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Hydraulic Fracture Geometry from Mineback Mapping
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KEY POINTS

• Details of full-size hydraulic fracture geometry are only available from mapping of mined fractures.

• Hydraulic fractures mapped in naturally fractured coal, sandstone, and in crystalline rock show many similarities that result from
interactions with natural fractures and shear structures.

1.1 Introduction

Hydraulic fractures have been mapped during mining in a
range of rock types and in a variety of geologic and in situ
stress settings. Mapping has occurred for fractures placed
into clay and soil [1], welded tuff [2], coal ([3–5]), andesite
[6], and other crystalline and metamorphic rocks in por-
phyry ore bodies [7–9].
Coal seams are typically fractured for the purpose of

stimulating production of seam gas (coalbed methane),
either for commercial use of the gas or to improve drain-
age of gas from the coal before mining. Approximately
50 hydraulic fractures have been mined and mapped in
detail in coal seams in the United States and Australia
([3, 4, 10, 11]; Jeffrey et al. 1993). In comparison, fractures
mapped in other materials (soil and rock) total less than
20, with 10 of these located in porphyry copper and gold
orebodies ([6, 7, 9]; containing intrusive monzonites and
metamorphosed volcanic sediments. These fractures were
placed as part of investigations into fracture geometry
expected to be produced by hydraulic fractures used to
precondition the orebody in advance of mining. The frac-
tures placed into welded tuff were part of early research
into hydraulic fracture growth [2] and the soil fractures
were part of a study of fracturing for waste remedia-
tion [1].
By comparing the fracture geometry mapped in these dif-

ferent natural materials, common and disparate features of
the fractures are highlighted. To help with the comparison,

dimensionless groups that have been shown to be impor-
tant in hydraulic fracture growth are calculated or esti-
mated for each mapped fracture. There is an extensive
body of work using experimental, analytical, and numerical
methods to investigate interactions of hydraulic fractures
with bedding and natural fractures and faults. This paper
limits itself to the mapped geometry exposed by mining
of full-size hydraulic fractures and presents a comparison
of features found in coal, sandstone, and stronger metamor-
phic or igneous rocks.

1.2 Summary of Mapped Fracture
Geometries

Selected hydraulic fractures that were placed in coal, sand-
stone, and hard rock are described in this section. For each
fracture the treatment parameters, rock properties, and in
situ properties are listed.

1.2.1 Fractures in Coal

Two fractures placed into coal seams will be described, one
located in Australia as described by Jeffrey et al. (1993) and
one located in the United States [10]. The fracture descrip-
tions include details of the treatment and site characteriza-
tion, including rock mechanical properties and in situ
stress data.
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1.2.1.1 DHM-7 Fracture

As part of a program to better understand hydraulic frac-
ture stimulation of coal, well DHM-7 was fractured using
linear gel with sand proppant [10]. DHM-7 was drilled
and completed open hole through the Blue Creek coal seam
in Alabama. The well was located over the Oak GroveMine
in the Warrior Basin. Table 1.1 summarizes the parameters
of the site and the treatment parameters. It is difficult to
measure σH in coal because the cleat and natural fractures
make overcoring impractical and the determination of frac-
ture initiation is difficult when using a microfrac stress test.
A value for σH that is larger than the vertical stress has been
selected because the mine back mapping revealed no devel-
opment of propped fractures at right angles to the direction
of the main vertical fracture branch.
Room and pillar mining exposed the fracture in the coal

rib around the sides of two pillars and along the coal rib
nearest the well (Figure 1.1). A vertical and horizontal
propped fracture (T-shaped) was found with the vertical
part consisting of a number of parallel strands. The vertical
fracture extended for more than 30 m to the north of the
well. A horizontal propped fracture, extending over the ver-
tical fracture, was located at the coal-roof rock interface and
was mapped in detail (see Figure 1.2). The fracture was not
mined to the south, but based on the area and fracture
widths mapped, the propped fracture mapped on the north
side of well DHM-7 was estimated to contain approximately
75% of the sand proppant injected [12].
The treatment pumped into DHM-7 used a non-

crosslinked guar-based gel fluid that was injected at an aver-
age rate of 8.3 barrels/min (0.022m3/s). A thick resin-coated
sand system was pushed into the near-well part of the

fracture on the morning following the main treatment. This
resin coated sand was used to test its ability to stabilize the
wellbore region. It is designed to retain 80% of the sand’s per-
meability after curing. Much of the vertical fracture exposed
nearest the wellbore, at location A in Figure 1.1, was filled
with this resin-coated sand. Samples of this propped fracture
were excavated and taken from the mine for later analysis
and display. No resin-coated sand was found at the next
exposure at location B. Mapping of the horizontal fracture
was done at the detail level represented in Figure 1.2 along
all propped exposures.
The mapped geometry in DHM-7 and other cases pre-

sented below rely on the proppant to mark the fracture
path. The hydraulic fracture typically extends beyond the
proppant, especially when less viscous fluids are used.
Hydraulic fractures cannot in general be found or mapped
if they do not contain proppant. The distribution of the
proppant, especially in a horizontal fracture, depends on
both the fracture width and the fluid velocity field. Prop-
pant transport in horizontal fractures is an area of study
that has received little attention, primarily because hori-
zontal fracture growth is thought to be a rare occurrence
at depths greater than approximately 300 m. The hydraulic
fractures described below that were placed into the orebody
at Northparkes at a depth of 580 m were horizontal. T-
shaped fractures are common in stimulation of coal and
better models that can deal with horizontal fracture growth
and the associated proppant transport problem would be
welcome.

1.2.1.2 DDH 190 Fracture

An uncased HQ-size cored borehole (DDH 190) was drilled
through the German Creek coal at Central Colliery in
Queensland and was hydraulically fractured using a borate
crosslinked hydroxypropyl guar gel fluid. The site was char-
acterized by undertaking well testing, stress measurement,
core testing, and fracture testing before the main fracture
treatment. Table 1.2 summarizes the site parameters rele-
vant to the treatment as given by Jeffrey et al. [5].
Mapping of the fracture during and after development of

the roadways in this area of the mine revealed a vertical
fracture in the coal that extended into the roof rock
(Figure 1.3). The fracture trace in the roof rock
(Figure 1.3a) was primarily a single fracture, but interac-
tions with natural fractures resulted in the formation of
some offsets and short parallel branches. The vertical frac-
ture trace in the coal at the north side of 13 cut-through
(Figure 1.3b) was typical of other vertical sections mapped
at this site, consisting of a single fracture that interacted
with bedded and sheared coal. The 150 mm-thickmid-seam
shear zone (mssz) runs throughmuch of the German Creek
seam and is composed of sheared coal, with particles

Table 1.1 DHM-7. Coal, well, and treatment parameters.

Parameter Value Units Description

σH >8.1 MPa Maximum horizontal stress

σh 6.2 MPa Minimum horizontal stress

σv 8.1 MPa Vertical stress

Po <3 MPa Pore pressure (estimated)

k 1.2 md Permeability, millidarcy

E 4000 MPa Young’s modulus of coal

ν 0.3 Poisson’s ratio of coal

Q 0.022 m3/s Injection rate

μ 25 × 10−9 MPa s Apparent fluid viscosity,
at 170 s−1

Depth 331.3 m Depth to top of Blue Creek
seam

r 0.108 m Wellbore radius
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Figure 1.1 A plan view of the propped hydraulic fracture mapped at the DHM-7 site is shown in the top drawing while three
mapped vertical fracture sections exposed at the coal rib are shown in the lower drawing. Mapping of the horizontal fracture
occurred along the ribs of the roadways where the fracture was exposed near the roof (Source: Boyer et al. [12]/Gas Research Institute).
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Figure 1.2 Seven linear feet of horizontal fracture mapped along the north side of the coal pillar (Source: Boyer et al. [12]/Gas Research
Institute). The location of this portion of the horizontal fracture is indicated in Figure 1.1 and labeled as station 1 through 6. The
entire horizontal fracture was mapped at this level of detail and the numbers in Figure 1.1 along the pillar boundary indicate the average
propped width in hundredths of inches (e.g. 30 represents 0.30 in.).

Table 1.2 DDH 190 site parameters.

Parameter Value Units Description

σH >4 MPa Max horizontal stress, in roof

σh 2.5

1.9

MPa

MPa

Min horizontal stress in coal

Min horizontal stress in roof

σv 4.5 MPa Vertical stress

Po 1.08 MPa Pore pressure

k 4.2 md Permeability, millidarcy

E 2 000

25 000

MPa

MPa

Young’s modulus, coal

Young’s modulus, roof rock

ν 0.35

0.13

Poisson’s ratio, coal
Poisson’s ratio, roof rock

Q 0.002 5 m3/s Injection rate

μ 610 × 10−9 MPa s Apparent fluid viscosity at 170 s−1

Depth 193.5 m Depth to top of German Creek seam

r 0.048 m Wellbore radius
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ranging from clay size to a few centimeters in size. Themssz
is softer and weaker than the coal above and below it. This
hydraulic fracture and others mapped in this coal seam
often developed an offset across the mssz.
The fracture at DDH 190 extended into the lower stress

roof rock with only 12% of the proppant injected estimated
to be accounted for by the propped fracture in the coal
seam. The mapping clearly shows the trace of the propped
hydraulic fracture in the roof and in the coal, but does not
reveal if the fracture was growing primarily laterally or ver-
tically at the sections mapped. Modeling of this fracture
suggests upward growth of 7 m into the roof rock at the
borehole [13].

1.2.2 Fractures in Hard Rock

Hydraulic fracturing is used inmining to induce caving and
to precondition rock for caving [7]. More recently, precon-
ditioning has been used in areas of high stress as a means of
reducing the potential for the occurrence of large, damag-
ing seismic events [14]. A total of nine fractures have been
mined and mapped at four metalliferous mine sites in

Australia [7, 9, 15] and Chile [6]. The fractures described
by Jeffrey et al. [9] will be compared to the fractures placed
into coal seams.

1.2.2.1 Northparkes E48 Mapped Fractures

Six hydraulic fractures were placed ahead of a tunnel at 580
m depth at the E48 Northparkes mine as part of a mine-
through experiment [9]. The fractures were propped with
colored plastic and sand and were monitored by microseis-
mic and tiltmeter arrays. Themapped hydraulic fractures at
Northparkes consist of nearly horizontal segments with off-
sets at intervals along them produced as the fracture grew
into and along dipping veins, natural fractures, and shear
zones. Fracture branches and sub-parallel propped sections
were also mapped, making up 10–15% of the total fracture
extent. The rock mass at the site is naturally fractured, con-
taining approximately five natural fractures per meter.
Additional details of the site, fracturing, and mine-back
can be found in Jeffrey et al. [9]. Table 1.3 lists site and rock
parameters. The stress directions given in Table 1.3 are
based on overcoring data measured near the fracture site.
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Figure 1.3 Looking down on propped fracture trace (a) in sandstone roof rock at 13 cut-through. Vertical section (b) showing
propped fracture exposed on north coal rib of 13 cut-through near borehole DDH 190 (Source: Jeffrey et al. [5]/Coalbed Methane
Association of Alabama).
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Theminimum stress was nearly vertical with themaximum
stress oriented nearly horizontal and directed approxi-
mately east–west.
The hydraulic fractures were mapped along the E48D102

tunnel as it was driven. The fractures were horizontal with
steps along their path often forming where they interacted
with natural fractures and shear structures. These offsets
were large enough to increase the average dip because the
fracture trace following a stair-step pattern. Figure 1.4 shows
an overview of the five fractures that were propped with
colored plastic and mapped along the sides of the tunnel.
Fractures 6 and 7 were placed using crosslinked guar gel

while fractures 5, 8, and 9 were placed using water. The col-
ors of the points mapped along each fracture shown in
Figure 1.4 correspond to the colors of the plastic proppant

used. The grid lines shown are the mine coordinates in
meters. The initiation point of each fracture is indicated
by a black square symbol and the borehole is shown by
the line connecting these symbols. Figure 1.5 contains a
more detailed sketch of Fracture 8, which contained the lar-
gest offset or step mapped in any of the fractures at this site.
The injection interval, which was in the borehole E48D102,
is shown. This interval is located approximately 2.5 m out of
the plane of the fracture trace shown because the borehole
was drilled along the centerline of the tunnel. Fracture
growth is likely to have been semi-radial from the injection
interval and should not be visualized as occurring purely
along the fracture trace. Fracture 7 contained an offset sim-
ilar in size to the one shown in Figure 1.5 and a series of
smaller offsets (but consisting of 200–400mm steps) were

Table 1.3 Site and rock parameters for Northparkes E48.

Parameter Value Units Description

σH 40 MPa Max horizontal stress, 2900, 80 dip

σh 22 MPa Min horizontal stress, 220, 110 dip

σv 15 MPa Vertical stress, 1650, 760 dip

Po <1 MPa Pore pressure

k 0.005 md Permeability, millidarcy

E 50 000 MPa Young’s modulus

ν 0.2 Poisson’s ratio
Q 0.007 5 m3/s Injection rate

μ 610 × 10−9

1 × 10−9
MPa s

MPa s

Apparent crosslinked gel viscosity at 170 s−1

Viscosity of water

Depth 580 m Depth below surface

r 0.048 m Wellbore radius
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Figure 1.4 Hydraulic fractures mapped along a tunnel at the Northparkes E48 mine (Source: Jeffrey et al. [9]/Society of Petroleum
Engineers). The initiation point of each fracture is indicated along the borehole which is drawn with a purple line.
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mapped at one exposure of Fracture 5. Therefore, at this site
the crosslinked gel did not produce more planar fractures
compared to the water driven fractures.
Details of the fracture geometry were not collected except

along the sides of the tunnel and occasionally across the
tunnel face and back. This is a common difficulty experi-
enced when mapping hydraulic fractures in a commercial
mine. The tunnelling or coal extraction operations take
precedence over mapping. In the case of the E48 site, the
tunnel is extended in approximately four-meter intervals
using a drill-blast-muck-support cycle. Mapping is
restricted to occur between the muck and support or sup-
port and drill steps.

1.2.3 Other Mapped Fractures

Hydraulic fractures have been placed into a range of rock
and soil materials followed by mining and mapping. War-
pinski et al. [16] and Warpinski and Teufel [2] describe
hydraulic fractures placed into volcanic tuff and Murdoch
[1] describe fractures placed into clay and soil at shallow
depth. Details of these fractures can be found in the papers
cited.

1.3 Comparison of Mapped Fracture
Geometries

Nondimensional parameters are useful in helping to deter-
mine the type of fracture growth to expect in different rocks
and at different sites. For example, the dimensionless tough-
ness or dimensionless viscosity can be used to determine if
the treatment was carried out in the fracture toughness or
fluid viscosity dominated regime [17]. Viscosity dominated
growth leads to more planar fracture geometries [18].
The fracture width restrictions resulting from offsets and

branches along the fracture path are potential sites for
proppant bridging and the narrow width at these locations
result in a higher injection pressure and slower fracture
growth compared to more planar fracture conditions [19].
The growth of closely spaced fractures has been shown to
be well described by several dimensionless parameters
[8, 20]. Results from numerical calculations of the path of
a new fracture placed next to an existing fracture were pre-
sented by Bunger et al. [20] and were compared to mine-
back and laboratory experiments in Bunger et al. [8]. The
fractures mapped and described above will be compared
with each other and are further categorized by calculating
values for the dimensionless viscosity and differential stress
parameters.

1.3.1 Dimensionless Parameters

The nondimensional parameters used are listed in
Table 1.4. The physical parameters that are used in defining
the nondimensional parameters are listed in Table 1.1. The
nondimensional viscosity is used to determine whether the
fracture growth is dominated by rock fracture toughness or
by frictional losses associated with viscous fluid flow in the
fracture channel [17]. The dimensionless stress is com-
monly used in studies of hydraulic fractures interacting
with other hydraulic fractures or crossing natural fractures
[8, 18, 19]. Two values of dimensionless differential stress
are defined because a hydraulic fracture growing with an

Fracture 8, looking south

Injection interval

0 1

Scale

2 m

Figure 1.5 The mapped trace of fracture 8, exposed along the
south side of the tunnel, at the Northparkes E48 mine-back site
(Source: Jeffrey et al. [15]).

Table 1.4 Dimensionless groups used in comparisons.

Name Parameter Notes

Dimensionless viscosity M =
3π2μQ0E

3

256K4
Ic

If M< 0.25, regime is toughness dominated. If M> 1, regime is
viscosity dominated.

Dimensionless differential stress d13 =
σ1 − σ3
σ3

d13 applies to fracture growth in the direction of σ1.

Dimensionless differential stress d23 =
σ2 − σ3
σ3 d23 applies to fracture growth in the direction of σ2.

c01.3d 7 25/11/2022 3:34:13 PM

1.3 Comparison of Mapped Fracture Geometries 7



orientation such that it opens against σ3 will be subject to
a range of differential stresses, depending on the location
of the point being considered with respect to the other
two principal stresses. These parameters are therefore
used here as reference values in the comparisons of over-
all fracture growth behavior as determined by mine-back
mapping.
The values of the three dimensionless parameters at each

of the three mapping sites are listed in Table 1.5.

1.4 Fracture Geometry Summary

The M value listed for the Northparkes site applies to frac-
tures created using water, which was the case for Fracture
8, while the treatment in DHM-7 used linear gel and a
crosslinked gel was used in DDH 190. The M values below
0.25 represent a fracture regime that is toughness domi-
nated while an M value of one or greater is viscosity domi-
nated. All of the fractures described here fall into the
viscosity dominated regime. The fracture growth regime
for the part of the fracture that extended into the roof rock
at DDH 190 was strongly viscosity dominated.
Natural fractures and shear zones were crossed by the

hydraulic fractures at all three sites. The downward growth
of the fracture at the DDH 190 site was blunted by a soft clay
at the coal-floor rock interface.
Fracture 8 at Northparkes entered a 45 dipping natural

fracture and grew along it for approximately 2.5 m before
exiting down dip. The exit point coincides with additio-
nal calcite mineralization in the natural fracture. This

section of the structure would be stronger in shear, result-
ing in higher shear-generated tensile stress and we propose
that this allowed tensile fractures or wing fractures [21] to
form at that location, allowing the hydraulic fracture to
escape the natural fracture.
Table 1.6 provides a summary of the features that are

present in the fractures at the three sites for two different
resolutions. The resolution is defined as the smallest feature
on the hydraulic fracture that is included in describing the
fracture geometry. In Table 1.6, nonplanar means the main
fracture channel is not in a single plane while branching
means the fracture treatment has propped several fractures
over parts of its extent that may be parallel or at an angle to
the main fracture.
The propped fracture at the DHM-7 site was T-shaped,

with each segment planar when viewed with a resolution
of 1 m. When viewed in more detail (with a resolution of
0.01 m) offsets and branches are apparent as shown in
Figures 1.1 and 1.2. A T-shaped fracture is considered to
be a branched fracture, because the horizontal and vertical
segments are both considered as branches of the fracture
channel. In Table 1.6, the DHM-7 fracture is considered
to be nonplanar and branched at the coarser resolution.
T-shaped fractures represent a case where the hydraulic
fracture is diverted into the horizontal direction rather than
crossing the horizontal feature and continuing to grow ver-
tically. Horizontal fractures associated with T-shaped frac-
tures have been mapped to extend 10–100 s of meters
without diverting back into the coal or up into the roof.
The mechanics of this observed feature of these fractures
has not been completely explained.
The qualitative description in Table 1.6 shows that the

classification regarding planarity, branches, and offsets
depends on the scale of the observation. When a more
detailed view is available, the fractures at all the sites show
offset, nonplanar, and branched growth. The main factor
that controls the development of these features in a hydrau-
lic Efracture is the presence of natural fractures or bedding
interfaces. The fracture growth regime and the deviatoric
stress, at least in the range represented by the three sites
reviewed here, do not seem to result in a strong change

Table 1.6 Fracture geometry versus resolution of observation.

Resolution 1m Resolution 0.01m

Site Offsets Nonplanar Branching Offsets Nonplanar Branching

Northparkes Yes Yes No Yes Yes Yes

DHM-7 No Yes Yes Yes Yes Yes

DDH 190 coal No No No Yes Yes Yes

DDH 190 roof No No No Yes Yes Yes

Table 1.5 Nondimensional parameters for three sites.

Site M d13 d23

Northparkes F8 7.7 1.7 0.5

DHM-7 4.5 0.4 0.3

DDH 190 coal 3.3 0.8 0.6

DDH 190 roof 2000 1.5 0.7
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in the fracture geometry, at least as expressed by mapping
of its propped extent. Network like fracture development
would be expected as the deviatoric stress is reduced toward
zero, but we do not have mapped fractures representing
that stress condition.

1.5 Conclusions

Three sites at which hydraulic fractures have been mined
and mapped are described. Measured parameters are given
for each site that are then used to find the dimensionless

viscosity and dimensionless deviatoric stress values for
the sites.
The mapped fractures at all three sites are found to be

similar in the sense that, when they are studied at a detailed
scale, they all contained offsets, were nonplanar, and con-
tained branches. The common factor between all sites is
that the rock (or coal) was naturally fractured. The nondi-
mensional parameters were not found to be useful in pre-
dicting the amount of offsetting, nonplanar growth, or
branching. Mapping fractures at sites with lower deviatoric
stress may show a sensitivity to that parameter in predicting
network such as fracture development.
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