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ABSTRACT 
 

This thesis comprises nine published papers on an integrated geomechanical evaluation of 

cap and fault-seal for risking petroleum trap integrity using distinct element and boundary 

element numerical methods. Paper 1 provides back-ground information and an introduction 

to the body of research presented in this thesis. In some parts of the Penola Trough, South 

Australia, the seal lithotype is fractured providing structural permeability and thereby 

compromising seal competency. This work inferred that existing geomechanical techniques, 

which only considered stresses on the fault plane, had limited application in the prediction 

of fracture generation within the country rock away from the well-bore. It also suggested 

that computational stress modelling techniques may provide a useful tool in this area and 

similar tectonic provinces. 

 

An important stage of the modelling workflow is analysing the sensitivity of the numerical 

models to various input parameters. Papers 2 and 3 show that the models are particularly 

sensitive to fault parameters such as friction angle ( ) and cohesion (C). However, fault rock 

properties are not well understood in petroleum exploration due to depths of investigation 

and the expense of acquiring core samples.  

 

This thesis develops a new technique, using widely available dipmeter data for the entire 

borehole. In this, rotations in borehole breakouts caused by discontinuities, in the vertical 

sense, are used to give qualitative indications of fault rock behaviour (Paper 3). These 

observations were used to make decisions about fault rock input parameters into the 

numerical stress models. Paper 8 showed the results of varying fault rock stiffness moduli 
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and fault zone width on the predicted stress within the surrounding rock mass. Where the 

prevailing stress conditions border between stress regimes, a new and unconventional 

technique whereby is used to increase confidence in understanding the stress regimes 

active at a particular depth and/or location (Paper 7). A comparative study of a single fault 

using three different methods of stress modelling, the distinct / discrete element (DEM), 

boundary element (BEM) and finite difference (FDM) methods (Paper 7) showed that the 

DEM underestimated the stress perturbation relative to the other models. Therefore where 

a clear variation is shown by DEM, there is increased confidence that it does exist and will 

be enhanced using other codes. Where there is the requirement to model multiple faults, 

DEM is preferred as the other methods trialled either have restrictions to the number of 

faults incorporated into the models (FDM) or does not account for full fault interaction and 

possible moment rotations between fault blocks, such as in the case of BEM. 

 

The application of  computational stress modelling offers a new workflow to fully integrate 

stress studies, cap-seal analysis, fault-seal analysis and structural interpretation to 

improve the understanding of hydrocarbon leakage risk at the prospect and play scales and 

was illustrated by way of multiple case study examples (Papers 4, 5, 6, 7 & 8). 

 

The research presented in this thesis has development new concepts and additional 

workflows which add to the ‘tool-box’ that may be used by those researchers and 

consultants working in the field of petroleum geomechanics (Paper 9). 
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3. CONTEXTUAL STATEMENT 
 
Previous research has shown the importance of understanding the relationship between 

fault geometry and current applied tectonic stresses in the prediction of critically stressed 

faults and their propensity for fluid flow via generated fracture networks along and/or 

around the fault plane. This thesis consisting of nine published papers attempts to increase 

this understanding, by applying the Distinct Element Method (DEM) to several case 

studies. For example, data collected from the Penola Trough, onshore Otway Basin, South 

Australia, shows that a more complex 3D failure mechanism may be active, whereby the 

cap-seal may fracture preferentially to fault failure (Paper 1).  

 

In Paper 2, computational modelling techniques, using distinct / discrete element method 

(DEM) were applied to the problem of integrating cap and fault seal studies to determine a 

more comprehensive risking strategy for petroleum exploration. Paper 2 presents the 

results of a sensitivity study showing the effect of a single displacing fault on the applied 

regional stress. Input parameters such as the angle between the fault strike and the 

maximum horizontal stress direction (θ); the ratio of magnitudes of maximum and 

minimum stresses (k= 1 / 3); and friction angle  were varied in this modelling 

experiment. This sensitivity study showed the models are highly sensitive to fault 

parameters, in particular the fault friction angle ( ). 

 

Paper 3 addressed the importance of fault parameters by using dipmeter data to obtain 

borehole breakout information. Innovation involved plotting borehole break-out data with 

depth which was then used to identify possible fault intersections with the well-bore and 

observe rotations of regional stress trajectories. A rotation of the maximum principal 
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horizontal stress perpendicular into the fault plane is indicative of a fault rock with a 

higher stiffness moduli than the surrounding rock mass. In the absence of rock strength 

data from laboratory tests, this technique offers a new procedure for making decisions 

about fault parameter inputs into numerical models. 

 

The knowledge gained from the sensitivity studies and application of the new borehole 

break-out technique was applied in Papers 4, 5 and 6, to various case study examples 

within Australia and New Zealand. These case studies included the Penola Trough, 

(onshore Otway Basin); Pyrenees-Macedon fields, Exmouth Sub-basin (Northwest Shelf); 

Kupe Field, Taranaki Basin (New Zealand); Big Lake Field, Cooper Basin (South 

Australia); and the Jabiru-Tancred area, Timor Sea. In each of these studies DEM code was 

used in either two-dimensions  (2-D UDEC) or three-dimensions (3-D 3DEC) and shows 

clear correlations between higher-than-regional predicted differential (2-D) or deviatoric 

stress (3-D) and brittle failure of the rock mass observed in petrophysical logs, core or from 

drilling information. Predicted mean and minimum stress from DEM models was also used 

to predict regions of preferred hydrocarbon pooling (Papers 6 and 7).  

 

Paper 7 also offered a comparison of distinct / discrete element (DEM — 3DEC), finite 

difference (FDM — FLAC3D) and boundary element (BEM — MAP3D) methods for a single 

fault. In this comparative study, it was found that each of the methods gave similar results 

for a single fault. As a general trend, however, the BEM resulted in a larger perturbation 

effect, DEM indicated the least perturbation of differential stress, and the FDM yields a 

response that is of an intermediate order when compared to BEM and DEM. The 

differences were mostly attributable to variations in the way the fault geometry was treated 

in the three methods, that is, the specific discretisation scheme in each code; and the output 
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gridding and display data created by the software. We know that the DEM method can 

account for multiple faults whereas there are restrictions with the FDM, and the BEM 

method does not account for full fault interaction and possible moment rotations between 

fault blocks, so where multiple fault interaction is required, the DEM is preferred. 

 

Paper 8 explained an emerging application for DEM modelling, at the play and prospect 

level respectively, from the Penola Trough. Sensitivity studies at the prospect scale showed 

how (1) fault rock strength; (2) fault zone width; and (3) the interaction of two fault sets; 

generates local perturbations in the regional stress field. At the play-scale, the depth to 

which a younger active fault set propagates was explained by the distribution of stress 

within the rock mass generated by the present day far field stress acting on older regionally 

significant faults. This paper offered a workflow and highlighted the importance of 

understanding the effect of not only critically stressed and displacing faults but also that of 

fault rock that has higher cohesion, stiffness or frictional strength than the surrounding 

rock mass. 

 

Finally, Paper 9 presented the results of the above research by way of a summary paper. 

This paper also gave an overview of three case studies presented in previous papers, the 

Penola Trough, Otway Basin, South Australia; Kupe Field, Taranaki Basin, New Zealand; 

and Pyrenees-Macedon fields, Northwest Shelf, Australia, highlighting the applicability 

and value of the developed techniques for the petroleum industry. 
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