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Abstract. Thermal comfort in buildings is usually achieved through 
sustainable materials obtained from natural sources, which justifies their 
use for developing building mixtures. Many natural materials were used as 
early as in ancient times to build homes that are warm in winter and cool in 
summer: a mixture of straw, clay and sand is an example of such a 
material. The objective of this article is to evaluate the effect of a mixture 
of clay, sand and straw on thermal comfort. For the purposes of this study, 
several types of sample plates were made from clay and sand mixture by 
adding different amounts of straw. The experiments were carried out and 
the thermal conductivity coefficient was determined using the method of 
infinite flat layer. The results indicate that the combination of different 
amounts of straw can be considered as good reinforcement of the sand and 
clay matrix and is characterized by a low thermal conductivity. 
Furthermore, 3D modelling was performed using Finite Element Analysis 
(FEA) software and a predictive model of the thermal behaviour of the 
samples from the different mixtures was developed. The thermal field 
distribution and the thermal conductivity coefficient thus determined were 
compared with the experimental data and showed consistency. 

1 Introduction 
Since the beginning of the 21st century, the problem of energy renovation of existing 
building stock and construction of low-energy new buildings is particularly relevant. The 
main reason for this is global warming and the resulting adverse climate change. Despite 
the introduction of new technologies and the development of modern and innovative 
building materials, humanity is returning to its natural habitat. New trends and standards for 
sustainable architecture and construction are being imposed. Houses made from alternative 
building materials such as straw, clay and adobe, in which people once lived, are becoming 
increasingly attractive. Their main advantage is that they are natural materials that have a 
low carbon footprint [1].  

Some of the requirements that modern products designed for transport, industrial and 
domestic applications must meet are environmental friendliness, cost effectiveness and 
energy efficiency. The energy efficiency parameters are of particular importance as they 
directly determine the thermal and hygienic comfort in the building or facility; the 
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possibilities and terms for return on investments; the competitiveness of the material or 
article [2-3]. 

Alternative building materials based on natural materials satisfy all the requirements 
mentioned above: - they are low-cost as they are derived from natural resources and their 
use does not involve thermal or mechanical processing; - they are environmentally friendly 
materials with a zero carbon footprint; - they create a favourable microclimate in the 
inhabited buildings [4-5].  

The study of the thermal parameters of alternative building materials continues to be a 
topical issue, as there are many factors that affect their actual thermal properties - 
composition, method of forming and acquiring the final structure, temperature and humidity 
operating conditions, etc. This necessitates experimental studies of the thermo-physical 
parameters of the various moulded mixtures of alternative building materials and predicting 
their thermal behaviour, which can be achieved through simulation modelling. 

2 Materials and methods 

The present work presents the findings of the study of the thermo-physical parameters of 
alternative building materials, which are measured experimentally and determined. The 
samples from a mixture of clay and sand with different amounts of straw added are plate-
shaped. 

A test stand employing the method of infinite flat plate is used. 
In addition, using Autodesk Inventor Nastran 2020 software, simulation 3D models are 

developed in order to visualize their thermal behaviour. This allows the evaluation of the 
actual behaviour of the matrix of clay and sand as well as of the different straw proportions. 
The simulation model aims to adequately reproduce the results of experimental studies and 
to determine with sufficient accuracy the temperature distribution in the real objects 
represented by the models.  

2.1 Experimental materials 

For the purposes of the present study, four samples were tested (Fig. 1), with their 
composition indicated in Table 1.  

Table 1. Sample composition 

Sample 
Type Materials 

1 clay (grey marl) sand  0 g straw 
2 clay (grey marl) sand 68 g straw 
3 clay (grey marl) sand 102 g straw 
4 clay (grey marl) sand 136 g straw 

  
The samples were prepared as follows: Unbaked clay was dissolved in water to a plastic 

state and sand was added, the ratio being 1: 2. With samples 2, 3 and 4, chopped straw was 
added in the proportions presented in Table 1. The water-clay ratio for all types of sample is 
0,5. The composition was stirred until a homogeneous mixture was obtained, which was 
then poured into wooden moulds of a square cross section, with a length of the side of 0.24 
m. The samples are dried at room temperature. Sandpaper was used to smooth all surface 
irregularities as well as possible in order to prevent the occurrence of errors in the test stand 
measurements [6].  
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Fig. 1. General view of the studied samples 

 The thickness of the plates (δ) was measured with a dial indicator so that the density of 
the tested composite structures (ρ) be accurately determined and their thermo-physical 
characteristics be evaluated, particularly their specific heat capacity. The results are 
presented in Table 2 below. 

Table 2. Physical data for test samples 

Sample δ m ρ 
 m kg kg/m3 

1 0,0240 2,765 2000 
2 0,0241 2,606 1877 
3 0,0245 2,451 1737 
4 0,0247 2,394 1683 

2.2 Experimental test method 

The experimental research employs a test stand based on the method of infinite flat plate, 
Fig.2. The principle of operation of the stand is as follows - the sample is placed between 
two flat plates at different temperatures. The higher-temperature plate (the hot plate) is kept 
at a constant temperature by supplying electricity. The temperature of the colder plate (the 
cold plate) is maintained constant by removing heat through water cooling. The hot plate is 
covered by a protective plate at a constant temperature, which prevents heat loss upwards 
and sideways. Thus, in a quasi-stationary mode the electric power supplied to the hot plate 
is proportional to the heat flow to the sample.  
 

 
Fig. 2. Test stand based on the method of infinite flat plate 
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2.3 Simulation modelling of the samples studied 

The simulation modelling is based on the data obtained from the experimental studies of the 
samples discussed above. In the technology of thermal processes, solving problems of this 
nature requires the application of an algorithm. For the purposes of the present study, the 
following algorithm is applied:  
1. Creating geometry using Autodesk Inventor Professional 2020 (Fig. 3); 
2. Specifying the materials; (Table 3); 
3. Transition to Autodesk Inventor Nastran 2020; 
4. Selection of stationary thermal analysis; 
5. "Discretisation" - splitting the image into finite elements; 
6. Specifying the boundary conditions; 
7. Specifying the number of iterations; 
8. Solving the problem; 
9. Results; 
10. Analysis of the results. 
 

 
Fig. 3. Geometric model of the plate 

Table 3 presents the properties of the materials in the modelled plate. They were 
determined by experimental studies and serve as input data for the simulation modelling [7-
8]. 

Table 3. Dimensions and thermo-physical properties of the modelled plate 

Plate Type 
Dimensions Physical Properties 

a b δ ρ cp k 
m m m kg/m3 J/(kg.K) W/(m.K) 

1 

0,24 0,24 

0,0240 2000 456,78 0,562 
2 0,0241 1877 721,45 0,436 
3 0,0245 1737 907,21 0,254 
4 0,0247 1683 968,83 0,228 

 
 The simulation modelling of the thermal processes in the plates was performed with the 
software product “Autodesk Inventor Nastran 2020”, which is suitable for the purposes of 
the research. Stationary thermal analysis was conducted.  
Materials with the thermo-physical parameters of the plates presented in Table 3 were 
added to Autodesk Inventor Professional 2020 library.  
 Fig. 4 illustrates the boundary conditions specified.  
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Fig. 4. Plate surface boundary conditions specified  

The mathematical modelling of the stationary thermal analysis was performed by the 
differential equation (1) [9]:  

0T T Tk k k
x x y y z z

        (1) 

The developed algorithm for 3D modelling of thermal processes in various thermal 
insulation materials and coatings allows the use of software products that can predict the 
processes, varying the input parameters.  

3 Results and Discussion 

3.1 From the experimental research 

Taking into account the tabular values of the thermal conductivity coefficients of the source 
materials used for the tested samples (dry and wet clay ktable

marl = 0,15 ÷ 1,8 W/(m.K); sand 
with 10% humidity ktable

sand = 0,97 W/(m.K); straw ktable
straw = 0,048 W/(m.K), the samples 

were found to have a coefficient of thermal conductivity which is within the range of the 
measurement device [10].  

In order to check the accuracy of the measurement of the device, a "zero" experiment 
was performed on a sample of glass, which has a tabular coefficient of thermal conductivity 
ktable

glass= 1,15 W/(m.K). The value of the measured thermal conductivity of the glass 
sample was kglass = 1,115 W/(m.K). The experimentally obtained value for the thermal 
conductivity of the glass sample kglass differs from the tabular value by 3%, which verifies 
the accuracy of the measurements [11].  

The measurements of the samples tested were performed under the same conditions and 
the results are presented in Table 4. 

Table 4. Experimental data for the samples tested 

Sample Average power 
supplied 

Heat flux 
density 

Average 
temperature 
difference 

Average air 
temperature k 

 W kcal/(m2.h) оС оС W/(m.K) 
1 36,8 251,307 11,45 26 0,562 
2 30 141,75 8,608 25,133 0,436 
3 16,8 79,38 9,075 26,533 0,254 
4 15,6 73,71 9,425 26,35 0,228 
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The experimental data obtained provide for drawing the conclusion that in terms of 
insulating properties, the mixture of clay and sand is superior to some conventional 
building materials such as ceramic bricks, plain and aerated concrete, etc. In addition, with 
increasing the amount of straw in the studied building mixture, the coefficient of thermal 
conductivity decreases, i.e. samples containing a larger proportion of straw have better 
thermal insulation properties.  

3.2 From the simulation modelling 

The results of the simulation modelling are illustrated in Fig. 5. The boundary conditions, 
the results of the experiment, the analysis and the calculation error are presented in Table 5. 
 

 
Fig. 5. Temperature distribution along the thickness of the plate thickness 

 

Table 5. Boundary conditions, results of the experiment, analysis and calculation error 

Plate 
Type 

Boundary conditions Experiment Analysis Error 
t1 t2 qe qa 
°C °C W/m² W/m² % 

1 40,5 27,6 292,3 301,8 3,3 
2 34,6 25,9 164,9 157,6 4,4 
3 35,5 26,4 92,3 94,3 2,2 
4 35,7 26,2 84,2 87,7 4,2 

t1 – average temperature of the hot plate; 
t2 - average temperature of the cold plate; 
qe – experimental heat flux; 
qa – heat flux as per analysis; 
 

The comparative analysis of the simulation modelling of the tested samples (Fig. 5 and 
Table 5) shows good repeatability and adequacy of the obtained results for the tested 
samples with a matrix of clay and sand and straw additives. The application of numerical 
methods and software products for simulation analysis is a step forward in solving 
problems of this nature.  
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4 Conclusions 
The following conclusions can be based on the above experiments and the simulation 
modelling results obtained for building mixtures of clay, sand and straw added: 
1. In terms of insulating properties, the mixture of clay and sand is superior to some 

conventional building materials. The result obtained for the value of the thermal 
conductivity of the clay and sand sample is k1 = 0,562 W / (m.K).  

2. Depending on the amount of straw added to the clay-sand mixture, the results obtained 
for the value of the thermal conductivity of the samples with the lowest straw content 
is k2 = 0,436 W / (m.K) and with the highest e k4 = 0,228 W / (m.K). It was found that 
with increasing the amount of straw, the thermal conductivity coefficient decreases, 
i.e. the material acquires better insulating properties.  

3. The simulation modelling of stationary thermal conductivity in the studied plates with 
a matrix of clay and sand and straw additives through the mathematical model 
adequately reproduces the thermal processes taking place in them and shows good 
repeatability of the results obtained. 
The above conclusions about the thermal parameters of the studied building mixtures, 

and particularly the coefficient of thermal conductivity determined by experimental studies, 
as well as the adequacy of the simulation model provide grounds for confirming the 
possibilities for appropriate applications of the studied alternative building materials to 
improve thermal comfort and increase energy efficiency in buildings.  

 
The investigations in that paper have been implemented with the financial support of National 

Programme “Young scientist and postdoctoral students”, funded by Bulgarian Ministry of Education. 
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