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Abstract In this study, bamboo fibres were used as rein-

forcement materials for acrylic emulsion polymer modified

cement bonded concrete after treatment with 10% weight

of NaoH solution at 23 �C for 24 h. Thermal conductivity,

thermal resistance and thermal transmittance were studied

and the effects of moisture penetration at 11% wet basis

were evaluated. Moisture penetration greatly reduced the

thermal strength of the concrete with the exception at 10%

acrylic polymer addition and 1.5% bamboo fibre inclusion.

Based on the findings it can be reported that bamboo fibres

greatly improved the thermal performance of the composite

building material while the inclusion of acrylic polymers

also hindered to a large extent the penetration of moisture

into the capillary network.

Keywords Bamboo � Polymer � Conductivity �
Resistance � Thermal � Transmittance

Introduction

Most parts of sub Saharan Africa are located along the

tropical zone and could have peak temperature of 50 �C
during the dry season. This condition leads to an uncom-

fortable situation within individual buildings in the region

and hence the thermal comfort of such buildings becomes a

problem begging for solution. Building materials are por-

ous media in which moisture transfer occurs in both the

vapour and liquid phases. Besides exercising a decisive

effect on the material’s durability, moisture can consider-

ably modify both its mechanical and thermal properties.

Thermal conductivity is strongly influenced by the mois-

ture content migrating through the porous material as a

result of molecular diffusion, gravity, thermal gradients

and pressure gradients. The thermal gradient in moist

building materials can induce moisture movement whereby

water evaporates in warmer regions and begins to condense

in cooler areas. These processes are accompanied by

additional energy transfers such as latent heat and sensible

heat, which considerably increase the thermal conductivity

of the material. Therefore, heat and mass transfer are

highly coupled (Bouguerra 1999). In order to have certain

comfort under such situations, air coolers that normally

consume an important amount of energy are used. This

energy consumption can be reduced by incorporating

biodegradable fibres into the construction materials which

would serve as alternative to the conventional ones in order

to reduce energy consumption in buildings (Ramirez et al.

2012; Benmansour et al. 2014). Natural fibre as rein-

forcement has proven to have improved the properties of

the internal structure of composites during the setting time

and eventually at the hardened state (Huijun et al. 2013)

which translates to enhanced properties to prove the

indispensability of wood fibres inclusion in cement com-

posites for structural applications in most developing

countries where they exist in abundance. When cellulose

materials are exposed to environmental factors such as

temperature and relative humidity which are variables

considered between the interior and the exterior of the

buildings, heat and moisture transfers occur within the

medium. An important interaction develops between the
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heat and the moisture transfers and the different transport

properties. This is largely due to the hygroscopic nature of

the material (Taoukil et al. 2013). Some studies on effects

of temperature and moisture interaction in wood-cement

composites have been conducted already. Such studies

include Blankenhorn et al. (1999) who evaluated the effect

of moisture and temperature cycling on kraft softwood and

hardwood fibers with treatment from an aqueous acrylic

emulsion and alkylalkoxysilane polymers to establish their

dimensional stability properties. Al Rim et al. (1999)

evaluated the influence of wood aggregates on the thermal

and mechanical performance of a clay-cement-wood

composite. Khedari et al. (2005) developed a soil–cement

block using coconut coir as reinforcement with a low

thermal conductivity property. Khedari et al. (2001)

investigated the thermal conductivity, compressive strength

and bulk density of a lightweight material developed from

cement, sand and waste fibres from durian and coconut.

Benfratello et al. (2013) analysed the thermal and structural

behaviour of a bio-composite concrete developed from

lime with the addition of vegetal fibres from hemp and

particular attention was paid to the amount of fibres and its

granulometry in the mixture. As interesting as the idea

sounds with the use of natural fibres as reinforcement in

polymer cement composites, the need to determine their

thermal properties as well as the effect of moisture when

they are used in real life structural applications cannot be

glossed over most especially when used in tropical regions

with high intensities of rainfall and sunlight throughout the

year. Therefore this study aims to address this concern.

Similarly, the novelty in this study relates to the use of

acrylic emulsion virgin paints as a replacement for the

conventional and expensive polymer modifiers which are

chemical additives used for concrete modification and a

previous study conducted by the author had established

their engineering properties (Akinyemi and Omoniyi 2017)

which therefore validates the use in cement composites. Its

adaptation would encourage most low income earners

within regions with high incidence of sunlight and rainfall

patterns to adopt this research in their building

constructions.

Experimental work

Materials

Bamboo culms from the Bambusa Vulgaris species were

cut and allowed to dry naturally for 30 days at 35 �C in the

open field. The nodes were broken using a sledge hammer

and the obtained strips were cut into bits of 200 mm to

enable easy milling using hammer mill machine. The

bamboo fibres that passed through a 0.20 mm sieve had

maximum length of 23.74 mm with thickness of 2.31 mm

and a minimum length of 5.09 mm with 1.25 mm thickness

was used for the production of the composite specimen.

Acrylic emulsion surface coating supplied by Chemstar

Industries was used for the polymer as reported by (Scott

and Nathaniel 2013; Lagerblad and Vogt 2003). River sand

passing through 13 mm sieve was also used and all organic

materials were removed before the sieving process was

carried out. The ordinary Portland cement that conforms to

ASTM Type 1 was also used as the binder while

potable water was obtained from the tap within the

Laboratory.

Surface treatment of bamboo fibres

Most of the debris and solid contaminants were removed

during the sieving process. Bamboo fibres were then

soaked in diluted 10% weight of NaoH solution for 24 h at

23 �C in a container within the laboratory. Thereafter, the

solution was decanted and the fibres transferred into a big

basin containing fresh water and washed manually with

hands to remove the absorbed alkali on the surfaces

through leaching into the water. The fibres were later

spread on a flat surface and allowed to dry naturally at

23 �C within the laboratory.

Sample preparation

A predetermined value of sand was first measured out and

cement was added in the 3:1 ratio (sand:cement), these

were thoroughly mixed manually for 2 min. Thereafter, a

predetermined value of bamboo fibres 1.5% on weight

basis with respect to composite was also added to the mix

and thoroughly mixed to avoid balling effect. The acrylic

polymer emulsion was varied in the proportion of 5, 10 and

15% weight of cement and later measured out into separate

containers. Halved portion of water in the ratio of 1:6.1

(water: polymer) was used for the dilution of the polymer

in a separate container thereafter the diluted solution was

mixed with the prepared constituents. The remaining

halved water was added to the entire matrix and mixed

thoroughly together. Cylindrical samples each of 12 mm

thickness and 44 mm diameter were produced and allowed

to cure naturally in the laboratory at 23 �C for 28 days as

recommended by ACI 548 (2003). This procedure is in

contrast to that for unmodified mortar. The reason for this

difference is that for the latex to beneficially modify the

properties of the mixture, it must be allowed to coalesce

and form a film. The removal of water is the key step in this

film formation process. These samples were designated as

B (0% fibre, 5% acrylic polymer), O (1.5% fibre, 5%

polymer), C (0% fibre, 10% polymer), R (1.5% fibre, 10%
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polymer), N (0% fibre, 15% polymer) and Y (1.5% fibre,

15% polymer).

Test procedure for samples

The apparatus used for the measurement of thermal con-

ductivity is called Lee’s Disc apparatus (Fig. 1) based on

the principle of absolute plane parallel plate technique.

This is a type direct measurement of the heat-flux which is

a non-destructive method. The recorded values were then

used to calculate the thermal conductivity (k) of each

sample of thickness (d) and radius (r) using the equations:

k ¼ e:d

2pr2 TB � TAð Þ as
TA þ TB

2
þ 2aATA

� �
ð1Þ

where e is calculated using

e ¼ V:I

aATA þ a
s
TAþTB

2

þ a
h
TBþTC

2

þ aBTB þ aCTC

h i ð2Þ

where

aA ¼ aC ¼ pr2 þ 2prld; ð3Þ

aB ¼ 2prld, as ¼ 2prls and ah ¼ 2prlh. ld = thickness of

disc, ls = thickness of sample and lh = thickness of heater.

aA; aB; aC; as and ah = exposed surface areas of discs’ A,

B, C, specimen and the electric heater. TA; TB and

TC = temperatures of discs’ A, B and C (this were sub-

tracted from the ambient temperature to give the exact

value).

Thermal resistance is denoted by R and was calculated

using the equation:

R ¼ l

k
ð3Þ

where R = thermal resistance in metres squared Kelvin per

Watt (m2K/W), l = the thickness of the material in metres

and k = the thermal conductivity in W/m.K. The thermal

transmittance is denoted by U value and it is the inverse of

the total thermal resistance of the element. The acrylic

polymer modified bamboo reinforced cement bonded

composites (APMBRCBC) samples were oven dried at

150 �C for 24 h (Fig. 2) until the 2 successive weights

remained constant and the moisture content of 0.1% wet

basis was obtained for all tested samples using AND1

moisture analyzer. Thereafter, the samples were com-

pletely immersed in a plastic bucket filled with tap water at

24 �C for 15 h until the weight difference remained con-

stant and the moisture content on wet basis was determined

using the moisture analyzer. A moisture content of 11%

wet basis was used for all the tested samples.

Results and discussions

Thermal performance

Thermal conductivity of AEPMBRCBC

Thermal conductivity of the samples as seen in Fig. 3

shows that sample C with 10% polymer content with no

fibre had the highest conductivity at 109.37 9 10-5

W/mK, this was closely followed by N sample with

104.9937 9 10-5 W/mK at 15% polymer content with no

fibre as well and followed by Y at 15% polymer and 1.5%

fibre inclusion. Sample B had the least thermal conduc-

tivity, this showed that it is a good conductor and therefore

this thermal trait is undesirable. This situation was

observed because the materials became closely packed

Fig. 1 Schematic diagram of Lee’s disc thermal conductivity

arrangement Fig. 2 Samples in Memmert oven
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together during the hydration and film formation stage

thereby eliminating the presence of voids and making the

material to possess low porosity. The heat is mostly

transferred in the composite material at low temperature of

about 25 �C through conduction. The sudden increase in

thermal conductivity from sample B to C was caused by the

increase in latex content from 5 to 10% which ultimately

translates to more moisture within the samples, hence more

conduction. However, when the temperature rose close to

60 �C, evaporation of water vapour took place which

reduced the volume of moisture within the sample. This

condition led to a slight decline in thermal conductivity at

N. Inclusion of bamboo fibres into the mix resulted into

33% reduction in heat conduction at sample O when

compared with B, 28% reduction at R compared with C

and finally 27% reduction in heat conduction at Y when

compared with N. Bamboo fibres inclusion into the com-

posite cement material produced an overwhelming reduc-

tion in the thermal conductivity which therefore makes it to

be a potential thermal insulator if introduced in real life

structural applications. This phenomenon is related to

insulating property of the fibres which could be likened to

wood shavings that has low thermal conductivity. Hence

the heat conduction property of this material depends on

the constituents used during the mixing phase. It could

therefore be stated that the lower the thermal conductivity

of inclusions, the more the material is insulating. Further-

more, the increase in porosity led to decreased density of

the material and ultimately the reduction in thermal con-

ductivity (Driss et al. 2013). A similar result was obtained

by Cristel et al. (2010) who worked on thermal properties

of bagasse fibre concrete with low thermal conductivity

figures recorded for samples with higher bagasse fibres.

Mounika et al. (2012) also reported that the thermal con-

ductivity of bamboo fibre reinforced polyester composite

decreases with increase in fibre content which gives cre-

dence to the result of this research.

Thermal resistance of AEPMBRCBC

The R-value is a measure of resistance to heat flow through

a given thickness of material. So the higher the R-value, the

more thermal resistance the material has and therefore the

better its insulating properties. The R-value is therefore a

relatively simple way to compare two insulating materials

if the thermal conductivity for each material is

known. Samples with polymer inclusions only had the

highest resistance to heat flow at B with 7903 m2K/W, this

was closely matched by N at 7540 m2K/W and the least at

C with 6961.5 m2K/W as shown in Fig. 4. This implies

that further inclusion of polymer emulsions from 5 to 10

and 15% respectively led to 14 and 5% reduction in heat

resistance. This could mean that any further increase in

polymer addition could lead to more reduction but if a

lower volume of acrylic polymer were to be used an higher

resistance could be obtained for the composite materials.

The ability of the composites to resist heat is more related

to the quantity of fibres included than the quantity of

polymers added to it. This could be seen at sample O which

had 37% more resistance than B, 33.4% higher resistance

value at R than C and lastly 7.5% higher resistance at Y

than N. Overall performance depends on material type,

thickness and mass density of each sample. Generally, the

best thermal resistance was obtained at sample O with

10,831.09 m2K/W. Thermal resistance also helps to see the

impact of adding thicker layers of the same insulating

material. Therefore by using constituent materials used for

the production of sample O to produce several layers, the

best resistance ever for this type of composite materials

could be obtained. In real buildings a wall is made up of

many different material layers. The total thermal resis-

tance of the entire wall is calculated by adding the thermal

resistance of each separate layer. Unfortunately heat moves

in and out of the building envelope in several differ-

ent ways and R-values only take into account conduction.

It does not include either convection or radiation, therefore,

the U-value is the best choice when compared with the
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resistance because it takes into account all the different

mechanisms of heat loss. By comparing this result with the

thermal conductivity values, the resistance is quite higher

than the conductivity and it confirms the fact as reported by

Luca et al. (2015) that the higher the thermal resistance

values obtained, the lower the thermal conductivity values

that will be recorded.

Thermal transmittance of AEPMBRCBC

The thermal transmittance (U-value) is the measure of how

much heat is lost through a given thickness of the com-

posite materials, and it includes the three major ways in

which heat loss occurs therefore it is the most accurate way

to judge a material’s insulating ability because it takes into

account all the different ways in which heat loss occurs.

The environmental temperatures inside and outside a test

location played an important role when calculating the

U-value of an element therefore a completely sealed

enclosure was used during the test. As seen in Fig. 5,

samples with acrylic polymer inclusions only such as B had

12.66 9 10-5 W/m2K, C had 11.49 9 10-5 W/m2K and

N had 13.27 9 10-5 W/m2K, the least value was gotten at

C, B and N respectively in that order. This implies that

10% acrylic polymer content gave the best compact and

condensed particle arrangement within the internal struc-

ture of the composites which led to the least transmittance.

It is also possible that an higher increase in the polymer led

to a higher transmittance of the samples while a lower

polymer content at 5% provided an insufficient dense

substance due to lower rate of film formation within the

structure. Samples with bamboo fibres inclusion had a far

lower transmittance than samples with polymer inclusions

which gives them an edge. Sample O had 37% lower

transmittance than B, R is 6.7% lower C and Y is 7.1%

lower transmittance than N. This implies that implies that

the inclusion of bamboo fibre in the acrylic emulsion

polymer modified mortars has improved the insulating

property of the composite. The lower the U-value is, the

better the material is as a heat insulator. In addition to this,

when the material is used as structural material in buildings

it would save energy because of its insulating capacity

through its lower thermal transmittance values (Francesco

et al. 2014).

Effect of moisture on thermal performance

1. Effect on thermal conductivity: Fig. 6 showed that

there was a general increase in the thermal conduc-

tivity for all the samples when compared with earlier

results. R sample had the best performance with 7%

decrease in thermal conductivity, the rest had major

increment in their values in the following orders of

performance: Y had 3% increase, C had 4.5% increase,

R and B had close values of 7% and 7.7% increment

for the former and latter, and N at 38.6% increase and

the worst value was recorded at O with 44% increase.

This trend was also observed by Bouguerra (1999) who

worked on the thermal conductivity of wood aggre-

gate–clay–cement composites and the result showed

that the thermal conductivity values is very dependent

upon both moisture content and temperature. A similar

result was observed by Driss et al. (2013) with an

increase in thermal conductivity of wood–concrete

composite on immersion in water.

2. Effect on thermal resistance: Fig. 7 showed that

moisture content has negative influence on the com-

posite samples by reducing their ability to resist the

heat flow into them because a higher thermal resistance

values gives a better insulating performance. The best

performance was recorded for R at 2.1% reduction in

thermal resistance value when compared with earlier

values without moisture influence, the rest are in this

order: C at 5.4% reduction, B at 6.6% reduction, Y at

12.4% reduction, N at 28.2% reduction and lastly O at

29.1% reduction. The top performer showed that by

combining the advantages of acrylic emulsion property
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with the improved and durable fibre through chemical

modification, a better thermal resistance material with

great potential could be developed for structural use.

3. Effect on thermal transmittance: Fig. 8 showed the

thermal transmittance increased substantially for

majority of the samples with few exceptions. The

implication of this is that the lower the transmittance,

the less the conduction and a better insulator is

produced. However, some samples performed better

than the rest, this are arranged in order of their

performance: the least value was recorded at R with

2.3% increase, B at 7.1% increase, Y at 13.8%

increase, C at 32% increase, N at 39.3% increase and

lastly O at 41% increase in the thermal transmittance

value when compared with the initial values recorded

with moisture influence.

Conclusion

In this study treated bamboo fibres (soaked in 10% weight

of NaOH solution for 24 h at 23 �C) were used as a rein-

forcement in acrylic emulsion polymer modified cement

bonded composites. Thermal conductivity, thermal resis-

tance and thermal transmittance were carried out at 0.1%

moisture content (wet basis) thereafter the effects of

moisture penetration at 11% moisture content (wet basis)

were conducted. The results showed that poor thermal

conductivity performance was observed for samples with

polymer emulsion only but the inclusion of fibres greatly

improved this property at 5% polymer and 1.5% fibre

inclusion. A similar result was gotten for thermal resistance

with 5% polymer and 1.5% fibre inclusion this showed that

this ability has more to do with fibre than polymer addition.

The lower the thermal transmittance, the better it is as an

insulator. The least value of 5% polymer and 1.5% fibre

inclusion was obtained for this property. Therefore, O

sample gave the optimum desired performance. Moisture

penetration generally had negative influence on all the

thermal properties considered except for R which had 7%

decrease in thermal conductivity while the rest recorded

increment in values, least thermal resistance value of 2.1%

reduction was also obtained for R and finally 2.3% increase

in thermal transmittance was also recorded for R.
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