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Abstract 

Because of the need to artificially enhance permeability through induced fracture of mudstones, internal variations in the strength, toughness 

and elasticity of mudstones have been linked to reservoir performance. Mudstone mechanical properties are geologically controlled through 

changes in detrital and authigenic mineralogy, organic content and porosity that can be linked to deposition and diagenesis. We are 

investigating the impact of these geologic controls on mechanical strength and compliance from 10 μm to 10 cm scales in the Mancos Shale. 

We have described the range of sample lithologic variations at the sub-cm scale using a combination of optical petrography, microbeam 

analysis and laser scanning confocal microscopy. The samples' lithologic variations have been subdivided into macroscopic and microscopic 

facies. The microfacies' porosity and mineralogy were determined using dual focused ion beam-scanning electron microscopy at 10s of nm 

resolution. Micropillar unconfined compression testing (10 μm diameter by 20 μm length) perpendicular and parallel to bedding determined 

each microfacies' unconfined strength and Young's modulus. Micropillars were created with focused Ga ion milling. Micropillar compression 

tests were performed with a nanoindenter and flat diamond indenter. Macro-scale mechanical testing was conducted both perpendicular and 

parallel to bedding on the core samples from the different macrofacies using unconfined and triaxial compression tests with traditional 

hydraulic presses and pressure vessels.  

From the stress-strain paths of both micropillar and macro-scale mechanical testing, the anisotropy of elastoplastic deformation was 

determined. Comparison of multi-scale lithologic description and multi-scale anisotropic mechanical experiments is useful to directly evaluate 

the relationship between mechanical response and microscopic features across scales. This evaluation provides an example on how to develop 

multi-scale understanding of reservoir mudstones by correlating spatially extensible lithologic descriptions to multiple scales of deformation 

and failure.  
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Presenter’s notes: Hard to get a large intact piece of shale (somewhere in UT) 
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Presenter’s notes: Common Bakken, Chattanooga, and Woodford Shales, USA; Monte Antola Formation, Italy; Mount Isa Group, Australia; and Eau Claire Formation 
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Presenter’s notes: What scale of description is necessary to capture mechanical behavior at larger scales? 
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Presenter’s notes: One might be tempted to predict that there will be only minor mechanical differences among the macro lithofacies based upon the XRD data.  Check classification scheme 
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Presenter’s notes: Macro-lithofacies consist of several micro-lithofacies.  Used the same classification scheme as for macrolithofacies. 
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Presenter’s notes: Suggests that the “prediction” from the macroscopic characterization is incorrect.  It seems to be mechanically heterogeneous.  However, there is heterogeneity within the microfacies…  Coarser 

microfacies have more quartz and less clay. 

I imagine the geologist releaved to hear this! 
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Presenter’s notes: Within microfacies heterogeneity.  Some are relatively homogeneous 
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Presenter’s notes: Image on right has highest quartz %, but all surrounded by clays.  Should have lower strength than zone to left. 
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Presenter’s notes: Compositional variation muted by averaging in larger samples. 
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Presenter’s notes: 1”x2” plugs 
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Presenter’s notes: Triaxial Compression Tests 
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Presenter’s notes: This is a hypothesis. Next we move to try to relate strain more directly to lithofacies… 
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Presenter’s notes: Stain strongly partitioned by microfacies 
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Presenter’s notes: Phase field model for crack representation 

Shale is modeled as two-constituent brittle materials with stiff and soft layers: 

Young’s Modulus of Stiff and soft layers are 70.0 and 5.6 GPa, respectively, and the Poisson's ratio of both layers are assumed to be 0.2 

(Pore pressure) 

(Chemo-mechanical coupling) 

Differential Equations Analysis Library.Ⅱ 

DEAL.II Open Source Finite Element Library (Bangerth et al., 2013) 

To simulate the crack propagation in shale in the brittle regime, a phase field fracture model based on generalized Griffin's theory is adopted. 

The phase field fracture model allows one to treat a crack in a continuum media not as an embedded discontinuity but as an diffusive region with a given characteristic length. The phase field evolution can be 

therefore captured with continuous displacement field, and the governing equations can be obtained via the minimization of a free energy functional that combines the elastic strain energy which governs the 

reversible deformation, the fracture energy that responsible of the growth of fracture zone and the external work done on the body (Moelans et al., 2008). This diffusive-interface model can overcome some of the 

difficulties inherent to discrete fracture approaches that need sharp interfaces with complex evolving topologies and explicit heuristics to govern their propagation and interaction. 
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