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We use finite element methods to investigate the reactivation of fractures (opening and shearing) and
the development of bedding-surface slip during the deformation of the asymmetric anticline at Sheep
Mountain, Wyoming. A series of numerical simulations were run to show the effect of mechanical
stratigraphy, layer thickness, slip on bedding surfaces, and tectonic shortening of the fold on the response
of a representative three-layer (ductile, brittle, ductile) two-dimensional system. The model uses large
deformation frictional contact mechanics to capture the response of existing fractures and slip along
bedding surfaces, and considers both elastic and elastoplastic layer properties. The computational results
demonstrate the relationships among overall configuration of the multilayer, slip on bedding surfaces,
and the sequence and mode of deformation (opening versus shearing) of bed-perpendicular fractures.
We show that fractures located in the hinge are mainly reactivated as joints and that those in the
forelimb are predominantly reactivated as thrust faults. A flexural-slip mechanism develops during
folding when the layers bounded by frictional bedding surfaces have similar stiffnesses. In contrast, when
the difference in the layer stiffnesses is significant (softer outer layers) the deformation is accommodated
within the softer units without exceeding the frictional strength of the bedding surfaces. A reduction of
the middle layer thickness from 100 m to 10 m has a minor quantitative effect on the slip along the
bedding surfaces. We compare the numerical results with fracture data collected at Sheep Mountain
Anticline, and discuss the similarities and differences between the field observations and the model
results.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Folds in sedimentary rocks result from a number of mecha-
nisms, including buckling due to lateral tectonic compression and
slip on thrust faults in the underlying strata (e.g., Johnson, 1977;
Johnson and Fletcher, 1994; Erickson and Jamison, 1995; Bobillo-
Ares et al., 2000; Mühlhaus et al., 2002; Sanz et al., 2007).
Displacements of folded strata may be a significant fraction of the
wavelength and the kinematics may include significant rigid-body
translations and rotations, as well as considerable straining and/or
fracturing. Understanding the physics responsible for folding and
fracturing is critical to the planning and management of activities
that have significant economic impact because folds are common
traps for fluids such as water and hydrocarbons. The permeability
and flow paths of fractured aquifers and reservoirs depend largely
on the geometry and hydraulic conductivity of the fracture
: þ1 650 725 9755.
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network. Fractures in both hydrocarbon reservoirs and ground-
water aquifers are known to form important conduits for fluid flow
(National Research Council, 1996; Coward et al., 1998; Haneberg
et al., 1999). In the context of folds, fractures not only help to charge
the rock volume with fluids (Aydin, 2000), they can also rupture the
seal and destroy the trapping potential (Smith, 1966; Jones et al.,
1998).

Much progress has been made to understand how bedding-
surface faults and fractures develop during folding (e.g., Wickham
et al., 1982; Fischer and Wilkerson, 2000; Erickson et al., 2001;
Guiton et al., 2003a,b; Casey and Butler, 2004; Maerten and
Maerten, 2006). Fractures initiate from stress concentrations at
flaws and fracture tips (Griffith, 1921; Lawn and Wilshaw, 1975;
Pollard and Aydin, 1988; Renshaw and Pollard, 1994; Anderson,
1995), and subsequent reactivations take place as resolved stresses
overcome the fracture strengths. Bedding-surface faults initiate and
propagate in flexural-slip folds (Behzadi and Dubey, 1980; Cooke
and Pollard, 1997; Engelder and Peacock, 2001; Erickson et al.,
2001) where shear stress overcomes the cohesion and frictional
resistance to sliding. Therefore, understanding the stress
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distribution in folding strata in space and time is a prerequisite for
evaluating slip on bedding surfaces and reactivation of fractures.
Stresses that develop during folding are affected by the interaction
between deforming rock layers with different mechanical proper-
ties (Treagus, 1988; Bai and Pollard, 2000; Bai et al., 2000; McCo-
naughy and Engelder, 2001; Bourne, 2003), the interfacial
condition of the layer boundaries and the presence or absence of
bed-parallel slip (Pfaff and Johnson, 1989; Nino et al., 1998; Cooke
et al., 2000; Couples and Lewis, 2000; Johnson and Johnson, 2000;
Cooke and Underwood, 2001; Guiton et al., 2003a,b). In addition,
the stress distribution will change over time as the fold amplifies,
the bedding rotates (Fischer and Wilkerson, 2000; Engelder and
Peacock, 2001), and early formed fractures rotate and/or reactivate
(Cruikshank et al., 1991; Cruikshank and Aydin, 1995; Wilkins et al.,
2001; Bellahsen et al., 2006).

We present results from a mechanical model that captures the
evolution of slip and opening of bedding surfaces and pre-existing
fractures during the formation of an asymmetric anticline using
finite elements (FEM) and large deformation contact mechanics.
Mechanical forward-modelling that follows the evolution of dis-
continuities in the displacement field are essential for making
comparisons to structures that can be observed at the outcrop
scale. We build on the work of Guiton et al. (2003a,b) who
studied the chronology of fracture activation in folded structures
using finite elements and a constitutive model for rock that ac-
counts for the presence of inherited fracture sets. In their models,
the fractured rock mass is considered to be a continuum, hence
the slip or opening of fractures is captured in a diffuse manner. In
contrast, we address the discontinuities across bedding surfaces
and fractures in a discrete manner. Therefore, the continuum
description applies not to the fold scale, but to the regions
bounded by bedding surfaces and fractures (i.e., discontinuities).
Given the difference between the fold scale and fracture scale,
and computational resources, we restrict the models to layer
Fig. 1. Aerial views of Sheep Mountain Anticline looking (a) north along the gently-dipping b
in the foreground. Approximate distance from the river cut to the nose of the fold is 6 km.
thicknesses and fracture spacings equal to or greater than 10 m,
and to a three-layer composite. Therefore, the models do not
explicitly capture the behavior of thinner beds and more closely-
spaced fractures. Nonetheless model results provide insightful
comparisons to field observations.

The finite-element models analyze representative bedding
surfaces and fractures via contact mechanics. Large deformation
contact kinematics is appropriate to use when the displacement
field across an interface may be discontinuous, which is the case for
fractures and bedding surfaces in flexural-slip folds. The application
of large deformation frictional-contact models (Laursen, 2002;
Wriggers, 2002) allows fractures and bedding-surface faults to be
analyzed in the context of large displacement fields during folding.
Contact mechanics captures a normal discontinuity (gap), a tan-
gential discontinuity (slip), or no discontinuity (stick or bonded)
along a pre-defined interface. In this work, we use frictional contact
mechanics to investigate (i) slip or gap on fractures, (ii) slip along
bedding surfaces, and (iii) to apply boundary conditions on the
multilayer model.

Recent studies (Bellahsen et al., 2006; Fiore, 2006) characterize
and consider the role of different fractures sets in the structural
interpretation of Sheep Mountain Anticline (SMA), Wyoming. We
build on this work and use the SMA fold geometry and a set of
prefolding, bed-normal fractures (Set I) as a basis for the model.
Thus, one objective of this paper is to model the kinematic aspects
of inherited fractures, such as Set I in SMA (Bellahsen et al., 2006;
Fiore, 2006), throughout the evolution of the anticline, and to
compare the model results to the field observations. The models are
a gross idealization and simplification of nature in terms of two
dimensionality, number and thickness of layers, constitutive
models of rock and interfaces, and spatial density and number of
fracture sets. Therefore, a second objective is to describe, for its
heuristic value, the mechanical behavior of such a fractured, mul-
tilayered system subject to asymmetric folding. We study the
acklimb and (b) northwest along the steeply-dipping forelimb. Bighorn River canyon is
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influence of mechanical stratigraphy, slip on bedding surfaces, and
the magnitude of tectonic contraction on fracture development. In
this work, mechanical stratigraphy refers to the variation of rock-
layer thickness (perpendicular to bedding) and their mechanical
properties.

First we present a summary of fracture data from SMA and its
interpretation by Bellahsen et al. (2006). Then, we develop
numerical models to study fracture evolution during folding.
After describing the numerical results, we compare the field
observations with the model results, and discuss the similarities
and differences along with the limitations of the model. Finally, we
summarize the findings and outline their implications for future
work.
Set I a
2. Geologic setting and fracture data

Sheep Mountain Anticline, located on the eastern edge of the
Bighorn Basin, Wyoming, is a well known NW–SE trending,
asymmetric Laramide fold (Fig. 1). The Laramide orogeny was
characterized by a NE–SW compression (Engebretson et al., 1985;
Bird, 2002). The Bighorn River cuts the anticline normal to the fold
axis, providing exposure of rock strata in the fold core. The fold
overlies and formed in association with slip on a fault that is
interpreted as a SW-dipping thrust (Hennier and Spang, 1983;
Forster et al., 1996; Stanton and Erslev, 2004). The forelimb of SMA
Fig. 2. Stratigraphy exposed at Sheep Mountain (after Ladd, 1979). Abbreviations:
Pennsylvanian (Penn.), Amsden (Ams.), Tensleep (Tens.). Reproduced from Bellahsen
et al. (2006).
dips between 40� and 90� northeast. This dip is steeper in the
central part of the fold and shallower near the fold noses. Bedding
dips are between 10� and 40� southwest in the backlimb. Bed-
parallel slip, evidenced by slickensides and related minor thrusts,
indicates a component of flexural-slip folding with slip directions
approximately normal to the fold axis (Hennier and Spang, 1983).

The sedimentary units above granitic basement rocks in the
Bighorn Basin are approximately 3 km thick (Hennier and Spang,
1983; Rioux, 1994; Forster et al., 1996). Fig. 2 shows the formations
that crop out at SMA. The oldest exposed unit is the Lower
Mississippian Madison Limestone which has an approximate
thickness of 230 m (Fig. 2). Above this unit, the Mississippian
Amsden Formation (35 m thick) consists of crossbedded quartz
arenites, siltstones, sandstones, shales and carbonates. The Amsden
Formation is overlain first by sandstones, shales, and carbonates
topped by quartz arenites of the Upper Mississippian Tensleep
Formation (29 m thick). The Permian Phosphoria Formation is next
at about 70 m thick with predominantly siltstones and shales
overlain by thick carbonates. Above these formations lies the
Triassic Chugwater Formation, the youngest unit exposed at SMA,
Set IV

Set III

Set II

Set I
reactivated 

N

b

c

d

Fig. 3. Schematic representation of the fracturing history at Sheep Mountain Anticline
(from Bellahsen et al., 2006). (a) Set I (red); (b) Set II (green); (c) Set III (blue); (d)
vertical Set IV (purple) parallel to Set I fractures in the backlimb, and Set I fractures are
reactivated in the forelimb as reverse faults.



P.F. Sanz et al. / Journal of Structural Geology 30 (2008) 1177–11911180
which is approximately 170 m thick with sandstones and shales.
Given the complexity of this stratigraphy, and the current limita-
tions of FEM models, we chose to model a three-layer composite of
initially constant thickness that represents presumed ductile-
brittle–ductile sequences such as shale–sandstone–shale or shale–
limestone–shale. This idealized configuration does not explicitly
represent any specific formation or part thereof, but we suggest it
does provide an analogous mechanical stratigraphy, while honor-
ing overall structural geometry of the natural example.

Fracture field data were previously collected north of the Big-
horn River (Bellahsen et al., 2006; Fiore, 2006). Sandstones were
sampled from the Amsden Formation in the hinge and from the
Tensleep Formation in the limbs. Four fracture sets were identified
in SMA based on orientation data and deformation mode (Fig. 3).
Reported fracture orientations for Sets I, II, and III are unfolded
relative to bedding. Reported orientations for Set IV are present
orientation. Set I fractures strike 110�, oblique to the fold trend, and
are interpreted as a regional fracture set that was present before the
Laramide anticline and related stress field. Set II, joints striking
045� and present in the hinge and backlimb, are interpreted as
related to the NE-oriented Laramide compression just prior to and
during initial anticline growth. Joints striking 135� (Set III), parallel
to the fold trend, are found mainly within the hinge and are
interpreted to have formed in response to flexural stresses during
folding. Set IV, vertical joints oblique to the fold axis and striking
110�, developed in the backlimb during a late stage of folding.
Bellahsen et al. (2006) inferred that the fracture patterns indicate
fixed-hinge folding with little lateral propagation of the underlying
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Fig. 4. Model configuration and finite-element mesh. (a) Overall geometry of the undefor
originally-horizontal contact surfaces; the circles along the vertical boundaries are roller
boundary are pin supports (constraint horizontal and vertical displacement). (b) Overall g
configuration; DH and DV(X) are the horizontal and vertical displacements imposed from the
(d) Close-up view of the inner-layer finite element mesh.
thrust fault and the anticline. Set I fractures, found throughout the
fold and perpendicular to bedding, may have initiated as shear
fractures or deformation bands, or as joints that subsequently were
sheared. In the forelimb, these fractures were reactivated as late-
folding thrust faults (Fig. 3d), but in the backlimb they show no
kinematic evidence of thrust faulting (Bellahsen et al., 2006). There
is well-documented evidence for strike-slip faulting of Set I frac-
tures in the backlimb (Fiore, 2006), which relates to the three-
dimensional nature of SMA and cannot be addressed by our
two-dimensional models.
3. Methodology

We investigate folding and the evolution of existing fractures
using an innovative method. This methodology requires the use of
state-of-the-art computational mechanics tools as well as the
development of mathematical models based on continuum and
contact mechanics. The mechanical models are two-dimensional
(plane strain) and involve a composite of three individual layers of
initial constant thickness with distinct constitutive properties.
A representative domain contains a middle layer with bed-
perpendicular fractures sandwiched between two continuous
layers (Fig. 4). The trio can bend, stretch, or shorten into prescribed
geometric configurations. The model allows slip and/or opening on
fractures and bedding surfaces and hence, the need for frictional
contact constraints along these interfaces. The reactivation of
discontinuities in both sliding and opening is modeled using non-
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linear contact mechanics. The model uses nonlinear finite element
methods, considering both geometric and material nonlinearities.

A regularized Coulomb friction law simulates the mechanical
response of the interfaces (Laursen and Simo, 1993; Wriggers, 1995,
2002). Each contact surface has three mechanical parameters:
a normal elastic stiffness 3N, a tangential elastic stiffness 3T, and
a sliding friction coefficient m. The tangential elastic stiffness is the
regularization parameter, which for 3T / Nþ yields the classical
Coulomb law that predicts a perfect stick-slip motion. Frictional slip
is path-dependent in nature and its evolution requires the
integration of the constitutive law in finite steps. The integration is
performed by a return-mapping algorithm in a similar way to
a non-associative plasticity model (Wriggers, 2002). We discretize
the interfaces with node-to-segment contact elements (Laursen
and Simo, 1993; Wriggers, 1995, 2002) that allow any node on the
interface to slide over the entire contact area.

Tracking the evolving configurations of the layers, the discon-
tinuities, and their structural features is a challenging aspect of the
modeling. The most suitable approach for capturing finite
deformation effects in structural geology is to adopt a fully
Lagrangian description of the motions (Crook et al., 2006a,b). We
implemented the constitutive models and finite deformation
contact elements in a Fortran non-linear finite element code based
on such a Lagrangian description. The fully implicit numerical
implementation includes a consistent linearization of the weak
form of the linear momentum balance to enable optimal conver-
gence for Newton–Raphson iterations, which appears to be
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essential for the general robustness of implicit finite-element
techniques (Simo and Taylor, 1985; Borja et al., 2003). A more
detailed discussion of the mechanical framework and of the
numerical implementation is in Sanz et al. (2007).

4. Mechanical model

The finite element models consist of a three-layer composite
overlying a sliding interface (Fig. 4). To reduce the number of
elements, and thus the computational time, the spacing of the
fractures and the size of the elements is increased away from the
areas of interest (i.e., the anticlinal region). The finite element
discretization led to almost 13,000 constant strain triangular ele-
ments and 1000 contact elements. The mesh is originally 6000 m
wide (Lo). The middle layer is 100 m thick (Hm) and the two outer
layers are 200 m thick (Ho), so the total undeformed thickness of
the composite is 500 m. At the bottom of the three-layer composite
an auxiliary layer with a frictionless interface is used to impose
displacement boundary conditions that deform the composite into
a representative current configuration of the Sundance Formation
on a cross section near the Bighorn River canyon (Forster et al.,
1996; Bellahsen et al., 2006).

A total of 31 vertical fractures numbered in ascending order, left
to right, are distributed along the middle layer of the composite
(Fig. 4). The spacing of the fractures throughout the anticlinal
region is 100 m. Each fracture transects the entire layer and is
capable of slip at a constant coefficient of friction m ¼ 0.58 (Byerlee,
0 3500 4000 4500 5000 5500 6000

150 170 190 210 230 250 270 280

#16
#19

#22

.6. Discontinuous contours indicate slip along interfaces with displacements shown in
nfiguration is shown after a total horizontal displacement of the left vertical side of (a)
rdinates, vertical coordinates, and horizontal displacement (DISP X) bar scale in meters.
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1978; Carmichael, 1982) that corresponds to a residual friction
angle of 30�. The two surfaces are pinned at fracture tips, so
opening and slip are precluded at the bedding surfaces. A stress
singularity does not exist at the fractures tips in the numerical
solution.

The unit weight of the rock layers is assumed to be 26 kN/m3,
which is as an average value of sedimentary rocks from Carmichael
(1982). The top surface of the composite is subjected to a vertical
traction of 40 MPa approximating the lithostatic loading during
folding. The onset of the Laramide orogeny in the Bighorn Basin
area occurred during the late Cretaceous, so we assume that the
2.0 km of post-Pennsylvanian to Cretaceous sedimentary rock to be
an approximate burial depth of the Pennsylvanian units during
deformation (Rioux, 1958; Hennier and Spang, 1983; Forster et al.,
1996). The vertical sides of the model are constrained with roller
supports so no tangential tractions are imposed, but a uniform
horizontal displacement may be prescribed to simulate the regional
shortening during folding. The loading history consists of two
stages: in the first (Fig. 4a), we apply the vertical load and the unit
weight (load case 1: gravitational loads), and in the second (Fig. 4b),
we simulate the folding by prescribing horizontal displacements to
the left side and vertical displacements through the auxiliary layer
at the bottom (load case 2: shortening and folding). As a simple first
approximation to fold growth we assume that the vertical dis-
placement of the model bottom boundary evolves self-similarly. To
investigate the legitimacy of self-similar fold growth is beyond the
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Fig. 6. Deformed configuration after a horizontal contraction of 400 m (3 ¼ 6.7%; c ¼ 0.8). (a
interfaces (fractures and bedding surfaces). Horizontal coordinates, vertical coordinates, an
scope of this work; however, it has been addressed in other studies
(e.g., Fischer and Woodward, 1992; Fisher and Anastasio, 1994).

To limit the number of simulations only a subset of possible
variables were considered: the ratio of uniform horizontal
contraction to maximum vertical displacement of the composite;
the ratio between the deformation moduli of the middle and outer
layers; and the tangential response of the bedding surfaces as
no-slip or bonded versus a weaker frictional slip behavior with
a friction coefficient m ¼ 0.58. Given the complex stratigraphy at
SMA, we fix the deformation modulus of the middle layer and
change the deformation modulus of the outer layers to evaluate the
effect of different mechanical stratigraphy on the system response.
The term modulus of deformation signifies that its value accounts for
both elastic and permanent deformation (Goodman, 1989). The
mechanical properties we use for the middle layer are: deformation
modulus Em ¼ 2000 MPa and Poisson’s ratio n ¼ 0.25. The outer
layers have the same Poisson’s ratio and deformation modulus Eo,
ranging from 200 MPa to 4000 MPa. The ratio of deformation
moduli, r ¼ Em/Eo, characterizes the variation of the rock stiffness
between the middle and outer layer. The deformation moduli ap-
proximate the mechanical behavior of the intact rock and fractures
not explicitly incorporated into the model, so these moduli are
smaller than those of the intact rock. The difference between the
Young’s modulus of the intact rock and the modulus of deformation
of the rock mass is significant when the rock is highly fractured
(Bieniawski, 1978) due to the existence of weak discontinuities and
3500 4000 4500

80 220 260 300 340 380

) Stiff outer layers (r ¼ 1). (b) Soft outer layers (r ¼ 10). Solid black lines denote contact
d horizontal displacement (DISP X) bar scale in meters.
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permanent deformation localized along them. For this reason the
strength and stiffness of rock masses typically decreases with
increasing sample size (Jaeger and Cook, 1969; Strayer and
Hudleston, 1997; Pollard and Fletcher, 2005).

A reasonable first approximation for the pre-folding geometry of
the sedimentary units is that they were horizontal, planar, and had
constant thickness. The post-folding geometry of selected bedding
surfaces along the area of interest is available from structure con-
tour maps of SMA (Forster et al., 1996; Bellahsen et al., 2006). Here,
we use the deformed (current) configuration of the Sundance
Formation to constrain the base of the composite along the anti-
clinal region of the fold. Although this configuration of the Sun-
dance Formation is taken as a given, the actual displacement
distribution and the deformation path are unknown. Given the
aforementioned constraints, we use an auxiliary layer and contact
mechanics to prescribe the desired configuration of the bottom
surface without imposing capricious or unrealistic displacements.
As we deform the auxiliary layer, the bottom boundary of the
domain will slide along the frictionless interface and deform into
the prescribed geometric configuration (Fig. 5). Thus, the unknown
vertical and horizontal displacements of the bottom surface are not
imposed directly, but the desired configuration is attained. The
prescribed uplift at the bottom boundary is the result of regional
contraction and slip along an underlying thrust fault. The distance
from the idealized layers to the tip of that fault is unknown, but it is
below the area of interest, and is not incorporated in the model. The
displacements attained by the composite are constrained by the
mechanical properties of the layers, the interfacial conditions, and
the conservation of mass and momentum.

The deformation paths followed by particles in the composite
are strongly dependent on the ratio of horizontal shortening to
vertical uplift. The maximum vertical displacement of the base of
the composite at the end of the simulation, DV, is 500 m (e.g., see
Fig. 5d). We conducted a sensitivity analysis to better understand
the effect of tectonic shortening (i.e., the horizontal displacement
boundary condition imposed on the left side of the composite).
We applied uniform shortening displacements DH of 200 m,
300 m, and 400 m, yielding overall contractions, 3 ¼ DH/Lo, of
3.3%, 5.0%, and 6.7%, respectively. Resulting ratios of horizontal dis-
placement and maximum vertical uplift, defined as c¼ DH/DV are
0.4, 0.6, and 0.8, respectively. In any particular simulation, the ratio
between the horizontal displacement and maximum vertical uplift
remains constant.

The mechanical model presented above is complex despite the
assumption of a simple constitutive law for the non-fractured
media of the middle layer (i.e., elastic). We choose to emphasize the
importance of structural discontinuities (fractures and bedding
surfaces) on the behavior of this layer (Müller, 1979; Goodman,
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1989) by considering that inelastic deformation of the intact rock
between fractures is negligible. In doing so, we anticipate that all
permanent deformation will be localized along these structural
discontinuities (bed-perpendicular fractures and beddings sur-
faces). The outer layers are treated as both elastic and elastoplastic
to evaluate the effects of plasticity in the ductile members of the
composite.
5. Numerical results

To gain insight into the chronology and mode of fracture reac-
tivation during folding, we conducted forty simulations for differ-
ent combinations of mechanical stratigraphy (thickness and
mechanical properties of the rock layers), overall contraction of the
fold, and strength of bedding surfaces.
5.1. Effect of bed-parallel slip

Of interest here is the relation between overall deformation and
mechanical stratigraphy with bed-parallel slip. Viewed at succes-
sive stages of a simulation (e.g., Fig. 5), bed-parallel slip along the
limbs increases gradually, and is greater in the forelimb because
slip approximately scales with bed dip (Ramsay, 1974; Suppe, 1985;
Behzadi and Dubey, 1980; Horne and Culshaw, 2001). In this sim-
ulation (Fig. 5), the same mechanical properties were used for all
layers (r ¼ 1); however, as the fold amplifies and fractures reac-
tivate, the apparent stiffness of the middle layer decreases because
inelastic deformation is localized along the fractures. Because the
outer layers are relatively stiffer, slip on bedding surfaces plays
a more prominent role in fold development.

For comparison, consider the deformed central section of an
asymmetric anticline after a horizontal contraction of 400 m
(3 ¼ 6.7%, c ¼ 0.8) when the outer and middle layers have the same
stiffness (r ¼ 1, Eo ¼ 2000 MPa) and when the outer layers are
considerably softer than the middle layer (r ¼ 10, Eo ¼ 200 MPa).
Folding in the first case (Fig. 6a) leads to layer-parallel slip at the
interfaces that initiates in the forelimb at an early stage of the
deformation (3 ¼ 0.9%), while in the backlimb, the slip starts much
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later (3 ¼ 4.4%). With the reduction of the outer layer’s stiffness
(Fig. 6b), a no-slip (bonded) condition prevails along the fold limbs
giving rise to a folding mechanism akin to flexural flow (Ramsay,
1974): the outer layers deform, in this case elastically, rather than
slip developing along the bedding interfaces.

Bed-parallel slip always initiates near the middle of each limb,
starting on the forelimb, and spreading laterally in both directions
(Fig. 7). This result agrees with previous numerical (Erickson et al.,
2001) and experimental results (Kuenen and de Sitter, 1938) which
demonstrate that bedding-parallel slip initiates at the inflection of
limbs during folding. The evolution and spatial distribution of the
slip on the upper and lower interfaces of the middle layer are
similar. The maximum slip along the backlimb is slightly greater
(about 10%) on the upper boundary than on the lower boundary.
However, in the forelimb bed-parallel slip is greater by about 10%
on the bottom interface than the upper.

The slip sense along the bedding surfaces is right-lateral in the
backlimb and left-lateral in the forelimb (Figs. 7, 8). If the outer
layers are softer (i.e., greater r), flexural slip is less important.
Moreover, if the stiffness ratio is great enough, a no-slip condition
develops, first on the backlimb (for r > 2) and then on the forelimb
(for r � 5) because the softer units accommodate the deformation
such that the resolved shear stress does not exceed the frictional
strength of the bedding interfaces.

A reduction of the middle layer thickness has a minor quanti-
tative effect on the bedding-surface slip. Here, the thickness of the
middle layer is reduced along with an increase in the thicknesses of
the outer layers, so the total thickness of the composite (500 m) is
unchanged. Bedding slip decreases in magnitude as the middle
layer thickness is reduced from 100 m to 10 m (Fig. 8). However,
the difference is less than 20% at most for an order of magnitude
reduction in the middle layer thickness. In contrast, an order of
magnitude increase in the stiffness ratio decreases the maximum
slip on the forelimb from about 60 m to zero. The no-slip condition
is obtained at somewhat lesser stiffness ratios for the thinner
middle layer.
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Fig. 11. (a) Maximum fracture-gap per meter (normalized) occurring in the hinge as
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5.2. Reactivation of bed-perpendicular fractures

For the layer-normal fractures in the middle layer, the mesh is
originally conforming, so that any misalignment between nodes
along the contacts during deformation is an indication of tangential
or normal separation (shearing or opening) (e.g., Figs. 9 and 10).
Fractures #22 and #23, which are in the forelimb but close to the
hinge (Fig. 9a), are reactivated first in shear (3 ¼ 0.7%), and as slip
evolves, they open on the upper third of the fracture (3 ¼ 2.4%). If
bed-parallel slip is precluded (bonded bedding surfaces), a flexural
flow-like mechanism is forced, and the middle layer is sheared
more significantly and bed-normal fractures accommodate greater
slip (Fig. 9b). By comparing Fig. 9a and b (r ¼ 1 and c ¼ 0.6) for the
same overall horizontal shortening (equal 3), slip on forelimb
fractures is greater but opening is less when slip is precluded on
bedding interfaces.

For the bed-normal fractures in the middle layer opening-mode
deformation prevails in the hinge region and a thrust-shearing
mode prevails in the limbs (e.g., Fig. 10). Shear reactivation of
fractures has greater displacement in the forelimb than the back-
limb due to the steeper bedding dips in the forelimb. For the same
reason, fracture reactivation occurs first in the forelimb, later in the
backlimb, and then the hinge. Fracture opening in the hinge and
shearing in the limbs are greater when slip is not permitted along
the bedding interfaces (Fig. 10b). The fracture evolution is usually
characterized by two stages: an initial stick condition (elastic
response) followed by slip (inelastic response) according to the
Coulomb friction law. A third stage is observed in some fractures
(mainly along the forelimb) that experience an opening mode after
shearing.

The sequence of reactivation is to some extent different in the
case of strong (or bonded) bedding surfaces. The fractures are first
reactivated in the forelimb, then in the hinge, and finally in the
backlimb. The mechanics of reactivation not only varies across the
fold (Fig. 10), but also changes along the same fracture as the fold
evolves (Fig. 9). In the limbs, fracture slip initiates on the upper
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section of the fractures and progresses downward towards the
lower section because the normal compressive stress is greater
toward the concave side of anticlinal layers.

Maximum opening of bed-normal fractures, which occurs in the
hinge, increases for increasing softness of the outer layers (r in-
creases) and as overall contraction decreases (c decreases) (Fig. 11a).
There is a tendency for bed-normal fractures to open in the hinge
during folding. However, fracture opening is suppressed with
bonded bedding surfaces, stiffer outer layers (r ¼ 0.5), and significant
overall contraction (c¼ 0.6 and c¼ 0.8) as shown in Fig. 11a.

Reactivation of model fractures as reverse faults occurs in both
limbs, but at different times and with different magnitudes
(Fig. 11b). At the completion of fold growth, predicted slip on the
forelimb fractures is about twice that predicted for the backlimb.
Also, as the stiffness ratio increases, slip on forelimb fractures
decreases while opening of hinge fractures increases (Fig. 11). If
sliding occurs along the bedding surfaces for smaller stiffness
contrast (r < 5), fracture slip is significantly reduced. Further,
fracture slip is not substantially affected by the stiffness ratio for
r < 2 if sliding occurs on bedding surfaces (Fig. 11b). Consequently,
slip along bedding surfaces reduces the apparent stiffness of the
outer layers. Finally, as the overall contractions increases (greater
c), the compression resolved on the fractures is greater so fracture
opening and shearing are reduced.

Again, considering a case where the thickness of the middle
layer is only Hm ¼ 10 m vs. Hm ¼ 100 m and r ¼ 5, backlimb and
hinge fractures are reactivated by opening while forelimb fractures
are first sheared and then opened (Fig. 12). The spacing between
fractures along the anticlinal region is the same as the middle layer
thickness Hm for both models (10 m and 100 m respectively). The
opening and slip developed along fractures scales with their height,
such that decreasing the fracture height by an order of magnitude
(from 100 m to 10 m) reduces the slip and gap by a similar factor.
Bed-perpendicular fractures that are 100 m in height experience
different displacement discontinuities near their ends, for example
more opening near the top than near the bottom (Fig. 12a). When
the middle layer thickness is reduced by an order of magnitude and
fractures are only 10 m in height (Fig. 12b), the stress state across
the fractures is more homogeneous and the displacement discon-
tinuity is more symmetric.
5.3. Effect of bulk plasticity

For the model results described above, all permanent
deformation and stiffness deterioration during folding is a result of
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Fig. 15. Reactivated Set I fractures in the forelimb (looking N). Field photograph of
thrust faults offsetting a sandstone bedding surface of the Tensleep Sandstone. Person
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slip and/or opening at bedding surfaces and fractures. In this
section, we consider the case of permanent deformations along the
outer layers through elastoplastic deformation that may be more
appropriate for ductile layers such as shales. We use an elastoplastic
constitutive model to capture the effect of deterioration in the
tangent stiffness with plastic deformation. The constitutive law is
described by a three-invariant Matsuoka–Nakai yield criterion
(Matsuoka and Nakai, 1974), a non-associative flow rule, and a non-
linear hardening law. As with a Mohr–Coulomb model, the
Matsuoka–Nakai yield criterion gives the same friction angle in
extension and compression. This model material was incorporated
into the fully implicit FEM program via multiplicative plasticity
(Borja et al., 2003). We assume that the initial and final sizes of the
yield surface correspond to friction angles fi ¼ 15� and ff ¼ 34�

respectively (friction hardening), the dilatancy angle is j ¼ 12�, and
the cohesion is 5 MPa. The elastic parameters, Young’s modulus and
Poisson ratio, are the same as those used above (i.e., Section 4). Note
that these friction angles represent the bulk plasticity response of
the outer layers (i.e., how fast the conical yield surface expands
with the compressive mean normal stress), and do not describe the
Coulomb-constrained friction along the discontinuities. In this
analysis, we did not checked the solution for localized or diffuse
instability such as shear banding or cataclastic flow (Borja, 2006).

Plasticity initiates in the upper parts of the outer layers in the
hinge, where horizontal extension occurs due to layer bending, and
advances downward as the fold develops. Model results show that
plastic deformation along the outer layers is greater in the hinge
than in the limbs, where the stress state is mostly dominated by
shear stresses parallel to bedding. For this reason, and given that
the friction angle of the bedding surfaces, 30� ¼ tan�1(m), is less
than the friction angle of the outer layers, ff ¼ 34�, the deformation
along the limbs is mostly accommodated by bedding-surface slip
rather than distributed plastic strains in the layers. Therefore, the
stresses in the limbs are constrained by the Coulomb friction law
along the bedding surfaces. As slip increases along the bedding
surfaces, the necessity for plastic deformation in the adjacent layer
decreases because the stresses are limited by the frictional strength
of the discontinuities.



Fig. 16. (a) Bedding surface on the forelimb in the Madison Limestone exposed in the NW face of the Bighorn River canyon (see Fig. 1). Blue dashed line highlights bedding surface;
blue arrows show the sense of motion. (b) Closer view of the slickenlines on bedding surface outlined by the red box in (a). The relative motion was directed along the dip.
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Here we compare bedding slip evolution for purely elastic and
elastoplastic constitutive models for the outer layers (Fig. 13). Ini-
tially, when the outer layers respond elastically, bedding slip for the
elastic and elastoplastic solutions are the same. As the fold grows in
association with greater shortening (e.g., 3 ¼ 1.5% vs. 3 ¼ 3.0%) and
plastic deformation develops in the outer layers, the tangent stiff-
ness deteriorates and the bedding-slip difference between the two
cases increases (Fig. 13). At this stage of the deformation process
(i.e., 3 ¼ 3.0%) the reduction in the elastoplastic stiffness is such that
the result compares well with the elastic solution that has a 50%
lesser initial stiffness (Fig. 13). In the case of bulk plasticity, r rep-
resents the ratio between the elastic stiffness of the middle layer
and the initial elastic stiffness of the outer layers (a parameter of
the elastoplastic constitutive model).

The elastic analysis shows that as the stiffness of the outer layers
decreases (r increases) the opening of hinge fractures becomes
greater (Fig. 14a). A similar effect is observed when an elastoplastic
rheology is prescribed for the outer layers (Fig. 14b). As the outer
elastoplastic layers experience degradation of the tangent stiffness
upon yielding the hinge fractures open significantly more than for
the purely elastic counterpart. For instance when r ¼ 2 and 3 ¼ 3.0%
the stiffness reduction is such that hinge fractures open appreciably
more than the opening produced by an elastic solution with
a stiffness that is 20% of the initial stiffness (r ¼ 10). Fracture
opening for both plastic models (r ¼ 2 and r ¼ 10) are very similar
when 3 ¼ 3.0% (Fig. 14b). This indicates that in the hinge area the
outer layers of both models are deforming plastically with little
change in stresses resolved onto the middle layer.

6. Comparison of field data and model results

The configuration and dimensions of the two-dimensional finite
element models are comparable with a portion of the stratigraphic
section in cross sections of SMA (Forster et al., 1996; Bellahsen et al.,
2006). To a first order, model results reproduce field observations of
Set I fractures, indicating that the modeling captures the basic
evolution of these fractures as they were rotated and reactivated
during folding. It should be understood that Set I fractures strike
110� when unfolded whereas the fold axis trends 135�. The two-
dimensional model represents fractures as though they strike
parallel to the fold axis, so it does not represent precisely the
mechanical behavior of Set I fractures as influenced by this obliq-
uity. Nevertheless, the results suggest that the development of
a fold like SMA should induce dip-slip shearing along fractures in
the forelimb and (to a lesser extent) backlimb, while producing
fracture opening in the hinge. Field observations of fracture sur-
faces and thin section analyses indicate that dip-slip shearing has
occurred along Set I fractures in the forelimb at SMA within all
studied Formations: Madison, Tensleep (Fig. 15), and Phosphoria
(Bellahsen et al., 2006). No conclusive evidence for dip-slip shear-
ing along Set I fractures has been found in the backlimb or the
hinge. Fig. 10 indicates that for a given applied contraction, less
offset occurs along fractures in the backlimb than in the forelimb.
This offset in the backlimb may have been unnoticeable in the field,
or alternatively, the dip-slip offset may be insignificant relative to,
and thus masked by, the prominent strike-slip offset on Set I frac-
tures (Fiore, 2006).

Set I fractures in the hinge do not have apertures noticeably
larger than those in the backlimb or forelimb, but neither are they
parallel to the fold axis. Set III fractures that do strike parallel to the
trend of the anticline are found only in the hinge and have been
interpreted to have formed in response to bending stresses during
folding (Bellahsen et al., 2006). The formation and opening of Set III
fractures in the hinge are consistent with the model results.

In the forelimb, slickenlines along bedding surfaces in the
Madison Fm. (Fig. 16), tail cracks emanating from bedding surfaces
in the Phosphoria Fm. (Fig. 17a,b), and polished bedding surfaces of
the Phosphoria Fm. (Fig. 17c) all indicate that bed-parallel slip has
accompanied the folding at SMA. No indicators of bed-parallel slip
were observed in either the hinge or the backlimb. These field ob-
servations are in agreement with the model result that greater bed-
parallel slip occurs in the forelimb than in the hinge or backlimb.



Fig. 17. (a) Splay cracks between bedding surfaces in the forelimb provide evidence for bedding plane slip in the Phosphoria Formation. Yellow lines highlight splay cracks; red
arrows show the interpreted direction of motion. (b) Splay cracks between bedding surfaces in the forelimb (Phosphoria Formation). Inset interpretation shows the orientation of
a bedding plane and related splays and the direction of shearing. (c) Polished undersides of bedding planes in the forelimb (Phosphoria Formation) provide evidence for bed-parallel
slip as one mechanism of folding at SMA.
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7. Conclusions

Non-linear finite element modeling combined with large
deformation frictional contact mechanics is a powerful tool for the
analysis of complex geological processes such as the reactivation of
fractures in both sliding and opening, and the evolution of bed-
parallel slip during folding of an asymmetric anticline. A variety of
numerical models were developed to illustrate the effects of
mechanical stratigraphy, slip on bedding surfaces, and net contrac-
tion during folding on the response of the system. The results of the
FEM model correspond with selected field observations and provide
additional insights about the physics of the folding process. The
results indicate that fractures located in the hinge and striking
parallel to the fold axis should open; that fractures in the limbs are
primarily reactivated by shearing as thrust faults; and that slip on
fractures and along bedding surfaces should be more significant in
the steeper dipping forelimb than in the shallower dipping back-
limb. These numerical results are in qualitative agreement with field
observations of Set I and Set III fractures at Sheep Mountain Anti-
cline. We also demonstrate that when the stratigraphic units
surrounding a fractured unit are softer, the flexural-slip mechanism
is less significant, because it is easier to deform the softer layers than
to overcome friction and induce slip along the bedding surfaces. In
contrast, when there is not a significant distinction in the mechan-
ical properties of rock layers (0.5 < r < 2), bed-parallel slip becomes
important and it greatly affects the response of the fractures.

The findings given here leave obvious room for extension, both
in analysis and in modeling. For instance, this work does not
address three-dimensional effects and the nucleation and propa-
gation of new fracture sets during folding which could alter the
reactivation of preexisting fractures. A different, but equally
interesting extension would consist in relaxing the rate-
independent hypothesis (elasticity and plasticity) for rock behavior,
resulting in more advanced constitutive formulations capable of
capturing strain-rate-dependent deformation. However, these
potential extensions would result in more complex models, making
the analysis even more difficult, and hence, making it much more
challenging to identify those factors which play the leading role in
governing the mechanics of folding and fracturing. The work pre-
sented here should be seen as an attempt to reproduce, in a simple
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yet meaningful manner, the mechanics of a complex geologic
phenomenon.
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