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A B S T R A C T   

Partially replacement of constituent materials in cementitious products using waste materials 
leads to reduce the CO2 emissions while saving the natural resources and minimize the envi-
ronmental hazards caused by waste disposal. Development of such an alternative for conventional 
plaster with better thermal performance, strength and durability characteristics will result in 
energy savings in the construction and operational phases of buildings. 

A composite plaster was developed by dry mixing of fine aggregate, bottom ash (BA), Portland 
cement and poly-carboxylic ether-based admixture. Their phase composition and microstructure 
morphologies were evaluated using XRD and SEM for a range of compositions and comparisons 
were made by varying water to cement ratios on the development of the best composition. The 
results indicate that the morphology and grain dimensions of the developed composite plaster can 
save 60 % of fine aggregate with effective replacement of bottom ash while maintaining the water 
to cement ratio of 1.15. A reduction of thermal conductivity by 76 % was noted concerning to the 
conventional plaster. The application of this waste based composite plaster in model units indi-
cated good adhesion properties with better surface texture and good water resistance charac-
teristics. No thermal or shrinkage cracks appeared in the operational phase of the models under 
outdoor exposure of two years to the tropical environment. A numerical model was also devel-
oped to predict the indoor wall temperature variation of a compartment finished with the said 
composite plaster and a comparison was made with the measured temperature cycle during 
outdoor exposure. A parametric study was conducted to compare the heat balance of the 
developed models with available systems and different climate variations.   

1. Introduction 

Exploiting the reusability of waste materials is a prevalent research area. In a world where power generation plays a prominent role, 
waste accumulation through power generation often raises several concerns [1]. The coal generates nearly 40 % of the world’s 
electricity in 2020 [2]. Fly ash and bottom ash (BA) are the two main byproducts accumulated through this process [3,4]. Even though 
fly ash has found its utility as a replacement for cement in construction industry applications [5], the uses of BA are still being explored. 

Using BA in light weight concrete [6] and thermal insulation blocks [7] are currently researched upon. However, using BA for 
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fashioning geo-polymer products or as a replacement for cement has rendered it impossible due to its nature of coarse particles, and 
presence of high carbon content and heavy metal content [3]. Therefore, BA is generally exploited as a partial replacement for fine 
aggregates of cementitious materials [8]. Moreover, owing to the porous nature of the particles and high water absorption, replace-
ment of BA exerts an adverse effect on the compressive strength of the mixture [9]. Nevertheless, this porous nature can be advan-
tageous when it comes to developing an insulation material [10]. However, being a byproduct of the burning process of coal, the 
chemical and mechanical properties of BA vary with the origin and burning process of the power plant which must be taken into 
account before the investigation [3,11]. 

The applicability of cementitious insulation materials on buildings often incorporates the indoor thermal comfort of the building. 
Over the years, attempts have been made to develop insulation materials using both organic and inorganic compounds [12,13]. Rice 
husk ash [14,15], EPS [16,17], Natural fibers [18] etc. have been researched as cementitious insulation materials. Reduction of heat 
penetration through walls leads towards maximizing the comfort as well as minimizing the energy usage in buildings [19]. In addition, 
the reduction of energy usage would lead towards a more economical solution in case of power usage. 

Thermo-mechanical properties of BA have been researched upon before. However, no study has been done on developing an 
appropriate combination of materials for a cementitious insulation system using bottom ash and the feasibility of the material in 
application as wall plaster on buildings. This study is focused on developing the perfect combination sequence for an external plaster, 
its feasibility of application in buildings during short term and long-term performance. A comparative study on heat transfer behavior 
of the newly developed composite wall is also included. 

2. Experimental study 

The test program for the development of a cementitious insulation plaster can be broadly categorized into two areas; investigation 
of chemical and physical properties of BA for feasibility analysis and investigation of mechanical and physical properties of developed 
cementitious plaster. Fig. 1 presents a detailed progress of the test series to develop an insulated plaster using BA. 

3. Chemical and physical properties of Bottom ash (Phase 1) 

Literature suggests that there can be a differentiation in thermal conductivity of BA with its chemical and physical properties [3, 
20]. Phase 1 was conducted to address this concern. The morphology- nature of the particles and their distribution, was observed using 
a Scanning Electron Microscope (SEM) –Model “Zeiss EVO 18 research”. An atomic absorption spectrometer was used for analysing the 
chemical composition of BA. Furthermore, X-Ray Diffraction (XRD) was carried out using the “BRUKER ECO D8 advance diffrac-
tometer” to observe the peak patterns correspond to different types of mineral phases present in the BA sample. 

3.1. SEM imaging 

The morphologies of Brazilian [21] and Norochcholai BA (current study) are shown in Fig. 2-(a) and -(b), respectively. According to 
the Fig. 2-(a), Brazilian BA consists of higher percentage of round shaped particles compared to the Norochcholai BA. Furthermore, 
surface morphology of the Norochcholai BA (Fig. 2-(b)) showed more porous particles relative to the Brazilian BA. In the case of a 
porous material, its thermal conductivity relies upon the geometrical distribution of the void phases (i.e. pore structure) and volume 

Fig. 1. Overview of the program.  
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fraction of its solid constituents [22]. 

3.2. XRD analysis 

The XRD results of the BA samples from Russia [23] and from Norochcholai power plant (current study) are shown in Fig. 3-(a) and 
(b), respectively. Quartz (SiO2), mullite and Aluminum oxide (Al2O3) crystalline phases were dominantly appeared in XRD spectra of 
Norochcholai sample whereas Quartz (SiO2) and Calcite (CaCO3) were identified in sample from Russia. These results show that 
Norochcholai BA has shown significant variation with sample from Russia. However, it was revealed that the XRD results of Nor-
ochcholai BA sample are closer to the generally accepted XRD results of BA [21,23] in terms of crystalline phases, diffraction peak 
positions (2θ) and their intensities. Moreover, literature [24] suggests that, infused BA structure, Mullite phase reduces the thermal 
conductivity than the quartz structure of river sand. 

3.3. Chemical analysis 

When the chemical composition of BA is considered, literature suggests that major components are silica, alumina and iron oxide 
[6,21,25]. However, the byproduct of a combustion process tends to differ from each other due to various environmental factors. For 

Fig. 2. Morphology a) Literature [21] b) Current study.  

Fig. 3. XRD Imaging (a) Literature [23] (b) Current study.  
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example, the coal for the Norochcholai power plant is imported from Indonesian ores. The process of coalification itself suggests that 
the composition of coal could vary with the dead vegetation that involves in the process. Therefore, Table 1 shows slightly different 
compositions for BA samples obtained from Russia, Brazil and Norochcholai power plants. The chemical composition of sand com-
prises more than 90 % of SiO2. However, the results in Table 1 shows that the % of Silica (SiO2) in BA is around 50 % and around 25 % 
is Alumina (Al2O3). The research of McQuarrle [26] shows that the thermal resistivity of Al2O3 increases at elevated temperatures. 
Thereby, as the decrease of SiO2 in BA than sand is mainly fulfilled by Al2O3, it could be a reason for improved insulation properties of 
BA. 

4. Development of the plaster 

The test program for obtaining optimum mix proportions were carried out as a trial and error program. 

4.1. Materials 

Ordinary Portland Cement (OPC) with 28-day compressive strength of 42.5 MPa [27] was used as the basic cementitious material 
for all the mixtures (Fig. 4). Table 2 gives the material properties of the constituents. 

4.2. Sample preparation 

Initially, the control plaster samples were cast using the proportions of sand/cement ratio of 3 and water/cement ratio of 0.6 to 
match with the common industry practice for N – type plaster. Ten different mix proportions were selected with a variation of BA in the 
range from 0 to 100% (Table 3). Water absorption of BA was not obtained. Therefore, both BA and river sand were oven-dried to avoid 
water absorption dispersion from aggregates to the mixture. The materials were mixed using a mechanical mixer for 5 min prior to 
adding water. Then the plaster was further mixed for 10 min after adding water (Fig. 5-(a)). 

4.2.1. Test samples for thermal conductivity 
Samples with 5 mm thickness and 60 mm diameter (Fig. 5-(b)) were cast. Their thermal conductivities were tested using the Lee’s 

disc method (Fig. 5-(c)), in accordance with ASTM D7340 – 07 [28]. 

4.2.2. Test samples for compressive strength 
After measuring the thermal conductivity, three best proportions were selected. Cement cubes were prepared from selected pro-

portions to measure the compressive strength (Fig. 5-(d)) in accordance with ASTM C109 [29]. 

4.3. Mechanical and physical properties of the plaster (Phase 2,3) 

The procedure for determining the mechanical and physical properties is presented in Fig. 6. This was conducted in two phases. The 
mechanical properties of the developed plaster were validated with the standards for type N plaster [30]. 

The experimental results for thermal conductivity and compressive strength are given in Table 4. Fig. 7 shows the variation of 
thermal conductivity and compressive strength with the % of BA in the mix. 

Three mix proportions were isolated from the above samples, namely 50 %, 60 %, 70 % and then tested for their compressive 
strength at 7 days (Table 4) (Fig. 7). The average compressive strength of the samples decreases with the increased BA replacement in 
the samples. This is mainly due to the increased porosity resulted from increased percentage of BA. 

The workability of the mix proportions were measured according to ASTM C1437− 20 [31]. The compressive strength and 
workability drastically decreased with the addition of BA to the plaster. Therefore, compressive strength testing was repeated with 
increasing water/cement ratios for the selected mix designs to achieve an optimum w/c ratio (Table 5, Fig. 8). 

Table 1 
Chemical analysis results of different bottom ash samples.  

Oxide 
Brazil [21] Russia [23] Sri Lanka (Current Study) 
Percentage % Percentage % Percentage % 

SiO2 56.0 55.7 48.23 
Al2O3 26.7 21.83 19.39 
Fe2O3 5.8 7.44 3.61 
MgO 0.6 1.95 1.33 
CaO 0.8 6.8 7.74 
Na2O 0.2  0.95 
FeO – 6.69 – 
K2O 2.6 3.53 0.62 
TiO2 1.3 1.11 1.18 
S 0.1 – – 
P2O5 –  1.16 
SO3 – 0.72 –  
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The compressive strength of cement plasters is supposed to decrease when w/c increases. However due to the porous nature and 
high water demand of BA [9] along with high yield when compared to conventional fine aggregates, the workability and strength of the 
plaster was increased and then decreased when it surpassed 1.2 (Fig. 8). 

Considering the workability and consistency of the plaster, a superplasticizer was added as given in Table 6. The strength and 
workability of the samples was increased up to general working standards of the industry. The mix design with 60 % replacement of BA 
with 10 mL per kg of cement and 1.2 w/c ratio was selected as the optimum combination. Hereafter, the improved mix will be 
addressed as BA60-S. 

5. Application and feasibility in walls (Phase 4) 

Two model house units of size 750 mm (width) x900 mm (length) x750 mm (height) were developed to understand the general 
applicability quality of finishing and service performance under exterior environmental exposure of plaster. Wall thickness was 100 
mm. One unit was applied with the conventional plaster (Cement: Sand 1:5) and the other was finished with the plaster of BA60-S, for a 
thickness of 20 mm. The models were kept in the outdoor environment and observed for a period of 6 months. The walls were exposed 
to daily temperature variations and the rainfall. Fig. 9- (a) shows the development of house units and application of the two types of 

Fig. 4. Materials - a) Cement b) Sand c) Bottom ash.  

Table 2 
Material properties.   

Cement River sand Bottom ash 

Specific gravity 3.15 2.68 1.7 
Used aggregate size (mm) < 2.36 < 2.36 < 2.36 
Bulk density (kN/ m3) 1442 1484 624  

Table 3 
Plaster mix proportions.  

Sample % replacement of sand by BA to weight BA (g) Cement (g) Water (g) Fine aggregate (g) 

BA0 0 0 50 30 150 
BA10 10 15 50 30 135 
BA20 20 30 50 30 120 
BA30 30 45 50 30 105 
BA40 40 60 50 30 90 
BA50 50 75 50 30 75 
BA60 60 90 50 30 60 
BA70 70 105 50 30 45 
BA80 80 120 50 30 30 
BA90 90 135 50 30 15 
BA100 100 150 50 30 0  

Fig. 5. (a) Mixing using the mechanical mixer (b) Thermal conductivity samples (c) Lee’s disc apparatus (d) Cube test.  

K.A.D.Y.T. Kahandawa Arachchi et al.                                                                                                                                                                           



Case Studies in Construction Materials 15 (2021) e00611

6

plaster; conventional cement-sand plaster and BA plaster. 
Both improved BA60-S and conventional plaster indicated a good surface texture with proper adhesion for block wall as shown in 

Fig. 9-(b)). At the end of 6-month period, no signs of either thermal or shrinkage crack, spalling of plaster were noted (Fig. 9-(b)), even 

Fig. 6. Development of insulated plaster.  

Table 4 
Results: Mechanical properties.  

% of BA replacing sand to weight Thermal Conductivity (W/mK) Avg. Compressive strength (N/mm2) 

0 1.44 – 
10 1.36 – 
20 1.15 – 
30 1.24 – 
40 0.99 – 
50 0.82 4.41 
60 0.8 3.62 
70 0.7 4.11 
80 0.5 – 
90 0.43 – 
100 0.39 –  

Fig. 7. Variation of thermal conductivity and compressive strength with %BA.  
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Table 5 
Average strength and flow variation of BA60.  

w/c ratio Average 7-day Strength (N/mm2) Average flow (mm) 

0.6 3.6 – 
0.8 6.4 – 
1 9.01 88.5 
1.2 10.25 150 
1.4 6.17 180 
1.6 4.27 220  

Fig. 8. Variation of compressive strength of BA60 with w/c ratio.  

Table 6 
Plaster mix proportions and test results.  

Sample Cement 
(Kg) 

Fine Aggregate 
(Kg) 

BA 
(Kg) 

w/c 
Ratio 

Admixture (ml per Kg of 
Cement) 

Average Strength 28 
day (N/mm2) 

Average Density 
(Kg/m3) 

Average Flow 
(mm) 

BA50 1 1.5 1.5 0.8 0 2.76 1562 95 
BA50 1 1.5 1.5 1 0 21.77 1842 123 
BA50 1 1.5 1.5 1 10 9.96 1763 147.5 
BA50 1 1.5 1.5 1 12 11.32 1856 142.5 
BA60 1 1.2 1.8 1 0 9.83 1713 97.5 
BA60 1 1.2 1.8 1.2 10 5.08 1712 175 
BA60 1 1.2 1.8 1.2 12 8.95 1725 150  

Fig. 9. a) Development of model house units b) House units after 6 months.  
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if the plastered model unit was exposed to dry-wet cycles in the exterior environment. This shows the practical feasibility of developed 
plaster for application in external walls. 

6. Heat transfer analysis 

6.1. Summary of test program 

The plastered units were also used to validate the heat transfer model developed using a commercially available finite element 
software [32]. After ensuring the durability, the surface temperature of the interior and exterior walls was monitored using K-type 
thermocouples fixed to the surfaces (Fig. 10) for four daily consequential environmental changes. The surface temperatures were 
observed for peak 6 h are shown in Fig. 12. 

6.2. Heat transfer modeling 

A three-dimensional finite element model was developed using an advanced finite element software [32]. The heat transfer through 
the plastered block wall with the dimensions 3m × 4m x 0.1 m (height x length x thickness) was considered for this study. The test 
results indicated BA60 as the optimum mix proportions for better thermal and mechanical performance. Hence, it was chosen to 
analyze the heat transfer behavior through this composite wall panel. 

An 8-node linear heat transfer brick elements (DC3D8) were used to model both wall and plaster elements. From a mesh sensitivity 
analysis, the mesh size was decided as 15 mm and the selected aspect ratios for the wall and the plaster was 1:1. Since the plaster and 
the wall panels are assumed as perfectly bonded, a tie constraint was used to represent its bond behavior. The developed finite element 
mesh of the wall panel with plaster is shown in Fig. 11. 

The thermal performance of the masonry wall is to be evaluated based on two parameters; decrement factor and time lag. The 
decrement factor is defined as the reduction ratio in the amplitude of the temperature wave at the indoor surface compared to the 
outdoor surface. The time takes for the temperature wave to propagate from the outer surface to the inner surface is named as the time 
lag [33]. The decrement factor (f) and the time lag (tØ) can be computed using equations 1 & 2, respectively [33]. 

t∅ = tE− max − tI− max (1)  

f =
TI− max − TI− min

TO− max − TO− min
(2)  

Where tE-max, tI-max, TI-max, TI-min, TO-max, and TO-min represent the time taken to reach the maximum temperature in exterior, and 
interior surface; inside maximum, inside minimum, outside maximum, and outside minimum surface temperatures, respectively. The 
model was initially analyzed for three cases and the wall panel configurations are shown in Table 7 and the properties used for 
simulations are listed in Table 8. 

6.3. Model results and validation 

In order to validate the numerical model, the same environmental conditions for consecutive 24 h have been applied to the external 
wall in both models and the internal temperature variations have been monitored. The results obtained from the numerical model are 
illustrated in Fig. 12 along with the test results. The comparison between the test results and the predicted results shows a good 
agreement and the average deviation of predicted values were less than 10 %. 

In order to predict the thermal performance of the composite wall throughout a day, the model was further analyzed for three 
consecutive days. The initial temperature at the internal wall surface was assumed as 25 ◦C and the model was running for a cyclic 
temperature for 3 days to ensure the convergence of the internal temperature variation. The applied temperature at the external 
surface and the obtained temperature for the internal surface of WP_BA0 are plotted in Fig. 13. Then, the temperature variation within 
the 24 h was extracted from the model results after the convergence of the internal variation (Fig. 14). 

Fig. 10. a) Temperature monitoring setup b) Data logger c) Thermocouple positions inside d) Thermocouple positions outside.  
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Fig. 14 shows the internal and external temperature of walls for different conditions for period of a 24 h. According to the graphs, 
the wall with the innovative plaster shows better thermal performance. The decrement factor of the wall was observed as 0.85 without 
any application of the plaster (WP_0). The time lag in the wall panel model without plaster was noted as 2 h and 27 min. Shaik et al. 
[34] have also investigated the heat transfer behavior of building walls exposed to the periodic temperature profile and the noted 
decrement factor for 100 mm thick concrete block walls was 0.86 and 2 h 30 min. The similarity in these results adds further evidence 
of the accuracy of the heat transfer model developed in this study. By applying the conventional plaster (WP_BA0), the decrement 
factor of the composite wall was reduced by 9.5 %. Further, 20 % reduction was noted in the composite wall with the application of the 
plaster (WP_BA60-S) developed in this study which shows the improved thermal performance. The time lags in the models with plaster 
increased by 30.6 %, and 55.1 % of the wall panels WP_BA0, and WP_BA60-S, respectively. The observed maximum decrement of 

Fig. 11. Finite element mesh of the wall panel with plaster.  

Table 7 
Model configurations.  

Model ID Descriptions 

WP_0 Wall panel without plaster 
WP_BA0 Wall panel with cement-sand plaster (BA0) 
WP_BA60-S Wall panel with BA mixed plaster (BA60)a  

a The best mix proportion with good thermal & strength performance. 

Table 8 
Thermal properties of the materials used for Finite element modeling.  

Material Measured thermal conductivity (W/m.K) Measured specific heat (J/kg.K) Measured density (kg/m3) 

Concrete block [37] 1.37 840 2778 
Conventional plaster (BA0) 1.45 1500 2162 
Plaster developed in this study (BA60-S) 0.7 900 1712  

Fig. 12. Model results and validation.  
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temperature for the walls with developed plaster is about 0.5 ◦C. This is 2% less than the wall plastered with conventional plaster. 

7. Parametric study 

A parametric study was conducted to predict the effectiveness of newly developed plaster (BA60-S) with changes in thermo sen-
sitive parameters. 

Fig. 13. Temperature variation in the outside surface and inside surface (WP_BA0).  

Fig. 14. Temperature variation in the outside surface and inside surface for 24 h period.  
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7.1. Effect of thickness of the plaster 

The selection of the optimum thickness of a thermal insulation layer is a critical parameter which needs to be studied for an 
economical construction project [35]. A range of thicknesses from 10 mm to 50 mm was considered in this study and the internal 
temperature variation in WP_BA60-S was observed (Fig. 15). The computed decrement factors and time lags for different thicknesses 
are plotted in Fig. 16 respect to the plaster thicknesses. 

It can be noted that the decrement factor reduces with increasing thickness. The effect of thickness reverses in the change of time 
lag. The decrement factor varied in the range from 0.79 to 0.51 for the thickness range of 10 mm–50 mm. The noted percentage 
reduction of internal temperature with respect to the WP_0 was 7%, 13 %, 17 %, 21 %, 25 %, 28 %, 31 %, 36 %, and 40 % for plaster 
thickness 10 mm, 15 mm, 20 mm, 25 mm, 30 mm, 35 mm, 40 mm, 45 mm, and 50 mm, respectively. Similarly, the noted time lag 
increments respect to WP_0 was 20 %, 32 %, 47 %, 55 %, 63 %, 75 %, 82 %, 87 %, and 90 % for the walls with 10 mm, 15 mm, 20 mm, 
25 mm, 30 mm, 35 mm, 40 mm, 45 mm, and 50 mm, respectively. This shows that the effect of plaster thickness on time lag reduces 
with increasing thickness. From the results obtained, it was revealed that the walls with higher plaster thickness provide a better 
thermal comfort within the buildings and the effect of thickness reduces beyond a maximum thickness. 

7.2. Effect of environmental temperature 

The climatic conditions of the environment also influence the effectiveness of insulation materials. The climatic data among the 
different regions of the world were collected to understand the heat transfer behavior and assess the feasibility of extending these 
results for the applications in various part of the world. The environmental temperature of various cold and hot countries on a 
randomly selected day in July 2020 [36] are listed in Table 9. The heat transfer model developed to predict the behavior in this study 
was further analyzed for the environmental temperature fluctuations given in Table 9. The methodology stated in Section 7.3 (Fig. 13) 
was followed in this analysis as well. The average outdoor temperatures and predicted indoor temperatures in both countries are 
illustrated in Fig. 17. 

The computed decrement factors for warm countries and cold countries with the developed plaster are 0.638 and 0.639, respec-
tively which indicates that the developed insulation plaster would be equally utilized in all regions of the world. The noted time lags 
using the innovate plaster in warm and cold countries were also nearly equal which are 3 h 25 min and 3 h and 20 min, respectively. 
Based on the obtained decrement factors, it can be proven that the thermal comfort can be enhanced by 12.7 % and 12.4 % in warm and 
cold countries, respectively. 

8. Energy saving 

The heat flux through the composite walls were obtained for cold countries and hot countries. Fig. 18 presents the heat flux 
oscillation throughout a day for a unit wall panel with different plasters in cold and hot countries. The plots show the reduced heat flux 
in the walls with the developed wall plaster in both climatic conditions. Moreover, the computed annual heat energy consumptions for 
different climatic conditions are illustrated in Fig. 19. The results indicate that by using the developed plaster in this study, the annual 
heat loss can be reduced by 16.5 %, and 16.2 % in hot countries and cold countries, respectively. This shows the equal effectiveness of 
this developed plaster in different climatic conditions. Further, the predicted heat loss reductions can be implied to the annual energy 
saving of the buildings. 

While an average house hold in hot countries use air conditioning to cool down the temperature to 21 ◦C – 25 ◦C, a house in a cold 
country would use heater to raise the temperature to the same level. Thereby, the model was further analyzed during cooling and 
heating the indoor environment at hot and cold countries, respectively. The corresponding heat fluxes while the indoor environment 

Fig. 15. Effect of plaster thickness on thermal performance of developed composite wall.  
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Fig. 16. Effect of plaster thickness on decrement factor and time lag.  

Table 9 
Climatic data in hot & cold countries.  

Time 

Hot countries Cold countries 

Colombo - Sri 
Lanka 

Paya Lebr- 
Singapore 

New Delhi 
-India 

Tokyo - 
Japan 

New York - 
USA 

London - 
UK 

Minsk - 
Russia 

Zurich - 
Switzerland 

6:00 26.67 26.67 26.67 24.44 23.89 14.44 14.44 13.33 
10.00 27.22 28.50 32.00 30.00 27.22 17.78 19.44 18.89 
12:00 29.44 31.00 33.00 31.67 30.00 17.78 22.22 21.11 
14:00 30.00 30.56 33.50 33.33 31.11 18.89 22.78 22.78 
18:00 29.44 30.00 31.00 30.00 30.56 19.44 22.22 21.67 
0:00 27.22 28.00 28.00 27.22 26.67 17.22 14.44 17.22  

Fig. 17. Effect of innovative plaster (a) In warm countries (b) In cold countries.  

Fig. 18. Predicted heat flux (a) in hot countries (b) in cold countries.  
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was kept at 25 ◦C throughout a day were obtained for both types countries and presented in Fig. 20. The obtained heat fluxes were used 
to compute the total heat energy in both climatic conditions. Fig. 21 presents the annual heat energy consumptions at both conditions; 
(a) cooling the indoor environment in hot countries and (b) heating the indoor environment in cold countries. The results show that the 
annual heat loss can be reduced by 13.3 % and 13.2 % during cooling and heating, respectively. This indicates the ability of developed 
plaster to minimize either heating or cooling energy requirement in building. 

9. Conclusions 

This paper presents the development of a cementitious composite plaster by partial replacement of sand by BA. Following con-
clusions were made:  

• The optimum thermo-mechanical performances can be achieved by replacing 60 % wt. of fine aggregates with BA. This helps to 
minimize the negative effects of the sand mining process for the construction industry, while minimizing the environmental hazard 
resulting from waste disposal process of BA.  

• In the plaster production process using oven dried BA, the water/cement ratio should be maintained less than 1.2 with or without 
superplasticizer. Otherwise, it adversely affects the compressive strength of plaster.  

• The thermal conductivity and compressive strength of developed composite plaster indicated a negatively decreasing trend with 
increased weight percentage of the BA.  

• The optimum thermal performance can be achieved with the plaster containing cement: sand: BA in 1:1.2:1.8 proportion by weight, 
with the water: cement ratio of 1.2 and 10 mL/Kg of cement superplasticizer (BA60-S).  

• The set composite plaster indicated good adherence properties with masonry walls, and no degradation was noted for the outdoor 
exposure of 2 years to the tropical environment.  

• The numerical model developed to predict the heat transfer behavior through the composite wall is in good agreement with 
theoretical predictions and also with the previous literature.  

• A significant effect on decrement factors and time lag was noticed for different wall configurations. The reduction in the decrement 
factor of the wall panel with conventional plaster was 9%, while it was 20 % in the wall panel with the BA-cement (WP_BA60-S) 
plaster. And the increment in the time lag of the conventional wall panel was 28 %, while 54 % was noted in the innovative wall 
panel (WP_BA60-S).  

• From the parametric analysis, it was noted that a decrement factor increases from 7% to 70 % and a time lag reduction of 28%– 
133% can be achieved by providing an appropriate plaster with good thermal properties. 

Fig. 19. Annual heat energy consumption.  

Fig. 20. Predicted heat flux (a) in hot countries during cooling (b) in cold countries during heating.  
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• More than 0.5 ◦C reduction in internal wall temperature was noted from the walls with developed plaster when compared to 
conventional cement sand plastered walls. This further indicates the possible reduction of mechanical ventilation or heating in 
buildings which leads to energy saving with the application of newly developed BA based plaster.  

• This study also shows that by using the BA-cement plaster developed in this study, the annual heat losses can be reduced from 16 % 
to 17 % in any climatic condition either hot or cold. And an average of 13 % energy saving can be expected during cooling and 
heating using the developed plaster than the conventional plaster. 

Data availability 

The raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing 
study. 
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