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INNOVATIVE TECHNOLOGIES OF OIL AND GAS

FRACTURE PROPAGATION CHARACTERISTICS IN HORIZONTAL
WELLS

Liu Yang!, Jindong Cao', Zhigang Tao!, Shuo Wang!, Jun Yang',

and Bingxiang Dong?

Field experience shows that horizontal well multi-stage fracturing technology can transform the
volumetric pressure crack network in the formation and has been widely used in unconventional oil
and gas resource exploitation. According to the requirements of horizontal well fracturing operations,
this paper simulates the law of horizontal well fracturing in low-porosity and low-permeability
sand-shale formation by large-mold fracturing tests and analyzes crack initiation and extension. The
two completion methods of open-hole completion and casing perforation completion are considered,
and the maximum and minimum horizontal principal stress difference is 10 and 4 MPa. The horizontal
wellbore azimuth angle changes from 0° to 90°. The test results show that the principal stress difference
has a great influence on fracture initiation. The smaller the stress difference, the higher the fracture
initiation pressure and the more complicated the fracture initiation and extension. The fracture
propagates along the axial direction of the wellbore, and then at both ends of the wellbore the
fracture turns to the direction perpendicular to the direction of the minimum horizontal principal
stress. The horizontal wellbore can form a transverse fracture by drilling along the direction of the

minimum horizontal principal stress. This study is of great significance for understanding the fracture
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initiation and propagation law of horizontal well fracturing and can provide guidance for
multi-stage fracturing operations of horizontal wells in unconventional reservoirs.

Keywords: horizontal wellbore; hydraulic fracture, fracture propagation; multistage fracturing

Horizontal well drilling and completion and fracturing treatment technology have become increasingly
important technologies for the efficient development of low permeability reservoirs, especially for the commercial
exploitation of unconventional oil and gas resources such as shale gas and tight sandstone gas [1]. Understanding
the law of horizontal well fracturing crack propagation is of great significance for optimizing volume fracturing
design and guiding on-site construction.

Since Giger [2] first proposed the concept of horizontal well fracturing, and many scholars at home and
abroad have studied the theory of horizontal well fracturing. Hossain et al. [3-4] investigated the fracture
pressure of stratum rock under various conditions such as open hole completion and perforation completion in
horizontal wells and derived the formula of the angle between crack initiation direction and wellbore axis.
Cheng Yuanfang et al [5] analyzed the characteristics and basic principles of horizontal well fracturing from the
perspective of rock mechanics, pointing out that crack initiation and fracture morphology mainly depend on
overburden pressure o, maximum horizontal principal stress o,, minimum horizontal principal stress o,, and size
and orientation of the horizontal wellbore. At present, the understanding of hydraulic fracturing mechanism is
still limited. In theoretical research on the crack geometry, the authors often use idealized and simplified
two-dimensional or three-dimensional models. These theoretical studies have not been validated.

Hydraulic fracturing test simulation is an important method of studying the mechanism of hydraulic
crack initiation. There are many studies on simulation of vertical well fracturing tests but not many works on
horizontal fracturing simulation. Kimet al. [6] have studied the crack initiation and geometry problems for
different completion methods, ignoring the influence of the principal stress difference (the difference between
maximum horizontal principal stress o, and minimum horizontal principal stress o,). The test conditions were
very different from field fracturing operations. In [7-10] the authors studied horizontal well fracturing simulation
under conditions close to the requirements of on-site construction for casing perforation completion (indicated
by T) and under different conditions of maximum horizontal principal stress and minimum horizontal principal
stress, crack initiation pressure and geometry, and different azimuth angles 8 (i.e., horizontal wellbore axial
direction). The relationship between fracture characteristics and the angle with the minimum horizontal principal
stress direction is of great significance for further study of the fracture initiation and extension mechanism of
hydraulic fractures in horizontal wells.

The horizontal well fracturing simulation test simulates a low porosity and low permeability sand-shale
reservoir with a depth of 2000 m. The stress relation is as follows: o, > o,,> o,. The main petrophysical parameters
are the following: permeability £ 0.1-0.5 mD, porosity ¢ 5-8%, Young’s modulus of core £ 28 GPa, and
Poisson’s ratio ¥ 0.25. The artificial rock sample for simulation tests was prepared by compressing a special
sand and cement mixture in a special mold. The size of the rock sample is 105%105%105 mm. According to the
similarity criterion, the horizontal section length is 65 mm, the simulated wellbore diameter is 10 mm, and the
casing perforation diameter is 1 mm. The fracturing fluid injection rate was 9 ml/min, and the fracturing fluid was
a vegetable gum (0.55% GRJ-11 + 0.3% HTC-160) with viscosity 60 MPa-s. The rock sample model is shown
in Fig. 1.

The test simulates the process of horizontal well fracturing for open hole and casing perforation
completion methods under two stress difference conditions. Two different completion methods were selected,

and the azimuth angles of the wellbore were simulated at five angles of 0°, 30°, 45°, 60°, and 90°. A total of four
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Fig. 1. Schematic diagram of horizontal well fracturing rock sample.

groups of tests, each group consisting of five fracture simulation tests, was performed. The casing adopts
the 90° phase spiral perforation method.

Figure 2 shows the crack initiation and extension pressure for different azimuth angles. It can be seen
that when the azimuth angle of the wellbore is between 0° and 45°, the crack initiation pressure and the extension
pressure decrease with increase in azimuth angle. For azimuth angles around 45°, the pressure values obviously
increase. When the azimuth angle is in the range of 45° ~ 90°, the crack initiation pressure decreases with the
azimuth angle, and the extension pressure also decreases moderately. Compared with the open hole completion,
in the case of casing perforation the cracks start from the points of perforation. The cracking and extension
pressures are both high, and the crack initiation pressure and extension pressure of the two completion methods
are higher than the stress difference of 10 MPa and the stress difference of 4 MPa. The test results show that
when the wellbore azimuth is small, the fracturing may form a transverse joint. When the wellbore does not
follow the maximum and minimum principal stress directions, multiple cracks or nonlinear cracks are formed.
When the azimuth angle is 45° or near it, the crack initiation and extension mechanism is complicated and
depends on the completion method and the main stress difference in the rock sample. The larger the main stress
difference, the more favorable the crack initiation. This is consistent with results of theoretical calculations and
numerical simulations [11-13].

The crack geometry reflects the crack initiation and extension law. When the wellbore azimuth is 0°, the
crack both splits and extends in a direction perpendicular to the direction of the minimum horizontal stress, in
the same vertical plane as the axis of the wellbore. At the end of the horizontal wellbore, the crack changes
direction and further develops along the minimum horizontal principal stress direction. If the rock sample size
is large enough, a transverse joint may be formed.

When the azimuth angle is 30° (Fig. 3), the crack starts perpendicular to the direction of the wellbore
and then turns to the maximum horizontal principal stress direction at a distance equal to the wellbore diameter.
The fracturing mechanism has the characteristics of multi-fracture cracking, particularly outside the rock sample.
The crack develops in a direction perpendicular to the minimum principal stress.

When the azimuth angle is 45° (Fig. 3), the crack initiation mechanism is more complicated and includes
cracks caused by tensile and shear failure. The open hole completion crack starts along the wellbore direction
and at a distance from the wellbore equal to the wellbore radius. It can be clearly seen that parallel cracks start

to turn perpendicular to the minimum horizontal principal stress direction, and a main crack is formed in the
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Fig. 2. Relationship between crack initiation pressure, extension pressure, and wellbore
azimuth for open hole (T) and perforation (L) completion: 4 —T 10MPa; B-T 4MPa;
AL 10MPa; x-L 4MPa

periphery of the rock sample. For casing perforation completion, when the principal stress difference
is 4 MPa (T-45-4), each perforation hole acts as a crack initiation point, the fracture is perpendicular to the
minimum horizontal principal stress direction, and the crack is maximum at the end of the wellbore. The stress
direction is expanded. When the principal stress difference is 10 MPa (T-45-10), the crack shape is relatively
simple.

When the azimuth angle is 60° (Fig. 3), the crack initiation is mainly caused by tensile failure. For the
open hole wellbore, the crack starts along the axis of the wellbore and extends to the periphery of the rock to
form a crack plane. At both ends of the wellbore the crack extends perpendicular to the direction of the minimum
horizontal principal stress. For perforated wells, when the principal stress difference is 4 MPa (T-60-4), the
cracks are initiated at each perforation point, and all perforations are respectively connected by cracks. Crack
extension is basically the same as that of the open hole completion. When the main stress difference
is 10 MPa (T -45-10), the stress concentration is located at the junction of the vertical and horizontal sections.
The cracks are initiated in the direction of the wellbore axis at the first perforation point (the wellbore bend
point) and extend along the maximum horizontal principal stress to the periphery of the rock sample.

When the azimuth angle is 90° (Fig. 3), the cracks in both completion modes are perpendicular to the
minimum horizontal principal stress and form a longitudinal plane. The casing completion causes crack initiation
at each perforation point. At the point, the cracks form fractures along the axial direction of the wellbore.

Through the analysis of the above test results, the following aspects of the horizontal wellbore fracturing
can be concluded. The main stress difference has a great influence on the crack initiation pressure. Prior to the
design of fracturing process, in order to predict the construction pressure and fracture geometry, one should
fully investigate the physical properties of the reservoir rock, especially the geostress data of the formation.
The horizontal well fracturing completion method is also important. If the formation strength is high enough
and stable, and the wellbore stability can be maintained during the life of the well, it is preferred to use open

hole completion because it can maximize the connection between the wellbore and the fracture be considered.
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Fig. 3. Schematic of fracture morphology at different azimuth angles.

For a reservoir with a large thickness, the azimuth angle of the wellbore is small, while for a thin
reservoir, the azimuth angle of the wellbore is generally large and the wellbore is located in the reservoir. For
casing perforation completion, the large depth of perforation is beneficial to reduce the unfavorable factors
that cause multi-crack initiation and extension. Due to its special reservoir properties, the use of horizontal well
multi-stage fracturing technology in shale gas development has achieved great success. It is known from the
test analysis that when horizontal drilling is carried out in multiple stages along the direction of minimum
horizontal principal stress, a transverse crack can form that expands the reservoir transformation volume.

Through the indoor test simulation analysis of the law of crack initiation and extension of horizontal
well fracturing, the following conclusions can be drawn:

(1) The main stress difference has a great influence on crack initiation. The greater the stress difference,
the lower the cracking pressure and the easier it is to perform fracturing; the smaller the stress difference, the
higher the cracking pressure and the more complicated the crack initiation and extension.

(2) For the same azimuth angle, the crack initiation and extension characteristics of the two completion
methods are similar, and the fracture initiation and extension pressure of the open hole completion are lower
than that of the casing perforation completion.

(3) For each completion method, as the azimuth of the horizontal wellbore increases, the crack initiation
angle first increases from 0°, then gradually decreases to 0°; the casing perforation causes crack initiation in
almost every point of perforation, and a main crack is formed in the course of the extension process.

(4) For wells with azimuth angles between 0° and 90°, fractures crack along the axial direction of the
wellbore and extend to form a major crack. When the fracture extends to both ends of the wellbore, it eventually

turns perpendicular to the direction of the minimum horizontal principal stress.
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