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On the anisotropy of thermal conductivity in ceramic bricks 

Michał Kubi�s , Karol Pietrak *, Łukasz Cie�slikiewicz , Piotr Furma�nski , Michał Wasik , 
Mirosław Seredy�nski , Tomasz S. Wi�sniewski , Piotr Łapka 
Institute of Heat Engineering, Faculty of Power and Aeronautical Engineering, Warsaw University of Technology, 21/25 Nowowiejska St., 00-665, Warsaw, Poland   
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A B S T R A C T   

This study presents results of investigation on anisotropy of thermal conductivity of masonry bricks. Few results 
of anisotropic thermal properties were presented in literature. Most of them were focused on the thermal con-
ductivity measurement across the sample thickness only or additionally in one direction. In this work, thermal 
conductivities of three types of bricks were determined with an indirect method which involved measurements of 
thermal diffusivity, specific heat and density. The thermal diffusivity of ceramic bricks has been measured using 
the flash technique while differential scanning calorimetry was applied for the specific heat measurement. 
Apparent densities were determined geometrically. Measurements taken in three directions normal to the main 
planes of the brick revealed that thermal diffusivity of the bricks is anisotropic. Investigations were repeated on 
several bricks coming from different local manufacturers. Differences of the thermal conductivities determined 
for samples cut in various directions were up to 36%. The connection between principal directions of thermal 
diffusivity tensor and microstructure of the material was also investigated using the scanning electron micro-
scopy and infrared thermography. It was found that silicate bricks were more isotropic than fired red bricks. The 
study confirmed earlier reports about the relation of microstructural alignment with thermal conductivity 
anisotropy. Interesting difference in the degree of anisotropy at two different depths was revealed. The precisely 
evaluated thermal conductivity tensor might be of relevance in the modeling of heat and moisture transport 
phenomena in building materials.   

1. Introduction 

Since 19th century the machine molding has been utilized for the 
mass production of building materials which became beneficial for large 
scale masonry all over the world. A milestone at this field was the in-
vention of a dry press process by Carl Schlickeysen in 1854 [1,2] which 
was based on application of high pressure at shaping stage of brick 
manufacturing. This method required clays in the form of powder at the 
moisture content of only 6–10% wt. Hence bricks manufactured by the 
dry press process were ready to use just after the demolding as opposed 
to traditional methods at these times which required 10–14 days of 
drying before use. Repeatability in the brick shape was also the strong 
point of this method. Nowadays, in order to preserve optimal properties 
of building materials, their composition of substrates (clay, shale, or 
similar naturally occurring earthy substances) as well as shaping 
methods (molding, pressing, or extrusion) were standardized, e.g., 
ASTM C62-17 in United States or PN-EN 771-1 in Poland [3,4]. 

One of the properties which is crucial for bricks application is their 

thermal conductivity. It depends on numerous factors such as volume 
fraction of their components and voids, their microstructural alignment 
or water content, as well as manufacturing process parameters. In gen-
eral, the thermal conductivity of bricks was reported to be approxi-
mately 1.0þ/-0.4 W/(m∙K) depending on raw materials properties as 
well as the bricks processing method. Dondi et al. [5], Akyochi et al. [6] 
and Erker [7] indicated that the thermal conductivity of bricks might be 
impacted with change in the bulk density and their porosity. In order to 
lower the thermal conductivity of clay bricks, Kornman [8] proposed 
application of expanded vermiculite as a pore-making additive which is 
introduced into brick’s prefabricates before shaping process. In Korn-
man’s case [8], this resulted in lowering apparent density up to 46% and 
showed reduction in thermal conductivity down to 0.65 W/(m∙K) which 
was around 30% less than values for the reference sample. The other 
additives presented in the literature are, e.g., wood sawdust, poly-
styrene, organic residues, coal dust, powder limestone and papermaking 
sludge [9–12]. 

Gracia-Ten [13] showed the impact of firing temperature as well as 
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shaping pressure on the bricks density which indicated that change in 
the manufacturing parameters might induce changes in the micro-
structure of the product, e.g., pore size and shape. Moreover, shaping 
process, e.g., pressing or extrusion might lead to microstructure 
texturing, i.e., the pores and grains in the brick become aligned in 
preferred directions. Sch€on [14] showed such effect in the case of 
sedimentary rocks whose grains tend to align in favorable directions 
under pressure. This leads to their anisotropy of thermal conductivity. 
Similar results were indicated by Dao [15] for the bedded natural boom 
clay as well as Maillard and Aubert’s [16] investigation on unfired 
bricks. These studies revealed the effect of self-orientation of clay layers 
during extrusion process which resulted in the anisotropy of thermal 
conductivity. Both papers distinguished two directions, i.e., parallel and 
perpendicular to the bedding plane or extrusion direction. The same 
effect of anisotropy but in case of the fired bricks was formerly described 
by Kornman [8]. Maillard and Aubert [16] indicated also that the di-
rection of extrusion promotes different anisotropic properties at the 
same plane of a brick. 

Previous studies reported anisotropy in the thermal conductivity of 
bricks at only two directions. In this study, it was decided to perform 
investigations of the thermal conductivity in all 3 directions normal to 
the main planes of bricks. Two types of bricks, i.e., the fired red bricks 
and silica bricks which came from local Polish market were investigated. 
Apart from measurements of the thermal conductivity, the SEM imaging 
was also performed in order to examine the relation between micro-
structural texturing and magnitudes of thermal conductivity in different 
directions. It was found that one type of the examined bricks exhibited 
significant anisotropy of thermal conductivity. Subsequently, the 
orientation of the ellipsoid of thermal conductivity was investigated for 
all types of bricks, using the infrared (IR) camera. The measured 
anisotropic thermal conductivity of the bricks will be subsequently 
applied in the modeling of complex heat and moisture transport phe-
nomena in walls, i.e., during dynamic drying processes [17–22]. Liter-
ature shows that differences in thermal conductivity between 
distinguished directions may be as high as 80% [16]. Moreover, the 
measurements performed by other authors indicate that the thermal 
conductivity of bricks depends also on the substrate used for bricks 
manufacturing which varies depending on the geographical location. 
These facts show that measurements of thermal properties of local 
building materials should be always done before modeling tasks. 

2. Material and methods 

2.1. Bricks 

In the present study the tested materials were three batches of the 
masonry bricks coming from different local manufacturers. Two of them 
were the traditional fired red bricks and the other was the silica-based 
brick. Both types represent construction materials which are commer-
cially available and are regularly used nowadays. Three bricks of each 
batch were selected randomly to prepare samples for measurements. 
Initially, only one batch of each bricks type was considered but further 
investigation exhibited that the fired red bricks show anisotropy of 
thermal conductivity in more than two directions. This observation was 
not a frequent result according to the literature. Therefore, it was 
decided to include the second batch of red bricks which came from other 
manufacturer. This was done in order to enable direct comparison of 
their thermal and physical properties as well as their microstructures 
with the first batch of bricks. 

2.2. Thermal conductivity measurements 

The effective thermal conductivity of samples was determined indi-
rectly according to the following equation:  

keff ¼ aeff⋅ρ⋅c                                                                                   (1) 

where aeff denotes the effective thermal diffusivity (mm2/s), ρ is the 
density (g/cm3) and c is the specific heat (J/(g⋅K)). The measurements of 
the thermal diffusivity were performed applying the flash technique 
[23] (LFA 447 Nanoflash, Netzsch) which require thin square samples of 
thickness 1–2 mm and approximately 10 mm side length. The usability 
of this technique for heterogeneous materials was discussed by Lee and 
Taylor [24,25]. To reduce the negative impact of brick inhomogeneity, 
samples with visible large inclusions were rejected. Additionally, that 
impact was minimized by measuring multiple samples and drawing 
conclusions from averaged results. The Cowan model [26] was used as a 
base for the thermal diffusivity measurement. In the sample preparation, 
center volumes of tested bricks were extracted and cut in three different 
directions normal to brick surfaces according to the schematic shown in 
Fig. 1. For cutting and extraction, a handsaw equipped with tungsten 
carbide blade was used. The samples were further processed using table 
buzz and sandpaper to obtain their final shape (14 � 14 � 2 mm cu-
boids) with smooth and parallel surfaces, and then dried before the 
measurements at 110 �C for minimum 72 h. Thermal diffusivity was 
measured at the following temperature set points: 30 �C, 45 �C and 60 
�C. 

The specific heat was determined applying the Perkin Elmer DSC 7 
apparatus which is based on the “null balance” principle [27]. The 
temperature range of measurements was 30–60 �C. Conditions of heat-
ing rate of 10 �C/min and argon flow rate of 20 ml/min were held during 
the measurements. Samples in the form of dry powder were placed in the 
aluminum crucible and compressed gently with a loose lid. The specific 
heat was determined based on the second run of heating to assure that 
any remaining humidity had evaporated. 

2.3. Density measurement 

Ceramics are well known for their stable physical properties espe-
cially at low temperatures. Therefore, apparent density was determined 
by means of the geometrical method at temperature around 25 �C and its 
constant value in the range from 25 �C to 60 �C was assumed in the 
calculation of the thermal conductivity using eq. (1). For this purpose, 5 
samples of cuboid shape (80 � 60 � 60 mm) coming from each batch, 
were cut from the inner volume of bricks. Measurements were per-
formed according to the ASTM C20 standard [28], with sample size 
approximately 20% smaller than suggested. It was judged that this 
change will not have a significant impact on the accuracy. Three mea-
surements of each batch of bricks were performed and average values 
were taken for further calculations. The samples were dried in vacuum 
at 110 �C for 72 h. Then, their dimensions were measured with the 
caliper and masses with the analytical balance to calculate their 
apparent densities. 

2.4. Microstructure observation 

The microstructure of bricks was revealed with the scanning electron 
microscopy technique (SEM TM3000, HiTachi). Observation of the 

Fig. 1. Schematic of samples preparation with plane directions, i.e., D1, D2 
and D3. 
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samples cross-sections were performed on the same specimens as these 
prepared for the thermal diffusivity measurement. One of their surfaces 
was polished with the sandpaper of the following grits: 800, 1200 and 
2500. Then observed surfaces were sputtered with electrically conduc-
tive lead-gold film (a standard procedure to remove electronic charge 
from the observed surface and assure good image quality, see e.g. Refs. 
[29]). The SEM images were taken at � 100 magnification. 

2.5. Infrared examination 

The infrared thermography (IRT) may be successfully exploited in 
many fields, e.g. architecture, medicine or engineering, where detection 
of temperature change is of relevance. Any unexpected aberrations in 
the thermograph, such as gradients or hot spots, may suggest the exis-
tence of an underlying material irregularity, e.g. structural defects or 
anisotropy of thermophysical properties. IRT is commonly applied in 
building engineering to detect structural defects and analyze heat and 
moisture transfer both in situ (i.e. in the original place) [30–34] and ex 
situ (e.g. in the laboratory) [17,22,35–37]. 

In many cases the method is passive, i.e. no artificial excitation is 
applied to the object. Nevertheless, IRT methods with an optical exci-
tation of the sample (e.g. by pulsed or modulated laser) are frequently 
used to detect defects in mechanical components [38]. They may be also 
utilized to measure and reveal anisotropic thermal properties, as shown 
by Adamczyk et al. [39] who applied such technique to estimate the 
components of the anisotropic thermal conductivity tensor in selected 
fibre-reinforced composite materials. In their study, numerical heat 
transfer models where fitted to experimental IRT data using an inverse 
method, which allowed to simultaneously estimate two components of 
the thermal conductivity tensor. A laser pulse was used to heat the 
sample locally in a circular area. After the heating, temperature field on 
the sample surface was observed. In such case the isotherms should 
remain circular for an isotropic sample, but for an anisotropic sample 
their shape becomes non-circular (e.g. elliptical). 

In the induction or eddy current thermography, the sample is excited 
using an induction coil instead of a heat source [40]. Netzelmann and 
Guo [41] demonstrated that induction IRT can be applied to detect 
impact damage and reveal anisotropy of electrical and thermal con-
ductivity in carbon-fibre-reinforced composites. They have found that 
fiber breakage could be detected better by induction thermography than 
by optically excited thermography. 

Considering the advantages of IRT, it was decided to use it in the 
current research on brick anisotropy. The samples were prepared for the 
observation of isotherms, similarly to the case presented by Adamczyk 
et al. [39], although with different material, geometry, boundary con-
ditions and method of heating. During the sample preparation, the 
bricks were cored in their central sections (as shown in Fig. 2) using a 
stationary driller equipped with tungsten carbide hole saws. Cylinders of 
two diameters were created, depending on the side of the brick from 
which they were taken. Smaller cylinders (diameter of 44 mm) were cut 
by the tool approaching from the lateral direction, and larger ones 

(diameter of 64 mm) were cut by the tool approaching from the top. Few 
samples were additionally cut (by planes P2 and P4) in order to expose 
the center of the brick (see Fig. 2). The plane P2 was placed in the middle 
of the height of the larger cylinder, while plane P4 was placed approx-
imately in 1/3 of the height of the smaller cylinder. The internal 
microstructure of bricks was expected to be different from that observed 
at the external surfaces and that fact should be visible in the infrared 
images. 

Prior to the measurement sessions, the cylinders were heated in a 
furnace at 200 �C for at least 24 h. For the measurement they were 
removed from the furnace and cooled in room temperature in free 
convection-radiation conditions. During the cooling, the top surface of 
each cylinder was observed using the FLIR ® T650sc infrared camera 
mounted on a tripod (see Fig. 3). Images were captured every 1 min for 
15 min until the external surface of the sample reached lower temper-
atures (approximately 50–80 �C, depending on the sample). To assure 
equal cooling from all sides, the examined cylinder was placed in a 
cardboard box without the top cover to allow the camera access. Insu-
lating ceramic honeycomb structure made of cordierite, of thickness 17 
mm, was used to separate the bottom of the box from the cooled sample. 
The internal surfaces of the box (bottom and walls) were sprayed with 
the graphite spray (Kontakt Chemie, GRAPHIT 33) providing uniform 
emissivity of the box interior. Due to mounting difficulties, the sample 
and camera were not placed over the center of the box, but nearer one of 
the four walls (see Fig. 3). The influence of that fact on the uniformity of 
cooling of the side wall of the sample was judged as negligible. 

Fig. 2. The schematic of coring of the bricks with locations of planes (P1, P2, P3 and P4) investigated using infrared imaging.  

Fig. 3. Experimental stand for the examination of the free convection-radiation 
cooling (schematic), where: 1 – graphite-coated cardboard box, 2 – IR camera, 3 
– sample, 4 – ceramic insulation and 5 – tripod. 
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3. Results and discussions 

3.1. Specific heat 

The measurements of specific heat were based on samples in the form 
of powder which were prepared by mixing similar amount of material 
coming from three different bricks. This preparation procedure was 
repeated for each batch. Then, drying of the materials and measure-
ments of specific heat were performed. Fig. 4 shows the averaged values 
of specific heat for two types of the fired red bricks (RB1 and RB2) and 
one type of the silica brick (SB). 

Measurement of specific heat showed that values determined for the 
samples made of fired red bricks (RB1 and RB2) are very close. Ac-
cording to Fig. 4, at the temperature range up to 40 �C the difference was 
evaluated to be less than 1% while for the range up to 60 �C it was less 
than 3%. Specific heat for RB1 and RB2 at temperature 30–60 �C ranged 
from 0.734 J/(m⋅K) to 0.821 J/(m⋅K). However, samples prepared from 
silica bricks (SB) exhibited higher specific heat, i.e., from 0.779 J/(m⋅K) 
at 30 �C to 0.888 J/(m⋅K) at 60 �C. In comparison, Laaroussi et al. [42] 
determined specific heat of burnt clay brick to be close to 0.821 J/(m⋅K) 
at ambient temperature and approximately 0.800 J/(m⋅K) in case of 
concrete. 

3.2. Density 

Measurements of apparent densities were performed on 5 samples of 
each type. Table 1 shows results of the apparent density measurement 
performed with the geometrical method. 

Results obtained for all samples are consistent as their standard de-
viations are at low level. Apparent densities determined for red bricks 
RB1 and RB2 are comparable to results obtained by Lassinatti Gualtieri 
et al. [43]. Their extensive research on the impact of manufacturing 
method and mineral composition indicates apparent densities ranging 
from 1.668 g/cm3 to 1.853 g/cm3 in case of extrusion and from 1.643 
g/cm3 to 1.840 g/cm3 in case of pressing process. This shows that both 
methods produce bricks of similar densities. In the current case, the 
manufacturing process as well as its parameters were unknown, how-
ever the apparent densities were very close to the literature ones. 

3.3. Thermal diffusivity 

Specimens denoted by D1, D2 and D3 were cut from different planes 
of bricks shown in Fig. 1. Series of samples were prepared for each di-
rection to neutralize local effects, i.e., 8 samples from the first batch of 
the fired red bricks (RB1), 5 samples from the second batch of the fired 
red bricks (RB2) as well as 5 samples from the batch of the silica bricks 
(SB). Results of the thermal diffusivity measurement are shown in 
Tables 2–4. The average values for each type of bricks were utilized in 
further calculations of the thermal conductivity according to eq. (1). A 

minor decrease of thermal diffusivity with temperature can be seen 
(Tables 2–4). 

3.4. Thermal conductivity 

Figs. 5 and 6 present thermal conductivities of each brick type 
measured in their three main directions related to the shape of brick 
block. Calculations were based on the previous measurements of specific 
heat, density and thermal diffusivity. In fired red bricks, anisotropy in 
three directions was observed, which can be clearly seen in Fig. 5. This 
effect was observed to be stronger in samples from batch RB1. For those 
samples, the largest difference occurred between directions denoted as 
D1 and D3. The first direction exhibited the highest thermal conductivity 
which increased from 0.928 to 0.976 W/(m⋅K) with the increase of 
temperature from 30 �C to 60 �C – see Fig. 5a. Thermal conductivities 
measured for dirctions D2 and D3 were lower by about 16% and 36%, 
respectively. The results obtained for direction D3 (batch RB1) are 
similar to those reported by Garcia-Ten et al. [13] who had measured 
thermal conductivity of red firing clay as a function of the 
manufacturing pressure. In their case, thermal conductivity changed 
from k ¼ 0.49 W/(m∙K) to 0.61 W/(m∙K) with pressure increase from p 
¼ 10 MPa to 60 MPa. In the same paper [13] it was demonstrated that 
other manufacturing parameter - the firing temperature - also impacted 
the thermal conductivity, which varied from approx. 0.41 to 0.72 
W/(m∙K) with the change of temperature from 900 �C to 1100 �C. Sutcu 
[44] reported the thermal conductivity of fired clay-based brick to be 
equal to k ¼ 0.96 W/(m∙K). This result is much closer to thermal con-
ductivity obtained for direction D1 (batch RB1). It is worth to emphasise 
that both mentioned studies were focused on measurement performed in 
one direction only, which might explain the discrepancy. 

The samples from batch RB2 exhibited lower anisotropy than the 
first type of red bricks (RB1), although the character of the observed 
anisotropy was similar in both cases (see Fig. 5b). Thermal conductiv-
ities of bricks from batch RB2, direction D1 (0.832–0.852 W/(m⋅K)), are 
higher up to 7% and 12% than those for direction D2 (0.769–0.800 W/ 
(m⋅K)) and D3 (0.729–0.752 W/(m⋅K)), respectively. The measured 
range of thermal conductivity matches the results reported by Sutcu 
[44] and Garcia Ten et al. [13]. 

The silica bricks exhibited similar thermal conductivities in the di-
rections D1 and D3. The difference was less than 1.5%. Samples cut 
according to the direction D2 had thermal conductivities higher up to 
7.5% than samples cut in the remaining two directions. For silica bricks, 
direction D2, thermal conductivity increases from 1.352 W/(m⋅K) to 
1.476 W/(m⋅K) with increase of temperature from 30 �C to 60 �C – see 
Fig. 6. In summary, the silica bricks proved to be the most isotropic 
among the tested brick types. 

Anisotropic thermal conductivity results for bricks were previously 

Fig. 4. Average specific heat vs temperature for each batch type (RB and SB 
denote fired red and silica bricks, respectively). 

Table 1 
Apparent densities of investigated samples.  

Sample type Number of samples ρAPPARENT (g/cm3) Standard deviation 

RB1 5 1.763 0.015 
RB2 5 1.622 0.009 
SB 5 1.740 0.026  

Table 2 
Thermal diffusivity of samples from batch RB1 in different directions (D1-D3).  

T 
(�C) 

D1 D2 D3 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

30 0.715 0.041 0.598 0.053 0.458 0.038 
45 0.699 0.036 0.588 0.051 0.444 0.042 
60 0.676 0.038 0.568 0.050 0.431 0.043  
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reported in the literature. Maillard and Aubert [16] observed aniso-
tropic thermal conductivity in unfired clay bricks. The anisotropy of 
their samples possessed a character similar to that found in bricks from 
batch RB1. They presented a discussion on the relation between the 
orientation of clay platelets (one of the brick microstructural compo-
nents) and the direction of extrusion (specific to the manufacturing 
method). According to their findings, the orientation of clay platelets 
should agree with that direction. Moreover, in the bricks they analyzed, 
thermal conductivity was higher for the direction parallel to the clay 
platelets, and lower for the other (perpendicular) direction. These re-
ports allowed present authors to hypothesize about the manufacturing 
method for bricks from batch RB1. The outer surfaces of those bricks 
possessed grooves left by the forming machine. Based on the direction of 
the grooves it was assumed that bricks of type RB1 were extruded ac-
cording to direction D1 (Fig. 1). That conclusion was also supported by 
the thermal conductivity measurements (the highest value was found in 
that direction). In case of other types of brick, there was too little in-
formation to identify the manufacturing method with equal certainty. 
Significantly greater isotropy of brick types RB2 and SB suggests that 
they were produced using other methods, e.g. pressing. 

3.5. Microstructure 

Images taken with the SEM are shown in Figs. 7–9. Microstructures 
of each sample type and for various directions were shown at the 
magnitude of � 100. Images of the fired red bricks (Figs. 7 and 8) show 
textures which are aligned depending on the sample cut directions (D1- 

D3). For each image the direction of thermal conductivity measurement 
is vertical, meaning that the cross-section across the sample thickness is 
presented. In these images, micro- and macropores are seen, as well as 
larger grains. The pores are aligned with grains in case of both D1 and D3 
(Figs. 7 and 8). Dominant direction of pores and grains in D1 is 
perpendicular to the corresponding direction in D3. The texture of 
samples D2 is described as moderate. In this case, none of the directions 
is clearly distinguished. Both pores and grains are aligned rather 
randomly. Moreover, in case of bricks from batch RB2, clay platelets 
appeared to be thinner. The analysis also indicates that larger pores are 
characteristic for bricks of this batch. They can be seen as dark, black 
areas in the SEM images (see Fig. 7 for D1). The microstructure of 
samples made of the silica bricks is shown in Fig. 9. The microstructure 
presented in that figure is characterised with large quartz grains bonded 
with auxiliary phase, with large pores between are visible. No clear 
alignment of microstructural features could be observed. 

The analysis suggested a strong connection between the alignment of 
microstructural elements and thermal conductivity. In both RB1 and 
RB2, the highest thermal conductivity was measured for direction 
agreeing with the orientation of microstructural elements and the lowest 
was measured for the perpendicular direction (see Figs. 5, 7 and 8). The 
silica brick, in which no microstructural alignment was observed, 
exhibited the lowest degree of thermal anisotropy. These results agree 
with the observations of Maillard and Aubert [16]. 

3.6. Infrared examination 

The IRT examination allowed to obtain thermal images of top sur-
faces of examined vertical and horizontal cores (cylinders). If the cross- 
section of the cylinder is perfectly circular while convection and 

Table 3 
Thermal diffusivity of samples from batch RB2 in different directions (D1-D3).  

T 
(�C) 

D1 D2 D3 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

30 0.699 0.024 0.646 0.028 0.613 0.058 
45 0.677 0.022 0.629 0.030 0.597 0.055 
60 0.658 0.021 0.618 0.032 0.581 0.055  

Table 4 
Thermal diffusivity of samples from batch SB in different directions (D1-D3).  

T 
(�C) 

D1 D2 D3 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

aAVG 

(mm2/ 
s) 

Standard 
deviation 

30 0.924 0.091 0.999 0.063 0.935 0.062 
45 0.898 0.088 0.975 0.063 0.919 0.066 
60 0.882 0.086 0.955 0.062 0.892 0.060  

Fig. 5. Average thermal conductivity vs. temperature for (a) RB1 and (b) RB2 in directions D1-D3.  

Fig. 6. Average thermal conductivity vs. temperature for samples SB in di-
rections D1-D3. 
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radiation heat fluxes at walls of the cylinder are uniform, then the iso-
therms observed after some time from the beginning of cooling should 
be perfectly circular in case of a material with homogeneous and 
isotropic thermal conductivity. In the presented case, the experiment 
was designed to minimize all factors causing the deviation of isotherms 
from the circular shape other than inhomogeneities and anisotropy of 
the thermal conductivity. 

In the data analysis session, images obtained after 15 min from the 
start of the cooling were post-processed in the FLIR Tools software to 
reveal the isotherms and measure their shape. For each analyzed image, 
the grayscale color palette was applied, and the representative isotherm 
was selected using the interval alarm function which marks areas of 
temperature from the specified range. In each case, the temperature 
range used to depict the representative isotherm was selected manually. 
The measurement of the shape of the isotherms was also done manually. 
Ellipses were manually fitted to marked temperature zones using 

graphics software Inkscape. The lengths of major and minor axes of the 
ellipses (in pixels) were measured in the same software in order to es-
timate the ratio r of longer to shorter axis (the aspect ratio). The post- 
processed thermographs are shown in Figs. 10 and 11. In these fig-
ures, marked temperature zones are visible. Fig. 10 shows the zones with 
the matched ellipses and their axes. Near each axis, its length measured 
in pixels is displayed. It should be noted that the lengths may be different 
in the current document due to image resizing. 

In the analysis of thermographs of external surfaces of the larger 
cylinders (depicted in Fig. 2 as P1), the highest aspect ratio of ellipses 
was observed in the samples RB1 (rRB1, P1 ¼ 1.1203, averaged from 3 
samples). This result agrees well with the thermal conductivity mea-
surement, in which RB1 exhibited the highest degree of anisotropy. The 
red bricks RB2 were characterized by smaller aspect ratio of ellipses 
(rRB2, P1 ¼ 1.097, averaged from 3 samples), while the silicate brick 
exhibited no anisotropy in that plane (rSB, P1 ¼ 1, based on 1 sample). In 

Fig. 7. Microstructure of samples RB1 cut in directions D1-D3.  

Fig. 8. Microstructure of samples RB2 cut in directions D1-D3.  

Fig. 9. Microstructure of samples SB cut in directions D1-D3.  
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Fig. 10. Post-processed infrared images of vertical cores (example). Upper row shows comparison of isotherms for the same sample of RB1, for external (P1) and 
internal (P2) surfaces. Isotherms measured on P1 for samples of RB2 and SB are shown below for comparison. Manually-fitted ellipses are shown along with lengths of 
their axes (in pixels). 

Fig. 11. Post-processed infrared images of horizontal cores from RB1 (example). On average, the isotherms measured on internal surfaces (P4) had greater aspect 
ratio. Dimensions of the isotherms were measured in pixels. The orientations of measurement axes were selected manually to measure the longest dimension of the 
isotherm and the one perpendicular to it. 
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Fig. 10, showing the post-processed thermograms for the larger cylin-
ders, it may be seen that the axes of the ellipses (isotherms) agreed with 
the main axes of the brick (directions D2 and D3). That result suggests 
that there is a connection between the manufacturing method and 
principal directions of the effective thermal conductivity tensor. 

Further examinations concentrated on the most anisotropic brick 
type RB1. One of the larger cores obtained from RB1 was cut to allow 
observation of the internal plane P2. The sample obtained in such a way 
was heated in the furnace and cooled in room conditions, as described in 
section 2.5. As may be seen in Fig. 10, the isotherm observed at the 
internal plane P2 had smaller aspect ratio (rRB1, P2 ¼ 233/222 ¼ 1.0495) 
than that observed at the external plane P1 (rRB1, P1 ¼ 268/240 ¼
1.1166), which suggests that the thermal conductivity is on average less 
anisotropic in the center of the brick than near its external surface. 

For the brick type RB1, four smaller cores were observed using the 
infrared camera to analyze the isotherms on vertical planes P3 and P4. 
This examination shown that the isotherms on the external planes are 
more circular (rRB1, P3 ¼ 1.018, averaged from 4 samples) than the in-
ternal ones (rRB1, P4 ¼ 1.078, averaged from 4 samples). Nevertheless, 
the isotherms obtained for smaller cores were more irregular than those 
obtained for larger cores (see Fig. 11 for a comparison of thermographs 
for two samples). 

For all analyzed smaller cores there was no clear alignment of the 
isotherms with the main directions of the brick D1 and D2. In case of 
external planes P3, it was simply impractical to analyze the orientation 
of the isotherms as the measured axes were of nearly equal lengths. The 
isotherms on the internal surfaces P4 exhibited clearly elongated shapes, 
but their major and minor axes were not aligned with the main di-
rections D1 and D2 (see Fig. 11 for examples). Higher irregularity of the 
isotherms may be associated with smaller dimensions of cylinders. In 
case of the larger cylinders, local inhomogeneities and anisotropies of 
the material should less pronounced, because their scale is much smaller 
than the sample dimension. At some point the sample size becomes too 
small to draw conclusions about their macroscopic behavior, because 
the size of inclusions becomes relatively too large (see Ref. [45,46] for a 
more detailed discussion). The effects visible in Fig. 11, interpreted as 
deviations of the isotherms from the main directions D1 and D2 may be 
caused by local factors such as large inclusions. Due to that it is hard to 
draw firm conclusions about the orientation of the effective thermal 
conductivity tensor with respect to directions D1 and D2 based on the 
infrared examinations of smaller samples. 

4. Summary and conclusions 

This paper presents an investigation on the anisotropy of thermal 
conductivity performed on samples from two batches of the fired red 
bricks and one batch of the silica bricks. The thermal conductivity of 
dried samples was determined for samples oriented in three perpen-
dicular directions which were normal to main planes of the bricks. The 
obtained results (see Fig. 5) showed the anisotropy of thermal conduc-
tivity. In case of the fired red bricks, three distinct directions were 
distinguished. The anisotropy of thermal conductivity was the greatest 
for samples from the batch RB1. The largest difference was detected 
between the orientation D1 and D3 where the latter possessed lower 
average thermal conductivity. The batch RB2 exhibited similar char-
acter but a scatter of measurements results was smaller, up to 12% in 
comparison to approximately 36% for RB1. Similar results were ob-
tained for the silica bricks where only two directions were distinguished 
either D1 or D3 and D2 with the maximum difference between them 
being approximately 8%. 

Despite the difference in thermal conductivity between bricks from 
the batches RB1 and RB2, results of specific heat measurements are close 
to each other (difference up to 3%, see Fig. 4). This fact indicates that 
substrates used in the process of manufacturing were very similar. It 
should be emphasized that specific heats were determined based on 
powdery samples which porosity might differ from those of a real brick. 

This fact was not taken into consideration when determining effective 
thermal conductivities of investigated samples. 

The influence of microstructure on the capability of heat conduction 
through bricks was confirmed with the SEM images. Cross-sections of 
samples cut according to directions D1, D2 and D3 revealed that both 
clay platelets and large grains are oriented at particular directions which 
can be seen as texture at the observed surfaces (see Figs. 7 and 8). In the 
direction D1 their orientation was parallel to the direction of thermal 
diffusivity measurement while for the samples oriented according to D2 
it was perpendicular. The bricks from the batches RB1 and RB2 differ in 
the size of their clay platelets which are smaller in case of the batch RB2. 
These platelets affected their overall structure which seems to be more 
homogenous for RB2 than for bricks from the batch RB1. This may 
explain the smaller scatter of thermal conductivity between investigated 
directions in RB2. In case of the silica bricks, no particular texture could 
be distinguished amongst three orientations. Their microstructure was 
characterized by large quartz grains connected with the bonding phase 
and large irregularly-shaped pores. However, cross-sections of samples 
cut in direction D2 (see Fig. 7), revealed minor dominance of grains 
oriented closely to the horizontal axis which resulted in slightly higher 
thermal conductivity. 

The infrared thermography of cylindrical cores allowed to investi-
gate the qualitative characteristics of the macroscopic thermal conduc-
tivity tensor. The properties of obtained temperature maps agreed with 
thermal conductivity measurement results for the plane defined by the 
directions D2 and D3. The principal axes of thermal conductivity tensor 
proved to be convergent with the directions D2 and D3 for RB1 and RB2, 
while the SB exhibited negligible anisotropy in that plane. The analysis 
of RB1 shown that the anisotropy of thermal conductivity in that plane 
was smaller in the center of brick and greater near the wall. 

The IRT study of smaller cores from RB1 was less conclusive, as the 
local heat transfer effects seemed to be more pronounced in the ther-
mographs. Because of that, it was hard to identify general macroscopic 
features of the thermal conductivity tensor. In general, the observed 
isotherms possessed small aspect ratio for the lateral wall of the brick 
and slightly greater aspect ratio for its internal surface (located at 1/3 of 
the brick depth), which pointed to the conclusion that in the analyzed 
plane (D1 and D2) the material is more thermally isotropic near the wall 
and more anisotropic in the center. Nevertheless, there was no particular 
pattern in the orientation of the isotherms on inner surfaces, which led 
to the conclusion that irregularities of their shape were strongly asso-
ciated with the local effects. This may also indicate that the size of the 
samples was too small to capture macroscopic effects, or that the 
structure of the brick in its center is very complex. 
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