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Abstract
Agricultural waste disposal is among the environmental concerns in many countries. Finding economical
uses for this waste by incorporating it in a product is the approach often used to overcome the
environmental issue. Banana fibre and coconut coir are major agricultural waste products in Sri Lanka
and fewer amounts of these are converted into usable products. Manufacturing cement-stabilized soil
blocks incorporating these waste materials can reduce the environmental impact. The present research
studied the post-peak behavior and durability of banana fibre and coconut coir-strengthened cement-
stabilized soil blocks. Banana fibre-reinforced and coconut coir-reinforced blocks were tested for
compression, flexural bending, water absorption, sorptivity and resistance against chemicals, wet-dry
weathering and freeze-thaw weathering. The banana fibre showed better post-peak behavior in
compression and coconut coir showed better post-peak behavior in flexural. Both fibre reinforcements
improved the block’s durability against the acid attack, alkaline attack, wet-dry weathering and freeze-
thaw weathering. Moreover, the specimen reinforced with coconut fibres was found to exhibit better
durability compared to the specimen reinforced with banana fibres.

1. Introduction
Agricultural waste disposal is an environmental concern in several countries. Incorporating this waste
into a product is one approach used to overcome the environmental issue. One of the by-products of
agricultural waste is natural fibres. Natural fibres extracted from coconut, banana, sugarcane, jute, sisal,
oil palm and flex have been used in cementitious material. The purpose of incorporating fibres in
cementitious material is to improve ductility, toughness and flexibility. The literature review indicates that
both natural fibres and synthetic fibres have been incorporated in the production of cementitious material
[1–7]. Even though synthetic fibres showed better performance, using natural fibres is beneficial as it is
readily available, inexpensive, low density, biodegradable, energy-efficient and eco-friendly [8].

Another issue that the construction industry has faced in recent years is the scarcity of river sand. This is
a fine aggregate used in the production of concrete and cement-sand blocks. The demand for the sand
has led to illegal sand mining from the river bed and this has resulted in environmental issues [9]. The
possible solution to this is focused on environmentally-friendly construction materials such as
compressed earth cement blocks or cement-stabilized soil blocks. The raw material of the stabilized earth
block is lateritic soil. This can be obtained from many places and therefore less transportation is required.
However, there are major issues concerned with the use of cement-stabilized soil blocks for construction
including the brittle behavior of the blocks and their lack of durability [10]. This issue may be overcome
by incorporating fibres in the production process of the cement-stabilized soil blocks.

Several research studies have been carried out with fibre-reinforced concrete. In the context of the
research work carried out on masonry blocks, the majority of the research has been done with cement-
sand blocks [11–14] and adobe [15–17]. Investigations into the suitability of fibre-reinforced and cement-
stabilized soil blocks is scarce. Of this, most of the work is focused on determination of its strength
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capacity and a few works have reported on the post-peak behavior of cement-stabilized soil blocks [11,
18].

In view of the aforementioned review of the literature, the present study aims to evaluate the
characteristics of cement-stabilized soil blocks using locally available natural fibres, specifically banana
fibres and coconut fibres. Both fibres are major agricultural waste in Sri Lanka and fewer amounts of
these are converted into usable products. The use of this waste as part of stabilizing the earth block’s
production may reduce the associated environmental concerns. The influence of fibres on the post-peak
behavior and durability properties of the stabilized earth block has therefore been studied in the present
investigation.

2. Materials And Methodology

2.1 Materials used
The following raw materials were used in the preparation of the mortar mixture:

Cement: Ordinary Portland cement was used. The specific gravity and bulk density was 3.15 and
1362 kg/m3 respectively.

Soil: Locally available soil from the University premises in Kilinochchi, Sri Lanka was used. The
specific gravity and apparent density was 2.37 and 1348 kg/m3 respectively. The soil consisted of
45.8%, 50.2% and 4% of clay and silt, sand and gravel respectively.

Banana fibre: The fibre was obtained from processing banana stem using a banana fibre extracting
machine. It was cut into shorter pieces at an estimated length of 25 mm.

Coconut coir: Locally available untreated coir was used. It was cut into shorter pieces at a length of
length of 25 mm.

Figure 1 illustrates the distribution of the particle size of the materials used in the mortar mix preparation.
The material used in the mortar mix is illustrated in Fig. 2(a).

2.2 Mix design
For the casting of the blocks and beams, a cement-sand mortar mix at a ratio of 1: 6 (by volume) was
considered. The mortar mixing was done manually with a dry mixture of soil and cement. The fibre was
added gradually by scattering it randomly. Then water was added during the mixing process until it
became homogeneous. The water to cement ratio was kept at 0.9. The sequence of the specimen
preparation is illustrated in Fig. 2(b). The mix design used for the mortar preparation is summarized in
Table 1.
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Table 1
Mix design of the mortar

Mortar Cement (kg) Soil (kg) Banana fibre (g) Coconut coir (g) Water

(kg)

Control 1.0 7.1 - - 0.9

Banana fibre 1.0 7.1 32.4 - 0.9

Coconut coir 1.0 7.1 - 32.4 0.9

2.3 Preparation of the specimen
The cube size was 150 × 150 × 150 mm for the uniaxial compression tests, the beam size was 100 × 100 
× 400 mm for the three-point bending tests and the block size was 100 × 100 × 60 mm for the durability
tests. For each mortar type, five cubes and five beams were used for the uniaxial compression test and
three-point bending test respectively.

2.4 Testing
The mortar cubes, beams and blocks were left to complete moisture curing for 28 days. To determine the
physical, mechanical, and durability characteristics of the cement-stabilized soil blocks, tests were carried
out according to specific standards.

Density (ASTM C140 [19])

Compressive strength (EN 772-1 [20])

Flexural strength (BS EN 1015-11 [21])

Saturated water content (ASTM C140 [19])

Resistance against water, salt water and acid (ASTM C1152M-04 [22])

Alkaline resistance (ASTM C289-07 [23])

Wetting and drying resistance (ASTM-D6611 [24])

Freezing and thawing resistance (ASTM-D560 [25])

To measure the sorptivity, the cubes were oven-dried at 50ºC for 24 hours and then allowed to cool in a
normal environmental condition for 24 hours. The cubes were placed in water to the point of being
partially submerged at a depth of 5 mm. At regular time intervals (t = 0, 5, 10, 15, 30, 60 and 90 min), the
mass of the cubes was measured after the removal of the surface water. Sorptivity was calculated using
Eq. (1) [26];

∆m/ρA = s√t + I0 (1)

Where t is the measured time (min), ρ is the density of the water (kg/m3), A is the bed area exposed to the
water (m2), Δm is an increase in weight due to capillary (g), I0 is initial sorption (mm) and s is the sorption
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coefficient (mm/min½).

3. Results And Discussion
Table 2 summarizes the density and saturated water content of both the control blocks and fibre-
reinforced blocks. The blocks with banana fibre and coconut coir had a lesser dry density and higher wet
density than that of the control blocks. It was observed that with the addition of fibre in the mortar, both
the saturated water content and porosity were found to increase. The absorbent nature of banana fibre
and coconut fibre was compared to the water absorption of the fine aggregates and the volume of pores
in the mortar mix. It allowed more water to be absorbed by the mortar. Both the banana fibre and coconut
coir reinforced blocks showed a similar dry density, wet density, water absorption rate and porosity.

Table 2
Physical properties of the blocks

  Control Banana fibre r/f Coconut coir r/f

Dry density (kg/m3) 1792 1776 1778

Wet density (kg/m3) 2007 2050 2055

Saturated water content (kg/m3) 215.2 274.7 277.0

Porosity (%) 21.5 27.5 27.7

3.1 Compression behavior
Figure 3 illustrates the compression test results of the control blocks and fibre-reinforced blocks. For the
control mortar, due to shear, cracks occurred and the blocks separated into several parts as shown in
Fig. 3(a). In the case of the banana and coconut coir reinforced blocks, they showed more ductile
behavior. As shown in Fig. 3(b) and (c), even for the larger deformations, the fibres maintained the
integrity of the blocks and did not show any brittle failures. For the visuals, both fibre reinforced blocks
showed similar behavior.

Figure 4 illustrates the stress-strain behavior of the control block and fibre-reinforced blocks. The results
showed that the compressive strength of the banana fibre and coconut coir reinforced blocks was less
than the control mortar. The calcium silicate hydrate gel generated from the cement reacts with water and
this is responsible for holding the aggregates together. When the fibres were added to the cement-
stabilized soil mortar, it reduces the cement content percentage of the overall mix. This leads to a
reduction in the compressive strength of the cement-stabilized soil mortar. In all cases, the stress-strain
looked similar until it reached peak stress. The post-peak behavior showed substantial variations. Due to
the fibres, there was the establishment the tensile resistance at the crack openings and the stress was
distributed throughout the mortar. The existence of fibre reduces unstable crack opening and introduces
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better-distributed cracking. Hence the cement-stabilized soil blocks with both banana fibre and coconut
coir showed better post-peak behavior than the control mortar.

Table 3 summarizes the strain at first crack, compressive strength, compressive stress at the axial strain
of 0.06 and the compressive toughness index. The compressive toughness index (CTI) refers to the
deformation energy under uniaxial compression for a particular amount of strain [27]. The area inside the
stress-strain curve shown in Fig. 4(a) was calculated and the strain was limited to 0.06 in the present
study. The higher CTI value for both banana fibre and coconut coir reinforced blocks indicate that the
fibre addition improves post-peak behavior and ductility.

Table 3
Compression characteristic of fibre reinforced blocks (standard deviation shown in brackets)

Mix ∆P

(%)

σP

(MPa)

σ0.06

(MPa)

σ0.06 /σP CTI0.06 (10− 3)

Control 1.51

(0.09)

3.44

(0.11)

0.51

(0.19)

0.15 83

(12)

Banana fibre r/f 1.50

(0.11)

3.16

(0.08)

1.76

(0.43)

0.56 121

(16)

Coconut coir r/f 1.53

(0.07)

3.11

(0.08)

1.52

(0.21)

0.49 120

(8)

∆P - strain at peak load, σP - compressive strength, σ0.06 - compressive stress at the strain of 0.06,
CTI0.06 - compressive toughness index

3.2 Flexural behavior
Figure 5 illustrates the specimen after the flexural tensile test. It is shown that the fibre addition improved
the ductility of the beams. The control mortar beam showed a brittle failure while there was a gradual
failure for both the banana fibre and coconut coir reinforced mortar beams. The gradual failure of the
fibre mortar may be a consequence of the inclusion of fibres distributing the crack before failure. As
observed in Fig. 6, the flexural tensile strength is slightly reduced with the addition of fibres. The lower
flexural tensile strength observed for the coconut coir reinforced beams was 0.92 MPa, which is 13.2%
less than the control beams. The corresponding value for the banana fibre reinforced beams was
1.01 MPa and 4.7% respectively.

Flexural toughness index is an important parameter involved when studying the post-peak characteristics
of the blocks. Toughness is determined according to ASTM C1018 [28] by measuring the area under the
load versus the deflection curve up to a specific level of deflection. The toughness index is calculated by
dividing the toughness at a particular deflection by the first-crack toughness. Three deflections at 3, 5.5
and 10 times the first-crack deflection were considered in this study and the corresponding toughness
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index was defined as I5, I10 and I20 respectively. Table 4 summarizes the first crack deflection, the
modulus of the rupture and the toughness indices. From the results, it can be seen that the value of the
toughness indices for the coconut coir reinforced beams is larger than that for the banana fibre reinforced
beams. However, both fibre beams had higher toughness indices than the control mortar beam.

Table 4
Test results of mortar beams in flexural (standard deviation shown in brackets)

Mix Modulus of rupture First-crack deflection Toughness indices

  (MPa) (mm) I5 I10 I20

Control 1.06 (0.05) 0.87 (0.05) 1.21 1.23 1.24

Banana fibre r/f 1.01 (0.03) 0.86 (0.02) 2.09 2.45 2.59

Coconut coir r/f 0.92 (0.02) 0.84 (0.02) 2.16 3.04 3.76

3.3 Sorptivity
Figure 7 illustrates the sorption rate of the cement-stabilized soil blocks. The sorptivity coefficients were
calculated from the gradient of the sorption rate versus the square root of the time curve shown in Fig. 7.
The sorptivity coefficients in the initial stage were 0.68, 0.98 and 1.00 mm/min½ for the control, banana
fibre and coconut coir reinforced blocks respectively. These results reveal that the fibre addition to blocks
resulted in the water being absorbed at a faster rate. The main factor that affects the capillary rise is the
porous nature of the fibre reinforced blocks.

3.4 Chemical resistance
Figure 8 illustrates the reduction of compressive strength of the cement-stabilized soil blocks which were
kept in an outside environment, submerged in water, submerged in saltwater, submerged in a 3% NaOH
solution and submerged in a 3% H2SO4 acid solution. The test results showed that:

The compressive strength reduction of all three types of blocks which were kept outside in the
environment, submerged in water and submerged in saltwater varied between 1 and 2%. These
conditions therefore do not affect the compressive strength of the blocks.

Both the control and fibre-reinforced blocks showed that they were the most vulnerable against
alkaline and acid attacks. The compressive strength reduction was 6.6%, 6.1% and 4.8% for the
control, banana fibre and coconut coir reinforced blocks respectively.

In the study of their resistance to acid attacks, the compressive strength reduction was 14.7%, 9.4%
and 7.9% for the control, banana fibre and coconut coir reinforced blocks respectively.

This demonstrates that the inclusion of fibres, especially coconut coir, within cement-stabilized soil
blocks offers an improvement in durability against alkaline and acid attacks.

3.5 Freeze and thaw resistance
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Figure 9 illustrates the compressive strength reduction after the particular number of freeze-thaw cycles.
It was observed that the compressive strength reduction was increased as the freeze-thaw cycles
increases. However, the inclusion of fibres, especially coconut coir, in the blocks resulted in less of a
strength reduction. After 12 freeze-thaw cycles, the strength reduction of the control, banana fibre and
coconut coir reinforced blocks was 33%, 25% and 19% respectively. This revealed that the mortar
reinforced with banana fibre and coconut coir improved the durability of the blocks against freeze-thaw
cycles.

3.6 Wet and dry resistance
Figure 10 illustrates the compressive strength reduction after wet and dry cycles. It was observed that the
compressive strength reduction was increased as the wet and dry cycles increased. The blocks with the
coconut coir addition had a better level of performance than the control and banana reinforced blocks.
After 12 wet-dry cycles, the strength reduction for the control, banana fibre and coconut coir reinforced
blocks was 25%, 24% and 22% respectively. It has been shown that mortar reinforced with coconut coir
improved the durability against wet-dry cycles. However, the improvement was not as much as the freeze-
thaw resistance.

4. Conclusion
This study has evaluated the post-peak performance and durability of cement-stabilized soil blocks after
incorporating banana fibre and coconut fibre reinforcements. The major findings can be summarized as
follows:

Blocks with banana fibre and coconut coir showed a lesser dry density and higher wet density than
the control blocks. Both banana fibre and coconut coir reinforced blocks showed a similar dry
density, wet density, water absorption rate, porosity and sorptivity.

The presence of fibres reduced the compressive and flexural tensile strength. The banana fibre
reinforced blocks showed slightly better performance than the coconut coir blocks. However, the fibre
addition enhanced the residual strength, ductility and toughness. Between the two fibres, banana
fibres showed better post-peak behavior in compression and coconut coir showed better post-peak
behavior in flexural.

Both fibre reinforcements improved the resistance of the blocks against acid attacks, alkaline
attacks, freeze-thaw cycles and wet-dry cycles. In all cases, the coconut coir reinforcement had a
better level of performance than the banana fibre reinforcement.

These results indicate that the addition of banana fibre and coconut fibre offer post-peak compressive
and flexural behavior and durability improvements. These benefits come as a trade-off in the form of a
reduction in the initial compressive and flexural strengths.
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This study focused on how banana fibre and coconut fibre influence the mechanical properties and
durability characteristics of cement-stabilized soil blocks. Further tests such as a micro-structural
analysis and the examination of the porous characteristics, fire resistance and thermal conductivity are
needed to assess the feasibility of the fibre-reinforced cement-stabilized soil blocks for the purpose of
house unit construction. It is recommended to conduct further feasibility studies on the use of these fibre-
based cement-stabilized soil blocks in their intended actual application.
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Figure 1

Particle size distribution of cement and local soil
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Figure 1

Particle size distribution of cement and local soil
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Figure 2

(a) Materials used for mortar and (b) Specimen preparation sequence
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Figure 2

(a) Materials used for mortar and (b) Specimen preparation sequence
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Figure 3

Failure pattern of the mortar cubes in compression

Figure 3

Failure pattern of the mortar cubes in compression
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Figure 4

Test results (a) stress–strain curves from compression test and (b) flexural tensile stress vs. mid-span
displacement from three-point test
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Figure 4

Test results (a) stress–strain curves from compression test and (b) flexural tensile stress vs. mid-span
displacement from three-point test
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Figure 5

Failure pattern and cross-section of the mortar beams in flexural

Figure 5

Failure pattern and cross-section of the mortar beams in flexural
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Figure 6

Initial and residual flexural tensile strengths of mortar beams
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Figure 6

Initial and residual flexural tensile strengths of mortar beams
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Figure 7

Sorption rate variation of mortars
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Figure 7

Sorption rate variation of mortars
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Figure 8

Strength reduction due to chemical attack
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Figure 8

Strength reduction due to chemical attack
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Figure 9

Strength reduction due to freeze and thaw effect
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Figure 9

Strength reduction due to freeze and thaw effect
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Figure 10

Strength reduction due to wet and dry effect
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Figure 10

Strength reduction due to wet and dry effect


