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Forms of Hydraulic Fractures in Shallow Fine-Grained
Formations

Lawrence C. Murdoch1 and William W. Slack2

Abstract: Hydraulic fractures have been created in fine-grained formations at depths of 2–10 m to improve the perform
environmental remediation projects at dozens of locations and in a wide range of geologic conditions. The effectiveness of a
fracture during remediation will depend primarily on its form; that is, its shape, thickness, orientation, length, width, and locati
respect to the borehole. The forms of many hydraulic fractures have been determined by mapping exposures in excavatio
compiling split-spoon sampling data. These observations indicate that a typical hydraulic fracture at shallow depths is gently
slightly elongate in plan, and slightly asymmetric with respect to the parent borehole. Shallow hydraulic fractures lift the ground
to produce gentle domes, and the pattern of uplift reflects the location and thickness of the fracture at depth. The forms of
fractures created over a narrow range of depths at the same site are similar, but the forms can vary markedly between sites and
depths at the same site. This indicates that the forms of hydraulic fractures will be relatively consistent when they are created und
conditions, but changes in geologic conditions can markedly affect fracture form.
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Introduction

Hydraulic fractures will be created in the vicinity of a boreho
when fluid is injected at sufficient pressure. This simple proc
can be either a blessing or a curse, depending on the applica
Hydraulic fracturing has been used to improve the performanc
oil and gas wells since the 1940s, and today it is a stand
technique in the petroleum industry~Gidley et al. 1989!. This
application has been incredibly successful, increasing the ext
able oil reserves of North America by 109 m3 ~Gidley et al.
1989!. Other practioners are less enthusiastic about hydra
fractures, however. Hydraulic fractures created during permea
or compaction grouting will affect the distribution of grout an
can markedly reduce the ability of grout to seal or increa
strength ~Morgenstern and Vaughn 1963; Wong and Farm
1973!. Injection tests intended to determine the permeability o
formation are of limited value if hydraulic fractures are creat
near the well bore~Bjerrum et al. 1972!.

Since the late 1980s~Murdoch 1988, 1989!, hydraulic frac-
tures have been created to augment a variety of procedure
remediating contaminated sites. Many of these sites are unde
by fine-grained formations where conventional methods of re
diation are hampered by meager rates of fluid flow. Sand inje
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into hydraulic fractures in these materials will create lenses
high permeability material that can increase the specific capac
of wells by an order of magnitude or more~Murdoch et al. 1995!.
Recently, granules of reactive compound have been injected
hydraulic fractures to form in situ permeable barriers to conta
nant migration~Murdoch 1995; Murdoch and Chen 1997; Mu
doch 2000!. When created normal to the direction of fluid flow
fractures filled with reactive material hold the potential for acc
erating or augmenting the intrinsic remediation of fine-grain
material. Other applications include filling hydraulic fractur
with electrically conductive compounds, such as graphite, to
hance remediation by electrokinetics~Murdoch and Chen 1997
Chen and Murdoch 1999!.

The effectiveness of a hydraulic fracture during remediat
will depend primarily on its form; that is, its shape, thicknes
orientation, length, width, and location with respect to the bo
hole. We have created hundreds of hydraulic fractures at sha
depths, and many of them have been explored to estimate
form in the subsurface. In several dozen cases the vicinity of
fracture was excavated to provide detailed cross sections~Mur-
doch 1995!, whereas the exploration at other sites consisted
intersecting the fracture with a split-spoon or hand auger in s
eral locations.

Details of the fracturing process and subsequent explora
efforts from 138 fractures at 13 sites were compiled in a datab
The database contains records describing fracture from with v
ables such as depth of initiation, dip, length of the major a
minor axes, sand thickness, maximum uplift, and shape and
ume of the displaced ground surface; as well as parameters o
fracturing operation, such as injected gel volume, bulk sand v
ume, slurry volume, maximum and minimum pressures, a
whether the injected fluid reached the ground surface.

All hydraulic fractures that we created for environmental a
plications between 1989 and 1993 are included in this study. T
provides a dataset of fracture characteristics resulting from s
lar procedures applied over relatively narrow ranges of dep

s

.
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and it includes test sites where most fractures were explore
either excavation or sampling.

Many other hydraulic fractures have been created since 1
and the characteristics of most of them are well represented b
generalizations presented here. However, data describing
forms of hydraulic fractures created after 1993 are considera
sparser than the earlier data. Moreover, some applications s
1993 have involved creating hydraulic fractures over a wide ra
of depths at the same site, and this can cause marked chang
fracture form. In addition, methods for influencing the form of
hydraulic fracture were evaluated starting in 1994~Murdoch et al.
1997!. As a result, observations from after 1993 will be used
illustrate particular points, but we will rely on the earlier data f
much of the evaluation.

The purpose of the following paper is to summarize the exp
ration data in order to characterize both the general features
essential details of hydraulic fractures created at shallow depth
fine-grained formations. Hydraulic fractures from one site w
described in detail~Murdoch 1995!, but a description of the gen
eral forms of shallow hydraulic fractures has never been p
lished to our knowledge. The field observations will be presen
at two levels of detail in the following paper. An idealized h
draulic fracture based on average values and typical respo
from many field applications will be presented first. The idealiz
hydraulic fracture is a synthesis of many observations, and
intended to form a conceptual model based on average va
This will be followed by descriptions of important features
hydraulic fractures based on observations from field sites wh
the features are particularly well exposed or documented.
latter section also contains summaries of statistics that highl
distributions of particular values. The information described h
should provide practioners with guidelines about what to exp
when creating hydraulic fractures at shallow depths, and it sho
provide modelers with an overview of features that could be p
dicted by theoretical analyses. The conceptual model describe
the following pages is used as the basis for a mechanical ana
of shallow hydraulic fractures presented in a companion pa
~Murdoch 2002!.

Method of Hydraulic Fracturing

The process used to create hydraulic fractures described her
gins by driving a casing to depth~Murdoch et al. 1995!. Sediment
at the bottom of the casing is exposed either by withdrawin
retractable point from within the casing or by driving an expen
able point off the end of the casing. A water jet~18 L/min and 20
MPa! oriented normal to the axis of the casing is rotated to cu
disk-shaped cavity, or notch, in the exposed sediment. The w
jet will create a notch 10–20 cm in radius in a few minutes
unlithified, fine-grained formations. Water is injected into the c
ing at a rate of 20–40 L/min, initiating a hydraulic fracture at t
notch. A slurry of cross-linked guar gum gel and sand is injec
into the fracture as it grows away from the borehole. An enzy
is added that reduces the apparent viscosity of the gel sev
hours after injection. The fracture closes when injection cea
and the gel flows into the soil mass, but the sand props the f
ture walls open to provide a permanent layer of granular solid
the subsurface.

Monitoring the injection pressure and the displacement of
ground surface is a routine part of the fracturing procedure.
maximum injection pressure is typically one to a few hundred k
at the onset of propagation, but the pressure decreased with
480 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN
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when most of the fractures described here where created. Gr
displacements typically reach a maximum of 1 to 2 cm over
center of the fracture, and the displacement pattern resemb
gentle dome.

The fractures considered during this study were initiated
depths ranging from 1.4 to 12 m, and the average depth was
The average amount of sand injected into the fractures was
kg, although as much as 2,000 kg was injected into some f
tures. The sand was injected at an average concentration of 1
sand/L gel, although concentrations ranged to as much as
kg/L. The volume ratio of sand in the slurry is the ratio~bulk
volume of the packed sand!/~total volume of the slurry!. The av-
erage volume ratio is 0.47 but it was as much 0.64 during
program.

Idealized Form

Shallow hydraulic fractures typically occur as one of two gene
forms depending on their average dip. One form is a steeply
ping fracture that has a greater vertical than lateral dimens
This type of fracture climbs rapidly and reaches the ground s
face, orvents, in the vicinity of the borehole after a relativel
small volume of liquid has been injected. Significant propagat
ceases after venting has occurred. Thus it has been our exper
that steeply dipping fractures in shallow sediments are of limi
size and probably will result in limited improvement in the pe
formance of vertical wells. As a result, little work has been do
to characterize steeply dipping hydraulic fractures. Steeply d
ping fractures were created at one site during the study period
data from these fractures are not included here because exp
tion of their form was never conducted. Additional work is r
quired to characterize the conditions that result in steeply dipp
hydraulic fractures and the procedures for creating fractures u
these conditions.

The other type of fracture form is gently dipping and it ca
grow to several meters or more in the horizontal dimensi
which is large enough to improve the performance of shall
wells and therefore it is useful for environmental applicatio
Most of our investigation has focused on gently dipping fractu
and they are the feature that will be described below.

An idealized model of a gently dipping hydraulic fracture h
emerged from detailed mapping in excavations~Murdoch 1995!
and interpretations from many other fractures explored in borin
The idealized hydraulic fracture created at shallow depths
slightly elongated in plan and dips back toward its parent bo
hole ~Fig. 1!. Most fractures develop a preferred direction
propagation and they extend furthest from the borehole in
direction. As a result, the center of the fracture in plan rar
coincides with the borehole. Instead, the center is displaced a
from the borehole in the direction of preferred propagati
~Fig. 1!.

The database of fracture measurements provides typical va
and ranges for the dimensions of shallow hydraulic fractures.
length of the major axis of the fracture, for example, is typica
about three times greater than the depth of initiation, and
major axis of the fracture is 1.2 times greater than the minor a
~Fig. 2!.

Important information about the dimensions of hydraulic fra
tures at depth comes from the pattern of displacement at
ground surface. Ground overlying the fracture is uplifted to cre
a gentle dome, and it appears that the displacement at the gr
surface is similar to the aperture of a shallow fracture. The ma
EERING / JUNE 2002
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axis of the dome ranges from 5 to more than 12 m, with
average of 8.5 m, and we infer that the underlying fractures w
roughly these dimensions. The dome is typically slightly elo
gated with a mean aspect ratio of 6:5~1.2:1!. The borehole used
to create the fracture and the point of maximum displacem
~apex of the dome! rarely coincide with the center of the dome
plan. This eccentricity can be represented as the ratio~distance
between the center of uplift and the borehole!/~major axis!, bore-
hole eccentricity, and the ratio~distance between the center
uplift and the point of maximum uplift!/~major axis!, displace-
ment eccentricity. Interestingly, the mean of both eccentricity va
ues is 0.14. The borehole and the apex of the dome are typic
on opposite sites of the center of uplift~Fig. 2!.

The maximum uplift ranged from a few mm to more than
mm, with a mean of 18.8 mm. The fracture closes and the do
subsides after injection, but the injected sand prevents the frac

Fig. 1. Perspective of idealized gently dipping hydraulic fracture
shallow depth. Fracture dips toward parent borehole~triangle!. Pre-
ferred direction of propagation~arrow! causes center of the fractur
~square! to migrate away from the injection borehole.

Fig. 2. Plan ~a! and section~b! of a hydraulic fracture showing
typical relative dimensions. Aspect ratio major:minor axis rang
from 1.0 to 1.4~shaded! with a mean51.2 ~heavy black ellipse!;
major axis:depth mean53.4; distance between borehole and cente
uplift:major axis50.14; distance between point of maximum upl
and center of uplift:major axis50.14; fracture trace occurs within
shaded triangular envelope with mean dip of 10°.
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walls from closing completely. The amount of closure depends
the volume ratio of sand in the slurry, which is about 0.5 in m
cases. As a result, the average thickness of sand in the fractu
about half of the maximum aperture when the fracture is infla
by pressurized slurry.

The idealized fracture has a preferred direction of propagat
and the line from the borehole through the point of maximu
uplift indicates that direction. With prolonged injection, the fra
ture will reach the ground surface along that line. The prefer
direction of propagation is commonly related to distribution
vertical load at the ground surface, with the fractures propaga
toward regions of diminished vertical load. Beneath slop
ground, therefore, it is possible to anticipate the preferred dir
tion: it is typically downslope. Beneath level ground we ha
used vehicles to artificially load the ground surface and influe
the propagation direction away from the vehicles~Murdoch
1995!.

In cross section, some fractures were nearly flat-lying in
vicinity of the borehole and they curved gradually upward to fo
a basin-like form, whereas in other cases the fractures appe
maintain a roughly uniform dip from the borehole to their term
nation ~Murdoch 1995!. Fracture traces commonly appear to
step-like, changing dip over several dm when mapped in detai
the wall of a trench~Murdoch 1995!. As a result, we are unable t
present a curve that characterizes the range of details of frac
traces in cross section. Instead, we use an envelope@shaded tri-
angle in Fig. 2~b!# that spans a range of dips with the understan
ing that the fracture trace occurs somewhere within that envel

We compared the dips of fractures and found that the aver
values ranged from 5° to 25° at different sites. At each particu
site, however, the dips were more consistent, with the 95% c
fidence interval of dips approximately 5°. Moreover, the dips
some sites were statistically different from dips at other sites
that dip angle appears to depend on site conditions. The he
line in Fig. 2 dips 10°, which is approximately the average dip
fractures created during this study. The triangular envelope in
2~b! bisects an angle of 10°, which is twice the 95% confiden
interval of dips at individual sites.

Important Characteristics

Essential characteristics of fracture form were identified by
viewing data from field observations. In addition to mean valu
of characteristics cited above, the data also provide insights
the range of observed forms and other characteristics that w
used to infer the idealized forms in Figs. 1 and 2. The followi
section contains a review of the observed dips of hydraulic fr
tures, as well as the depth of initiation and the distribution
displacement along the major axis of the fracture. Observation
the transient changes in fracture aperture and displacement o
ground surface are presented, followed by a detailed descrip
of the patterns of net displacement over hydraulic fractures.

Dip

True and apparent dip~or inclination! of 90 hydraulic fractures
are known from excavation studies and from locations wh
fractures were intersected in samples obtained by boring a
sites. In most cases, the fracture surface dips toward the bore
so the apparent dip is similar to the true dip averaged between
borehole and the sampling point. Where fractures were sample
several locations along a radial line, the apparent dip provided
each sample was averaged to estimate the dip along that lin
ICAL AND GEOENVIRONMENTAL ENGINEERING / JUNE 2002 / 481
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In general, the mean dips of fractures at any particular
range from 0.8 to 22°, and 95% confidence intervals range f
3.0 to 8.2°~Fig. 3!. The mean confidence interval is 4.461.08°.

The mean dips of fractures were compared using the Stud
Neuman-Keuls test with 95% confidence~Glantz 1992!. This
analysis shows that the dips of fractures at sites where the m
dip was gentle are statistically different from dips at sites wh
fractures dip relatively steeply. Moreover, fracture dips at the
termediate sites are statistically different from both the shal
and steep end members.

This result is intuitively appealing based on Fig. 3, and
indicates that the dip of a hydraulic fracture depends on site c
ditions. At a particular site where the geology is uniform latera
however, the dips are fractures that are relatively uniform, wit
roughly 5° of the mean dip for that site.

Depth

Hydraulic fractures were created from depths as shallow as 1 m to
as deep as 12 m during this program. Most theoretical analyse
shallow hydraulic fractures regard interaction with the grou
surface as a fundamental process affecting growth, with the r
of fracture length to depth being a basic measure of the inte
tion ~Pollard and Holzhausen 1979!. The ratio of the major axis to
the depth for 99 fractures created during this program ranges f
1.5 to greater than 5.5, with an average of 3.4 and a media
3.2. That ratio is 3.0 or more for 79% of the fractures~Fig. 4!.
This ratio may partly reflect the volume of fluid injected into ea
fracture, and different ratios may result when different volum
are injected.

Distribution of Sand and Uplift along Major Axis

The distribution of sand is a critical factor when fractures are u
to improve remediation. Deformation of the ground surface
related to the location and aperture of a hydraulic fracture at de
~Davis 1983; Holzhauzen et al. 1985!, which in turn should be
related to the distribution of sand within a fracture. The details
those relations were investigated by comparing uplift to fract
aperture at the point of injection, and by comparing uplift to t
distribution of sand in a fracture.

Fig. 3. Dips of hydraulic fractures at ten sites underlain by silty cl
Error bars are 95% confidence intervals and the number of fract
measured at each site are shown next to the data points. All but
of the sites are underlain by silty clay glacial drift; No. 4 is underla
by a vertisol, and No. 10 is underlain by interbedded clay, silt, a
fine-grained sand of fluvial origin. Site No. 2 is within 100 m in pla
and is 10 m stratigraphically below site No. 9.
482 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN
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The thickness of sand was measured at 15-cm intervals a
19 fractures revealed in the walls of trenches, and net uplift w
measured along the lines of the trenches when the fractures
created at the ELDA landfill in Cincinnati, Ohio. The data sho
that the thickest point of the fracture is typically near the midpo
between the fracture ends. However, all the fractures grew
greater lengths in one direction compared to other directions f
the borehole. For example, in Fig. 5, sand filling the fractu
extends 5 m in one direction but only 3 m in the opposite dir
tion. As a result, the point of injection was skewed toward o
end of the fracture and the thickest part of the fracture ne
coincided with the point of injection.

A wide range of variability in sand thickness characterized
of the fractures~Fig. 5!. For example, the thickness of sand in th
fractures commonly ranged from 50% more to 50% less than
thickness indicated by a regression line. This variability in thic
ness occurred as the fracture pinches and swells over distanc
a few dm to a few cm along the fracture trace.

A regression line through the sand-thickness data mimics
pattern of uplift, although the sand thickness is typically ab
half the uplift value~Fig. 5!. The volume ratio of sand in the
slurry injected into this fracture was 0.5. It appears that the ra
between the uplift and average sand thickness is similar to
volume ratio of sand in the slurry, although there is significa
variability in the sand thickness. This is significant because
suggests that the average thickness of sand in shallow, flat-l
fractures can be roughly estimated as the product of the uplift
the volume ratio of sand in the slurry.

s

Fig. 4. Distribution of ratio between major axis and depth of initi
tion of hydraulic fractures

Fig. 5. Thickness of sand along two sides of trench cutting the ma
axis of a fracture and the net uplift immediately after injection a
function of distance from the borehole. Volume ratio of sand in
injected slurry was 0.5. Heavy lines are third-order regression p
nomials.
EERING / JUNE 2002
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Hydraulic fractures at the ELDA Landfill where created on
topographic bench and the preferred direction of propagation
toward the cut edge of the bench. Pollard and Muller~1976! show
that the shape of a sheet intrusion will resemble a tear drop, w
is similar to Fig. 5, in the presence of a regional gradient
confining stress. We expect that the vertical gradient imposed
the bench influenced the forms of the hydraulic fractures at
EDLA site, much like a regional gradient affects the forms
sheet intrusions. Interestingly, the actual thickness of sheet in
sions varies locally from the tear drop form~Pollard and Muller
1976; Figs. 2 and 3!, much like the thickness of the hydraul
fracture varies in Fig. 5.

Fracture Aperture and Uplift at Borehole

Fracture aperture was measured as a function of time usin
borehole extensiometer, which consists of a fine wire that
anchored to the lower wall of a fracture and extended upw
through a cased bore to the ground surface. The wire pa
through a pressure-tight seal at the top of the casing and was
to a displacement transducer. As the fracture opened, the wire
pulled into the casing by an amount equal to the aperture of
fracture. A graduated scale was fixed to the casing at the gro
surface and the uplift was determined as the difference betw
repeat measurements made with a leveling telescope.

The results show that both fracture aperture and uplift incre
with time during injection, and the rate of increase of both dim
ishes with time~Fig. 6!. After pumping, both aperture and upli
decrease to approximately 0.5–0.7 of the maximum value.
only do aperture and uplift show the same behavior, they sh
essentially the same values during both opening and closin
the fracture. It appears that measurements of uplift at the poin
injection will serve as reasonable estimates of fracture aper
beneath that point, at least for a shallow fracture within a few
depth. In contrast, uplift can be smaller in magnitude and gre
in extent than the aperture of a flat-lying fracture that is relativ
deep~Pollard and Holzhauzen 1979!.

Those comparisons, combined with the observations descr
above, have led to the following conclusions:
• The aperture of a flat-lying, shallow hydraulic fracture

roughly equal to the uplift overlying the fracture at the tim
injection is terminated;

• The average thickness of sand in the fracture is equal to
aperture times a correction factor, which is related to the fr
tion of sand in the injected slurry;

Fig. 6. Uplift ~symbols! of the ground surface measured with tel
scope and fracture aperture~line! measured with borehole extensiom
eter
JOURNAL OF GEOTECHN
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• The correction factor is equal to the volume ratio of sand
the slurry where the uplift is greater than 2 to 3 mm. Th
assumes that negligible liquid has leaked out of the fract
during injection and that the fracture is inflated by the inject
volume of slurry at the time fracturing stops. The liquid pha
of the slurry flows out of the fracture and the overburden s
sides until it is supported by the injected sand;

• Sand appears to be absent from the leading edges of hydr
fractures, so the correction factor is zero where the uplift
less than 2 to 3 mm. This may be because the leading edg
the fracture is too narrow to accept coarse sand grains~1 mm
diameter!;

• The thickness of sand is highly variable~650%! so that large
differences between the thickness observed in point samp
from a split-spoon sample, for example, and that estima
using uplift should be expected. Likewise, samples obtain
within a few dm may yield marked differences in thickness
sand; and

• The simplified relationships between uplift and sand thickn
cited above are limited to fractures that dip less than appro
mately 35°, and where the maximum length of the fracture
greater than the depth.

Pattern of Uplift

The pattern of uplift appears to be the best estimate of the di
bution of sand in a shallow hydraulic fracture that is readily ava
able. This pattern can be quickly measured in the field us
simple leveling equipment, and such measurements are avai
for most fractures created during this study. We have quanti
the general pattern of uplift for all the fractures where we ha
data in order to evaluate common characteristics. This was d
by assuming that the uplift pattern resembles an elliptical do
which is a reasonable assumption for the majority of the fractu
The boundaries of an ellipse were manually fit to the 2 mm c
tour of uplift ~Fig. 7! to mark the area inferred to contain sand.
most cases the ellipse fit the uplift pattern well within the er
associated with interpolation of the uplift field. The axes of t
ellipse were used to define a coordinate system, with the m

Fig. 7. Stylized uplift contours~dashed lines! in mm with ellipse
used to characterize the pattern~thick line!. Bar scale is roughly 1 m.
a: major axis of ellipse;b: minor axis of ellipse;c: distance from the
center of the ellipse to the well used to create fracture~open circle!;
d: distance from the center to the point of maximum uplift; ande:
distance from the well to the point of maximum uplift.
ICAL AND GEOENVIRONMENTAL ENGINEERING / JUNE 2002 / 483
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axis along thex axis. The locations of the point of maximum
uplift and the point of injection were located using that coordin
system~Fig. 6!.

Several common methods of interpolation were evaluated
comparing the estimated and exact volumes beneath an idea
dome that resembles the uplift pattern over a hydraulic fract
Kriging with a linear variogram produced the least error and
was used to interpolate all the uplift fields prepared for this wo

Shape of Surface
The uplifted surface forms a dome that ranges from nearly s
metric to highly asymmetric with respect to the point of injectio
The uplift pattern is nearly identical along the six radial lines
observation points overlying a nearly symmetric fracture@Fig.
8~a!#, whereas they differ markedly as the degree of asymm
increases@Figs. 8~b and c!#. The uplift along the major axis of an
asymmetric fracture is tear-drop shaped, with a gradual taper f
the point of maximum thickness to the borehole and a sharp t
in the opposite direction. In contrast, the uplift along the min
axis @square symbols in Fig. 8~c!# is nearly symmetric.

Asymmetric uplift occurs over a fracture that is dipping, wi
the strike of the fracture plane along the minor plan axis and
dip direction along the line from the point of maximum uplift t

Fig. 8. Uplift as a function of distance from the borehole for thr
fractures created at shallow depths in silty clay. Uplift was measu
at stations~points! along three~a and b! or four ~c! lines in the field.
The heavy line is a fourth-order polynomial used in a theoret
analysis presented by Murdoch~2002!.
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the borehole. The dip direction of fractures shown in Figs. 8~b
and c! lies along the lines indicated by circles, and the fractu
are shallowest on the left side of the diagram and deepest on
right side.

A total of 74 fractures were used to characterize ground s
face displacements, and the results are summarized in Tab
Data from steeply dipping fractures were omitted because
displacements were difficult to characterize using available m
ods. In general, all the data are skewed to the right~Table 1!. The
degree of skewedness is minor, however, so the arithmetic m
will be used to characterize typical values.

The displacement of the ground overlying hydraulic fractu
created during this study formed a slightly elongated dome w
circularity that is typically 1.2@Fig. 9~a!# and never more than
1.73.

The borehole and the point of maximum uplift are genera
within about 15%, and never more than 35% of the major a
from the center of the dome, as indicated by values of boreh
and displacement eccentricities@Figs. 9~b and c!#. The distances
between the borehole and the point of maximum uplift@borehole
offset, Fig. 9~d!# is greater than either of the eccentricity value
with an average of 20% and a maximum of 60% of the ma
axis. It follows that, in general, the borehole is on one side a
the maximum uplift is on the other side of the center of uplift

The borehole eccentricity is related to the chance that the f
ture will reach the ground surface~vent!. The percentage of frac
tures that vent increases from between 5 and 10% to betwee
and 30% as eccentricity increases to 0.3, and all the fractures
borehole eccentricity greater than 0.3 vented to the ground
face @Fig. 9~e!#.

Asymmetry of the fracture surface is an important indicator
the fracture at depth. Gently dipping hydraulic fractures co
monly develop a preferred direction of propagation that is co
cident with the direction of asymmetry in the uplift surface. T
fractures climb in the direction of propagation and the degree
asymmetry will increase as a fracture approaches the ground
face.

Volumes of Displacement
The ground overlying a hydraulic fracture displaces upward
fluid is injected during fracturing, and the volume represented
the displacement is expected to be related to the volume of
jected slurry ~liquid1solid volume!. Volumes of displacemen
were determined by interpolating between the points of measu
uplift to estimate a continuous surface describing the displa
ment, and then integrating the volume under that surface.
interpolation and integration were done usingSURFER, a com-
mercially available software package.

The displaced volumes are either approximately equal to
slightly less than the actual volumes of injected slurry. A fi
order regression of the displaced and actual volumes yields a
with a slope of 0.98 and a correlation coefficient of 0.79. T
residual between the estimated uplift volume and the volume
Table 1. Statistical Parameters Describing Surface Deformation

Mean x̄ MedianMe Mode M0 Maximum Minimum Standard deviations Skewnessa

Circularity 1.21 1.18 1.2 1.73 1.0 0.16 0.59
Borehole eccentricity 0.14 0.14 0.1 0.32 0 0.08 0.12
Displacement eccentricity 0.14 0.12 0.1 0.34 0 0.09 0.67
Borehole offset 0.22 0.20 0.2 0.61 0 0.15 0.38
aPearsons coefficient of skewness: 3(x̄2Me)/s.
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Fig. 9. Observed characteristics of uplift pattern over hydraulic fractures based on definitions in Fig. 7
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dicted by the linear fit is within the field measurement error~0.07
m3! for 50% of the data. It appears that the volume displaced
the ground surface is roughly equal to the volume injected
about half the hydraulic fractures and it is less than the injec
volume for the other half. The volume of the uplifted surface c
be considerably less than the injected volume when hydra
fractures vent to the surface, or when they are relatively steep
remain confined within the subsurface. A ratio of volume upl
:injected volume that is considerably less than 1.0 can be use
an indicator of problems, either related to venting or to the c
ation of steeply dipping fractures.

Surface Cracking
Dilational cracks may form at the ground surface in areas o
lying shallow hydraulic fractures. The extent and pattern of cra
ing is highly dependent on the type of material at the grou
surface; surface cracks are best developed beneath dry bare
but they may be difficult to detect beneath grass. Existing cra
in concrete slabs or pavement can be dilated by an underl
hydraulic fracture.

Surface cracking is characterized by one to several fract
that are nearly vertical with roughly radial orientations and
accompanied by many smaller cracks forming polygonal patte
Surface cracks typically have apertures of a few mm, but so
may gap open by more than one cm. The numbers and aper
of surface cracks are always greatest beneath the point of m
mum uplift, and they increase with the magnitude of uplift. I
deed, inspection of the surface cracks during injection can o
be used to forecast the location of the point of maximum up
~Fig. 7! and the preferred propagation direction.

The number and spacing of surface cracks is greatest a
apex of the uplifted dome, and the area containing surface cr
is roughly defined by an uplift contour that is approximately 0
of the uplift at the apex. Cracks never occur near the margin
the uplifted area, and the occurrence of surface cracks appea
be unrelated to venting of injected fluid to the ground surface

The aperture of surface cracks is greatest immediately afte
fluid has been injected, and it decreases with time as the gro
surface subsides after injection. We have pushed thin rods into
cracks to estimate their depth, and all of them appear to h
negligible aperture below about 0.5 m. Injected slurry rarely flo
JOURNAL OF GEOTECHN
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out of the surface cracks, so it appears that the surface cr
terminate above the pressurized hydraulic fracture.

Discussion

Hydraulic fractures can be created in all the materials that
have tested. This includes glacial drift throughout the Midw
and New England; swelling clays near Beaumont and Dal
Tex.; residuum on limestone; saprolite in South Carolina a
Pennsylvania; interbedded fine to medium-grained alluvium
Nebraska, Texas, South Carolina, and New Mexico; and lithifi
sedimentary rock in the vicinity of Denver. Based on those
sults, it is expected that hydraulic fractures can becreatedin any
fine-grained earthen material. Laboratory results show that
draulic fractures can even be created in clay-rich slurry.

Even though hydraulic fractures can be created in many
mations, whether they areusefulis another issue. Nearly all of th
hydraulic fractures created during this program have been
tended to improve the effectiveness of environmental reme
tion. The permeability of the formations mentioned above is lo
so sand was injected into many of the hydraulic fractures to cre
permeable layers intended to increase the performance of w
The geometry of a hydraulic fracture is an important aspec
how it affects well performance. Fractures that are gently dipp
are the most useful because at shallow depths they can be l
than fractures that are steeply dipping. This is simply beca
steeply dipping hydraulic fractures may reach the ground surf
while they are still quite small. Some applications, such as va
extraction that draws air downward from the ground surface, w
benefit from the flow paths induced by gently dipping hydrau
fractures and may be adversely affected by steeply dipping f
tures.

The state of stress and the degree of layering in subsur
material appear to be the most important factors affecting
orientation of hydraulic fractures at shallow depths. A relative
high horizontal compressive stress certainly favors the creatio
hydraulic fractures that are gently dipping~Murdoch 1995!. How-
ever, nearly flat-lying hydraulic fractures have been created
several sites underlain by interbedded sediments that were
and assumed to be normally consolidated. We expected tha
ICAL AND GEOENVIRONMENTAL ENGINEERING / JUNE 2002 / 485
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direction of maximum compression was vertical at these sites
it appears that the orientation of hydraulic fractures was in
enced more by the material layering than the state of stress
sites where we have observed hydraulic fractures to be ste
dipping, the subsurface consists of massive, or unstructured
terials where the vertical compressive stress is probably gre
than the horizontal stress.

The effects of state of stress and material layering are diffi
to quantify at this time because field data measuring these p
erties are sparse from sites where hydraulic fracturing tests h
been conducted~Murdoch 1995!. One reason for this is tha
nearly all of the hydraulic fractures have been created at envi
mental sites, and the lateral earth pressure is rarely meas
during characterization of these sites. Moreover, the costs of
ducting tests to measure in situ stress are difficult to support
cause their importance to remediation has been difficult to jus
for applications other than hydraulic fracturing. The other rea
is that a method for measuring the horizontal and vertical frac
toughness in sediment, which would be required to characte
the effect of layering on fracture orientation, is currently unava
able.

It is possible to use published information to anticipate
occurrence of overconsolidated sediments. For example, M
and O’Neill ~1983! show thatK0 ~ratio of lateral to vertical stress!
in Beaumont soils, a montmorillonite-rich vertisol that occurs
the vicinity of Houston, are greater than 1.0 at depths less tha
m. Hydraulic fractures created in similar materials near Be
mont, Tex. had an average dip of approximately 14°~location 4 in
Fig. 3!, and we expect that this gentle dip was controlled by
stress in the soil. Maps of soil type@e.g., USGS Sheet 86~1967!
or local soil surveys# can be used to anticipate the occurrence
some shallow, overconsolidated materials.

Forms of hydraulic fractures created at similar depths a
particular site are generally similar, but forms of fractures crea
at different depths may be quite different. For example, hydra
fractures were created at depths ranging from 2 to more than 1
at two sites underlain by silty clay till. Fractures created betw
2 and 4 m depth resembled Fig. 1 with dips of roughly 15°. T
dips of the hydraulic fractures increased with depth, however,
most of the deepest ones dipped steeply~more than 70°!, accord-
ing to the results of sampling efforts after the fractures were c
ated. Curiously, two deep fractures were discovered that w
gently dipping, even though most of them dipped steeply.

The state of stress at those two sites is unknown, howe
many fine-grained deposits are overconsolidated~with a relatively
large horizontal compression implied! at depths less than 3 or 5 m
and are normally consolidated~with a large vertical compressio
implied! at greater depths~Soderman and Kim 1970; Mahar an
O’Neill 1983!. This type of change in state of stress would e
plain the change in fracture orientation with depth that was
served at the two sites underlain by till.

Stratigraphic layering will also affect how fracture form ma
change with depth. For example, hydraulic fractures were cre
at two sites underlain by interbedded fine-grained sand, silt,
clay in the flood plains of major rivers. The sediment was sa
rated and quite soft at both sites and we assume that it was
mally consolidated although geotechnical data are unavaila
The state of stress implied by the assumed consolidation led u
expect that hydraulic fractures would dip steeply at both si
however, this was not the case. Hydraulic fractures at one
were flat-lying, essentially parallel to bedding, from 2 to 12
depth. At the other site, the dips of fractures varied markedly w
depth; they dipped steeply at shallow depths, but were flat-ly
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at depths between 5 and 8 m. A bed of finely laminated silty c
occurred from 5 to 8 m, and the hydraulic fractures were para
to the laminations. Vertical fractures were created in the overly
sediments, which were relatively massive.

Hydraulic fractures created by other investigators appear to
consistent with the characteristics presented here, even th
some of the geologic settings differ from the ones described h
For example, hydraulic fractures created in saprolite derived fr
granitic gneiss in Georgia are gently dipping and slightly elo
gate, generally resembling Fig. 1, according to Frere and Ba
~1995!. Grout injected to reinforce a slope underlain by silty cl
apparently resulted in roughly flat-lying hydraulic fractur
~Chandler 1997!.

Conclusion

Several hundred hydraulic fractures have been created by in
ing slurry at shallow depths~less than 10 m! in fine-grained for-
mations from a wide range of geologic settings. A gently dipp
form that is slightly elongate and asymmetric with respect to
injection boring ~Fig. 1! characterizes many of these fracture
Hydraulic fractures dip toward their parent borehole, and
mean value of the dip is about 10°. The dip, or inclination of t
fractures, ranges from roughly 0° to more than 20°. Steeply d
ping fractures were created in a few cases, but they are unc
mon. The aspect ratio of fractures in plan view has a mean of
but it can be nearly unity and it is rarely more than 7:5. The lo
axis of the fracture is roughly parallel to the dip direction.

The major axis of most fractures is typically three tim
greater than the depth of initiation, and this ratio ranges fr
greater than 2 to less than 6. This ratio is significant becaus
determines the extent to which a fracture can lift its overburd
the overburden can be lifted when the ratio is greater than 2 t
whereas the fracture opens by compressing the overburden w
the ratio is less than 1.0~Pollard and Holzhausen 1979; Murdoc
1995!. Accordingly, most fractures created during this progra
probably opened by lifting their overburden.

The effect of lifting the overburden is manifested in oth
ways, such as the relationship between uplift, aperture, and
thickness. Field measurements suggest that the inflated ape
of a shallow hydraulic fracture is similar to the uplift. The avera
thickness of sand carried into the fracture appears to be a frac
of the inflated aperture, and that fraction is roughly equal to
volume ratio of sand in the injected slurry. These findings pr
ably will differ for fractures that are relatively deep~the ratio of
major axis to depth is less than 1! or that dip significantly~greater
than 35°!. In those cases, the pattern of displacement at
ground surface can be significantly different than the fracture
erture ~Pollard and Holzhausen 1979!, and more more sophisti
cated analyses are required to predict the distribution of s
filling a hydraulic fracture~Davis 1983; Holzhausen et al. 1985
Du et al. 1993!.

The general form of fractures created over a depth range
few m at the same site is similar, however, there can be a sig
cant range in forms among fractures created at different sites
at different depths within the same site. Stratigraphic layeri
along with the state of stress and the anisotropy in fracture tou
ness appear to be important controls of fracture form based
mechanical arguments~Murdoch 1993a,b,c; Harison et al. 199
Murdoch 1995!. Field data documenting the state of stress a
fracture toughness are unavailable for most of the sites where
created hydraulic fractures, so additional work is required bef
the form of a hydraulic fracture can be predicted based on
conditions alone.
EERING / JUNE 2002
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The results of this study indicate that the forms of hydrau
fractures will be relatively consistent when they are created un
similar conditions. This finding is important to the useful app
cation of hydraulic fractures because it indicates that the form
a fracture can be anticipated based on results from similar co
tions; that is, the fractures created at one location will be sim
to those created at nearby locations where the geologic condi
are similar.

The general characteristics identified in the previous pa
should be a target for efforts that attempt to predict how hydra
fractures behave at shallow depths. Some of those character
can be explained in a theoretical model that will be described
companion paper~Murdoch 2002!.
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