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ABSTRACT: Joints within the Catskill Delta complex are believed to be natural hydraulic fractures and
abundant indirect evidence supports this claim. The indirect evidence is based on many observations of joint
surface morphology and joint spacing among other features. The Alleghanian orogeny left a unique imprint
on the joint surfaces also, indicating a rotating horizontal compressive stress field. Numerical simulations il-
lustrate that the formation and propagation of the joints can be described by hydraulic fracturing mechanisms.
The numerical simulations include hydraulic fracture propagation from sedimentary structures at layer inter-
faces and fracture twisting in response to the reorientation of the remote stress field after initial joint propaga-

tion.

1 INRODUCTION

Hydraulic fractures occur naturally in the
Earth’s crust. These range in size from mm as
small pressure partings to km as magmatic dike
intrusions. Ithaca, New York, which lies in the
heart of the Finger Lakes region, is a great
place to see intermediate-scale natural hydrau-
lic fractures. Glaciation and erosion have led to
large outcrops of middle and upper Devonian
clastic rocks. These rocks have experienced two
major orogenic events in addition to uplift and
erosion all of which have left a pattern of brittle
fracture in the rocks as seen today. A brief
geological history of the area is necessary to set
the stage for the discussion of natural hydraulic
fractures in these rocks.

Outcrops within the Finger Lakes are part of
the Devonian Catskill Delta Complex, a clastic
wedge that 1s more than 2 km thick in the Fin-
ger Lakes region. The complex was deposited
on a continental shelf with an open sea to the
south and consists of layers of black shales,
gray shales, silstones and sandstones, and an
occasional limestone. Uplift accompanying the
Acadian orogeny to the east provided a large
source of sediment for the clastic wedge that
was prograding into the Appalachian Basin.
Deposition rates reached 170m per Ma. At the
close of the Paleozoic, during the Pennsylva-
nian and Permian, the Alleghanian orogeny
cansed widesnread foldine. fanlting and ioint-

major orogeny to affect this part of the conti-
nent.

Engelder and others (see Engelder et al.
2000) have studied the joints and other geologic
features within the Catskill Delta Complex for
many years. There is an abundance of evidence
that indicates that many of these joints devel-
oped as natural hydraulic fractures caused by
abnormally high fluid pressures. The Allegha-
nian orogeny also left a unique imprint as many
joints show a clockwise sequence in response to
the reorientation of stress as the African conti-
nent collided with North America.

There is a significant body of literature that
describes the joints and tries to interpret their
origin and formation (e.g. Pollard & Aydin
1988). However, there have been few numeri-
cal simulations to illustrate the theorized proc-
esses. The aim of this paper is to examine vari-
ous components of these joints using numerical
simulations to determine whether current for-
mation theories are reasonable or valid.

2 GEOLOGIC EVIDENCE OF NATURAL
HYDRAULIC FRACTURES AND
STRESS ROTATIONS

The current theories of joint formation in the
Catskill Delta Complex depend upon visual in-
snection of manv ioints and 10int sets (Engelder



from the surface morphology of many of the
joint surfaces in the siltstone.

Cracks tend to start at points of higher stress
concentration (McConaughy & Engelder 2000).
In the case of sedimentary beds, the largest
stress concentrations are in the form of concre-
tions, fossils, ripples, groove casts, and similar
features. Figure 1 shows a joint surface in the
Ithaca Formation siltstone that starts at a groove
cast, a location where the siltstone penetrates
the shale layer, formed during erosion of the
muddy substrate and deposition of the sikt. The
figure also shows the plumose surface mor-
phology of the joint surface. The plumose
structures and the related arrest lines are well
described by Bahat & Engelder (1984). Barbs,
the darkened lines in Figure 1, radiate from the
plume axis and indicate the direction of fracture
growth. Arrest lines mark the termination of
crack propagation increments. Natural hydrau-
lic fractures do not have a steady supply of
fluid (Lacazette & Engelder 1992). As the
crack propagates, the pressure decays and the
crack arrests until the pressure builds up again.

= groove cast

Figure 1. Plumose joint surface starting from a groove
cast.

It can also be seen in Figure 1 that the frac-
ture initially stays within the siltstone layer. It
has been found that in sedimentary basins
where the horizontal stress is less than the ver-
tical, the shale layers have a higher horizontal
stress than the siltstones (Evans et al. 1989,
Warpinski 1989). Assuming that the pore pres-
sure is the same in both the shale and siltstone
layers, then the fractures would form in the silt-

stones first. This will be more evident in the
next figure.

The difference in horizontal stress leads to
jointing in the siltstones followed by jointing in
the shale. Joints in the shale beds usually start
at the edges of existing joints in the siltstone;
the joints act as conduits for the pore fluid. If
there is no rotation of the principal horizontal
stresses, joints will develop in the shale in plane
with those in the sandstone. However, if the
horizontal stress does rotate, then en-echelon or
fringe cracks will develop (Pollard et al. 1982).
Figure 2 shows a set of fringe cracks that start
at the interface between the siltstone and shale.
These fractures propagate downward. The nu-
merous small cracks at the immediate interface
reduce to a few large cracks as propagation
continues.

Figure 2. Multiple en-echelon cracks propagate down
from the siltstone-shale interface and are rotated from the
parent joint.

There are many more features of the joints
that offer indirect evidence of natural hydraulic
fractures, including joint spacing, slip on open
joints, crosscutting and abutting relationships,
and evidence of a pressure seal that could have
led to over-pressurization of the formation.
However, it is beyond the scope of this paper to
discuss all of this evidence. Instead, numerical



simulations are used to illustrate that natural
hydraulic fracturing processes can explain some
of the features described herein.

3 HYDRAULIC FRACTURING
SOFTWARE

The 3D numerical simulations that are de-
scribed in the following sections are performed
using HYFRANC3D and accompanying soft-
ware (Carter et al. 2000a,b). In addition, AN-
SYS (ANSYS 2000) and FRANC2D (CFG
2000) are used for some 2D analyses.

The 3D software consists of OSM,
FRANC3D, HYFRANC3D, and BES. OSM is
used to create the initial geometric models.
FRANC3D is a fracture analysis code with pre-
and post-processing capabilities. HY-
FRANC3D builds upon FRANC3D by adding a
fluid flow module that couples the elastic
structural response with fluid flowing in the
fracture. BES is a linear elastic boundary ele-
ment program.

BES provides an elastic influence matrix
that relates the set of unit pressures (p) at the
nodes on the crack surface to the elastic dis-
placements (w). The fluid flow formulation is
based on the elasticity, lubrication and continu-
ity equations. For a Newtonian fluid, the stress
ahead of the crack front has a 1/3 singularity, as
does the fluid pressure inside the crack (Carter
et al. 2000b). Physically, the fluid pressure
cannot be singular, thus, a fluid lag must de-
velop at the crack front (Figure 3). The finite
element formulation in HYFRANC3D com-
bines an analytical solution for the pressure and
crack opening displacement at the crack front
with a standard finite element formulation of
the lubrication equation for the bulk of the
fracture. The analytical solution at the crack
front provides an elegant way to overcome the
singular behavior and limits the required num-
ber of elements at the crack front. Hydraulic
fracture simulation proceeds as a series of crack
advance increments, requiring an elastic solu-
tion and coupled flow analysis at each step.

Figure 3. Crack front region with fluid lag; p is pressure,
w is crack opening displacement, V is crack front veloc-
ity, o3 is closure stress and x is the local coordinate axis
along the crack.

4 SIMULATION OF HYDRAULIC
FRACTURE PROPAGATION FROM A
GROOVE CAST

Cracks tend to start at pre-existing flaws and
points of high stress concentration. The groove
cast in Figure 1 1s modeled to evaluate the
stress intensification and to determine the hy-
draulic fracture propagation behavior from this
location. The intent of these simulations is to
show that hydraulic fracture is a plausible
mechanism; thus, realistic boundary conditions
are necessary, but accurate values are not es-
sential to provide qualitative results.

The numerical model consists of the silt-
stone layer only. McConaughy & Engelder
(2000) describe the difficulties in determining
and modeling the correct boundary conditions.
They conclude that the interface between the
shale and siltstone must allow slip. To simplify
the 3D model, the upper and lower shale layers
are not modeled; a vertical constraint is applied
to the upper surface. A far-field compressive
stress is applied in the horizontal direction only;
the vertical stress is neglected. The compressive
stress perpendicular to the crack surface is 50
MPa and the stress parallel to the crack plane is
100 MPa. The elastic modulus is set to 14 GPa
and the Poisson’s ratio is set to 0.1.

The initial plane strain ANSYS™ stress
analysis clearly shows that the groove cast al-
ters the horizontal stress (Fig. 4). A tensile
stress is induced at the groove cast. An initial
crack is nucleated in the 3D numerical model at
this location and hydraulic fracture propagation
is simulated.
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Figure 4. ANSYS™ contours of maximum principal
stress around a groove cast in a siltstone layer; tension is
positive and values are in MPa.

Figure 5 shows the shape of the hydraulic
fracture after 17 steps of propagation. The fluid
boundary conditions consist of a crack mouth
flow rate equal to 1.0e-6 m’/s and zero flow
rate at the crack front. These boundary condi-
tions do not match the presumed conditions of
periodic fluid pressure build-up, but it is as-
sumed that this will only affect the fracturing
time and the surface features. The shape of the
fracture to this stage matches that seen in the
field reasonably well, although the barbs and
arrest lines cannot be reproduced. The simula-
tion can be continued such that the fracture
breaks through the upper surface of the silt
layer, but this is not complete yet.

Figure 5. Shape of a hydraulic fracture from a groove
cast after 17 steps of propagation.

5 SIMULATION OF HYDRAULIC
FRACTURE IN A ROTATING STRESS
FIELD

Hydraulic fractures in these brittle rocks tend to
grow perpendicular to the direction of maxi-
mum tension (or minimum compression). If an
initial crack is subjected to a rotated stress field,
the crack will kink out of the original plane to
align itself with the new stress field. The rota-
tion of the stress field induces different modes
of deformation on different parts of the crack
front. The kinking behavior depends on the
pressure distribution inside the crack, the ge-
ometry of the crack, and the stress and stiffness
contrasts in the rock layers (Carter et al. 1999).
As a simple example, an initial elongated ra-
dial crack (emanating from a horizontal bore-
hole} is oriented 70° from the maximum hori-
zontal compressive stress (Fig. 6). The crack is
nucleated in a single layer model with an elastic
modulus of 27.6 GPa and a Poisson’s ratio of
0.25. The vertical stress is 69 MPa, the maxi-
mum horizontal stress is 62 MPa, and the
minimum horizontal stress 1s 48 MPa. The
crack mouth flow rate is set to 0.0795 m’/s.
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Figure 6. The initial crack shape is 9 m long and 0.3 m
deep; Guma 15 aligned with the x-axis (not to scale).

Hydraulic fracture is simulated and stress
intensity factors (SIF’s) are computed. Figure 7
shows the distribution of SIF’s along the initial
crack front. The mode 1 values are highest, but
there is a significant mode III component; mode
II is significant only at the ends of the crack
front. Pollard et al. (1982) provide a relation-
ship between the mode III/I ratio and the num-
ber and spacing of en-echelon cracks that form
along the crack front. Germanovich (2000} 1s
conducting experiments on glass and brittle
plastic to further characterize these relation-
ships.

The combination of all three modes 1s stud-
ied less well. However, the HYFRANC3D
software allows the crack to propagate while
ignoring the mode III SIF. Under these circum-
stances, the crack front does not break up, al-
though, it quickly shows that it should. Figure 8
shows that the ends of the crack turn to align
with Gumax, Most of the crack front is not
aligned with Gumax. Instead, “large” ripples can
be seen. The ripples are a result of the numeri-
cal propagation procedure, which only accounts
for modes I and II. As the fracture propagates,
the mode II and mode III SIFs increase rather
than decrease. Due to the elongated shape,
more effort is required to furn the entire crack
front as compared to a more circular shape
crack (Carter et al, 1999). As the crack front
does not break, the combination of modes I and
II produces initially minor oscillations in the
crack front. These escalate as the crack contin-
ues to grow, leading to the ripples.

The mode III SIF value in the middle of the
crack front reaches 10 MPa-Vm at the final
stage (15™ step of propagation) while the mode
I value remains relatively constant for each
step, ranging from 20 to 25 MPa-Vm along the
crack front. Rotation and break up of the crack

front is seen in many locations in the Ithaca
area; Figure 9 shows a typical example.
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Figure 7. Mode I, I1, and 1II SIF’s along the crack front;
values are in MPa-¥m.

Figure 8. Ignoring mode III SIF during propagation leads
to “large” ripples in the crack front indicating it should
break up. The ends of the crack turn to align with the
stress field.



Figure 9. Joint in a siltstone indicating a rotated stress
field as the crack surface shows obvious breaks; this
might be seen as a set of en-echelon cracks when looking
from above.

6 SIMULATION OF MULTIPLE
HYDRAULIC FRACTURES

Multiple parallel cracks tend to reduce in num-
ber and increase in spacing as they propagate. It
is often assumed that the length to spacing ratio
should be about 1.0 for a stable system of par-
allel cracks (Hwang, 1999). Figure 2 shows an
example of a large number of closely spaced
fractures at the shale-siltstone interface. As the
cracks propagate down into the shale, most of
the cracks arrest very quickly. Only a few,
relatively widely spaced cracks remain at the
base of the shale layer. Based on this figure, the
length to spacing ratio is significantly greater
than 1.0. Hwang (1999) has studied systems of
parallel cracks, although not for 3D hydraulic
fractures. Both 3D hydraulic fracture simula-
tions and 2D simulations will be performed
here.

A set of three hydraulic fractures is used to
gain insight into the behavior of a system of
many parallel hydraulic fractures. The initial
model is shown in Figure 10. The model 1s
symmetrically constrained. The initial cracks

are 1 mm deep and 6.35 mm apart. The crack
mouth flow rate is 1.0e-6 m’/s and the material
properties are the same as in section 4. In real-
ity, more cracks should be modeled, but the
simulations become quite time consuming as
more cracks are added; three cracks should
provide adequate insight.

HYFRAN3D computes pressure distr  ibu-
tions and crack opening displacements in the
3D fractures along with SIF distributions along
the crack front. The usual procedure for grow-
ing multiples cracks is to scale the crack growth
for all cracks based on the relative values of the
stress intensity factors. Using this technique,
the 3D hydraulic fractures are propagated for
10 steps. Although the mode I SIF for the cen-
ter crack is slightly less than that for the two
outer cracks (14.5 versus 15.2 MPa-Vm for the
initial crack), it continues to propagate. At step
10, the crack length is 10.5 mm. The length to
spacing ratio is 1.7 and the center crack shows
no signs of arresting based on the relative mode
I SIF values, 3.4 versus 3.5 MPa-Vm for the
center and outer cracks respectively. Based on
Figure 2, one might expect that the length to
spacing ratio could be much higher than this.
To verify that the crack growth is still stable,
2D simulations are performed.

FRANC2D is able to compute SIF’s, energy
releasc rates, and rates of energy release rates.
The latter allows the program to decide whether
crack growth is stable and to decide which of
the cracks are arrested. Although FRANC2D
does not simulate fluid flow, a static pressure
distribution of arbitrary shape can be applied to
the crack surfaces (edges). It was shown previ-
ously (Carter et al, 1999) that if the correct
pressure distribution, based on the 3D fluid
flow analysis in HYFRANC3D, is applied to
the crack surfaces of the 2D model, the correct
hydraulic fracture behavior is captured. Thus,
the pressure profile through the middle of each
3D crack is applied to the 2D cracks to evaluate
the rates of energy release rates.



Figure 10. Initial 3D model of multiple parallel cracks.

The initial FRANC2D analysis predicts that
the center crack has a slightly lower rate of en-
ergy release rate than the two outer cracks. The
values are presented in matrix form in Table 1.
The off-diagonal terms define the interaction
between neighboring cracks. The negative val-
ues indicate that crack growth is stable for all
cracks. The influence of neighboring cracks is
relatively small, indicating a weak interaction.

Table 1. Matrix of rates of energy release rate for 1 mm
cracks.

een neighboring cracks is much stronger than
or the initial configuration. However, the rate
still non-zero and crack growth is still stable.
he simulations are being continued to deter-
fnine the final length to spacing ratio at which
e center crack arrests.

able 2. Matrix of rates of energy release rate at 3.7 mm.

Crack 1 Crack 2 Crack 3
rack 1 -0.2531E-01 -0.5444E-02 -0.2027E-02
rack 2 -0.5444E-02 -0.1514E-01 -0.5443E-02
rack 3 -0.2027E-02 -0.5443E-02 -0.2534E-01

Crack 1 Crack 2 Crack 3
Crack | -0.1474E-01 -0.7807E-02 -0.4911E-02
ai rack 2 -0.7807E-02 -0.2951E-02 -0.7807E-02
Crack 3 -0.4911E-02 -0.7807E-02 -0.1473E-01

7 SIMULATION OF EN-ECHELON
CRACKS

En-echelon cracks are often the result of crack
front break up due to high mode III stress inten-
sity factors. The model in section 5 shows that
the mode IIT stress intensity factor should not
be ignored during propagation. Crack front
break up is difficult to model, however, and is
still not well understood.

A simplified approach is taken here to ex-
amine crack front break up under a mode III
loading. The model is shown in Figure 11. A

single edge crack in a unit cube is subjected to

Crack 1 Crack 2 Crack 3
Crack 1 -0.6537E-01 -0.8141E-02 -0.2088E-02
Crack 2 -0.8141E-02 -0.6184E-01 -0.8141E-02
Crack 3 -0.2088E-02 -0.8141E-02 -0.6537E-01

FRANC2D simulations corresponding to
steps 5 and 10 of the 3D model are performed
to examine the change in the rates as the cracks
grow. The pressure profiles from the corre-
sponding 3D HF simulations are used in the 2D
simulations. The rates of energy release rate are
provided in Tables 2-3. It is evident that the
rate for the center crack is much less than the
rate for the outer cracks at step 10, almost an
order of magnitude. Also, the interaction be-

a shear force while the crack faces are pre-
vented from overlapping by the inclusion of a
static fluid pressure. The elastic modulus is 10
GPa and Poisson’s ratio is set to zero. The SIFs
are shown in Figure 12, which indicates the
relatively high mode II and mode III SIF.
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{ The imitial crack front break up is modeled
by manually creating a set of three small en-
gchelon “petal” cracks at the crack front as de-

2cribed by Germanovich (2000). Figures 13 and
14 show the side and plan views of the crack
configurations. They are spaced 0.05 units

apart with a radius of 0.02 units.
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Figure 12. SIF’s for single edge crack under torsion.

Pollard et al. (1982) provide the following
relationship between the mode III/T ratio and
the en-echelon crack orientation:

Figure 13. Side view of 3 en-echelon cracks simulating
the crack front break up.



igure 15. Maximum principal stress is concentrated at
¢ intersection of the main and “petal” cracks.

CONCLUSIONS

The indirect evidence for natural hydraulic
jractures 1s abundant in the Ithaca, NY region.
The proof might depend upon the interpreta-
'on however. Numerical hydraulic fracture
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dimulations lend additional insight to the natu-
al processes. Hydraulic fracture simulation
rom a sedimentary interface is modeled to ex-
mine the influence of natural stress concentra-
ions, the propagation of multiple fractures, and

e re-orientation of fractures in a rotating
tress field.

Figure 14. Plan view of 3 en-echelon cracks simulating
the crack front break up.

The initial stress analysis was performed
without computing the elastic influence matrix.
The maximum principal stress is concentrated
at the intersection of the main and “petal”
cracks (Figure 15). Efforts to define the crack
growth criterion and propagation behavior for
this crack configuration are continuing and
further results will be presented elsewhere.

The simulations are not complete yet, but
they do indicate that hydraulic fracturing is a
plausible mechanism for describing the joints
seen in the rocks in the Ithaca, NY region. The
simulations are continuing and the final results
will be presented later.
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