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Summary. This paper makes use of energy-mapped stress measures when using Closest-
Point Projection stress return algorithms in computational plasticity. Operating with this
transformed space allows the corrective plastic return path to become the shortest Euclidean
distance between the predictive elastic trial stress and the converged solution on the yield
surface (not generally the case in conventional stress space). Furthermore, the graphical
interpretation afforded by this mapping suggests both parameter reduction and appropriate
Newton-Raphson initiation states to be selected, allowing efficient iterative algorithms to
be developed when closed-form solutions are not possible.

1 CPP STRESS RETURN

Stress return algorithms are central to computational plasticity. If elastic trial stresses
are found to be outside the yield surface, then they must be projected back onto the yield
surface, such that consistency is satisfied at the final return stress state. The latter is
found by locating the point on the yield surface that is closest to those trial stresses. The
algorithm is accordingly denoted a Closest-Point Projection (or CPP, [1]). For complicated
yield surfaces, the CPP leads to a set of nonlinear equations such that a numerical solution
strategy must be pursued. In most finite element codes the CPP method is combined with
a consistent linearisation and a Newton-Raphson iterative scheme.

Unfortunately, the term CPP is somewhat misleading, since the return stress is not
closest to the trial stress in a conventional Euclidean sense. Rather, it is closest in one
particular metric; namely the elastic energy metric [1]. It is, however, possible to identify
another stress tensor such that the CPP is indeed the closest point in a standard Euclidean
sense. This new energy-mapped stress tensor is defined in the next section.

Carrying out the stress return in this alternative space offers some advantages:

1. By reducing the task to finding the Euclidean closest point, it clarifies which classes
of yield functions support analytical returns. Closed-form solutions exist for those
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functions expressible in a polynomial form of order less than 5 (for example, isotropic
surfaces comprising combinations of conic meridional and circular deviatoric sec-
tions, or multi-planar Tresca/Mohr-Coulomb surfaces).

2. Use can be made of certain geometric considerations, by which the number of nonlin-
ear equations to be solved in a stress return can be reduced. Guided by the simpler
geometry in the energy-mapped stress space, we have found that for certain yield
functions parametric reduction is possible and non-convergence through jumping
to inadmissible stress states can be avoided. In the example given below, a single
parameter is all that is required.

3. In turn, reducing the number of variables in the nonlinear equations eases the task
of identifying a proper initialization of the Newton-Raphson procedure within the
radius of convergence allowing quadratic convergence.

4. Finally, the clear graphical interpretation can be of value when coding and debugging
advanced constitutive models. Difficulties associated with regions of significant yield-
surface curvature can be revealed, and overcome, if the CPP solutions are compared
with simple local geometric searches.

2 THE (ELASTIC) ENERGY-MAPPED STRESS TENSOR

The CPP method may be viewed as providing a discrete solution to a constrained
optimisation problem whereby the plastic corrector stresses are projected orthogonally to
the yield surface in the [G]™' metric. Armero and Pérez-Foguet [2] note that the Hessian
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where 1) is the stored energy function and {g} represent strain-like hardening variables.
In the case of perfect plasticity, [G] = [D¢]. This implies that the correct path is the one
that minimizes the incremental elastic work |[{Ac}?[D¢]=1{Ac}/2| while simultaneously
satisfying the consistency condition f = 0. We identify the energy-mapped stresses {s}
from {s}7{s} = E{o}T[D¢|"'{o}. (The factor E enables o and ¢ to be plotted together.)
For isotropic elasticity we define {¢} = [T]{c} where
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In conventional stress space (for pressure-sensitive yield surfaces) it is only when v =
0 (or when the trial stress is purely hydrostatic) that the return path from the trial
state will be parallel to the surface normal. In the transformed space, the return path is
always in the direction of the surface normal. Figure 1 (on the right) shows two views of
the same closed yield surface. The upper image corresponds to the plot in conventional
stress space; the lower to the energy-mapped space. The effect of the mapping is to
hydrostatically squash and deviatorically stretch the yield surface. For example, in the
case of a cohesionless isotropic Drucker-Prager model, the cone gradient, o = é’ increases
by the factor (t; — t2)/(t1 + 2t3).

3 CPP RETURN FOR 3-PARAMETER WILLAM-WARNKE MODEL

We now consider a pressure-dependant yield surface where the meridional sections are
linear but the deviatoric cross-sections are defined in terms of segments of ellipses [3]. It
can be shown that the Lode angle corresponding to the converged solution is given by
finding the stationary (maximum) value of the scalar function
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(3)

where 7 is the stress ratio (p. /&) of the trial stress state, « is the slope of the compres-
sion meridian (again in terms of p /&), 6 is the Lode angle corresponding to the trial stress
state and ¢ is the Lode angle corresponding to the solution. & and p. are respectively
the cylindrical hydrostatic and deviatoric invariants of ¢. r7(¢) describes the deviatoric
elliptic shape function. Maximization and linearisation of (3) leads to a scalar equation
in terms of the single unknown ¢. The upper left plot in Figure 1 shows ¢ functions for
eleven regularly spaced trial states where —7/6 < 6 < 7/6. Two iterations of the N-R
scheme are shown (A-D) for the case § = 0. In the lower left plot, the ¢ solutions for
all 8 are illustrated, together with the number of iterations required to reach convergence
(g/]9] < 1072). That plot also identifies the initial values of ¢ given by the bi-linear upper
boundary obtained from the tangents at either end of the range. The solution converges
monotonically, with a maximum number of iterations of 5.
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Figure 1: Top right; closed pressure-sensitive surface in conventional stress space. Bottom right; the same
yield state in ¢ space. Top left; variation in g with respect to ¢ for different § when n = 10, plus N-R
iterations for the case § = 0. Bottom left; ¢ solutions for all # (of which D is just one), plus number of
iterations required. The path from the initial state at A to the solution at D applies to the case § = 0
when 7 = 10«. The values of g (together with ¢, in degrees) for each iteration exhibit a quadratic rate of

convergence.
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