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Hydraulic fracturing is a failure process that occurs when the pressure applied to the fluid contained in a rock
exceeds a certain threshold. This process can occur naturally, as for example during basaltic volcanic eruptions
(Figure 1), or artificially, as for example during hydrocarbon production. Until recently, hydrocarbon production
involved only natural reservoirs and the practice of hydraulic fracturing required for this operation did not pose
any environmental difficulties. But for the past fifteen years or so, this technique has been applied to the
exploitation of hydrocarbons within their mother rock. This application now requires better control of the geometry
of hydraulic fractures to avoid any negative impact on the environment. This control is ensured by real-time
monitoring of the microseismicity induced by these fluid injections, which requires special equipment given the
weakness of the signals involved.

1. Hydraulic fracturing: a natural phenomenon
All rocks have a certain porosity, i.e. a volume not filled with solids. This porous space can be filled with liquids (water, brines,
hydrocarbons, lava,...), or gas (air, natural gas, etc...), very often under pressure. The solid part of the rock, on the other
hand, transmits the natural stress that exist in any rocky massif, if only because of the weight of the land.

A hydraulic fracture is a pure tensile failure (see focus Basic concepts of fracture mechanics) that develops in a plane

https://www.encyclopedie-environnement.org/en/zoom/basic-concepts-of-fracture-mechanics/
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whose orientation depends on the stress characteristics.

The notion of stress is discussed further in the paper How matter deforms: fluids and solids under the heading Physics of this
encyclopedia. Let us recall here a major difference between pressure and stress that allows a better understanding of the
development of hydraulic fractures.

When pressure is applied to a flat surface, a force is applied perpendicular to the surface, the amplitude of which is proportional
to the value of the pressure and the area of the surface. When a stress is applied to the same surface, the result is a force whose
direction is generally not perpendicular to that surface. This force can be decomposed into a component perpendicular to the
surface, called a normal component, and a component within the plane of the surface, called a shear component. For all stress
fields, there exists it is shown that the amplitudes of these two components depend on the orientation of the surface considered.
There are three surface orientations, perpendicular to each other, for which the shear components are zero. The amplitude of the
normal component associated with each of these three surface orientations varies with the orientation of the surface. The
smallest is called the minimum principal component and the largest maximum principal component.

In summary, it can be said that a fluid at rest transmits pressure in the same way in all directions, which is not the case with a
solid at rest. As a result, hydraulic fractures develop in the plane perpendicular to the direction of the minimum principal
component of stress in the solid.

 Figure 1. An example of natural hydraulic fracturing: the first phase of a basaltic eruption at Piton de la Fournaise (Reunion Island).
[Source: photo Aline Peletier (OVPF/IPGP)]

An example of natural hydraulic fracturing is given by basaltic volcanic eruptions, as observed at the peak of the furnace on
Reunion Island. A few kilometres below the volcano is a magmatic chamber, a volume filled with molten rock (magma). When
the pressure in the chamber reaches a certain critical value, a hydraulic fracture is formed allowing lava to escape to the
surface (Figure 1). The structures created by these fractures are called volcanic dykes when lava production stops and magma
solidifies.

The rate of propagation of a hydraulic fracture depends on the distribution of fluid pressure in the fracture. When the
fracturing fluid is an incompressible liquid (water, mud, lava, etc...), the propagation process is stable, because as soon as the
rupture begins, the volume of the fracture increases, causing the pressure in the fluid to drop. To propagate the fracture, liquid
must be injected and therefore the rate of propagation depends on the injection rate in the fracture. As soon as the injection
stops, the fracture stops.

For example, the propagation rate of a volcanic dyke (Figure 1) during its formation is comparable to that of a walking man
(about 100 m/min.).

https://www.encyclopedie-environnement.org/en/physics/how-matter-deforms-fluids-and-solids/
https://www.encyclopedie-environnement.org/en/rubrique/physics/
http://www.encyclopedie-environnement.org/app/uploads/2017/03/fracturation-hydraulique_fig1_fracturation-hydraulique-naturelle-piton-fournaise.jpg
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 Figure 2. Dykes in Iceland: Once the magma has cooled, volcanic dykes correspond to large flat structures whose geometry reflects the
orientation of the principal local directions of stress during the placement of the magma. [Source: photo A. Gudmunsson]

Because a hydraulic fracture propagates perpendicular to the minimum principal stress in the massif, its large-scale
geometry is controlled by that of variations in minimum principal stress in the massif. For example, Figure 2 shows that
volcanic dykes, once the magma has cooled, correspond to large flat structures that provide information on the state of local
stress.

The control of the geometry of artificial hydraulic fractures therefore requires an a priori knowledge of the variations of the
minimum principal stress in the massif.

2. Application of hydraulic fracturing to hydrocarbon exploitation
Hydrocarbons come from the decomposition of organic matter that settles to the ocean floor at the same time as the various
elements that will form sedimentary rocks (sandstone, limestone, clay, salts, etc...). When these sedimentary materials are buried
deep underground, hydrocarbons tend to migrate to the most porous areas of sandstone and limestone. A distinction is therefore
made between mother rocks, where hydrocarbons are generated, and reservoir rocks, where hydrocarbons are stored on
geological time scales.

Conventional hydrocarbon exploitation involves drilling (see focus Some characteristics of drilling techniques) that will reach
the reservoir rocks. Drilling allows the hydrocarbons to flow to the surface. This flow causes the pressure in the vicinity of the
borehole to drop rapidly and thus the flow rate at the drill head decreases.

As early as the 1940s, it was realized that it was possible to maintain production at a satisfactory level by making hydraulic
fractures. A pressurized liquid is injected into the reservoir rock, creating a tensile failure that is stable and perpendicular to
the minimum principal stress in the solid mass [1].

 Figure 3. A hydraulic fracturing operation as carried out for non-conventional hydrocarbon exploitation. At the bottom we see the water
tanks ready for an injection of about 500 m3. The drill head is visible in the lower right corner of the image. The trucks in front of the
tanks prepare the fluid-sand mixture which is injected by the two rows of truck-mounted pumps. Each pump has a power of about 500 hp.
[Source: Photo Schlumberger]

But if we only inject water, when the injection stops, the pressure drops and the fracture closes without any effect on

http://www.encyclopedie-environnement.org/app/uploads/2017/03/fracturation-hydraulique_fig2_dykes-volcaniques-islande.jpg
https://www.encyclopedie-environnement.org/en/zoom/some-characteristics-of-drilling-techniques/
http://www.encyclopedie-environnement.org/app/uploads/2017/03/fracturation-hydraulique_fig3_operation-hydrofrac.jpg
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hydrocarbon production. In practice, the technique consists in starting the fracture with a standard liquid (drilling mud or
water), then injecting a viscous liquid into which sand has been suspended (Figure 3) (see section The sands, in this
encyclopedia) (link: The sands). At the end of the injection, when the pressure drops and the fracture closes, the sand remains in
place and thus ensures an efficient drain for hydrocarbon production. The operation is carried out by a few specialized operators
who have learned to control the viscosity of the liquids used to suspend the sand. Indeed, this viscosity must be high so that
the density of sand suspended in the fluid is as high as possible, but it must be as low as possible so as not to hinder hydrocarbon
production at the end of fracturing operations.

Operators have thus developed products whose characteristics vary with time: high viscosity when injecting sand, low viscosity
24 to 48 hours after their installation in the field to allow hydrocarbon production.

The volumes injected are generally a few hundred cubic metres (Figure 3) and exceptionally reach a few thousand cubic
metres. For calcareous reservoir rocks, which can dissolve in acids, acid fluids are used for fracturing which will locally
dissolve the rock, creating flow channels in the walls of the hydraulic fracture. Thus, at the end of the injection, the fracture will
remain permeable when closed, without the need for sand injection. In oil jargon, these operations are referred to as "acid-frac
".

Experience has shown that, at equal depth, the minimum principal stress is lower in sandstones and limestones than in marls and
clays, which are also very low permeable. Thus, the marl and clay banks that ensure the existence of hydrocarbon reservoirs
also constitute a barrier to the vertical extension of hydraulic fractures produced for exploitation.

Today, all hydrocarbon production (in gaseous or liquid phases) carried out in the world today involves hydraulic
fracturing operations, and this has been the case since the 1940s, without any inconvenience for the populations living on the
surface. It should be noted that hydraulic fracturing is only one of the "tools" used to optimize the exploitation of reservoir rocks.
One of the other traditional "tools" consists in optimizing the location of development wells and using certain wells for the
injection of more or less hot fluids that "push" the hydrocarbons in place to the production areas. The heat of the
injected fluids makes it possible to raise the temperature locally and thus reduce the viscosity of the hydrocarbons in place,
which favours their flow. In practice, it is considered that the optimal use of a reservoir leaves between 35% and 45% of the
total amount of hydrocarbon it contains in place.

Since we know how to drill horizontally (see focus Some characteristics of drilling techniques), we know how to exploit
hydrocarbons that have not migrated from their mother rock, and that are called unconventional reservoirs or, through
abuse of language, shale gas. These hydrocarbons, often gases, are still in their mother rock because it is porous but
impermeable (the pores are insulated and do not communicate with each other). Horizontal drilling is carried out in the bedrock
and involves numerous hydraulic fracturing operations (Figure 4). But while the fluids produced naturally include the desired
hydrocarbons, often in the gas phase, they also contain very abundant brines which must be reinjected at depth. They are the
real source of the potential pollution caused by these operations, including induced seismicity (see discussion below).

In addition, the minimum principal stress in source rocks is generally higher than that existing in the terrain above and below
these source rocks. Thus, if the volumes injected during hydraulic fracturing operations are too large, there is a risk that these
hydraulic fractures will connect the source rock with the more permeable soils above. For operations that are too superficial
(less than 500 m deep), there is a risk of pollution of the groundwater table used for current consumption. The important
thing is therefore to have, in real time, tools to control the vertical extension of hydraulic fractures in order to eliminate
these risks of pollution. This tool exists, it is induced microseismicity.

3. Micro-seismicity induced by pressurized fluid injections
The injection of fluids under pressure into a rock mass can, depending on the amplitude of the pressure disturbance, either
induce slippages on pre-existing fractures or generate a hydraulic fracture [2]. Indeed, the pressure of the fluid contained in
a pre-existing fracture is opposed to the normal component of the stress supported by this fracture, but leaves the shear
component unchanged. It can be seen that when the difference between the pressure of the fluid in a fracture and the normal
component supported by the fracture becomes too small, the shear component induces a tangential displacement in the plane
of the fracture.

Thus, depending on the injection rates and whether or not there are pre-existing fractures in the injection well, there may be
either a hydraulic fracture or a slip along pre-existing fractures. We have seen that the propagation of a hydraulic fracture
is stable and therefore does not generate microseismic events. But the slippages induced on pre-existing fractures are often
unstable and generate microseismicity.

https://www.encyclopedie-environnement.org/en/zoom/some-characteristics-of-drilling-techniques/
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 Figure 4. The location of the induced micro-seismic activity allows the extension of hydraulic fractures to be mapped. (A) Top view;
fractures are perpendicular to the borehole. (B) Cross-section view in a vertical plane showing the geometry of the horizontal borehole and
the location of the micro-seismic sensors (vertical orange structure). [Source: Diagram, S. Maxwell, Sclumberger]

As they spread, hydraulic fractures always intersect, at one time or another, with pre-existing fractures that are more or less
permeable. The fluid in the hydraulic fracture can then transmit pressures to the fluids in these fractures. If these pressure
variations are high enough, they can trigger unstable slip. Thus, the extension of a hydraulic fracture can be mapped by
locating micro-seismic events generated on pre-existing fractures that are intersected by the hydraulic fracture (Figure 4).
This is the technique used for the exploitation of shale gas.

Horizontal drilling is carried out that remains in the bedrock. Then a series of small hydraulic fractures are made, which
must also remain contained in the mother rock. The extension of these fractures is monitored in real time by mapping the
induced micro-seismic activity. The detection of these microseisms requires the installation of very special listening equipment,
due to the high frequencies of the transmitted signals and the low amplitude of these signals.

Seismological work carried out over the past forty years has shown that the amplitude of unstable shear movements, and
therefore the generator of micro-seismic signals, depends in particular on the dimensions of the sliding surface and the
magnitude of the fall in the shear component released by the failure. Microseismic earthquakes, like earthquakes, are
characterized by their magnitude. The magnitudes scale is logarithmic (and therefore non-linear). Thus, to set orders of
magnitude, a magnitude 4 corresponds to a dynamic failure on a fault about 1 km long, while a magnitude 3 corresponds to
a dynamic failure length of 300 m and a magnitude 5 to a dynamic failure length of 3 km. Microseismicity is generally referred
to as microseismicity for events of magnitude less than 3. For naturally seismic regions, such as California, at least one
magnitude 4 is recorded per week and buildings are dimensionned accordingly.

It should be noted that the important parameter for the disturbance effect of seismic movements is not so much the magnitude as
the value of the acceleration and the duration during which this acceleration is felt. These characteristics depend on the
distance between the source of the rupture and the point where the effect is considered. The greater the distance, the more the
signal is attenuated. Thus a magnitude 4 10 km deep may be less disturbing at the surface than a magnitude fracture 3 3 km
deep. But these effects do not only depend on distance, they also involve the nature of the terrain traversed by the seismic wave
and that are known as site effects, which depend on geological and geotechnical structures at the observation point. The
magnitude of micro-seismic events induced by hydraulic fractures is generally much smaller than 2, it is even often
negative (metric or even decimetric dimension of the source).

We will remember that one of the real problems associated with the exploitation of shale gas is not the microseismicity
associated with hydraulic fractures, but the seismicity induced by the reinjection of large quantities of brine produced as a
result of exploitation (magnitudes greater than 4). These brines must be reinjected at depth and are at the origin of disruptive
earthquakes, some of which have reached magnitudes greater than 5 in Oklahoma, United States. These earthquakes could
probably have been avoided if the injection rates, and therefore the overpressure associated with these injections, had been
better controlled.
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