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Introduction

Fold and thrust belts have been long been recognized as important features of orogenic zones mainly because of their role in reticence or transport of hydrocarbons. They are typically thin-skinned wedge-shaped, and separated from their substrate by a basal decollement.  The importance of fluids to the evolution of fold-and-thrust belts was demonstrated early by Hubert and Ruby (1959). These authors showed that basal frictional resistance to slip  makes it impossible to move large, coherent thrust sheets large distances without exceeding internal rock strength. The pore pressure in the fault zone decreases the effective normal stress across the fault until frictional resistance to motion is overcome.

The horizontal compressive driving forces are most important factor for thrust sheet emplacement. In the critical wedge theory of Davis et al. (1983), the tectonic wedge develops in an organic manner, by feedback between material accretion at the toe when the wedge is subcritical and internal deformation in the wedge interior when it is super critical in order to maintain a critical surface taper that is a function of cohesion, friction, basal surface slope and basal friction.
The critical taper supposes that thrust sheets slide stably, internal deformation is homogenous and that slip occurs over the entire area of the fault surface, none of which is likely to occur in nature. There is good evidence that movement on faults is intermittent and deformation associated with the fault does not occur everywhere simultaneously. Thrust emplacement is accommodated by a transient poro-elastic loading and subsequent hydraulic failure of the rock mass as fluid pressures are elevated to lithostatic.
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FEM Modeling
Initial FEM models were done using PLAXIS v.8. A plain strain 25x10 cm block of homogenous soil were modeled under uniaxial undrained loading. The specimen fails at the pressure of qu=2cu as expected. Since we are interested in study of shear bands formed during failure a miniature non homogeneity (c’u = 0.5 cu) is included in the model. Figure 1 shows shearing bands indicated by the incremental strains at the last step of solution being formed originated from the non homogeneity.
Since COMSOL can be configured to accept randomly valued variables, it is used to model seeded specimens under lateral loadings. To this aim, a MATLAB program was used to generate random values for strength parameters and assign them to different nodal points of model’s known geometry. Figure 2 shows the seeded specimen with 50% strength tolerance which is applied to 5% of the total Gaussian points. The model is 15 km long and 5km high, elastic modulus being 0.5GPa and cohesion being 10±5MPa. Figure 3 shows the pattern of effective plastic strains after failure.
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Figure 1. Incremental strains at failure in uniaxial undrained test – PLAXIS model
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Figure 2. Cohesive randomly seeded model with 50% tolerance
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Figure 3. Effective plastic strains pattern after failure – Cohesive material
Adding friction to the material properties makes the shear bands to have a steeper angle. Figure 4 shows the plastic strain patterns in a Cohesive-frictional material (=30).

Deep geological sediments are stronger than the shallow ones because they have been consolidating under higher confining pressures. This can be modeled by a linear variation of cu value with depth. Figure 5 shows the plastic strain patterns for the same model with the linear variation of cohesion from 10±5MPa at surface to 50±5MPa in the 
bottom.

If the sedimentation layers are pushed during the formation process, the bottom layers experience more displacement than the shallow ones. It is modeled by applying a linear variation of lateral velocity (Figure 6)
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Figure 4. Effective plastic strains pattern after failure – Cohesive frictional material
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Figure 5. Effective plastic strain pattern – linearly varying cohesion
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Figure 6. Effective plastic strain pattern – linearly varying cohesion and velocity

FDM Modeling
Finite difference method is able to handle large deformations and localization of brittle rock deformation. The most comprehensive FDM software used for geomechanical modeling is FLAC. Using FLAC, it is possible to take into account the effects of stain softening/hardening and also pore water generation and dissipation. As the first try graben formation above a tilting rigid basement is modeled. A 140x70 box with a free surface at top and a hinge in mid bottom of the box. Material density is 100, bulk and shear modulus 5e6 and 2.5e6, friction angle is 40 which is softened to 30 after failure. Figure 7 shows shear strain rates and displacement vectors after tilting of 5x10-4 radians. 
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Figure 7. Shear strain rates and displacement vectors – tilting sand box

As the FEM models, the faulting of a cohesive-frictional sedimentary layer due to lateral loading was modeled by FDM (Figure 8). It is a homogenous medium of 10km long and 5km deep with a density of 2000kg/m3, bulk and shear moduli of 5e8 and 2e8MPa, cohesion of 0.2MPa and friction angle of 30.
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Figure 8. Shear strain rates – Laterally loaded cohesive-frictional material

Figure 9 shows the effect of water in decrease of effective stresses on the detachment plane and the pore water pressure profile introduced to FLAC model to account for this effect (Figure 10). The model is the same as the last one except the fact that friction angle decreases from 30 to 10 after failure (strain softening). Because the material is frictional the failure starts at the surface (as before) because of lower confining pressures and frictional strength. But as the deformation continues, shear bands at the decollement interface can also be seen.
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Figure 9. Pore water pressure effect on effective stress reduction
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Figure 10. Shear strain rates –considering pore water pressure

In order to make the model more realistic, it is modified in a way that the bulk and shear moduli change linearly with depth (from 0.5e9 to 2.5e9 and 0.2e9 to 1e9 respectively). Model length is also increased to 100km. Large deformations and strain softening are considered. The result shows initiation of shear bands from the decollement depth and their propagation in a curved path (Figure 11)
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Figure 11. Shear strain rates – considering pore water pressure, large deformations and stiffness variation

� From Strayer et al., “A numerical model of deformation and fluid-flow in an evolving thrust wedge”, Tectonophysics, 2001.
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