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SUMMARY: Refractory linings protect steel structures from hot products they contain, like 
steel, aluminium or coal. Since steel and refractory materials have not the same thermal 
expansion, thermal stresses appear during thermal loading, inducing cracking. The aim of this 
study is to build a tool that help the design of such composite structures. Two models are 
developed. The first at the local scale is 3D and uses a smeared crack approach to describe the 
refractory behaviour. It allows to analyse structures that are not too complex (like steel 
ladles). The second can be used for more complex structures containing cooling tubes and/or 
anchors. A simplified element, a two-layered composite shell, is necessary for the finite 
element analyse. Its identification (with an inverse approach) and its validation are described. 
It is then applied to analyse the cracking in a part of a coal-fired power plant. 
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INTRODUCTION 
 
Most structures containing very hot fluids have refractory ceramics to protect their metallic 
part which can not exceed a maximum value of temperature. The main application domains 
are the steel industry [1][2], the production of aluminium and electric energy [3]. 
The refractory ceramics are submitted to high thermomechanical loading due to temperature 
gradients (1650°C to 300°C in steel industry). Strains due to these temperature gradients and 
thermal expansion differences between refractory and metallic parts, can lead to damage in 
the refractory linings. In some cases, the industrial device has to be stopped. If the refractory 
lining design is based on an important experience of the involved industries (a strong mastery 
of corrosion phenomena), it is more and more promising to develop behaviour simulation 
methods of refractorised structures under thermomechanical loading. 
The aim of this study is to develop finite element computing tools that will allow to bring a 
help for the design of refractorised structures like steel ladles (steel making industry) or coal-
fired power plants (energy production). These linings are composite made of refractory 
castable (or bricks), and of a metallic envelop (casing), on which they can be anchored. The 
casing includes frequently tubes for the circulation of pressurised water. Expansion joints are 
present in the refractory. Three scales can be defined in this problem (Fig. 1): the first is the 
one of the components (tubes, anchors, expansion joints, ...) (local scale), the second is the 
one of the panel (meso-scale), and the third is the one of the structure (scale of the structure). 
To analyse a complete refractorised structure (several meters), it is not always possible to 
perform a 3D computation. Because of the complexity of the geometry, it is not possible to 
describe each detail like anchors, tubes or joints. The solution proposed in this work (Fig.1) is 
to use a structural equivalent finite element (in this study a two-layered shell element) that 
will described the whole thickness of the composite casing (refractory and metallic part). The 
objective of such an approach is to reduce the size of the finite element model and to render 



possible the computations while describing the behaviour of the metallic casing and the 
damage of the refractory.  
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Fig. 1: 3D cell modelling (lining and casing with tubes) with an equivalent two-layered shell 

element allowing to analyse a complete structure.  
 
 

STUDY AT THE LOCAL SCALE  
 
The first step is to build a model at the local scale that can be used to analyse some 
refractorised structures that are not too complex. 

 
Model description 
 
The local scale is the one of the components (tubes, anchors, expansion joints, ...). The 
studied structures are made with steel and castable. The steel has an elastic-plastic behaviour 
and the castable behaviour is assumed elasto-plastic in compression and elastic-damageable in 
tension with softening [4][5] after the elastic part (Fig. 2a) using a smeared crack model [6]. 
Several types of smeared crack models are existing:  
- fixed crack model [7]: the crack is initiated perpendicular to the maximum tensile principal 
stress in mode I, and its orientation is maintained fixed for a more important loading,  
- rotating crack model [8]: the crack is also initiated perpendicular to the maximum tensile 
principal stress in mode I, but the crack direction can rotate to remain perpendicular to the 
maximum principal tensile stress, 
- the multiple fixed crack model [9][10][11] is like to the fixed crack model, but secondary 
cracks can appear perpendicular to the existing cracks.  
Here, it is a multiple fixed crack model that is used.  
The softening part of the tension curve (Fig. 2a) is assumed, for simplification, to be a straight 
line with slope a. In 3D, the cracking is detected with the surface shown in Fig. 2b. 
Since it is difficult to perform accurate tension tests on castable, the tension behaviour 
(Young modulus E, stress of first cracking σR, slope of softening a) is identified using a four 
point bending test [12] linked to an inverse method [13][14]. Indeed, a bending test is a 
structural test with tension and compression. So, a direct identification is not possible. 
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Fig. 2: (a) Uniaxial tension/compression behaviour; (b) shape of the crack detection 

surface (drawn in 2D). 
 
 
Validation 
 
A four point bending test was performed on a large plate (1.2m long) with some metallic 
tubes and an anchored refractory (Fig. 3a). The simulation of this test (Fig. 4) is compared to 
the experimental results. The cracks appear at the top of the tubes (Fig. 3b and 4a), and the 
load/displacement curves are in good agreement (Fig. 4b). 
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Fig. 3: Bending test on a panel (casing and refractory lining): (a) test, (b) cracking a the top of 

the tubes. 
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Fig. 4: 3D simulation of a bending test on a panel (casing and refractory lining): (a) damage in 

a half of a panel, (b) comparison between tests and simulation for the load/displacement 
curve. 

 
 
Example of 3D analyse 
 
The 3D model presented above can be used to analyse some structures that are not too 
complex, such as some steel ladles [15] (that have no anchors and no cooling tubes). Fig. 5a 
shows the quarter of the mesh of such a steel ladle. It contains two layers of refractory linings: 
a safety layer (made with castable) and a wear layer (made with bricks). The thermal cycle, 
linked to the filling and emptying of the steel at 1650°C, induces important stresses that 
damage the "cold" face of the safety layer (Fig. 5b). 
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Fig. 5: (a) Mesh of the quarter of a steel ladle; (b) damaged zones in the refractory lining 

("cold" face of the safety layer). 
 

 



MODELLING AT THE MESO-SCALE  
 
Two-layered composite shell 
 
In other cases, the structure is to complex to use a 3D modelling. The proposed solution is to 
define a simplified element built at the meso-scale (Fig. 1). The exterior layer (side of the 
casing) has an elastic-orthotropic behaviour, the second is elastic-damageable in order to 
describe the anchored refractory lining (Fig. 6). The behaviour of this element must be 
equivalent to the set of casing, anchors and lining. The shell parameters identification is 
performed using tension, bending, shear and thermal tests, on a representative cell containing 
several anchors (Fig. 7). The results of these tests are compared to the simulations obtained 
with the shell model. That allows, using an inverse approach [13][14], to identify the shell 
parameters. Since these tests are difficult to perform experimentally, they were simulated with 
the 3D model defined at the local scale (the one of the components) [16][17] and presented 
above. 
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Fig. 6: Composition of the two-layered composite shell. 
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Fig. 7: Tests used for identification and validation of the mechanical parameters of the 
composite shell. 



Validation 
 
This previous approach is validated using a test that was not used for the parameter 
identification: a panel under pressure load (Fig. 7). The comparison of the displacements 
(Fig. 8) between the 3D simulation and the two-layered shell simulation shows a good 
agreement. But the difference of computing time is important: the 3D model has 20000 
degrees of freedom, and the shell model only 700. 
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Fig. 8: Panel under pressure (one quarter of the structure, fixed edges): comparison of 
displacements for 3D (a) and shell (b) analyses. 

 
 
Example of a structure analyse 
 
The  two-layered shell element is then used to analyse a complete structure, for instance a 
cyclone (part of a coal-fired power plant, Fig. 9a). The damage in the refractory layer due to 
thermal loading of this cyclone is shown Fig. 9b. This damage is important because we did 
not take into account the expansion joints that allow to decrease the stresses. So, it is 
necessary to introduce them in the model. 
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Fig. 9: (a) Part of a coal-fired power plant (cyclone); (b) Analysis of the cyclone using two-

layered shell elements (damage in the refractory layer). 
 
 
 



Expansion joints 
 
To take into account the expansion joints, the same approach can be used, but the 3D results 
are obtained using refractorised panels containing two perpendicular joints (Fig. 10a). The 
simulation of a tension/compression test of such a panel shows that the stress/strain curve 
presents two slopes (Fig. 10b). The first (Et) is linked to open joints, the second (Ec) to closed 
joints. A solution is then to take twice more mechanical parameters for the two-layered 
composite shell: one set of parameters is related to open joints, the second to closed joints. 
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Fig. 10: (a) Representative elementary volume with two perpendicular expansion joints;  
(b) tension/compression behaviour of this volume. 

 
 

CONCLUSION 
 
To compute a refractorised structure containing thousand of anchors and tubes with as finite 
element method, it is necessary to use a simplified element. The proposed element is a 
composite shell with two layers. The thermal and mechanical parameters are identified using 
an inverse approach related to several 3D tests. Since they are difficult to performed 
experimentally, the results are obtained numerically, using a 3D model developed at the local 
scale. This approach is validated with a four point bending test on a real refractorised panel. 
The 3D model at the local scale allows to compute the cracking in the castable of a steel ladle, 
and the composite shell element allows to analyse more complex structures like a cyclone. 
This last analyse showed that it is necessary to take into account the expansion joints that are 
present in the refractory linings to decrease the thermal stresses. To take them into account in 
the shell element, twice more parameters are needed. 
The presented approach is a tool that allows to estimate the damage in refractorised structures 
submitted to thermomechanical loading, and then to bring a help for the design of such 
structures to limit cracking. 
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