TECHNOLOGY TRENDS
Investigation of the Tendency for Failure of Refractory
Castables in the Wear Lining of a Steel Ladle Using
Elongated or Cubic Shaped Tabular Alumina
E. Brochen, M. Sollbach, Chr. Dannert, O. Krause, L. Erbar,
S. Abdelouhab, P. Pilate

Over the past decades, numerical simulation has proved to be a deci-

sive tool for engineers. In the field of refractory technologies, numerical modelling helps increasing the understanding of the behaviour
of refractory linings under service conditions, checking the validity
of new designs and potentially predicting the failure of refractory
structures. However, due to the arising of complex states of stresses
during operation, the prediction of the failure of complex refractory
structures, such as linings, is no easy task. On the one hand, refractory materials, like most ceramic materials, tend to be weak in tension
but strong in compression. On the other hand, very complex stress
distributions are generated in refractory structures under operation.
Consequently, no simple and single strength thresholds, such as the
tensile or compression strength, can be used in a straightforward and
obvious manner. Failure thresholds considering complex multiaxial
state of stress need to be implemented.
As one of the pertinent failure criteria for refractory structures, the
Drucker-Prager criterion was derived from uniaxial compression and
diametral compression tests and applied to an exemplary model. Focus was laid on the investigation of the tendency for failure of a high
alumina monolithic wear lining in a steel ladle during its first heating
up. Especially, the impact of using either splintered or cubic tabular
alumina in the coarse fraction of the monolithic was studied.
First critical stresses seemed to appear already in the middle of the
pre-heating of the steel ladle, i.e. above 500 °C. Using splintered
tabular alumina enhanced the cohesion of the castable and improved
the resistance to failure of the lining in operation.
1 Introduction
Numerical simulation has become a fundamental tool to investigate complex processes/mechanism or to solve problem in a
less expensive way. In the case of refractory
applications, two major issues need to be
taken into account:
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• The refractory material properties and behaviour are strongly temperature dependent, especially for refractory castables
that experience strong microstructural
changes during the first heating. Results
from laboratory tests at room temperature
cannot be used to simulate the behaviour

11 (2019) [4]

of refractory structures exposed to high
temperature in service.
• Refractory materials display asymmetric
failure behaviour, able to sustain much
larger compressive stresses than tensile
stresses. This means that no single failure
criterion (for instance tensile or compressive strength obtained by laboratory tests)
can be used to describe and predict the
failure of complex refractory linings in
operation.

1.1 Numerical simulation
When studying the behaviour of real-world
systems, it becomes soon clear that exact analytic solutions are often either too cumbersome or simply do not exist [1]. However, by
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using algorithms for obtaining approximate
numerical solutions, complicated problems
can be solved. The Finite Element Method
(FEM) is a numerical procedure for solving
problems of engineering and physics. It is
best known for investigations of stability and
deformation of solids with a complex geometry. By dividing the investigated object into
smaller pieces, i.e. creating a 3D-mesh, many
cells and nodes appear in the component.
While solving the entire problem domain
at once is impossible, solving the problem
iteratively at each of the nodes proved to be
an efficient strategy. The space between the
nodes gets interpolated. The finer the mesh,
the closer the result is to reality, but also the
more complex is the calculation.

1.2 Modeling of thermal stresses
in refractory structures
The FEM modelling and calculation of thermal stresses in refractory structures implies
to respect two closely interlinked stages:
The modelling of the system (definition of
the model geometry, definition of the materials properties, boundary conditions, creation of a suitable mesh and selection of the
right physic/study settings) and the solution
of the thermal stress problem.
The development of a successful simulation
begins with the preparation of the Computer-Aided Design (CAD) model. Typically this
entails a sound analysis of the system to be
modelled in order to design a simplified geometry (for instance by removing irrelevant
details and using symmetry) while keeping
the dimensions and processes to be simulated realistic.
As soon as heat is introduced or removed
from a system, temperatures vary until
equilibrium is achieved. In solid structures,
such as refractory linings of furnaces and
processing units, the heat transfer occurs
predominantly by means of heat conduction and is described by the Fourier's law
of heat transfer. Under operating conditions,
large and unsteady thermal gradients arise
within components of a refractory lining.
As the temperature increases/decreases,
the volume elements of refractory linings
expand/constrict. Such an expansion/contraction generally cannot proceed freely in
a continuous body, and thermal stresses
are generated [2]. The calculation of the
occurring thermal stresses implies therefore
to solve a coupled system of three stress
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differential equations and the Fourier's differential equation. Practically, this means to
determine, at first, the temperature distribution in the refractory structure by solving
the Fourier's differential equation. Then, to
calculate, from the temperature distribution,
the ensuing strains and stresses.

1.3 Failure criteria
In terms of material behaviour, failure is
usually defined as the loss of load carrying
capacity of a material unit. Traditionally, a
distinction is drawn between brittle failure
(fracture) and ductile failure (yield). Under
most practical situations, a given material
can be rated as either brittle or ductile. Due
to their typical operating conditions, this
distinction is not straightforward for refractory materials. Parts of a refractory lining still
experiencing relatively low temperatures
may undergo brittle failure, while the parts
of the lining subjected to high temperatures
are prone to a ductile failure. Additionally,
the state of stress and the rate at which
stresses develop are likely to further affect
the failure mode at a given temperature. For
the sake of simplicity, the present work focused on the failure criterion for refractory
materials as an indication of the initiation of
irreversible deformations or broadly speaking damage, regardless of whether it leads
to fracture or yield.
Mathematically, failure criteria are expressed as functions in stress or strain
space that separate "failed" states from
"unfailed" states. The simplest form of failure criteria, which was developed for brittle materials, just considers the maximum
stress/strain that a material can sustain
while being stretched or compressed before
failing. The safe domain for the material is
therefore assumed to be:

loads generate complex and varying states
of stresses. Combinations of tensile stresses
in one direction, compression stresses in another or multiaxial compression and probably additional shear stresses are not unusual
and likely to lead to failure of a refractory
structure well below its tensile or compression strengths. In that respect, more complex
failure criteria have been developed over the
years. Most of them can be depicted as a
surface called failure surface in the stress or
strain space. Each point in the stress or strain
space represents a combination of stresses/
strains, i.e. a state of stress/strains. As long
as the combination of stresses/strains under
consideration lies below the failure surface
(starting from an unloaded state), the material should remain intact. As soon as the
failure surface is met or exceeded, a failure is
expected to occur. Depending on the type of
material considered, this surface takes different forms and the underlying functions are
more or less complex.
The Drucker-Prager (D–P)
failure criterion
Initially developed to deal with the plastic
deformation of soils, the Drucker-Prager
failure criterion proposed a rather simple
approach to describe the behaviour of pressure dependant materials and was successfully applied to assess the failure threshold
of rocks, concretes, polymers and foams. The
D–P failure surface takes the form of a cone
with its symmetry axis corresponding to the
“identity line” (x = y = z line) in the stress
space (Fig. 1). This conical surface can be
simplified to a line with a smart change of
coordinate system, the D–P failure line in
the p–q space (Fig. 2):

hydrostatic (or mean) stress

(2)

von Mises stress

(3)

σt > σ > σc or εt > ε > εc (1)
where σt is the tensile strength, εt the
critical strain in tension, σc the compression
strength, εt the critical strain in compression
and σ/ε the stress/strain in a material element. Note that according to the classical
sign convention, tension is marked as positive and compression is marked as negative.
This maximum stress/strain criterion is
actually still widely used despite serious
shortcomings. In the individual parts of an
industrial refractory structure, operating

where, σx is the stress in the x-direction, τxy
the shear stress in the xy-plane, σy the stress
in the y-direction, τxz the shear stress in the
xz-plane, σz the stress in the z-direction, τyz
the shear stress in the yz-plane
, equation of the
D–P failure line in the p–q space
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Fig. 1 Graphical representation of the Drucker-Prager failure
surface in the stress space (principal stresses, source: Wikipedia)

where c is the intercept of the failure line
with the q axis and tan (φ) is the slope of
the failure line. The quantity c is usually
called the cohesion and corresponds to the
force due to intergranular bonds which tend
to hold a coarse grained material together.
The angle φ is called the angle of friction
and corresponds to the resistance to shear
stresses due to friction and interlocking of
the grains.
The D–P failure line describes the failure
threshold for a material under all possible
configurations of stresses. In practical terms,
it needs two points to define a line. That
means in the case of the D–P failure line,
the results from mechanical testing under
two different configurations of stresses are
necessary. The first and quite evident one
for refractory materials is the measurement of compressive strength or crushing
strength using uniaxial compression tests. A
second one could be the tensile strength,
which is actually very difficult to measure
at room temperature, and even more so at
high temperature. To cope with this issue,
the diametral compression test was selected as the second point, namely a configuration of stresses, to calculate the D–P
failure line for refractory materials up to
high temperature. More details concerning
the assessment of the D–P failure line can
be found elsewhere [3].

Fig. 2 Graphical representation of the Drucker-Prager failure line
in the p–q space

scribed elsewhere [4]. However, as a matter
of practicability, a brief description of these
model castables is set forth hereafter.
Two formulations, given in the Tab. 1, were
selected for the present work. Both formulations were self-flowing calcium aluminate
bonded high alumina castables (Al2O3 >
98 mass-%) with 5 % calcium aluminate
cement (CAC) as binder. The first formulation (REF) contained the rather typical splintered tabular alumina with a moderately
elongated shape and served as a reference,
while in the second formulation the coarse
grain fractions 1–6 mm were replaced by
more compact rather cubic-shaped tabular
alumina.

ing. Typically, steel ladles are composed of a
steel shell, usually presenting a vertical tapered cone shape, with a mechanical lifting
system for the transport, and a refractory
lining inside to protect the steel shell and
the environment from the high temperatures. The refractory lining itself commonly
consists of at least two layers: the wear
lining in contact with the molten steel and
progressively “consumed” during the use of
the ladle and the permanent (safety) lining,
besides an additional isolation layer that is
usually added between the permanent lining and the steel shell.
For the FEM simulation, the commercial
software COMSOL Multiphysics was used.
The first step to model the system was the
definition of a simplified geometry. The
shape and the dimension of the modelled
steel ladle have been derived from a technical drawing. For the sake of simplification,
the mechanical lifting system and other
metallic protuberances were ignored for

2.2 Steel ladle model
The steel ladle was selected as typical and
characteristic high temperature vessel for
the steel production in order to develop an
exemplary numerical model to simulate the
first heating of a refractory monolithic lin-

Tab. 1 Composition of the model castables [mass-%]
Castable

REF

C1-6

Tabular alumina (splintered)
3,0 – 6,0 mm
1,0 – 3,0 mm
0 –1 mm

16
21
41

0
0
41

Tabular alumina (cubic)
3,0 – 6,0 mm
1,0 – 3,0 mm

0
0

16
21

2 Experimental procedure

Calcined alumina

10

10

2.1 Material

Reactive alumina

7

7

The preparation and the development of
the high alumina refractory model castables
considered for the simulation have been de-
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CA cement

5

5

Dispersing agent (PCE)

0,15

0,15

Water

4,5

4,5
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a = b = 0 for a uniaxial compression test
in the x-direction) is applied to the test
pieces initially free from external constraints
(σx = σy = σz = 0). In this specific case the
stress path follows a straight line from the
origin (σx = σy = σz = 0) until the point of
failure (σc) in the stress space. In the p–q
loading under conditions of constant stress ratio
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location (element) of the modelled system
can be expressed, in the p-q space, as the ratio of
refractory lining being heated up), the state of
the distance Dp between the origin and the point
WORLDFORUM
(2019)
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initially f
P(pp,qp) to the distance DPc between the origin and refractories
stress, would be loaded under conditions of co
the point Pc(pPc,qPc).
stress ratio. At least during the first heating
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ingly, the coordinates (ppc, pqc) of the point
Pc are obtained by solving the following system of two equations with two unknowns:
(6)
then,

(7)
Combining the equations (2), (3), (5) and
(7), it is therefore possible to calculate a
tendency for failure R at any stage of testing for a test piece being loaded under conditions of constant stress ratio and initially
free of stress.
In most practical applications, however,
each location of the system under consideration, for instance of a refractory lining of
furnaces and process units, experiences different states of stress and follows its own,
more or less complex, stress path. Thanks to
the numerical simulation, the state of stress
at each point of the modelled system can
be assessed. From the state of stress at a
given location of the model, the position of
its point in the p–q space can be calculated
(equations (2) and (3)), and more specially,
if this this point lies below (= “safe”) or
above (= “failed”) the D–P failure line
worked out. This leads to binary outcomes,
i.e. “safe” or “failed”.
In order to assess the risk of failure in complex systems, the following assumptions and
simplifications were made: at any time and
at any location (element) of the modelled
system (i.e. refractory lining being heated
up), the state of stress was considered as
if this element, initially free of stress, would
be loaded under conditions of constant
stress ratio. At least during the first heating of a lining made from refractory castables, the stress paths in relevant positions
of the refractory wear lining should not diverge excessively from a straight line in the
p–q space. Therefore, by implementing the
equations (2), (3), (5) and (7) to the state of
stress assessed by the numerical simulation
at each point of the model, it is anew possible to appraise a risk of failure during the
first heat up. A distribution of risk is hence
obtained, where values near to R = 0, displayed as green in the simulation results, indicate low risk of failure, and values near to
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Tab. 2 D–P parameters for the formulation REF and C1–6 with increasing temperature
Temperature

REF

C1-6

c [MPa]

Φ [°]

c [MPa]

Φ [°]

Room temperature

14,2

65,9

14,8

66,7

450 °C

21,7

64,5

14,1

68,6

700 °C

14,1

66,8

10,4

69,8

1000 °C

13,0

68,0

10,9

69,1

1250 °C

18,6

66,1

14,6

67,8

1450 °C

–

–

29,1

58,5

1500 °C

25,2

61,2

–

–

R = 1 and above R > 1, displayed as yellow
to red, indicate an increased risk of failure
or guarantee failure (R >> 1).

3 Results and discussion

3.1 Assessment of the D–P failure
lines
The equation of D–P failure lines, or more
especially the cohesion c and angle of friction φ, were assessed for the formulation
REF and C1–6 (Tab. 1) from uniaxial and
diametral compression measurements at
different temperatures (more details in [3]).
The D–P parameters c and φ are given in
the Tab. 2.
The differences in cohesion c and angle of
friction φ between the two formulations
are not self-explanatory. One might have
expected that interlocking effects, from
the more elongated and angular splintered
grains in formulation REF, lead to higher
values of angles of internal friction. Actually,
the opposite was observed. The greater ability of cubic grains in formulation C1–6 to be
piled up, and thus to form a compact skeleton of coarse grains, was thus thought to
account for the increase of the angle of internal friction compared to formulation REF.
Beyond that, the effect of the temperature
was found to be quite forthright, with sintering as well as the growth of hibonite promoting an increase of the cohesion at high
temperature. On the other hand, the formation of the first and very low amount of
liquid phases at the grain boundaries might
cause the observed decrease of the angle of
internal friction at high temperature.

3.2 Modelled steel ladle
Because of the casting process for the
monolithic linings, the thermal contact resistance between the two refractory linings
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(wear and permanent linings) as well as between the refractory permanent lining and
the steel shell, was assumed to be negligible (good contact). That means that at the
interface between the refractory wear and
permanent linings, as well as between the
refractory permanent lining and the steel
shell, the temperature of both materials is
taken as identical and the flow of heat is
uniform over the whole contact surface. At
the interface between the steel ladle and
the surrounding environment, a mild heat
transfer (h = 20 W · m–2 · K–1) was considered. This corresponds to the expected heat
transfer coefficient for gases (surrounding
atmosphere) in contact with solids and in
free convection (convective heat transfer).
One of the main challenges was to simulate
the heat up process of the refractory lining
in a simple and effective manner. To achieve
this, a single heating curve was used in
combination with changes of the heat
transfer coefficient to differentiate between
the pre-heating process with gas burner
and the filling with the hot molten metal.
Practically, in order to avoid massive thermal spalling or even the explosion of the
monolithic lining due to the arising of high
pressure steam, a carefully controlled heat
up program is being observed (Tab. 3). Up
to almost 1300 °C, the lining is pre-heated
with gas burners and the heat transfer coefficient set to 150 W · m-2 · K-1, which is
approximately the expected value for refractory products heated by a gas burner. After
64 h pre-heating, the filling of the steel ladle with molten metal (tapping) is simulated by a sudden increase of the temperature
at the hot face as well as strong increase
of the heat transfer coefficient, since the
contact with hot molten metal promotes a
much more efficient heat transfer compared
to a flame from a gas burner.
55
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Tab. 3 Heating program and heat transfer coefficient applied at the hot face of the wear
lining
Start
[h]

End
[h]

Temperature Function
[°C]

Heat Transfer Coefficient
[W · m–2 · K–1]

0

6,5

20 · t + 20

150

6,5

37,75

8 · t + 98

150

37,75

49

30 · t – 730

150

49

64

40 · t – 1215

150

64

70

1700

1500

Once again, because of the casting process and nature of the monolithic linings,
the bond between the wear and permanent linings was assumed to be almost
as strong as the bond in the linings bulk.

This means that the strains and stresses
were completely transmitted at the contact
interface between wear and permanent
linings. In contrast, the bond between the
permanent lining and the metal shell was

assumed to be weak. To simulate this, a virtual thin layer at the interface permanent
lining to the metal shell was implemented.
This layer displays elastic properties and
its spring constant set as low as possible
(10 N · m–1 · m–2).
Since the direct comparison of the arising
stresses would be very tricky, the following
discussions focus on the implementation
of the failure criterion in the simulation. It
should be noted that, since the materials
properties other than the mechanical properties did not vary and/or were not expected
to vary significantly between the two model
castable formulations REF and C1–6, the
only difference in the simulation between

Fig. 5 Evolution of the risk of failure R during the simulated pre-heating (0–64 h), and filled with molten metal (after 64 h) – wear lining made of the MCA REF
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Fig. 6 Risk of failure R after 20 h and 40 h of pre-heating – wear lining made of MCA C1–6

the two castables lies above all in the values
for the D–P parameters cohesion and angle
of friction φ. Consequently, the simulated
temperatures and stress distributions are
almost identical for the two castable formu-

lations and this permits a direct comparison
and investigation of the influence of the
D–P parameters.
Starting from a state of zero stress and accordingly no risk of failure, the likelihood

that a lining is being damaged increased
rapidly as the temperature at the hot face
increased. Severe local stress concentration, and accordingly high value of R, arose
very soon during preheating at corners and
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edges of the refractory lining (Fig. 5). Indeed, these areas are known to be prone
to spalling or crack initiation. Between 40–
64 h of heat up (pre-heating), the whole hot
face became at high risk of failure, actually
it is quite common to observe the formation
cracks at this stage of the heat up, or even
sooner.
It is also worth noting that there exists a
zone at low risk of failure in middle of the
thickness of a lining. This corresponds to the
neutral fibre of the system, where basically
the transition from compressive stresses at
the hot face to tensile stresses in the colder
parts occurs. 1 h after the filling with molten
metal (i.e. at 65 h of the simulation), the
risk of failure at and immediately near the
hot face decreased significantly. Two main
factors could be behind this evolution: on
the one hand, as the temperature at the hot
face did not raise anymore (molten metal
was considered to have a constant temperature), the thermal gradient flattened with
time and stresses decreased. On the other
hand, the cohesion of material increased at
high temperature, which seems to promote
the resistance to failure.
When comparing the evolution of R between
the two model castable formulations, a similar behaviour is observed but overall the risk
of failure is found to be significantly higher
in castable formulations containing cubic
tabular alumina (TA) C1–6 (Fig. 6). With
regard to the simulation, the main difference between the castable formulation that
contained only splintered TA (REF) and those
containing cubic TA (C1–6), is the lower angle of friction and higher cohesion values for
the reference formulation containing only
splintered TA as can be seen in the Tab. 2.
Since, despite overall lower angle of friction,
the castable formulation that contained only
splintered TA (REF) seemed to perform better, the cohesion appeared to be the key to
optimize the failure tendency of refractory
castables.
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4 Conclusions
Refractory materials, as most ceramic materials, display great compression capability, however they are much more sensitive
to tensile loads. Additionally, the stress
distributions arising in industrial refractory structures like refractory linings are far
more complicated than the stress distributions induced by classical laboratory tests.
Accordingly, to be able to predict the failure
of industrial refractory structures under operating conditions, a method to determine a
more practice oriented failure criterion was
set up and implemented into a simulation
to assess the tendency for failure of the
wear lining of a steel ladle. To this end a
new algorithm, based on the Drucker-Prager (D–P) criterion, was developed. It allows
not only to identify whether or not a part of
the lining may fail, but also to provide a distribution of risk of failure for a lining during
the heat up process. The risk of failure was
quantified with a dimensionless parameter
R. First results using the D–P failure parameters showed that the likelihood that the
lining becomes damaged increased rapidly
as the temperature at the hot face increases. Severe concentrations of local stress,
and accordingly high value of R, arise very
soon at corners and edges of refractory linings. Indeed, these are known to be prone
to spalling or crack initiation. At least after
40 h of pre-heating, the whole hot face became at high risk of failure, actually it is not
usual to observe the formation of cracks at
this stage of the heating up, or even sooner.
1 h after the filling with molten metal, the
risk at and immediately near to the hot face
of a lining dropped significantly.
When comparing the evolution of R between tow model cement bonded castable
formulations, a similar simulated behaviour
is observed but the overall risk of failure
is significantly higher in castable formulations containing cubic Tabular Alumina (TA).
Since, despite overall lower angle of friction,

the castable formulation that contained
only splintered TA seemed to perform better, the cohesion appeared to be the key to
optimize the failure tendency of refractory
castable. The development of formulations
with grains presenting even more angular
and/or elongated shapes than the splintered TA to enhance the cohesion, could
therefore be a way to significantly improve
the performance of refractory castables,
and potentially even shaped refractory
products.
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