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Abstract. The 3D finite element simulations of long product rolling can be significantly sped-up by focusing only on 

the steady state. A staggered fixed-point algorithm has been introduced to alternatively compute the mechanical fields 

on a prescribed domain and the geometry correction for a prescribed velocity field. This paper focuses on the 

resolution of the geometry correction for unstructured 3D meshes, parallel computing, and complex shapes with 

strong contact constraints. Accuracy, robustness and efficiency are compared to conventional incremental 

formulations on actual metal forming problems. 

1 Introduction  

In continuous material forming, the complete simulation 

of the process using an incremental 3D finite element 

formulation often results into exorbitant computational 

times (several weeks or months). The reason appears 

from the scale difference between the length of the 

product and the contact area. Using an accurate mesh, at 

least in the vicinity of the deformation area, requires 

using a suitable time step to avoid contact oscillations, 

which implies large number of time steps to simulate all 

the whole process. However, the aim of simulating a 

continuous process is often to study its quasi steady state, 
so focusing only on this state allows using more efficient 

approaches. Two types of formulations are regularly 

followed to search for the steady regime: incremental and 

iterative. Both are based on a reduced mesh which is 

optimal to capture the flow pattern under the tools only. 

The incremental formulations, usually performed 

within an ALE (Arbitrary Lagrangian or Eulerian) 

context, keep the mesh fixed under the tools and 

progressively propagate the solution through the domain 

[1]. This formulation is strongly slowed down by time 
step constraints, and by necessity to incrementally build 

the steady-state 

The iterative formulations consist in finding the 

steady state on a given configuration, which is iteratively 

(or sometimes directly) updated until fitting with the flow 

solution. The resulting two computing stages are repeated 

until both the flow and the shape converge. This second 

approach may require some trade-offs on the algorithm 
robustness to achieve a maximum speed. It is the best 

candidate to compete with the classical incremental 

formulation of FORGE® software for simulating rolling 

processes. In the literature, the geometry correction stage 
is almost always carried out by a streamline integration, 

which requires a structured mesh [2]. However, today 

formulations and algorithms must be compatible with 

unstructured meshes, generic configurations and 

parallelization. A first implementation of this approach 

[3] has provided high speed-ups along with some 

weaknesses on the algorithm convergence. The present 

work describes an enhanced and optimized formulation. 

As only the core algorithm is presented in this paper, we 

only consider hot rolling applications. 

2 Algorithm 

Starting for an initial guess of the flow shape, the 

iterative algorithm repeats its two main steps until the 

steady state is found. First, the mechanical and state 

variables are computed on the considered meshed 

domain, before the mesh is corrected to satisfy the free 

surface conditions. These two stages are strongly coupled 

by contact conditions, resulting into a highly nonlinear 
problem [3]. 

2.1 Computation of the steady state flow 
 

For a given computational domain, which is considered 

fixed during this stage, the velocity and pressure fields of 

the viscoplastic flow are first computed. According to 

their normal stress, nodes close to the tools surfaces can 
be considered to be either in contact or else leaving the 

contact surface. 

For thermic and hardening sensitive materials, both 

temperature and equivalent strain have to be computed. 
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Temperature results from a convection / diffusion 

problem with thermal exchange on surface, while the 

equivalent strain is computed by solving a simple 

convection problem, as more precisely described in [3]. 

2.2 Geometry correction 
 

The geometry correction consists of a free surface 
correction followed by volume mesh regularization. 

During this step, the velocity field v is considered as 

fixed. The free surface algorithm consists in displacing 

surface nodes in order to modify the surface normal n so 

that no flow is permitted through the free surface (1). 

New nodes coordinates are given from the last known 

geometry X with the addition of a displacement t. The 

unilateral contact conditions are also enforced to avoid 
any penetration with the tools (2a) - where h(t) denotes 

the contact distance function – while a bilateral condition 

(2b) is applied to nodes in compression, in order to avoid 

a complete loss of the contact area during the iterations. 

   0 on Γ, with   v n x x X t  (1) 

   0 on freeh  t     ;     0 on contacth  t  (2) 

Streamlines integration [2] is a natural algorithm for 

solving this type of problem, provided that the mesh is 

structured and its edges coincide with the streamlines. 

With unstructured meshes, a global finite element 

resolution is much better suited. Moreover, its 
parallelization is straightforward within a parallel finite 

element package - which is expected to be capable of 

solving this type of problem. In the previous works 

following this approach, only one degree of freedom 

(DoF) was used [4,5]: the magnitude of the displacement 

t along a given direction d, as presented in (3), which is 

equal to the non-corrected mesh normal. 

 t x X d   (3) 

This “1D” approach is restricted to simple geometries 

or to resolutions on limited areas of the domain. It does 

not allow dealing with edges where the displacement 

solution is not necessarily in the d direction and with 

problems involving large mesh corrections and requiring 
tangential mesh movements to avoid elements 

degeneracy. So, a generalized algorithm entails a second 

DoF as in the streamlines methods [2]. 

In a previous work [3], two DoF were used without 

specifying any displacement direction d. The uniqueness 

of the solution was ensured by a relaxation method, 

through adding a Laplacian operator, which also provided 

useful complementary mesh regularization. Although this 
regularised approach (FSC_reg) performs well, 

drawbacks were noticed in terms of convergence rate and 

undesirable mesh movements once the geometry had 

converged. 

To eliminate all these issues, a new approach is 

developed. It consists in providing 2 DoF (4) only to the 

nodes that belong to edges (5), while the other nodes, 

resting on relatively planed surface, have only 1 DoF. 

However, to insure that these nodes can follow the global 

transformation, plain mesh regularization is performed on 

the second DoF tangentially to the surface with a 

Laplacian operator (6). This way, the possible 

regularization interferences with the free surface 

calculation previously encountered are considerably 

reduced. This new formulation, characterized by allowing 

the differentiation of the DoF (FSC_dif), leads to better 
and faster convergences. Moreover, it does not require 

choosing any numerical parameter for the regularization 

step, as was necessary with the FSC_reg [3]. 

As the domain does not derive from a CAD model 

and evolves during the free surface iterations, its 

geometry is only provided through the knowledge of its 

mesh. Consequently, the detection of edges is a tough 

issue. It is solved using the normal voting method [6]. 
Computed normals that best describe the surface are then 

used to define the directions d for both DoF (4): a single 

direction for plane surfaces, and two perpendicular 

normal directions for edges. It should be noticed from 

equation (5) that each surface element contributes to a 

single degree of freedom, according the orientation of its 

normal with respect to the direction di of the considered 

DoF, and so either belong to ,1i  or ,2i . 

Finally, for both formulations, upwind test functions 

(7) are mandatory because the problem can be regarded 

as a pure convection of nodes displacement [3].  
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3 Applications 

3.1 Thick plate rolling 
 
Both the FSC_reg and the FSC_dif formulations have 

been implemented into the FORGE® software. They are 

compared on the rolling simulation of a thick plate 

(Figure 6), which has previously been used to evaluate 

the performances of the FSC_reg formulation [3]. A 

simple viscoplastic material law without thermo-

mechanical coupling is considered. With the incremental 

approach, the simulation is stopped as soon as the billet 
reaches the same configuration as the steady 

formulations. 

Solutions provided by the incremental and the two 

studied steady-state formulations are really close. They 
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only differ by the required CPU times. The FSC_reg 

formulation allows a speed-up of 8 with respect to the 

incremental formulation of FORGE® [3]. The FSC_dif 

increases the speed-up to 25, which mainly results from a 

reduction of the iterations number from 40 to only 10 

(Table 1). The FSC_reg approach suffers from its 

regularized formulation, which limits the nodes 

displacements even for such simple displacements.  
 

tools 

rolling direction 
initial outlet  solution 

 

Figure 1. Initial mesh for a thick plate rolling simulation.  

Table 1. Elapsed time to reach the steady state for the rolling 

thick plate simulation. 

 

Number of 

nodes 

(x10
3
) 

Number of 

time steps / 

iterations 

CPU time 

FORGE® 10  16 280 2 h 57 min 

FORGE FSC_reg 15 40 22 min 

FORGE FSC_dif 15 10 7 min 

3.2 Kocks rolling – 5 stands 
 

A second application proposed by Ascometal CREAS 

consists of a 5 stands of Kocks rolling (Figure 2). The 

length of the domain is very important, leading to a very 

large number of nodes even with a coarse mesh. Two 

symmetry planes are considered to compute only 1/6 of 

the bar. The mesh consists approximately of 120 000 
nodes. A viscoplastic law is used with a Hansel Spittel 

thermo-mechanical model. The initial mesh is 

constructed by an analytic extrusion of the initial section 

through the different tools. 

 

Figure 2. Simulation of a 5 stands Kocks rolling  
 

Figure 3 shows the billet sections between each stands 

and its evolution. Obtained results with the incremental 

and the iterative (FSC_dif) formulations are extremely 

close. Computations were carried out on 12 cores. They 

required 2 hours 13 minutes with FSC_dif and 136 hours 

12 minutes with the incremental formulation. The speed-

up factor is larger than 60. 

 

Figure 3. Evolution of the billet shape between the each stands  

Conclusions 

An alternative to the incremental simulation of hot rolling 

process is introduced within the finite element software 

FORGE® to significantly speed-up the computations. 

The CPU-time reduction is achieved by directly 

computing the steady state, using an iterative algorithm, 
and by simulating only a fraction of the billet. The newly 

developed free surface algorithm FSC_dif significantly 

improves the previous implementation FSC_reg. The 

strengths of the FSC_dif approach consist in applying the 

right number of DoF according to the surface singularity 

(plane or edge) and to introduce a surface mesh 

regularization that does not directly interfere with the free 

surface correction. The two studied industrials 
applications highlight the efficiency of the new iterative 

algorithm. Compared to the classical incremental 

formulation, speed-ups ranging between 25 and 60 are 

observed. 
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