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Summary. Cam-Clay models are considered as the paradigmatic example of hardening plasticity models exhibiting
pressure dependence and dilation- related hardening/softening. Depending on the amount of softening exhibited by
the material, the equations governing the elastoplastic evolution problem may become ill-posed, leading to either no
solutions or two solution branches (critical and sub-critical softening). In this work, an algorithm for the numerical inte-
gration of the Cam-Clay model with adaptive viscoplastic regularization is presented, allowing the numerical treatment
of stressstrain jumps in the constitutive response of the material. Applications of the algorithm to standard compression
tests are discussed.

1 ABSTRACT

Within the framework of continuum mechanics, the mechanical behaviour of geomaterials is often described through
a rate-independent elastoplastic theory. In this field, the Cam-Clay model was firstly proposed to describe, from a
phenomenological point of view, the observed behaviour of fine-grained soils. In this context, the yield function f(o, p.)
is defined in terms of the current stress tensor ¢ and the preconsolidation pressure p.. During a plastic process, the yield
surface may either expand (hardening behaviour), or shrink (softening behaviour), or remain unaltered (perfectly plastic
behaviour at “critical” state), depending on the sign of the hardening modulus H(o, p.) = — g—;ﬂ - Pe (see e.g. [2]).

In rate-independent elastoplasticity, an incremental loading is admissible if satisfies the classical Kuhn-Tucker com-
plementary conditions (Y > 0, f < 0,yf = 0) and the consistency requirement (yf = 0), where s the plastic multiplier.
During a strain-driven process, 7 is related to the current strain rate by (see e.g. [2]):

1 af 0
"= H-H.d0
where C is the fourth-order elastic stiffness tensor and H, = — g—-(’; -(Cg—-(’; is the so-called critical hardening modulus

for an associated flow rule. It is well known that, if H — H,. > 0, then the elastoplastic evolution problem has a unique
solution under pure strain control conditions. However, for admissible stress states that do not satisfy the inequality (i.e.
for critical and sub-critical softening conditions), it follows from Eq. (1) that the evolution equations are not well posed.

Recently, a method was proposed to handle subcritical softening in Cam-Clay plasticity (see e.g. [1]). The heuristic
idea is that, by adopting a viscoplastic regularization for the equations of the rate-independent evolution problem, a
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unique solution can be found even in critical and sub-critical softening conditions. Here, sudden jumps (time disconti-
nuities) of both the stress state and the internal variable will occur. They can be computed by adopting a rescaled (fast)
time s := %t, where 7 is the viscosity parameter (see Fig. 1 for a schematic representation).
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Figure 1: Stress-strain behaviour in Cam-Clay plasticity before, during and after critical softening

In this work, an algorithm for the numerical integration of the equations which govern the regularized viscoplastic
Cam-Clay model is presented. The algorithm belongs to the class of fully implicit return mapping schemes [2], slightly
rearranged to take into account the viscous nature of inelastic deformations. By exploiting the mathematical properties
of the governing equations, the same structure can be used also for the integration during the jump phases. Numerical ex-
amples of standard compression tests, carried out both as a single element test and as a boundary value problem (Fig. 2),
are presented in order to demonstrate the ability of the proposed regularization technique to handle both localization
phenomena (spatial discontinuities) and critical softening (time discontinuities).
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Figure 2: Plane strain compression test with fast dynamics activation: (a) deformed mesh (displacement magnification = 1.0) and (b)
Vertical reaction ws vertical displacement diagram.
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