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Abstract. To verify the stiffness, the natural vibration and the reliability of the continuous
casting machine in the configuration of dynamic soft reduction. Firstly, the three-dimensional
model of the segment frame was established and the finite element simulation of the structure
was carried out. Then, the deviation of the roll gap in the working process of the caster was
measured by analog loading test. The results show that the stiffness of the segment frame of the
continuous casting machine meets the requirements. Using dynamic soft reduction can improve
the centerline segregation of casting slab in the process of continuous casting, which is of
important practical significance in the production practice.

1 Introduction
Since the 70s of the 20th century, with the improvement of the quality requirements of the steel slabs
of various countries, the center segregation of the slab has become the critical attention of all countries.
Therefore, in order to solve the slab segregation problem, dynamic soft reduction technology is widely
used in continuous casting production process [1-3]. At present, SMS Siemag, Siemens VAI and
Danieli Davy, which have developed relatively mature dynamic soft reduction equipment and process
technology and are successfully applied to the steel industry, Distington). The companies mentioned
above have developed a configuration of soft caster fan section equipment and related technologies.
The segregation of high-strength steel series in the CCC pilot production center is prominent due
to the inability to meet the requirements of stable and continuous production process quality because
the continuous casting machine segments do not have the functions of remote adjustment of roll gap
and un-configured dynamic soft reduction [1-2]. In order to minimize centerline segregation and
improve the microstructural homogeneity of the strand in subsequent rolling, technologies such as
electromagnetic stirring [4-5], thermal soft reduction [6-9], dynamic soft reduction [10-17] and
mechanical forging [18] have been applied in the continuous casting of steel. Among all methods,
dynamic soft reduction is considered the most flexible and effective way to minimize segregation of
cast steel. The dynamic soft reduction technique can be applied to minimize the centerline segregation
and porosity by reducing the strand near the final solidification region to compensate for solidification
shrinkage [19]. However, there is a higher requirement on the rigidity of caster frame with dynamic
soft reduction.
In order to verify whether the rigidity and dynamic characteristics of the caster segment frame
meet the requirements and ensure the service life of the equipment after the configuration of dynamic
soft reduction. In this paper, the finite element simulation of the structural rigidity and dynamic
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characteristics of the segment frame of a continuous casting machine was carried out. Then, hydraulic
jacks were used to simulate the pressure load of the slab casting during continuous casting process to
detect the actual segment stiffness of the frame characteristics.

2 The establishment of segment frame model
2.1 The establishment of three-dimensional solid model of segment frame
The three-dimensional model of the continuous casting machine segment frame was established and
the finite element simulation analysis was carried out, as shown in Figure.1.

Figure 1. Segment frame three-dimensional model Figure 2. Simulation of slab contact with the nip roll

In order to simulate the reaction force of the slab against the segment frame in the continuous
casting process and to simulate the contact between the slab and the segment nip roller, a concave unit
was established to minimize the contact between the slab and the nip roll. The simulated slab contact
with the nip roll is shown in Figure.2.
2.2 The establishment of finite element model of segment frame
When the finite element model of the continuous casting machine fan frame was established, the
material selection is Q345B, the density ρ = 7850kg/m3, the elastic modulus E = 2GPa and the
Poisson's ratio μ = 0.3. The total mass of the frame is 25364kg. Due to the meshing process, the
hexahedral mesh is more likely to converge than the tetrahedral mesh and the discretization error is
small and the precision is high. Therefore, in the design simulation module, the solid model is
automatically meshed using a hexahedral mesh to obtain a finite element model, with a total of
977760 nodes and 442188 finite elements, as shown in Figure.3.

Figure 3. Segment frame finite element model
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3 Finite element analysis of segment frame
3.1 Static analysis of segment frame
When the segment is working, the sector frame is mainly affected by the reaction force of the slab
against the frame, the gravity of the machine frame, the clamping force of the upper and lower clamps,
the bulging force, the resistance of the light pressure and the rotation resistance of the roller. Therefore,
for the moment, the force loads of the segment frame are:
(1) The weight of the base itself.
(2) The reaction to the segment frame resulting from the compression of the slab.
(3) The clamping force of the upper and lower clamps.
(4) The bulging force.
(5) Resistance of the light pressure and the rotation resistance of the roller.
According to mechanical analysis, during the process of passing through the slab liquid core, the
rollers of the inner and outer arc frames are deformed by the pressure, and the deformation of the
outer arc frame due to the complete restraint of the outer arc frame is small. In this case, the inner arc
frame can be regarded as a simply supported beam model subjected to uniform force, as shown in
Figure.4.

Figure 4. Simply supported beam load deformation diagram

According to mechanical analysis of the mechanics of simply supported beam, under the uniform
load, the simply supported beam is deformed [20]. According to the deflection equation:
f max 

5ql 4
384 EI

(1)

In which: fmax is the maximum deflection; q is uniform load; l is simply supported beam length; E
is modulus of elasticity; I is Sectional moment of inertia.
It can be seen that the maximum deformation occurs at the midpoint of the beam. The maximum
deformation of the segment frame occurs at the midpoint of the nip roller connection at both ends of
the inner arc frame.
The segment frame is mainly affected by the reaction force of the slab against the frame, assuming
that it is evenly distributed along the axial direction of the nip roller. It can be seen from Figure.4 that
the force of each row of nip rollers is 300kN and the deformation of the whole segment frame is less
than 1.8mm. According to equation:
P

W
75000

S 0.0822  4

(2)

The hydraulic test system needs to provide a maximum pressure of 14.8MPa; there are 2 loads
applied to the stand for the FEA:
(1) Slab pressure on the frame.
(2) The gravity of the base itself.
According to the analysis results, the equivalent displacement cloud frame of the segment frame is
shown in Figure 5. The maximum deformation of the frame appears at the nip roller connecting ends
of the inner arc frame with the maximum deformation of 1.8718mm. The maximum deformation of
the segment frame is shown in Figure 6.
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Figure 5. Sector frame equivalent displacement cloud chart

Figure 6. Maximum deformation of the segment frame

According to the theoretical analysis, the deformation of the segment frame occurs mainly in the
connecting part of the nip roller of the inner arc frame, and the simulation results are in consistent
with the theoretical analysis.
3.2 Dynamic analysis of segment frame
During the process of continuous casting, the slab liquid core passes through the segment frame
double row nip rollers and is casted under the pressure of driving rollers. During the process of
continuous casting, the slab passes through the segment frame while being subjected to great pressure
of nip rollers. This process inevitably generates resonance. When the vibration frequency reaches the
resonance frequency of the segment frame, the device generates resonance. Therefore, the dynamic
analysis of the segment frame provides the basis for the structure anti-vibration and vibration
reduction and the improvement of the overall structural reliability and service life.
The boundary conditions of the segment frame are loaded to solve the first six natural frequencies
and modes of the segment frame under the pre-stress. The results are shown in Table1, the mode
shapes are shown in Figure7 ~ Figure12.
Table 1. The first six natural frequencies and mode shapes analysis of segment frame
Frequency/Hz

Mode shape

1st order

47.384

The swing of inner arc frame swing in the X direction

2nd order

55.585

The second-orderly swing of inner arc frame in the X direction

3 order

61.628

The torsion of inner arc frame in the Y direction

4th order

85.724

The swing of outer arc frame in the X direction

5 order

97.263

The second-orderly swing of outer arc frame in the X direction

6th order

100.46

The torsion of inner arc frame in the X direction

rd

th
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Figure 7. 1st order mode shape cloud chart

Figure 8. 2nd order mode shape cloud chart

Figure 9. 3rd order mode shape cloud chart

Figure 10. 4th order mode shape cloud chart

Figure 11. 5th order mode shape cloud chart

Figure 12. 6th mode shape cloud chart
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The dynamic simulation analysis of the segment frame gives the modal vibration modes and
vibration frequencies at various stages of the structure [21]. Observing the first six modes of the
segment frame, it can be found that the deformation of the whole structure mainly occurs on the nip of
the inner arc frame and the outer arc frame. Among them, the deformations in the first, second, third
and sixth mode shapes are mainly occurred in the inner arc frame. The deformations in the fourth and
fifth modes are mainly occurred in the nip position of the outer arc frame. The maximum deformation
of the inner arc frame occurred in the sixth mode modal, the deformation is 0.71987mm. The
maximum deformation of the outer arc frame nip roll occurred in the fifth mode modal, the
deformation is 1.3722mm.
The deformation of the segment frame is directly related to the force of the model and the
application of the constraint. Because there is no direct constraint, the inner arc frame has larger swing
and torsion. Because of the fixed constraint, the overall deformation of the outer arc frame is very
small. However, due to the pressure load exerted on the nip roller, a greater deformation occurs. The
frequencies of the first six modes of the segment frame are mainly distributed in the range of
47.384Hz ~ 100.46Hz. In order to avoid resonance, the influence of the external excitation of this
frequency band on the reliability of the equipment should be avoided.
By analyzing the mode shapes of the frame structures at each natural frequency, it can be seen that
the dynamic characteristics of the segment frame are good, and the maximum deformation does not
exceed the limit value of 1.8mm. The results of dynamic analysis of the segment frame provide the
basis for the subsequent optimization of the segment frame of the continuous casting machine.

4 Stiffness test and experimental verification of segment frame
In order to validate the static and dynamic simulation results, experimental equipment was designed to
verify the actual maximum deformation of the segment frame.
4.1 Design of stiffness test experimental equipment for segment frame
The hydraulic system has the characteristics of large output force and infinite speed regulation [22].
Therefore, hydraulic jacks were used to simulate the load caused by the static pressure of the slab
liquid core on the segment frame, and then the maximum deformation of the frame is measured by the
dial indicator. In the experiment, 24 hydraulic jacks were supplied with energy through the hydraulic
system. Pressure was applied to the upper and lower driving rollers through the V block to simulate
the load of the slab liquid core and the amount of deformation of the segment frame through the dial
indicator. Experimental equipment is shown in Figure 13.

Figure 13. Experimental equipment

Hydraulic jack structure is shown in Figure.14. The upper roller and the lower roller are connected
with the frame on the segment to play the role of clamping the slab; the hydraulic jack is arranged
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between the upper roller and the lower roller, and the slab pressure is adjusted and simulated by the
expansion and contraction of the piston rod of the hydraulic cylinder; V blocks are placed on both
sides of the hydraulic jack, which play the role of connection adapter.

Figure 14. Hydraulic jack structure

4.2 Discussion
First, hang the segment section into the test bench, connect the various parts of the hydraulic pipeline;
debug clamping cylinder action, exclude hydraulic cylinder gas, add 300mm standard pad, use system
pressure (18MPa) to drive. Put the jacks and pedestals into the segment frame and place a jack (except
for the driving roller) on each end of each driving roller, and arrange the jack evenly; install the test
dial indicator on the side of each jack and place The number of hands adjusted to "0" position; start
the experimental hydraulic pump, the pressure from 0 to 1MPa to 1.5MPa, to eliminate bearing
clearance, read the pressure values and record the data; use the 70% / 100% of experimental pressure
to withstand the roll surface, so as to ensure good contact between the contact surfaces, record the
degree of dial indicator. Finally, remove the test equipment and restore the segment status.
Through many experiments, measure the data of the difference of multiple sets of roll gap through
the dial indicator, as shown in Figure15.

Figure 15. Roll gap actual deviation and limit deviation

The test results show that the maximum deformation of the fan-shaped segment frame occurs at
the connection portion of the inner-arc frame pinch roller, where the pinch roller support is weak and
the deformation is large. The deformation from the middle of the inner-arc frame to the supporting
portion is greatly changed, and the maximum deformation of the roller gap is 1.79mm, the minimum
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deformation is 0.66mm, and the results are in good agreement with the simulation and theoretical
results.
4.3 Industrial application
After the finite element simulation analysis and experimental verification, with dynamic soft reduction,
the centerline segregation has been improved, and the maximum deformation of the segment frame
can meet the stiffness requirement. Dynamic pressure implementation of effective compensation, the
dynamic configuration of the soft reduction of a variety of different steel slab internal quality
improvement effect is obvious. Slab internal quality has been significantly improved, slab segregation
less than or equal to Class C 1.5 and eliminate the type A sulfur seal. Obviously, with soft reduction,
the centerline segregation of steel slab has been improved, as shown in Figure.16.

without soft reduction

with soft reduction

Figure 16. Application effect

5 Conclusion
In order to verify whether soft reduction can improve the stiffness and service life continuous casting
machine. In this paper, a three-dimensional model of the segment frame of the continuous casting
machine was established. The finite element simulation analysis was carried out to complete the
simulation of the maximum deformation and the modal simulation. The simulation results were
verified through the hydraulic jack simulation loading test. The experimental results are consistent
with the simulation results. The stiffness of the frame structure can meet the requirements with soft
reduction.
A three-dimensional solid model of the segment frame was established, and its simplified
processing was made to facilitate the finite element simulation. The hexagonal mesh was used to
divide the structure so that the calculation accuracy is better and the calculation time is shorter. The
maximum deformation cloud, modal vibration frequency and modal vibration modes of the segment
frame are obtained through the finite element simulation analysis. On the basis of simulation, the
segment frames were loaded through hydraulic jacks, and several experiments were carried out. The
experimental results are in good agreement with the simulation results. Segment frame stiffness and
dynamic properties are good.
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