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Abstract: Expansion joint has an important effect on the thermal stress of ladle composite construction 
body. The thermal expansion stress is one of important reasons that lead to damage, so it is of great 
practical value to calculate the thermal expansion stress. Expansion joint question between the inside 
linings could be summed up as a kind of contact question, whose physical model was set up, and the 
finite element model of expansion joint of bottom lining in ladle composite construction body was built. 
The contact stress of expansion joint in each layer was researched. The results illustrate that setting  
2 millimeters expansion joint can reduce the contact stress which is equate to 1/6 ~ 1/5 of crushing 
strength of the lining. Copyright © 2012 IFSA. 
 
Keywords: Ladle composite construction body, Bottom lining, Expansion joint, Finite element method, 
Thermal stress. 
 
 
 
1. Introduction 
 
The ladle is in the metallurgical industry an important vessel to contain and transfer molten steel whose 
service life directly affects the normal production and cost of incorporations. When the ladle is put into 
service, its lining temperature distribution has a vital effect on the lining thermomechanical stress 
distribution, even service life. Thus, it is necessary to comprehend the ladle stress distribution [1]. 
 
Research of the ladle temperature and stress deepens continuously with the development of refractory 
material and advance of steel-making process. Its main purpose is to analyze reasons of the shell 
temperature increase, refractory material erosion and structure instability as well as to look for measures 
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[2]. G. S. Sarmiento [3] developed software TEMPCU specialized in analysis of the ladle temperature 
field and stress field. The software adopted the finite element method to establish two dimensional 
model of the ladle. The temperature field and stress field could be analyzed in all stages of ladle 
preheating, Subjected steel, refining and conveyance, pouring as well as cooling; Non-local damage 
approaches to account for the coarse nature of the refractory micro-structure have only been used in 
Nazaret and Barrau [4]; Jianyi Kong [5] researched influence of the ladle working lining thickness and 
heat transfer coefficient on its temperature; Guozhang Jiang [6] researched the influence of refractory 
material physical parameters and various working lining thickness on distribution of stress field of ladle 
wall during the process of receiving steel and offered some references for the ladle design; Zhigang 
Wang [7] used the finite element method to implement numerical simulation on ladle bottom 
temperature and stress field. The calculation result indicated that the ladle is still in the state of absorbing 
heat after preheating and reached to “quasi-steady state” after several heat recycles; After preheating, 
stress value of working layer of the ladle bottom reached to the maximum at the instance of pouring 
molten steel; stress in the ladle bottom working layer hot surface near to the ladle wall is higher than that 
near to the center. The insulated device is installed near to the ladle wall to diminish its stress. 
 
From above, it can be seen from research of the ladle at home and domestic that their study mainly 
focuses on control of ladle temperature and influence of various lining material on ladle temperature and 
stress distribution. In such research, researchers utilize preferably a 2-D axisymmetric or simplified 
model. As a matter of fact, the 2-D axisymmetric or simplified model can not thoroughly reflect the 
actual ladle. The stress field of the ladle, as a composite construction body, is further studied. 
 
The thermal stress is one of important factors which lead to the ladle damage as ladles operate under 
conditions of high temperature and overload. The thermal expansion arises in the ladle lining and shell 
which are associated with high temperature. When the deformation arising from the thermal expansion 
in the ladle lining and shell is subjected to mutual constraint each other, the thermal expansion stress was 
generated. The most effective approach of adjusting the ladle thermal expansion stress is to set up the 
expansion joint. Whereas, if the expansion joint is too large, it easily results in “molten steel seepage” 
and causes serious accidents; if the expansion joint is too little, the thermal stress expands, which 
diminishes the service life of the shell and refractory bricks. Therefore, calculation of the thermal 
expansion stress is of great practical value. 
 
The lining expansion joint value is defined during the ladle construction. Flanks on the ladle lining 
bricks requiring the expansion joint are added up with normal thickness papers. The papers combust as a 
result of high temperature when the ladle enters the working condition of subjected molten steel at the 
end of heating the ladle. And then the expansion joint appears in the paper location. The expansion joint 
value of the ladle lining determined, the thermal stress of the ladle lining decreases. At the same time, the 
accident of steel seepage of the ladle is avoided occurring. So the expansion joint left in the lining 
expansion joint is just filled with expanded lining bricks in order to guarantee production safe when the 
ladle is transferred into the working condition of subjected molten steel after heating the ladle. 
 
The approach that the thermal stress in the ladle with the expansion joint was defined by the finite 
element method was: choosing the thermal-structural coupled element could obtain both: the 
temperature field and thermal stress as well as the normal pressure not only between lining bricks but 
also on the contact surface between lining bricks and the shell. 
 
 
2. Physical Model of Contact Problems 
 
The contact problem is one type of complex nonlinear problems, which belongs to nonlinear problems of 
the boundary condition. The complexity mainly derived from change of system states, separate and 
contact between objects namely. In contact problems, the contact surface between two contacts is 
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commonly unknown beforehand, and the boundary condition is not prescribed before calculation but is 
given by the computation result. Area and pressure distributions of the contact surface between two 
contacts depend on change of the applied load and initial gap and are related to the contact stiffness. 
There are primarily the penalty method and penalty method combined with Lagrange multiplier method 
for dealing with contact problems. When gap between the contact and target surface is greater than zero, 
the contact status is closed; otherwise it switches to open. The contact penetration is denoted by the gap 
value. As the contact node penetrates the target surface, the contact occurs. The relation between normal 
force Fn which the contact section is subjected to and gap value is represented as [5]: 
 
As for the penalty method, the normal contact force is denoted by: 
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0 0
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, (1) 

 
where Kn is the contact stiffness; g is the contact gap. 
 
For the penalty method combined with the Lagrange multiplier method, Lagrange polynomial of force is 
iterated repeatedly in each element. The normal contact force is indicated as: 
 
 

n n i+1min(0, )F F g     , (2) 
 

where λi+1 is the Lagrange multiplier force in the i+1 iteration, which is represented by: 
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, (3) 

 

where FTOLN is the allowable penetration tolerance defined by users; α is the inner calculation factor 
(α<1). 
 
The friction force on the contact surface, the tangential force of the contact surface namely, is introduced 
owing to increasing frictions which contact nodes coming together and moving towards target nodes 
result in. 
 
For three types of friction forms (Free friction, elastic Coulomb friction and rigid Coulomb friction), 
note that the friction force is given by: 
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, (4) 

 

where Ft is the adhesive stiffness. e
su  is the elastic tangential deform. μ is the adhesive force limit in the 

Coulomb friction mode. 1
sF  is the ratio of coefficient of static-dynamic friction. 

 
 

3. Finite Element Model of Expansion Joint of the Ladle Bottom Lining 
 
The expansion joint of the ladle bottom lining is similar to the expansion joint of the ladle wall lining in 
the treatment method, except being set along the direction of the ladle height. Finite element models of 
the working layer and permanent layer as well as the permanent layer and outer shell were shown as 
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Figs. 1-2. Where a＝120 mm, b3＝4.5 mm, b4＝1 mm, h1＝230 mm, h2＝162 mm, h3＝75 mm. 
 

 
 

Fig. 1. Finite element model of the working layer and permanent layer. 
 
 

 
 

Fig. 2. Finite element model of the permanent layer and shell. 
 
 
4. Numerical Simulation of Contact Stress in Expansion Joint of Each Layer 
 
4.1. This is a Subtitle Example Contact Stress between the Working Layer  

and the Permanent Layer 
 
Fig. 3 gave the contour of temperature field distribution in the working layer and permanent layer. The 
temperature distributed between 253~1560 °C. Fig. 4 illustrated the plot of contact stress varying with 
expansion joint change. From Fig. 4, note that the contact stress generated on the contact surface by 
setting 2 mm expansion joint was 12.2 MPa; the contact stress introduced on the contact surface without 
the expansion joint was 21.5 MPa. It was seen that the contact stress on the contact surface declined 
gradually, which decreased 9.3 MPa at most as the expansion joint increased. 
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Fig. 3. Contour of temperature field distribution in the working layer and permanent layer. 
 
 

 
 

Fig. 4. Plot of contact stress between working layer and permanent layer varying 
with expansion joint change. 

 
 
4.2. Contact Stress between the Permanent Layer and Shell 
 
Fig. 5 illustrated the contour of temperature field distribution of the permanent layer and shell and the 
temperature was between 249~988 °C. Fig. 6 exhibited the plot of contact stress varying with expansion 
joint change. From Fig. 6, note that the contact stress which was induced on the contact surface of the 
refractory lining of the permanent layer when 1mm expansion joint was set was 3.3 MPa and the contact 
stress on the contact surface of the shell was 13.5 MPa; whereas, the contact stress which was generated 
on the contact surface of the refractory lining of the permanent layer when no expansion joint was set 
was 17.5 MPa and the contact stress on the contact surface of the shell was 75.7 MPa. 
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Fig. 5. Contour of temperature field distribution of the permanent layer and shell 
 
 

 
 

Fig. 6. Contour of contact stress between permanent layer and shell varying with expansion joint change. 
 
 
Crushing strengths of the magnesia-carbon brick, alumina-magnesia-carbon brick, high alumina brick 
were 48 MPa, 56.2 MPa, and 50.1 MPa, respectively. From the calculation above, note that the 
maximum contact stress on the contact surface 12.2 MPa when 2 mm expansion joint was set between 
the working layer and the permanent layer; nevertheless, the maximum contact stress on the contact 
surface increased by about 10 MPa and its increment occupied 1/6~1/5 of crushing strength of the 
refractory material. It was of extreme disbenefit to the service life of refractory bricks. 
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5. Conclusions 
 
It was obtained through simulation of effect of axial expansion joint of the ladle bottom on the ladle 
stress field that the difference of the contact stress between unsetting expansion joint and setting 2 mm 
expansion joint took up 1/6~1/5 of crushing strength of the refractory material. It was extraordinarily 
detrimental to the service life of refractory bricks. The effect of the lining expansion joint on the ladle 
stress field could not be negligible. 
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