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Abstract

The use of lime as a binder and natural fibers as reinforcements have been in use since ancient human history. However,
ordinary Portland cement and concrete have substituted these comparatively cheaper eco-friendlier materials due to their quick
setting and strength parameters since the 19* century. However, their large-scale impact on the environment due to greenhouse
gases emission has encouraged further research to develop novel composite materials comprising natural fibers like coconut coir
and lime as partial cement substitute. In this review study, contemporary research studies conducted by different researchers were
explored and has found this field quite encouraging and progressive for modern trends in construction materials. Coir is a material
with great potential due to its high strength and ductility comparable to steel; the use of lime or saline treated coir in cement by
1% as optimum quantity and in some cases up to 2% quantity, enhanced the compressive, tensile and flexural strengths up to
5%-20%. Ductility and flexibility of concrete improved with more energy absorption capacity. However, more use of coir did not
improve engineering properties of concrete rather deteriorated after 2% use by weight of cement. 1% to 2% coir use in expensive
marine soil augmented by 5% use of lime revealed considerable increase in engineering properties of soil especially increase of
compressive strength by 1.5 times, increase of compaction factor and plasticity and reduction in shrinkage and liquid limit thus
supporting a fruitful use of coir and lime mixture in its properties enhancement. Coir being a natural fiber has a limitation of lesser
degradation life so needs to be treated with some suitable natural coating material to enhance its life from 3 to 20 years and needs
to be cleaned properly by soaking in lime or saline water to remove lignin, pith, cellulose and silicate crystals. The overall use of coir
and lime as substituent of cement binders is highly recommended though further research is required to maximize usage for this
economical and eco-friendly material.

Introduction

. . lime and pozzolanic materials with fine or coarse aggregate [5,6].
Cement, concrete, and mortar are considered as the basic p ggregate [5,6]
Such cementitious composite materials are generally characterized

materials in the world construction industry. The construction
sector contributes one tenth of global GDP up to 15 Trillion USD

and causes up to 10% of greenhouse emission mainly due to

by their good compressive strength but weak tensile/ flexural/
torsional strength [5]. Researchers have been endeavoring to

. . . . introduce new composite materials using lime and pozzolanic
production of cement, use of fossil fuel, machinery/ equipment,

) . . binders like volcanic ash (Tuff) as substitute for cement to minimize
and other petroleum products/ materials [1]. It is estimated that

. . . . the pollution and incorporation of natural fibers to improve the
at least 0.9 metric ton CO, is produced during manufacturing of 1 p p p

metric ton of ordinary Portland cement (OPC) [2,3]. Research has strength of novel materials [7].

focused on preparation of various composite materials which are Use of Lime
environmentally friendly, cost effective and consumes the waste

. . . . Lime has been in use for centuries for stone masonry, facade
products/materials from other industrial sectors [4]. A composite Y
. i o . . work even in Egyptian, Romans, Greek and Iranians empires in
is generally developed by mixing of binding materials like cement,

N
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construction of their traditional large-scale architectural master
piecesinancienthistory datingbackto 12000 BC [8]. They have been
using lime, marble chips, granite aggregates and lime mortar with
horsehair as concrete, joinery, and plastering materials [9]. Lime
is found in abundance in the form of limestone/chalk comprising
calcium carbonate and mined from naturally occurring quarry sites.
Limestone is then heated up to 1000 degrees centigrade to extract
burnt or quick lime (calcium oxide) and hydrated with water to get
slaked lime (calcium hydroxide) and this process is called a Lime
Cycle. When slaked lime is mixed with sand or clay to form a mortar
then calcium hydroxide reacts with carbon dioxide to form calcium
carbonate slowly while setting down into hard form as shown in
below chemical equations and (Figures 1 & 2) [10].

sLimestone is *Quicklime is
heated upto obtained
1000 degrees

celcius

Water is added

*Slaked lime is

carbonated to (slaking) to form
convert slowly to lime putty or
hard lime | L hydrated lime

Figure 1: The Lime Cycle for High Calcium Lime [10].

Figure 2: Lime Quarry, Norway [13].

CaCo0, - Ca0 + CO,
Ca0 +H,0 - Ca (OH),
Ca (OH),+C0,—CaC0,+H,0

The lime is used in different forms like hydraulic, non-hydraulic
(e.g.lime putty) and hydrated for different purposes in construction
industry like mortars, plasters, renders, paints, and powdered
forms. Natural Hydraulic lime NHL is a frequently used as mortar
lime product which comes in three types of strengths NHL2,

NHL3.5 and NHL 5 for interior, exterior and limecrete uses [11].
The use of lime mortars is especially recommended in underwater
construction, along coastal lines, flood leaves, break walls/ blocks
and for properties enhancement of marine clay soil due to its
moisture absorption capability and strength gaining characteristic

under water [12].

Use of COIR

Figure 3: Coir Fiber [17].

One of the most used natural fiber in different sectors, is
coconut COIR which belongs to the Palm family [4]. The coir is a
hard, renewable, and biodegradable fiber and is produced by
extraction of fiber from waste coconut husk by retting process in
mainly coastal areas of Africa, Asia, and America [13]. Coir is then
soaked in water and NaOH (sodium hydroxide) solution for around
a month to separate dirt, silica crystals, moisture, pith etc. to get
a clean fibrous product [14]. The coir production in the world is
estimated to be around 800,000 metric tons annually [5]. India and
Sri Lanka alone contribute majority of coir production in the world
[5] which is used in different categories of products like upholstery,
ropes, meshes, sacks, construction industry and horticulture. The
coir is also used in making anti corrosion mesh nets for use along
embankments, slopes stabilization, strengthening of flood bunds
and road subgrade. The bitumen treated coir sheets are often used
in road surfaces, rail embankments and water/ leakage proofing
on wet surfaces [15]. The mature brown coir fiber retted in saline
water is generally short in length up to 2-6 inches long with 0.1mm
to 0.5mm diameter (Figure 3), comprising mainly of cellulose and
water having various cavities along the cross section which increase
their stickiness/bonding property. The main composition by weight
of coir is 40-45% cellulose/hemicellulose, up to 10-25% moisture,
40-45% lignin/pith/pectin and up to 2.5% traces of ash. Coir fibre
has a density of approximately 1.4 g/cm? up to 590 MPa tensile
strength and elongation (ductility) is up to 50% of length; the fibre
can swell up to 5% with an average life of 3 years [4,12,14-16]. The
tensile strength is very impressive as it is equivalent to the tensile
strength of low carbon structural steel. Furthermore, in addition
to the strength, with high ductile behavior, these fibers have the
potential to enhance the properties of most civil engineering /
construction materials. The lime, silica and saline treated coir
have shown much improved life if used with cement or lime. Its
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physical/ chemical properties and cheap availability in abundance
suggests its numerous uses in construction industry especially in
bituminous mats, marine clay soils, embankment stabilization and
cement/lime concrete/mortars for improved life and compressive/
flexural/torsional strengths [12,15,16]. Some of the uses of coir are

shown in (Figure 4).

Figure 4: COIR Mesh use in Erosion Control Measures
[18].

Review of Performance / Use of Lime Treated COIR
in Fiber Reinforced Concrete (FRC)

In the last few decades considerable research has been
carried out to see the performance and use of coir in cement
concrete. Different aspect ratios and percentage by weight of coir
in comparison to cement have been used in different studies. The
results show an increase of tensile and flexural strength up to
optimum use of 2 % coir with up to 125 aspect ratios. Compressive
strength of coir fiber reinforced concrete improved till maximum
use of 1% coir and then it reduced. Slump test showed that
workability of concrete decreased with more percentage of coir.
Similarly, maximum 2% use of coir improved the tensile and flexural
strengths but more than 2% reduced further improvements. Yalley
and Kawan in their study on use of coir for strength improvement
of cement concrete observed that cleaning of coir before its use
with saline water is essential process to get rid of pith, lignin,
silicate particles and moisture [17-19]. An observation was made
using electron microscopy and it was ascertained that soaking of
coir in saline or lime water solution for 7 days cleaned much of
undesired particles from coir than soaking it in normal water for
30 days (Figures 5 & 6) [20]. Shreeshail et al. carried out slump
test to assess workability of lime treated coir FRC and worked out
that it decreased gradually with enhanced use of coir from 84 mm
slump of normal concrete to 24 mm of slump with 3% use of coir
with 125 aspectratio AR as shown in (Figure 7). The results suggest

decreased workability of concrete if coir fiber is used more than
1% [21]. Udhay and Ajitha conducted compressive testing on lime
treated coir fiber reinforced concrete (FRC) cubes for 3, 7 and 28
days strength for 1% to 5% use of coir fiber and observed reduction
in strength with all ratios except 1% use of coir where a nominal
increase of 3% was observed in compression strength which
gradually decreased more than 1% coir use as shown in Table 1 and
(Figures 8 & 9) [22].

Kl
Figure 6: SEM of Coir washed in Lime/ Saline water after
7 days [20].
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Figure 7: Graph showing slump test results of 1%, 2% &
3% Coir at 75 & 125 Aspect Ratio [21].

Table 1: Compressive strengths of coir FRC on 3,7 and 28 days
[22].

Curing Days 0% 1% 2% 3% 4% 5%
3 34.37 35.62 33.16 31.25 2893 | 26.66
7 46.25 47.16 43.25 40.72 38.19 | 35.27
28 64.93 66.52 62.78 58.36 56.86 | 53.73
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Figure 8: Compression testing of samples with 0% to 5%
Coir FRC [22].
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Figure 9: Graphs showing compressive strengths of
samples with 0% to 5% Coir FRC on 3,7 and 28 days [22].

The data/graphs illustrated in Table 2 and (Figures 10 & 11)
show the results/effects of mixing of coir in cement concrete on
split tensile strength of the composite for 3, 7 and 28 days. The split
tensile strength increased by around 3.5% from 0-1% use of coir
and coir reinforced showed ductility and cylinder remained intact
after the cracking instead of immediate rupture (Figure 11). The
split tensile strength started to decrease for all coir fiber content
greater than 1%. It can be inferred that coir up to a certain quantity
can be useful to mix in concrete to improve strengths and to impart
post crack ductile behavior, however, increased quantities have
an adverse effect on workability and mechanical properties [22].
It has been observed that increased quantity of coir in concrete
more than 1-2% increases difficulty in compaction and workability.
The Vee-Bee test and compaction factor readings conducted by
Udhay and Ajitha are illustrated in Table 3, 4 which show that time
has increased for transformation of concrete shape from cone to
cylinder from 7 seconds for 1% coir mixture to 20 seconds for 5%
coir mixture. Similarly, compaction factor reduced from 0.744 for
1% coir to 0.708 for 5% coir mixture. This is attributed to coir
fiber properties of stickiness due to cavities in its structure which

do not allow proper compaction or even distribution of fibers and
result in reduced compaction factor, compressive strength and
tensile strength if used more than 1% quantity [22]. Sheeshail et
al. conducted experiment on enhanced job mix formula of concrete
with 1:1.94:2.93 with aspect ratio of 75 and 125 using 1% to 5%
of coir for 7 days and 28 days curing. They found the optimum coir
fiber usage at 2% for improved results of compressive, tensile and
flexural strengths as shown in (Figures 12-16) [21].

Table 2: Split Tensile Strength of Coir FRC [22].

Curing Days 0% 1% 2% 3% 4% 5%
3 3.09 3.25 294 | 278 2.52 2.25
7 3.54 3.75 3.48 3.13 2.95 2.74
28 4.39 4.54 425 | 3.96 3.74 3.58
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Figure 10: Graphs showing Split Tensile Strength of Coir
FRC samples with 0% to 5% Coir FRC on 3,7 and 28 days.
[22].

Figure 11: Split tensile strength testing of coir FRC
cylinders showing ductile behavior [22].

Table 3: Vee-Bee test of Coir FRC [22].

Vee-Bee Test Mix1 | Mix2 | Mix3 | Mix4 | Mix5
(Time to convert from
Cone to Cylinder Shape) 7 ? 12 16 20
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Table 4: Compaction factor of Coir FRC [22].

Mix 1 Mix2 | Mix3 | Mix4 | Mix 5
Compaction Factor
0.744 0.732 | 0.722 | 0.715 | 0.708
35
i4.3%

—— A TS
———AR 125
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PERCENTAGE OF COIR
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Figure 12: Compressive strength of coir FRC on 7 & 28
days [21].
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Figure 13: Split Tensile strength of Coir FRC on 7 & 28
days [21].

Sheeshail et al, (2014) conducted experiment on enhanced
job mix formula of concrete with 1:1.94:2.93 with aspect ratio of
75 and 125 using 1% to 5% of coir for 7 days and 28 days curing.

They found the optimum coir fiber usage at 2% for improved
results of compressive, tensile and flexural strengths as shown in
(Figures 12-16) [21]. The optimum flexural strength of 6.16-6.3
MPa for coir FRC was observed with 125 aspect ratios with 28 days
curing with 1- 2% use of coir as shown in (Figures 14-16) [22].
The use of hydraulic lime as pozzolanic binder and coir fiber are
recommended to be used as environmentally friendly substitute of
OPC concrete [23]. Current research should focus on development
of pollution free low-cost composite materials to minimize the
dangerously increasing challenge of greenhouse gases emission
effects from manufacturing of OPC and use of cement concrete [24].
The natural fibers obtained from agricultural waste like coir, sisal,
rice husk ash, palm ash and bamboos etc. are good materials to be
incorporated in concrete to increase biodegradable contents and

use of waste materials [25].

2 616 .3
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Figure 14: Flexural strength testing of Coir FRC on 7 [21].
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Figure 15: Flexural strength testing of Coir FRC on 28 days
[21].

Figure 16: Flexural strength test of coir FRC showing post
crack ductility [21].
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Performance & use of COIR and Lime in Soils

There exist different types of soil based on their composition,
water absorption, grain size, porosity, shrinkage, swelling, liquid
limit, plastic limit, bearing capacity and compressive strength etc.
The soils like marine clay which has lesser bearing capacity and
more swelling or expansion on absorption of water are considered
as weaker soil and need to be treated to improve geotechnical
properties to actas agood bearing structure [26]. Any infrastructure
constructed on expansive or swelling marine soil experience
heavy cracking and failure over a period if remain untreated [27].
The most economical and eco-friendly solution is to treat the soil
with naturally occurring materials and bio-degradable organic
fibers and industrial waste materials [25,28]. Recent findings have
identified use of lime and coir fiber as a good mixing material for
enhancement of soil properties. Lime mixed with 1-2% coir fiber
have shown better strength properties especially in swelling soils.
The lime and coir have been considered good to reduce the liquid
limit of marine soils which contain more water than their liquid
limit [29]. Anggraini et al. investigated the use of 5% lime with
0.5% to 2% coir in marine clay and observed that the dry density
of this soil mixture decreased due to lesser weight (density) of
lime and coir composite whereas it improved the water absorption
capability and water contents increased up to 13% with use of
5% lime and 2% coir as shown in (Figure 17) [30]. They observed
that the optimum plastic limit was found at 5% lime with 2% coir
whereas minimum liquid limit was observed with this composite as
shown in (Figure 18) [30].
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Figure 17: Dry Density/ Water Contents of Soil with 0%-
2% Coir and 5% Lime [30].
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Figure 18: Liquid Limit/ Plastic Limit of Soil with 0%-2%
Coir and 5% Lime [30].

Shrinkage limit and linear shrinkage limit were reduced with
the use of lime and coir and showed minimum values at maximum
2% use of coir with 5% lime stabilization in the soil as shown in
(Figure 19) [30]. The compressive strength of lime-coir composite
soil was observed at its optimum level with 5% lime and 1% coir
and it increased by 1.5 times the untreated soil from 0.3 MPa to 0.75
MPa. However, decrease in compressive strength was observed if
coir quantity was increased more than 1% as shown in (Figure 20)
[30]. The reduction in compressive strength of lime-coir treated
soil with more than 1% coir can be attributed to coir fiber structure
having cavities in the fibers which produce lumps and decrease
contact with soil particles giving rise to more voids and lesser
compactness and reduced absorption of lime contents to soil due
to more coir fibers [31-33]. The presence of silicate crystals, lignin,
pith, and cellulose in coir fiber also results in reduced compressive
strength if more quantities are used. This factor was studied by
conducting scanning electron microscopic analysis as shown in
(Figure 21) [30].
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Figure 19: Shrinkage Limit/ Linear Shrinkage Limit of Soil

with 0%-2% Coir and 5% Lime [30].
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Figure 21: Scanning Electron Microscopy of Soil with 0%-
2% Coir & 5% Lime [30].

The white dots in the figure show presence of silicate with coir
fibers and lumps of clay adhered to fibers because of the cavities.
The presence of this adhesion increased the compactness and shear
resistance of soil composite till 1% use of coir fiber but after that it
started to decrease the density of soil, compactness, and creation of
clay lumps. All this results in voids and unevenness in the structure
of soil due to non-uniform spread of coir fibers which can be seen
visibly from the SEM picture. Therefore, it can be inferred that
use of 5% lime with optimum level of 1-2% coir fiber are suitable
for expensive soils like clay marine soil. Since the coir fibers are
biodegradable having a life of 3-4 years; therefore, coating of
nonhazardous environmentally friendly natural coating materials

may be used to enhance the coir fiber life to around 20 years [34].

Potential use of COIR in Limecrete and Mortars

The lime with horsehair was used to increase its tensile
strength as found in Roman construction as a layer/mesh net in
lime mortar used for stone masonry [8]. It is advisable to consider
studying the use of natural fibers in lime mortar and limecrete
for enhancement of their physical and chemical properties. The
properties of compressive, tensile, and flexural strengths exhibited
by lime mortar and limecrete are quite similar to cement mortar
and class C,, concrete that is strong in compression and weak in
tensile & flexural behavior. The use of fibers in lime products
generally give enhanced engineering properties like toughness,
compressive strength, increased tensile (torsional) strength,
water retention capability, better insulation, water proofing and
embankment/slope stabilization along the water streams. Recent
findings show lime treated soil with coir mesh or nets have
improved stabilization of embankments and stream banks, flood
bunds due to its slow setting under water and anti-erosion control
capability of coir, as shown in (Figure 22) [35]. Stefanidou et al. in
their studies on lime mortars and different fibers suggested that
mixing of wooden cellulose natural fibers like sisal or coir increase
compressive strength, tensile strength, flexural strength, fracture

& cracking energy, static elastic modulus, and porosity. The use of

wooden cellulose fibers is economical and nontoxic to environment
with more absorption of industrial waste from other sectors [12]. It
is recommended that further research should be conducted on use
of coir in limecrete with different percentages and aspect ratios for
hydraulic and hydrated limes.

Figure 22: Use of Lime treated Coir for Erosion Control
and Water Retention along Water Streams,/ Flood Bunds
[34].

To summarize, the coir is obtained from coconut husk and
belongs to the palm family of fibers. It's extremely strong in tension
(up to 590 MPa), which is similar to steel, tough and is very ductile
(50% elongation at failure). Given it is economical in comparison
to other alternatives, e.g. steel and polymers (polypropylene) and
environmentally friendly and ethically sourced, there is tremendous
potential to use COIR which can be used in cementitious materials,
limecrete and treatment of expensive soils. The optimum values of
coir considered feasible range from 1% in concrete and soil. The
durability of coir fiber can be increased to 20 years by treating
with natural materials. The compressive strength can be enhanced
by around 10-15% and flexural strength up to 20-25% with use of
maximum 1% coir in concrete. Expensive marine soils have shown
considerable enhanced engineering properties with use of up to
1% coir and 5% lime. The compressive strength of marine soil
increased by 150% while shrinkage and liquid limit were decreased,
and plastic limit increased with use of coir and lime thus increasing
the stability of marine soil. The use of coir and lime in concrete and
soil along the water streams is highly recommended due to their
absorption and setting capability under water and stabilization of
slopes and embankments.

Conclusion

a.  The use of cement in construction industry is a major
contributor of greenhouse gas emissions. Therefore, use of
lime as a partial substitute of cement is highly recommended to
facilitate the battle against climate change.
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b.  Use of coconut coir has great potential to enhance the
properties of construction materials due to its high tensile
strength (up to 590 MPa) and ductility (50%).

c.  The research on use of lime and coir has shown that
only 1-2% coir and up to 5% lime use in any composite are
recommended to improve performance as greater quantities
has negligible effect.

d. It is recommended the coir is cleaned and treated with
saline or lime and with some coating material to increase the
efficiency and effective life of coir. This process can be by-
passed if the coir fibre is encased in a lime-based matrix.

e.  Use of coir along water streams in the form of meshes,
ropes or trunks have shown considerable effectiveness against
erosion and water seepage and are recommended to use for
embankment stabilization and water retention.

f. Further research should focus on the development of low
carbon lime-based concrete (limecrete) and lime mortars &
renders with coir fiber reinforcement for increased robustness,
strength, ductility, and sustainability.
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