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1. Introduction

Refractory-lined steel ladles play a crucial role in secondary
metallurgy. Steel ladles are used as refining and transport vessels
for molten steel, and are exposed to strongly varying operating
conditions.[1,2] A well-designed steel ladle offers benefits in
terms of steel quality, productivity, lifetime, and refractory
consumption.[1,2] Various factors affect the performance of the
steel ladles; therefore, the design and lining of optimization
are complex. Using finite element (FE) simulations, the thermal

and thermomechanical performance of
steel ladle linings were evaluated exten-
sively to investigate the lining concepts.[3–10]

In previous studies, a ladle lining with typi-
cal structure was optimized using single-
response and multiresponse optimization
methods to prove the applicability of
concepts considering elastic material
behavior.[11–13] This study aims to optimize
the thermomechanical behavior of a com-
mercially used steel ladle slag zone lining
using a multiresponse optimization tech-
nique, the technique for order preference
by similarity to the ideal solution
(TOPSIS). A lining database was compiled
by varying the brick shape, initial expansion
allowance (IEA), and isolation layer thick-
ness (ILT). FE simulations, including irre-
versible material behavior, were performed
to obtain the responses. Subsequently, the
TOPSIS was used to convert multiple
responses into a single response and rank

the linings according to their performance. A combination of opti-
mal levels and factor contributions to the overall performance was
determined using the signal-to-noise (S/N) ratio and analysis of
variance (ANOVA).

2. Methodology

2.1. Case Study

For the case study, the slag zone lining of a commercially used steel
ladle in secondary metallurgy was selected. The lining had a three-
layer structure consisting of a 155mm magnesia carbon (MgO-C)
brick as the working lining (WL, brick 1), 70mm of high-alumina
castable as the permanent lining (PL), and 6mm as the isolation
layer (ISO), with an overall thickness of 261mm, including a
30mm steel shell (SS). The dimensions of brick shape 1 are out-
lined in Table 2. Based on the described slag zone lining and to
reduce the computational costs by considering all the symmetries,
a 3D unit cell model (Figure 1) of one-quarter of the original brick
dimensions was created in the commercial finite element software
ABAQUS[14] utilizing the coupled temperature–displacement ele-
ment type C3D8T. An IEA of 0.2mm in the circumferential direc-
tion was applied to the WL. This model is referred to below as the
standard reference model. The ladle preheating and first-ladle heat,
including the idle time, were simulated.

The ambient temperature of the refractory lining and the SS
was set to 25 °C. The thermal boundary conditions for the
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The optimization of refractory linings is a complex task due to the many factors
that influence the thermomechanical behavior. This study applies the multipa-
rameter optimization method technique for order preference by similarity to the
ideal solution to a commercially used slag zone lining of a secondary metal-
lurgical steel ladle, considering the influence of different material models in a
finite element (FE) simulation. The dataset is acquired by varying the working
lining brick shape, initial expansion allowance (IEA), and isolation layer thickness.
The maximum irreversible strain, joint opening at the hot face, and steel shell
temperature are determined from the FE simulation results and used as the input
values for the optimization. A larger circumferential brick dimension combined
with low IEA is favorable for the von Mises creep model. The main contribution is
from the IEA (98.53%). The optimized lining for the Drucker–Prager criterion has
a brick with a small circumferential dimension and larger IEA. The main influ-
encing factor is the brick shape (85.06%). The differences in the optimization
results and factor contributions can be explained by the contribution of the
constitutive models to the simulation results before and after the thermal shock.
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simulation were based on the measurements performed using a
commercial secondary steel ladle during service.[15] The mea-
sured temperature curves were used as reference, and the heat
transfer conditions were modified to fit simulated temperatures
(Figure 2). The simulated hot-face temperatures are shown in
Figure 2. The ladle was preheated for 57 h up to a hot face
(HF) temperature of 1000 °C. The decreases after 40 h and at

the end of preheating are caused by transports of the steel ladle
in the steel mill. The heat lasted 2.4 h, the thermal shock was
simulated with a temperature increase to 1600 °C in 120 s, fol-
lowed by an idle time of 1.5 h. Conditions at the inner surface
of the ladle were considered adiabatic during the idle time.
The heat transfer from the SS to the ambient temperature
was temperature-dependent, with the heat transfer coefficients
calculated according to ref. [16].

The symmetry planes defining the unit cell model were mod-
eled as symmetrical boundary conditions. The SS was mechani-
cally constrained in the circumferential direction. The contacts
between the lining layers and SS were modeled with the penalty
method as frictionless hard contacts.[14] The temperature-
dependent material properties of the resin-bonded MgO-C brick
and the material properties of the PL, ISO, and SS are listed in
Table 1. The applied Norton–Bailey compressive creep parame-
ters of the MgO-C material are outlined in ref. [17]. The density,
specific heat, conductivity, and thermal expansion were obtained
from the datasheets. The MgO-C Poisson's ratio of –0.2 was
measured at 25 °C using the impulse excitation technique with
flexure and torsional waves.

The thermal and thermomechanical responses were obtained
through coupled thermomechanical FE simulations. The
Drucker–Prager yield criterion (DP)[18] and Norton–Bailey creep
based on the von Mises stress (VMC)[14] were applied to consider
the irreversible material behavior. The selected parameters for
the optimization included the maximum irreversible strain in the
circumferential direction (εir), the joint opening at the HF at the
end of preheating (xopen), and the SS temperature on the outer
surface at the end of the idle time (ϑST).

2.2. Establishment of Lining Configuration Dataset

The process conditions and geometry influence the stress, strain,
and temperature distribution in an industrial lining. To obtain
lining configurations as a basis for the optimization, the WL
brick shape, IEA, and ILT were varied, while the boundary con-
ditions remained identical for all models.

The aforementioned FE model described is the standard ref-
erence model for optimization. First, the shape of the WL brick
was varied to obtain different lining configurations.

Four different brick shapes were selected. The geometric
parameters of the WL bricks are listed in Table 2. The overall

Figure 1. Steel ladle slag zone lining finite element unit cell model: A) WL,
B) PL, C) ISO, D) SS, E) rigid plate, and F) symmetry planes.
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Figure 2. Simulated temperature on the WL HF and comparison of the
measured and simulated temperature curve in 60mm distance of the
WL HF.

Table 1. Material properties of the MgO-C material, PL, ISO, and SS.

MgO-C (WL) PL ISO SS

Young's modulus [GPa] E 31.6–51.2 20 0.17 210

Poisson's ratio ν –0.2 0.2 0.2 0.3

Cohesion[25] d 7–12.1 MPa – – –

Friction angle[25] β 63° – – –

Dilatation angle ϕ 48.4° – – –

Thermal expansion [K�1] α 7.5 � 10�6–1.06� 10�5 7� 10�6 6� 10�6 1.2� 10�5

Conductivity [Wm�1 K�1] λ 7.5 3 0.15 50

Specific heat [Jkg�1 K�1] C 1000 1000 1000 1000

Density [kgm�3] ρ 3070 2950 1000 7600

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2024, 95, 2300557 2300557 (2 of 10) © 2024 The Authors. Steel Research International published by Wiley-VCH GmbH

 1869344x, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202300557 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [22/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


lining thickness remained constant for all the FE models, and the
PL thickness balanced the differences in the WL thickness. Brick
1 was used in the reference model. Bricks 2 and 3 were of the
same height as the reference brick with lower and higher WL
thicknesses, respectively. Brick 4 had a height of only 100mm
and WL thickness similar to that of Brick 1. This leads to four
linings with different WL and PL dimensions and identical over-
all lining thickness.

For each FE model, utilizing the four WL bricks, the IEA and
ILT were varied. Five different IEAs and ILTs were selected,
resulting in 25 individual lining configurations per WL brick
shape. In addition, the overall lining thickness remained con-
stant. The size of the IEA was determined as a percentage of
theWLHF width: 0.21%, 0.32%, 0.42%, 0.53%, and 0.63% defin-
ing the IEA, respectively. The actual IEA in millimeters for each
FE model was calculated by multiplying the WL HF width by the
respective defined percentages. The applied ILTs were 0, 3, 6, 9,
and 12mm. The difference in thickness was balanced by the PL
thickness so that the overall lining thickness remained constant.
The outlined procedure resulted in 100 different lining configu-
rations and simulation results for each applied constitutive
model.

A hexagonal mesh was used for all models. As the dimensions
of the simulation models and lining sections vary considerably,
the mesh sizes also vary. At the beginning of the study, a mesh
optimization was carried out to find the optimum configurations.
During the simulations, the mesh size was not changed, and the
minimummesh size used in the WL was 3mm. For the standard
reference model outlined, the mesh sizes were 3–7mm for
WL with smaller mesh sizes on the HF, 5mm for PL and SS,
3mm ISO.

The factors applied for the steel ladle lining optimization were
the geometry (A), represented by the WL brick shape; IEA
applied (B); and temperature (C), represented by the ILT.
In Table 3, the optimization factors are outlined in detail.

Simulations can provide results that do not meet the required
conditions. Therefore, selection criteria (SC) were applied. SC 1
restricts the maximum SS temperature at the outer surface to
≤400 °C at the end of the idle time. To meet the second SC,
the joint opening in the circumferential direction in 30mm
depth from the HF needs to be <0.2mm at the end of preheat-
ing. This is a condition for securing closed joints at the beginning
of the heat. A value of 0.2 mm represents closed joints between
two bricks because tighter packing is impossible due to surface
roughness. If the simulation results met both criteria, they were
considered for optimization. This reduced the 100 lining config-
urations dataset to 42 for the VMC model and 43 when the DP
criterion was applied (Figure 3). When both the criteria weremet,
the square was marked in green; a white square indicated that
this criterion was fulfilled, and red square indicated that the sim-
ulation result did not meet the criterion. The optimization factors
B5 (IEA of 0.63%) and C1 (0mm ILT) were completely excluded.

2.3. TOPSIS

TOPSIS is a multiobjective decision-making method developed
by Hwang and Yoon[19] and it is used to determine the best alter-
native among a set. Therefore, multiple responses are converted
into a single response, represented by the relative closeness to
the ideal solution (Cþ). The solution with the farthest and
shortest Euclidean distance to the antiideal and ideal solutions,
respectively, is called the best alternative. TOPSIS has
already been applied to the ladle lining optimization[13] and other
steelmaking-related topics.[20–23] Its implementation procedure is
outlined in Figure 4 and consists of the following steps:

Step 1: Normalization of responses

γij ¼
YijffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Y2
ij

s (1)

where Yij is the normalized value of the jth response in the alter-

native, Yij is the value of the jth response in the ith alternative, and
N is the number of alternatives.

Step 2: Calculation of weighted normalized responses

vij ¼ γij ⋅ wj (2)

where vij is the weighted normalized value of the jth response in

the ith alternative, wj is the weight of the jth response, andPn
i¼1 wj ¼ 1 for a dataset with n responses.
Step 3: Determination of the ideal (Aþ) and anti-ideal (A�)

solutions for “the lower, the better”-characteristic

Aþ ¼ fvþ1 , vþ2 , : : : , vþn g ¼ min
1≤i≤N

ðvijÞ, j ¼ 1, 2, : : : , n (3)

A� ¼ fv�1 , v�2 , : : : , v�n g ¼ max
1≤i≤N

ðvijÞ, j ¼ 1, 2, : : : , n (4)

where vþn and v�n are the ideal and anti-ideal solutions of the
nth response, respectively; N is the number of alternatives;
and n is the number of responses.

Table 3. Optimization factors of the steel ladle lining.

Geometry IEA ILT [mm]

A1 Brick 1 B1 IEA 1 C1 0

A2 Brick 2 B2 IEA 2 C2 3

A3 Brick 3 B3 IEA 3 C3 6

A4 Brick 4 B4 IEA 4 C4 9

B5 IEA 5 C5 12

Table 2. Characterization of WL brick shapes and respective PL thickness
in FE model.

Brick WL thickness
[mm] x-axis

WL HF width
[mm] y-axis

WL CE width
[mm] y-axis

WL height
[mm] z-axis

PL thickness
[mm] x-axis

1 155 95 105 250 70

2 124 120 130 250 101

3 187 94 106 250 38

4 152.4 140 154 100 72.6
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Step 4: Calculation of the Euclidian distances to the ideal (Aþ)
and anti-ideal (A�) solutions

Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

ðvij � vþj Þ2
vuut (5)

D�
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
j¼1

ðvij � v�j Þ2
vuut (6)

Step 5: Calculation of the relative closeness to the ideal solution
(Cþ) of each alternative

Cþ
i ¼ D�

i

Dþ
i þ D�

i
(7)

The alternatives are ranked according to the relative closeness
to the ideal solution (Cþ). A high Cþ value indicates a better
performance, and the best alternative yields the highest Cþ value.

2.4. Combination of Optimal Levels

S/N ratios were calculated for the Cþ values to obtain a combi-
nation of optimal levels. A higher Cþ value indicates a better

lining performance, so Cþ was evaluated with “the larger, the
better” characteristic of Equation (8).[24] The optimal level yields
the highest S/N ratio for each factor:

S
N

¼ �10log
1
m

Xm
i¼1

1
Y2
i

 !
(8)

where m is the number of alternatives at one level of one factor,
and Yi is the value of the i

th alternative at one level of one factor.

3. Results and Discussion

The input datasets generated from the ladle lining simulation
results were treated separately for the von Mises creep model
and Drucker–Prager constitutive model. All the input values
related to the lining data are outlined in Table 4. Lining case 20
of the VMC dataset was excluded due to the application of the SC.

3.1. Optimization Based on the Von Mises Creep Simulation
Results

The responses were normalized using Equation (1), and equal-
weighted normalized responses were calculated using
Equation (2). Subsequently, the ideal and anti-ideal solutions
were determined using Equation (3) and (4). The Euclidian dis-
tances of the alternative to ideal (Dþ

i ) and anti-ideal (D�
i ) solu-

tions and the relative closeness to the ideal solution (Cþ) were
calculated according to Equation (5)–(7), respectively. All the
results are outlined in Table 5. The best steel-ladle lining case
with the highest relative closeness Cþ among the 42 cases
was Case 14, utilizing Brick 2, an IEA of 0.25mm and 9mm
of ILT (A2B1C4) (Figure 5). Several cases had Cþ values very
close to the best case, i.e., Case 14. A common feature of these
cases was the application of the smallest IEA with 0.21% of the
HF dimension.

The larger the better characteristics expressed by Equation (8)
were used to calculate the S/N ratio of the Cþ, as shown in
Figure 6. The combination of the optimal levels was A2B1C2.

ANOVA was performed to evaluate the contributions of the
individual factors. The contribution of each factor to Cþ is shown

Figure 3. Simulation result datasets from: a) von Mises creep model, b) Drucker–Prager constitutive model when the SC were applied.

Figure 4. Flowchart of TOPSIS optimization procedure.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2024, 95, 2300557 2300557 (4 of 10) © 2024 The Authors. Steel Research International published by Wiley-VCH GmbH

 1869344x, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202300557 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [22/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


Table 4. Simulation results (εir, xopen, ϑST).

Case Brick
shape

IEA
[mm]

PL thickness
[mm]

ILT
[mm]

VMC DP

εir [�] xopen [mm] ϑST [°C] εir [�] xopen [mm] ϑST [°C]

1 1 0.2 70 6 �1.17 E-02 2.86 E-03 371.9 �1.15 E-02 9.01 E-02 371.9

2 1 0.2 67 9 �1.19 E-02 1.70 E-03 341.5 �1.19 E-02 9.08 E-02 341.5

3 1 0.2 64 12 �1.21 E-02 1.18 E-03 315.6 �1.22 E-02 8.76 E-02 315.6

4 1 0.3 70 6 �1.08 E-02 3.32 E-02 371.9 �1.02 E-02 8.79 E-02 371.9

5 1 0.3 67 9 �1.10 E-02 2.37 E-02 341.5 �1.06 E-02 8.57 E-02 341.5

6 1 0.3 64 12 �1.12 E-02 2.05 E-02 315.6 �1.09 E-02 8.71 E-02 315.6

7 1 0.4 70 6 �9.78 E-03 8.07 E-02 371.9 �8.76 E-03 9.53 E-02 371.9

8 1 0.4 67 9 �1.01 E-02 6.77 E-02 341.5 �9.30 E-03 8.90 E-02 341.5

9 1 0.4 64 12 �1.02 E-02 5.73 E-02 315.6 �9.63 E-03 8.60 E-02 315.6

10 1 0.5 67 9 �9.04 E-03 1.15 E-01 341.5 �8.04 E-03 1.21 E-01 341.5

11 1 0.5 64 12 �9.20 E-03 1.04 E-01 315.6 �8.19 E-03 1.13 E-01 315.6

12 2 0.25 104 3 �1.14 E-02 6.39 E-03 395.2 �1.13 E-02 1.10 E-01 395.2

13 2 0.25 101 6 �1.17 E-02 2.66 E-03 360.3 �1.18 E-02 1.05 E-01 360.3

14 2 0.25 98 9 �1.19 E-02 1.19 E-03 330.5 �1.21 E-02 1.00 E-01 330.5

15 2 0.25 95 12 �1.21 E-02 3.56 E-04 306.3 �1.23 E-02 9.65 E-02 306.3

16 2 0.38 104 3 �1.04 E-02 5.78 E-02 395.2 �1.00 E-02 1.18 E-01 395.2

17 2 0.38 101 6 �1.07 E-02 4.09 E-02 360.3 �1.05 E-02 1.14 E-01 360.3

18 2 0.38 98 9 �1.09 E-02 3.16 E-02 330.5 �1.08 E-02 1.10 E-01 330.5

19 2 0.38 95 12 �1.10 E-02 2.73 E-02 306.3 �1.11 E-02 1.07 E-01 306.3

20 2 0.51 104 3 – – – �8.54 E-03 1.34 E-01 395.2

21 2 0.51 101 6 �9.67 E-03 1.03 E-01 360.3 �9.05 E-03 1.24 E-01 360.3

22 2 0.51 98 9 �9.80 E-03 9.04 E-02 330.5 �9.35 E-03 1.18 E-01 330.5

23 2 0.51 95 12 �1.00 E-02 8.04 E-02 306.3 �9.57 E-03 1.13 E-01 306.3

24 3 0.2 38 6 �1.17 E-02 2.88 E-03 383 �1.11 E-02 8.12 E-02 383

25 3 0.2 35 9 �1.20 E-02 1.07 E-03 351.9 �1.19 E-02 8.64 E-02 351.9

26 3 0.2 32 12 �1.22 E-02 8.21 E-04 323.9 �1.21 E-02 8.96 E-02 323.9

27 3 0.3 38 6 �1.09 E-02 3.57 E-02 383 �9.92 E-03 8.16 E-02 383

28 3 0.3 35 9 �1.11 E-02 2.17 E-02 351.9 �1.04 E-02 7.88 E-02 351.9

29 3 0.3 32 12 �1.13 E-02 1.69 E-02 323.9 �1.08 E-02 8.13 E-02 323.9

30 3 0.4 38 6 �9.98 E-03 8.31 E-02 383 �8.83 E-03 9.61 E-02 383

31 3 0.4 35 9 �9.03 E-03 6.57 E-02 351.9 �9.22 E-03 8.62 E-02 351.9

32 3 0.4 32 12 �1.05 E-02 5.18 E-02 323.9 �9.51 E-03 8.08 E-02 323.9

33 3 0.5 35 9 �9.28 E-03 1.13 E-01 351.9 �8.16 E-03 1.18 E-01 351.9

34 3 0.5 32 12 �9.55 E-03 9.88 E-02 323.9 �8.36 E-03 1.09 E-01 323.9

35 4 0.29 72.6 6 �1.15 E-02 3.45 E-03 371.6 �1.17 E-02 1.46 E-01 371.6

36 4 0.29 69.6 9 �1.18 E-02 1.94 E-03 341.2 �1.21 E-02 1.41 E-01 341.2

37 4 0.29 66.6 12 �1.20 E-02 1.25 E-03 315.3 �1.24 E-02 1.29 E-01 315.3

38 4 0.44 72.6 6 �1.05 E-02 4.57 E-02 371.6 �1.05 E-02 1.45 E-01 371.6

39 4 0.44 69.6 9 �1.07 E-02 3.14 E-02 341.2 �1.09 E-02 1.40 E-01 341.2

40 4 0.44 66.6 12 �1.09 E-02 2.66 E-02 315.3 �1.12 E-02 1.40 E-01 315.3

41 4 0.59 72.6 6 �9.33 E-03 1.22 E-01 371.6 �9.00 E-03 1.52 E-01 371.6

42 4 0.59 69.6 9 �9.57 E-03 1.03 E-01 341.2 �9.42 E-03 1.44 E-01 341.2

43 4 0.59 66.6 12 �9.86 E-03 8.78 E-02 315.3 �9.74 E-03 1.38 E-01 315.3
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Table 5. Normalized responses γij , weighted normalized responses vij, D
þ
i ,D

�
i , and Cþ

i of the von mises creep input data.

Case γij vij Dþ
i D�

i Cþ
i

εir xopen ϑST εir xopen ϑST

1 �0.1673 0.0074 0.1662 �0.0552 0.0024 0.0548 0.0159 0.1023 0.8654

2 �0.1706 0.0044 0.1526 �0.0563 0.0015 0.0504 0.0145 0.1036 0.8768

3 �0.1733 0.0031 0.1410 �0.0572 0.0010 0.0465 0.0145 0.1043 0.8778

4 �0.1544 0.0863 0.1662 �0.0509 0.0285 0.0548 0.0309 0.0766 0.7125

5 �0.1575 0.0617 0.1526 �0.0520 0.0204 0.0504 0.0227 0.0849 0.7891

6 �0.1599 0.0532 0.1410 �0.0528 0.0175 0.0465 0.0200 0.0881 0.8150

7 �0.1403 0.2098 0.1662 �0.0463 0.0692 0.0548 0.0697 0.0374 0.3494

8 �0.1443 0.1760 0.1526 �0.0476 0.0581 0.0504 0.0582 0.0484 0.4538

9 �0.1467 0.1488 0.1410 �0.0484 0.0491 0.0465 0.0491 0.0576 0.5395

10 �0.1296 0.2983 0.1526 �0.0428 0.0984 0.0504 0.0983 0.0181 0.1558

11 �0.1319 0.2712 0.1410 �0.0435 0.0895 0.0465 0.0892 0.0239 0.2117

12 �0.1633 0.0166 0.1766 �0.0539 0.0055 0.0583 0.0180 0.0993 0.8468

13 �0.1675 0.0069 0.1610 �0.0553 0.0023 0.0531 0.0150 0.1026 0.8727

14 �0.1706 0.0031 0.1477 �0.0563 0.0010 0.0487 0.0140 0.1041 0.8813

15 �0.1729 0.0009 0.1369 �0.0571 0.0003 0.0452 0.0143 0.1052 0.8802

16 �0.1498 0.1503 0.1766 �0.0494 0.0496 0.0583 0.0514 0.0557 0.5200

17 �0.1533 0.1064 0.1610 �0.0506 0.0351 0.0531 0.0366 0.0701 0.6574

18 �0.1558 0.0821 0.1477 �0.0514 0.0271 0.0487 0.0284 0.0785 0.7344

19 �0.1581 0.0710 0.1369 �0.0522 0.0234 0.0452 0.0250 0.0825 0.7677

21 �0.1386 0.2673 0.1610 �0.0457 0.0882 0.0531 0.0883 0.0211 0.1927

22 �0.1406 0.2350 0.1477 �0.0464 0.0775 0.0487 0.0774 0.0310 0.2858

23 �0.1435 0.2091 0.1369 �0.0473 0.0690 0.0452 0.0688 0.0394 0.3642

24 �0.1680 0.0075 0.1712 �0.0554 0.0025 0.0565 0.0171 0.1023 0.8565

25 �0.1716 0.0028 0.1573 �0.0566 0.0009 0.0519 0.0154 0.1040 0.8708

26 �0.1752 0.0021 0.1447 �0.0578 0.0007 0.0478 0.0153 0.1045 0.8723

27 �0.1567 0.0927 0.1712 �0.0517 0.0306 0.0565 0.0335 0.0744 0.6892

28 �0.1597 0.0565 0.1573 �0.0527 0.0186 0.0519 0.0219 0.0864 0.7977

29 �0.1627 0.0441 0.1447 �0.0537 0.0145 0.0478 0.0181 0.0909 0.8337

30 �0.1431 0.2159 0.1712 �0.0472 0.0713 0.0565 0.0720 0.0351 0.3280

31 �0.1296 0.1708 0.1573 �0.0428 0.0564 0.0519 0.0565 0.0510 0.4748

32 �0.1504 0.1346 0.1447 �0.0496 0.0444 0.0478 0.0447 0.0617 0.5800

33 �0.1331 0.2931 0.1573 �0.0439 0.0967 0.0519 0.0967 0.0173 0.1515

34 �0.1370 0.2569 0.1447 �0.0452 0.0848 0.0478 0.0845 0.0258 0.2340

35 �0.1642 0.0090 0.1661 �0.0542 0.0030 0.0548 0.0152 0.1019 0.8702

36 �0.1687 0.0051 0.1525 �0.0557 0.0017 0.0503 0.0140 0.1034 0.8809

37 �0.1723 0.0033 0.1409 �0.0569 0.0011 0.0465 0.0142 0.1043 0.8802

38 �0.1499 0.1189 0.1661 �0.0495 0.0392 0.0548 0.0406 0.0661 0.6192

39 �0.1537 0.0816 0.1525 �0.0507 0.0269 0.0503 0.0283 0.0785 0.7353

40 �0.1570 0.0691 0.1409 �0.0518 0.0228 0.0465 0.0243 0.0830 0.7735

41 �0.1339 0.3173 0.1661 �0.0442 0.1047 0.0548 0.1048 0.0141 0.1185

42 �0.1372 0.2680 0.1525 �0.0453 0.0885 0.0503 0.0883 0.0220 0.1995

43 �0.1414 0.2281 0.1409 �0.0467 0.0753 0.0465 0.0751 0.0336 0.3091
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in Figure 7. Factor B, which was the IEA, made the most signifi-
cant contribution to Cþ (98.53%). Both the other factors have
minor contributions, with 1.12% for C and 0.35% for A.

3.2. Optimization Based on the Drucker–Prager Simulation
Results

The normalized responses, weighted normalized responses,
Dþ

i , D
�
i , and Cþ

i are listed in Table 6. The higher the relative

closeness Cþ, the better the performance. Figure 8 shows the
rankings of the lining configurations. Case 32 provides the best
performance among all the linings, consisting of Brick 3, 0.4 mm
IEA, and 12mm ILT (A3B3C5). The number of cases with a Cþ

value similar to that of the ideal case was lower than that of the
VMC optimization. The cases representing the best performance
for the DP criterion have a brick shape with low circumferential
dimension, 0.4mm IEA, and high ILT.

As shown in Figure 9, the combination of the optimal levels
for Cþ of the Drucker–Prager dataset was A3B4C5.

Similar to the von Mises dataset Cþ, the statistical tool
ANOVA was applied to quantitatively evaluate the main factors
influencing the Cþ in the Drucker–Prager dataset. The percent-
age contributions of each factor to the Cþ are shown in Figure 10.
The most significant contribution comes from Factor A (brick
shape, 85.06%). Factors B and C, with percentages of 7.79%
and 7.15%, respectively, still have a considerable contribution.

3.3. Comparison of the Lining Optimization Results

The TOPSIS results indicated significantly different ideal lining
configurations for the material models. For the VMC simula-
tions, the best solution was A1B1C4, whereas A3B3C5 was
the ideal solution when the DP criterion was used. In compari-
son, the combination of optimal levels was A1B1C2 for VMC and
A3B4C5 for DP. The results of the best solution and combination
of optimal levels differed slightly. Both the results indicate that a
brick shape with a larger circumferential dimension (WL HF
width) combined with a small IEA is favorable for the VMC.
If the DP criterion is applied, the favorable lining configuration
consists of a brick shape with small circumferential dimension
and IEA larger than that of the VMC. The most important factor
influencing the Cþ for the VMC was Factor B, the IEA, with
98.53%, compared to Factor A, the brick shape, which accounted
for 85.06% in the case of DP.

The large difference in factor contribution between the VMC
and DP criteria can be explained by the contribution of the
constitutive models and is also indicated by the input value xopen
(Table 4). The MgO-Cmaterial creep contributes above 800 °C, so
during preheating up to 1000 °C, a considerable amount of creep
strain manifests and increases the joint opening xopen until the
end of preheating because temperatures in some distance of the
HF increase. However, for the DP criterion, the failure line must
be reached to trigger the irreversible strains. This occurs mainly

0.0

0.2

0.4

0.6

0.8

1.0

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

C
+

Case number

Figure 5. Cþ for all cases of von Mises creep dataset.
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Figure 6. S/N ratio for Cþ of the von Mises creep dataset.
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Figure 7. Contribution of individual factors to Cþ of the von Mises creep
dataset.
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Table 6. Normalized responses γij , weighted normalized responses vij, D
þ
i ,D

�
i , and Cþ

i of the Drucker–Prager input data.

Case γij vij Dþ
i D�

i Cþ
i

εir xopen ϑST εir xopen ϑST

1 �0.1685 0.1246 0.1637 �0.0556 0.0411 0.0556 0.0201 0.0286 0.5871

2 �0.1746 0.1255 0.1503 �0.0576 0.0414 0.0511 0.0203 0.0290 0.5886

3 �0.1785 0.1212 0.1389 �0.0589 0.0400 0.0472 0.0205 0.0316 0.6061

4 �0.1497 0.1215 0.1637 �0.0494 0.0401 0.0556 0.0150 0.0311 0.6747

5 �0.1548 0.1185 0.1503 �0.0511 0.0391 0.0511 0.0137 0.0323 0.7023

6 �0.1596 0.1204 0.1389 �0.0527 0.0397 0.0472 0.0144 0.0326 0.6934

7 �0.1282 0.1318 0.1637 �0.0423 0.0435 0.0556 0.0128 0.0313 0.7091

8 �0.1360 0.1231 0.1503 �0.0449 0.0406 0.0511 0.0093 0.0332 0.7816

9 �0.1409 0.1189 0.1389 �0.0465 0.0392 0.0472 0.0084 0.0349 0.8054

10 �0.1177 0.1677 0.1503 �0.0388 0.0553 0.0511 0.0201 0.0264 0.5682

11 �0.1199 0.1557 0.1389 �0.0396 0.0514 0.0472 0.0155 0.0295 0.6555

12 �0.1656 0.1515 0.1739 �0.0547 0.0500 0.0591 0.0250 0.0199 0.4435

13 �0.1721 0.1457 0.1586 �0.0568 0.0481 0.0539 0.0231 0.0220 0.4871

14 �0.1765 0.1387 0.1454 �0.0582 0.0458 0.0495 0.0220 0.0254 0.5354

15 �0.1795 0.1335 0.1348 �0.0592 0.0441 0.0458 0.0219 0.0284 0.5644

16 �0.1469 0.1626 0.1739 �0.0485 0.0536 0.0591 0.0241 0.0192 0.4437

17 �0.1531 0.1576 0.1586 �0.0505 0.0520 0.0539 0.0214 0.0202 0.4853

18 �0.1573 0.1515 0.1454 �0.0519 0.0500 0.0495 0.0195 0.0229 0.5399

19 �0.1624 0.1476 0.1348 �0.0536 0.0487 0.0458 0.0195 0.0252 0.5639

20 �0.1250 0.1853 0.1739 �0.0412 0.0612 0.0591 0.0286 0.0202 0.4145

21 �0.1325 0.1715 0.1586 �0.0437 0.0566 0.0539 0.0227 0.0211 0.4821

22 �0.1368 0.1627 0.1454 �0.0451 0.0537 0.0495 0.0192 0.0234 0.5504

23 �0.1401 0.1565 0.1348 �0.0462 0.0517 0.0458 0.0173 0.0259 0.5989

24 �0.1628 0.1123 0.1685 –0.0537 0.0370 0.0573 0.0188 0.0328 0.6350

25 �0.1736 0.1195 0.1549 �0.0573 0.0394 0.0527 0.0200 0.0306 0.6049

26 �0.1768 0.1239 0.1425 �0.0583 0.0409 0.0485 0.0203 0.0303 0.5990

27 �0.1451 0.1128 0.1685 �0.0479 0.0372 0.0573 0.0147 0.0342 0.6996

28 �0.1518 0.1090 0.1549 �0.0501 0.0360 0.0527 0.0132 0.0352 0.7279

29 �0.1580 0.1124 0.1425 �0.0521 0.0371 0.0485 0.0136 0.0347 0.7186

30 �0.1292 0.1330 0.1685 �0.0426 0.0439 0.0573 0.0144 0.0307 0.6798

31 �0.1349 0.1192 0.1549 �0.0445 0.0393 0.0527 0.0095 0.0342 0.7825

32 �0.1392 0.1118 0.1425 �0.0459 0.0369 0.0485 0.0076 0.0368 0.8285

33 �0.1193 0.1634 0.1549 �0.0394 0.0539 0.0527 0.0192 0.0263 0.5780

34 �0.1223 0.1511 0.1425 �0.0404 0.0499 0.0485 0.0142 0.0294 0.6739

35 �0.1717 0.2024 0.1635 �0.0567 0.0668 0.0556 0.0369 0.0053 0.1258

36 �0.1771 0.1947 0.1501 �0.0584 0.0642 0.0511 0.0348 0.0096 0.2158

37 �0.1813 0.1785 0.1388 �0.0598 0.0589 0.0472 0.0311 0.0158 0.3365

38 �0.1538 0.2009 0.1635 �0.0507 0.0663 0.0556 0.0340 0.0102 0.2299

39 �0.1588 0.1937 0.1501 �0.0524 0.0639 0.0511 0.0315 0.0122 0.2784

40 �0.1633 0.1933 0.1388 �0.0539 0.0638 0.0472 0.0317 0.0144 0.3127

41 �0.1317 0.2097 0.1635 �0.0435 0.0692 0.0556 0.0349 0.0167 0.3239

42 �0.1379 0.1993 0.1501 �0.0455 0.0658 0.0511 0.0310 0.0168 0.3515

43 �0.1425 0.1915 0.1388 �0.0470 0.0632 0.0472 0.0284 0.0185 0.3944
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during the thermal shock; therefore, the DP criterion does not
contribute irreversible strains during preheating.

The xopen results can be distinguished based on the circum-
ferential dimensions. For the bricks with small circumferential
dimensions (Bricks 1 and 3), the relative difference in xopen
between the IEA 1 and IEA 4 was high (0.002! 0.11mm)
and similar for both the constitutive models. For bricks with
large circumferential dimensions (Bricks 2 and 4), the xopen
results were different for the material models. For the VMC sim-
ulations, the results were similar to those for bricks with small
circumferential dimensions. For the DP model, the relative dif-
ference is small (0.09! 0.13mm). Since input parameters with

large relative differences affect the results more, it follows that
the IEA for VMC and the brick geometry for DP are the deter-
mining factors.

A more simplified input parameter set utilizing the irrevers-
ible strain and SS temperature would display similar optimum
designs for both constitutive models (i.e., the highest insulation
and the highest expansion allowance), and only the percentages
of the contribution factors would differ slightly.

4. Conclusion

TOPSIS was successfully applied to optimize a steel ladle slag
zone lining by considering commercial refractory materials, a
measured temperature program, and irreversible material
behavior. For the applied constitutive models, VMC and DP,
the optimal lining configurations differed significantly. A lining
optimized using the VMC simulation data has a brick with a large
circumferential dimension and no or only a small IEA. The main
factor influencing the contribution of 98.53% was Factor B, IEA.
Bricks with a small circumferential dimension combined with an
IEA larger than that for the VMC yield the optimized lining con-
figuration according to the DP simulation data. With 85.06% of
Factor A, the brick shape was the main contributor. Because the
ladle lining is a very complex system, these results help to
improve the understanding of the optimal refractory lining
design.

Comprehending the failure mechanisms, whether time-
dependent or time-independent, holds pivotal importance in
optimizing and designing refractory linings. In the case of the
presented MgO-C material, notable creep failure manifests
prominently at 800 °C, inducing considerable creep strain during
preheating. Typically, the DP failure line is reached during ther-
mal shock, leading to minimal irreversible strains in the preheat-
ing phase. Consequently, the impact of constitutive models
varies distinctly across different timeframes, greatly influenced
by material properties and subject to alteration based on the spe-
cific refractory material employed. In the case, the DP failure line
cannot be reached, creep failure is the main contributor in the
high-temperature region.

Further adaptation of the optimization procedure, such as
applying different weights or weighting methods to the input
data, should be considered. In addition, a combined material
model that considers the DP and VMC in the elastic region
would be advantageous. The results for linings with a constant
IEA could also be valuable as well, as it may be difficult to apply
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Figure 8. Cþ for all cases of the Drucker–Prager dataset.
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Figure 9. S/N ratio for Cþ of the dataset.
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Figure 10. Contribution of individual factors to Cþ of the dataset.
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the exact IEA from a practical point of view. In future investiga-
tions, the lining configuration obtained by the optimization pro-
cedure should be validated by experimental trails in a dedicated
testing furnace.
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