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Formulation and Implementation of a Constitutive Model for Soft Rock 

Randall J. Hickman 

ABSTRACT 

Petroleum reservoirs located in the Norwegian sector of the North Sea have undergone 

unexpected subsidence of great magnitude (> 10 m) during more than 30 years of petroleum 

recovery operations. Historical laboratory investigations have shown that the subsidence is due 

to the mechanical behavior and mechanical properties of chalk. Chalk behavior is characterized 

by elastoplasticity, including pore collapse, shear failure, and tensile failure mechanisms; rate-

dependence; and pore fluid dependence. The research described in this dissertation was 

performed with the objectives to formulate a constitutive model which describes all aspects of 

chalk and soft rock mechanical behavior, develop and/or implement methods to integrate the 

equations which form the constitutive model, and to apply the model to finite element 

simulations of engineering problems encountered in chalk and soft rock. 

 A new rate-dependent constitutive model is developed based on a three-dimensional 

extension of a volumetric time-lines model, similar to that of Bjerrum (1967). Shear and tensile 

failure surfaces are also included to reflect these failure mechanisms observed in chalk. Twelve 

model parameters are required to fully describe chalk behavior. Procedures to determine values 

for each of these parameters from laboratory test results are described. Correlations of model 

parameter values with index parameters are given for North Sea chalks, to allow reasonable 

values to be obtained in the absence of an extensive laboratory testing program. Comparisons 

between observed behavior and model simulations indicate that the new model is able to 

reproduce and predict the behavior of chalk quite well. 

 A new integration method for critical state cap plasticity models is presented. This new 

method may be used for rate-independent or rate-dependent constitutive models which are 

formulated with elliptical cap yield surfaces, including the chalk model. The new method gives 

results that compare favorably to integration methods used currently, in terms of accuracy and 

computational effort. 

 The effects of pore fluid composition on chalk behavior are included in the constitutive 

model. It is shown that the variability in constitutive behavior with pore fluid composition is due 

to dependence of model parameter values on pore fluid composition. This variability in model 
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parameters with pore fluid composition has been quantified and implemented into the model for 

the complete spectrum of oil-water mixtures in chalk. 

 Finite element simulations are presented to demonstrate performance of the model in 

analyzing problems at several different scales, including laboratory, borehole, and full-field 

scales. A new algorithm called “equivalent uniform water saturation” has been developed to 

determine the average mechanical properties of finite chalk masses with non-uniform pore fluid 

compositions, which are frequently encountered during finite element simulations. Results of the 

laboratory-scale simulations indicate that the constitutive model can reproduce the 

inhomogeneous deformation patterns which occur in chalk during waterflooding tests, and that 

use of the new algorithm utilizing “equivalent uniform water saturation” produces consistent 

results for chalk masses with inhomogeneous pore fluid distributions when used with different 

finite element mesh discretizations. Results of the larger-scale simulations indicate that changes 

in pore fluid composition and pore fluid pressure have different effects on macro-scale chalk 

mechanical behavior, and that both must be considered during analysis. 
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