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ABSTRACT
Hydraulic fracturing (also known as hydrofracking) is a technique of artificially fracturing rocks at
depth by injection of fluid under high pressure into a sealed-off section of unfractured borehole until
failure occurs. The failure occurs when the effective stress in the rock is reduced sufficiently by an
increase in the pressure of fluid within the rock, such that the minimum principal stress becomes tensile
and exceeds the tensile strength of the rock. Tensile failure or fracture is therefore responsible for
fracture initiation and propagation aspect of hydraulic fracturing in rocks and the orientation of the
fractures (or failure plane) created are presumably perpendicular to the least/minimum principal stress
direction. The technique was initially developed in the petroleum industry in 1949 to enhance oil and gas
production in conventional (sandstone and limestone) and unconventional (shale gas) reservoirs; and
later extended to other engineering applications including measurement of earth stresses at depth that
was in turn used in earthquake control studies, underground mining, construction of underground
structures (tunnels, power stations), construction of dams, and determination of upper limit of grouting
pressure in dam grouting operations; and disposal of industrial waste in deep injection wells. The
environmental problems of hydraulic fracturing are the risks of air pollution (due to air emissions from
oil /gas and hydraulic fracturing wells, and burning of fuels at well sites); water depletion and
groundwater contamination (due to large quantity of water required and possible contamination of
groundwater by chemical additives used with the hydraulic fracturing fluid); and induced seismicity (due
to injection of fluids into borehole during hydraulic fracturing, enhanced oil/gas recovering and waste
disposal operations).

Key words: hydraulic fracturing, effective stress, tensile strength, earth stress, enhanced oil recovery and
groundwater contamination.
Introduction
Hydraulic fracturing is a technique of artificially
fracturing rocks at depth by injection of fluid
under pressure into a sealed-off section of
unfractured boreholes. (Martinez et el, 1992).
Roegiers (1993) described it as a special type of
induced cracking or instability in a rock whereby a
section of the borehole is pressurized until failure
occurs. The failure or fracture once initiated by the
fluid pressure, will propagate in a plane
perpendicular to the least principal stress
component (i.e. minor or minimum principal
stress) if it is assumed that one of the principal
stress directions coincides with the axis of the
borehole (Roberts, 1977); and for this reason,

induced hydraulic fracturing in wellbores are
sometimes used to determine orientation and
magnitude of earth stresses at depth.
The technique was initially developed in 1949 to
stimulate production from a depleted oil well and
unconventional reservoirs (shale gas and coal bed
methane) in the petroleum industry, and later
spread to other areas of application including
measurement of in-situ earth stresses at depth (as
mentioned above) which was used in studies
relating to earthquake research control,
underground power station design, underground
tunneling design, underground mining of solid
minerals and disposal of radioactive wastes
underground (Clark, 1949; Hubert and Willis,
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1957; Fairhurst 1964 and 1968; Haimson, 1974;
Franklin and Humgr, 1978; Zoback and Haimson
1982; Cornet and Velattee, 1984; ISRM, 1987).
Other applications of hydraulic fracturing pressure
include use as the upper limit of allowable
grouting pressure when grouting is done to limit
permeability (curtain grouting) or increase bearing
capacity of dam foundation sites (consolidation
grouting) (Morgenstern and Vaughan, 1963;
Sengupta et al, 1994); and using hydraulic
fracturing also as the limiting pressure that may be
applied in the determination of in-situ
permeability of rocks (pumping-in test) (Kennard,
1970; Bjerrum, 1972).
Analytical and experimental investigations by
earlier workers had established some facts
concerning the mechanism of hydraulic fracturing
and they include:

Mechanism of Hydraulic Fracturing

(i) Hydraulic fracturing is due to attainment of
local state of zero effective stress generated by
fluid pressure (Bhandari, 1981).

iii. point at which the material can no longer
sustain the imposed load.
Two failure criteria and their modifications are
generally used to explain the failure/fracture of
rocks. These are the Mohr-Coulomb Failure
Criteria (Coulomb, 1773), and Griffith Failure
Criterion (Griffith, 1924).

(ii) There is linear relationship between hydraulic
fracturing pressure (Pi) and minimum
principal stress (σ3) (Decker and Clemence,
1981; Hassani et al, 1983).

(a) Review of Failure Criteria in Rocks
(General Treatment)
In general, rocks are not as ductile as metals
and seldom so brittle as glass, but they display
failure characteristics intermediate between
the two extremes. The stronger rocks with
high silica content and crystalline composition
are usually more brittle than the porous
sediments, and most rocks appear to have a
discernible yield-point before they rapture or
fail. According to Roberts (1977) failure of a
brittle rock material occurs at one or other of:
i.

attainment of the yield-point (in a stress-strain
curve);

ii. point of rupture of the material (in a stressstrain curve); and

(iii) Tangential stress (σӨ) has been found to be the
critical stress in hydraulic fracturing in
boreholes,
and
cracks
could
occur
perpendicular to the direction of least
principle stress (σ3) (Hassani et al, 1983).

The Mohr-Coulomb Failure Criteria
This states that shear failure would occur when the
shear stress (shearing stress) on the potential shear
plane reach a critical value given as:
τ = C + σn tan
(1)

(iv) Hydraulic fracturing normally occurs as a
result of failure of tensile strength (tensile
failure or fracture) (Norbarri et al, 1973).

where τ = shearing stress at failure (shear stress)
C = apparent cohesion
σn = normal stress at failure
 = angle of internal friction

(v) Orientation of cracks due to hydraulic
fracturing is generally vertical and
independent of earth pressure coefficient at
rest Ko (Massarsch, 1978).
In this paper, the mechanism of hydraulic
fracturing and the application of the technique in
engineering projects of oil/gas production and insitu measurement of earth stresses/subsurface
construction in rocks are reviewed. Importance of
hydraulic fracturing pressure as limiting pressure
in grouting of dams and environmental problems
of hydraulic fracturing are also highlighted.

This is illustrated in Fig. 1
Rocks deformed under most natural
conditions are expected to contain pore fluid
pressure. Its influence on both mechanical and
chemical behaviour of rock systems is extremely
important. On the basis of the influence of pore
fluid pressure in shearing resistance of rocks,
Terzaghi (1936) introduced the effective stress
law which is stated as:
σ′ = σ - µ

(2)

′

where σ = effective stress
σ = total stress
µ = pore water pressure (neutral stress)
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Mohr – Coulomb Failure Criteria is therefore
modified as:
τ = C +  (σn – p) tan

(3)

where p is the pore pressure and the difference (σn
– p) is the effective normal stress (σ′n)
Other terms remain as defined in equation (1).
This is also illustrated in Fig. 1. The term (σn – p)
is called the effective normal stress because it is
this function rather than total stress (σn), that is
found experimentally to be “effective” in
controlling the shearing resistance (Hubbert and
Rubey, 1959; Skempton, 1961; Handin, 1968).
Assumptions of Mohr-Coulomb Failure Criteria
include:
(i) Tensile strength is zero or negligible
(ii) In a stress field resolved into three orthogonal
principal stresses, the major principal stress
(σ1) intermediate principal stress (σ2) and
minor principal stress (σ3), (σ1) > (σ2) > (σ3),
the intermediate principal stress (σ2) has no
influence on the failure of the rock mass (or
rock material).
The Griffith Failure Criterion
This considers the influence of the uniaxial
tensile strength on the development of the failure
zone (plane) in rocks. The Griffith theory
postulates that materials contain flaws or cracks
(microcracks) and that in compression, tensile
stress develop near the ends of certain critically
oriented cracks; fracture or failure is initiated and
propagated when the tensile stress reaches a
maximum characteristic of the material. These
microcracks are assumed to retain their elliptical
shape until the moment of failure. The material is

also assumed to be isotropic. Brace (1964)
observed that the Griffith cracks (microcracks)
may be original or induced.
Griffith Failure Criterion therefore states that
in terms of tensile strength T0, for principal
stresses (σ1) and (σ3), in two dimensions, failure
takes place in rocks if:
(σ1 - σ3 )2 = 8 To (σ1 + σ3)

(4)

provided σ1 + 3σ3 > 0
and σ3 = -T0

(5)

provided σ1 + 3σ3 < 0
i.e. at failure, σ3 = tensile strength
from equation (4) therefore,
(1 -  3 )
(6)
8(1   3 )
Equation (6) is a parabolic envelope and a
moderately good fit to real rock strength data.
According Murrel (1963), the Griffith
Criterion of brittle fracture in rocks can be
expressed as equation of Mohr-Coulomb envelope
as

To =

τ2 = 4 To σn = 4 To2

(7)

or
τ = 4To2 + 4 To σn
(8)
where τ = shear stress
To = tensile strength
σn = normal stress (effective normal stress)
This is illustrated in Fig. 2

Fig. 1: Mohr-Coulomb failure criterion (Total and effective stress conditions)
(Roberts, 1977)
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Fig. 2: Griffith theory of rock failure (Roberts, 1977)

Griffith theory assumes that the microcracks
are elliptical and closes just at the moment of
failure. This assumption applies to strong and not
very highly stressed rocks (σ1 and σ3 are tensile).
But for weak and highly stressed rocks, closure of
the microcracks may occur before the rock fails.
In such circumstances, McClintock and Walsh
(1962) developed a straight line equation (thereby
introducing the internal friction coefficient) which
sought to solve the same Mohr-Coulomb equation
as:
τ = 2 T o + σ n So
where τ , To and

(9)

σn = as defined in (7)

So = coefficient of friction (friction factor)
In terms of Hoek (1968) interpretation, both
tensile stress and shear stress contribute to failure.
This is illustrated in Fig. 3
Several authors including Ramsay (1967),
Jaegar (1969) and Jaeger and Cook (1972) have
confirmed the importance / applicability of MohrCoulomb Failure Criteria and Griffith Failure
Theory / Criterion in the mechanics of brittle
failure in rocks. Their observations may be
summarized as:

(i) Rocks fail more easily under effective tensile
strength than under effective compressive
strength.
(ii) It is shearing stresses that lead to deformation
or fracturing in rocks and therefore the stress
system has to have a deviatoric component (i.e
σ1 – σ3) of a sufficiently large value before
these shearing stresses become large enough
for fracture to occur.
(b) Hydraulic Fracturing in Boreholes:
This is typically induced fracturing due to
tensile failure of rocks that surround the
boreholes (wellbores). According to Fjaer
(2008) and Bratli and Risnes (1983), hydraulic
fracturing occurs when the effective stress is
reduced sufficiently by increase in the
pressure of fluid within the rock, such that the
minimum (minor) principal stress becomes
tensile and exceeds the tensile strength of the
material.
Timoshenko (1965) discussed stresses in a
hollow cylinder subjected to uniform pressure on
the inner and outer surfaces (Fig.4) and derived
equation for radial and tangential (circumferential
stresses) as:
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where σr

=

radial stress

σӨ

=

tangential stress

a,b

=

inner and outer radii of
hollow cylinder,
respectively

pi, po

=

internal and external
applied pressures,
respectively

r

=

radial distance at which
stresses are evaluated
Fig. 4 stress condition around hollow cylindrical
cavity subjected to uniform internal and
external pressures.
Since tangential stress (σӨ) has been found to
be critical stresses in hydraulic fracturing in
boreholes (Hassani et al, 1983), which in turn
depends on the existing stresses in the rock and
borehole, equation (11), analysis / evaluation of
mechanism of hydraulic fracturing will be centred
on
the
relationship
between
σӨ
and
internal/external stresses in the wellbore and its
immediate environment.

Fig. 3:
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Using the Classical Theory approach of
Hubbert and Willis (1957), the following
assumptions are made:
(i) The rock mass is homogenous, isotropic,
elastic and impermeable to the fracturing
fluid.
(ii) The borehole axis is parallel to the direction of
one of the principal stress components.
(iii) The fracture initiates when the net tangential
stress in the borehole wall induced by the farfield stresses and fluid (breakdown pressure at
fracture initiation) is equal to the tensile
strength of the wall rock (maximum tensile
strength theory).
(iv) The fracture initiates and propagates in the
direction of least resistant path i.e in a plane
perpendicular to the least principal stress
direction.
Using the fracture mechanics model of
Rummel (1987) (Fig. 5) the growth of
microcracks (Griffith cracks) on the wall of a
pressurized vertical borehole (with pressure pi)
and subjected to far-field stresses, σh and σH,
where σh=
minimum (minor) principal
stress - (total stress condition)
σH =
maximum (major) principle stress
(total stress condition)
pi =
radial stress σh the borehole wall.
and -pi =
tensile stress on the borehole wall

Modified Griffith theory of rock failure (Roberts, 1977)
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Fig. 4: Stress condition around hollow cylindrical cavity subjected to internal and
external pressures (Timoshenko, 1965)

Fig. 5: Fracture mechanics model of growth of microcracks in a pressurized borehole
subjected to far-field stresses, σH and σh (Rummel, 1987)

Note: σr = compressive radial stress

i.e. σӨH = (3σh - σH) – pi

σӨ = compressive tangential stress
and may be explained thus: the radial stress and
tangential stress on borehole wall:
σ r = pi
σӨ = σH + σh – p – 2(σH – σh) cos 2Ө

(12)
(13)

Considering Fig 5 and equation (13), the
tangential stress on the borehole wall at points X
and Y in the direction of σH (Ө = 0) and σh (Ө =
90), respectively, can be obtained by substituting
suitable values.

(Ө = 0o, critical) (14)

σӨh = (3σµ+ - σh)
– pi

(Ө = 90o, critical)

(15)

Equation (13) shows that the tangential stress on
the borehole wall includes the compressional
component (3 σH - σh) and the tensile component
(-pi).
Since σh is smaller than σH, by definition
(3 σh – σH) < (3 σH - σh)

(16)

Hence as long as pi < (3 σh – σH) – pi
(17)
The resultant stress on the borehole was
remains compressional only.
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The moment pi > (3σh – σH) – pi

The resultant tangential stress at point A
becomes tensile as the compressional tangential
stress component at this point happens to be equal
to (3 σh – σH), a radial hydrofracture is initiated at
point A only when the resultant tangential stress
overcomes the tensile strength, T0, of wall rock as
shown in Fig. 5.
Thus the condition for the initiation of
hydrofracture on the borehole wall can be
expressed as:
pi = (3 σh – σH) + T0

(19)

(Total stress condition)
For effective stress condition,
(pi – po) = pc = (3 σh – σH) + T0 – p0

σh = shut in pressure (ie ps, σ3)

(18)

(20)

po = initial porewater/formation pressure
σH = maximum principal stress (σ1)
Note the following:
(i) Shut in pressure (ie σh) gives about the same
result for many successive experiments /
operations.
(ii) Tensile strength (To) of the rock may be
estimated as the difference between
breakdown pressure (pc) of equation (20) and
fracture reopening pressure of equation (21)
i.e

Pc – Pr = T0

or

[(3 σh – σH) + T0 – p0]
- [(3 σh – σH) – p0] = T0

(22)
(23)

where pi = internal fluid pressure
p0 = external fluid pressure (porewater
pressure or formation pressure)
pc = (pi – p0) = breakdown pressure (fracture
initiation pressure)
σh = shut in pressure (minor principal stress,
(σ3), that is measured perpendicular
to the fracture created)
σH = major (maximum principal) stress (σ1).
Note that the fracture propagates in the direction
of major (maximum) principal horizontal stress,
σH, as this happens to be the least resistant path.
The determination of σH (maximum major
principal stress) therefore requires knowledge of
pc, σh, p0 and To. which are generated during
hydrofracturing experiment or operation.
The tensile strength of the rock, Tc (or σc),
though measurable in the rock or rock specimens
taken from cores is difficult to determine and
apply to an in-situ case within the borehole. In
practice, to overcome this problem, the hydraulic
fracturing process is cycled resulting in successive
reopening of the fracture produced by the initial
pressurization. Since the fracture already exists,
the tensile strength of the borehole wall is zero
and the following equation results (Bredehoeft,
1976):
Pr = 3 σh – σH – po
where pr = fracture reopening pressure

(21)

Engineering Significance of Hydraulic Fracturing

The engineering significance of hydraulic
fracturing comprises the application of hydraulic
fracturing techniques in oil/gas production,
measurement of earth stresses at depth for the
purpose of oil/gas extraction, mining of solid
minerals, earthquake control studies and deep
injection of radioactive wastes into the earth
which are aspects of petroleum/mining and
geotechnical engineering practices; and adverse
effects of hydraulic fracturing pressure during
grouting of dam foundation, in-situ measurement
of permeability and oil/gas extraction (as induced
earthquakes) which are aspects of geotechnical
engineering practice (Roegiers, 1993; Evans,
1966; Franklin and Hungr, 1978; Zoback and
Haimson, 1982; Anon, 1990). These applications
and the adverse effects are discussed below:

(a) Measurement of In-Situ Stress of Rocks at
Depth.
Exploration of the state of stress at depth in a
rock mass (earth’s crust) is important in
relation to the phenomena and possibility of
earthquakes control. It is also of great
importance in petroleum and natural gas
engineering, underground mining of solid
minerals and possible disposal of radioactive
wastes/fluid. According to Fairhurst (1964
and 1968), hydraulic fracturing is most readily
adaptable method of exploring or measuring
the regional stresses at great depths in a rock

Okeke CO, A Review of the Mechanism And Engineering

FUTO Journal Series (FUTOJNLS), 2015, VOL. 1, Issue 1

mass. It gives an indirect measurement of the
magnitude of minimum compressive principal
stress (σ3), in the wall of the borehole drilled
into the rock mass. In a homogeneous elastic
material, the fracture should propagate in a
direction perpendicular to that stress (σ3), if it
is assumed that one of the principal stresses
direction (example, σ1) coincides with the axis
of the borehole.
The advantages of use of hydraulic fracturing over
other field techniques in the in-situ measurement
of earth stresses are therefore:
(i) It is the only rock stress determination
technique for deep and very deep boreholes.
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(ii) Advance knowledge of rock properties like
Young Modulus and poission’s ratio is not
required.
(iii) Stress can be determined below the water
table.
Details of field techniques and uses of
hydraulic fracturing in in-situ stress measurements
are given below (Fairhurst, 1964; Haimson 1974;
ISRM, 1987; Zoback and Haimson, 1982; Jenkins
and McRibbon, 1976; Franklin and Dusseult,
1989). Figures 6 and 7 show field instrumentation
and hydrofracture records obtained in a borehole
testing (Sengupta, 2007).

Fig. 6: Typical hydrofracturing record obtained from testing in a borehole (after Sengupta, 2007)

Fig. 7: Schematic set-up of field instrumentation for hydraulic fracturing (Sengupta, 2007
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A single or double straddle packer system is
set (inflated) at the required depth so as to isolate
a test cavity. For best results, a relatively
impermeable section of the hole without joints is
chosen. A liquid (usually water) is injected into
the test cavity and its pressure raised while
maintaining the quantity of injected fluid. A
sudden surge of fluid accompanied by a sudden
drop in pressure indicates that formation
hydrofracturing (breakdown pressure or fracture
initiation
pressure)
has
occurred.
The
hydrofracture continues to propagate away from
the hole as fluid is injected and is oriented normal
to the least stress direction (σ3). Once the
hudrofracturing fluid had travelled about 10
drillhole diameters (about 1½ minutes) injection is
stropped by shutting a valve and instantaneous
shut-in pressure is measured. The process is
repeated several times to ensure a consistent
measurement of this pressure which is equal to
minimum (minor) principal stress (σ3). The
pressure that initiates fracturing in the subsequent
trials is lower than the initial breakdown pressure
and is called re-opening pressure. The difference
between the breakdown and re-opening pressure
gives the tensile strength of the rock. The
direction of the fracture plane can be determined
using a television camera, an ultrasonic scanner or
an impression packer.
Recall equations (20) and (21)
in which σh = minimum or minor principal stress
(ie σ3 total stress condition or
shut-in pressure, ps)
σH = σ maximum or major principal
stress (ie σ1, total stress
condition)
The principal effective stress component may be
computed as follows:
σmin (σ3) = ps – po
(24)
σmax (σ1) = 3ps + To – pc – po

(25)

σ1max (σ1) = 3ps – pr – po

(26)

where po = porewater pressure (measured with
piezometer)
pc = breakdown pressure
pr = fracture reopening pressure.
Knowledge of in-situ stress condition in
petroleum reservoirs (several kilometers below the
earth surface) is necessary because oil/gas
production from reservoir is controlled by
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variations in effective reservoir stress (Roegiers,
1993; Zoback, 2007). Effective reservoir stress
increases during hydrocarbon removal and
decreases during fluid injection aspect of
enhanced recovery operations Knowledge of insitu stress condition is also necessary during
drilling of oil/gas wells if common drilling
problem due to oil field stresses such as blowouts
can be avoided (Canon and Craze, 1938; Fertl,
1976; Sereda and Solovyov, 1977).
There are documented cases of use of
hydraulic fracturing in the determination regional
in-situ stress in Colorado, USA (Bredehoeft,
1976); iron ore mining project in Canada (Herget,
1979); copper mining in India (Sengupta et al
1992); dam construction in India (Sengupta et al,
1994); and subsurface construction /tunneling
projects in USA (Haimson, 1974).
(b) Artificial Fracturing of Oil Field Rocks to
Improve Reservoir Productivity.
Hydraulic fracturing technique is used in the
petroleum industry to increase or restore the
rate at which fluids such as petroleum or
natural gas can be recovered from
underground reservoir. Typical reservoirs are
conventional reservoir with high porosity and
permeability such as sandstone and limestone
(or dolomite), and also “unconventional
reservoirs” with low porosity and permeability
such as shale gas and coal bed methane.
Hydraulic fracturing enables production of oil
and natural gas from rock formation deep
below the earth’s surface [generally 5000 –
20000 ft (1,500 – 6100m)]. Hydraulic
fracturing technique consists of injection of
sand, water and chemical at high pressure into
a wellbore to create fractures along which
fluids such as petroleum oil and gas may
migrate to the well (Charlez, 1997).
Standard Oil and Gas Corporation (of USA)
was the first oil company to conduct experiment
on hydraulic fracturing at Hugoton Gas Field,
Kansas, in 1947 and Halliburton Oil Well
Cementing Company (of USA) successfully
applied the technique at Stephens County
Oklahoma, USA (Clark, 1949). As at 2012, 2.5
million hydraulic fracturing jobs have been
performed on oil and gas wells worldwide, more
than one million of them in the United States of
America (Montgomery and Smith, 2010).
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According to Veatch and Moschavidis (1993) and
Montgomery and Smith (2010), about 40 – 60 of
all oil/gas wells currently drilled in the petroleum
industry are hydraulically fractured. Hydraulic
fracturing is responsible for increasing North
America’s oil reserves by more than 8 million
barrels (bbl)(1.3 x109m3). (Gidley et al, 1989;
API, 2010). Hydraulic fracturing can be applied in
all rocks except the very soft ones. Sandstone,
limestone, dolomite, conglomerate and hard/brittle
shales have been successfully fractured. The
plastic nature of soft shales and clay makes them
difficult to fracture. There is no lower or upper
limits in the effectiveness of hydraulic fracturing
but records exist for improvement of
permeabilities from values less than o.1 md to as
high as 910 md.
During hydraulic fracturing operation, a
fracture is formed by pumping a fracturing fluid
into the wellbore at a rate sufficient to increase
pressure downhole to exceed that of the fracture
gradient of the rock. Fracture gradient is defined
as pressure increase of rock per unit of depth due
to its density and its usually measured in pounds
per square inch per foot (psi/ft) or megapaschals
per metre (MPa/m). Most oil field rocks have their
characteristic fracture gradients (Eaton, 1969;
Sereda and Solovyov, 1977; Okeke, 2010). When
the fracture gradient of the rock is exceeded, the
rock cracks (tensile fracture) and the fracturing
fluid continues further into the rock, extending the
crack still further and so on. Operators try to
maintain fracture width or slow decline by
introducing into the injected fluid a proppant
which is a material such as silica sand, ceramics or
other particulates that prevent the fractures from
closing when the injection is stopped and the
pressure of the fluid is reduced.
The propped fracture is permeable enough to
allow the flow of formation fluids to the well.
Formation fluids include gas, oil, salt water, fresh
water and fluids introduced into the formation
during well completion / hydrofracturing. The
fluid injected into the rock is generally slurry of
water, proppants and chemical additives.
Typically, water constitutes 90%, sand 9.5% and
chemical additives accounting for about 0.5% of
the fracturing fluid. A typical hydraulic fracturing
uses between 3 and 10 chemical additives
depending on desired composition of the
fracturing fluid to be used. The commonly used
chemical additives include (API, 2010):
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(i)

Sodium chloride (delays breakdown of the
gel polymer)

(ii)

Polyacrylamide (minimizes friction between
fluid and pipe)

(iii) Ethylene glycol (preventing formation of
scale deposits on the pipes)
(iv)

Borate salts (for maintaining fluid viscosity
during temperature increase)

(v)

Glutoraldelyde (for disinfectant of water)

(vi)

Citric acid (used for corrosion prevention)

(vii) Guar gum (increases viscosity of fracturing
fluid)
(viii) Isoproponol (increases the viscosity of the
fracturing fluid)
Recently, fracturing fluids have been
developed in which the use of water has been
made unnecessary, using liquefied petroleum gas
(LPG) and propane (Gidley, et al 1989). The
location of one or more fractures along the length
of the borehole is strictly controlled by various
methods that create holes in the side of the
wellbore. Typically hydraulic fracturing is
performed in cased boreholes and the zones to be
fractured are accessed by perforating at these
locations (Wan, 2011). Hydraulic fracturing
equipment used in oil and natural gas fields
usually consists of a slurry blender, one or more
high-pressure, high volume fracturing pumps and
a monitoring unit. Associated equipment includes
fracturing fluid tanks, one or more units for
storage and handling of proppant, chemical
additive unit (used to accurately monitor chemical
additives), low-pressure flexible hoses and many
gauges and meters for flow rate, fluid density and
pressure measurements (Chilinger, 1989).
Fracturing equipment operates over a range of
pressures and injection rates, and can reach up to
100MPa (15000psi) and 265 litres per second (9.4
cuft/s; 100 barrels per minute) (Chillnger, 1989).
Wells used in hydraulic fracturing
experiment operations may be vertical or
horizontal. In horizontal wells, the
wellbores are drilled parallel to the rock
layer and are generally used in the
exploitation of shale gas (Bernett Shale
Basin in Texas, for example) since they
access greater thickness of the rock layer
and fewer wells are required to access a
given volume of reservoir rock compared
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with vertical wells (Gidley, et al, 1989). A
distinction can be made between
conventional or low-volume hydraulic
fracturing used to frac a single well to
stimulate high-permeability reservoirs like
sandstone to greater productivity and
unconventional or high volume hydraulic
fracturing used to frac many wells in the
completion of shale gas wells (USGS,
1995; Economides, 2000). The word “well
stimulation”
applies
to
hydraulic
fracturing operation that is applied on a
vertical well in sandstone reservoir to
enhance oil production.
(c) Miscellaneous Applications and Limitations
of Hydraulic Fracturing in Engineering
While the main industrial uses of
hydraulic fracturing are in the improvement of
production from oil and gas wells (Clark,
1949; Gidley, et al 1989; Economides, 2000),
and measurement of stress at depth (Fairhurst,
1964; Kehle, 1964; Haimson 1974;
Bredehoest, 1976; Cornet and Valettee, 1984),
hydraulic fracturing is also applied to:
(i) Stimulation
of
groundwater
wells
(Williamson, 1982; Less and Andersen,
1994).
(ii) Disposal of liquid waste by injection into deep
rock formations (Bell, 2004; Montgomery,
2003)
(iii) Estimation of upper limit of grouting pressure
(Penman and Charles, 1981; Morgenstern and
Vaughan, 1963)
(iv) Estimation of upper limit of pressure to be
applied in in-situ measurement of soil/rock
permeability by constant head/ pumping-in
test (Kennard, 1970; Jaeger, 1979; Goodman,
1980).
Environmental
Problems
Hydraulic Fracturing

Associated

With

Hydraulic fracturing has created some
environmental problems including risk to air
quality groundwater depletion and contamination,
health risks/hazard associated with these problems
and induced seismicity. These are discussed
below:
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(a) Air Emissions /Air Quality Impairment
(Air Pollution)
The air emissions from hydraulic fracturing
are related to methane leaks originating from
wells and emissions from diesel or natural gas
powered equipment such as compressors,
drilling rigs, pumps etc. Transportation of
necessary water volume for hydraulic
fracturing, if done by trucks can also cause
high volumes of air emissions. The
components of the air emission with health
implication on humans if the threshold values
are exceeded are sulphur dioxide, carbon
monoxide and lead (Jain and Rao, 2009;
Schmidt, 2011). According to Khitoliya
(2007), the health effects of these air
pollutants on humans include irritation of
eyes, cough and shortness of breath (surphur
dioxide); reduction in oxygen carrying
capacity of blood (carbon monoxide); and risk
of lead poison which may lead to impairment
of central nervous system (lead). Methane
emission have potential of contributing to
greenhouse gas (Howarth et al, 2011).
(b) Water depletion / water contamination.
Hydraulic fracturing uses between 4500 and
1.5 million US gallons (4500 – 6000m3) of
water per well with large projects using up to
5 million US gallons (20000m3) (Abdala and
Drohan, 2010). Additional water is used when
wells are refractured and that may be done
several times. An average well requires 3 to 8
million US gallons (11000 to 30000m3) of
water over its lifetime. Using the case of
Marcellus shale gas development as an
example as of 2008, hydraulic fracturing
accounted for 650 million US gallons
(2,500,000m3) per year, which was about 8%
of annual water use in the area overlying
Marcellus shale (Abdala and Drohan, 2010).
The large volumes of water required have
raised concerns of hydraulic fracturing in arid
area such as Karoo in South Africa (Less and
Andersen, 1994). During periods of low
stream flow, it may affect water supplies for
municipalities and industries, such as power
generation, and recreation, and aquatic life. It
may also require water overland piping from
distant sources. In order to minimize the water
depletion problem of hydraulic fracturing,
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recycling of the “flowback” water is one of
the possible options (Reis, 1976).
There are also concerns about possible
contamination of groundwater by hydraulic
fracturing fluid, both as it is injected under
high pressure into the ground and as it returns
to the surface (Mooney, 2011). Chemical
additives used in hydraulic fracturing fluids
are the sources of contamination. While some
of the chemicals are common and generally
harmless, some are known carcinogens at high
enough doses (USHR, 2011). As the
fracturing fluid flows back through the well, it
consists of spent fluids and may contain
dissolved constituents such as minerals, brine
water and various levels of uranium, radon
and radium (Colborn, 2011). These fluids
commonly known as flowback, produced
water or waste water may be managed by
underground injection, waste water treatment
or recycling to fracture future wells.
Treatment of produced water may be feasible
through either self contained systems or
through municipal water treatment plants
(Lutz et al, 2013). Radioisotopes in water may
cause “radiation sickness” to humans
including destruction of biological immune
system and causes of genetic disorders/blood
abnormality (Khitoliya, 2007).
Methane contamination of groundwater is
also a concern and may lead to potential
explosion (USEPA, 2009; Robert, 2011).
However,
methane
contamination
in
groundwater is not always caused by
hydraulic fracturing. Drilling for ordinary
drinking water wells can also cause gas
release into groundwater (Molofsky et al,
2011).
(c)

Induced Seismicity
Hydraulic
fracturing
causes
induced
seismicity that are also called microseismic
events or microearthquakes (Kisslinger, 1976;
Eiby, 1980). The magnitude of these events is
usually too small to be detected at the surface
or have significant effect on subsurface
structures and the biggest of such earthquakes
may have a magnitude of 2.5 on Richter Scale.
The injection of waste water into deep
disposal wells and injection of fluids into
oil/gas to enhance secondary recovery of oil
and gas may cause low-magnitude
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earthquakes usually of the order of 2.5 – 4.00
Richter Scale (Evans, 1966; Raleigh et al;
Yerkes and
Castle, 1976; Anon 1990).
Although the magnitude of these quakes have
been small, Dusseult and Simons (1982)
believe that there is no guarantee that larger
quakes will not occur in future. There are
fears that bigger quakes (>4.00) may damage
underground gas, oil and water lines and wells
that were not designed to withstand
earthquakes (Viladut, 1984).
Conclusion
Hydraulic fracturing is a technique of artificial
fracturing of rocks at depth to solve rock
mechanics-related problems in petroleum, mining
and geotechnical engineering. It is a special type
of induced cracking or instability in a rock mass
whereby a section of the borehole is pressurized
until failure occurs.
Theories of rock failure (failure criteria) that
govern the mechanism of hydraulic fracturing
include:
(i) Mohr-Coulomb Failure Criteria (Coulomb,
1773)
(ii) Modified Mohr – Coulomb Failure Criteria
(Effective stress condition, Terzaghi, 1936)
(iii) Griffith Theory of Tensile Failure (Griffith,
1924)
(iv) Modified Griffith Theory of Tensile Failure
(McClintock and Walsh, 1962; Hoek, 1968)
(v) Mechanics of Hydraulic Fracturing (Hubert
and Willis, 1957; Rummel, 1987; Fjaer,
2008).
Failure occurs due to hydraulic fracturing
when the effective stress is reduced sufficiently by
an increase in the pressure of fluids within the
rock, such that the minimum /least principal stress
becomes tensile and exceeds the tensile strength of
the borehole wall (wellbore). In effect, the
maximum tensile strength theory and effective
stress law are the two rock mechanics principles
that govern the mechanism of hydraulic fracturing
in rocks. The fractures created due to hydraulic
fracturing are presumably perpendicular to the
least/minimum principal stress direction. The fluid
injected into the rock is generally a slurry of water
or liquefied petroleum gas, proppants of sand or
ceramics and chemical additives. Typically, water
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constitutes 90%, sand 9.5% and chemical
additives accounts for 0.5% of the fracturing fluid.
The engineering applications of hydraulic
fracturing include:

Bratli R.K. and Risnes R. (1983): Rock mechanics
applied to a region near wellbore Proc 5th Int.
Congress on Rock Mechanics melborne, pp F1 - F17.

(i) Oil/gas production (enhanced oil recovery)
(petroleum engineering)

Bredehoeft, J.O. (1976): Hydraulic fracturing to
delemine the regional in-situ stress piceance
Basin, Colorado, GSA Bull 87:250-258

(ii) Measurement of earth stress at depth which in
turn influences underground mining of solid
minerals, construction of underground
structures (tunnels, power stations), and
earthquake control studies (mining and
geotechnical engineering).

Canon, C.E and Craze, R.C. (1938): Excessive
pressures and pressure variations with depth
of petroleum reservoirs in the Gulf Coast
Republic of Texas and Lousiana. Trans.
American Inst. Min. Met. Eng 127:31-38.

(iii) Disposal of industrial wastes in deep injection
wells (geotechnical engineering)

Charlez, P.A. (1997). Rock mechanics: petroleum
applications. Editions Technip, Paris.

(iv) Determination of upper limit of allowable
grouting pressure in dam grouting operations
(geotechnical engineering).

Chilinger, G.V., Robertson, J.O., Kumars’.
(1989): Surface operations in petroleum
production. Elsevier, London.

These applications, however,
environmental problems including:

Ching, H. Y., (1997): Mechanics of hydraulic
fracturing. Gulf Professional Publishing, New
York.

have

some

(i) Air emissions/air pollution
(ii) Water depletion and contamination
(iii) Induced seismicity (man-made earthquakes).
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