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(is study investigated the properties of cement mortar with lime reinforced with plantain pseudostem fibres. Experimental
specimens with 0, 0.25, 0.5, 0.75, and 1% fibre contents by weight of sand and 10% lime content by weight of cement were prepared
and tested on 7, 14, 21, and 28 days of curing for density, tensile strength, compressive strength, SEM, and EDS.(e 0.25% plantain
pseudostem fibre reinforced mortar achieved 23.4% compressive strength improvement over unreinforced mortar specimens.
(ere was between 6.89 and 13.80% increase in tensile strength of the plantain pseudostem fibre reinforced mortar over the
unreinforced mortar specimens. A positive linear correlation was found between the compressive strength and tensile strength of
cement mortar reinforced with plantain pseudostem fibres and lime with coefficient of determinant (R2) values between 0.909 and
0.869. It was also observed that the plantain pseudostem fibre reinforced mortar specimen had some microcracks and voids from
the SEM analysis. Furthermore, EDS analysis showed the presence of calcium silicate hydrate with a Ca/Si ratio of between 1.02
and 2.49, and Al/Si ratio of between 0.76 and 0.81 as the main oxide. It therefore concluded that the incorporation of plantain
pseudostem fibre and lime positively influenced the properties of the cement mortar with the 0.25% fibre content being rec-
ommended for construction application.

1. Introduction

(e demand for alternative building materials that are af-
fordable, environmentally friendly, and abundantly available
is on the rise. Studies have responded to this demand with
research studies being carried out to investigate the suit-
ability of some plant residue for use in concrete and mortar
[1]. More attention should be paid to the application of
natural fibres as building materials for the purpose of
conserving energy [2]. (e application of natural fibre in
mortar and concrete as admixture can contribute to the
reduction of environmental challenges caused by waste
disposal [3]. Today, the advancement of cement-based
composites has seen innovations and techniques in designs
that are economically and environmentally responsive and
seek to utilize raw materials that are abundantly available.
(e use of plant residue by construction industry helps in
achieving sustainable intake of building materials [4]. (e
utilization of local building materials is one of the potential

ways of supporting sustainable development in emerging
economies [5, 6].

An important plant residue for utilization in construc-
tion materials is pseudostem which is usually obtained from
banana and plantain plants. Pseudostem is the trunk of
banana or plantain plant which forms tightly wrapped
overlapping sheaths. (e trunk (pseudostem) contains hard
fibrous overlapping layers which are spirally arranged to fold
around the centre pith [1]. (e pseudostem is made up of
bonded filaments with cellulosic forms, hemicelluloses, and
lignin [7]. (e pseudostem contains woody fibre-based
lignocellulose material that possesses good properties for
construction application.

Studies have shown that banana pseudostem fibres can
be used to reinforce the properties of cement composites.
Malarvizhi et al. [8] investigated the properties of concrete
slabs reinforced with banana fibres, which yielded a positive
effect with significant improvement in the compressive and
tensile strengths. Kumaat et al. [3] studied the characteristics
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of concrete reinforced with banana stem fibre, which ob-
tained improvement in flexural and tensile strengths of
concrete. Zhu et al. [2] studied the properties of reinforced
cement composites with banana fibres and found im-
provement in flexural and fracture toughness which are
adequate for use as buildingmaterial. Mostafa and Uddin [5]
investigated the properties of reinforced compressed earth
blocks with banana fibres and recorded improvement in the
flexural and compressive strengths of the blocks. Tirkey and
Ramesh [9] used banana fibres to reinforced concrete and
obtained increased compressive strength. Mukhopadhyay
and Bhattacharjee [10] investigated the influence of concrete
reinforced with banana fibres and achieved an improved
compressive strength and a low volume fraction of the
concrete.

From the aforementioned, it can be seen that within the
pseudostem plants, extensive research has been carried out
with the use of banana fibres. (ere has not been enough
research in the application of plantain pseudostem fibres
which have similar properties to the banana pseudostem
fibres in concrete and mortar. It is therefore important to
advance the discourse of pseudostem fibre application in
concrete and mortar by the introduction of plantain pseu-
dostem fibres in cement-base matrix. (is study, therefore,
investigates the properties of cement mortar reinforced with
plantain pseudostem fibres with addition of lime, to de-
termine the influence the fibres have on the cement mortar.
(e study contributes to knowledge in the application of
pseudostem plant fibres in sustainable construction mate-
rials. Plantain (Musa paradisiaca) is a common plant that
grows well in sub-Sahara African, Asia, and other parts of
the world. (e plantain pseudostem residue is abundantly
available, affordable, and possesses mechanical properties
which can contribute to sustainable construction materials
applicable in building construction.

2. Experimental Materials and Procedure

2.1. Experimental Materials. Sand, plantain pseudostem fi-
bres, cement, lime, jute sack, and water are the main ma-
terials used for preparing the mortar for making specimens
for the study. Pit sand that conforms to BS EN 12620 [11]
requirements was used for preparing the mortar. Plantain
pseudostem fibres were prepared from plantain pseudostem
residue at a farm in Kumasi, Ghana. (e residue was soaked
in water for 24 hours, and the fibres were mechanically
extracted, washed, and dried in the sun. Photographs of the
sample plantain pseudostem fibres and the scanning electron
microscope (SEM) image of a single fibre are shown in
Figure 1. A critical observation of the SEM image of the
single fibre shows continuous microstrip patterns with slight
indents on the surface of the fibre. (is feature of the fibre is
good to ensure a good bond between the fibre and the
matrix. (e average diameter of the fibres measured is
0.65± 0.26mm, specific weight is 0.35 g/cm3, and water
absorption of about 245%. (e fibres were cut to length of
aspect ratio of 100 (65mm). Type I Portland cement of grade
32.5R produced by Ghana Cement (GHACEM) in accor-
dance with BS-12 [12] was purchased in the market for

preparing the mortar. Locally available lime, calcium hy-
droxide (Ca(OH)2) with 95% CaO, was also purchased in the
market for preparing the mortar. Tap water was used for
preparing the mortar and curing of the specimens together
with jute sack.

2.2. Experimental Procedure

2.2.1. Preparation of Mortar and Specimens. Weight
batching was used for measuring the materials for preparing
the mortar. A mix ratio of 1 : 3 (cement: sand) was used. (e
quantity of lime used was 10% by weight of cement, as a
replacement of cement. Plantain pseudostem fibre quantities
used as reinforcement in the mortar are 0.25, 0.5, 0.75, and
1% weight of sand, as replacement of sand with 0% fibres as
control. Water-cement ratios of 0.6 and 0.7 were used for the
control and treatments, respectively. (e control mix used
less water-cement ratio (0.6) because it did not contain lime
and fibre. (e various mix designs and their corresponding
quantities of materials used for preparing the mortars are
shown in Table 1. Mechanical mixing was adopted for
preparing the mortar to ensure homogenous mix. For each
mix design, the materials were weighed and the plantain
pseudostem fibres were immersed in water overnight. (e
immersion of the fibres in water was to prevent the fibres
from quick absorption of water in the fresh mortar as it has
very high water absorption rate. One-third quantity of water
was first poured in the mixing drum and the quantity of
cement was added while the drum was rotating slowly. (e
quantity of lime was added, followed by the fibres and then
the quantity of sand added. (e remaining two-third of
water was added and the speed of the rotating drum in-
creased till a uniform mixture was obtained. (e mortars
were used to prepare specimens (cubes and cylinders), as
shown in Figure 2(a). 100×100×100mm cube specimens
and cylinder specimens of length 200mm and diameter
100mm were moulded in accordance with BS EN 12390-2
[13]. (e quantity specimens prepared was 190 (120 cubes
and 70 cylinders), as shown in Table 2. After the specimens
were set, they were demoulded and covered with wet jute
sacks for curing (Figure 2(b)). (e jute sack was kept damp
throughout the curing period.

2.2.2. Testing of Specimens. (e specimens were tested for
density, compressive strength, and tensile strength after
curing for 7, 14, 21, and 28 days. BS EN 12390-7 [14]
procedure was followed to determine the dry density of the
cube specimens after drying to obtain a uniformmass. (ree
replicates were selected, weighed, and the densities calcu-
lated for each variable and their averages used for plotting a
graph, and the densities lower and upper ranges were used as
the error bars on the graph. (e study used BS EN 12390-3
[15] as a guide in determining the compressive strength of
the cube specimens. (e specimens were centrally placed in
the Servo Hydraulic Universal TestingMachine and 0.05 kN/
mm2 load speed applied till the fracture of the specimens, as
shown in Figure 2(c). (e average of three replicate test
values was recorded and used for plotting a line graph using
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(a) (b)

Figure 1: Photograph of plantain pseudostem fibres and SEM image (300x) of a single fibre. (a) Cut fibre photograph. (b) Single fibre SEM
image.

Table 1: Mix design and quantities of materials.

Mix design % fibre Content
Materials content (kg)

Sand Fibre Cement Lime Water
M-0 0.00 48.900 — 16.30 — 8.15
M-0.25 0.25 48.737 0.163 14.67 1.63 9.78
M-0.5 0.50 48.574 0.326 14.67 1.63 9.78
M-0.75 0.75 48.411 0.489 14.67 1.63 9.78
M-1 1.00 48.248 0.652 14.67 1.63 9.78

(a) (b) (c)

Figure 2: Preparation and testing of specimens. (a) Moulding of specimen. (b) Curing of specimen. (c) Compressive strength test setup.

Table 2: Quantity of specimens prepared.

Mix design
Types of test

Total
Dry density Compressive strength Tensile strength SEM EDS

M-0 12 12 12 1 1 38
M-0.25 12 12 12 1 1 38
M-0.5 12 12 12 1 1 38
M-0.75 12 12 12 1 1 38
M-1 12 12 12 1 1 38

Total 60 60 60 5 5 190120 cubes 70 cylinders
SEM: scanning electron microscope; EDS: energy dispersive spectrometer.
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Microsoft Office Professional Plus Excel (V 16). Stress-strain
graph was also plotted out of the compressive stress and
strain values obtained. BS EN 12390-6 [16] procedure was
used to guide the tensile strength test conducted with cyl-
inder specimens. (e specimens were longitudinally placed
in ADR 1500/2000 Testing Machine and 0.05 kN/mm2 load
speed applied till the fracture of the specimens. (e average
of three replicates’ test values was recorded and used for
plotting a line graph usingMicrosoft Office Professional Plus
Excel.(e correlation between the compressive strength and
the tensile strength of the specimens was determined using
Microsoft Office Professional Plus Excel. One-Way ANOVA
tests were conducted to determine the significant differences
between the control and the experimental variables using All
Pairwise Multiple Comparison procedure. Microscopic and
oxides composition tests were also conducted with SEM and
energy dispersive spectrometer (EDS) analysis on the
specimens.

3. Results

3.1. Density. (e average dry densities of the 0% (control)
specimens (2167–2190kg/m3) were higher than the fibre re-
placement of sand by 0.25, 0.5, 0.75, and 1%, as shown in
Figure 3.(e 0.25 and 0.5% fibre replacement of sand recorded
slightly better average densities (2051–2063kg/m3) and
(2044–2066kg/m3), respectively. (e trend of the result is
consistent with the results found in some studies [2, 17, 18].
Danso et al. [19] ascribe the reduced densities in the fibre
reinforced specimens to low specific weight of fibres as
compare to thematrix.(erefore, as the fibre content increases,
the density of the specimen is likely to reduce. Irrespective of
the differences in densities, all the specimens recorded values
that were more than 2000kg/m3, which are acceptable density
values for cement mortar for structural works.

3.2. Compressive Strength. (e compressive strength of all
the mix designs increased by age from 7 days to 28 days of
curing, as shown in Figure 4. (is shows a normal strength
development of cement and lime due to hydration caused by
water mixed with the binders. (e fibre replacement of sand
by 0.25, 0.5, and 0.75% obtained better compressive strength
of 14.33, 13.89, and 12.85MPa, respectively, over the control
specimens of 11.61MPa on the 28-day curing, as shown in
Table 3. In quantitative terms, this translates into 23.4, 19.7,
and 10.7% improvement, respectively, for 0.25, 0.5, and
0.75% fibre reinforced cement mortar specimens over un-
reinforced mortar specimens. (e result clearly indicates
that the 0.25% plantain pseudostem fibre-reinforced lime
cement mortar obtained an optimum compressive strength.
(e result is consistent with the study by Ozerkan et al. [20]
which obtained similar result for mortar reinforced with
palm fibres, and another study [18] which investigated the
properties of mortar reinforced with hemp fibres. Çomak
et al. [18] attributed the increased compressive strength to
the fibres orientation and long length distribution in the
cement mortar which provides better performance speci-
mens with less microcracks. Conversely, there was reduction

of 8.2% compressive strength at 1% fibre inclusion in mortar
as compared to the control specimens. Pederneiras et al. [21]
associated the reduced compressive strength to the large
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Figure 3: Dry density of the specimens.
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Figure 4: Compressive strength of specimens.

Table 3: Descriptive and One-Way RM ANOVA of compressive
strength.
Specimen, mixture
(%) N Mean

(MPa)
Std
Dev SEM

0 3 11.610 0.356 0.206
0.25 3 14.327 0.258 0.149
0.5 3 13.893 0.260 0.150
0.75 3 12.850 0.100 0.057
1 3 10.660 0.200 0.115
Multiple comparisons versus control (Holm–Sidak method)

Comparison Diff of
means T p p< 0.050

0% vs. 0.25% 2.717 17.881 <0.001 Yes
0% vs. 0.5% 2.283 15.545 <0.001 Yes
0% vs. 0.75% 1.240 9.327 <0.001 Yes
0% vs. 1% 0.950 3.360 0.010 Yes
SEM: standard error of the mean; Std Dev: standard deviation.
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quantity of fibres in the mortar which produces voids and
creates nonuniform distribution of fibres in the mortar.
One-Way ANOVA test result shows a significant difference
between the mix designs at p< 0.001, as shown in Table 3.
Furthermore, the multiple comparison test results indicated
that there is significant difference between the control and
each of the fibre replacement content at p≤ 0.001. (is
means that the plantain pseudostem fibres (0.25 to 0.75%)
and lime significantly and positively influenced the com-
pressive strength of the cement mortar, while the plantain
pseudostem fibres at 1% and lime significantly and nega-
tively influenced the compressive strength of the cement
mortar.

3.3. Compressive Strength and Strain Relationship. A para-
bolic curve of compressive stress and strain was obtained
from the 28-day curing test of specimens, as shown in
Figure 5. (e highest stress was achieved from the 0.25%
fibre specimens, followed by 0.5, 0.75, and 0% fibre speci-
mens with the 1% fibre specimens recording the least stress.
(e result is in agreement with previous studies
[5, 17, 22, 23] which obtained similar results. Inversely, the
1% plantain pseudostem fibre specimens obtained the
highest strain, while the least was the control specimens.(is
implies that all the treatment group specimens performed
better in strain than the control specimens.(is is attributed
to the inclusion of plantain pseudostem fibres and lime in
the mortar which makes the specimens behave like an elastic
material and improves the toughness of the specimens.

3.4. Tensile Strength. (e tensile strength of the specimens
recorded a continuous increase from curing days 7 to 28, as
shown in Figure 6. (is is a normal trend of any cement-
based material due to hydration. (e highest tensile strength
(1.65MPa) on the 28-day of testing was achieved by the 1%
plantain pseudostem fibre specimens, followed by the 0.5%
(1.6MPa) and 0.25% (1.58MPa), with the control specimens
recording the least tensile strength (1.45MPa), as shown in
Table 4.(ere were 8.28, 10.35, 6.89, and 13.80% increases in
tensile strength, respectively, for 0.25, 0.5, 0.75, and 1%
plantain pseudostem fibre specimens over the control
specimens. (is result collaborates the findings in earlier
studies [20, 23]. To ascertain if the differences between the
tensile strength of the specimens were significant or not, an
ANOVA test performed obtained a p value of 0.841, sug-
gesting that there is no statistically significant difference
between the tensile strengths of the mix designs. It was
further observed from the tensile strength test that the split
fibre reinforced specimens were held together by the fibres
after failure as compared to the control specimens which
were completely separated apart. (is implies that the ad-
dition of fibres in mortar has the ability to bridge cracks that
are likely to develop in structures. Similar observations were
made in earlier studies [19, 24]. According to Danso et al.
[24] the addition of fibres in matrix prevents cracks prop-
agation as the fibres bridge across the cracks which also
contributes to strength improvement. Conversely, the un-
reinforced specimens separated into two parts after the

tensile strength test. (e unreinforced specimens were also
found to have lower tensile strength as was also in the case of
compressive strength as compared with the fibre reinforced
specimens, which can be attributed to inadequate elastic
behavior, low toughness, and lack of friction between the
constituent materials of the unreinforced specimens.
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Figure 5: Compressive stress and strain relationship.
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Figure 6: Tensile strength of specimens.

Table 4: Descriptive and One-Way RM ANOVA of tensile
strength.
Specimen, mixture (%) N Mean Std Dev SEM
0 3 1.450 0.304 0.176
0.25 3 1.579 0.154 0.088
0.5 3 1.600 0.200 0.115
0.75 3 1.550 0.180 0.104
1 3 1.650 0.180 0.104
Source of variation DF SS F p

B/t subjects 2 0.0455

0.345 0.841B/t treatments 4 0.0684
Residual 8 0.397
Total 14 0.511
SEM: standard error of the mean; Std Dev: standard deviation.
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3.5. Relationship between Compressive Strength and Tensile
Strength. A positive linear correlation was obtained between
the compressive strength and tensile strength of cement
mortar reinforced with plantain pseudostem fibres and lime,
as shown in Figure 7. (e highest coefficient of determinant
(R2) was 0.956 for 0.25% plantain pseudostem fibre speci-
mens, implying a corresponding increase in both tensile and
compressive strengths of the specimens. (is was followed
by 0.909, 0.906, 0.874, and 0.869 R2 values, respectively, for
0.75, 0, 1, and 0.5% plantain pseudostem fibre specimens.
(is result collaborates the findings of previous studies [17]
on mortars reinforced with different natural fibres. (is
means the compressive strength is a good predictor of tensile
strength of plantain pseudostem fibres and lime in cement
mortar. (e factors given by the compressive and tensile
strengths of the specimens are 8.00, 9.07, 8.68, 8.29, and 6.46
for 0, 0.25, 0.5, 0.75, and 1%, respectively, for plantain
pseudostem fibre specimens. (ese factors are within the
factors obtained by an earlier study [19] which recorded the
factors between 6.6 and 14.9, while it was about double (2.46
to 3.58) of the factors obtained from another study [24] on
soil-based matrix reinforced with natural fibres.

3.6. Microstructural and Oxide Composition Examination.
Scanning electron microscope (SEM) analysis was con-
ducted to examine the microstructural properties of the
specimens. (e images obtained are shown in Figure 8. (e
control (unreinforced mortar) specimen image (Figure 8(a))
shows the cement mortar with virtually no observed cracks.
Conversely, the plantain pseudostem fibre reinforced lime
mortar specimen (Figure 8(b)) shows some microcracks and
voids. Development of voids in the cement matrix is not
unusual as the material has the propensity of absorbing
moisture. (e microcracks usually occur due to
manufacturing or handling deficiencies. (e cracks are such
that they cannot be seen by the naked eyes. (e plantain
pseudostem fibres are also clearly seen in the lime cement
mortar, as shown in Figure 8(b). Studies have observed that
the presence of random fibres in matrix generates bond,
increases toughness, and reduces shrinkage in composite
materials [25–27]. It is due to this that the incorporation of
the plantain pseudostem fibre in the mortar resulted in the

improved compressive and tensile strengths of the speci-
mens. However, studies have also identified that increased
quantity of fibres in the matrix causes the fibres to knock and
overlap each other leading to lost cohesion with the matrix,
and eventually weakening the composite material [19, 24].
(ese factors contributed to the declined strength of the
plantain pseudostem fibre specimens.

Energy dispersive spectrometer (EDS) analysis was also
conducted to examine the oxides composition in the
plantain pseudostem fibre-lime-cement mortar specimens,
as shown in Figure 9. (e EDS analysis was conducted on a
spot where there was a mix of the lime cement mortar
deposited on the plantain pseudostem fibre, as shown in
Figure 9(a), and another spot on the lime cement mortar
without the fibre, as illustrated in Figure 9(c). (ese spots
were selected because they provided the opportunity to
identify the chemical composition present in the combined
fibre-lime-cement mortar (FLCM) and lime-cement mortar
(LCM) for comparison.(e elements shown in the result are
oxygen (48.09% FLCM and 52.39% LCM), carbon (22.03%
FLCM and 21.92% LCM), calcium (8.54% FLCM and 9.84%
LCM), silicon (8.40% FLCM and 8.81% LCM), aluminium
(6.80% FLCM and 6.68% LCM), nitrogen (4.83% FLCM and
0.00% LCM), potassium (0.88% FLCM and 0.37% LCM),
and sodium (0.42% FLCM and 0.00% LCM) in weight
concentration, as shown in Figures 9(b) and 9(d). It can be
observed that the weight concentration of the elements such
as oxygen, calcium, silicon, and aluminium were higher in
the LCM than the FLCM. It can further be observed that the
LCM specimens contain no amount of nitrogen and sodium.

(e oxides identified in the FLCM and the LCM spec-
imens are carbon (C), calcium (Ca), silicon (Si), aluminium
(Al), nitrogen (N), potassium (K), and sodium (Na), re-
spectively, with their stoichiometric weight concentration of
(42.44% FLCM and 20.67% LCM), (16.45% and 46.03%
LCM), (16.19% and 18.50% LCM), (13.10% and 14.02%
LCM), (9.31% and 0.00% LCM), (1.70% and 0.78% LCM),
and (0.82% and 0.00% LCM). It can again be observed that
the LCM specimens contain no amount of nitrogen and
sodium. (e analysis indicates the presence of calcium sil-
icate hydrate with a Ca/Si ratio of 1.02 and 2.49, respectively,
for FLCM and LCM, which is within the maximum limit of
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Figure 7: Relationship between compressive strength and tensile strength.
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2.50 for mortar samples made with Portland cement as
indicated by Kunther et al. [28]. (e Al/Si ratio of 0.81 and
0.76, respectively, for FCLM and CLM, and Ca/Si ratio of
1.02 and 2.49, respectively, for FCLM and CLM as obtained

in the specimen have impact on the mechanical properties of
the material [29, 30]. (e high presence of elements such as
C, Ca, Si, and Al and their compositions helps in improving
the bond characteristics of the mortar.
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Figure 9: EDS analysis on specimen. (a) Selected spot image on fibre. (b) Chemical composition of matrix expressed as percentage of the
elements and oxides for spot on fibre. (c) Selected spot image on mortar. (d) Chemical composition of matrix expressed as percentage of the
elements and oxides for spot on mortar.
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Figure 8: SEM images (300x) of unreinforced mortar and plantain pseudostem fibre reinforced mortar. (a) Image of unreinforced mortar.
(b) Image of fibre reinforced mortar.
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4. Summary and Conclusion

(e study investigated the properties of cement mortar
reinforced with plantain pseudostem fibres and lime. It was
revealed that

(1) Plantain pseudostem fibre-reinforced lime cement
mortar obtained dry density values more than
2000 kg/m3 which are acceptable for cement mortar
for structural works

(2) 0.25% plantain pseudostem fibre-reinforced lime
cement mortar recorded 23.4% compressive strength
improvement over unreinforced mortar specimens
with significant difference (p< 0.001)

(3) (ere was between 6.89 and 13.80% increase in
tensile strength of the plantain pseudostem fibre-
reinforced lime cementmortar over the unreinforced
cement mortar specimens with no significant dif-
ference (p � 0.841)

(4) (ere was a positive linear correlation between the
compressive strength and tensile strength of cement
mortar reinforced with plantain pseudostem fibres
and lime with coefficient of determinant (R2) values
between 0.909 and 0.869

(5) Plantain pseudostem fibre reinforced lime mortar
specimen showed some microcracks and voids from
the SEM analysis

(6) (e EDS analysis showed the presence of calcium
silicate hydrate with a Ca/Si ratio of between 1.02 and
2.49, and Al/Si ratio of between 0.76 and 0.81 as the
main oxide composition

(e study, therefore, concludes that the incorporation of
plantain pseudostem fibre and lime positively influenced the
properties (such as compressive and tensile strengths) of the
cement mortar with the 0.25% fibre content being recom-
mended for construction application.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.
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