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Abstract: Refractories are unique materials used in linings of vessels to contain and process fluids at 
high temperatures. They can withstand complex combination of thermo-mechanical stresses and 
chemical wear generated by fluids and chemical agents during process. The main challenges for the 
usage of refractories are linked to the cost, availability of raw material and environmental regulations. 
This paper presents an overview of recent developments of numerical models using a multi-scale 
approach in order to identify the impacts of various parameters on the overall behavior of the masonry 
linings in industrial structure. The results presented in this paper provide, for specific boundary 
conditions and thermal loading, the evolution in time of the displacements, strains and temperature 
profiles on laboratory models. The overview of numerical models their results further help to validate 
models at industrial scale, reducing the burden of laboratory testing and ultimately, can be used for 
optimizing refractory linings, thus extending an economic and environ-mental benefits to the 
refractory industries. 
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INTRODUCTION 
Masonry exhibits complex behavior when subjected to high temperature loadings. While for the general 
application of masonry, high temperature loadings are not considered, or they are considered for the specific 
case of fire according to the design codes. In case of the process involving the refractory masonry at high 
temperature, numerical or experimental analysis are necessary to evaluate the behavior, suitability and 
designing of the refractory materials used in the respective applications. 

Refractory linings protect metallic structures from the hot products they contain, such as burning coal in 
coal fired plants or liquid steel in the steel making industry. Owing to the difference in thermal expansion 
coefficient between steel and refractory materials, significant stresses appear in the refractory that can lead 
to the failure of the linings. Thermo-mechanical finite element analyses of the global structure can assist 
the design and understanding of these complex structures. As the interest of this study is the behaviour of 
refractory masonry under high temperature, the governing time-dependent equations for conduction, the 
mode of heat transfer in solid (for transient heat transfer), is given in this section. 

There are three modes of heat transfer: conduction, convection and radiation (Lewis et al., 2004). The 
amount of heat energy transferred in each heat transfer mode that can be calculated, is called flux. Radiation 
is the propagation of energy through electromagnetic wave emitted from the surface of a body. Radiation 
is emitted by all bodies at any temperature, and unlike how conductive and convective heat transfers through 
material molecules, radiation transfers heat even in vacuum. The radiative heat flux emitted by the surface 
of an object can be represented by equation 1 with Stefan-Boltzmann Law (Lewis et al., 2004): 

!! =	$!%&!"                          (1) 

where !s is the radiative flux emitted by the surface (W/m2), $s is emissivity of the surface, % is Stefan-
Boltzmann constant (5.669 × 10-8 W/m2K4) and &s is the temperature of the surface (K). As shown in 
Equation (1), the Stefan-Boltzmann Law states that heat energy emitted by the surface is proportional to 
the fourth power of the surface temperature. Emissivity is a property of a material that defines the 
effectiveness of surface’s radiative energy emission; it ranges from 0 to 1, with 1 being most effective. 
(Lewis et al., 2004). 

For the purpose of this research, the radiative flux of a wall surface subjected to fire is derived. In case of 
fire, the emitted radiative flux is represented as: 

 !# =	$#%&#"                      (2) 

where the subscript ' stands for fire. Only a portion of fire flux is absorbed into the surface of the wall. The 
radiative flux of fire absorbed into the surface is 

!$%! =	(!!#                      (3) 

where (s is the absorptivity of the surface. According to Kirchhoff’s identity, the absorptivity of a surface 
is equal to its emissivity. By using Kirchhoff’s identity to replace absorptivity with emissivity, and 
substituting Equation (2) into (3), the absorbed radiative flux is rewritten as: 

!$%! =	$!$#%&#"                    (4) 



Lastly, considering the radiative flux emitted by the surface (!s), the net radiative heat flux of the surface 
exposed to fire is derived as follows (adapted from Wickström, 2004): 

!&'(,*$+ =	!$%! −	!! =	$!$#%&#" −	$!%&!"                (5) 

The governing equation of conductive heat transfer can be derived by the energy conservation law; 
essentially, the body increases in temperature if the net flux is positive. Figure 1 represents a cubic volume 
with dimensions of Δ*, Δ+,	and Δ0 (m) (Lewis et al., 2004). 

 

Figure 1 Representative Volume for Heat Conduction Analysis 
(Lewis et al., 2004) 

 
The strong form of conductive heat transfer is derived in equation (6),  

,
,- 12-

,.
,-3 +	

,
,/ 12/

,.
,/3 +	

,
,0 120

,.
,03 = 	56 ,.,(                 (6) 

The Galerkin weighted residual method can be applied to strong-form Equation (6) to conduct heat transfer 
FEA of a solid body (Lewis et al., 2004). Density (ρ), thermal conductivity (2), specific heat (6) are the 
properties of material that affect the heat transfer behavior in Equation (6). Higher density and specific heat 
require more heat energy for the cube to increase in temperature per unit time. On the other hand, higher 
thermal conductivity contributes to the necessity of less heat energy for the cube to increase the same 
amount of temperature per unit time (Lewis et al., 2004). This formation makes the basic of heat transfer 
in the FEA software used here. 

REVIEW OF THERMOMECHANICAL FINITE ELEMENT MODELS 
The research on finite element modeling of the thermomechanical behaviour of masonry wall subjected to 
fire or high temperature has begun in the 1990s (Salvatore Russo & Sciarretta, 2013). The purpose of 
modeling is to investigate the performance of masonry under high temperature and develop valid numerical 
modeling approaches. This section presents some of the earlier and recent works on finite element modeling 
of masonry. 

One of the earliest finite element models for thermomechanical numerical modeling of masonry was created 
by Dhanasekar et al. (1994). The purpose of the study was to observe the bowing deformation of a masonry 
wall. The wall consisted of autoclaved concrete units and cement mortar, and their properties were obtained 



from previous experiments by other authors. The authors of this paper considered the temperature 
dependency of mechanical properties, including thermal expansion coefficient, tensile and compressive 
strength and elastic modulus.  

In 2014, Nguyen and Meftah replicated the fire test of hollow clay brick masonry wall into three-
dimensional thermomechanical finite element model. ISO 834 standard temperature fire curve was applied 
in the experiment. During the laboratory experiment, the walls were free to expand laterally, while the top 
of the wall was loaded through a steel beam. Only the right half of the wall was modeled due to the 
symmetry. The interface between the steel beam and the wall was modeled so that they are connected in 
compression only. The authors also implemented the spalling feature so that an element is removed during 
the analysis when its adjacent elements have failed in compression or tension. The analysis results showed 
similar spalling behaviour as the real experiment they conducted. However, the center deflection of the 
model was lower than the measured one. The authors stated that the discrepancy is possibly caused by the 
limitation of the material model to replicate the exact behaviour of hollow clay brick masonry (Nguyen & 
Meftah, 2014). 

Russo and Sciarretta in 2014, conducted simulation of the masonry wall experiment they conducted 
previously, the experiment consisted of 51 cm by 51 cm by 25 cm brick wall samples tested inside a furnace 
at different high temperatures. Only one side of the wall sampled was fully exposed to the furnace 
temperature, while the other faces were insulated with fire-resistive rock wool cladding. Direct compressive 
tests or shear compressive tests were conducted on each sample after they were taken out from the furnace, 
and their crack patterns were studied. The experiment with the maximum furnace temperature was analysed 
using finite element method. The experiment procedure was replicated by applying fire load first, and them 
compression load at the top. The model was three-dimensional with units and joints modeled separately. 
The crack patterns of the real specimen and model were compared and were deemed to match well. The 
reduction in compressive strength of the wall after compressive test in the model was also in good 
agreement with the experimental results (Russo & Sciarretta, 2014). 

While the works mentioned above mainly dealt with the masonry walls under the fire conditions, the main 
purpose of these works were to study the mechanical performance of regular masonry under high 
temperature in terms of the failure pattern, insulation for fire and residual mechanical strength of the 
masonry walls. Regarding refractory masonry, which is used for high temperature applications, it seems 
that the mechanical loads applied are rather small, when compared with the thermal loads. 

Gruber and Harmuth in 2008, performed a numerical simulation on a unit-cell model to study the 
mechanical performance of the refractory brick in steel ladle linings. In steel ladles, the mechanical loads 
develop from the thermal expansion of the refractories which is confined either by the steel constructions 
on the outer side or by the regions of different temperatures within the refractory material. The main purpose 
of this study was the investigation of factors influencing the mechanical durability of refractory linings and 
the clarification of failure mechanisms. Especially irreversible strains at the hot face of the working lining 
caused by compressive stresses induce an opening of joints at the hot face. The investigations showed the 
relations between irreversible compressive strains at the hot face, opening of joints and the stability of the 
working lining. The controlled expansion seems to be a possible countermeasure to reduce the opening of 
joints and decrease the sensibility to tensile stresses. However, it was also observed that the necessary 
controlled expansion decreases with preheating of the ladle (Gruber & Harmuth, 2008). 



Gasser et al in 2004, proposed a solution for the homogenization of masonry by studying the joint effects 
on the refractory lining. For the purpose of this study, the thermomechanical loads were simulated on an 
elementary cell using a model developed at the scale of bricks and joints, where joints were represented as 
contacts. The parameters for the homogenized materials were obtained for two dimensions where the 
material behaviour was orthotopic, elastic and non-linear depending on joint opening and closure. The 
parameters were determined by an inverse identification process and the developed model was validated 
by a thermomechanical test on an experimental structure (Gasser et al., 2004). 

Nguyen et al in 2009, conducted a study with a goal to propose an equivalent material which has the same 
behaviour as masonry. The proposed equivalent material has four different behaviours depending on the 
local joint state, where each behaviour has been determined by homogenization techniques. The developed 
model was validated with a biaxial compression test on a masonry unit, and it was found to be in good 
agreement. It was also observed that the non-linear behaviour of the masonry was mainly due to the 
existence of different joint states in the whole lining rather than to the non-linear crushing of contact 
surfaces of bricks (Nguyen et al., 2009). 

Andreev et al in 2012, performed laboratory scale tests and finite element modeling to study the 
compressive behaviour of dry joints in refractory ceramic masonry. Experimental joint closure was obtained 
for samples of two types of refractory bricks in wide temperature range. To study the influence of the joint 
geometry and the material stiffness, a finite element model of the joint was built. The experiments show 
that the observed exponential form of 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. 
It was also found that temperature influences the joint closure by changing the stiffness of material and by 
reducing the initial joint gap due to thermal expansion. The similar procedure and further development of 
homogenization theories was carried out by Rekik et al. (2015) 

In some of the experiments and computational models, standard time-temperature fire curves from ISO 843 
or national codes were applied, while for the special case of refractories the time-temperature load (recorded 
in service conditions) was applied according to its specific application as adopted by Gruber & Harmuth 
(2014) and other authors.  

Based on the modeling decisions made in the previously presented studies, there are particular 
considerations to be made for preparing a finite element model for masonry. As for the geometry, a 2D or 
3D model could be developed, depending on the boundary conditions of the structure. Units and joints can 
be modeled separately or homogenized into one composite material (Nguyen et al., 2009). However, 
homogenization might lead to a reduction of accuracy of the model (Russo & Sciarretta, 2014). Regarding 
the material behaviour in both compression and tension, all the previous authors use a linear behaviour in 
the pre-peak regime, while the post peak behaviour is either brittle or linear softening (in tension) and brittle 
or non-linear softening (in compression). 

One of the difficulties of modeling masonry at elevated temperature is limited data the temperature-
dependent thermal and mechanical properties of unit and mortar. In the previously discussed works, authors 
used temperature-dependent material properties by obtaining experimental data from units and mortars of 
the wall specimen on previous experimental campaigns, or by retrieving values of next closest material 
types from available literature, such as Eurocode. Most of the authors also have kept the same tensile and 
compression model curves and only changed the maximum strengths and strain values for elevated 



temperature. However, there is a possibility that the tensile and compressive behaviours may alter 
significantly at elevated temperature. 

THERMO-MECHANICAL ANALYSIS OF REFRACTORY MASONRY WALL 
With the objective of preparing experimental campaigns on the thermo-mechanical behavior of refractory 
masonry panels, some preliminary numerical analyses were performed. These numerical analyses are es-
sential to predict the range of acquisition equipment to be used during the experimental tests. The refractory 
material under the scope of this study is magnesia-chromite bricks with dry joints. The aim of these simu-
lations is to predict the behavior of a masonry panel under both mechanical and thermal loads (Figure 2a). 

As can be seen in Figure 2a, the units and the interface were modeled in a 3D model. The masonry wall has 
overall dimensions of 550 (L) x 84 (B) x 480 (H) mm, composed of brick units with 110 x 84 x 48 mm (full 
brick) and 55 x 84 x 48mm (half brick). The FEM model used in this work were built using 3D solid 
elements. The created FE mesh is composed of 16000 eight node isoparametric solid linear elements 
HX24L for the units and 5040 Q24IF plane quadrilateral elements for the interfaces. The final finite element 
mesh can be seen in Figure 2b. 

Thermal and Mechanical Boundary conditions 
An initial temperature of 25 °C was prescribed to the entire model. The standard time-temperature fire from 
EN 1991-1-2 (CEN, 2002) was applied as the thermal loading on the front side of the wall, and its 
convective and radiative fluxes were calculated using equations from EN 1991-1-2 (CEN, 2002). The 
duration of the fire exposure was set to 4 hours. This duration was deemed sufficiently long as the tabulated 
data of EN 1991-1-2 (CEN, 2002) only include up to 4 hours of fire resistance periods. 

The back side of the wall is exposed to the constant external room temperature of 25 °C throughout the fire 
duration. The top and the bottom of the wall were assigned adiabatic boundary conditions. As per EN 1991-
1-2 (CEN, 2002b), the emissivity of the units, $, is taken as 0.8, and the coefficient of heat transfer, (, as 5 
W/m2K for the exposed face and 9 W/m2 K for convection on the unexposed face. 

  
a) b) 

Figure 2 - Refractory wall: a) 3D model; b) FE mesh. 
 

As for the mechanical boundary conditions, the bottom of the wall is fixed in the all directions, assuming 
rigid and strong support. No support was assigned to the sides of the wall. While the top of the wall was 



subjected to a constant pre-compression load of 2.5 MPa (10% of the compressive strength at room 
temperature) throughout the entire simulation. 

Thermal and Mechanical Material Properties 
Magnesia-chromite refractory bricks, which can be used in furnace, kiln and steel ladle linings were chosen 
as the unit material. Magnesia-chromite bricks exhibits the lower wear rates and good corrosion resistance 
with low infiltration depth which makes these types of refractory suitable for application as the lining in 
Slag zone in steel ladles. The refractory bricks have temperature-dependent thermal and mechanical 
properties (Figure 3). These properties are presented in Table 1 and were obtained from Prietl (2006). 

 

Figure 3 – (a) Young’s Modulus-Temperature (b) Specific Heat-Temperature (c) Tensile Strength-Temperature plots 
 

For the analysis, software DIANA was used, and total strain-based crack model was adopted as the 
constitutive material model for the analysis by using material parameters from Table 1 while assuming 
rotating crack behaviour. Parabolic and exponential stress-strain relations were used to describe the tensile 
and compressive behaviour respectively (Figure 4). The dry joints of the refractory masonry panel were 
modeled using Coulomb friction interface constitutive model from DIANA, for this model, the stiffness 
parameters were taken from Lourenço et al, 2005, while the values of cohesion, friction angle and Dilatancy 
angle were taken from the Landreau et al, 2011. The input properties are shown in Table 2. 

Table 1 - Input material properties [*temperature dependent] 
 

Property Abbreviation Parameter 

Young's modulus E 6.3 - 25.5 Gpa* 

Poisson number v 0.2 

Density ρ 3250 kg/m3 

Tensile Strength ft 3.88 - 13.26 Mpa* 

Tensile fracture energy Gf 0.131 - 0.766 N/mm* 

Compressive strength fc 24.5 - 117.4 Mpa* 

Compressive fracture energy Gc 15.86 - 25.54 N/mm* 

Thermal expansion α 1 - 1.7 10-5 K-1* 

Conductivity λ 3.26 - 3.48 W/mK* 

Specific heat capacity cp 1 - 1.2 kJ/kgK* 

 



 

Figure 4 – Adopted behavior in compression and tension 
 

Table 2 - Input interface properties for the simulation 
 

Property Abbreviation Parameter 

Normal Stiffness-modulus kn 13 N/mm3 

Shear Stiffness-modulus ks 5 N/mm3 

Cohesion c 0.48 N/mm2 

Friction angle φ 42 degrees 

Dilatancy angle ψ 0 degrees 

 

The equilibrium solution of the equations in each step of the non-linear heat transfer analysis is obtained 
using a Modified Newton-Raphson iterative method. The convergence tolerance was implemented so that 
the norm of the incremental temperature field increment of the last iteration step is lower than 1x10-6 of the 
reference temperature increment. The smallest time step used for the heat transfer analysis is 1 second, 
which was implemented for the first three minutes; no larger time step could be used at this initial period 
because the fire-exposed face of the model heats up the fastest with a sharp increase of standard time-
temperature fire curve. A time step of 2 seconds was used until 5 minute-mark, 5 seconds until 15 minute-
mark, 10 seconds until the 30 minute-mark, 30 seconds until 130-minute mark, and 60 seconds from until 
the end (4-hour mark).  

The equilibrium solution of the equations in each step of the non-linear mechanical analysis is obtained 
using a Modified Newton-Raphson iterative method. The same time step from the heat transfer analysis 
was used for the mechanical analysis because the mechanical analysis calculates thermal stress and strain 
using temperature data of elements at each time step. Before conducting thermo-mechanical analysis, the 
wall was loaded with the vertical load at top and self-weight. For thermomechanical analysis, creep, 
geometric non-linearity and P-Delta effects were not considered. 

Results & Interpretation 
Firstly, as described previously, a heat transfer analysis was performed. From this analysis it is possible to 
obtain the temperature distributions in the refractory masonry wall during the entire simulation. Figure 5 
presents the results of the heat transfer analysis, in terms of both: temperature fields (Figure 5a) and 
temperature curves (Figure 5b). From the obtained results it is possible to see that the difference of 



temperature between the faces and between the applied external temperature loadings can be observed to 
be directly proportional to the thermal conductivity and specific heat of the material. 

 

 

a) b) 
Figure 5 – Heat-tranfer analysis results: a) temperature distribution at 240-minutes; b) temperature profiles. 

 

With the heat transfer analysis performed, a thermo-mechanical analysis was conducted using the 
temperature data obtained in the heat transfer analysis. Figure 6 shows the results of the thermo-mechanical 
analysis, in terms of both: out-of-plane displacement field (Figure 6a) and out-of-plane displacement 
profiles at the center point of each face. It is possible to see the buckling of wall towards the exposed side 
of masonry. From the temperature distribution on the wall and displacement, it can be noticed that this 
difference of displacement between both the faces are related to the thermal expansion of the material. 

  
a) b) 

Figure 6 – Thermo-mechanical analysis results: a) out-of-plane displacement at 240-minutes; b) displacement profile 
at the center point of the wall. 

 

Besides temperature and displacement fields, also the damage was studied. Figure 7 represents the damage 
of the masonry panel in terms of both: maximum principal strains (Figure 7a) and crack distribution (Figure 



7b). It is possible to see that the strains at the 240-minutes are concentrated at the top and bottom part of 
the structure, similarly, crack distribution in the masonry wall can be noticed to be concentrated at top and 
bottom of the structure. This crack pattern has been similarly observed by other authors (Russo and Sciar-
retta, 2014). Although, from this analysis it was observed that the joint opening or sliding were not relevant, 
caution must be taken when analyzing these results, as the mechanical properties of the interface were 
considered non-temperature-dependent, and the values used in this model were not obtained for this partic-
ular material.  

CONCLUSION 
Numerical simulation of the refractory masonry wall panel shows the non-linear behavior of the structure 
and materials under high temperature. From this numerical analysis it is possible to observe the 
development of stresses and damage under the transient temperature loading conditions. Evolution of these 
stresses and damage were found to be in agreement with the experiments available in the literature 
performed on clay bricks. However, given the complexity and cost involved in testing at high temperatures, 
it was found that the tests are majorly performed on the brick units and tests on the refractory wall panels 
are scarcely available. Clearly, additional effort on the thermo-mechanical characterization of refractory 
masonry panels under high temperatures is required for proper calibration of the numerical models. 

  
a) b) 

Figure 7 – Thermo-mechanical analysis results: a) maximum principal strains distribution; b) crack distribution. 
 

The results presented in this paper can be used to estimate the behaviour of a masonry wall under thermo-
mechanical loading aiding the development of future thermo-mechanical experiments. With available 
experimental data it will be possible to properly calibrate numerical models using both micro modeling 
approaches (such as the models presented in this paper) and macro modeling approaches using a continuum 
medium with thermo-mechanical properties homogenized from the micro models and the experimental 
data. 
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