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Abstract 
To support optimisation of refractory masonry structures compressibility of dry 
joints of magnesia-carbon and magnesia-chromite bricks have been 
investigated. Laboratory scale tests and finite element modelling have been 
performed. Measurements done in wide temperature range have shown that 
the exponential form of the joint closure curve results from gradual closure of 
initially non parallel surfaces. The stress needed to close the joint was found to 
be proportional to the material stiffness. Temperature influences the joint 
closure by changing the stiffness of material and by reducing the initial joint gap 
due to thermal expansion. 
 
1.0 Introduction 

Refractory ceramic linings of high temperature furnaces are often built with 
bricks. Brick chemical composition and geometry are selected regarding the 
service conditions and the lining structure [1]. Due to the conditions of 
constrained thermal expansion high compressive stresses often develop in the 
bricks [2]. In many furnaces, including the blast furnace and the converter of 
the steel industry, bricks are laid on a dry joint, without usage of mortar. Most 
investigations on the mechanics of masonry consider civil structures with 
mortared joints [3-5]. Behaviour of the dry joints, especially in the refractory 
masonry, is less investigated. It is known that under compression the stiffness 
of the refractory lining will decrease with increasing amount of joints [6]. At 
room temperature the dry joint closure has been measured for alumino-silicate 
refractory bricks. Optical technique was used for the purpose. The ability of the 
dry joint to reduce compressive stresses was attributed to imperfect initial 
contact due to the roughness of the brick faces [7]. The quantitative knowledge 
of joint effects is an essential design parameter. As an example one can regard 
the superposition of the stress reducing effect of the joint and of expansion 
release inserts. The latter are introduced in form of card-board plates in several 
joints of the masonry wall to allow free expansion when the card-board burns 
up [2]. If the combined effect of the joints and the inserts is too high the lining is 
not tight enough. In the cyclic operation combining regular heating and cooling, 
and in some cases featuring rotational movement, loose lining can lose its 
stability and collapse. On another hand, too tight lining may fail under high 
compressive stresses. 



 
This paper investigates the compressive closure of dry joints in two classes of 
refractory bricks – magnesia carbon and magnesia chromite bricks. Regarding 
the service conditions of the bricks the measurements were performed in wide 
temperature range. The process of joint closure was measured indirectly by 
compressing samples with and without joints. At room temperature, also direct 
optical measurements were performed. FEM computer analysis was used to 
interpret the measurement results. The general aim of the investigation was to 
obtain data on the compressive joint closure behaviour to get a better insight 
into the masonry stress state and the joint condition during the service cycle of 
the furnace.  
 
2.0 Analysed materials. 

In this study two types of refractories that are most frequently used in the 
linings without mortar are investigated. Magnesia-Carbon bricks are 
predominantly used in converters and electric arc furnaces (fig. 1). Magnesia-
chromite bricks, because of their high thermal shock resistance, are used in 
many applications, including vacuum degassers. 
 
The refractory bricks belong to the material class of heterogeneous disordered 
materials. Their microstructure and mechanical behaviour resemble those of 
civil concrete and geo-materials. Under compression the bricks show initial 
linear-elastic response followed by micro-crack formation and flattening of the 
stress-strain curve. The failure is often followed by strain-softening. The 
material stiffness and strength is strongly temperature dependant. At higher 
temperatures visco-plasticity dominates the material response to the 
compressive loads [2].  
 
Commercially available bricks were used in the investigation (Table 1). The 
bricks are produced from natural raw materials. The microstructure of 
Magnesia-Carbon material consists of bigger grains (1-5 mm) of magnesia and 
graphite in the matrix of fine magnesia grains and pores. The bricks are 
pressed with liquid phenolic resin acting as a binding agent. The bricks are not 
fired. The resin transitions determine the material behaviour in the intermediate 
temperature range (fig. 2). At higher temperatures increased viscosity and re-
crystallisation plays role [8-9]. In fig. 2 Young’s modulus is obtained from the 
compressive stress-strain curves between 30 and 70% of the material strength 
(maximal stress registered on the loading curve). 
 
In the magnesia-chromite bricks both bigger grains and the matrix are 
produced from chromite ore with addition of MgO [10]. The grains are produced 
by electrical melting of the ore. The bricks are pressed and sintered at 

temperatures above 1500 C. The latter fact explains the absence of strong 
non-linear temperature effects (fig. 2). The reduced strength and stiffness seen 
at higher temperatures is due to the mis-match of thermal expansion and 
melting of low temperature phases, formed by silica and iron oxides.  
 
3.0 Analysis methods and equipments. 

The process of joint closure was measured indirectly by compressing in the 
universal testing frame samples with and without joints. In addition, direct 



optical measurements were performed at room temperature to validate the 
results of the indirect method and to investigate the local behaviour of the dry 
joint. 
 
3.1 Indirect method 
The universal mechanical test frame Zwick/Roell Z250 is used to perform the 
compressive tests. The Magnesia-Chromite samples were tested in the air. To 
prevent high temperature oxidation of Magnesia-Carbon samples, those were 
immersed during the test in a bath of coke particles. For high temperature tests 

the heat-up rate is 5 C/min. The conditioning at the test temperature is 1 h. 
The furnace condition accuracy is +/- 0,5% of the current temperature. The 
compression is performed with constant displacement rate of 0.002 mm/sec. 
The used rates of heat-up and displacement represent average service 
conditions and are standard for high temperature tests of refractories [1]. 
Sample displacement during the test is measured by the machine cross head 
travel, corrected for the machine own displacements. The measurement results 
are validated by the finger extensometer measurements. The resolution of the 

former and latter systems are +/- 0,5% of the displacement and 0,1 m, 
respectively. 
 
In the indirect method the compressibility of the joint is determined from the 
force-displacement curves of the whole sample (fig. 3). Two types of cylindrical 
samples are tested. The sample without the joint is a one piece sample with the 
height of 100 mm. The sample with the joint consists of two stacked pieces. 
The height of each piece is 50 mm. For all samples the diameter is 50 mm. The 
samples are drilled from industrial bricks with dimensions 700x100x120 mm3 
and 250x150x80 mm3 for Magnesia-Carbon and Magnesia-Chromite, resp. 
The joint faces are formed by the original surfaces of the industrial bricks. Only 
brick surfaces orthogonal to the direction of the brick pressing are tested. The 
sample surfaces that contact the pistons of the testing machine are plan-
parallel polished with the accuracy of +/- 0,05 mm. The polishing machine is 
Strassentest 305. The joint closure is calculated at a given stress level as the 
displacement difference between average curves representing samples with 
and without a joint (fig. 4):  
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The parameters m and n represent the number of tested samples. This formula 
is adapted for elastic linear materials, which is not completely the case here (in 
particular for bricks at high temperature). But some numerical simulations with 
elastic-plastic behaviour have shown that this formula gives a good 
approximation of the joint behaviour. It is also confirmed by the direct method 
measurement (see below). 
At least 3 tests are performed to obtain average force-displacement curves for 
each sample group. Higher joint displacements mean a more compactable 
joint.  
 
 



3.2 Direct method 
Compression tests on two stacked Magnesia-Carbon bricks were performed at 
atmospheric conditions on a mechanical test frame Instron 4507 with a load cell 
of 200kN (fig.5). The load accuracy is about ±0.2% of the reached load. The 
samples are cut from industrial bricks to dimensions of 100x50x50 mm3 and the 
faces are not polished. The compression tests are performed with constant 
displacement rate of 0.02 mm/min. In order to avoid a tangential slip of the 
specimens, rubber layers have been inserted between the brick specimens and 
the compressive device parts (upper and lower). 
 
Digital Image Correlation (DIC) [11-12] is used to measure the displacements 
of the bricks and the dry joint. This method can determine the displacement 
and the strain of a specimen under load between two states by using images. 
For this it is necessary to take a picture of the initial state of the object to 
analyse and pictures of the deformed states. Here a CCD camera, with a 
resolution of 1380x1024 pixels, is used to take pictures. 
 
A digital image is essentially a two-dimensional array of intensity values which 
can be discretized into small subsets. Image correlation works by matching 
small square subsets of an undeformed image to locations in the image of the 
surface after deformation (fig. 6) by means of a series of mathematical mapping 
and cross correlation functions. For this technique to work well a grey scale 
random pattern is needed on the surface of the specimen. In our case, the 
natural pattern of the bricks is enough to produce a suitable pattern. To 
recognize this pattern mathematically, the intensity of each pixel in the 
reference and deformed images can be traced and the displacement vector can 
be determined. However, it would be extremely difficult to distinguish every 
single pixel on the image. Therefore, the ideal subset size should contain 
several clear features but it is often a compromise between resolution and 
accuracy. As a general rule, larger subset sizes will increase the accuracy 
whereas a smaller subset will increase the resolution but realistically the size of 
a subset is determined by the quality of the image and speckle pattern. The 
accuracy of the DIC reaches 0.01 pixels which represents in our case a 
resolution of 0.001 mm on the displacement. 
 
The interest of the DIC method is that it makes it possible to obtain the local 
material behaviour (fig. 5) which illustrates an example of a studied area. For 
this aim, a rectangular region of interest is selected on the specimen picture 
and divided into small subsets. In order to evaluate the joint behaviour, the grid 
must be put in place on the joint and must have only a small overlap onto the 
bricks. For that, the grid steps have been optimized before using the DIC 
analysis on joints. 
 
4.0 Analysis results 
A good example of the joint closure curve obtained by indirect method is “the 
machined joint” curve (fig. 4.a). The curve has exponential form. In the 
beginning intensive joint displacements develop at relatively low stresses. The 
joint compacts and the contacting faces must be gradually approaching each 
other. With progressive loading, reaction to the compaction increases. At a 
certain stress level the joint appears to be closed completely as the closure 



curve aligns itself parallel to the compressive stress axis. For the machined 
joint, the full closure is achieved with the joint displacement of little more than 
0.04 mm. The machined joint was produced by plan parallel polishing not only 
the sample sides facing the pistons, but also those forming the test joint. The 
measured joint closure displacement agrees well with the polishing machine 
accuracy of 0.05 mm.       
 
The full closure of the joint has not been achieved for all test conditions. Both 
for MCh (Magnesia-Chromite) and for MaC (Magnesia-Carbon), the closure 
displacement of natural (not machined) joints at room temperature had to be 
obtained by extrapolation of the test curves. For both materials the full closure 
is expected to happen at joint compaction of approximately 0.3 mm. This 
happens under stresses that are approximately 70-80 % of the brick strength.   
 
Temperature seems to have strong influence on the joint closure. The heating-
up increases the resistance to joint closure and reduces the full closure 
displacement. Thermal expansion is the most probable explanation of the 
effect. Thermal displacement corresponding to a specimen height of 100 mm 

represents approximately 1 mm per 1000 C of temperature growth (fig. 2). 

Even temperature increase of 300 C is enough to produce thermal 
displacement equal to the full joint closure displacement measured at room 
temperature. Of course not all of the sample thermal growth is directed into the 
joint, but even a part of it is able to significantly reduce the joint closure 
displacements.  
 
The “flattening” that is seen in some exponential curves at higher compressive 
stresses is difficult to explain by the joint closure alone. The curve “flattening” 
and it’s deviation from the exponential form happens at 1400 ºC when both 
materials have lowest stiffness and are known to develop some visco-plasticity. 
Uneven contact in the joints will result in areas of increased stresses. These 
can cause local material (plastic) failure, which can result in additional joint 
displacements and flattening of the curve. To confirm this mechanism and to 
get a more systematic overview of the joint closure process a series of FEM 
calculations were performed. The results are discussed in the next section.  
 
The observed joint closure displacements must be caused by imperfect contact 
in the joint at the beginning of the compression test. Bad contact may result 
from natural roughness of the contacting surfaces or from the fact that the 
contacting surfaces are not perfectly plan parallel. To see the reason of poor 
initial contact the compression tests were performed with carbon paper placed 
in the joint. The paper is used in dental practice to mark contacting surfaces. 
Repetitive loading-unloading cycles were performed. In each new loading 
higher compression was applied. After each unloading the markings left by the 
paper were registered (fig. 7). The first cycle performed to the stress of 3 MPa 
showed that the surfaces contact only at one side of the joint surface. The 
contact area was only 20 and 30 % of the total joint area for MaC and MCh 
samples, respectively. At the same time the sample with machined joint had 
initial contact area of some 80 %. Loading cycles caused gradual expansion of 
the contact surface. The experiment showed that the non-plan parallelism of 
the contacting surfaces is the main cause of the joint closure displacements. 



The influence of the roughness is negligible since the asperity size is much 
smaller than the joint closure displacements caused by imperfect brick shape. 
 
DIC analysis determines the local closure of the joint along the brick length. An 
example of three measurements taken at different locations of a MaC joint is 
presented in figure 8. We note that the measure can be different according to 
the place where it was made, but in this case the dispersion remains correct. 
The fluctuation of the obtained data is due to the pattern size which is function 
of the microstructure size of the Magnesia-Carbon material.  
 
Fig. 9 shows a comparison of the joint closure measurements obtained by 
direct and indirect methods. Note that for the direct method the results showed 
were obtained by making the average of the local measurements over the 
entire length of the joint. The two methods show a good result correlation.  
Due to roughness, shape variation and non parallelism of faces, the joint 
thickness is not constant. This phenomenon is highlighted by the local 
measurements obtained on three samples but which show a result dispersion 
which remains acceptable.  
 
4.1 FEM Models 
FEM analysis was used to study the influence of the joint geometry and 
material stiffness on the process of joint closure. Commercially available 
software ANSYS [13] was used. Axi-symmetric model (fig. 10a) simulated the 
joint closure tests performed in the laboratory. The model was meshed with 8-
node quadrilateral elements. The element size was 1 mm. Contact between 
different parts of the model was enabled by layers of linear contact elements 
(targets and contactors) introduced on the parts edges. The model featured 
parts of refractory material (light grey in fig. 10.a, 11.c) and parts simulating the 
pistons of the test machine (dark gray). The compression was modelled by 
displacing the top edge of the “upper piston”. The lower edge of the “lower 
piston” was fixed in the axial direction. The axis of axi-symmetry corresponded 
with the left edge of the model. This model cannot reproduce completely the 
progressive joint closure from one side to another observed in the tests 
because its closure goes from the centre to the edge. But this last phenomena 
can occur in the reality (due to geometrical distortions, the bricks may contact 
not only at the ends, but also in the centre). So this model can give information 
of the influence of the different parameters. 
 
The joint closure curve was obtained by indirect method from stress-
displacement curves from numerical samples with and without the joint. In the 
numerical tests the values of the initial contact area (A) and of the initial joint 
gap (D) corresponded to those measured in the laboratory tests. In the axi-
symmetric model the area of the initial contact was defined by the radius R1. In 
most of the numerical tests linear-elastic material behaviour was modelled. The 
Poisson’s ratio was 0.1 in all models. Stiffness of the elements simulating the 
pistons was 10 times higher than that of refractories elements. 
 
First of all, the numerical tests were used to confirm the hypothesis that the full 
joint closure occurs when the joint closure curve becomes parallel to the 
ordinate of the displacement-stress graphs. In fig. 7 and fig. 11a area of contact 



and joint closure curves for the numerical sample of R1=10%, D=0.2mm and 
E=10 GPa are given. In fig. 11a, 100% of contact for “model” sample is 
reached at approximately 25 MPa. This corresponds to the stress level when 
the “linear-elastic” curve becomes plan-parallel to the ordinate in fig. 7.  
 
Young’s modulus of the material determines the stress when the joint is closed 
(fig. 11.a). The higher is the material stiffness the higher is the stress needed to 
close the joint. The joint closure displacement did not depend on the material 
stiffness. The relations between individual parameters of joint geometry and the 
closure displacement could be established (fig. 11.b). For samples with equal 
initial contact area, bigger joint gaps had higher values of the joint closure 
displacement. Increasing of the initial contact area reduced the joint closure 
distance. Samples of high initial contact area had stiffer joint closure curves, 
that is joint closure occurred at higher stresses. 
 
To investigate the “flattening” phenomenon of some joint displacement curves 
bi-linear kinematic hardening model with associated flow [13] was used. The 
von Mises failure stress was set as 45 MPa, which is approximately equal to 
the uniaxial compressive strength of material MaC at room temperature. The 
curve resulting from this numeric sample (marked as “elastic-plastic” in fig. 
11.a) resembled the laboratory joint closure curves with curve “flattening”. At 
low joint closure displacements no plastic effects were seen in the area of the 
joint (fig. 11.c), and the curve of elastic-plastic material was identical to the 
linear elastic material curve (fig. 11.a d=0,05 mm). The curves start deviating at 
displacements above 0,007 mm, at the same moment (fig. 11.c d=0,12 mm) 
plastic strain was seen to develop at the contacting edges. The “flattening” of 
the joint closure curve indeed results from local failure of the material. The 
failure happens due to stress concentration in the areas near the closing joint.  
 
The joint closure displacement was found to be equal to the average initial joint 
thickness (fig. 12). The average joint thickness was calculated analytically from 
the initial joint geometry. For samples with various initial contact areas and 
initial joint gaps the average initial joint thickness (DD) was calculated as  
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The formula (2) was used for square joint faces (fig. 10.b). The formula (3) was 
used for the cylindrical samples (fig. 10.a). In these formulas A is the area of 
initial contact in [%], D is the initial joint opening, R2 is sample radius, R1 is the 
radius of the initial contact area. The parameter l is the joint opening in different 
locations in the joint.  
 
5.0 Joints in furnaces 
In the laboratory tests it was found that the non-plan parallelism of the 
contacting surfaces is the major source of the joint compressibility. The same 
effects will be taking place in the furnace linings. The bricks that the furnace 
linings are made of always have a degree of shape distortion. The distortions 
can take form of non-planar surfaces, banana shaped bricks and deviations 



from the standard brick thickness. To up-scale the results obtained on the 
laboratory size samples FEM model representing converter bricks with a joint 
was created (fig. 10.b). In the figure the model is represented by the gray 
areas. It simulated contact between two symmetrical brick halves. The model 
was meshed with plane-strain 8-node quadrilateral elements; with the edge of 2 
mm. Compression was simulated by displacing the nodes on the top edge of 
the upper brick half. Several numerical tests with various joint parameters 
(initial contact, gap width) were performed (e.g. fig. 11.a). The correlation 
between the joint closure displacement and the analytical average joint 
thickness DD was found to be the same for big bricks as for the laboratory 
scale samples (fig. 12). Due to this the estimation of the joint closure 
displacement in the furnace lining becomes relatively straight forward. For 
engineering calculations the average joint thickness can be obtained from the 
standards of the lining quality control. E.g., for the converter lining the joint 
gaps between the bricks are expected to be less than 0.5 mm. For more a 
sophisticated analysis one would need to account for the stress of joint closure 
and the temperature effects. As it seems from the above results the two latter 
effects are determined by a complex interaction between various geometrical 
parameters and the complex material behaviour. New advanced numerical 
algorithms are needed to enable the representation of such an interaction in an 
FEM model.  
 
The presence of the joint is able to significantly reduce the compressive 
stresses in the refractory brick (fig. 13). In the lining with 100 mm thick bricks 
presence of joints of 0.2 mm is able to reduce the compressive stresses by 
some 10 MPa.  
 
6.0 Conclusions 
With the aim to increase the knowledge concerning the dry joint closing 
phenomenon at high temperature and to enrich the data available on this topic, 
the dry joint closure in refractory bricks under compression was investigated. 
The analysis was conducted using the laboratory scale samples and FEM 
models. Exponential joint closure curves were obtained for samples of two 
types of refractory bricks in the wide temperature range. To understand the 
shape of these curves and to study the influence of the joint geometry (initial 
contact area, initial joint gap) and the material stiffness, a finite element model 
of the joint was built. The gradual nature of the joint closure with growing 
closing force was found to be due to the closure of initially non-plan-parallel 
faces of the joint. The roughness of the brick surface is a second order 
parameter. The total joint closure displacement was found to be dependant to 
the initial joint geometry - joint gap and the area of the initial contact. A direct 
relation between the total joint displacement and an average joint thickness 
was found. The stress needed to close the joint was found to be proportional to 
the material stiffness. Modelling the brick material with elastic-plastic behaviour 
has allowed obtaining joint closure curves similar to laboratory tests with curve 
“flattening”. This result underlines the role played by the local material failure 
near the joint edge. Temperature influences the joint closure in two ways. 
Firstly, the temperature influences material stiffness. Secondly, thermal 
expansion seems to be responsible for lower joint closure displacements 
detected when high and room temperature test results were compared. 



Regarding the complex nature of thermo-mechanical interactions between 
different factors of influence in the process of joint closure, new advanced 
numerical algorithms are needed to enable accurate representation of 
refractory masonry behaviour in a FEM model of a structure. To reach this goal, 
non linear homogenization techniques dedicated to such applications are being 
developed [7]. The results have practical importance for the brick shape quality 
control and will be used for development of refractory masonry structures of 
improved durability.  
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Highlights 

> Dry joint closure in magnesia-carbon and magnesia-chromite refractory 
masonry. > FEM models, direct optical and indirect compressive test in wide 
temperature range. > Exponential joint closure curves due to non-parallelism of 
the joint faces. > Joint closure displacements are reduced with increasing 
temperature. > Direct relation between total joint displacement and average 
joint width.  
 
 



 
 
 
Fig. 1 Electric arc furnace to melt steel scrap, the wall is lined with numerous 
Magnesia-Carbon bricks.  
 
 
Fig. 2 Dilatometry and static compressive E-modulus as a function of 
temperature.  
  
Table 1 Chemical composition and basic physical properties of the materials 
used for the investigation. 

Material MaC MCh 

Type Magnesia-
Carbon 

Magnesia-
Chromite 

Density, g/cm3 2.93 3.35 
Open porosity, % 10 12 
MgO, % 98 52 
Cr2O3, % - 27 
CaO, % 1 - 
Fe2O3, % 0.5 10  
Al2O3, % - 10  
SiO2, % 0.5 1 
Total C, % 14 - 
 
 
Fig. 3 Compressive stress-strain curves of MaC used to calculate joint closure 
– room temperature. 
 
 
 Fig. 4 Joint closure curves calculated by indirect method (a) MCh, (b) MaC. 
“MJ” – machined joint. 
 
 
Fig. 5 Optical measurement of the joint closure during a two brick compression 
test (MaC). 
 
 

Fig. 6 Illustration of the DIC principle 
 
 
Fig. 7 Area of contact measured in cyclic tests with carbon paper. The “Model” 
geometry is given in fig. 10.a. “Mod” – model. 
 
 
Fig. 8 Joint closure measurements in different areas (along the joint in one 
sample – fig. 6) by the DIC method at room temperature (MaC, sample 1). 
 
 



Fig. 9 Comparison of joint closure for the indirect and direct methods at room 
temperature (MaC, three samples for DIC method, average curve for indirect 
method). 
 
 
Fig. 10 FEM models 
 
 
Fig. 11 Joint closure results obtained by FEM models (a) effect of material 

behaviour for model with initial contact area R1=0.1*R2, initial gap D=0.2 mm, 
(b) effect of the joint geometry - linear elastic behaviour stiffness is E = 10 GPa, 
(c) plastic strains in the sample “10 GPa elastic-plastic”. All numerical 
samples have the geometry shown in fig. 10a. Only the “0.7m brick” has the 
geometry of fig. 10b. 
 
 
 
Fig. 12 Correlation between the average joint thicknesses calculated 
analytically and the joint closure displacements obtained from FEM models.  
 
 
Fig. 13 Effect of compressive joint closure on the compressive stresses in the 
lining predicted by FEM model of a brick, A=10%, D=0.2mm, the model is 
shown in fig. 10b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 



 

 

 
Fig. 1 Electric arc furnace to melt steel scrap, the wall is lined with MgO-C 

bricks. (or Fig. 1 Vacuum de-gasser used for secondary steel making 
processes.) 
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Fig. 2 Dilatometry and static compressive E-modulus as a function of 

temperature. 
 

Table 1 Chemical composition and basic physical properties of the materials 
used for the investigation. 

Material MaC MCh 

Type Magnesia-Carbon Magnesia-Chromite 

Density, g/cm3 2.93 3.35 

Open porosity, % 10 12 

MgO, % 98 52 

Cr2O3, % - 27 

CaO, % 1 - 

Fe2O3, % 0.5 10 

Al2O3, % - 10 

SiO2, % 0.5 1 

Total C, % 14 - 
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Fig. 3 Compressive stress-strain curves of MaC used to calculate joint closure 

– room temperature. 
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Fig. 4 Joint closure curves calculated by indirect method (a) MCh, (b) MaC 
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Fig. 5 Optical measurement of the joint closure during a two brick compression 
test (MaC). 

  
 

 
 State 1 Initial state State 2  

 
 

Fig. 6 Illustration of the DIC principle 
 
 
 
 

 



 
 

0

5

10

15

20

25

0 20 40 60 80 100 120

Area of contact, %

S
tr

e
s
s
, 
M

P
a

MCh - natural joint

MCh - machined joint

MaC - natural joint

Model 10GPa 10% 0,2mm

 
Fig. 7 Area of contact measured in cyclic tests with carbon paper. The “Model” 

geometry is given in fig. 10.a. 
 
 

 
 

Fig. 8 Joint closure measurements in different areas (along the joint in one 
sample – fig. 6) by the DIC method at room temperature (MaC, sample 1). 

 
 
 



 
 

Fig. 9 Comparison of joint closure for the indirect and direct methods at room 
temperature (MaC, three samples for DIC method, avarge curve for indirect 

method). 
 
 

 
Fig. 10 FEM models 
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Fig. 11 Joint closure curves obtained from FEM models (a) effect of material 

behaviour for model with initial contact area R1=10%, initial gap D=0.2 mm, (b) 
effect of the joint geometry - linear elastic behaviour stiffness is E = 10 GPa. All 
numerical samples have the geometry shown in fig. 10a. Only the “0.7m long 

brick” has the geometry of fig. 10b. 
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Fig. 12 Correlation between the average joint thickness calculated analytically 

and the joint closure displacements obtained from FEM models. 
 
 
 
 

0

10

20

30

40

50

60

70

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70

Strain, [%]

A
x
ia

l 
c
o

m
p

re
s
s
iv

e
 s

tr
e
s
s
, 
[M

P
a
]

10% 0,2mm

100% initial contact

 
Fig. 13 Effect of compressive joint closure on the stresses in the lining 

predicted by FEM model of a brick, A=10%, D=0.2mm, the model is shown in 
fig. 10b. 

 
 
 
 
 

 


