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Abstract: Plastic instabilities of various forms, e.g. bulging, surface buckling, volume or two-phase 

instability and strain localization, are identified during laboratory experiments when the 

deformation field of soil samples bifurcate from an initial uniform to a non-uniform mode. Such 

instabilities often act as a precursor to failure and significantly influence the way strength mobilizes 

in the soil sample. The theoretical understanding of instabilities in sand, as available in the literature, 

is mainly built on the simple plane strain material models. However, a generalized pressure 

dependent 3D constitutive model with hardening is expected to give more realistic prediction of the 

instability behavior. It can also provide insights regarding the emergence conditions for different 

instability modes. Strain rate is another important factor which affects the strength and deformation 

behavior of geomaterials. Along with a general trend of rate-induced strength increase, enhanced 

post-peak softening in sand is also reported in the existing literature under high strain rate. 

However, the influence of such rate-induced softening characteristics on the instability behavior of 

sand is yet to be addressed in depth. The present study theoretically explores the mechanical 

behavior of sand with particular emphasis on instability and rate-dependency phenomena. The 

emergence of possible instability modes has been investigated under both drained and undrained 

biaxial shear of sand as rate independent material to develop better understanding about the onset 

of diffused, localized and liquefaction type solid-fluid instability modes using a generalized 3D 

material model. The instability analysis has been posed as a plane strain bifurcation problem from a 

uniform stress-strain state and conducted for both rigid and flexible boundary in lateral direction. 

For a rate-independent 3D non-associative constitutive model, possible emergence of various 

drained and undrained instability modes are assessed with respect to density, confining pressure 

and boundary conditions. The drained instability modes include both antisymmetric and symmetric 

diffused modes along with localized shear bands; whereas, undrained case is analysed for 

liquefaction type solid-fluid instabilities and localized modes. The existing theoretical framework for 

plain strain based solid-fluid instability analysis under rigid lateral boundary is extended to laterally 

flexible conditions to look into the effect of boundary condition on undrained instability modes. The 

experimental observations available in literature are found to be qualitatively in good agreement 

with the theoretical instability predictions. Elastic parameters are noticed to have strong influence 

on the instability onset. Comparing the results from large and small deformation frameworks, it is 

observed during drained analysis that the small deformation formulation fails to capture the 

emergence of diffused modes and predicts a delayed onset of localized modes; whereas, the onset 

of undrained instabilities from both small and large deformation analyses seem to overlap. A 

conceptual rate-dependent constitutive model has been proposed for predicting strength and 

deformation characteristics of sand at different strain rates and employed in a finite element 

framework to further explore the localized instability response of sand as rate dependent material. 

The model can fairly predict the experimentally observed rate effects on sand, e.g., strength increase 

in form of early peaks, increased softening at higher rates and enhanced dilation at large strain. A 

delayed onset of localization and increase in the band angle have been observed with enhancement 

in the rate of strain. 


