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ABSTRACT

The increase of awareness of the need to impraveustainability of the construction industry and
the concurrent development of "Green Technolodgies' led to the raise of bio-composite materials
with natural reinforcements for building applicatso This process has involved the revival of the
interest in the use of natural reinforced earthemials. Of these, the earthy materials with natoral
synthetic reinforcements belong to a field thatnftaseen very much developed beyond traditional or
emergency applications in architecture.

The most determining aspect to develop products systems based on reinforced earth based
composites is the huge diversity on its physical amechanical properties. Composites properties
depend on diverse variables, among which are tbmseerning the type of soil and ground grain, type
of reinforcement fibers (natural or synthetic),urat conditions in which were obtained, processing
methods and characteristics of the possible matrised as stabilizers.

This paper aims for a comprehensive review of ditee of the available natural or synthetic
reinforced earth based composites. General chastitie of the mainly used reinforcement agents
depending on its origin, type, composition, stroefichemical composition and mechanical properties
of the studied material (animal hair, jute, sisaiy, flax, hemp, pineapple fiber, bamboo, ricekywsl
palm, etc). Moreover, different processing methtmdsnprove physical and chemical characteristics,
together with processing systems and factors affgdhe production and characteristics of these
composites will be considered (moisture contengetgf reinforcement, ratios, distribution, coupling
agent, etc.).

The present review is intended to update the ogerthe research of these kind products as well
as to outline the main objectives and issues adédes these current lines of research.

1 INTRODUCTION

Earth is one of the most commonly used building emals. Ancient cultures used earth for
building houses, fortresses, palaces and religiiiglings and it is estimated that today one tloifd
the world’s population lives in houses construchedn Earth. Houses are still built from earthen
materials in developed countries and there are knglvn examples in countries such as the United
States of America for instance “The Tucson residéfi and in Belgium - “The Residence Korbeek”
[2]. Earth construction has also been used witlehgious buildings such as the Chapel of
reconciliation in Berlin [3] and within industrialrchitecture, for example, “The Bodegas La Raia” in
Piemonte, Italy.

There are several pillars for sustainable archite¢ctdeveloped and detailed by multiple authors
such as Garrido [4]. Also there are many differagmstruction techniques throughout the world that
have been adopted for working with raw earth. Mdghem are ancient techniques that have existed
with minor changes through many centuries to thesgmt day, whilst others are modern inputs.
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Construction methods are often strongly relatedldcal customs, the local climate and the
characteristics of the available soil.

The main earthen construction techniques are rameagth or pisé (de terre), Adobe, cob,
compacted earth blocks (CEB) or earth bags. Raneadtl is the construction of monolithic walls by
compacting earth between a few planks of wooda#t been used in a variety of different building
typologies throughout the world. Compacted eartitkd (CEBs) are bricks of raw soil with a low
water content which are manufactured by a simpsgng device which uses mechanical pressure to
obtain regular forms and improved loadbearing gbilA further form of earth construction, currentl
under development, is “superadobe” and this systemprises earth bags. It was developed by the
Iranian architect Nader Khalili [5] and uses polypylene bags or textiles stuffed with soil to allow
solid constructions.

2 FIBRESAND REINFORCEMENTS

The standard fibre-reinforced soil is defined asod mass that contains randomly distributed,
discrete elements (fibers) that provide an improxemin the mechanical behavior of the soil
composite [6]. Fibre reinforced soil behaves asraposite material in which fibers of relatively hig
tensile strength are embedded in a matrix of Sbikar stresses in the soil mobilize tensile rasista
in the fibers, which in turn imparts greater strignty the soil [7-9].

Different literature reviews show that short filsmil composites can be divided into two distinct
categories. One group comprises a soil with a nagdirect inclusion of fibers into the matrix, i.e
soil mass. The other group consists of orientebib materials, e.g. the Geo-Synthetics family [10,
11]. The former category is not as well-known fas $econd, not only in terms of optimizing fiber
properties, fiber diameter, length, surface texeice, but also in the reinforcing mechanism [10].

As stated in the introduction early civilizationssabvered that it was possible to improve load
bearing capacity of soils through the utilizatiohaostabilizing agent like pulverized limestone or
calcium [12]. An alternative natural strengthensystem utilizes the presence of plant roots as a
natural means of incorporating randomly orientdgkffiinclusions in the soils. These plant fibers
improve the strength of the soils and thereforeseqnently the stability of natural slopes [11-17].

The concept of fiber reinforcement was therefomgaized more than 5000 years ago. Ancient
civilizations used straw and hay to reinforce miamtks in order to create reinforced building blocks
and there are several examples of reinforced swmih @s is contained in the Great Wall of China
(which demonstrates the earliest examples of reiefb earth using branches of trees as tensile
materials)and the Ziggurats of Babylon which cantaren mats of reed.[18].

Modern concepts and principles of soil reinforcemeaere first developed by Vidal (1969). He
demonstrated that the introduction of reinforcemel@ments in a soil mass increased the shear
resistance of the medium [19, 20]. Consequentlgearch activity which utilized various fibrous
materials, which had been incorporated in the [satied again. Since the modern day development
of soil reinforcement, nearly 4000 structures hagen built in more than 37 countries. [21, 22].

Interestingly, randomly distributed fiber-reinfocteoils, known as short fiber soil composites,
have recently attracted increasing attention inyrgaotechnical engineering applications, not only i
scientific research environment, but also at figiglications [23]. Synthetic staple fibers haverbee
used in soil since the late 1980s, when the irstiadlies using polymeric fibers were conducted [6].

Finally, it can be concluded that the concept @ffoecing soil with natural fibers originated in
ancient times. However, short natural and synthitier soil composites have recently attracted
increasing attention in geotechnical engineering tfe second time. Therefore, they are still a
relatively new technigue in geotechnical projects.

2.1. Natural Fibres

At the present time, there is a great awarenesdahdfill sites are filling up, resources are lgin
used up, the planet is being polluted and non-rab&wresources are depleting. There is therefore a
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pressing need to discover more environmentallynélig materials and consequently a great deal of
recent interest has developed worldwide into theemi@l applications of natural fibers for soil
reinforcement. There have been a number of recgrrienental research projects and the term "eco-
composite" has emerged in literature demonstratisgmportant role of natural fibers in the modern
construction industry [24]. Interestingly, natufdters have been used for a long time in many
developing countries in cement composites and ddottks because of their availability and low cost
[25-27] so this is not an entirely new constructiechnology.

There are many factors which affect the performasfagatural fibers in a composite natural fiber
reinforced soil including the particular part oktblant that the fiber originates from, the agehef
plant and the method by which the fiber was isolaf28]

2.1.1. Vegetal Fibres

COCONUT FIBRE (coir). The outer covering of fibrommaterial of a matured coconut, termed the
coconut husk, is the reject of coconut fruit. Cfiilders are normally 50 to 350 mm long and consist
mainly of lignin, tannin, cellulose, pectin and ethwater soluble substances. However, due to their
high lignin content, coir degradation takes plaaeinmore slowly than in other natural fibers which
giving it good durability characteristics and arfigld life service of 4 to 10 years. The water
absorption of coir is about 130 to 180 percenttaeddiameter is about 0.1 to 0.6 mm. [25, 29].

SISAL. Sisal is a lingo-cellulosed fiber [30, 31hose traditional use is as reinforcement for
gypsum plaster sheets in the building industry ttués 60 to 70 percent of water absorption and
diameter of about 0.06 to 0.4mm. Sisal fibers ateaeted from the leaves of the plants, which vary
size between 6-10 cm in width and 50-250 cm intlenig general, Brazil, Indonesia and East African
countries are the world’s main producers of sibar$ [32].

PALM. The palm fibers in date production have fikmtextures with interesting properties such
as low costs, plenitude in the region, durabillightweight, tension capacity and relative strength
against deterioration [33]. Fibers extracted froecamposed palm trees are found to be brittle, and
exhibit low tensile strength and modulus of elatstias well as a very high water absorption [34].

JUTE. Jute is abundantly grown in Bangladesh, CHidia and Thailand. It is extracted from the
fibrous bark of jute plants which grow as tall a% 2n and contain base stem diameters of
approximately 25 mm. There are several differemieti@s of jute fibers with varying properties [34,
35].

FLAX. Flax is probably the oldest textile fiber kmo to mankind. It has been used since ancient
times for the production of linen cloth [36, 37]ak is a slender, blue flowered plant grown for its
fibers and seeds in many parts of the world [34].

BARLEY STRAW. Barley straw is widely cultivated @rharvested once or twice annually in
almost all rural areas all over the world and caruged in producing composite soil blocks withdyett
structural characteristics. Unfortunately, relalyMittle published data is available on its penfiance
as a reinforcement element in either soil or ebltitks. It is however important to note that during
Egyptian times, straw or horsehair was added to bnigiks and furthermore straw mats were used as
a form of reinforcement in early Chinese and Japar®using construction [38-40]. From the late
1800s, straw was also used in the United Statasaadl bearing element or infill [41]. Barley strasv
claimed to be the most cost-effective practicestain soil in artificial rainfall tests [42].

BAMBOO. Bamboo fiber is a regenerated celluloseifib Bamboo can thrive naturally without
using any pesticide and is seldom eaten by pestdexted by pathogens. Scientists have found that
bamboo containss a unique anti-bacteria and bastatic bio-agent named "Bamboo Kun" [43].
Furthermore, it is important to note that the rodozomes of bamboo are excellent soil binders
preventing erosion [44, 45].

CANE. Cane or sugarcane belongs to the grass famdygrows up to 6 m high with a diameter up
to 6 cm. Bagasse is the fibrous residue which taioed in sugarcane production after extraction of
the juice from the cane stalk containing a diameteip to 0.2 to 0.4 mm. However, waste cane fiber
has limited use because of the residual sugardiraitdd structural properties within the fiberéts
The residual sugars can result in a detrimentdfscted finished product due to the fact that Hesti
bonding phase generates in the composite structherefore, “Cement Board” produced from sugar
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cane waste has been recently introduced to theempt&]. The authors recommend the application of
these fibers in soil reinforcement as a potentiehaf research.

2.1.2 Animal Fibres

a-KERATIN FIBERS. A review on the existing literagishows that most studies of natural fibers
are focused on cellulose-based/vegetal fibers framewable plant resources. This is due to the fact
that natural protein fibers have poor resistancallkalis and cement (an alkaline product) is presen
nowadays in many building construction materialsere are very few studies describing composites
from protein fibers such as animal hairs. Barond &chmidt [47] reported on the use of keratin
feather fiber as a short-fiber reinforcement in EDEomposites and showed that protein fibers have
good resiliency and elastic recovery. The keraéiatler fiber for these tests was obtained from
chicken feather waste generated by the US pouidttystry. [48].

2.2. Synthetic Fibres
2.2.1 Plastic Fibres

POLYPROPYLENE (PP). Polypropylene fiber is the maegtely used material utilized in
laboratory tests of soil reinforcement [49-55]. @mtly, PP fibers are used to enhance soil sthengt
properties, reduce shrinkage properties and ¢éocovne chemical and biological degradation [56-58].
Puppala and Musenda indicated that PP fiber resafoent enhanced the unconfined compressive
strength (UCS) of the soil and reduced both voluimeshrinkage strains and swell pressures of the
expansive clays [58].

POLYESTER (PET). Consoli et al. indicated that due¢he inclusion of PET fibersin sand both
peak and ultimate strength were improved and tlais also dependent on fiber content [57]. Kumar
et al. tested highly compressible clay in uncordinempression (UC) test with 0%, 0.5%, 1.0%, 1.5%
and 2.0% flat and crimped polyester fibers. Thezmgths of 3 mm, 6 mm and 12 mm were chosen for
flat fibers, whilst crimped fibers were cut to 3 nhomg. The results indicated that as the fiber fleng
and/or fiber content increases, the UC value wippiove. Crimping of fibers leads to a slight inaea
in UC [58] and these results are comparableded found by Tang et al. [59].

POLYETHYLENE (PE). The feasibility of reinforcingog with polyethylene (PE) strips and/or
fibers has also been investigated to a limited réxfg5, 60-63] and it has been reported that the
presence of a small fraction of high density PErbcan increase the fracture energy of the sl [6
Consequently, GEOFIBERS® are typically 25-50mm |attigcrete fibrillated or taped polypropylene
strands that are mixed or blended into sand or skls [65]. It is important to note that some
researchers have applied the term "geofiber" fofilfd?s used in soil reinforcement [e.g. 53, 63%Y. 6

NYLON. Kumar and Tabor studied the strength behaviof silty clay with nylon fiber with
varying degrees of compaction. This study indicdked peak and residual strength of the samples for
93 percent compaction were significantly more tthlensamples compacted at the higher densities [68,
69]. Gosavi et al reported that by mixing nylonefib and jute fibers, the California Bearing Ratio
(CBR) value of the soil was enhanced by about 5@%hat of unreinforced soil, whereas coconut
fiber increased the value by as much as 96%. Pplienom quantity of fiber to be mixed with soil is
therefore found to be 0.75%, and any addition loérfibeyond this quantity does not seem to have any
significant increase in the CBR value [70, 71].

POLYVINYL ALCOHOL (PVA). Polyvinyl alcohol (PVA) fber is a synthetic fiber that has
recently been used in fiber-reinforced concrete tueits weather resistance, chemical resistance
(especially alkaline resistance) and tensile sttebging superior to that of PP fiber. PVA fibesta
significantly lower shrinkage from heat than eithglon or polyester. It has a specific gravity d3,1a
good adhesion property which assists donding wathent and a high antialkali characteristic. Fas thi
reason, PVA fibre is suitable for utilization asoil reinforcing material [72]. The inclusion BYA
fiber therefore seems to produce more effectivafeetement in terms of strength and ductility
compared with other fibres under the same cementaPark et al. found that the addition of 1%
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PVA fibre to 4% cemented sand resulted in a twesinmcrease in both the UCS and the axial strain
at peak strength when compared with the non-fiemforced specimen [72]. In addition, Park

reported that at 1% fibre dosage, the values ofildyowvere greater than four, regardless of the

cement ratios used.[73].

There is much recorded in the literature aboutfimié reinforcement, but it is not easy to eststbli
an equivalence about the performance of the diffeiibres due to the amount of variables apart from
the fibre type itself: fibre length, fibre percegea type of soil and characterization, stabilizatgent
id considered... Table 1 shows the characteristiadiftdrent fiber types used for soil reinforcement
according to the literature.

Unreinforced Reinforced .
Compressive

Optimized ) Fiber tensile soil soil
Ref fiber content F'b?\; length strength Stabilizer Compressive Compressive . strength
% m (MPa) strength strength increment
%
(MPa) (MPa)
VEGETAL FIBRES
Coconut o
fibre(coir) [25] 4 50 76-102 ’.\lo 1,5 1,8 120%
[29] 1 5-15 v 0,3 038 267%
Portland
Flax [35] 0,6 8,5 - cement 1,79 3,5 196%
(3-10%)
Hibiscus [36] 0,2 30 1000 No 2,45 2,9 118%
cannabinus
Sisal [25] 4 50 - No 1,5 2 133%
[31] 0,75 20 - No 0,018 0,066 367%
ANIMAL FIBRES
Wool [48] 0,25 10 120-174 No 2,23 3,05 137%
PLASTIC FIBRES
Polypropyle 1491 0,15 12 350 No 0,20 0,28 140%

ne (PP)

Table 1: Characteristics of different fiber typa®d for soil reinforcement.

2.2.2 Metal and Glass Fibres

STEEL FIBERS. Steel fibre reinforcement are founcconcrete structures and are also used as
reinforcement in soil-cement composites [74-76]adilition, steel fibres improve soil strengtht bu
the improvement is not as significant as in theepthase) [77]. Ghazavi and Roustaie have
recommended that in cold climates, where soilfiscééd by freeze—thaw cycles, polypropylene fibers
are preferable to steel fibers as polypropylenerfitpossess a smaller unit weight than steel filers
other words, the PP fibers decrease the levelmpkavolume increase more than steel fibers [77].

GLASS FIBERS. Consoli et al. indicated that thdusmn of glass fibres in silty sand effectively
improved peak strength [68]. In other work, Constlal. examined the effect of PP, PET and glass
fibers on the mechanical behavior of fiber-reinfmfccemented soils. Their results showed that the
inclusion of PP fibres significantly improved thittle behavior of cemented soils, whereas streases
failure slightly decreased. Unlike the case of Berf the inclusion of PE and glass fibers slightly
increased the stresses at failure and slightlyaedluhe brittleness [78]. Maher and Ho studied the
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behavior of Kaolinite-fiber (PP and glass fibergmposites, and found that the increase in the
unconfined compressive strength (UCS) was morequioced in the glass fiber-reinforced specimens
[78].

5 CASE STUDY

The present case study compares the effect of mpyfene and wool fibers on the mechanical
properties of natural polymer based stabilizedssdihe aim of the study is to investigate the ifice
of different fiber reinforced natural polymer st@®d soils with regards to mechanical propertied a
fiber adhesion characteristics. Test results ia #tudy have compared the effects of adding natural
and synthetic fibers to clay soils and discussedittiportance of an optimum soil specification. A
correlation between the micro structural analyggag scanning electron microscope (SEM), fiber
typology, fiber—matrix bonds and the mechanicapprties of the stabilized soils is also discussed.

5.1 Fibresused
5.1.1. Polypropylene

Polypropylene (PP) is a thermoplastic polymer usea wide variety of formats and applications
such as plastic food containers, carpets and itienldt has a variety of advantageous engineering
properties such as resistance to fatigue, physiaalage and freezing, as well as being unusually
resistant to many chemical solvents, bases and.a@alypropylene fibers are generally superior to
polyamide fibers, for example, with regards to ttity and resiliency properties but they have a
lower wear resistance. Their resistance to variexternal conditions is largely determined by the
effectiveness of added stabilizers. PP filaments monofilaments are used in the manufacture of
floating cables, nets, filter fabrics and upholgtethereas PP fibers are used in carpeting, blankets
outerwear fabrics, knitwear, and filter fabrics. fikfers are cylindrical and usually have a unifanu
homogeneous section of around 40 um. They displag geat-insulating properties but are sensitive
to heat and ultra-violet radiation.

Synthetic Fibers E-glassPolypropylene Polyester Polyamide
Moisture absorption (%) - 0.01 0.4 6
Natural Fibers Hemp Jute Ramie Coir
Moisture absorption (%) 8 12 12-17 10
Natural Fibers Sisal Flax Cotton Wool
Moisture absorption (%) 11 7 8-25 10-28

Table 2. Fiber absorption assessment.

5.1.2. Wool

Natural protein-based fibers are generally obtafin@ah animal hairs and secretions. These protein
fibers generally have a greater resistance to om@isand heat than natural cellulosic and vegetal
fibers, however proteins fibers have little regsis@ to alkalis, so they are not appropriate for use
within mixes that contain cement. A very commonunait protein fiber containing keratin is wool,
which grows outwards from the skin of sheep. Ddfdrspecies of sheep produce different types of
wool with varied fiber length, diameter and othdffeding physical characteristics. Generally
however, fine wool fibers are 40-127 mm in lendth-45um in width, are roughly oval in cross-
section and grow in a wavy type of form which givise to a degree of twist.

To date, wool has not been looked at in great ldesdiber reinforcement. It is a hygroscopic fiber
which takes up moisture in vapor form, and tinygsoin the cuticle make the fiber semi-permeable,
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allowing vapor to pass through to the heart offther. This means that wool can easily absorb up to
30% of its weight in moisture without feeling darop clammy, which is obviously a significant
advantage to animals trying to keep warm in wetthera(table 2).

5.2. SEM Analysis

Scanning electron microscopy (SEM) has been showeta useful tool for the direct study of
polymer-soil matrix interfaces. In particular, SEMudies have helped to illustrate the spatial
relationships between the various components oficeatand reinforcement fibers. The samples in
this project were examined by scanning electronresopy (SEM), using a JEOL JSM-6460LV
microscope in CITIUS laboratory of the University ®eville (Seville, Spain). As can be seen in
Figures 1 and 2 different shrinkage degrees arthmdPP and wool fibers were measured depending
on the type of fiber used. The soil retraction emgere of a smaller margin in PP fibers (Figure 3a
c) than in wool ones (Figure 4a—c), giving a vaoiain these samples between 15 and 40 pum.

e

X408 S8mm
5

(b)

Figure 1. (a) Different samples of SEM of Polyprigme fiber in the red soil mix (x300); (b) SEM of
Polypropylene fiber in the yellow soil mix (x400)

(b)

Figure 2. (a) Different samples of SEM of wool filie the red soil mix (x700);
(b) SEM of wool fiber in the yellow soil mix (x270)
5.3. Discussion

Natural fibers compared to most synthetic fibergeheuch higher absorption coefficients. As a
result, when specifying the use of natural fibensdtabilizing soils in order to produce ecolodigal
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friendly materials, a prior plasticity analysistbe soil will be particularly important. The resiste
loss relating to the type of fiber used was geheralich higher in the three point bending tests tima
the compression tests. When examining the flexwslilts, the graphs clearly demonstrate that the
margin of difference between the PP reinforced w&odl fiber reinforced soil types was generally
greater than the margin of variation within the poession tests. This could be explained by the fact
that in the compression tests, the nature of thieigdo press down on the sample thereby compgactin
voids and improving adhesion, whereas in the flaktests a central point load is applied to induce
bending. Reduced bonding between the fiber anddilematrix has a significant effect on bending
strength as the fibers are particularly importanfléxural situations to provide tensile strengtida
adhesion. It is therefore critical that the adhedmond between the polymer matrix and fiber is as
strong as possible. In the case of the wool fibidwexe are high percentages of water absorption and
subsequent desorption generating significant shgalkacross the fiber section, giving rise to thds/o
observed in the SEM pictures. These SEM tests Iglad@monstrate that the fiber/soil bond is
significantly reduced in the wool fibers comparethwPP fibers.

9 CONCLUSIONS

A review of the existing literature on compacted both with stabilizers and without them has
been carried out throughout this study. In any cése main focus of the analysis has been the
different formulations and fiber reinforcement pedares with various soails.

As general conclusion it can be stated that sewengdbles can be seen in the literature such as:
type, length and pre-treatment of fibres; differemnpositions and soil plasticity index; use, tyoel
proportion of stabilizers, and different dosagesvater-soil. All this hinders greatly to establiah
effective correlation between the mechanical resufidifferent mixtures.

In this sense, and given the fact that the avditalmf soil has a strong local character, both the
type and proportion as the treatment of fiber igalation to this. The type of fiber to be used as
reinforcement is a factor closely associated with kbcal and geographical availability of fibers,
especially in the case of natural fibres. This fdetermines multiple combinations to achieve
acceptable results in relation to the minimum Is\@lmechanical resistance to be achieved.

The lengths of the reinforcement fibers tendecshort in size < 50mm being generally between
5-25mm. The fundamental difference between natumdl artificial fibers does not rely in a different
mechanical behaviour but in their much higher watesorption coefficients for. This fact has an
impact both in the soil moisture process and inatiberence soil-fibre due to the shrinkage of the
fibre section when dried. It has been detectedttteinterface fibre-matrix is a critical factomatrhas
tried to be countered on numerous occasions wéhigus treatments of waterproofing of the fibers.
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