 18 hyacinth y
[10] ) yacin water hyacinth, respectively.
3 Paul and Sarkar (2022) Sandy soil (SM), LL 50% coconut + 50% 0.3% by mass 26.41% increase in shear strength (UCS)
[17] 26.7 and P17 areca (30 mm length) 23.71% increase in CBR value
. 38% increase in shear strength
4 Wang Et;l. (2019) II){[%f;lzfl;gégL C517.1, Straw 0.4% by mass (undrained triaxial test, strain controlled,
(201 4, 36.8% Clay) confining pressure = 100400 kPa)
5 Sujatha et al. (2017) nghly 1 Coir 0.75b 51% increase in shear strength
[24] C?Rpggs;l‘lf)? ;8";)' (coconut) -/> by mass (unconfined compressive strength UCS)
Cemented silty soil: o . .
Tran et al. (2019) oy e 476.7% increase in energy absorption
6 [25] 4;t12]j/]<: igrie?)tl (183‘;; Corn silk fibre 0.25-0.5% by mass 52.5% increase in tensile strength
silt; 1, .
7 Zhang E Z]l (2021) ?S/Iég/aclggglsi rfilfe}; Jute 1.0% by mass 64% increase in shear strength (UCS)
Ma’ruf (2012 55% increase in shear strength (direct
8 a IFH(] 012) N/A Bamboo root 5% by volume she:u‘ test) &
Effective cohesion increases from 0 to
9 Moslemi et al. (2022) Sandy soil (D50 = Ligno-cellulosic (soft 1%b 36.6 kPa
[28] 0.21 mm) wood bleached pulp) o by mass 73% increase in peak deviator stress (CU
triaxial test)
Average width of cracks decreases from
Bu et al. (2023) al il (41.3% 38 to 7 and 11 to 5 pixels in the 1st and
ueta ayey sol i i 9 3rd wetting—drying cycles.
10 Sisal 0.6% by mass g-drying cy
(291 clay, LL 31.6, P117) Y Crack ratio also decreases substantially

with inclusion of fibres.

Note: While there might be many more studies, the above state-of-the-art studies are selected to provide represen-
tative aspects of various soil treatments and natural fibres to be presented.

In addition to those fibres which are intendedly mixed with soil, the use of tree roots
via vegetation can be classified into soil reinforcement using natural fibres [27,30]. This is
because of the similar structure and mechanism that tree roots can create and work with
soil under loading, for example, they are usually long and thin elements with high tensile
strength. The major difference between tree roots and normal fibres is the generation of
suction by trees that will significantly influence the total matrix suction of soil and improve
soil-root fibre bonding. Because of this distinct mechanism, this paper does not further
describe tree-root-reinforced soil, however, more details can be found in previous studies
in this regard [31]. Also, the combination of fibre with other soil stabilization methods
such as lime, cement and biopolymers has received greater attention as it can significantly
improve the limitations of the conventional methods such as low tensile strength and
brittleness [25,32].

3. Enhance Drainage for Soil Consolidation
3.1. Concepts and Mechanism

A composite of natural fibres such as fibre bundles and bands can have a significantly
large porosity with relatively strong resistance to compression, making them effectively
deliver pore water [33,34]. This is why the use of natural fibres to create fibre drains (also
known as biodegradable BPVDs) has attracted significant interest with considerable success
in practice. In this application, fibre drains are driven into the soft soil, similarly to the



Sustainability 2023, 15, 8603 7 of 18

conventional polymeric PVDs, by which the built-up excess pore water pressure (EPWP)
induced by external loads can dissipate through the radial flows to the drain (Figure 3).
A typical fibre drain usually includes several stiff fibre cores such as coconut strands that
help form and maintain the shape (normally band or circle) of the drain. These cores
are then wrapped by a layer of fibre geotextiles such as a jute sheath which functions as
a filter preventing soil clogging (Figure 4a). Previous studies [35,36] have proved that
fibre drains can resist soil clogging very well due to their intra-bundle pores that can
remain under confinement very well. Compared to polymer PPVDs, fibre drains can have
excellent discharge capacity (>6 x 107° m3/s) and adequate tensile strength (>1.5 kN)
for field installation. Further, fibre drains are found to be more flexible, which makes
them perform very well even under high degrees of displacement (i.e., thus no issue with
bending and kinking).

'Embankment (surcharge)
% 7 , / / 7 _ Equivalent unit cell

o N L |- (not to scale)

//_TL),Fibre
Soft — drain (BPVD)

soil -1 - e -—

flows

T T - —— | Pore water

HE

Drains (PVDs) made from natural fibres Accelerate dissipation of EPWP by offering
radial drainage (shorter compared to vertical drainage)

Figure 3. Mechanism of using fibre drains (BPVDs or NPVDs) to enhance soil consolidation.

Soil around the drain

Soil-draif

Fibre interface

drains

Soil-fibre interaction under compression
(3D Micro-CT scanning)

(a) (b)

Figure 4. Laboratory study of natural fibre drains: (a) a typical natural fibre drain made from jute
and coconut fibres installed in soft soil and (b) 3D Micro-CT scanning to examine soil clogging fibre

drains under confinement (compression).
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3.2. Successful Research Findings and Field Applications
3.2.1. Laboratory Studies

Many laboratory tests have been carried out since the first study of fibre drains in 1987
by Le et al. [37]. Basically, there are four different aspects of fibre drains that have been
investigated in the past 3 decades, and they are:

(i) Discharge capacity;

(ii)  Soil consolidation in a unit cell;

(iii) The interaction between soil and fibre (clogging and infiltration);
(iv) Biodegradation of fibre drains (BPVDs).

Most previous investigations agreed that the fibre drains have sufficient discharge capac-
ity, even in extreme bending and kinking conditions. For example, Nguyen et al. (2018) [8]
by carrying out unit-cell discharge capacity tests at various compression degrees reported
a discharge capacity for jute fibre drains of about 6 x 107® m3/s, which is in a similar
range (i.e., 2-14 x 107% m3/s for a confining pressure up to 200 kPa) to that given by Asha
and Mandal (2012) [33] using in-plane compression tests. In comparison with polymeric
PPVDs, these values are smaller, but can certainly satisfy the requirement for accelerating
soil consolidation [36]. In order to examine the performance of fibre drains when being
installed in soft soil, utilising unit-cell apparatus where the drain is positioned in the middle
of the soil under varying confining pressures is commonly adopted. Jang et al. (2001) [36]
carried out cylindrical consolidation tests to compare the consolidation behaviour of soft
soil treated by band-shaped PPVDs and natural fibre drains (both band- and circle-shaped).
They proved the similar performance of these two types of PVDs; however, when subjected
to higher confining pressure (e.g., 250 kPa), natural fibre drains became more effective as
they were less affected by deformation and compression.

Unlike conventional synthetic PPVDs, BPDVs are made by the combination of individ-
ual fibres in a specific structure, and, as a result, soil clogging induced by soil infiltration
through the fibre geotextiles (e.g., jute sheath) under confinement has received significant
concern. Fine particles such as silt and clay are relatively smaller compared to the normal
opening size (e.g., 0.075 to 0.2 mm) of the jute filter, and they can penetrate the porous
system and significantly reduce the hydraulic conductivity (thus discharge capacity) of
fibre drains. Several efforts have been made to clarify this issue, for instance, Nguyen and
Indraratna (2019) [35] compressed clay soil and a jute drain under different pressures (i.e.,
up to 200 kPa) and used Micro-CT scanning to examine the clogging behaviour. Figure 4b
shows an example of how soil clogging into jute fibre drains can be captured by Micro-CT
scanning (data obtained by the current Authors). The results indicated that, despite the
penetration of the soil, the porosity of the entire drain can resist against the ingression of fine
soil particles well, i.e., approximately 76% of the initial porosity before soil clogging. The
major reasons were that (i) the used soil (i.e., Ballina high-plasticity clay) had very high viscos-
ity, preventing them from deep penetration; and (ii) the complex twisted structure of fibre
bundles could resist particle migration very well, thereby making the intra-bundle porosity
(i.e., internal pores of bundles) almost unchanged. It is important to note that soil penetration
mainly occurs at the initial stages of soil consolidation due to the large degree of EPWP,
and it becomes stable when EPWP dissipates considerably. Asha and Mandal (2015) [38]
also investigated the performance of different fibre drains (woven and nonwoven jute
geotextiles) confined by a marine clay; the results confirmed the insignificant influence of
soil clogging on consolidation behaviour.

The major unique feature that makes fibre drains advantageous over polymeric PPVDs
is their biodegradability. As they are made from natural fibres, they can decompose
biologically over time, i.e., forming organic components of the treated soil. However,
this feature can also cause an adverse impact on soil consolidation when the fibre drains
decay too fast. For example, most clayey soils take more than 1 year to reach 90 to 95%
of the required consolidation degree, but if the fibre drains decay earlier when subjected
to adverse environmental factors, it will result in insufficient discharge capacity of the
fibre drain for soil consolidation, causing considerable residual EPWP. There are very
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limited efforts in this regard up to date, probably due to the complexity in capturing
microorganism activities in the geotechnical investigations. One of the significant attempts
that has been made recently was the use of genomic analysis techniques to identify bacteria
in the decayed jute fibres installed in saturated soft soil [8]. Although this investigation
has successfully detected several cellulose-degrading strains such as species of the genera
Clostridium and Bacillus which can accelerate the biodegradation of natural fibres, most
other studies including laboratory and field investigations often do not find any significant
impact of biodegradation on the consolidation behaviour.

3.2.2. Field Investigations and Implications

Field applications have been carried out across many countries around the world,
including pilot tests to real projects, and some well-known projects are summarized in
Table 3.

Table 3. Selected successful field applications of natural fibre drains in the past 40 years since the
1980s (biodegradable PVDs).

Project

No Detail/References Region/Country Application Features
. . . Jute fibre drains; Spacing 2.2 m;
1 Field trial 1983 [39] Singapore 13.4 m soft clay.
5 Reclamation of sea bed Jakarta, Indonesia Jute fibre drains; Spacing 2 m;

clay 1986-1988 [40] 16-18 m soft to medium clay.

Soil treatment of
3 ex-mining land for Malaysia Jute fibre drains; Spacing 1.5 m.
housing [37]

Soft soil improvement Fibre drain; Spacing 1.1 m; 15-18 m

4 1995 [41] Hiroshima, Japan Hiroshima clay (W = 90%).
Western coast Jute and straw fibre drains

5 embankment test Korea compared to polymeric PVDs,
2005-2007 [42] Spacing 1.2-1.4 m, 12 m soft clay.

6 Ballina embankment test Australia Jute drains with 4 coconut fibre cores
2013-2016 [43] wrapped by jute sheath.

One of the very first installations of natural fibre drains was in Southeast Asia, includ-
ing Indonesia and Malaysia, around the 1980s [40]. For example, fibre drains were used
for soil reclamation in the Pluit area of Jakarta (Indonesia) in 1987, where the observation
for 2 years showed the effective function of the fibre drains. Other field installations in
Malaysia and Singapore clays also reported the same rate of consolidation induced by fibre
drains and synthetic PPVDs [16,39]. In Japan, fibre drains have also been used for soil
consolidation more than 3 decades, for example, they were used successfully in Ariake
and Hiroshima clays [41,44]. Their further examination into kinking indicated almost
no significant issue with fibre drains, whereas the synthetic PPVDs experienced serious
kinking that reduced the discharge capacity significantly. In addition, pilot tests with
detailed instrumentations have also been carried out to enhance understanding based on
reliable field data. Kim and Cho (2008) [42] installed fibre drains made from straw and jute
fibres in comparison with PPVDs. While the measurement showed a significant drop in
discharge capacity of the drains in the early stages, there was no significant difference in
the settlement induced by fibre drains and PPVDs.

In Australia, a comprehensive embankment test, where jute fibre drains were installed
in parallel to synthetic PPVDs in Ballina clay (see Figure 5a), was carried out in 2013
to 2016 [43]. The two types of drains were used under the same condition, including
the installation method (e.g., same mandrel), penetration depth and soil properties. The
monitoring of data during a period of 3 years shows almost the same settlement, EPWP
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and lateral deformation between the two sites treated by PPVDs and BPVDs. For example,
Figure 5b shows that both soils treated by BPVDs and PPVDs experience almost the same
behaviour including primary and secondary consolidation (after 800 days). The largest
settlement was recorded at around 1.6 m after 3 years, given approximately 12 m thick
clay (including 10 m Holocene silt clay). On the other hand, the excess pore pressure was
almost identical and only became different after 650 days, which was probably due to a
clogging issue that often affects the performance of piezometers at the end of embankment
tests. In short, this pilot test, in agreement with previous site studies, again confirmed the
high confidence in using natural fibre drains to accelerate soil consolidation.

embankment

thead I'n

. PPVD,

BPVD—_, ;
side

side

Fla

BPVD: biodegradable (fibre) PVD
PPVD: polymeric PVD

(a)

0

04
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EO-S A PPVD: polymeric PVD
o
£
212 ®6q, o o
» - Qo
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(b)

a
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(©)

Figure 5. Ballina embankment test (2013-2016, Australia) on biodegradable fibre BPVDs: (a) plan
view of the site; (b) measured settlement; and (c) excess pore water pressure by BPVDs and PPVDs.
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4. Natural Fibre Composites for Erosion/Filtration Controls
4.1. Concepts and Mechanism

Making geotextiles, mattresses and other composites (also termed as geocomposites)
for separation, filtration and erosion controls in soil foundation, slopes and retaining walls
can be considered as the most common and successful applications of natural fibres in
geotechnical contexts. Generally, natural fibres are used to form in-plane composites such as
textiles and mattresses which have appropriate drainage and filtering capabilities to prevent
migrations of soil particles. Figure 6 presents the mechanism of how a fibre composite with
proper design of opening size and fabric can prevent soil particles from migrating upward,
while maintaining adequate drainage capacity. Different geomaterials/layers of foundation
can be separated effectively by an intermediate layer of fibres, whereas fine particles are
blocked at the soil-fibre interface, so mitigating internal erosion and/or mud pumping
(soil fluidization) [45]. In addition to these benefits, it is apparent that the existence of
fibre composites can significantly improve shear strength and bearing capacity of the entire
foundation, similarly to the conventional use of polymeric geogrids and geotextiles to

stabilize road foundation.

< T CSAY
— 24N 4%‘7/@‘
] -.‘..4'. ‘—.,-:.:.

Course particles

Fibre composite
(e.g., geotextiles, mattress)

How fibres function as filtering and separation

Prevent fine particles from migrating via appropriate design of fibre composite
Provide sufficient drainage capacity
Soil-fibre bonding including biological activities

Figure 6. Concept of using natural fibre composites for filtration and erosion controls.

In slope, embankment and retaining wall contexts, jute and coconut geotextiles/meshes
have been used successfully to prevent lateral deformation and collapse. The fibre meshes
and nettings provide resistance to the lateral earth pressure, and they also remediate the
surface erosion of soils. Furthermore, the fibre meshes are very friendly to the surrounding
environment and thus give good support for tree roots to grow that, in turn, enhances slope
stability and erosion resistance sustainably.

4.2. Successful Research Findings and Field Applications

Studies on the use of natural fibres for erosion and filtration controls have been carried
out extensively in the past decades. Basically, there are four different research aspects are
concentrated, for instance:

(i) Interactions between soil particles and fibre composite under fluid flows, for example,
soil clogging and filter cakes;

(ii) Performance of the soil foundation reinforced by fibre geotextiles/mattresses under
external loading (e.g., traffic and embankment), for example, investigation into the
deformation and bearing capacity of the foundation with and without fibre layers;

(iii) Drainage characteristics of fibre composites such as the transverse permeability con-
sidering soil clogging and the composite fabric;

(iv) Long-term investigations into the bio-interaction between soil and fibres and also the
vegetation potential with tree root development.
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4.2.1. Laboratory Studies

Various laboratory tests have been carried out to examine the efficiency of fibre
composites including geotextiles, nettings and mattresses in filtration and erosion controls.
The most common testing model is usually composed of three layers, i.e., (i) the coarse
(surface) material such as gravel and ballast, (ii) the fibre composite (e.g., jute and coconut
geotextiles) and (iii) the subgrade or subbase/natural soils, which mimics the field structure
as demonstrated in Figure 2b. Loading can either be applied on the surface (i.e., vertical
static/cyclic load) or induced by upward seepage flows (hydraulic load) from the bottom
to investigate how the fibre layer can prevent soil particles from migrating. Filtering
performance of the fibre layer is usually assessed by quantifying the fines that migrate
from the subgrade to coarse layers through the fibre filter, i.e., the erosion rate, which is
similar to conventional investigations on polymeric geotextiles [46]. In addition, changes
in hydraulic behaviour (permeability and flow rate) and surface settlement are monitored.
On the other hand, rainfall simulations on fibre-reinforced slopes can also be carried out in
the laboratory to assess soil erosion [47-49].

Most past laboratory investigations proved that natural fibre composites are excellent
at enhancing filtration as well as mitigating soil erosion, provided there is appropriate fabric
design. For example, Asha and Mandal [50] carried out filtration tests on jute geotextiles
having different opening sizes (OS) in contact with a marine clayey soil (approximately
50% clay content). They found that woven jute geotextiles can only retain clay particles
effectively with the ratios Og5/Dgs < 4.5 and Osy/Dsp < 100, where O and D denote the
opening and particle sizes of jute geotextiles and soil, respectively. Sreedhar et al. [51]
showed that using coir fibre composites can mitigate soil erosion under rainfall up to 92.6%,
whereas the higher the slope angle, the larger the erosion rate. Rickson and Loveday [52]
found that jute woven products can provide great support to seedling germination, plant
emergence and vegetation growth (>20% cover compared to bare soil).

4.2.2. Field Investigations and Implications

Unlike using natural fibres for accelerating soil consolidation, the use of fibre com-
posites for the combined effects of soil filtration and reinforcement has been practiced
widely for years. For example, jute geotextiles have been effectively employed for many
different infrastructure projects such as roads, railways, erosion controls for riverbanks and
surface soils, slope stabilization, embankments and retaining walls [53,54]. In fact, one of
the very first applications of jute mesh for slope protection was recorded in the 1930s in the
USA [23], but well-documented studies could only be made in recent decades. Most studies
confirmed the efficiency of using natural geotextiles to enhance the filtration capacity and
erosion resistance of soil structures.

Figure 7 shows a recent slope stabilization using jute geotextile carried out in Vietnam
(2022-2023) combined with vegetation, which has received increasing attention in recent
years because of its environmental benefits. In this application, jute geotextiles are nailed
to cover the soil surface before a vegetation process with selected appropriate plants
(e.g., grasses and bushes) is carried out. The development of plants is well supported
by jute geotextiles (e.g., mitigated erosion of surface soil), while the expansion of plant
roots in the long run will facilitate the erosion resistance of the slope. This concept of
green bioengineering techniques has in fact been practiced with great success for the past
decades, especially among tropical and agricultural regions such as Indonesia, Thailand,
India, Bangladesh, etc. Lekha (2004) [55] describes one of the pioneering applications
of coir netting combined with vegetation for erosion control in a degraded hilly terrain
(Kerala, India). The results proved the substantial reduction of soil loss despite heavy
rainfall (i.e., >94% in the projected plots), while the coir netting was found to promote
the growth of lemongrass significantly. Furthermore, shear strength of the treated soil
increased significantly (>20%), and the negative impact of fibre biodegradation could be
diminished as the root systems of grasses could hold and reinforce the soil effectively.
The same interaction between natural geotextiles and plants was also observed in other
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field studies such as Vishnudas et al. (2012) [56] and Kalibova et al. (2016) [48]. The
efficiency of using natural geotextiles and mattresses in mitigating surface soil erosion
is also confirmed through various site investigations, despite different fabrics and fibres
used. The reduction rate of soil loss (or erosion rate) is usually found in the range from
around 40 to 99%, depending on the soil type, rainfall and characteristics of slopes and
fibre composites [48,57].

- Jute geotextiles.

o

Figure 7. Using jute geotextiles for erosion control and slope stabilization (a practical project carried
out in Vietnam, 2022-2023, photo provided by FUCON).

5. Distinct Features of Natural Fibres Compared to Synthetic Fibres

Although natural and synthetic fibres (e.g., polypropylene, polyester and glass, among
others) basically share the same mechanisms in stabilizing soil, especially the way that
fibrous structures physically interact with soil particles, they have some distinct differences
that can be highlighted as follows (Table 4).

Table 4. Key features of natural fibres in comparison with synthetic fibres for geotechnical purposes
(19,13,32,34,58-62]).

Key Aspects of Natural Fibres Synthetic Fibres
Comparison (Representative Common Ones) (Representative Common Ones)
Physical/Mechanical Properties Coir Jute Sisal Polypropylene Polyester Glass
Tensile strength (MPa) 100-225 250-860 280-750 120450 400-600 1500-5000
Young’s modulus E (GPa) 3-6 10-30 9-56 3-35 10-39 53-59
Elongation at break (%) 15-50 1.5-1.8 2-2.5 10-50 10-45 2.3-4.8
Density (kg/m®) 870-1520 1100-1500 700-1450 920 1350 2490-2600
Diameter (nm) 90-500 10-85 180-470 23-150 30-40 3-19
Soil reinforcement
Optimum content (% by mass) 0.75 1.0 0.75 0.25-0.8 0.4-1 0.75
Improved shear strength (%) 51 (UCS) 64 (UCS) ?SESSO) %%J_Clg;) 2(%_(1:2)4 ?ﬁég)z
) 4 130
Energy cost for production (GJ/ton) (average for all carbon/polymer 30

(average for all natural fibres) fibres)

Durability

Varies widely (approx. 3-20 years), depending on biochemical =~ >50 years, less dependent on environmental condition,
features, pretreatment, and environmental conditions. except high UV and temperature.

Note: UCS—unconfined compressive strength; the efficiency of shear strength improvement and optimum fibre
content vary with different soil types and fibre size; the elongation at break of pure polymer fibres (elastomers)
can reach several hundred percentages, only the values relevant to geotechnical purposes are considered herein.
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Durability: The first and the most important difference is the considerable variation in
durability and service capacity of natural fibres due to their biodegradability. Normally,
natural fibrous geoproducts such as coir and jute geotextiles can serve for approximately
3 to 20 years, heavily depending on environmental condition, biochemical characteristics
and pretreatment of natural fibres. For example, fibres such as coir or wood fibres with
more than 30% lignin content can maintain their engineering properties very well for
certainly longer than 10-20 years if there are no harmful microorganisms. Environmental
factors such as humidity, oxygen concentration and the exposure to UV can also accelerate
bio- and physical degradations significantly. On the other hand, synthetic fibres such as
polypropylene and polyester with stable chemical structure are much less vulnerable to
environmental conditions, especially the biological factor, making them more durable.

Energy cost for production: Undoubtedly, natural fibres with their origin from nature
and agriculture require significantly less energy for production, for example, the average
consumption of 4 GJ /ton is estimated for natural fibres compared 120 GJ/ton for carbon
fibres [58]. This implies immense benefits that using natural fibres can bring to the natural
environment and climate change as it can save energy by a factor of approximately 30.

Physical/mechanical features: Unlike synthetic fibres, most natural fibres have a signifi-
cantly smaller elongation at break (e.g., <5% compared to 10 to several hundred percent of
polymer elastomers), meaning they have less ductile behaviour. Other physical parameters
such as the density, diameter, tensile strength and elastic modulus of both types of fibres
are relatively in the same range, except the glass fibres which have larger magnitudes. Also,
most natural fibres have significantly larger water absorption due to their high porosity.

Improved shear strength: Both natural and synthetic fibres bring similar effects on shear
and filtration behaviours of soil, however, the improvement in shear strength induced
by synthetic fibres is often reported at a larger extent. For example, synthetic fibres can
increase the UCS value of soil by 150-180% as shown in Table 4.

6. Current Challenges and Future Studies

Despite the paramount effort, the use of natural fibres for geotechnical purposes is
still very limited in the real practice compared to other mass-produced geosynthetics. Key
reasons for this can be highlighted as follows:

The first and the most critical issue is the poor manufacturing productivity induced by the
complex process of material collections and processing, making them significantly expen-
sive over other synthetic polymer products such as polymeric PVDs, geogrids, polypropy-
lene fibres, etc. For example, the average price per meter length of PPVDs in Australia is
about AUD 0.6 (updated in March 2023 from Sydney local suppliers), whereas it would be
approximately three to four times more expensive if jute fibre drains (with reference to the
information from an Indonesian supply at Sydney Port) were selected.

There is a lack of practical guidelines and standards on the use of natural fibre products
for geotechnical designs and construction. More importantly, natural fibres are normally
less homogeneous and consistent compared to polymer geosynthetics, making the quality
control of input materials during manufacturing complex and variable. For example, most
natural fibres such as straw absorb a large amount of water (Table 1), resulting in a consid-
erable change in their size and engineering properties. There are currently various types
of natural fibres as well as different ways to fabricate products for geotechnical purposes,
but very few of them are examined and documented based on rigorous investigations and
reliable data.

Construction processes are usually complex due to the lack of supporting technologies.
While fibre drains and geotextiles have been installed very well in the field, as evidenced
through past successful projects (Table 3), effective methods to mix fibres with soils for
subgrade foundations are still under debate.

Durability and biodegradation of natural fibres pose considerable concern over the long-term
performance of their green geocomposites. Natural fibres such as jute with around 70%
of cellulose (Table 1) are inevitably decomposed over time when they are exposed to sur-
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rounding adverse environments due to physical and biological processes, reducing their
engineering features such as permeability and tensile strength. Although pretreatments
can be made to improve fibre durability [63], they can even expand the cost while raising
concern with the negative impact from the pretreatment process to the natural environment.

In view of the above, future studies can be designed to improve those challenges
with close reference to practical contexts. For example, more studies on novel solutions
to enhance the manufacturing process and quality control of natural fibres and their
geoproducts should bring significant impacts to their wider applications. Trials and pilot
tests at a field scale with well-documented outcomes are further needed to facilitate practice
guidelines and confidence. Also, the demand for durable and cost-effective natural fibrous
geoproducts is always imperative to make this option more achievable and comparative to
the conventional geosynthetics. It is noteworthy that apart from the above common issues,
each application might render different challenges to various extents. For example, the
manufacture of single fibres for soil reinforcement is often simple by cutting fibres into
specific lengths; however, mixing these fibres with soil, especially at deep layers, can be
complex in the field. Quality control and assessment with a lack of appropriate guidelines
for the industrial scale are also major barriers. On the other hand, the manufacture and use
of geotextiles and other composites from natural fibres for filtration, separation and erosion
control have gained the most confidence among geotechnical applications of natural fibres.
The major challenge of this category is how to further enhance the durability and design
method of natural fibre to promote their wider adoption in practice. For the use of natural
fibres to enhance drainage and soil consolidation, the crucial question of how deep soil
behaves in the long run when natural fibres are fully decomposed to organic contents needs
clarifying to promote confidence of practice [64].

7. Conclusions

This paper has provided an overview of major practical applications of natural fibres
in geotechnical engineering including (i) reinforcement, (ii) consolidation and (iii) filtration
and erosion controls. Principal concepts and mechanisms were represented, followed
by salient laboratory findings and field (practical) successes. In general, natural fibre
composites have been proven to offer carbon-friendly green alternatives for conventional
geosynthetics (polymeric), promoting both cost-effective and sustainable soil stabilization
measures. Apart from being excellent substitutes to attain identical effects on soil rein-
forcement, consolidation and filtration in comparison to more commonly commercialised
polymeric counterparts, these natural fibre products promote biological bonding with the
soil media that provides additional soil stability and strengthening characteristics. For
example, jute and coir geotextiles can accelerate vegetation effectively with a reduction rate
of soil erosion often reported from 40% to 99% based on the soil loss measured through lab
and field investigations, while significantly enhancing the tensile resistance and stability of
earth structures. Despite the above obvious benefits, the inevitable biodegradation with
various types of natural fibre may not be an ideal solution where their long-term service is
desired. Moreover, there still exists some challenges such as the variability of properties of
natural fibre from one location to another, corresponding adversities in large-scale manu-
facturing to attain homogeneity of products and, currently, the lack of industry standards
or technical guidelines for their use in mega projects. In this regard, greater efforts are still
required for improved production quality and boosting the use of natural fibre composites
for more versatile geotechnical practices.
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