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Introduction

In the field of computational solid mechanics, the Finite Element (FE) method is ubiquitous; however, alternative
approaches such as the Finite Volume (FV) method can provide viable alternatives in many applications. The attraction
of the FV method may be attributed to its simple yet strongly conservative nature; additionally, the proliferation and
relative success of the OpenFOAM library for computational fluid dynamics problem has led to a desire for equivalent
solid mechanics procedures within the library.

In this work, the performance of recently developed Lagrangian FV procedures [1, 2, 3] for solid mechanics problems are
examined. Specifically, two separate approaches are investigated with regard to accuracy and efficiency:

• a block coupled Lagrangian FV method for linear elasticity;

• a segregated Lagrangian FV method for metal forming analyses.

Methods

For the block coupled approach, a number of 2-D and 3-D benchmark cases are examined: Slender Cantilever in Bending;
Out-of-Plane Bending of an Elliptic Plate (Fig. 1); and a Narrow T-Section Component Under Tension (Fig. 1). The
accuracy and efficiency of the method is compared to a segregated FV solvers and to a commercial FE solver.

For the segregated large strain plasticity approach, the solver is strictly verified on a series of 1-D, 2-D and 3-D benchmark
cases: Expansion of Thick-Walled Cylinder; Upsetting a Cylindrical Billet (Fig. 1); Crushing of a Pipe (Fig. 1); Necking
of a Cylindrical Bar; and Flat Rolling of Wire; The predictions are compared with analytical solution and FE solutions.

Conclusions

The developed block-coupled and segregated methods are compared with benchmark solutions and commercial FE
solvers; the efficiency and accuracy of the FV procedures are shown to be impressive relative to standard FE procedures.
Accordingly, the new methods can be considered as a practical alternatives to standard FE methods for simulation of both
linear and nonlinear problems in solid mechanics.
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Figure 12. Distribution of ✏xx; ✏yy; ✏xz and ✏yz in plane z = 0·3m (The legend in the upper part refers to the distribution
of ✏xx and ✏yy , and in the lower part to the distribution of ✏xz and ✏yz)

NAFEMS (National Agency for Finite Element Methods and Structures). The out-of-plate bending
is the key feature of interest. Due to a double symmetry, only a quarter of the plate is analysed.
Calculations were performed on &ve systematically re&ned grids ranging between 72 and 294 912

CVs. The grids are shown in Figure 11 together with the co-ordinate system adopted, with respect
to which the results are presented. The distribution of stress tensor components in plane z =0·3m
are plotted in Figure 12. The ✏zz component in this plane is almost constant (approximately
0·55MPa).
The symmetry between ✏xx and ✏yy, and ✏xz and ✏yz stress components across planes x = y

and x = y, which would be expected in the case of a circular plate with a circular hole, can
be noticed in a distorted form. The largest distortion exists in the region where the radius of
curvature of the inner ellipse is smallest. The stress components ✏xz and ✏yz are almost one order
of magnitude larger than other components and in this plane they dominate the distribution of the
e ective stress.
Although in this case there is no local stress concentration as in the previous one, the stresses

show strong variation in the whole domain and the variation is not monotonic.
In Figure 13 the distribution of the local stress component ✏ss along the local co-ordinate s is

presented for di erent grids. The local co-ordinate s runs along the upper inner edge of the plate
in the direction shown in Figure 11. This pro&le is the one proposed by NAFEMS for testing.
It should be noted that there are no computational points along such edges in &nite volume
discretization, so the values of the stress tensor components used to calculate ✏ss are obtained by
linearly extrapolating their values from the control volumes adjacent to the edge. In the case of
a circular plate with a circular hole, the value of ✏ss would be constant, so the distortion of the
pro&le that can be observed in Figure 13 is due to the change of curvature radius.
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(a) Stress distribution within an elliptic plate subjected
to out-of-plane bending
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Figure 6. Coarsest and &nest numerical grid (top) and perspective view on the second grid (bottom)

Figure 7. Distribution of ✏xx (left) and ✏yy (right) stresses in plane z = 0
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Figure 6. Coarsest and &nest numerical grid (top) and perspective view on the second grid (bottom)

Figure 7. Distribution of ✏xx (left) and ✏yy (right) stresses in plane z = 0
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(b) Stress distribution within the narrow T-member under tension
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(c) Upsetting of a cylindrical billet showing the plastic
equivalent strain distribution

(d) Crushing of a pipe showing the von Mises stress distribution

Figure 1: Linear and nonlinear benchmark test cases
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