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Abstract. The extraction and production of shale gas has gained importance in the oil industry over the past few years due
to its economic viability. However, the shale permeability is low, a fact that complicates the extraction of gas. Hydraulic
fracturing is a technique that is able to increase the permeability of the shale by injecting fluid at high pressure into the
well. This work contributes to the generation of numerical tools to study the formation and propagation of the fractures
generated hydraulically, considering an explicit type of hydro-mechanical coupling. Fractures are modeled through the
Mesh Fragmentation Technique (MFT), which consists of inserting nonlinear solid finite elements with a high aspect ratio
between the bulk elements of the mesh. The behavior of the fluid is described by Darcy’s Law. Some numerical analyses of
leak-off tests in 2D wells are carried out considering different boundary conditions and types of meshes. The results show
that the MFT is able to reproduce the fracturing process in accordance with experimental results, presenting a pressure
drop due to the hydraulic fracturing process. As expected, the fractures propagate perpendicular to the smallest principal
stress in all cases. Since the fractures must follow the interface elements, surrounding the standard (bulk) elements, the
use of unstructured meshes is recommended to avoid mesh dependence.

Keywords: hydraulic fracturing, hydro-mechanical coupling, mesh fragmentation

1. INTRODUCTION

The hydraulic fracturing process came to prominence a few years ago in the global context, influenced mainly by the
wide application in American deposits of shale gas. Performing hydraulic fracturing tests is relatively expensive and has
limitations, especially in relation to the scale. Thus, the numerical simulations are a very viable alternative for the study
of this process, allowing play scenarios that would be impossible to be made in the laboratory. Hydraulically fracturing a
medium consists of continuously injecting a particular fluid under high pressure at an internal point of this medium. Over
time, the fluid pressure tends to increase until the moment that the medium can no longer resist and then fractures.

The Finite Element Method is one of the most renowned computational techniques in engineering, having numer-
ous applications, including hydraulic fracturing studies. However, the characterization of discontinuities, i.e., fractures,
remains a challenge to the academic community. Since the hydraulic fracturing is a multiphysical problem a coupled
solutions are required.

Rouainia et al. (2006) used two tools to analyze the hydraulic fracturing process through a coupling relation. The first
tool consists of using the finite element method to understand the hydraulic behavior of the system, considering that this
obeys the Darcy’s Law. The second tool consists of using the Discontinuous of Strain Analysis Method for analyzing the
discontinuous deformable solid phase. The authors were able to show the opening and closing of pre-existing fractures in
the medium.

Li et al. (2012), by means of the Finite Element Method, proposed a three-dimensional model that considers the
coupling between three processes: mechanical deformation of the solid medium induced by fluid pressure acting on the
surface of the fracture; the flow of fluid within the fracture; and the propagation of the fracture. They were able to show
that the propagation of the fracture occurs in the direction of maximum principal stress.

This paper proposes the use of mesh fragmentation technique, which consists of inserting solid finite element with a
high aspect ratio (interface elements) in between adjacent elements of the original mesh (Manzoli et al., 2012; Maedo
et al., 2014), which in turn have a formulation based on Continuous Strong Discontinuity Approach (CSDA) (Oliver
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et al., 1999; Oliver, 2000; Oliver and Huespe, 2004), to model the onset and propagation of the fracture. Mechanical
and hydraulic properties are attributed to elements of high aspect ratio, so that, by means of the parallel plates law, the
discontinuity caused by the fracture and the flow of fluid can be coupled. The fragmentation technique analysis can be
fully carried out in the context of continuum mechanics, facilitating interpretation and eliminating the use of specific
algorithms to track crack paths.

2. SOLID FINITE ELEMENT WITH HIGH ASPECT RATIO

Let us consider a linear triangular element, with base b defined by the distance between nodes 1 and 3 and height h
defined by the distance between nodes 1 and 2, as shown in Fig. 1.

Figure 1. Interface solid finite element.
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where P1, P2 and P3 are the pressures in nodes 1, 2 and 3, respectively, and JP K is the pressure jump, given by:

JP K = P1 − P3 (2)

The fluid flow in the element can finally be written as:

q = − (kI)

µ
∇P (3)

where µ is the viscosity of the fluid, k is the intrinsic permeability of the element and I is the second order unit tensor.

3. HYDROMECHANICAL COUPLING

When two or more physical systems interact influence one another whose relation happens to varying degrees of inter-
action, one can consider it a coupled problem. In the case of a reservoir, the relation between stress and flux (among other
things) characterizes a coupled problem, considering that, computationally, the stress and fluid analysis code comprise a
single structure (Yaquetto, 2011).

For this work we use the explicit coupling method. In this case the communication between mechanical and flow
models is weak because changes in pressure field causes deformation in the rock mass, but variations in the stress state
does not affect the pressure in the pores. In gas reservoirs the explicit coupling may be used without significant problems
because the gas compressibility overlaps to the rock compressibility (Yaquetto, 2011; Naveira, 2008).

3.1 Parallel Plates Model

The parallel plates model (Huitt, 1956; Snow, 1965) was used to relate the hydraulic conductivity of a fracture with
its aperture. Therefore, let us consider that the walls of the fracture can be represented by two smooth parallel plates,
both plane surface, separated by an aperture. Thus, the permeability of the fracture can be written is terms of its aperture
(Witherspoon et al., 1980; Marin, 2011), i.e.:

kf =
w2

12
(4)

where kf is the permeability of the fracture and w is its aperture, given by separation distance between the plates.
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4. BALANCE EQUATIONS

The adopted hydromechanical model allows to relate more realistically mechanical and hydraulic physical phenomena
in a coupled way. Therefore, it is considered that changes in the fluid pressure field influence the rock stress field.
Consequently, when the rock exceed its tensile strength, the discontinuity created will have a permeability much higher
than the rock. Therefore, the pressures field will undergo significant changes, which will impact directly on the stresses,
thus constituting a closed loop.

First, to the mechanical problem, it was considered the stress balance equation given by:

∇ · σ + b = 0 (5)

where σ is the total stress tensor and b is the body force vector.
According to the Terzaghi’s Effective Stress Principle, the total stress is related to the effective stress as follows:

σ = σ̄ + PI (6)

where σ̄ is the effective stress tensor, P is the fluid pressure exerts on the solid and I is the second order unit tensor. The
effective stresses are responsible for the variations of motion, i.e., displacements and deformations. The effective stress
tensor, in turn, can be written as follows:

σ̄ = Σ(ε) (7)

where the effective stress is written in terms of the strain tensor, ε, by means of a constitutive relation Σ.
The strain tensor ε can be divided into two parts, volumetric and deviatoric, i.e.:

ε = εv + εd (8)

where εv is the volumetric part and εd is the deviatoric part. Manzoli et al. (2012) and Maedo et al. (2014) show how εv
and εd of the interface solid finite element are relate to h and b.

For the hydraulic problem, it is considered that the fluid flow may be governed by mass balance equation of the liquid
phase, which is given by:

∂φSρ

∂t
+ ∇ · (ρ0q) +Q = 0 (9)

The first term Eq. (9) is called storage term, which varies with time t, where φ is the rock’s porosity, S is the rock’s
degree of saturation (which was considered fully saturated, then S=1) and ρ is the density of the liquid, which is a function
of pressure. Thus, it was considered an exponential law of variation of the density of the liquid relative to the pressure
variation in it, given by:

ρ = ρ0e
β(P−P0) (10)

where ρ0, which also appears in the second term of Eq. (9), is the reference density of the fluid for a given reference
pressure P0 and β is the fluid’s isothermal compressibility factor.

The second term of the Eq. (9) refers to the behavior of the liquid phase, where q is the flux vector, given by Darcy’s
Law. This law allows to describe the laminar flux of Newtonian fluids in porous media. Therefore, the flow of fluid with
respect to solid phase is given by:

q = − (kI)

µ
∇P (11)

where µ is the fluid’s viscosity, k is the intrinsic permeability of the porous media, I is the second order unit tensor and
P corresponds to the fluid pressure.

The third term, Q, is the source or sinkhole of fluid.

5. CONTINUOUS DAMAGE MODEL

The damage model adopted for expressing the degradation suffered by the rock is expressed by the following equation:

σ̄ = Σ(ε) = (1 − d)C : ε (12)

where C is the fourth order elastic constitutive tensor and d is the damage scalar variable, which can range from 0 (intact
material) to 1 (fully degraded material).



CLETO P.R., MANZOLI O.L., MAEDO M.A. and GUIMARÃES L.J.N.
Computer Simulation of Hydraulic Fracturing Using Finite Elements of High Aspect Ratio

5.1 Tensile damage model

The damage criterion is based on the component of the stress tensor normal to the base b of the interface element and,
therefore, is able to describe the crack process in mode one. Thus, the damage criterion is written as:

θ = σ̄nn − s(r) ≤ 0 (13)

where σ̄nn is the component of the stress tensor normal to the base b of the interface element and s and r are the stress and
strain-like internal variables, respectively. Manzoli et al. (2014), Maedo et al. (2014) and Sánchez et al. (2014) describe
in detail the tensile damage model used in this work.

6. NUMERICAL EXAMPLES

The mesh fragmentation technique consists of introducing interface elements throughout the mesh or just the region
of interest, thereby aiming at reduction in processing time and computational effort.

For the simulated cases, all the elements are linear triangular elements. The bulk elements have linear elastic behavior
and interface elements are represented by damage model.

To insert interface elements consists of decreasing the bulk elements and accommodate a pair of interface elements in
the adjacent space, as shown in Fig. 2.

In all cases simulated in this work was considered a constant fluid injection rate q = 1.10−7m3

s , reference density
ρ0 = 1002, 6 kg

m3 , reference pressure 0, 1MPa and fluid’s isothermal compressibility factor β = 4, 5.10−4MPa−1.

Figure 2. Mesh fragmentation technique (adapted from Maedo et al. (2014)).

6.1 Variation of Permeability

In this first study it was simulated an area of 10 × 10m with half of a well of 0, 6m diameter located to the left side
of center. The geometry and the boundary conditions are illustrated in Fig. 3. Symmetry conditions were imposed across
the left side.

Figure 4 shows the mesh used. Only the central horizontal strip has been fragmented, because is expected that the
fracture is developed in this region, and reduce the processing time.

Four cases were simulated considering a “extended Leak-Off Test” (Hamidi and Mortazavi, 2014) with different perme-
abilities, aiming to determine their influence about the behavior of fracture. Table 1 shows the mechanical and hydraulic
properties used in elements that represent the rock. Table 2 shows properties of the interface elements used. Only interface
elements can be degraded, thus the fracture occurs where they are located, i.e., skirting the bulk elements.

Table 1. Properties of regular elements

Mechanical Properties Hydraulic Properties

Young’s modulus E = 32GPa Intrinsic permeability k =

1.10−16m2

1.10−17m2

1.10−18m2

1.10−19m2

Poisson’s ratio ν = 0.2 Porosity φ = 0.1
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Figure 3. Geometry and mechanical and hydraulic boundary conditions.

Figure 4. Finite element mesh used. The central strip of blue color indicates that only this region was fragmented.

Table 2. Properties of interface elements

Mechanical Properties Hydraulic Properties

Young’s modulus E = 32GPa Intrinsic permeability k =

1.10−16m2

1.10−17m2

1.10−18m2

1.10−19m2

Poisson’s ratio ν = 0.0 Porosity φ = 0.1
Tensile strength ft = 2.8MPa
Fracture energy Gt = 98N/m

Figure 5 shows the pressure behavior in the well over time. The first peak of each curve corresponds to breakdown
pressure. Yew (1997) presents a equation to determine the breakdown pressure, which results in 3, 8MPa using parameters
in this work. Considering that the three first peaks (Fig. 5) occurs approximately in 4, 1MPa, the percentage error is equal
8%. It is noticed also that there is a minimum permeability to occurs a hydraulic fracture.

Figure 6 shows the behavior of the rock with k = 1.10−18m2 over time. Note that the pressure gradient is uniform and
radial while there is no fracture, showing that the fluid is penetrating the rock. After initiation of the fracture, the pressure
around the well decreases and appears a pressure gradient in the walls of the fracture. Guo et al. (1993) show that the
fracture propagates perpendicular to the least principal stress.

Figure 7 shows the behavior of the rock with k = 1.10−16m2 over time. Note that when there is much loss of liquid
through the rock, the pressure is not enough to fracture it.
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Figure 5. Pressure behavior in well to different permeabilities. In the case of higher permeability (1.10−16m2) does not
fracture occurred, since there was plenty of liquid penetration into the rock.

(a) t = 1081s (b) t = 3025s (c) t = 5050s

Figure 6. Pressure gradient considering k = 1.10−18m2.

(a) t = 1081s (b) t = 3025s (c) t = 5050s

Figure 7. Pressure gradient considering k = 1.10−16m2.
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6.2 Thickness Variation of Interface Elements

This case considers a problem in the same condition shown in Fig. 3. The characteristics of the bulk elements are
shown in Table 1 and the characteristics of the interface elements are shown in Table 2, but both consider only the intrinsic
permeability k = 1.10−18m2.

The study was based on the verification of the influence of the height of the interface elements on the formation of the
fracture. Thus, first, a continuous case was simulated, which has not fragmented and verified the variation of the wellbore
pressure over time. After four fragmented meshes were considered and the height of interface elements was different for
each mesh.

Figure 8 shows the structural response of non-fragmented mesh and the four fragmented meshes. Note that the smaller
the height h of the interface elements, the structural response approaches the continuous medium. The breakdown pressure
values is practically equal to different heights, being close to 4MPa.
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Figure 8. Different thicknesses of interface elements. Note that the rupture pressure is very similar for all four cases.

7. CONCLUDING REMARKS

The fragmentation technique consists of inserting solid finite elements with a high aspect ratio between the bulk ele-
ments of the mesh. This technique proved to be effective in predicting fractures generated hydraulically, which adequately
represents the initiation and propagation of fractures.

The interface elements were able to capture the hydraulic and mechanical behavior of the hydraulic fracturing phe-
nomenon, showing that highly permeable rocks do not fracture and and that different heights has no significant influence
on the breakdown pressure.

The structural responses obtained showed that this technique is consistent with analytical results. It was possible to
detect that when the fluid pressure reaches the breakdown pressure, the fracture occurs. Furthermore, the propagation
direction of the fracture showed to be perpendicular to the smallest principal stress.
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