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Abstract

Abstract

Strain localization is a well-known phenomenon in geotechnical engineering,
which is often accompanied with strain softening and loss of bearing capacity. This
dissertation presents a comprehensive theoretical derivation and numerical modeling
of this phenomenon and illustrates the findings with numerical results.

The conditions leading to shear bands, compaction bands and dilation bands are
investigated based on the bifurcation analysis of a generalized plasticity model. The
relationships between the inclination of deformation band and constitutive parameters
are analyzed under axisymmetric conditions. These results show that the inception
and the pattern of strain localization are strongly related to the adopted constitutive
relationships.

By introducing the Lode angle, a novel shape function, which can reflect the
differences of strength parameters under triaxial compression condition and triaxial
extension condition, is proposed to modify the 3D Mohr-Coulomb failure criterion.
The modified failure criterion, which is similar to Lade-Duncan criterion in deviatoric
plane, can predict the strength of soils in arbitrary stress conditions and accurately
reflect the influences of intermediate principal stress ratio to the peak friction angle.
Based on the obtained failure criterion, a modified 3D Mohr-Coulomb model is
proposed and adopted to accurately simulate a series of true triaxial tests on loose
sands.

In order to accurately predict the onset of strain localization, a 3D non-coaxial
model was proposed by adding a non-coaxial flow rule in the modified 3D
Mohr-Coulomb model. Bifurcation analysis under plane strain condition shows that
the non-coaxial model can accurately predict the onset of shear bands and correctly
reproduce the trends for the variation of band inclination with initial confining stress.
The bifurcation analysis of true triaxial tests predicts well the influence of the
intermediate stress ratio to the onset of shear bands. It also shows that the peak failure

is caused by the onset of strain localization except for triaxial compression condition.
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Abstract

Strain softening plasticity often leads to ill-posed governing partial differential
equations (PDEs) which cannot be solved without certain regularization. In the case
of integral nonlocal regularization, one-dimensional dynamic problems become well
posed only after adding an over-nonlocal term. By solving a Fredholm equation of the
second kind, the analytical solutions of a bar with constant and varying section show
that the over-nonlocal averaging confines and smoothly distributes plastic strain
within a band. In the condition of constant section, the analytical results express the
localization width, plastic strain distribution inside the band, and global
load-displacement response in terms of the characteristic length of the averaging
function and the over-nonlocal weighting factor. In the condition of varying section,
the bandwidth also depends on external length which controls the varying rate of
cross-section. The influence of external length to the bandwidth is significant when it
becomes close to the characteristic length, while the influence diminishes rapidly with
increasing external length. The variation of the section induces that the bandwidth is
also related to the yield stress. The bandwidth increases when the yield stress
decreases from an initial value to zero.

When deprived of a characteristic length, the ill-posed governing partial
differential equations (PDEs) caused by softening plasticity will produce unreliable
numerical solutions. In the case of discrete systems, the underlying reasons for the
poor numerical performance of local plasticity can be understood using a spectral
analysis of the tangential stiffness matrix derived from incremental equilibrium
equations. The results of the spectral analysis clearly show the width of strain
localization is directly related to the size of the introduced weak element. The
dominant eigenvector, which controls the incremental solution, indicates an irregular
deformation mode and varies spuriously when the mesh is refined; the result is
mesh-dependent. After the introduction of a characteristic length by over-nonlocal
softening plasticity, the dominant eigenvector does not vary erratically when the mesh
is refined; its deformation patterns are smooth and display a constant localization
width. The distribution of plastic strains and the global load-displacement response
become mesh independent and converge to analytical solutions with mesh refinement.

The local and nonlocal formulations of softening plasticity are employed in the

v



Abstract

strain localization modeling of biaxial compression test. Hereafter we apply a spectral
analysis to investigate why nonlocal plasticity succeeds in producing mesh-
independent solutions of strain localization while local plasticity does not. The
spectral analysis is employed to the global tangential stiffness matrix of the
incremental equilibrium equations at the onset of strain localization. Local softening
plasticity produces negative eigenvalues in the tangential stiffness matrix, which
induce the bifurcation of the solutions and indicate ill-posed BVPs. In contrast,
nonlocal softening plasticity always produces positive eigenvalues, which implies a
regularization of ill-posed BVP. The dominant eigenvectors, which generate localized
deformation patterns, has the same bandwidth independently of mesh size, provided
that the mesh is fine enough to capture localization. These mesh-independent
eigenmodes explain why nonlocal plasticity produces numerical solutions which are

mesh-independent.

Keywords: strain localization; strain softening; true triaxial tests; bifurcation;
non-coaxial; nonlocal plasticity; partial differential equations; numerical modeling;

mesh dependency; characteristic length; regularization; spectral analysis
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