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Abstract: This study evaluated the properties of latex modified cement mortars from ordinary
paints which were reinforced with treated bamboo fibers from construction waste. Fiber variations
of 0, 0.5, 1 and 1.5% at 10% of the weight of cement were utilized. Mechanical properties were
determined according to standards; similarly, scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) were used to analyze the microstructural and elemental properties of
the samples. The experimental results revealed that the addition of 1.5% bamboo fibers and 10% latex
solution produced excellent mechanical properties. This was as a result of improved fiber adhesion
to the matrix through pre-treatment, coupled with the contributed high strength from the latex paint
modified mortars. The micrograph showed that latex precipitated in the voids and on the surface
of the bamboo fibers as well as gels of calcium silicate hydrates which contributed to the observed
improvement in strength of the tested samples.

Keywords: bamboo; fibers; waste; cement; construction; composites

1. Introduction

Some of the potential deficiencies of cement mortar include poor tensile strength, high porosity,
crack formation, poor impact strength, water permeability and low chemical resistance [1–3]. Polymer
modification has been used as a technique to overcome some of these shortcomings in conventional
mortar for close to 80 years now [4]. This is achieved by creating a synergetic interaction between
the cement matrix and polymers to improve the physical and mechanical properties of the polymer
composite material that is formed. This modification changes the properties of fresh mortar by
improving workability and retardation of cement hydration which ultimately gives a good performance
to the mortar in its hardened form [5]. It has been observed that there are changes in compressive
strength, physical properties and microstructures in polymer modified mortar that is used for
construction in tropical climates, where there is abundance of sunlight and rainfall all through the
year [6,7]. Therefore, to improve the strength of polymer mortar, the partial replacement of cement
with latex polymers and reinforcement with cellulose fibers in regions of high temperature and high
relative humidity is proposed. Latex paint consists of pigments, binders, solvents and additives.
The binders are the film forming component of the paint as it dries, affecting the durability, gloss, and
flexibility of the coating. Such binders include polyurethanes, polyesters, and acrylics which could
serve as a replacement for the more expensive polymers used for mortar modification. Latex paint
is widely available in most markets in many developing nations in Sub-Saharan Africa. This paint
is cheap, and most importantly, it is water based, which typifies that it could be mixed easily with
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water-based cement. In addition to this, it requires no anti-foaming additive, as recommended by Scott
and Nathaniel [8]. There is no landfill or dumpsite where waste latex paints could be sourced from in
most of these developing countries. This is because every ounce of the paint produced by the industries
is used up, while the products are entirely put to use by the consumers of these products, hence the
acquisition of waste latex paints is nearly impossible. Polymers in either powder form or dispersion
form are not easily accessible to most people in this part of the world. This is because these polymers
have to be purchased and shipped to the desired location, thereby making it expensive and beyond
the reach of low-income earners that may desire to use them for their high strength value. The major
chemical constituents of paints have features very close to polymer admixtures, which are chemical
additives used for the enhancement of cement and mortar technologies to produce composite materials
with superior strength [9]. Paints consist of multitudes of small particles in the range of 0.1 µm to
10 µm, which falls under the classification of fine and ultra-fine substances. It had been reported
that by including large amounts of ultrafine fillers with a small quantity of cement, a high strength
mortar would be formed, which would also save cost by limiting the amount of cement used [10].
Various concluded research has shown that properties such as chemical resistance, damping ability and
flexibility of latexes are used in improving mortar, and another major value addition by latex to mortar
modification is the reduction in water permeability, due to the film formation that covers the voids that
remain after cement hydration had taken place [11–15]. Some proponents of sustainable construction
have suggested the use of non-conventional agricultural wastes as a construction material because of
their relative abundance, environmental friendliness, comparable strength with synthetic fibers and
low cost which is in contrast to synthetic fibers which have a high resistance to biodegradation and are
costly to procure. These natural fibers had been successfully used in fiber reinforced polymer mortar
composites with outstanding results after treatment. Such studies included Jiaxin and Nawawi [16],
Libo and Nawawi [17], Ali and Fereidoon [18] and Sumit et al. [19]. Bamboo is an important source of
natural fibre which has been in use for construction purposes since centuries past. In many developing
countries in Africa, most especially in Nigeria, bamboo is readily available, accessible and mostly used
as scaffolding material in small scale construction in urban areas. Bamboo is also useful in furniture
production, paper making and textile making [20]. Moreover, based on the cheap cost, it is mostly
preferred to steel as a scaffolding material, but at the end of construction it is dumped in a landfill,
thereby constituting an environmental challenge because of disposal issues. Tons of bamboo waste
can be recovered from construction and demolition dumpsites and reused to develop a sustainable
mortar in developing areas with good performance when compared with other synthetic fibers [21].
Two combined treatments were adopted in the study to improve the strength of a conventional mortar,
these include cement matrix modification and alkali treatment of the cellulose fiber used.

2. Experimental Work

2.1. Materials

Discarded bamboo culms used as a scaffold from a completed construction site were selected
based on visual inspection. Nails, metal strips of wire and other extraneous materials were removed
from the culms and subsequently the bamboo nodes were broken with a hammer. They were pre-cut
into strips 400 mm in length and then cut further into chips of 30 mm before being hammer milled.
Thereafter, bamboo fibers that passed through a 1.18 mm mesh sieve were used. The acrylic latex paint
used had a viscosity at 30 ◦C of 10.30 (mPa.S), a density of 2.15 g/cm3 and a refractive index of 1.4210.
For the mortar, Portland cement Type I for general use was procured; fine sand passing through a
2.0 mm sieve from river sand was also used.

2.2. Surface Treatment of Bamboo Fibers

For treatment of bamboo fibers, they were soaked in water to remove dust, debris and other
unwanted objects. They were then immersed in a 10% weight NaOH solution that was retrieved after
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dissolving the pellets in distilled water. Soaking of the fibers in solution was done for 24 h in the
laboratory at 30 ◦C before the fibers were removed and rinsed three times in 100 L volume of fresh
water. This was done to allow leaching of the alkali from the fibers. Finally, the washed fibers were
naturally dried in the laboratory for 120 h [22].

2.3. Production of Composite Mortar Samples

For the development of the high strength mortar composites, the composition of each constituents
in the volume of the matrix was 0–1.5 vol. % of fiber (it was varied as 0, 0.5, 1 and 1.5% of total weight
of constituent material), 10 vol. % of latex paint, 40 vol. % of fine aggregate, 20 vol. % of Portland
cement and 28.5 vol. % of water. The absolute volume equation was used to determine the weight of
each constituent and the densities of the materials used were taken into consideration. Manual mixing
was done to achieve homogenous distribution of the fibers in the composite as shown in Figure 1.
To begin with, all the dry materials were weighed and kept in separate containers. Bamboo fibers were
weighed and placed in labelled containers; acrylic latex paint of the determined weight of the cement
was also measured.
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Figure 1. (a) Treated bamboo fibers from construction waste, (b) latex modified mortar samples.

The fine sand and cement were spread on the floor and mixed thoroughly; thereafter, the bamboo
fibers were spread and mixed together with the rest. The fine sand to cement ratio adopted was
2:1, while the water to binder ratio was maintained at 0.56. After this, half of the water was added
to the measured acrylic latex paint solution and diluted thoroughly before it was poured into the
already mixed constituents. The remaining half of the water was used to rinse the remaining latex
solution from its container and poured into the mixture. A total of 135 samples were produced and
labelled. Three samples were tested from each mix design after 28, 45 and 60 days of curing. CT is
the control with no fiber and polymer, C has 10% latex paint with no fiber, D with 0.5% fiber and 10%
latex solution, A with 1% fiber and 10% latex solution and R with 1.5% fiber inclusion and 10% latex
solution. It has been established from previous studies [23,24] that the optimum latex paint constituent
for the composite is 10% of cement content used.

2.4. Testing Procedure

2.4.1. Mechanical Properties

Some of the tests used in the evaluation and strength performance of natural fiber reinforced
polymer mortars are compressive, flexural and tensile strength tests [25]. Therefore, 150 mm cubes
were cast for compressive strength, cylinder sizes of 150 × 350 mm for splitting tensile strength and
beams of sizes 100 × 100 × 400 mm for flexural strength. 28, 45 and 60 days of air curing were
carried out for all the specimens for the three tests conducted at laboratory temperature of 25 ◦C.
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The compressive strength test was performed in accordance with the BS 1881 standard. using a
universal crushing machine with a 2000 kN capacity, the splitting tests were conducted in accordance
with ASTM [26] and a loading rate of 1.2 MPa/min was applied without shock until failure occurred,
as seen in Figure 2. The flexural strength tests were conducted according to BS [27] using beams with a
center point loading arrangement and loading was applied without shock.
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2.4.2. Microstructural Analysis

The microstructural analysis was done using the Phenom ProX desktop scanning electron
microscope (SEM) model MVE0224651193 (supplied by Thermo Fisher Scientific, Eindhoven,
The Netherlands), which is operated at 15 KeV using X-ray analysis to evaluate the sample structures
physically. The latex polymer modified bamboo reinforced samples were carefully mounted on
aluminum stubs with the aid of a conductive adhesive. The stubs were then placed on the coater stage.
The samples were coated with gold using a Quorum sputter coater (model number: Q150R ES). After
coating, the samples were ready for analysis, placing each sample in a standard sample holder and
analyzed one after the other.

3. Results and Discussions

3.1. Mechanical Properties

3.1.1. Compressive Strength Analysis

The 28-day compressive strength result in Figure 3 indicated that sample R had the highest
strength of 89.4 MPa, closely followed by sample A at 80.1 MPa. In comparing these values with the
control, an improvement of 206% and 176% was observed, respectively. Sample C had a strength
of 74.8 MPa, which is an increase of 157.9% in comparison with the control sample. These samples
showed that they are more resistant to compressive forces with the inclusion of both latex paints and
fibers, rather than when the latex paints only were added. There was a more pronounced increase in
the compressive strength after 45 days because the voids and water molecules had been eliminated,
though not completely since the previous test at 28 days of curing. The latex paint additive also
increased the strength of the cement binder by slowing the rapid rate of hydration to a level where
film formation and the evaporation of water molecules could take place simultaneously. At 28 days,
the strength of sample C was 74.8 MPa, while at 45 days it was 82.4 MPa, which gave an increment in
strength of 10.1%. Additionally, at 60 days the recorded compressive strength was 86.6 MPa which
led to a 5.1% improvement in comparison with the 45th day result. This enhanced strength is due to
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the membrane of polymer which is a constituent of the latex paint covering the cement molecules,
thereby reducing the absorption of water in the unhydrated cement particles. Sample R values were
89.4 MPa, 97.1 MPa and 105.8 MPa for 28, 45 and 60 days, respectively. This improved early strength
development of the composite is due to particle-size distributions of microfillers of the added latex
paints and the amount of the fine particles in the composite material notably influenced the strength as
well [28,29]. Fiber inclusions into the composites gave a clear improvement in the compressive strength
by enhancing the resistance to compressive load. Generally, as the fibers were increased from 0.5% to
1.5%, a progressive increase in compressive strength was also noted for the samples tested across the
curing days. Sample D ranged from 77.3–95.7 MPa, sample A ranged from 80–101.9 MPa while sample
R varied from 89.4–105.7 MPa. The highest value was found in sample R, which had 1.5% fiber and
10% latex paint and produced an increment of 22% over latex paint only modified sample C. A more
pronounced effect on the strength was observed in the difference between the control (conventional
mortar) and sample R at 79.1%. This is due to the combined composite actions of latex paints and
natural fiber included in sample R. Bamboo has a distinctive sclerenchyma fiber internal network with
small lumen and thick secondary walls, and this gives it remarkable tensile properties with which it
is able to resist the formation of cracks [30]. In the same vein, crack propagation is reduced majorly
by the bamboo fibers by arresting the cracks, in this way the compressive strength will improve. It is
also noted that surface pre-treatment of the fibers created better bonding between the bamboo and the
modified mortar through the interlocking phenomenon. This further provides a sewing effect which
improves the energy absorption needed to resist crack formation and propagation [31].
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Figure 3. Compressive strength result (Legend: CT = control, C = 10% latex, D = 0.5% fiber and 10%
latex, A = 1% fiber and 10% latex and R = 1.5% fiber and 10% latex.)

3.1.2. Split Tensile Strength Analysis

The split tensile results as seen in Figure 4 illustrate that the more fibers that are added, the greater
the resistance to splitting of the mortars. As reported by Savastano et al. [32] natural fiber tends to give
extra strength to mortars when used as reinforcement when cracks are induced due to pressure on
them. At the 28th, 45th and 60th days, the values obtained ranged from 11.2–25.6 MPa for D at 0.5%
fiber, 18.7–36.4 MPa for A at 1% fiber and R ranged from 24.8–47.7 MPa with 1.5% fibers added; all
at 10% latex paint inclusion. While sample C with latex paint only ranged from 10.4–23.8 MPa and
the control sample ranged from 5–18 MPa across the same curing duration. Generally, the effects of
fiber reinforcement across these composite samples was more pronounced at the 45th and 60th days.
This is because the fibers offered a more cohesive and combined resistance to splitting forces, more
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than the highest values obtained for the control samples. In addition, the observed improved strength
when the fibers were added was because of high aspect ratio of the fibers, which led to an increase
in the lateral surface area of fibers in contact with the cement and the latex paints, hence bonding
between the cement, paints and the fibers increased. In addition, the high tensile strength of the fiber
causes a change in the mechanism of rupture from breaking fibers to pulling out the fibers from the
matrix. This means that the bonding strength between the cement, paints and the fibers controls the
mechanism [33]. The increase in tensile strength of the samples was also enhanced by the rougher fiber
surface morphology of the bamboo, which is as a result of the alkali treatment which removed the
impurities and reduced the lignin and cellulose content. This rougher surface led to an improvement
in the fiber-matrix adhesion and hence the increase in the tensile strength. Bamboo fiber degradation
in the cement medium which could have reduced the strength has been reduced drastically through
the surface pre-treatment; hence the bamboo fibers could perform their best in the reduction of cracks
in the mortar samples.
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Figure 4. Split tensile strength result. (Legend: CT = control, C = 10% latex, D = 0.5% fiber and 10%
latex, A = 1% fiber and 10% latex and R = 1.5% fiber and 10% latex.)

3.1.3. Flexural Strength Analysis

The curing duration had a positive effect on the majority of the tested samples by improving
the formation of polymer films and enhancing the ductility and toughness of the bamboo fibers for
samples with fiber reinforcement, which led to a higher resistance to cracks due to the transferred
stress from the mortar to the fibers [34] as seen in Figure 5. 45 days curing of sample C had 100%
higher flexural strength than the 28th day, likewise the 60th day strength was 80% higher than 45th
day. This pattern was also observed in sample R, with more strength recorded as the curing days
progressed. At the 28th, 45th and 60th days the values were 26.3 MPa, 30.7 MPa and 51.7 MPa,
respectively. The control sample clearly showed lower flexural strength in comparison with the least
flexural strength observed at sample D among the fiber reinforced samples. Sample D values ranged
from 16.2–39.2 MPa at 28th, 45th and 60th days, as against 7–23 MPa for the control at the respective
curing days. For composite samples with fiber reinforcement, most of them had a flexural strength
improvement as the curing days increased. Sample R had 16.7% higher strength on the 45th day, more
than the 28th day, while the 60th day had a flexural strength of 68.4% higher than the 45th day. In a
recent study [35] on the effect of variable curing time on the mechanical strength of mortar, it was
stated that mortar is a curing time dependent material and the behavior of the plastic deformation
and failure strength is highly dependent on curing time. With the increase of curing time, the effect on
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deformation and failure strength could either increase or decrease. A trend of increase and decrease in
strength was also reported [36] when a variable curing regime of 7, 14, 28 and 90 days was adopted to
study the effects on some mechanical properties of pre-soaked recycled mortar. There was a general
steady and substantial increase in flexural strength across the mixes of the composites tested, which is
caused by the bonding of the interfacial transition zone that exists around the cement matrix and the
aggregates, as well as the closing up of micro-cracks by the latex polymers as they are initiated under
stress [37]. The inclusion of bamboo fibers also played a major role by inhibiting the propagation of
these cracks. The ductility property added on the inclusion of bamboo fibers when compared with
the control samples led to an improved flexural strength of the samples. The fibers were added to
improve the strength, control the cracking of the fiber reinforced mortar, and to alter the behavior
of the material once the matrix has cracked by bridging across these cracks and so providing some
post-cracking ductility [38]. The improved bonding between the bamboo fiber and the matrix may
be credited to cement precipitation into the fibril exposed surface and the fiber cavities. Thereafter,
the interfacial bond was developed between the cellulose chain of bamboo fibers and calcium based
hydrated product of the cement. This greatly improved the crack resistance and reduced the crack
propagation mechanism of the composite samples.
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Figure 5. Flexural strength result. Legend: CT = control, C = 10% latex, D = 0.5% fiber and 10% latex,
A = 1% fiber and 10% latex and R = 1.5% fiber and 10% latex.

3.2. Microstructural Analysis Result

The scanning electron microscope (SEM) obtained for the bamboo reinforced acrylic polymer
cement composite in Figures 6 and 7 showed agglomerated acrylic emulsion latex precipitated in the
hollows and on the surface of the bamboo fibers. The micrograph showed gels of calcium silicate
hydrates (C–S–H), and unhydrated Portland cement clinker grain. Due to their size and very low
interconnectivity, these pores are relatively impermeable to water, which is in agreement with the
physical properties conducted on the samples. Capillary voids (voids created by water particle
movements and space not occupied by solid components) are also seen in the image obtained in
Figure 6, these also are major contributors to the porosity of the composite mortar. The size of capillary
voids is much larger at the interfacial zone, which is the region at the interface of the aggregate
and the hydrated cement paste compared to the bulk cement paste. When the fiber and the matrix
combine, organic composition and hydration products in the matrix diffuse each other. These cause
the solid and dense materials formed in this layer, and lead to improved mechanical properties when
compared with the control samples without neither fiber nor polymer inclusion, as seen in Figure 6.
It was clearly observed that the formation of polymer clusters or latex films deposited in the interface
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layer between the fibers and cement matrix, and the hydrated products of cement also appear in
this layer. The presence of these materials together leads to a formation of a network structure as
a result of the reaction between the hydrated products and the polymeric materials, as shown in
Figure 7. The interconnectivity between these materials is accompanied by an improvement in the
mechanical properties of these composites which is more than that of the control samples. These
qualities coupled with enhanced bond strength give birth to a composite material of higher strength
and lower ductility [39]. When the fibers and matrix are combined, acrylic polymer emulsion forms
the interface and the hydration products of the matrix diffuse reciprocally, therefore the density of this
area is relatively high.
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Energy dispersive spectroscopy (EDS) elemental characterization for sample C indicated a 42.1%
concentration of silicon which could exist in the sample in oxide form. Calcium accounts for 28.1%,
aluminum at 18.6% and potassium at 11.2%. Elemental compositions of sample D are silicon at 38.7%,
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calcium at 50.6% and aluminum at 10.7%. All these elements are major oxides found after cement
hydration could have taken place. These also confirm the presence of some of the elements identified
in the SEM micrograph which are C–S–H gels.

4. Conclusions

The following conditions could be arrived at from the study:

1. Bamboo reinforcement at 1.5% and latex paint addition of 10 wt. % of cement gave the optimal
value which produced excellent performance in compressive, split tensile and flexural strength
tests during the adopted curing duration.

2. The improved strength noted was due to the improved interfacial bond in the fiber-matrix,
surface pre-treatment with NaOH, and the micro-fillers supplied by the latex paints which
together contributed to better crack reduction tendencies in the samples.
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