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Chronologic modeling of faulted
and fractured reservoirs
using geomechanically based
restoration: Technique and
industry applications
Laurent Maerten and Frantz Maerten

ABSTRACT

We have developed a geomechanically based restoration method

to model reservoir deformation. The approach, founded on the

finite-element method, simulates the physical behavior of the rock

mass and considers heterogeneous material properties, bedding

slip, and the mechanical interaction of faults. To demonstrate the

method’s potential, we analyze the deformation and fault growth

in the hanging wall of a synsedimentary listric normal fault from a

sand-box model, which provides an analog for evaluating complex

faulted reservoirs. The numerical model results are then analyzed

to investigate the chronology of faulting. The numerical model cor-

responds well to the physical model and provides additional in-

sights about reservoir evolution and deformation. The approach is

also tested on a natural example of folding using outcrop data to

study contractional deformation.

These examples illustrate how undetected faults and fractures,

reservoir compartmentalization, hydrocarbon-migration pathways,

and hydrocarbon traps can be understood in the context of tectonic

processes and how this understanding can be exploited in decision

making and reducing risk. We conclude that the geomechanically

based restoration of faulted and fractured reservoirs has significant

potential for industry applications compared to common geometric

restoration techniques, which lack a mechanical basis.
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INTRODUCTION

Whether faults and fractures act as seals or conduits,

and whether they are resolvable on seismic reflection

surveys, they can significantly affect hydrocarbon migra-

tion and trap location, as well as flow of hydrocarbons

to wells during production. Therefore, understanding

the evolution of faults and fractures and physical proper-

ties through time should improve reservoir-simulation

models and, in turn, significantly improve decision

making and reduce production risks.

Structural heterogeneities, such as faults and frac-

tures, are known to be capable of significantly altering

the flow of hydrocarbons, either during the migration

from the source to the reservoir rock or during pro-

duction of the reservoir. Therefore, understanding and

quantifying the spatial and temporal development of

these features, as well as their properties (e.g., geome-

try, throw, aperture, permeability, etc.), can have great

economical impact on the recovery of natural reserves.

However, despite the tremendous detail now available

from three-dimensional (3-D) seismic reflection tech-

niques (Dorn, 1998), many of these features cannot be

detected at the current resolution of the seismic re-

flection data, typically about 20–30 m (66–98 ft) of

throw for faults in North Sea reservoirs. Furthermore,

whereas these geophysical techniques adequately im-

age the major geological structures, this only provides

the present-day structural geometry of the subsurface,

which commonly has resulted from multiple tectonic

events, thereby increasing the complexity of the analy-

sis. Tomore realisticallymodel the spatial and temporal

development of structural heterogeneities and to ad-

dress these economical issues, a variety of numerical

techniques have been developed. They fall into three

main categories: (1) the geometric and kinematic ap-

proaches; (2) the stochastic approaches; and (3) the

physical and geomechanical approaches.

The first category includes most of the restoration

techniques used by structural geologists to check the

consistency of the subsurface structural interpretations.

Measures of gaps and overlaps between the restored

parts of a model give qualitative values to check the

strength of the geological interpretation. The geomet-

rical methods proposed to restore geological struc-

tures are based on a variety of algorithms, which aim

at reproducing natural deformation. For instance, the

methods include balancing cross sections by flexural

slip (Dahlstrom, 1969; Hossack, 1979; Davison, 1986)

to model deformation accommodated by slip along an

infinite number of bedding interfaces. Vertical (Gibbs,

1983; Williams and Vann, 1987) or inclined shear

(White et al., 1986; Dula, 1991) techniques have been

developed to simulate deformation accommodated

by slip along an infinite number of vertical or inclined

parallel faults, respectively. Geometrical (Gratier et al.,

1991; Samson, 1996; Williams et al., 1997) unfolding

methods for 3-D surfaces have been proposed, based

on flexural slip and homogeneous inclined shear (Kerr

et al., 1993; Griffiths et al., 2002). More simply, map-

view restoration has been done using rigid translation

and rotation of fault blocks (Dokka and Travis, 1990;

Rouby et al., 1993) to model larger scale deformation.

An analytical approach for 3-D surface unfolding has

been proposed, based on surface parameterization and

global deformation minimization (Lévy, 2000). These

methods are based on geometrical assumptions (Rouby

et al., 2000), such as preservation of area, minimization

of deformation, minimization of changes in segment

length, or minimization of shearing, constant fault slip,

fixed faults in space, or discontinuous rigid blocks.

Lately, the use of these techniques has been ex-

tended to predict areas that have undergone large strains

at subseismic reservoir scales and to relate the strains

to structural heterogeneities such as faults and frac-

tures (Hennings et al., 2000; Sanders et al., 2002, 2004).

Although they have the attractiveness of modeling

the kinematic evolution of deformed sedimentary basins

back in time, these methods are not appropriate to

compute fault-block deformation and fault-slip distri-

butions, which are necessary to model both the fault

development and the subseismic fractures. Natural

deformation is a physical phenomenon that involves

parameters such as the initial geometry, the distribu-

tion ofmass, rockmechanical properties, and the forces

that cause the deformation. Therefore, it is uncertain

which geometric restoration algorithm should be used

to model rock deformation (Hauge and Gray, 1996;

Bulnes and McClay, 1999). Furthermore, these tech-

niques are not based on the fundamental principles

of the conservation of mass and momentum, which

govern rock deformation. Consequently, no rock me-

chanical properties can be incorporated in the model,

no stress boundary condition can be applied to simulate

tectonic loading, and no mechanical interaction among

the faults is considered. In addition, only strain, which

is strongly dependent on the geometric restoration al-

gorithm used, is calculated (Erickson et al., 2000;

Hennings et al., 2000; Rouby et al., 2000; Sanders et al.,

2004), whereas fracture mechanics tell us that the state

of stress is required to explain how fractures develop

and interact.
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Stochastic techniques are commonly based on the

fracture power-law size distribution, calibrated using

field or seismic data (Childs et al., 1990; Walsh and

Watterson, 1991; Schlische et al., 1996). For instance, the

fractal model for faulting is used to predict the number

of subseismic faults by extrapolation of the power laws

(Sassi et al., 1992; Yielding et al., 1992; Gauthier and

Lake, 1993; Gillespie et al., 1993). Although the size

distributions are predictable, these techniques pay lit-

tle or no consideration to physical concepts that gov-

ern fault development. Consequently, they cannot take

advantage of the constraints imposed by physical laws

to predict the orientations and the location of these

geological features.

Recent studies (Maerten, 1999; Bourne et al., 2000;

Maerten et al., in press) have shown that adding a geo-

mechanical rationale to stochastic techniques improves

their predictive capability and leads to more realistic

faulted and fractured reservoirmodels. (A finite-element

approach [FEM] for 3-D surface unfolding has been

proposed based on strain minimization; Dunbar and

Cook, 2003.) These techniques fall into the third cate-

gory. As opposed to the geometric approach, the geo-

mechanical approach considers mechanical concepts

and the fundamental physical laws that govern frac-

ture and fault development. The basic methodology

consists of calculating the stress distribution at the

time of fracturing using the available reservoir struc-

ture data, such as faults, fractures and folds, and rock

properties and the tectonic setting that can be charac-

terized by stress or strain magnitude and orientation.

Then, the calculated stress fields, perturbed by the

main structures, combined with rock failure criteria,

are used to model fracture networks (i.e., orientation,

location, and spatial density). Applications to both out-

crops (Kattenhorn et al., 2000; Bourne and Willemse,

2001; Bai et al., 2002; Guiton et al., 2003b; Healy et al.,

2004, Davatzes et al., 2005) and reservoirs (Maerten,

1999; Bourne et al., 2000; Guiton, 2001;Maerten et al.,

2002, in press) demonstrate how geomechanics can

provide a high degree of predictability of natural frac-

ture and fault networks. The 3-D boundary element

method has been successfully applied to model sub-

seismic faults (Maerten, 1999; Maerten et al., in press)

in the northern North Sea’s highly faulted reservoirs

as well as undetected fractures in naturally fractured

carbonate reservoirs (Bourne et al., 2000). Three-

dimensional FEM has been recently developed to for-

ward model diffuse fracture networks in folded sedi-

mentary layers (Guiton et al., 2003a) and applied to a

Middle East folded hydrocarbon reservoir (Guiton,

2001). However, whereas numerical models of rock

deformation based on continuum mechanics provide

an important tool for characterizing geologic structures

in the context of hydrocarbon exploration and produc-

tion, they do not effectively model past fracture devel-

opment because of their geometric dependence on the

available present-day subsurface structural model of

the reservoir to infer stress distribution.

In this contribution, we propose a new numerical

method developed by L.Maerten and F. Maerten (2001,

unpublished data) that combines the restoration of geo-

logical structures with geomechanics. This technique

allows computing geologic deformation and perturbed

stresses through time for key geologic settings and tec-

tonic episodes. The method, based on the FEM, simu-

lates the geomechanical behavior of complex geologi-

cal structures such as folded and faulted rock. It honors

the full complement of physical laws that govern geo-

logical deformation, including conservation ofmomen-

tum, mass, and energy. Therefore, physical laws and

linear elastic theory replace kinematic and geometric

constraints used by the existing methods for the res-

toration of geological structures.

We apply the two-dimensional (2-D) FEM to ana-

lyze deformation and fault growth in the hanging wall

of a synsedimentary listric normal fault from a sand-box

experiment (McClay, 1990). The physical model con-

stitutes a good-quality analog for evaluating complex

faulted and fractured reservoirs. It provides good con-

trols on both the interpretation of the observed struc-

tures and the analysis of their development through

time. The restoration methodology is described, and

we explain how fault chronology can be inferred and

how undetected faults can be modeled. We also show

how this technique applies to a natural example of con-

tractional structures and how it can help petroleum

engineers to define reservoir compartmentalization,

hydrocarbon-migration pathways, and trap geometries,

with the goals of reducing production risks and im-

proving the decision-making process.

PRINCIPLES AND METHOD

The geomechanically based restorations described in

this study were performed with Dynel, a 2-D and 3-D

geomechanical computer program that has been de-

veloped to model complex geological structures with

a variety of boundary conditions or constraints. In this

study, we only consider the 2-D formulation to restore

geological cross sections.
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Principles

Dynel is a continuum code based on FEM (Hughes,

1987) for modeling the behavior of complex geological

structures, such as folded, fractured, and faulted rock.

Its formulation can accommodate large displacements

and strains for a heterogeneous, anisotropic, and discon-

tinuous medium. Stresses that would exceed the elastic

limit, and thereby subject the model to nonrecoverable

deformation, are not considered (Novozhilov, 1953).

Models are discretized with linear triangular ele-

ments in 2-D, which form a mesh that is adjusted by

the user to fit the shape of the structures under con-

sideration. Each element has assigned material proper-

ties that may differ from element to element, and each

behaves according to a prescribed linear elastic law in

response to constraints such as applied and/or internal

forces, displacements, and interface contact reactions.

As opposed to the standard implicit FEM (Hughes,

1987), where a global stiffness matrix is built for solv-

ing for the unknown displacements, we use an iterative

solver based on the Gauss-Seidel method (Golub and

Van Loan, 1996). This solver allows forces to be trans-

mitted from node to node through the entire system

until equilibrium is obtained. Nodal forces are com-

puted using the stress state of each connected element

and consider other forces such as external and contact

forces.

This explicit formulation of the FEM used here

makes it ideally suited for modeling complex geologi-

cal and geomechanical problems that consist of sev-

eral stages, such as restoration, sedimentation, and ero-

sion. Furthermore, this formulation results in much less

memory allocation, and computation can easily be dis-

tributed among computers in a cluster. The explicit

solution scheme also gives a stable solution to unstable

numerical processes. It permits one to develop new com-

plex constraints, such as unfolding on nonplanar sur-

faces, contact interaction, andmixing of different bound-

ary conditions (i.e., displacement and stress [traction]

boundary conditions).

Methods

Determination of the Element and Nodal Deformation

Initially, the system is at rest in equilibrium (
P
F = 0).

Applying local forces, displacements and/or stresses will

make the system evolve. At iteration i, and according

to the prescribed boundary conditions, the nodes sub-

jected to forces are displaced, causing deformation of

the connected elements. Next, the homogeneous dis-

placement field associated with the deformation of the

elements is calculated. Then, the strain is derived from

the linear displacement field using the kinematic equa-

tions for finite or infinitesimal strain. Using Hooke’s

law (Jaeger and Cook, 1979), the stress tensor is cal-

culated for each triangular element. Nodal forces are

then derived as a function of the element stress ten-

sor. For infinitesimal deformation, tensors and forces

are computed in the global coordinate system. For

finite deformation, the displacement field, strain, and

stress tensors are computed in the local coordinate sys-

tem of each element to consider rigid-body rotation.

Finally, the forces are rotated back to the global coordi-

nate system, and contact forces are added for each node.

Contacts at Interfaces

Contacts are modeled using the concept of slave nodes

and master segments (or master surfaces in 3-D), which

is used in almost all FEM contact algorithms (Wriggers,

2002). Consider two fault blocks in contact. If a node

of the interfacemesh of one block penetrates a segment

from the interface mesh of the second block, the node

is considered a slave node, whereas the segment is con-

sidered a master segment. A contact force is then ap-

plied to push the node back toward the outside of the

element containing the master segment. Thus, the con-

tact force is directed toward the master segment along

the normal to that segment. The master-slave concept

implemented here allows nodes to be both slave nodes

for an iteration and part of a master segment for other

iterations. Therefore, to solve fault-block contact prob-

lems, it is not necessary to assign the master and slave

roles to boundary surfaces.

Solving the System

The explicit solver is based on the Gauss-Seidel meth-

od, which allows nodal forces to be transmitted from

node to node, until equilibrium is reached. Each node

is treated independently from the others, and the order

in which they are checked is irrelevant. Gauss-Seidel

is an iterative method for solving partial differential

equations on a triangulated surface (2-D) or tetrahe-

drized volume (3-D). When a node is checked, its new

position depends on the current positions of the con-

nected neighboring nodes (Figure 1). The key feature

of this algorithm is that it uses new information, for

instance, updated mesh node positions, as soon as they

become available, as opposed to the Jacobi’s method

(Golub and Van Loan, 1996), in which the update of

each node depends only on the values at neighboring

nodes from the previous iteration.
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For a given node, we calculate the force resulting

from the deformation of each connected element. The

contact forces are then added. This force is then trans-

formed back to a displacement vector using the nodal

stiffness matrix. This matrix is defined as the sum of

the stiffness matrices of the connected elements, for

which the other nodes are considered fixed. Then, the

displacement constraints or displacement boundary con-

ditions, such as fixity, unfolding, and unfaulting, are

applied to the computed displacement vector. Finally,

the node is moved according to the new displacement

vector, and the iteration jumps to the next node. The

algorithm stops when the sum of the squared norm of

the nodal displacement vector is below a given thresh-

old value.

Advantages and Pitfalls

Linear elasticity is used as a tool for restoration be-

cause its fundamental properties are well suited for

such modeling. It is the most intuitive mechanical be-

havior that provides a unique solution. Therefore,model

results can easily be comprehended. Linear elasticity

honors the full complement of physical laws that govern

geological deformation, including conservation of mo-

mentum, mass, and energy. As a result, physical laws

replace kinematic or geometric assumptions commonly

used for restoring geological structures, such as preser-

vation of segment length, surface area, or volume. Lin-

ear elasticity is reversible, which allows one to go back

and forth from the restored to the initial state. Further-

more, because one commonly does not know the path

of deformation that should be used for restoration, lin-

ear elasticity provides the simplest guess. Heterogeneous

elastic properties are considered to honor vertical and

lateral variations in rock rheology, which could have a

significant effect on the restoration results (see below).

In addition, mechanical boundary conditions can be

prescribed using linear elasticity. For instance, there is

no need to prescribe ad-hoc conditions such as a pin

plane, a fixed transport direction, discontinuous rigid

blocks, or fixed faults. Moreover, stress boundary con-

ditions can be added to the model to consider the far-

field tectonic stresses necessary for modeling structural

heterogeneities (Maerten et al., 2002).

The main limitation of using linear elasticity is that

we know from laboratory experiments (Jaeger and

Cook, 1979) that rock does not behave as a perfectly

elastic solid for all loading conditions. Indeed, nonlinear

and nonrecoverable stress-strain relations are observed

beyond the elastic limit. To some extent, these inelastic

behaviors can be approximated by suitable reductions

of the elastic stiffness and by introducing explicit dis-

placement discontinuities into models that account, for

example, for slip on faults.

Application to Restoration and Example Tests

We applied the FEM to restore a simple 2-D geological

structure. The following examples illustrate the effec-

tiveness of the method to treat contact interfaces and

tomodel heterogeneousmaterial properties. They high-

light that different solutions are obtained even if the

model’s initial geometry is otherwise identical.

Figure 1. Iterative solver principle. (a) Initial mesh configuration with applied force ~F at node A. (b) At first iteration, node A is
displaced according to force ~F, and the two connected triangular elements are deformed accordingly. (c) At second iteration, node B
is displaced according to the sum of forces, and the two connected triangular elements are deformed accordingly.
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Model Configurations

Three model configurations, which consist of symmet-

ric folds with constant thickness, have been investi-

gated. The first is a three-layer model with bedding

slip (Figure 2a). The modeled bedding interfaces can

slip with no friction but are constrained to stay in me-

chanical contact to prevent any opening (i.e., gaps)

and interpenetration (i.e., overlaps). In this configu-

ration, the layers can mechanically interact, translate,

rotate, and deform during the restoration. The me-

chanical properties of the model are homogeneous,

with a Poisson’s ratio of 0.25 and a Young’s modulus

of 10 GPa. The second configuration (Figure 3a) is a

one-layer model with homogeneous material proper-

ties identical to the first configuration. The third con-

figuration (Figure 3a) is a one-layer model in which a

stiffer inclusion has been added. The mechanical prop-

erties of the inclusion are defined by a Poisson’s ratio

of 0.35 and a Young’s modulus of 100 GPa, whereas

the rest of the model is identical to the previous con-

figurations. The base and the sides of the three mod-

els are free surfaces, and we use a finite plane-strain

deformation.

The basic 2-D cross section restoration procedure

consists of constraining each node of a stratigraphic

horizonbounding a sedimentary layer (here the top one)

to displace to a target curve (here horizontal) repre-

senting the depositional topography. Each of the dis-

placed nodes is constrained to stay on the target curve

but is free to move parallel to that curve. All the other

nodes of the model, unless otherwise constrained, are

free to move until the system converges and equilibri-

um is reached.

Results

The result of the first model (see Figure 2b) shows flat,

restored layers with bedding slip that increases to the

right and to the left side of the model and in opposite

sense. The deformation is distributed among the three

layers and produces bed-parallel compression and ten-

sion at the layer top and bottom, respectively. The un-

folded lower layer is shorter than the unfolded upper

layer, giving an overall inverted pyramid shape.

The single-layermodel, however, gives notably differ-

ent results (see Figure 3b). One still observes bed-parallel

Figure 2. Restoration of
a three-layer folded beam
with bedding slip interfaces.
(a) Mesh of the folded
layers with homogeneous
properties (E = 10 GPa,
n = 0.25). Slip is allowed
between layer interfaces.
(b) Isocontours of the com-
puted sxx. Black is tension,
and white is compression.
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compression and tension at the layer top and bottom,

respectively. However, the magnitude of the stress

is about five times greater than that for the slip-

ping layers because those layers are thinner: layer-

parallel strain is proportional to the distance from

the middle (neutral) surface of a bending layer, and

the stress is proportional to the strain. Further-

more, the top boundary length is 2.3% shorter than

that of the previous model, whereas the bottom

boundary is 7.2% longer. Therefore, although the ini-

tial geometry is the same, the two first models give

different restored geometries and different perturbed

stress field distributions.

The purpose of the third model was to test the

effect of heterogeneous material properties. The result

(Figure 3c) shows that a stiffer inclusion perturbs

the stress when the layer is unfolded. Near the top

boundary of the inclusion, there is a large compres-

sion, whereas near the lower boundary, there is a large

tension. The geometry of the restored fold is similar

to the previous model. However, the bottom bound-

ary of the fold is undulating instead of being straight

as in the first and second models. For the following

set of experiments, we use homogeneous material prop-

erties. Changing the homogeneous mechanical prop-

erties of a model will not significantly change the results,

except for the computed stress magnitude, because

stress is linearly dependent of the Young’s modulus. As

seen in Figure 3, only contrasts inmechanical properties

would affect the results.

Figure 3. Restoration of
a one-layer folded beam.
(a) Mesh of the folded
beam with location of an
inclusion. (b) Isocontours
of the computed sxx for
a model with homogeneous
properties (E = 10 GPa,
n = 0.25). (c) Isocontours
of the computed sxx for a
model with heterogeneous
properties (E = 100 GPa,
n = 0.35 for the inclusion).
Black is tension, and white
is compression.
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EXPERIMENT 1

Wehave evaluated the potential industry applications of

this new technique by restoring a section across a labo-

ratory experiment. This has many advantages over a

natural example because (1) the initial and final con-

figurations are known; (2) the complete kinematic and

sediment deposition path is recorded; (3) the boundary

conditions are well controlled; and (4) the mechanical

properties are known. The analog modeling experiment

analyzed in this section consists of a synsedimentary lis-

tric normal fault with a rigid footwall. Because of its

quality and applicability, this model has already been

used as a restoration case study (Bulnes and McClay,

1999; Erickson et al., 2000; Yamada andMcClay, 2003).

The laboratory experiment is described in McClay

(1990); nonetheless, we summarize it in the following

section for the sake of clarity.

Simple listric fault detachment surfaces were simu-

lated using a molded footwall block above which a

plastic sheet, attached to themovingwall, translates the

hanging wall at a constant rate of 4.16 � 10�3 cm s�1

(1.63� 10�3 in. s�1) (see Figure 4a). The plastic sheet

models a constant-displacement condition on the base

of the model that implies a zero elongation parallel to

the fault surface and a strong decollement surface (see

Medwedeff and Krantz, 2002). The rigid nature of the

footwall block means that the detachment surface has

a constant geometry throughout the experiment, thus

limiting the deformation to the hanging-wall block.

Homogeneous dry quartz sand has been used to simu-

late the brittle behavior of the upper crust. Dry quartz

sand (300 mm) has essentially linear Coulomb rheology

with a friction angle of 31j (Ellis and McClay, 1988).

During the 50% extension of the model, 28 sand layers

with alternating colors were added incrementally to

maintain a constant, horizontal upper free surface and

to simulate synrift sedimentation that would infill an

extensional basin. The serial section of the completed

and impregnated model (Figure 4b) shows the well-

established geometry of a rollover anticline. In this ex-

periment, where the displacement is uniform over the

entire fault surface, a crestal graben system is devel-

oped. The fault sequence diagram of Figure 4c shows

the nucleation of new faults into this crestal graben.

Numerical Model Configuration

The geometry of the completed analog model was care-

fully interpreted, and a finite-element mesh model was

built (Figure 5a), honoring the geometry of both the

faults and the boundaries of the sediment layers. The

synrift sequence has been divided into six packages,

each with five increments of sedimentation, except for

the youngest, which comprises three increments. These

packages are used for the six-stage restoration models

described below.

The mechanical properties throughout the model

are homogeneous and are those of dry quartz sand, with

a Poisson’s ratio of 0.3, a Young’s modulus of 2 MPa

(Clark, 1966), and a friction angle of 31j. The base of

the model is constrained to follow the shape of the

fixed listric basal fault (see Figure 5b) with no constant

slip imposed. Nodes of the base of the model can slide

with no friction along the curved basal boundary to

accommodate the displacement during the restoration

and to mimic the sand-box model configuration. The

modeled faults of the hanging-wall block can slip with

no friction but are constrained to stay in mechanical

contact, thus preventing any opening (i.e., gaps) and

interpenetration (i.e., overlap) of the fault walls. This

configuration allows a degree of freedom, where the

faults can mechanically interact, translate, rotate, and

deform during the restoration. The right side of the

model is a free surface.

The restoration consists of sequentially removing

the upper synrift sedimentary layer packages one by

one and constraining the top of the next package to

flatten along a horizontal target line. This target line

(see Figure 5b) corresponds to the constant horizontal

upper free surface of the analog model. The nodes can

slide with no friction along the target line to accom-

modate the displacement during the restoration. For

each stage of the restoration, all the nodes of the model

are free to displace with respect to the constraints stated

above, and the faults are free to accommodate any slip

until the model equilibrates (
P
F = 0) and the energy is

globally minimized. We assume a plane-strain model

with nomaterial motion in and out of the cross section.

To simulate the flow behavior of the dry quartz sand

approximately during the deformation, we set the ac-

cumulated stress to zero with no associated strain after

each restoration stage, and the deformed geometry is

used as input for the next restoration increment.

Restoration Results

Wemapped the picture of the completed sand-box ex-

periment onto the finite-element mesh using a texture

mapping tool. This allows one to follow the deforma-

tion of the layers at each stage of the restoration. The

results of the restoration are shown in Figure 6. The
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faults located in the rollover anticline translate, rotate,

and deform as the restoration sequence progresses,

whereas faults located to the right in the model only

exhibit a translation. The changes in fault crosscutting

relationships through time, as observed in Figure 6 at

intersections a and b, demonstrate how geomechani-

cally based restoration can deal with complex fault ge-

ometry and interaction. For instance, the right-dipping

fault of intersection b in Figure 6 crosscuts a left-dipping

fault at stage 1, whereas it is the left-dipping fault that

crosscuts the right-dipping fault at stage 2. These cross-

cutting relationships between faults help one under-

stand the chronological development of faults that is

described below.

When analyzing the evolution of the sand layers,

one observes that they roll back along the basal listric

fault to their original horizontal position, whereas the

free right border of the model translates without any

rotation. In the final restored state (stage 6 of Figure 6),

the prerift beds are subhorizontal, which is consistent

Figure 4. Physical experiment after McClay (1990). (a) Details of the model apparatus with a simple listric detachment formed by
pulling the plastic sheet (attached to the moving wall) down and along the detachment surface. (b) Serial section of the impregnated
sand model after 50% of extension. (c) Line drawing showing the deformed hanging wall and fault sequence inferred from sediment
thickness variation.
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with the initial configuration of the physical sand-box

experiment. However, close to the main bounding

listric normal fault, some beds dip slightly to the left

(�1.5j). Some mismatches also are seen in the conti-

nuity of the bedding interfaces across some of the

faults. The origin of these discrepancies can cautiously

be attributed to different sources. First, the mechani-

cal behavior of the dry quartz sand might not be effec-

tively modeled using elastic behavior. Second, remobi-

lized sand close to the faults may be involved in normal

or reverse drag attributed to inelastic deformation,

which is not modeled. Third, we have not imposed a

constant slip on the decollement as in the physical

model. Finally, the plane-strain constraint used in the

numerical model may not necessarily be appropriate.

Indeed, some motion of the dry quartz sand parallel to

the strike of the basal listric fault probably occurred

during the physical experiment.

Each of the 28 synrift sand-layer increments of the

physical experiment corresponds to 0.5 cm (0.2 in.) of

displacement at a constant rate of 4.16 � 10�3 cm s�1

(1.63 � 10�3 in. s�1). Therefore, one time increment

is about 120 s. This time increment has been com-

bined with the measure of shortening after each res-

toration stage to produce Figure 7. This graph compares

the displacement rate imposed in the sand-box exper-

iment with the displacement rate inferred from the

restoration, and it provides a quantitative means for

Figure 5. Configuration of the geomechanically based restoration. (a) Finite-element mesh (triangular elements) of the physical
experiment with homogeneous properties (E = 2 MPa, n = 0.3). (b) Boundary conditions constraining the base of the model to follow
the shape of the fixed listric basal fault, the faults of the hanging-wall block to slip with no friction but to stay in mechanical contact,
and the top of the model to flatten along a horizontal target line.
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Figure 6. Results of the geo-
mechanically based restoration
from stages 0 to 6. The picture
of the physical experiment sec-
tion has been mapped onto
the finite-element mesh. White
arrow indicates the antithetic
normal fault interacting with
the studied fault (see Figure 8)
marked with a black arrow.
(a) and (b) indicate the loca-
tions of studied crosscutting
relationships between intersect-
ing faults.
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evaluating the restoration. The inferred displacement

rate is constant and closely matches the one imposed in

the sand-box experiment. The best linear fit is given by

y ¼ 4:11� 10�3xþ 0:0248 ð1Þ

with R = 0.99915 and where 4.11 � 10�3 is the com-

puted displacement rate in centimeters per second.

Fault Development Analysis

For each restoration stage, we computed the slip distri-

bution along the faults to estimate the amount of fault

activity through time. Because there is no mesh re-

generation between each restoration stage, we used the

relative (x, y) coordinates of the nodes on both sides of

the faults to compute the slip distribution along the

faults. Cumulative slip distributions illustrate how the

faults initiate, propagate, mechanically interact, and

lock through time. As an example, Figure 8 shows, for

each stage, the cumulative slip distribution along fault

c, which is also marked by a black arrow in Figure 6

(stage 0). For the sake of simplicity, the modeled fault

is analyzed in a forward sense.

Initially there is no slip along the fault c. Between

stages 6 and 5, slip accumulates along the upper 6.5 cm

(2.5 in.) of the fault. Little or no slip is computed along

the lower 2 cm (0.8 in.) of the fault; therefore, the fault

has not yet reached its final length. The fault propa-

gates within the synrift sequence and offsets the top

free surface as illustrated by the open slip distribution

curve. Between stages 5 and 4, slip quickly accumulates

along the fault, except in the lower centimeter. This

highlights the highest intensity of fault activity, which

clearly shows an asymmetric slip distribution with max-

imum slip near the top free surface as described in other

studies (Childs et al., 1993; Maerten et al., 1999). Be-

tween stages 4 and 2, slip keeps accumulating, and the

fault reaches its final length in both the postrift and the

synrift sequence. At stage 2, the fault does not offset

Figure 7. Graph comparing the displacement rate imposed in
the sand-box experiment, with the displacement rate inferred
from the restoration. The inferred displacement rate is con-
stant and closely matches the one imposed in the sand-box
experiment.

Figure 8. Cumulative slip distribution, for each stage of the
restoration, computed along the fault marked as a black arrow
in Figure 6. The dashed line locates the intersection with the
mechanically interacting antithetic normal fault marked as a
white arrow in Figure 6.
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the top free surface as illustrated by the slip distribu-

tion that goes to zero in the synrift sequence. Between

stages 2 and 1, slip accumulates everywhere except

along the lower 2 cm (0.8 in.) of the fault, where the

fault starts to lock. Between stages 1 and 0, the fault

has entirely locked because no slip has accumulated.

This corresponds to the change in fault crosscut-

ting relationship observed in Figure 6b and described

previously.

The dashed line of Figure 8 shows the location of

the intersection, with a major antithetic fault marked

by a white arrow in Figure 6 (stage 0). This fault me-

chanically interacts with the studied fault and perturbs

its slip distribution as illustrated by a higher slip gra-

dient. The fault interaction is the strongest between

stages 5 and 3, where the slip gradient is the highest.

This also corresponds to the highest activity of the

antithetic intersecting fault. The perturbed slip distri-

bution is consistent with previous independent obser-

vations (Nicol et al., 1995; Maerten, 2000) and me-

chanical analyses (Maerten et al., 1999). Themechanical

interaction responsible for the perturbed slip distribu-

tion is attributed, at least in part, to elastic deformation

that modifies the local shear stress acting on one fault

as induced by slip on the other fault (Willemse, 1997;

Maerten, 2000).

The entire model was analyzed in a forward sense

to sequentially investigate the development of the faults

in the hanging wall of the basal listric fault. Slip distri-

bution along each fault was computed for each stage. It

was then possible to infer the evolution of deforma-

tion, the propagation and locking history of the faults,

and the fault chronology (see Figure 9).

Active Deformation Area

The analysis of fault development, which has been in-

ferred from the computed fault-slip distributions, shows

that through time, the deformation or fault activity is

always localized close to the top free surface and just

to the right of the base of the ramp (see Figure 9). This

has been observed in many natural examples (Shelton,

1984; Williams and Vann, 1987) in sand-box experi-

ments (Ellis and McClay, 1988; McClay, 1990; With-

jack et al., 1995) and has been explained using elastic

and elastoplastic geomechanical simulations (Erickson

et al., 2001). The location and magnitude of the de-

formation is directly related to the shape of the basal

listric normal fault that controls the rollover anticline

geometry and, therefore, the distribution of the per-

turbed stress fields.

Fault Propagation

The analysis shows that faults initiate close to the top

free surface and propagate downward in the prerift se-

quence and upward in the synrift sequence, as observed

for faults a and c of Figure 9. The full length of the faults

is attained at an early stage of the deformation. The

analysis also shows that new active segments of the

faults always form with a dip angle close to 60j. This is
consistent with the Coulomb failure criterion (modi-

fied from Jaeger and Cook, 1979, p. 95), defined by

tanðp� 2dÞ ¼ � 1

tan w
ð2Þ

where d is the dip angle of the fault plane, w is the

friction angle, and with the maximum compressive

stress (smax) vertical. This criterion predicts that for

dry quartz sand (w = 31j), d = 60j. The final observed
S-shaped geometry of faults, a and c, can therefore be

explained in part by the propagation of the faults

upward and downward at 60j to the vertical as the

model rotates over the listric normal fault (i.e., roll-

over anticline).

Locking Faults

Results from the fault-slip analysis illustrate how the

faults start to lock. When a fault is fully developed,

after initiating close to the top free surface and prop-

agating downward in the prerift sequence, it starts to

lock close to the base. Then, the locked segment of the

fault spreads upward as seen for faults a and b (Figure 9).

Another locking mechanism observed in the restora-

tion occurs when a fault is crosscut by a propagating

fault. This is clearly observed for faults a and c, locked

by the propagating fault d (Figure 9).

Fault Chronology

The above observations based on the analysis of the

computed fault-slip distributions permit one to infer

the deformation and the fault development chronology

of the entire model. This chronology is in good agree-

ment with the chronology inferred from the sedimen-

tation thickness variation analysis of the physicalmodel

(see Figure 4c). However, the geomechanical model

adds more than a fault chronology based on sediment

thickness analysis because it tells us when and where

faults propagate and lock in space and through time.
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Figure 9. Sequential fault develop-
ment analysis inferred from computed
fault-slip distributions. Dashed faults
are incipient faults, thick black faults are
active faults, and thin black faults are
locked. Faults marked as a, b, c, and d
are referred in the text.
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Conclusions and Applications to Reservoir Exploration
and Production

The numerical model corresponds well to the physical

model and provides additional insights about the phys-

ics of the process and quantitative values of physical

parameters. The geomechanically based restoration pro-

vides a way to quickly and efficiently assess the devel-

opment of the geological structures (i.e., faults) through

time. This tool has significant potential for understand-

ing complex geological structures and for evaluating

hydrocarbon migration through time. Indeed, if one

expects hydrocarbons to migrate along the active seg-

ments of faults, one could infer hydrocarbon-migration

pathways directly and locate areas of potential struc-

tural traps that could be economically interesting.

EXPERIMENT 2

The objective of the following experiment is to predict

fault location and geometry as observed in the physical

model. Therefore, a model without the faults is re-

stored, and attributes of the computed perturbed stress

field are compared with the location and geometry of

the faults, observable in the physical experiment.

Numerical Model Configuration

The geometry of themodel corresponds to stage 0 of the

previous experiment, where the first package of the

synrift sequence has been removed (see Figure 10a, b).

All the faults of the deformed hanging wall have been

omitted, and the top boundary has been interpreted as

a smooth surface without any offsets caused by the ob-

served faults. This experiment could be viewed as a

demonstration of how to interpret poor-quality seis-

mic data, where faults cannot be detected from sedi-

mentary interface offsets.

The mechanical properties throughout the model

are homogeneous and similar to the previous experi-

ment, with a Poisson’s ratio of 0.3, a Young’s modulus

of 2 MPa, and a friction angle of 31j. The nodes at the
base of the model are constrained to slide with no fric-

tion and to follow the shape of the fixed listric basal

fault (see Figure 10b). The left side of the model is a

free surface. The restoration consists of constraining

the top of the model to flatten along the horizontal

target line that corresponds to the constant horizontal

upper free surface of the analog model. The nodes can

slide with no friction along the target line to accom-

modate the displacement during the restoration.All the

other nodes of the model are free to displace until the

energy is globally minimized.We assume a plane-strain

model with no material motion in and out of the cross

section.

A second model (see Figure 11a), similar to the

previous one, has been set up, in which the base has not

been constrained to follow the listric fault. This ex-

periment could be viewed as a demonstration of how

to interpret poor-quality seismic data, where faults as

well as the basal decollement cannot be detected.

Restoration Results

Based on the restoration boundary conditions and me-

chanical parameters, one computes the perturbed elas-

tic stress field at the finite elements. Note that com-

puted stresses are the stresses produced by restoring

the model. The inverse of these stresses corresponds

to the stresses that are computed if we deform the

initial model geometry to the observed deformed ge-

ometry. Linear elasticity allows such back-and-forth

analysis of the stresses from the deformed to the unde-

formed states. The principal stresses (i.e., inverse) are

then combined with a failure criterion to create maps

of both the predicted fault geometry and the predicted

fault location.

The modeled fault geometry can be estimated using

the Coulomb failure criterion defined in equation 2.

Two conjugate failure planes intersect, and the fault

dip angles are influenced only by the angle of friction w

and the orientation of the local maximum and mini-

mum principal stresses, smax and smin, respectively.We

chose the maximum Coulomb shear stress (MCSS) as

an index for fault location because it has been effec-

tively used by Maerten et al. (2002, in press) to model

secondary normal faulting in a North Sea reservoir.

The MCSS is the maximum shear stress that would

occur on optimally oriented conjugate shear fractures

as defined above. The value of the MCSS is deter-

mined by (Jaeger and Cook, 1979, p. 95):

MCSS ¼ ðsmax � sminÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 w

p� �

� tanw
ðsmax þ sminÞ

2

� �
ð3Þ

where w is the friction angle.

Figure 10c shows the contours of the MCSS over

the entire model. The highest stress concentration is

localized close to the top free surface and just to the
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right of the base of the ramp. This corresponds to the

area of highest fault activity inferred from the previous

restorations and is similar to the elastic and elasto-

plastic geomechanical simulations conducted by Erick-

son et al. (2001). The right side of the model displays

the lowest MCSS stress values and corresponds to the

region that has only been translated during the exten-

sion. When the active fault segments, predicted from

stage 0 of the previous restoration experiment, are

superimposed onto themap, they match with the high-

est computed MCSS values.

Figure 10d shows the orientation of the two shear

failure planes derived from the computed stresses over

the entiremodel. The sizes of the displayed shear planes

are proportional to the computed MCSS. When the

active faults, predicted from stage 0 of the previous

restoration experiment, are superimposed onto themap,

their geometry closely follows the curved path of the

computed shear plane orientations.

Figure 11b also shows that without constraining

the base of the model, the highest stress concentration

still localizes close to the top free surface, which corre-

sponds to the area of highest fault activity inferred from

the previous restorations. Orientation of the two shear

failure planes remains identical to the previous model

close to the top free surface. However, the orientation of

the conjugate shear planes tends to deviate from the pre-

vious model toward the traction-free base of the model.

Conclusions and Applications to Reservoir Exploration
and Production

The geomechanically based restoration provides not

only a complete and robust set of tools for inferring

fault development chronology but also a tool to com-

pute deformation between the restored and the de-

formed states. The analysis of deformation (i.e., per-

turbed stress field) can be used effectively in the oil

industry to model undetected or subseismic faults

(Maerten et al., 2002, in press). These predictions may

serve to infer reservoir compartmentalization and to

locate and exploit faulted regions of reservoirs.

EXPERIMENT 3

As an application of the geomechanically based resto-

ration technique to model contractional structures, we

restore a decameter-scale fold, which crops out in the

Coulazou gully located near the Montpellier thrust

fault, southern France (see Figure 12).

The Montpellier thrust fault is part of the thrusts

and folds of the Pyrenean foreland (Arthaud and Séguret,

1981) formed during the Eocene. The thrusts were later

truncated by north-south–striking extensional struc-

tures that developed throughout the late Oligocene–

early Miocene rifting of the Gulf of Lion continental

passive margin. The Mesozoic limestone cover, which

was involved in thin-skinned compressional tectonics

during the Pyrenean orogeny, outcrops in the Coula-

zou gully. The structural style of the area is characterized

by a succession of approximately east-west–trending,

decameter-scale folds affectingmechanical units of lime-

stone layers that are several meters thick (Bazalgette,

2004). Figure 13 shows a fold cropping out along the

cliff bounding the Coulazou gully and its interpreta-

tion in a vertical cross section. The fold has a gentle

concave-downward shape affecting a 7–9-m (23–29-ft)-

thick competent limestone unit vertically bounded by

softer marly units. The lower marly calcareous unit,

visible in the cross section, corresponds to a decolle-

ment level above which the fold has initiated. Layer-

bounded mode I fractures cluster near the fold hinge.

Field observations (Bazalgette, 2004) suggest that some

of the fractures are reactivated pressure-solution sur-

faces, probably developed during the Pyrenean com-

pression prior to folding.

Numerical Model Configuration

A finite-element mesh (Figure 14a) was developed from

the interpretation of the fold that fits the geometry of

the sedimentary layers. A finer mesh has been used

near the hinge to honor the highest fold curvature ge-

ometry. The mechanical properties throughout the

model are homogeneous and are those of limestone,

Figure 10. Model configuration and results of the second geomechanically based restoration. (a) Serial section of the impregnated
physical experiment. The black line corresponds to the smoothed interpreted sedimentary layer without fault offsets. (b) Finite-
element mesh with homogeneous properties (E = 2 GPa, n = 0.3) and boundary conditions. The faults have been omitted in the
model. (c) Isocontours of the computed maximum Coulomb shear stress (MCSS) resulting from the restoration and plotted over the
initial unrestored geometry. (d) Orientation of the predicted shear plane scale to the MCSS. The size of the shear planes is
proportional to the MCSS. Thick black lines are the superimposed active faults predicted from stage 0 of Figure 9. They closely
matched the highest values of MCSS and the orientation of the computed shear planes.
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with a Poisson’s ratio of 0.25, a Young’s modulus of

30 GPa (Clark, 1966).

The modeled bedding interfaces can slip with no

friction but are constrained to stay in mechanical con-

tact, thus preventing any opening and interpenetration

of the layers. This configuration allows a degree of

freedom where the layers can slip, translate, rotate,

and deform during the restoration while they mechani-

cally interact. The outside boundaries of the model

are free surfaces. We justify the free lower and upper

Figure 11. Model configuration and results of experiment 2 without constraining the base of the model. (a) Finite-element mesh
with homogeneous properties (E = 2 GPa, n = 0.3) and boundary conditions. The faults have been omitted in the model, and the
base is free. (b) Isocontours of the computed maximum Coulomb shear stress (MCSS) resulting from the restoration and plotted over
the initial unrestored geometry. (c) Orientation of the predicted shear planes scale to the MCSS. The size of the shear planes is
proportional to the MCSS. Thick black lines are the superimposed active faults predicted from stage 0 of Figure 9.
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boundaries by the fact that the mechanical competent

limestone unit is bounded by softer marly layers, where

decollement has probably occurred. In this example,

the restoration consists of constraining all the nodes

of the middle bedding interface to displace to a target

horizontal line representing the hypothetical prede-

formed geometry (Figure 14b). Each of the displaced

nodes can slide with no friction along the target line

to accommodate the displacement during the resto-

ration. All the other nodes of the model are free to

move until equilibrium is reached. We assume a plane-

strain model with no material motion in and out of the

cross section.

Restoration Results

The result of the restoration (Figure 14c) shows sub-

horizontal layers with a constant thickness through-

out the model. A small thickness variation with an

increased thickness from north to south is present,

which is also observed in the structural interpretation.

This could be natural lateral thickness variation or arti-

ficial variation caused by the imperfect perpendicular-

ity between the camera direction and the cliff face (i.e.,

perspective distortion). Slip occurred in all bedding

interfaces, giving an overall inverted pyramid shape as

observed in the synthetic example of Figure 2, where

the unfolded lower layers are shorter than the unfolded

upper layers.

We mapped both the outcrop image of the fold

and the fracture interpretation (Figures 15, 16) onto the

finite-element mesh to display the observed fractures

and bedding interfaces of the structure in what could

have been its predeformed geometry. They show ro-

tated fractures that appear perpendicular to bedding.

For the sake of clarity, the stress displayed in

Figure 16 (i.e., least principal stress s3) is the stress

produced by folding the beds. The inverse of that stress

corresponds to the maximum compressive stress (s1)
that is computed by unfolding the beds to subhorizontal

Figure 12. Simplified struc-
tural map of the central part
of Gulf of Lion margin, showing
the contractional and exten-
sional structures, as well as
the outcrop location. Paleozoic
basement is marked with crosses.
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Figure 13. Contractional fold of the Coulazou gully, southern France. (a) Outcrop photograph. (b) Structure interpretation showing
the main bedding interfaces and the observed fractures.
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beds. The deformation caused by the folding is dis-

tributed among the 10 layers and produces bed-parallel

tension and compression at the layer top and bottom,

respectively. Results show stress concentrations (ten-

sion) localized along the fold hinge and articulations and

in the extrados of the folds, which reasonably corre-

late with the location of the observed fracture clusters.

The restoration produces bed-parallel tension that could

ultimately reactivate preexisting bed-perpendicular

stylolites or develop joints (opening-mode fractures)

normal to bedding, as observed in Figure 16a and b.

The high stress concentration magnitude computed

from the unfolding can be explained by the fact that

stresses that exceed the elastic limit, and would be

subject to nonlinear elastic deformation, are not con-

sidered. We would expect fractures developing in such

areas in response to the stress concentration. Note that

no far-field tectonic stresses have been added to the

model; therefore, the computed stresses only reflect the

deformation caused by unfolding.

Figure 14. Model con-
figuration of the contrac-
tional fold restoration.
(a) Finite-element mesh
(triangular elements) with
homogeneous properties
(E = 30 GPa, n = 0.25).
(b) Boundary conditions
constraining the middle
bedding interface of the
model to flatten along
a horizontal target line.
The boundary conditions
are sketched on the un-
folded model for clarity.
(c) Unfolded finite-element
mesh.
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Figure 17 shows the quantitative comparison be-

tween fracture frequency (i.e., fractures per meter)

measured along three beds and computed stress s3
along the same beds. Themaximum fracture frequency

matches the location of the highest value of s3 for the
three layers. The asymmetric nature of fracture fre-

quency with higher frequency to the left of the maxi-

mum is reproduced for layers A and B. Layer C displays

a symmetric fracture frequency graph that is also re-

produced by the restoration.

Conclusions and Applications to Reservoir Exploration
and Production

We have shown that the geomechanically based res-

toration technique can be applied to restore both ex-

tensional and contractional structures. The technique

provides a robust tool for efficiently modeling diffuse

deformation (i.e., undetected joints) from the com-

puted stress field. These modeling efforts may serve to

locate and exploit fractured regions of reservoirs.

CONCLUSIONS

The restoration method presented here combines fun-

damental physical laws that govern rock deformation,

including conservation of momentum and mass, with

the kinematic constraints necessary for restoring geo-

logical structures. The physical laws and linear elastic

theory replace ad-hoc kinematic and geometric assump-

tions commonly used by other methods, including pres-

ervation of segment length, area, or volume. The main

benefits of such an approach follow: (1) rock mechani-

cal properties and their variation throughout the geolog-

ical model are considered; (2) the mechanical interaction

Figure 15. Results of the
geomechanically based
restoration. (a) The out-
crop photograph has been
mapped onto the finite-
element mesh. (b) Un-
folded photograph show-
ing subhorizontal beds.
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of faults and slipping bedding surfaces is modeled; and

(3) the method applies the same principles to restore

geological structures from any tectonic setting. In con-

trast, kinematic and geometric models typically adopt

different mechanisms and constraints to mimic the de-

formation in different tectonic settings. In addition, this

Figure 16. Comparison
between observed frac-
tures and computed
stress. (a) Observed frac-
tures and isocontours
of the computed least
principal stress (s3) re-
sulting from the restora-
tion and plotted over the
initial unrestored geom-
etry. (b) Observed frac-
tures and isocontours
of computed s3 on the
actual fold geometry.
Note that s3 is the stress
produced by folding
the beds. The inverse
of that stress corresponds
to the maximum principal
stress (s1) that is com-
puted when we restore
the folded beds to the
subhorizontal beds. Frac-
ture closely matched
the highest values of s3.
A, B, and C represent
the graphs of Figure 17.
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method computes stresses from the restoration, and

these can be related to small-scale structural hetero-

geneities (i.e., subseismic faults and joints).

The results of this study have shown that the geo-

mechanically based restoration approach, despite its

limitations in terms of inelastic deformation, allows

one to successfully model fault chronology as well as

small-scale joints during restoration. We have demon-

strated, through the restoration of sand layers in a lab-

oratory experiment, that the approach provides an ef-

ficient way to assess fault development through time.

We suggest that the approach could have significant

potential for evaluating hydrocarbon-migration path-

ways through time and for locating structural traps.

Using the same example, we have demonstrated that

such an approach could be used in the oil industry to

model subseismic faults. These predictions may serve

to infer reservoir compartmentalization and to locate

and exploit faulted regions of reservoirs.

Finally, we have shown that this restoration tech-

nique can be applied to restore contractional struc-

tures, and that it provides a robust tool for efficiently

modeling diffuse deformation (i.e., jointing) necessary

to exploit fractured reservoirs. Geological restoration

based on geomechanics appears a promising route

toward improved reservoir characterization.

Figure 17. Comparison
between observed frac-
tures and computed stress.
(a) Observed fracture
frequency (i.e., fracture
per meter) for three dif-
ferent layers, A, B, and C.
Gray bands are areas of
no data because of vege-
tation. (b) Computed s3

along the three layers
A, B, and C. Fracture fre-
quency closely matched
the values of the least
principal stress s3.
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la Société Géologique de France, v. 23, p. 51–63.

Bai, T., L. Maerten, M. R. Gross, and A. Aydin, 2002, Orthogonal
cross joints: Do they imply a regional stress rotation?: Journal
of Structural Geology, v. 24, p. 77–88.

Bazalgette, L., 2004, Relations plissement/fracturation multi échelle
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Doctorat, École Polytechnique, Paris, France, 255 p.

Guiton, M. L. E., Y. M. Leroy, and W. Sassi, 2003a, Activation of
diffuse discontinuities and folding of sedimentary layers: Jour-
nal of Geophysical Research, v. 108, p. 2183, doi:10.1029/
2002JB001770.

Guiton, M. L. E., W. Sassi, Y. M. Leroy, and B. D. M. Gauthier,
2003b, Mechanical constraints on the chronology of fracture
activation in folded Devonian sandstone of the western
Moroccan Anti-Atlas: Journal of Structural Geology, v. 25,
p. 1317–1330.

Hauge, T. A., and G. G. Gray, 1996, A critique of techniques for mod-
elling normal-fault and rollover geometries, in P. G. Buchanan
and D. A. Nieuwland, eds., Modern developments in structural
interpretation, validation and modelling: Geological Society
(London) Special Publication, v. 99, p. 89–97.

Healy, D., G. Yielding, and N. Kusznir, 2004, Fracture prediction
for the 1980 El Asnam, Algeria earthquake via elastic disloca-
tion modeling: Tectonics, v. 23, p. 1–21.

Hennings, P. H., J. E. Olson, and L. B. Thompson, 2000, Com-
bining outcrop data and three-dimensional structural models
to characterize fractured reservoirs: An example from Wyo-
ming: AAPG Bulletin, v. 84, p. 830–849.

Hossack, J. R., 1979, The use of balanced cross section in the cal-
culation of orogenic contraction: A review: Journal of the Geo-
logical Society (London), v. 136, p. 705–711.

Hughes, T. J. R., 1987, The finite element method: Linear static and
dynamic finite element analysis: New Jersey, Prentice-Hall,
803 p.

Jaeger, J. C., and N. G. W. Cook, 1979, Fundamentals of rock
mechanics: New York, Chapman and Hall, 249 p.

Kattenhorn, S. A., A. Aydin, and D. D. Pollard, 2000, Joints at high
angles to normal fault strike: An explanation using 3-D nu-
merical models of fault-perturbed stress fields: Journal of Struc-
tural Geology, v. 22, p. 1–23.

Kerr, H., N. White, and J.-P. Brun, 1993, An automatic method for
determining 3-D normal fault geometry: Journal of geophys-
ical Research, v. 98, p. 17,837–17,857.
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