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SENSITIVITY OF THE PRESSURE DECLINE CURVE DURING
THE HYDRAULIC FRACTURING TO POROELASTIC EFFECTS

E.V. LGOTINA, A.N. BAYKIN, S.V. GOLOVIN, A.M. KRIVTSOV

ABsTrRACT. Computer simulators of hydraulic fracturing rely on known
physical properties of the reservoir, in particular, the leak-off coefficient
and the confining in situ stress. This information can be obtained from
the solution of the inverse problem by analyzing of the pressure decline
curve (PDC) in pump-in/shut-in tests. The goal of the present work is
to demonstrate that poroelastic effect can have significant influence on
the behavior of the PDC and, hence, to results of its analysis.

For computer simulations we use the mathematical model of the hydra-
ulic fracture in poroelastic medium developed in [6]. We investigate the
dependence of the PDC on the closure stress and of the rock permeability.
It is shown that classical methods for interpretation of PDC can lead to
a significant error, in particular, in estimation of the minimal in situ
confining stress.

Keywords: hydraulic fracture, mathematical modeling, pressure decline
curve, poroelastic effects.

1. INTRODUCTION

Hydraulic fracturing is a key technology for stimulation of low-permeable oil
and gas reservoirs. The fracture is created due to the injection of highly pressurized
fluid in a certain part of the wellbore. The resulting fracture with the characteristic
length up to first hundreds meters, acts as a highly permeable channel for the inflow
of oil or gas from the reservoir into the well.

The geometry of the fracture and its productivity can be estimated by the
mathematical modeling. The model must reflect the coupled physical processes:
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flow of viscous fluid within the fracture, an elastic reaction of the walls, a leak-off
into the reservoir, energy losses due the material failure at the fracture tip, etc.

Numerical modeling of the hydraulic fracture propagation relies on the relevant
information about physical properties of the reservoir and its stress-strain state.
These parameters are usually determined using various kinds of dynamic well tests
including shut-in/pump-in (mini-frac) tests where a pressure decline curve is to be
interpreted by a solution of the inverse problem. The existing methods of analyzing
mini-frac tests enable estimating several of important parameters and indicators
such as a fracture closure pressure, a fluid efficiency, a closure stress, a leak-off
coeflicient, friction losses, etc. Virtually, all modern hydraulic fracturing simulators
include special tools for interpreting the pressure decline curve. Models of hydraulic
fracturing used in the engineering practice are based on the assumption that the
medium is formed of horizontal uniform and isotropic elastic rock layers. The fluid
leak-off from the fracture into the medium is approximated via Carter formula [4]
whereas the effects of the pore pressure on the fracture opening are not taken into
account.

Nevertheless, the results of [6, 2] indicate that under the plain strain condition
the influence of pore fluid pressure on the rock deformation, as well as the reverse
effect on fluid filtration, may significantly affect the fracture opening development.
The earlier study [3] of the pressure field data in mini-frac tests also confirms the
significance of poroelastic effects. Thus, in order to conduct dynamic well tests
properly one should use a more sophisticated poroelastic model for pressure curve
interpretation.

In current paper we investigate the possibility of mini-frac pressure curves in-
terpretation, based on the direct simulation of a hydraulic fracture that takes
poroelastic effects into account. The sensitivity of the pressure time history and
fracture geometry to the reservoir permeability and closure stress is analyzed.

The characteristic points on the pressure decline curve for shut-in stage are
identified: the time of the injection stop and the time of the fracture closure. The
obtained results serve as a basis for a further development of the more accurate
methods for a mini-frac data interpretation.

2. MATHEMATICAL FORMULATION OF THE PROBLEM

The mathematical model presented in this paper was proposed and analyzed in
authors’ earlier works [1, 6, 2|. Here for consistency, we give only a brief outline of
the model.

We consider a vertical hydraulic fracture of fixed height H propagating along
the Oz axis due to the pressure of the fluid pumped into the fracture. We use a
Cartesian system of coordinates such that Oy is orthogonal to the fracture plane
Ozz, and Oz axis is directed upwards. The coordinates origin coincides with the
location of the well. Following [9] we suppose that fracture aperture is constant
along z-coordinate and vertical deformations are negligible. This implies, that we
can limit ourselves to the plane strain approximation observing only the central
cross-section z = H/2 of the fracture.

The reservoir is considered to be poroelastic meaning that it is represented as a
two-phase continuum characterized by the displacement vector u of the elastic solid
matrix (skeleton) and the pressure p of the fluid within the pore space. The elastic
response to the applied stress is assumed to be linear with the moduli A and p as the
skeleton’s parameters. The filtration properties are characterized by the porosity
¢ and the permeability k.. The speed q of the fluid flow in the porous medium
is governed by the Darcy law q = —(k,/n,)Vp for a single-phase Newtonian fluid
with the effective viscosity 7;..
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Following [1, 6, 2] the mechanics of the poroelastic medium in quasi-static state
is governed by the following system of equations:

(1) divr =0, 7=Adivul+2u&(u)— apl,
Jp . (kr ou

2 _— = _— — _—

2) S. 57 = div (mvp aat),

where £(u) is the Cauchy’s strain tensor 2€(u);; = Ou;/0x;+0u,;/0x; (i,j =1,2), 1
is the identity tensor, « is the Biot coefficient responsible for the solid-fluid coupling.
The storativity S reflects the dependence of the Lagrangian porosity ¢ on € = tr €
and p as in [5].

Symmetry of the problem with respect to Oz, Oy-axis makes it possible to solve
equations (1)-(2) over domain Q = {(z,y) : 0 < z < R,,0 < y < Ry} which
cross-section is shown in Figure 1.
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Over the right outer boundary I'r = { = R;; 0 <y < Ry} and the top outer
boundary I'r = {0 < z < R,; y = Ry}, the confining far-field stress o and the
constant pore pressure p = po, are applied:

(3) Lr, I'r: p=pe, TM) =0, (T(n))i="1n;.

Henceforth, n and s denote the outer normal and tangential unit vectors to the
boundary of the domain €2; the summation over the repeating index is implied. On
the part of the boundary occupied by the fracture I'f it is set the condition that the
fracture propagates due to the pressure of fluid ps that is pumped into the fracture.
The fluid flow inside the fracture is governed by the mass conservation law in the
lubrication theory approximation, where the leak-off rate g, is proportional to the
pressure p gradient. Over the remaining boundary part I's = {y = 0} \ T'; and the
left boundary I';, the symmetry conditions hold. The lag between the fracture front
and fluid front inside the fracture is neglected.

In order to model the fracture closure process, the cohesive zone model takes into
account that the dissipation of the fracture energy is associated with unloading and
reloading (see Figure 2) [8].
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3. NUMERICAL SIMULATIONS

In this section a series of numerical experiments is described showing the sensiti-
vity of the fracture geometry and fluid pressure to the reservoir physical properties:
permeability and closure stress.

The following set of common input parameters are used. The computational
domain is a square with a length of the side of R = 45 m. The physical parameters
of the reservoir used in simulations are the Young’s modulus E = 17 GPa, the
Poisson’s ratio v = 0.2, the initial porosity ¢g = 0.2, the Biot coefficient o = 0.75.
The initial pore pressure normalized to zero. Since we know F and v, we can obtain
moduli of elasticity A and g by the known formulas. The storativity coefficient is
defined as [5] S: = (¢pg —as)(1 —ag)/K, where K = A+ 2p/3 is the bulk modulus.

The Newtonian viscous fluid (viscosity nf = 1, = 1073 Pa - s) is injected into
the fracture with the constant rate of Qg = 4 x 1073 m?/s for a period of 62.5 s
before the pumping stops:

Qo, 0<t<625s,
Qt) =
0, 62.5<t<100s.

The fluid filtrated from the fracture into the surrounding medium is assumed
to have the same viscosity 7, as the porous fluid Regarding the cohesive fracture
parameters, the cohesive strength is set to o. = 1.25 MPa, and the cohesive force
energy is taken to be G. = 120 N/m.

3.1. Influence of the permeability on the behavior of pressure decline
curve. At first, we analyze the sensitivity of the pressure decline curve to the
permeability of the medium. We consider the following values of permeability: k, =
ko x 1071 m?, with kg = 1, 2.5, 5, and 7.5. The confining far-field stress oo in
all simulations is set to 7.2 MPa. The results of the simulations are presented in
Figures 3, 4, 5.
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Figures 4, 5 show that the fracture propagates at longer distances for lower values
of permeability. It can be explained using with the same argumentation as in [6].
Indeed, lower permeability leads to lower leak-off into the reservoir, and to lower
extra closure stress imposed by the pore pressure action on the fracture walls. In
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turn, the lower leakoff leads to the longer fracture and higher borehole pressure at
the higher values of permeability (see Figure 3).

Stoppage of the fluid injection results in a sudden drop of pressure at the
wellbore. During the time interval from the moment of the stoppage to the fracture
closure time, the pressure curve exhibits a distinctive “step”. One can estimate the
permeability sensitivity by its length: a shorter “step” means higher permeability.
Accordingly, one can propose an inverse problem of estimating the permeability by
the size of the “step” under given other parameters of the medium.

It is worthwhile to mention that the numerical results indicate that the pressure
curve is also significantly affected by the poroelastic effects. The contribution of
the pore pressure (see Egs. (1)—(2)) is determined by the Biot coefficient «. Higher
value of this parameter sets a strong connection between the pore pressure and the
elastic stress, as well as between the processes of filtration and deformation of the
medium [6]. For a non-zero Biot coefficient, the crack propagation is controlled by
the deformation of the medium, as it affects the filtration. Meaningfully, one can
observe the so-called “backstress” effect as an additional compression of the rock
in the vicinity of the fracture caused by the pressure of the pore fluid filtrated
into the reservoir [2, 7, 10]. The additional backstress leads to the increase of the
pressure in the fracture at a given injection rate. In turn, such an increase causes
a higher leak-off into the medium due to the filtration through fracture faces. The
fluid efficiency goes down accordingly, and the size of the fracture decreases (see
Figures 4, 5).

The described effect makes the fluid pressure at the moment of fracture closure
be substantially different from the closure stress. Whereas, in standard algorithms
for interpreting the pressure decline curve these values are assumed to coincide.

Conversely, for the Biot coefficient &« = 0, when poroelastic effects are disregarded,
the pressure decline curves are represented by the dashed lines in Figure 3. In this
case one can observe that the pressure of fracture closure is equal to the closure
stress 0o = 7.2 MPa shown in the enlarged fragment of Figure 3. Moreover, it
can be noticed that the shape of the “step” depends on the influence of poroelastic
effects: if @ = 0, it becomes longer because the pressure is lower, and the filtration
and the closure process are consequently slower. One can make the following conclu-
sion: even though the characteristic points (the stop of injection and the fracture
closure) are distinguishable in both cases, although shifted in time, the results
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obtained within the poroelastic model allow the pressure decline curve to be inter-
preted more precisely, since the actual physical effects are properly taken into
account.

3.2. Influence of the closure stress on the behavior of pressure decline
curve. In this section we consider the behavior of the pressure decline curve for
various values of the closure stress. From the curves in Figure 7 it is clear that the
crack mouth opening displacement depends on the stress. In Figure 6 the pressure
increases along with the stress, and we obtain a “step” again: the higher the stress,
the shorter the “step”. This observation allows us to assess the relative value of the
closure stress by the shape of the pressure decline curve. Also we note that in our
model the fracture can continue propagating after the pumping stop. For example,
it is clearly visible if the value of the closure stress is relatively low (see Figure 8,
000 = 1 MPa).
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4. CONCLUSION

The mathematical model proposed in [2] is adapted to simulate pump-in/shut-in

hydraulic fracturing schedules employed in mini-frac tests. A series of experiments
regarding the poroelastic behavior of the rock medium was conducted in order to
estimate the sensitivity of the computational results to reservoir parameters. The
obtained wellbore pressure history and fracture geometries are analyzed relative to
the permeability of the medium and closure stress. The characteristic features of
the pressure decline curve are identified, and the influence of varying parameters is
demonstrated. Particularly, the significant difference in pressure curve interpretation
is observed in classical elastic and poroelastic cases. The performed analysis can be
considered as a first step toward an accurate estimation of the pay zones parameters
and better input data for hydraulic fracturing models.

10.
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