
Chapter 10 
SUMMARY, CONCLUSIONS. AND RECOMMENDATIONS FOR FUTURE WORK 

 
SUMMARY 

The focus of this dissertation has been to develop a constitutive model which describes and is 

able to reproduce the observed mechanical behavior of chalk. Chalk is encountered in many parts 

of the world, and its behavior influences the design of structures in the civil, mining, and 

petroleum engineering fields. Chalk composes the petroleum reservoirs of the southern part of 

the North Sea, and as such its mechanical behavior is of interest to reservoir engineers. Chalk 

behavior in several of the North Sea reservoirs, most notably the Ekofisk field, has progressed in 

a way as to cause massive subsidence of the petroleum recovery structures in these fields. This 

behavior was entirely unexpected. 

The constitutive model is formulated in the framework of elastoviscoplasticity, the basic 

equations of which are reviewed in Chapter 2. The behavior of chalk is quite complex, as 

described in Chapter 3. Chalk exhibits elastic and inelastic behavior, which is common for 

geomaterials. The nature of the inelastic behavior varies depending on the stress conditions 

present in the chalk. Chalk may deform inelastically due to pore collapse, shear failure, or tensile 

failure. Third-invariant effects also influence chalk behavior. Inelastic pore collapse 

deformations are also controlled by rate-dependent loading effects. Chalk behavior is also 

strongly influenced by the composition of the pore fluid present. Water-saturated chalk is known 

to be considerably weaker than oil- or gas-saturated chalk. Behavior of other soft rocks is similar 

in many ways to that of chalk. 

A literature review of published constitutive models for chalk is presented in Chapter 4. 

Only a small number of constitutive models for chalk have been published. Most of the 

constitutive models have been formulated in the framework of rate-independent elastoplasticity 

or elastoviscoplasticity. Other models have been proposed to account for only the rate-dependent 

behavior or pore fluid-dependent behavior of chalk. The model proposed here joins only the 

model of Gutierrez (1998, 1999) and the PASACHALK (2004) model to include constitutive 

equations which account for all of these observed phenomena. 

The constitutive model is described in detail in Chapters 5 and 6. The rate-dependent 

model is formulated in detail in one dimension, then extended for three-dimensional loading 

conditions. The behavior of a material which obeys the rate-dependent model is examined for a 
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variety of loading conditions. An integration method for the one-dimensional rate-dependent 

model is also proposed and compared to existing methods. Other components to the constitutive 

model which account for shear failure and tensile failure are added in Chapter 6. The twelve 

model parameters which are required are described, as well as methods to obtain values for these 

parameters from laboratory test results. Correlations between the model parameter values and 

chalk porosity are also presented. Finally, comparisons are made between chalk behavior as 

observed in the laboratory and simulated behavior using the constitutive model and the 

correlations between parameter values and porosity. 

Integration of constitutive equations is the topic of Chapter 7. Current integration 

procedures for elastoplasticity, including return algorithm methods and explicit first-order and 

higher-order methods, are reviewed first. A new integration algorithm for critical state models is 

proposed for the rate-independent elastoplastic case. A comparison between results for the 

proposed method and existing methods indicates that the proposed method is superior. The new 

algorithm is then extended to include rate-dependence and elastoviscoplasticity. 

Pore fluid-dependent behavior of chalk is examined in detail in Chapter 8. The variation 

in chalk behavior and values for model parameters as a function of pore fluid composition is 

presented. A method to determine the appropriate parameter values for any oil-water pore fluid 

composition is presented. Chalk behavior observed in the laboratory during waterflooding tests is 

compared to the behavior simulated using the constitutive model. 

Chapter 9 includes a description of finite element procedures and simulations for chalk. A 

procedure to determine the appropriate parameters for a finite element which contains a variable 

pore fluid composition, called the “equivalent uniform water saturation,” is presented first. 

Three-dimensional finite element simulations are then presented for chalk behavior observed at 

three different scales, including at the scale of a laboratory sample, a borehole, and a petroleum 

reservoir. The laboratory-scale simulations which were conducted using different finite element 

discretization yield nearly identical results for a waterflooding test, indicating that the averaging 

procedure for pore fluid gives good results. The borehole-scale simulations indicate the relative 

importance of pore pressure increase and material weakening during waterflooding. The field-

scale simulations show the effects of water weakening at the large scale and also show the 

importance of boundary effects in finite element simulations. 
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CONCLUSIONS 

The work presented in this dissertation leads to several conclusions: 

• Chalk behavior is characterized by elasticity, rate-dependent inelasticity, shear failure, 

tensile failure, third-invariant effects, and pore fluid dependence. A constitutive model 

needs to account for all of these phenomena to properly describe and simulate chalk 

behavior. 

• Chalk behavior varies regularly as a function of initial porosity. Correlations with a fairly 

good fit to observed data have been developed to select appropriate model parameters for 

a chalk if only porosity is known. Simulations using the parameter values obtained from 

the correlations indicate that reasonable results may be obtained from these correlations. 

However, values obtained from laboratory tests should be used when available. 

• The accuracy of solutions obtained for constitutive simulations depends on the 

integration procedure used. The new integration procedure is expected to provide 

superior accuracy, as compared to existing methods, for critical state models. 

• Chalk behavior appears to vary regularly as a function of pore fluid composition. This 

regularity has been implemented in the constitutive model by making the values for 

model parameters a function of pore fluid composition. 

• The averaging procedure for a finite element which contains a variable pore fluid 

composition, called the “equivalent uniform water saturation,” gives good results. 

• Results of finite element analyses give good insight into the relative importance of 

different phenomena during the change in pore fluid composition. This statement hold 

true for the behavior of chalk structures at all scales. 

 

RECOMMENDATIONS FOR FUTURE WORK 

Although the work in this dissertation represents a large step in the ability to understand the 

mechanical behavior of chalk, there are gaps in our understanding of chalk behavior. There are 

also limitations in our ability to simulate chalk behavior under field conditions: 

• The constitutive model presented here is based on isotropic hardening. The issue of 

whether the appropriate hardening formulation involves isotropic hardening, kinematic 

hardening, or both, has not been resolved due to a lack of specific laboratory tests. 

Although many laboratory test results indicate that the shape of the viscoplastic potential 
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surface is that of an isotropically hardening material, some new results from 

PASACHALK (2004) indicate that the viscoplastic potential surface may have 

directional anisotropy (Figure 10.1). Elastic anisotropy must also be considered. 

• The constitutive model presented here applies to the chalk matrix only. Although the 

deformability of individual blocks plays an important role for soft rocks, deformations 

which occur along discontinuities in rock are also very important for field problems. A 

procedure should be implemented to account for the preferred orientations of 

discontinuities in rock and to average the bulk stiffnesses and strengths between the chalk 

matrix and discontinuities. 

• For problems which involve fluid flow and pore pressure changes, the constitutive model 

should be implemented into a coupled fluid flow-deformation code. 
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Figure 10.1. New results indicate that the viscoplastic potential surface may not be 
symmetric about the p-axis. Instead, the viscoplastic potential surface may rotate, 

indicating a preferred orientation (PASACHALK, 2004). 
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