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a b s t r a c t

We aim at the development of a general modelling workflow for design and optimization of the well
flowback and startup operation on hydraulically fractured wells. Fracture flowback model developed
earlier by the authors is extended to take into account several new fluid mechanics factors accompanying
flowback, namely, viscoplastic rheology of unbroken cross-linked gel and coupled “fracture-reservoir”
numerical submodel for influx from rock formation. We also developed models and implemented new
geomechanical factors, namely, (i) fracture closure in gaps between proppant pillars and in proppant-free
cavity in the vicinity of the well taking into account formation creep; (ii) propagation of plastic de-
formations due to tensile rock failure from the fracture face into the fluid-saturated reservoir.

We carried out parametric calculations to study the dynamics of fracture conductivity during flowback
and its effect on well production for the set of parameters typical of oil wells in Achimov formation of
Western Siberia, Russia. The first set of calculations is carried out using the flowback model in the
reservoir linear flow regime. It is obtained that the typical length of hydraulic fracture zone, in which
tensile rock failure at the fracture walls occurs, is insignificant. In the range of rock permeability in
between 0.01 mD and 1 D, we studied the effect of non-dimensional governing parameters as well as
bottomhole pressure drop dynamics on oil production. We obtained a map of pressure drop regimes
(fast, moderate or slow) leading to maximum cumulative oil production. The second set of parametric
calculations is carried out using integrated well production modelling workflow, in which the flowback
model acts as a missing link in between hydraulic fracturing and reservoir commercial simulators. We
evaluated quantitatively effects of initial fracture aperture, proppant diameter, yield stress of fracturing
fluid, pressure drop rate and proppant material type (ceramic and sand) on long-term well production
beyond formation linear regime. The third set of parametric calculations is carried out using the flowback
model history-matched to field data related to production of four multistage hydraulically fractured oil
wells in Achimov formation of Western Siberia, Russia. On the basis of the matched model we evaluated
geomechanics effects on fracture conductivity degradation. We also performed sensitivity analysis in the
framework of the history-matched model to study the impact of geomechanics and fluid rheology pa-
rameters on flowback efficiency.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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conductive paths created during fracturing for hydrocarbons
transport from the far-field reservoir to the well and then to surface
(Potapenko et al., 2017, 2019, 2020). Operational optimization of
oilfield technologies (including flowback) gains significant interest
worldwide in view of recently formulated governmental strategies
on energy transition and reduction of carbon footprint.

Usually, the process of fracture creation and propagation and
proppant placement is carefully designed with the help of simu-
lators of hydraulic fracturing based on advanced continuum me-
chanics models: comprehensive review into computer simulation
of hydraulic fractures is summarized in Adachi et al. (2007) along
with the two most recent updates with the focus on fluid me-
chanics aspect (Osiptsov, 2017) and numerical algorithms
(Lecampion et al., 2018). The subsequent long term production is
also thoughtfully planned with the help of 3D reservoir simulators.
At the same time, there is relatively short operation (on the time
scale of long-term production), called flowback, which importance
has long been underestimated. By flowback we understand the
process of cleanup of the “well-multiple fractures” system to set up
the well for steady-state production after cleanup is complete.

A rate transient model for describing the fracturing fluid flow-
back was presented in Abbasi et al. (2012). Effect of proppant dis-
tribution in a fracture on the overall fracture conductivity has been
studied byWang and Elsworth (2018), Wang et al. (2018). There is a
body of literature focused specifically on elasticity problem of
fracture closure during flowback (e.g., flowback from fracture
network during closure was studied in Dana et al. (2018) and
various modes of closure for a single fracture were considered in
Dahi Taleghani et al. (2020)). Proppant flowback model is devel-
oped and validated against a set of laboratory experimental data by
Chuprakov et al. (2020, 2021). Critical filtration velocity for prop-
pant pack mobilization was derived and validated as a function of
particle size and cohesion, wall roughness and softness. A
comprehensive review on proppant embedment during shale gas
fracturing can be found in Katende et al. (2021). A model for frac-
ture closure in between proppant pillars is formulated by
Skopintsev et al. (2022) assuming elastic rock deformation and
incompressible proppant pack. Effects of surfactants on flowback
efficiency is investigated in Wijaya and Sheng (2020). The concept
of zero flowback rate has been proposed and studied in You et al.
(2021) for the shale gas fracture flowback, with the aim to maxi-
mize production.

Integrated design of fracturing-flowback-production is being
discussed in a chain of papers (Potapenko et al., 2017, 2020, 2019;
Chuprakov et al., 2020). Coupled simulations of dynamic in-
teractions between the well, hydraulic fractures and reservoir have
been studied by Aksenov et al. (2021) with the focus on perfor-
mance of numerical simulations. Accelerated Anderson and Aitken
fixed-point algorithms were considered, and recommendations for
the choice of the particular algorithm and tunable relaxation
parameter were proposed. An interesting concept of cascading
failure of the fracture system during aggressive flowback was
proposed and discussed by Chertov and Sinkov (2020).

A rigorous coupled flow-geomechanics semianalytical approach
to analyze flowback data and forecast production performance in
multifractured horizontal wells is presented in Lamidi and Clarkson
(2022) and Fu and Dehghanpour (2022). Flowback, post-flowback
and completion-design data of 19 multi-fractured horizontal
wells (MFHWs) completed in Niobrara and Codell formations has
been analyzed in Moussa et al. (2022). The impact of capillary
pressure and flowback operational variables on hydraulically frac-
tured tight gas wells was studied in Verdugo and Doster (2022)
with the objective of understanding the clean-up process at
reservoir level and its impact on future well performance. Through
numerical reservoir simulation, different scenarios were
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investigated, varying capillary pressure, flowback duration, shut-in
duration and drawdown. These scenarios are interpreted with rate
transient analysis. The results of this work show the ambivalent
effect of capillary pressure in terms of facilitating imbibition but
also holding back water close to the fracture. The novelty of this
work consists in the findings that for lower capillary pressures,
short shut-in periods lead to a better well productivity while for
higher capillary pressure extended shut-in periods are better for
well productivity.

A more detailed review on the papers devoted to flowback
published before 2019 can be found in the previous study by
Osiptsov et al. (2020) and in the papers cited therein.

This work is a continuation of our study with the focus on
expansion of the geomechanics/fluid mechanics effects in the
fracture conductivity model during flowback, integration of the
fracture flowback model with a fracture design and long-term
production simulators (as shown in Fig. 1) as well as history
matching of the developed flowback model to field data of four
multistage hydraulically fractured oil wells in Achimov terrigenous
formation of Western Siberia, Russia. Field testing campaign was
discussed in Osiptsov et al. (2019), Vainshtein et al. (2020, 2021).

Mathematical model of fracture cleanup and flowback pre-
sented in our previous paper (Osiptsov et al., 2020) is extended to
include the effect of yield stress of fracturing fluid (unbroken cross-
linked gel typically used to create hydraulic fractures in traditional
rock formations), improved description of influx from reservoir into
the fracture, and several new geomechanical effects, namely, frac-
ture closure in between proppant pillars and formation of plastic
deformation zone at the fracture walls due to tensile rock failure.

More recently, the study (Zhang and Emami-Meybodi, 2022b)
presents a new type-curve method to characterize hydraulic frac-
ture (HF) attributes and dynamics by analyzing two-phase flow-
back data from multi-fractured horizontal wells. The proposed
method is applied to twomultistage hydraulically fracturedwells in
Marcellus shale gas and Eagle Ford shale oil. The papers Zhang and
Emami-Meybodi (2022a, 2020b) present a new semi-analytical
method to simulate the two-phase liquid transport in hydraulic
fractures (HF) and matrix system, which can be applied to char-
acterize HF attributes and dynamics using the flowback data from
hydraulically fractured shale oil wells. The work Zhang and Emami-
Meybodi (2021) develops a new semi-analytical method to esti-
mate HF attributes for shale gas wells exhibiting two-phase flow
based on straight line analysis. The proposed method considers
two-phase infinite acting linear flow (IALF) and boundary domi-
nated flow (BDF) for both HF and matrix domains. In addition,
matrix flow considers desorption, diffusion, slip flow, continuum
flow, stress dependence rock, and adsorbed water film in the
nanopores. Two multiphase flowback models for gas and water
phase are constructed in Zhang and Emami-Meybodi (2020a) un-
der boundary dominated flow (BDF) condition by considering gas
influx from matrix. In addition, a workflow is proposed to quanti-
tatively evaluate hydraulic fracture closure and fracture properties
using both water-phase and gas-phase flowback data. In Zhang and
Taleghani (2022), an integrated numerical model is proposed to
simulate fracture propagation, well shut-in and finally flowback
from fracture network in shales. To simulate the fracture propa-
gation with branches, a cohesive zone model with node displace-
ment is adopted. During fracture closure process, proppant stress is
integrated to consider the presence of proppants and non-linear
fracture permeability evolution is also considered to represent
the transitionfrom fracture flow to Darcy’s flow. The work Jia et al.
(2022) considered a new coupled flow-geomechanical model to
study the dynamic behavior of unpropped and propped fractures of
fractured horizontal wells in shale gas reservoir during two-phase
flowback and production. In the experimental study Guo et al.



Fig. 1. Integrated modelling framework.

Fig. 2. Sketch of the heterogeneous proppant placement after alternate-slug fracturing
with proppant pillars and particle-free channels.
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(2022), steel plates and hydraulically fractured reservoir rocks are
tested in a modified API cell to understand the impacts of flowback
rate, fracturing fluid, and closure stress on proppant flowback and
fracture conductivity.

These papers have been focused primarily on shales formations,
and hence, there is still room for development of integrated flow-
back models tied to the specifics of Achimov formations, which are
low perm but conventional.

This paper is organized as follows: Section 2 presents geo-
mechanics models of various processes accompanying fracture
flowback including fracture conductivity degradation during
flowback with account for fracture closure in between proppant
pillars with rock creep; in Section 3 we present the fluid mechanics
model of fluid/fluid displacement in a proppant-filled fracture
during flowback and results of parametric study of productionwith
respect to variation in non-dimensional governing parameter and
parametric study of flowback integrated into well production
modelling workflow; Section 4 covers adaptation of the fracture
flowback model to field data collected from four oil wells in Achi-
mov formation located in Western Siberia, Russia. Conclusions and
recommendations for future work are given in Section 5.

2. Geomechanics models for fracture flowback

In this section we present a chain of geomechanics models
covering the phenomena peculiar to the process of fracture closure
on proppant during flowback and well startup: rock creep during
closure on pillars and stress variation in the rock near fracture
surface.

2.1. Fracture closure on proppant pillars with effects of rock creep

One of the contemporary variants of hydraulic fracturing tech-
nology is based on the so-called alternate slug fracturing (d’Huteau
et al., 2011), where pulses of clean fluid are interchanging with
pulses of proppant-laden suspension while pumping from surface,
which results in heterogeneous proppant placement downhole.
Eventually the fracture is filled with an array of proppant pillars
surrounded by particle-free channels. Effective height-averaged
conductivity of such system is orders of magnitude higher that
that of a fracture homogeneously filled with proppant. At the same
time, transient dynamics during flowback and well startup may
damage this excessive conductivity due to partial closure of open
fracture channels between pillars.
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2.1.1. Fracture closure on proppant pillars in linear configuration
We consider the process of fracture closure between proppant

pillars (yellow domain in Fig. 2) in the absence of rock creep
assuming linear problem configuration and plane strain approach.
During flowback, the pressure in the fracture psi is gradually
decreasing, starting from the value of the fracture propagation
pressure psi ¼ ph and attaining the pore pressure psi ¼ pr. As a result
of pressure drop (ph�psi), the proppant is packed and an effective
medium is formed (Fig. 3). With a decrease in fluid pressure in the
fracture, the confinement stress applied to proppant pillars from
the fracture faces increases, which leads to a plastic deformation of
effective medium at the boundaries of pillars/open channels in the
zones of stress concentration (Fig. 4). Transition to plasticity occurs
when the compression strength limit is attained sst.

Let the x2-axis be directed perpendicular to the fracture plane,
while the x1-and x3-axes be in the fracture plane (Fig. 4). The
stresses within proppant are given by sini22 ¼ �ðph �prÞ and
s11 ≪ s22. Further the pore pressure is decreased by the magnitude



Fig. 3. Pressure evolution during fracture initiation, propagation and closure.

Fig. 4. Loading of proppant pillars.
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of Dpd and the stress acting on proppant becomes equal to pd ¼
(ph�pr) þ Dpd.

We use the Prandtl-Reuss equations for a mediumwith internal
friction and dilatancy. These equations relate the components of
stress increments dsij with the components of the deformation
tensor increments deij (Rudnicki and Rice, 1975):

dsij ¼ Eijkldekl: (1)

Coefficients Eijkl in constitutive relations defined by Eq. (1) have
a form:
Eijkl ¼ G
��

dikdjl þ dildkj þ
�
K
G
� 2
3

�
dkldij

�
� G
H þ Gþ aLK

�
sij
T
þ K

G
Ldij

��
skl
T

þ K
G
adkl

��
; (2)
where G is shear modulus; K is the bulk modulus; H is the plastic
strengthening modulus; a is the internal friction coefficient; and L

is the dilatancy coefficient.
Plastic flow of the medium is determined by the deviatoric part

of the stress tensor sij ¼ sij�dijs, mean stress s ¼ sii/3 and the shear

stress intensity (second invariant) T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sijsij=2

q
. The condition for

plastic flow to occur is due to the Drucker-Prager criterion:

T þ aseff ¼ c; (3)
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where c is cohesion, and

seffij ¼ sij þ ðpr � DpdÞdij; seff ¼ 1
3
seffii :

We will assume that the stress state of proppant near the open
channel is uniaxial, ds11 ¼ de33 ¼ 0 and plastic strengthening
modulus of the pack is zero H ¼ 0. In this case, according to
constitutive relationships defined by Eq. (1), we write:

dseff22 ¼ E*2222de22; (4)

with

E*2222 ¼ E2222 � E2211
E1122
E1111

:

In our case

T ¼ 1ffiffiffi
3

p jseff22 j; s22 ¼ 2
3
seff22 ; s11 ¼ �1

3
seff22 :

Expressions for coefficients in Eq. (4) are formulated in
Appendix 2.

Since the stress state in proppant varies proportionally to a
single parameter Dpd, the loading is a uniaxial and Eq. (4) can be
rewritten in the form of an algebraic formula:

seff22 ¼ E*2222e22: (5)

We assume that at the beginning of flowback the cohesion c
consists the initial cohesion c0 and the term a(ph�pr)/3 due to
proppant particle compaction, so the Drucker-Prager criterion
defined by Eq. (3) can be written as:

jseff22 j þ
affiffiffi
3

p seff22 ¼
ffiffiffi
3

p h
c0 þ

a

3
ðph�prÞ

i
: (6)

Substituting Eq. (5) into Eq. (6), we find the expression for the
limiting deformation:

je22j ¼
ffiffiffi
3

p h
c0 þ

a

3
ðph �prÞ

i�
E*2222

�
1� affiffiffi

3
p
���1

:

As a result, according to Eq. (6) the full limiting stress canwritten as
follows:
js22j ¼ sst ¼
ffiffiffi
3

p h
c0 þ

a

3
ðph � prÞ

i�
1� affiffiffi

3
p
��1

þ ðpr � DpdÞ:

(7)

Note that while limiting stress sst obtained above does not
depend on the proppant pack parameters except for the internal
friction coefficient, the critical deformation |e22| depends on critical
stress, bulk compression modulus, dilatancy coefficient and shear
modulus of the pack.

We will now proceed with the study of the process of fracture



Fig. 5. Sketch of fracture deformation in the areas not supported by proppant (a) and
the numerical scheme for calculation of closure of fracture faces (b).

Fig. 6. Near-wellbore proppant-free cavity in the fracture due to overflush or proppant
flowback.
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closure between the pillars within the plane strain approach
(Fig. 5). On the free boundaries, the pressure pd ¼ ph�prþDpd is
applied. In the zones of stress concentration, the tensile strength
limit sst of the proppant pack (defined by Eq. (7)) is attained
(Fig. 5a). To determine the displacements in this system, we will
now consider the problem of a crack with a plastic zone a ¼ b�l in
the tip area (Fig. 5b). This model can be used in our case under the
assumption that there is plastic deformation in the proppant layer.

Displacements of the fracture faces v under the pressure
drawdown Dpd at x2 ¼ 0 and for the given distribution of loads
takes the form Ishlinsky (1968):
vðx1Þ ¼
ð1� nsÞ
pGs

pd

�
2
�
arcsin

l
b
� sst

pd

�
p
2
� arcsin

l
b

�� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � x21

q
þ
�
1þ sst

pd

�
½l v1ðx1Þ � x1 v2ðx1Þ�

�
;

v1ðx1Þ ¼ ln

							
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � x21

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � l2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � x21

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � l2

p
							;

v2ðx1Þ ¼ ln

							
l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � x21

q
þ x1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � l2

p
l
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � x21

q
� x1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � l2

p
							:

(8)
Here, Gs and ns are shear modulus and Poisson ratio of the
matrix.

Neglecting the proppant deformation we find a simple formula
for displacements:
vmax

l
¼ 1� n

pG
pd

b
l

8><
>:2
�
arcsin

l
b
� sst

pd

�
p
2
� arcsin

l
b

��
þ l
b

�
1þ sst

pd

�
ln
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vðx1Þ
l

¼ ð1� nÞpd
G

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x21

l2

s
(9)

In order to determine the length of the plastic zone near the
edge, we will use the solution of the Dugdale problem (Dugdale,
1960), which was obtained for the tensile crack with plastic
zones. We will assume that plastic zone is formed as a result of the
pressure dropDpd. In our case, the length of the plastic zone a¼ b�l
is determined by the relation:

l
b
¼ cos

�
pDpd
2sst

�
; (10)
where sst is the limiting stress determined by Eq. (7).
The walls of the fracture will close on the cavity under the

condition that the maximum displacement of the fracture walls
vmax ¼ vjx1¼0 is equal to the fracture half-width:
							
0
@1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
l
b

�2
s 1

A
0
@1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
l
b

�2
s 1

A�1
							
9>=
>; (11)



Fig. 7. Numerical scheme for the problem of fracture closure on the near-wellbore
cavity.
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As a result, one could find the maximum allowable pressure
drawdown in the fracture Dpd, which is within the safe operating
interval in terms of the potential fracture pinchout between the
proppant pillars.
2.1.2. Fracture closure in the near-wellbore zone
We will now consider the possibility for fracture closure in the

near-wellbore zone. A proppant free zone may form within the
fracture in the near-wellbore zone, because of an overflush during
proppant placement (Osiptsov et al., 2018), or due to proppant
flowback during aggressive well startup. Following the line of
thought as we did in the case of fracture closure between proppant
pillars, we formulate the problem using a radial axisymmetric
configuration as shown in Fig. 6. Decrease of pressure in the frac-
ture pd results in the transition to plasticity of the proppant adja-
cent to the cavity (orange zone in Fig. 7).

The displacement of fracture faces can be written in the form
(Sneddon, 1946):
Fig. 8. Relative displacements of the fracture faces vmax between the pillars (plane problem)
line corresponds to the case of absolutely rigid proppant.
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vðrÞ ¼ 2ð1� nÞ
pG

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � r2

p 2
4sst

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

b2

s
� pd

0
@1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l2

b2

s 1
A
3
5

(12)

Assuming that the layer of proppant is strictly rigid (inelastic),
i.e., l ¼ b, we find the following formula for the displacement:

vðrÞ ¼ 2ð1� nÞ
pG

pd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � r2

p
: (13)

The length of the boundary of the plasticity zone can be deter-
mined by the formula (Li et al., 2013):

l
b
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

�
Dpd
sst

�s �
Dpd
sst

þ 1
��1

: (14)

Thus we obtained above the solutions for fracture closure in
both cases: between the proppant pillars in the bulk of the fracture
and in the cavity near the wellbore (resulting from overflush or
proppant flowback). Substituting Eq. (14) into Eq. (12), we obtain
the following expression for the maximum displacement of the
fracture face:

vmax

l
¼ 2ð1� nÞ

pG
sst þ Dpdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2st þ 2Dpdsst

q �
Dpd

sstþpd
sstþDpd

� pd

�
: (15)

2.1.3. Parametric study of fracture closure on proppant pillars
Consider the closure of a fracture between proppant pillars for a

typical rock at the depth of h ¼ 3000 m with the density of
r ¼ 2500 kg/m3, Young modulus E ¼ 1.65 � 1010 Pa and Poisson
ratio n ¼ 0.25. Cohesion of proppant particles c0 ¼ 3.6 � 104 Pa and
the inter-particle friction coefficient a ¼ 0.707. Pore pressure
pr¼ 3.3� 107 Pa, and the hydraulic fracturing pressure is calculated
using the Eaton formula (Desroches and Bratton, 2000):

ph ¼ n

1� n
ðs011 �prÞ þ pr (16)

In our case ph ¼ 4.485 � 107 Pa. We will plot the graphs of
relative displacement of fracture faces v(x1)/l for the pressure drop
Dpd ¼ 0.5 � 107 Pa (Fig. 8a), Dpd ¼ 1.0 � 107 Pa (Fig. 8b). Red line
shows displacements according to Eqs. (8) and (10) with account
for deformable proppant. Dashed line corresponds to displacement
in the case of absolutely rigid layer of proppant described by Eq. (9).
for the pressure drawdown of Dpd ¼ 0.5 � 107 Pa (a) and Dpd ¼ 1.0 � 107 Pa (b). Dashed



Fig. 9. Relative displacements of the fracture faces vmax near the wellbore (radial problem) for the pressure drawdown of Dpd ¼ 0.5 � 107 Pa (a) and Dpd ¼ 1.0 � 107 Pa (b). Red lines
show displacements of the fracture face with account for proppant elasticity. Dashed line corresponds to the case of absolutely rigid proppant.

Fig. 10. A typical creep curve.

Fig. 11. Maxwell model.

Fig. 12. Creep of tight sandstone from Changqing field. After Ding et al. (2017).
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Comparison of the curves allows us to make conclusion that the
account for proppant deformation leads to the increase in the
amplitude of fracture faces bending.

A penny-shaped fracture behaves differently. According to Eqs.
(12) and (14), in Fig. 9 we plotted red lines of relative displacement
of the fracture faces v(r)/l for the pressure drop Dpd ¼ 0.5 � 107 Pa
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(Fig. 8a) and Dpd ¼ 1 � 107 Pa (Fig. 8b). Dashed line corresponds to
displacements in the case of an absolutely rigid proppant (see Eq.
(13)). It can be seen that, with pressure dropping, the displace-
ments are smaller in the case of elastic proppant than in the case of
absolutely rigid grains.

Comparison of Figs. 8 and 9 allows us to conclude that proppant
elasticity plays differently in two cases: plane problem of fracture
closure between the proppant pillars and radial problem of penny-
shaped fracture closure near the wellbore. The reason is that there
are two competing factors affecting the wall deformation. First one
is an increase in fracture length with an increase in the plastic zone
length which intensifies the displacements of fracture faces. The
other one is that the stress in the plastic zone acts opposite to the
pressure drawdown and thus mitigates the fracture wall displace-
ments. In case of plane deformation, the former effect dominates as
it is shown in Fig. 8. In the radial deformation problem, the latter
effect is more significant due to larger plastic deformation area
distributed along the circular zone as compared to that in the plane
problem (see Fig. 9).
2.1.4. Fracture closure on proppant pillars in the presence of rock
creep

Effect of the fracture closuremay significantly amplify as a result
of the rock creep. In Fig. 10, we demonstrate a typical curve of rock
creep, which usually contains three intervals. The first interval is a
transition to the long-term steady creep, which ends up with rock
failure.

Frequently the Maxwell model of viscoelastic continuum is used
to describe steady-state creep. Themodel effectively consists of two
elements connected sequentially, a viscous one and an elastic one
(Fig. 11). Constitutive relationship for the Maxwell model has a
form:

sþ Tr
ds
dt

¼ h
de
dt
; (17)

where Tr is the relaxation time, Tr ¼ h/E.
The validity of the Maxwell model is confirmed, for example, in

the study of creep in tight sandstones in the Changqing field (Ding
et al., 2017) (Fig. 12). Using the creep curve shown in Fig. 12, we
determine the parameters of the Maxwell model:
h¼ 2.25� 1014 Pa,s, E¼ 3.937� 109 Pa. Constitutive relationship of
the Maxwell model can be represented as:

sij ¼
Ê

1þ n



eij þ

n

1� 2n
edij

�
; (18)

with



Fig. 13. Fracture closure wc with time t in the near-wellbore zone for the proppant-free cavity radius l ¼ 0.125 m (a) and l ¼ 0.25 m (b) and the initial fracture opening
w0 ¼ 5 � 10�3 m (curve 1) and w0 ¼ 7 � 10�3 m (curve 2).
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Ê ¼ hD
1þ TrD

; D ¼ d
dt
:

Using Eq. (18), we transform the solutions obtained above into
the solutions for the visco-elastic medium. Thus, for example the
velocity of fracture faces closure near the wellbore (Fig. 7) can be
written as, according to Eq. (13):

dvmax=l
dt

¼ 4
�
1� n2



ph

�
Ap þ Tr

dAp

dt

�
; (19)

where
Fig. 14. Fracture closure wc with time t between proppant pillars for the inter-pillar distanc
(curve 1) and w0 ¼ 5 � 10�3 m (curve 2).

Ap ¼ pd

�
2� cos

�
ppd
2sst

��26642
�
arcsin

l
b
� sst

pd

�
p
2
� arcsin

l
b

��
þ l
b

�
1

2209
Ap ¼ pd
sst þ Dpdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2st þ 2Dpdsst

q �
Dpd
pd

sst þ pd
sst þ Dpd

� 1
�
: (20)

For the creep of fracture faces between proppant pillars, based
on Eqs. (18) and (11), we write:

dvmax=l
dt

¼ 2
�
1� n2



ph

�
Aþ Tr

dA
dt

�
; (21)

where
e l ¼ 0.125 m (a) and l ¼ 0.25 m (b) and the initial fracture opening w0 ¼ 2 � 10�3 m

þ sst
pd

�
ln

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðl=bÞ2

q �
�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðl=bÞ2

q �
3
775:
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2.1.5. Parametric study of fracture closure on proppant pillars in the
presence of rock creep

For a particular calculation of the rock creep, let us assume the
following values of the governing parameters: h ¼ 2 � 1017 Pa,s,
Young modulus E ¼ 1.65 � 1010 Pa, Poisson ratio n ¼ 0.22, and the
relaxation time Tr ¼ 1.333 � 107 s, pr ¼ 3.3 � 107 Pa.

Calculations according to Eq. (19) allow us to analyze the process
of fracture closure w ¼ w0�2vmax(t) in the near-wellbore area. In
simulations, the pressure decline was assumed exponential
Dpd ¼ Dpmax[1� exp(kt)] for k ¼ 4.4 � 10�8 s�1, which corresponds
to pressure decline by the magnitude of Dpmax during the period of
two years. Calculations are carried out for Dpmax ¼ 1.0 � 107 Pa and
initial radius of l ¼ 0.125 m. For the initial opening of
w0 ¼ 5 � 10�3 m, we have shown that fracture closure and pinch-
out in the near-wellbore zone occurs within about 7 years (Fig. 13a,
curve 1). For the initial opening of w0 ¼ 7 � 10�3 m, the time of
fracture closure increases up to 10 years. In the case of larger initial
radius l¼ 0.25m, the closure develops faster: forw0¼ 5� 10�3 m it
takes 3 years, and for w0 ¼ 7 � 10�3 m e 5 years (Fig. 13b).

Consider now fracture closure between proppant pillars (which
are formed as a result of alternate slug fracturing). Using Eq. (21),
we evaluate the process of fracture closure between pillars for the
distance of l ¼ 0.125 m (Fig. 14a) and l ¼ 0.25 m (Fig. 14b) for the
initial fracture opening of w0 ¼ 2 � 10�3 m (curve 1) and
w0 ¼ 5 � 10�3 m (curve 2).

We note that, with the increase in the spacing between prop-
pant pillars from 0.125 m to 0.25 m, the time taken for fracture
closure and pinch-out drops by a factor of three. Comparison of
Figs. 13 and 14 shows that fracture closure between pillars (plane
problem) is more pronounced than it is in the near-wellbore zone
(axisymmetric problem). The same conclusion is valid for the
comparison of plastic zones. Rapid fracture pinch out between the
proppant pillars is related to relatively small fracture opening as
well as to the plane character of the problem of fracture closure (see
Fig. 2). For the same load, plane system (fracture opening between
pillars) shows larger deformations (more pronounced fracture
closure) as compared to the axisymmetric problem (near-wellbore
fracture zone, Fig. 6).
2.2. Variation of stress state in the vicinity of a fracture during
flowback and production

During pressure decrease in a fracture, a stretching force Dps is
exerted on the fracture face (Fig. 15a). Associated increase in the
shear stressmay lead to the transition of thematerial to plasticity at
the fracture face. Fluid filtration into the fracture will gradually
change effective stresses in the adjacent domains, which will lead
to formation of plasticity zone and its expansion into the ambient
rock (Fig. 15b).
Fig. 15. Hydraulic fracture and formation of plasticity zones.
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2.2.1. Problem formulation
To study the expansion of plasticity zone into the rock sur-

rounding the fracture, wewill formulate the mass balance equation
for elastoplastic medium in 1D using the key constitutive re-
lationships of the Biot poroelasticity model and constitutive re-
lationships of an elastoplastic medium with internal friction.
Heterogeneity of pore pressure field p creates filtration fluxes,
which can be expressed via Darcy law:

qmi ¼ �kr
m

vp
vxi

; (22)

where qmi is the mass transfer rate through a unity square in a time
unit in the i-th direction, kr is rock permeability, and m is fluid
viscosity.

Variation in fluid content in the unit volume of a porous me-
dium z is related to the bulk deformation of the porous medium
e ¼ e11þe22þe33 by the formula (see Detournay and Cheng, 1993):

p ¼ Mðz�beÞ; (23)

with

b ¼ 1� K
Ks
; M ¼ Kf

4r þ ðb� 4rÞð1� bÞKf

.
K
: (24)

where b is the Biot coefficient; and M is the Biot module; K is bulk
modulus of the fluid-saturated medium in drainage conditions; Ks
is the bulk modulus of the rock matrix and 4r is rock porosity.

In view of Eqs. (22) and (23), the mass balance equation

vz

vt
¼ �qi;j

takes the form

1
M

vp
vt

¼ k
m
V2p� b

ve

vt
: (25)

In order to find bulk deformation e, Eq. (25) should be com-
plemented with the balance condition:

vsij
vxj

¼ 0 (26)

and the Prandtl-Reuss constitutive relationships for the compo-
nents of the stress increments tensor dsij and the components of
the strain increments tensor dekl,

dseffij ¼ Eijkldekl; (27)

where seffij ¼ sij þ pdij.

Coefficients of constitutive relationships determined by Eq. (27)
are described by Eq. (2) with dilatancy L set to zero (Rudnicki and
Rice, 1975).

According to Eq. (2), plastic flow is determined by the deviatoric
part of the stress tensor sij ¼ seffij � dijseff , mean stress seff ¼ seffij =3

and intensity of shear stress

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1
2
sijsij

r
: (28)

We consider the case of 1D filtration corresponding to linear
filtration regime in reservoir and assume that e11 ¼ e22 ¼ 0 and
e ¼ e33. In this case, Eq. (27) take the form:
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dðs11þbpÞ ¼ E1133de33; dðs22þbpÞ¼ E2233de33;
dðs33þbpÞ¼ E3333de33: (29)

Assuming that seff22 ¼ seff11 and taking into account expressions for
the deviatoric part of the stress tensor

s11 ¼ s22 ¼ 1
3
ðseff11 � seff33 Þ; s33 ¼ �2

3
ðseff11 � seff33 Þ;

we rewrite the intensity of shear stress defined by Eq. (28) in the
form

T ¼ 1ffiffiffi
3

p
			seff33 � seff11

			
As a result, elastic moduli can be written as

E1133 ¼ E2233 ¼ K � 2
3
Gþ Ac
ppl ¼
�
c
ffiffiffi
3

p
þ s

0ðeffÞ
11

�
1� 2affiffiffi

3
p
���

ð1� lÞð1� bÞ þ bþ affiffiffi
3

p ½ � 2bþ ð1þ 2lÞð1� bÞ�
��1

(34)
E3333 ¼ K þ 4
3
Gþ 2Ac

Ac ¼ sgn


seff11 �seff33

� 1ffiffiffi
3

p G2

HþG
�
�
� sgn



seff11 �seff33

� 2ffiffiffi
3

p þK
G
a

�

Substituting Eq. (29) into the balance equation (Eq. (26)), we
obtain:

e ¼ e33 ¼ E�1
3333bp; (30)

According to Eq. (30), the mass balance equation (Eq. (25)) takes
the form:

vp
vt

� k
v2p
vx23

¼ 0; (31)

with

k ¼ k
m

�
b2E�1

3333 þ
1
M

��1

We will now determine the condition at the boundary of the
plastic flow zone, using the Drucker-Prager threshold condition:

T þ aseff ¼ c (32)

with

T ¼ 1ffiffiffi
6

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðseff11�seff22 Þ

2þðseff22�seff33 Þ
2þðseff33�seff11 Þ

2
q

;

where seff ¼ seffij dij is themean stress; c is cohesion; a¼ sin4a is the

internal friction coefficient, and 4a is the internal friction angle.
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Stresses at the boundary of the fracture wall are determined
from the relations

seff33 ¼ pð1� bÞ; l ¼ n

1� n

seff11 ¼ s
0ðeffÞ
11 � bp� lpð1� bÞ;

seff22 ¼ s
0ðeffÞ
22 � bp� lpð1� bÞ;

(33)

where s
0ðeffÞ
11 ; s

0ðeffÞ
22 are the initial stresses caused by the over-

burden weight.

Initial stress s0ðeffÞ22 depends on the weight of the rock as well as

on tectonic stress s
tðeffÞ
22 and is equal to s

0ðeffÞ
22 ¼ ls

0ðeffÞ
11 þ s

tðeffÞ
22 .

Substituting Eq. (33) into Eq. (32), we find the expression of the
pressure ppl at the boundary of the plasticity zone hpl. The corre-
sponding equation is non-linear and can be solved, for example, by

the Newtonmethod. In case when the rock stress are equal s0ðeffÞ11 ¼
s
0ðeffÞ
22 , the expression for ppl is as follows:
Now let us formulate the problem of the motion of the front of
plastic flow. Assume that, at the initial time instant, pore pressure in
the matrix is overall uniform and equal to pr. Then, pressure in the
fracture at the boundary x3� 0 at t¼ 0decreases to the value of pf and
inwhat follows ismaintained the same (Fig.15). Indistancedpoints at
x3/∞, the pressure remains constant and is equal to pr. Assume that

stresses in the domain 0 � x3 � xð1Þ3 ðtÞ exceed the strength limit
(Fig. 16). The pressure within this domain is denoted as p(1) and
outside this domain as p(2), we write the mass balance equations:

vpð2Þ

vt
� kð2Þ

v2pð2Þ

vx23
¼ 0; xð1Þ3 � x3 � ∞

vpð1Þ

vt
� kð1Þ

v2pð1Þ

vx23
¼ 0; 0 � x3 � xð1Þ3

(35)

with
Fig. 16. Propagation front of the plasticity zone.
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kð2Þ ¼ M
k
m

�
1þ b2

M
2G

1� 2n
1� n

��1

;

kð1Þ ¼ M
k
m



1þ b2ME�1

3333

��1

Corresponding boundary and initial conditions take the form:

x3 ¼ 0; t >0 : pðx3; tÞ ¼ p
x3 ¼ ∞; t � 0 : pðx3; tÞ ¼ 0

t ¼ 0 : pðx3; tÞ ¼ 0
(36)

These conditions are complemented by the equality of pressure
at the boundary between the plastic and elastic domains:

x3 ¼ xð1Þ3 : pð2Þðxð1Þ3 ; tÞ ¼ p1ðxð1Þ3 ; tÞ ¼ ppl ¼ const:

Note that this formulation is equivalent to the Stefan problem of
propagation of a solidification front (see Gupta (2017); Osiptsov
(2007)). Since the front is moving with an a priori unknown veloc-
ity, there must be an additional condition specified at this front, in
addition to boundary and initial conditions Eq. (36) for equations

Eq. (35). Let the front be displaced at a distance dxð1Þ3 over the time dt.
In this case, the volumeoffluid on the left and on the right of the front
shouldbeequal to thevolumeof thepores in theareaovercomeby the
front over dt. When approaching the boundary from the plastic zone,
the porosity adjusted for deformation and determined according to
Eq. (30) is equal to

4pl ¼ 4r þ E�1
3333bppl;

and the limit when approaching the front from the elastic zone is:

4e ¼ 4r þ
�
K þ 4

3
G
��1

bppl;

As a result, using the Darcy law determined by Eq. (22) we
obtain the equation:

x3 ¼ xð1Þ3 ðtÞ : k
m

vp1
vx3

� k
m

vpð2Þ

vx3
¼ �D4

vxð1Þ3
vt

with

D4 ¼ 4pl � 4el ¼
"
E�1
3333 �

�
K þ 4

3
G
��1

#
bppl:

Solution of Eq. (35) with conditions formulated above in Eq. (36)
leads to the following distribution of pressure (details of the deri-
vation are given in Appendix 3):

0 � x3 � xð1Þ3 :

pð1Þ ¼ pð2Þ þ ðppl � pð2ÞÞerf
�

x3

2
ffiffiffiffiffiffiffiffiffiffi
kð1Þt

p ��
erf
�

c

2
ffiffiffiffiffiffiffiffi
kð1Þ

p
���1

(37)

xð1Þ3 � x3 � ∞ :

pð2Þ ¼ ppl

�
1� erf

�
x3

2
ffiffiffiffiffiffiffiffiffiffi
kð2Þt

p ���
1� erf

�
c

2
ffiffiffiffiffiffiffiffi
kð2Þ

p
���1

The front of plasticity x3 ¼ xð1Þ3 is moving with the following
velocity vpl expressed as follows:
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vpl ¼
vxð1Þ3
vt

¼ c

2
ffiffi
t

p (38)

In order to use the relations obtained above in simulations, one
needs to evaluate the Biot parameters b and M (see Eq. (24)) and,
consequently, elastic properties of the rock matrix Es and ns. To
determine matrix properties, we consider relations of the me-
chanics of media with a large number of pores and fractures
Kachanov et al. (1994):

E
Es

¼
�
1þ 4r

1� 4r

3ð1� nsÞð9þ 5nsÞ
2ð7� 5nsÞ

��1
;

n ¼ E
Es

�
ns þ 4r

1� 4r

3ð1� nsÞð9þ 5nsÞ
2ð7� 5nsÞ

�
:

(39)

Here, E and n are corresponding effective mechanical parameters of
fluid-saturated rock.

Using Eq. (39), we find Poisson ratio for the rock material:

vs ¼ B�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 � 4AC

p

2A
;

with

A ¼ 5
�
3

4r
1� 4r

ð1� nÞ þ 2
�
;

B ¼ 2
�
6

4r
1� 4r

ð1þ nÞ þ 5nþ 7
�
;

C ¼
�
3

4r
1� 4r

ð9n� 1Þ þ 14n
�
:

2.2.2. Parametric study of plastic zone propagation in rock
formation surrounding hydraulic fracture during flowback

Assume the following particular values of the governing pa-
rameters: fluid viscosity m ¼ 10�3 Pa,s, rock permeability
k ¼ 0.986 � 10�15 m2 (1 mD), fluid bulk modulus Kf ¼2�109 Pa,
porosity 4r ¼ 0.17, Young modulus E ¼ 1.65 � 1010 Pa, Poisson ratio
n¼ 0.25, cohesion c¼ 5.87� 106 Pa, and internal friction coefficient
a ¼ 0.86.

Based on Eqs. (38) and (39), we determine the rock parameters
Es ¼ 2.328 � 1010 Pa, vs ¼ 0.261, and then the Biot parameters:
b ¼ 0.322 and M ¼ 1.06 � 1010 Pa.

Assuming the rock density of r ¼ 2500 kg/m3, we find initial
stresses at the depth of h ¼ 3000 m. Specifying pore pressure of
pr ¼ 3.3 � 107 Pa, we use Eq. (34) to calculate the pressure drop at
which the tensile strength is exceeded: ppl ¼ 9.73 � 106 Pa. Then,
specifying the pressure drop to be p¼ 1.2� ppl and solving Eq. (71),
we obtain the parameters D4 ¼ 4.1 � 10�2 and c¼ 0.31. This allows
us to plot the propagation velocity of the plasticity front vpl
(Fig. 17a) according to Eq. (38) and its coordinate xð1Þ3 (Fig. 17b) as
functions of time.

For porosity of 4r ¼ 0.04 we obtain ppl ¼ 7.23 � 106 Pa,
D4¼ 8.1� 10�3, c¼ 0.063, and the Biot parameters: b¼ 0.0862 and
4.195 � 1010 Pa. Note that the smaller the porosity, the faster is the
propagation of the plasticity front (i.e., in the case of a more
monolithic material).

The equation constructed above allows one to obtain the Carter
leak-off coefficient CL with the help of analytical solution deter-
mined by Eq. (37) and Darcy law (see Eq. (22)). As a result, we find
the rate of mass transfer through the boundary x3 ¼ 0:



Fig. 17. Propagation velocity of the plasticity front vpl (a) and its coordinate xð1Þ3 (b) as functions of time (in hours).
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qjx3¼0 ¼ CLffiffi
t

p ; (40)

with

CL ¼
pð2Þ � pplffiffiffiffiffiffiffiffiffiffiffi

pkð1Þ
p

erfðc
.
2
ffiffiffiffiffiffiffiffi
kð1Þ

p
Þ

(41)

At the end of this section we would like to note that the proposed
solution, while based on well-known theoretical approaches of
mechanics of deformable media, contains a number of simplifying
assumptions related to evolution of pore pressure and fluid filtra-
tion in the rock formation surrounding hydraulic fracture as well as
to rock deformation process. Validation of the proposed model can
be carried out in a thoroughly-planned laboratory experiment,
which is out of the scope of our study.
3. Impact of fluid-fluid displacement on fracture conductivity

In the current section we formulate the mathematical model of
filtration in a propped fracture during flowback with account of
geomechanics (non-elastic proppant pack compaction, proppant
embedment, tensile rock failure and fracture closure in between
proppant pillars) and fluid mechanics effects (multiphase filtration,
fines transport, proppant pack colmatation and displacement of
yield-stress fracturing fluid representing unbroken cross-linked
gel). Our goal is to study the fracture conductivity and cleanup
dynamics during flowback, and, in particular, to investigate the
relative importance of various factors contributing to fracture
conductivity degradation.

We assume that during flowback the hydraulic fracture is closed
on proppant pack (either uniform or in isolated pillars), which is
filled initially with the yield-stress fracturing fluid (unbroken cross-
linked gel). While accurate study of flowback in a fracture filled
heterogeneously with proppant pillars requires 2D formulation, we
study it in a simplified 1D formulation. This allows to analyze
quantitatively the effect of fracture closure in between isolated
proppant pillars in typical flowback conditions.

Before the start of flowback, the pore pressure inside the
proppant pack is equal to the pore pressure inside the surrounding
rock matrix, so that the “fracture-rock” system is in equilibrium.
Then the bottom-hole pressure in the well decreases according to a
certain dynamics of the choke opening at the surface, which trig-
gers the influx of reservoir fluid through the fracture walls. At this
2213
stage, surface choke dynamics is represented by a piece-wise
constant bottom-hole pressure as a function of time, while in our
future studies, we plan to develop a coupled “wellbore-hydraulic
fracture” model.

For simplicity, we consider the flowback in a single wing of a
hydraulic fracture approximated by a 1D model, which assumes
that the fracture is elongated in the horizontal direction, its height
is constant, while its aperture is a function of coordinate and time
according to geomechanics model describing fracture compaction
and proppant embedment. Details of the mathematical model of
fracture flowback are presented below.
3.1. 1D model for fluid-fluid displacement in a fracture

Fracture flowback model including various hydrodynamical and
geomechanical effects was formulated in our previous study
(Osiptsov et al., 2020). The model takes into account proppant
embedment and compaction (which are inelastic processes), as
well as compressibility of fluids and transport of solid particles. In
the current study we extend the model by taking into account the
following effects: (i) viscoplastic rheology of hydraulic fracturing
fluid, which mimics the unbroken cross-linked gel filling initially
the proppant pack due to failure of breakers (Al-Fariss and Pinder,
1987; Bird, 2002), and (ii) coupled model for influx from reser-
voir taking into account two-phase filtration in reservoir in linear
regime, while in our previous study we used Carter law for
reservoir-fracture flux based on analytical solution to pressure
diffusion equation in reservoir valid for single-phase filtration and
uniform initial pore pressure distribution (Carter, 1957).

Governing equations describing fracture flowback are formu-
lated as follows:

v

vt
½rfi si4w� þ v

vx
ðrfi uiwÞ ¼ riqi; i ¼ 1;2; (42)

u1 ¼ � Vp
jVðpÞj

�
kk1
m1

�		Vp		� ayty

 �1=n

; jVpj � ayty >0; (43)

u1 ¼ 0; jVpj � ayty � 0; ay ¼
ffiffiffiffiffiffiffiffi
4C 0

2k

r
; (44)

m1 ¼ Hf
4

�
3þ 1

n

�n

ð8k4C0Þð1�nÞ=2 (45)
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u2 ¼ �kk2
m2

Vp; (46)

k ¼ r2p4
3

C0ð1� 4Þ2
; (47)

w ¼ w0ð1� e33Þ � 2e0; (48)

4 ¼ 40 � e33; (49)

rfi ðpÞ ¼ rfi;0ð1:0þ bi½p�p0�Þ (50)

Here by index i ¼ 1, 2 we denote parameters of hydraulic frac-
turing fluid and oil, respectively; rfi ðpÞ are densities of the fluids (bi
are fluid compressibilities and rfi;0 are fluid densities at the refer-

ence pressure p0); si are fluid saturations inside the proppant pack;
4 and 40 are current and initial porosities of the pack;w andw0 are
current and initial apertures of the fracture; ui are filtration ve-
locities of the fluids, qi are fluid filtration velocities at the fracture
walls describing influx from reservoir (we neglect the volume of
fluid leaked off into formation during hydraulic fracturing process,
so that q1 ¼ 0); k is permeability of the pack; rp is the proppant
radius, ki are relative permeabilities of proppant pack; m1 is effective
viscosity of the hydraulic fracturing fluid (plastic viscosity)
described by Herschel-Bulkley rheology model with consistency
index Hf, power-law index n and yield stress ty; m2 is oil viscosity; p
is fluid pressure inside the proppant pack, x is the coordinate along
fracture, e33 is relative deformation of proppant pack due to
compaction, e0 is the depth of embedment into fracturewalls, C0 is a
constant in Cozeny-Carman correlation between proppant pack
porosity, permeability and particle diameter. Eq. (47) describes the
relation between the permeability and porosity of the proppant
pack (Carman, 1937). More details on models describing proppant
pack compaction and embedment models are provided in
Appendix 1.

In numerical implementation of the fracture flowback model
described abovewe use alternative and equivalent form of Eqs. (43)
and (45) (originally formulated in (Al-Fariss and Pinder, 1987; Bird,
2002)) describing filtration of yield-stress fluid and effective
viscosity:

u1 ¼ �kk1
m1

gðjVðpÞjÞVp; jVpj � aty >0; (51)

gðjVðpÞjÞ ¼
�
1� aty

jVðpÞj
�1=n

; jVðpÞj ¼
				vpvx
				 (52)

m1 ¼ jVðpÞjðn�1Þ=n3nþ 1
2n

 ffiffiffi
2

p

2

!ðnþ1Þ=n�
4C

0

k

�ð1�nÞ=ð2nÞ
H1=n
f (53)

Here, function g(|V(p)|) varies in the range in between 0 and 1
and describes a decrease in mobility of a yield-stress fluid when
local pressure gradient approaches the critical value aty; note that
effective viscosity determined by Eq. (53) differ from that described
by Eq. (45).

The difference of current filtration model from the previous one,
presented in Osiptsov et al. (2020), is taking into account visco-
plastic rheology of fractured fluid as described by Eqs. (43)e(45)
obtained in Al-Fariss and Pinder (1987) for filtration of fluid with
Hershel-Bulkley rheology (in the simulations we consider Bingham
rheology with n ¼ 1).
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Filtration model described by Eqs. (42), (46), (50) and (51) (with
w ¼ 1 and qi ¼ 0) is also used to describe filtration of Newtonian
fluids (water and oil) in the reservoir, in contrast with the model
described in Osiptsov et al. (2020), where flux from a rock forma-
tion into the fracture is described using Carter law. Note that Carter
analytical solution to pressure diffusion equation is valid only for
single-phase filtration, uniform initial pressure distribution in
reservoir and steady pressure in the fracture. The model deter-
mined by Eqs. (42), (46), (50) and (51) allows considering multi-
phase filtration, transient pressure in hydraulic fracture and initial
non-uniform pressure distribution is the rock formation after hy-
draulic fracturing. We assume that only water phase from frac-
turing fluid penetrate into the reservoir, so that leaked-off
fracturing fluid is water (with similar parameters as that of reser-
voir brine for simplicity). Both Carter analytical and numerical
reservoir flux models are valid in linear reservoir regime only, in
which fluid streamlines are perpendicular to the fracture walls.
Depending on parameters of reservoir and hydraulic fracture, linear
filtration regime can be either very long (of order of year for very
low-permeability formations) or very fast (for high-permeability
formations). Using the approach on determining the duration of
filtration regimes in fractures reservoirs formulated in Economides
and Nolte (2000), we conclude that the typical duration of linear
filtration regime in Achimov terrigenous reservoirs of Western
Siberia is in the range in between two weeks and a month.

In the current study we assume that at the initial time instant
the pressure in the reservoir and hydraulic fracture is uniform. At
each time step, the numerical coupling in between hydraulic frac-
ture and reservoir filtration models is as follows: (i) solve numer-
ically Eqs. (42), (46) and (50) formulated for reservoir parameters at
current boundary conditions (i.e., distribution of pressure inside
the hydraulic fracture and pore pressure at external reservoir
boundary): to obtain the filtration velocity at the fracture walls (q2
in Eq. (42) describing filtration in the fracture); solve numerically
Eqs. (42)e(50) describing filtration in the fracture to update dis-
tribution of pressure; (iii) repeat steps (i) and (ii) until convergence
criterion is met:

��ps � ps�1
��

kpsk < etol

where s is the number of fixed-point iteration at each time step; p is
the vector composed of pressure values approximated at mesh
nodes; k ,k is a certain norm (e.g., L2 or L∞) and etol is a convergence
tolerance.

Numerical solution to the filtration equations both in the hy-
draulic fracture and in the reservoir is obtained using IMPES
method (implicit pressure explicit saturations) and finite difference
approximation at staggered uniform grid. The implemented nu-
merical algorithm is also used in Redekop et al. (2021), inwhich the
mesh convergence is shown. Influx form reservoir is calculated only
in several mesh nodes (test numerical calculation showed that the
flux from reservoir have to be calculated at least in 3 nodes
distributed uniformly along the fracture to preserve the accuracy of
calculations of around 1%). Influx in the rest of mesh nodes is
calculated using the linear interpolation.

3.2. Numerical simulations of fracture flowback

3.2.1. Modelling of the flow in hydraulic fracture with a non-
uniform proppant distribution

In this subsection we present the result of simulations of flow-
back in a hydraulic fracture filled heterogeneously with proppant in
the form of isolated pillars according to the model formulated in
Section 2.1.
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For test purposes we consider the following artificial example:
fracture length L ¼ 10 m, distance between pillars is 0.25 m, length
of pillars is 1 m; initial fracture aperture isw¼ 5� 10�3 m. The rest
of input parameters are shown in Table 1.

Inside the pillars, the proppant pack is subject to compaction
and embedment into fracture walls according to Eqs. (48), (49) and
Table. 7 (see Appendix 1). In between pillars, fracture opening is
described according to Eq. (8), porosity is set to 1 and permeability
corresponds to the one of a plane channel with Poiseuille velocity
profile Witherspoon et al., 1980:

k ¼ w2

12
(54)

Note that in the derivation of geomechanics model for the
fracture closure in between proppant pillars described by Eqs. (8) -
(10), pressure is assumed to be constant along the fracture, while
this is not the case for fracture flowback. We assume that the
pressure does not vary significantly along the pillars l as introduced
Fig. 18. Distribution of aperture (in millimeters) along the fracture filled with proppant pillar
which deformation of fracture walls in between pillars is calculated using Eq. (8) (pack defo
which proppant deformations are ignored; in plot (a), bottomhole pressure drops by 5 � 10
into account; in plot (b), pressure drops by 107 Pa instantaneously and deformation in frac

Table 1
Parameters of fracture, reservoir and fluids.

Parameters and dimensions Values

Fracturing fluid density, kg/m3 1000
Fracturing fluid plastic viscosity, Pa$s 0.4 � 10�3

Irreducible frac. fluid saturation in reservoir 0.39
Irreducible oil saturation in reservoir 0.32
Initial pressure in fracture and reservoir, Pa 3.55 � 107

Final pressure in wellbore, Pa 2.55 � 107

Fracture height, m 16
Initial fracture width, m 5 � 10�3

Initial fracture permeability, m2 1.082 � 10�9

Initial fracture porosity 0.426
Reservoir porosity 0.07
Fracturing fluid compressibility, 1/Pa 4.4 � 10�10

Oil compressibility, 1/Pa 1 � 10�9

Reservoir Poison coefficient 0.2575
Reservoir Young module, Pa 1.675 � 107

Principal stress in reservoir, Pa �6.81 � 108

Reservoir internal friction angle, degree 62.2
Reservoir friction coefficient 0.25
Rock cohesion, Pa 3.6 � 107

Proppant radius, m 0.5 � 10�3

Reservoir permeability, m2 0.986 � 10�15
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in Section 2.1, which is valid if l≪ L, where L is the fracture length or
height scale.

We carried out calculations with the pressure drop of 5 � 106 Pa
in a wellbore, which is developed during 0.5 day. The duration of
flowback process calculated is 3 days. Our goal is study the effect
proppant pack deformation on fracture closure in between pillars
as described by Eqs. (8) and (9), the results of calculations are
shown in Fig. 18.

We obtained that the difference between the fracture aperture
described by models descibed by Eqs. (8) and (9) is not significant
in case of 5 � 106 Pa pressure drop (blue and green curves almost
coincide in Fig. 18a). Fracture closure in between proppant pillars is
most pronounced in the vicinity of the wellbore, whereas the
closure of a fracture filled by proppant pillars does not change
significantly along its length.

We also carried out calculations of fracture flowback at the
larger instant bottomhole pressure drop of 107 Pa (Fig. 18b). For
simplicity, we do not take into account compaction and embed-
ment of proppant pillars (parameters e33 and e0 are set to zero in
Eqs. (48) and (49)). The difference between the models of fracture
closure in between pillars defined by Eqs. (8) and (9) is still insig-
nificant and does not affect total oil production. Therefore, for
fracture flowback modelling using parameters from Table 1, we can
use the simplified model of fracture closure described by Eq. (9).
3.2.2. Effect of the bottomhole pressure drop dynamics on the
fracture cleanup and oil production

There are three major competing factors affecting fracture
conductivity degradation during flowback, namely, geomechanics,
influx from reservoir and yield stress of unbroken hydraulic frac-
turing gel. In terms of geomechanics, the highest oil production can
be achieved during a slow pressure drop to prevent non-elastic
deformation of the pack (especially, for sand proppant grains)
and rock formation (proppant embedment and tensile failure). In
terms of the influx from the reservoir and the yield stress of the
fracturing fluid, on the contrary, a rapid pressure drop leads to
higher oil production.

We perform parametric study of fracture flowback to find the
optimum wellbore pressure drop scenario to obtain the highest oil
production. A number of calculations is carried out with different
initial values of dimensionless fracture conductivity (CFD ¼ kfw/
s; initial aperture is shown by purple curve; green curve shows the fracture aperture, in
rmation is taken into account), while the blue one corresponds to the model Eq. (9), in
6 Pa during 0.5 days and deformation in fracture zones filled with proppant are taken
ture zones filled with proppant are ignored.
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(krxf)), which is typically used to evaluate steady-state production
regime in fractured wells. We also evaluate the effect of yield stress
of unbroken cross-linked gel (ty ¼ 1 Pa) and compare the results
against the simulations of flowback in the hydraulic fracture filled
initially with a Newtonian fluid (ty ¼ 0). In the simulations, reser-
voir permeability is varied in the range from 0.986� 10�18 m2 (0.01
mD) (very tight sandstone) to 0.986 � 10�12 m2 (1 D) (high-
permeable sandstone), initial fracture width is 3 � 10�3 m and
5.78 � 10�3 m, fracture length is 157 and 250 m. We consider three
pressure drop scenarios: a linear decrease during 2 h, 1 day and 7
days by 107 Pa with respect to an initial reservoir pressure. The
flowback period, after which we evaluated the production, is set to
100 days. The rest of the parameters are shown in Table 1.

To determine the optimal pressure drop scenario, we introduce
a parameter DQ which is the ratio of oil production from the frac-
ture calculated at the pressure drop either during 1 day or 7 days
(moderate and slow cleanup) to that during 2 h (fast or aggressive
cleanup):

DQ ¼ Q1d=7d

Q2h
� 100% (55)

Here Q2h and Q1d/7d are volumes of oil produced during 100 days
from the hydraulic fracture with bottomhole pressure drop during
2 h, 1 day and 7 days, respectively. The results of calculations of
relative production volumes with different initial CFD are presented
in Fig. 19. According to the definition of parameter DQ, values DQ <
100% correspond to the case when fast cleanup (bottomhole pres-
sure drops during 2 h) provides higher oil production as compared
to that in fractures with the moderate or slow cleanup (bottomhole
pressure drops during 1 day or 7 days), while if DQ > 100%, the
Fig. 20. Relative oil production DQ against reservoir-to-fracture permeability ratio evaluated

Fig. 19. Relative oil production DQ against initial dimensionless fracture conductivity CFD. Plo
oil production change with the pressure drop maintained during 1 day, while orange dots
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moderate or slow cleanup are preferable in terms of the total oil
production.

When the fracturing fluid is viscous (yield stress is zero, see
Fig. 19a), the plot can be divided into four sections with qualita-
tively different behaviour of oil productionwith respect to a change
in the bottomhole pressure drop dynamics: for CFD > 13, the fastest
pressure drop scenario (aggressive cleanup) is preferable; for
2 < CFD < 13, the optimal pressure drop time period is in between
2 h and 7 days (moderate cleanup). For 1.3 < CFD < 2, the slowest
pressure drop scenario is the best (slow cleanup); and for CFD < 1.3,
the moderate cleanup (during 1 day) is preferable.

If the fracture is filled initially with unbroken cross-linked gel
(yield stress is 1 Pa, see Fig. 19b), we also found four qualitatively
different regions in the plot of DQ against CFD: for sufficiently large
initial dimensionless fracture conductivity (CFD > 13), the fastest
pressure drop scenario is most effective; for 1.3 < CFD < 13, the
slowest rate of pressure decline provides the highest oil produc-
tion; for 0.13 < CFD < 1.3, the moderate slow pressure drop is
preferable; for CFD < 0.13, the fast pressure drop provides the
highest oil production.

Dimensionless fracture conductivity CFD is not an independent
non-dimensional parameter determining the flowback process
described by the coupled “fracture-reservoir” model (see Section
3.1). There are four dimensionless parameters, describing hydro-
dynamics as defined below:

Nk ¼ kr
kf0

; Ng ¼ L
w0

; Ny ¼ atyL
Dp

; NSh ¼ Tsc
Tdrop

(56)

where Dp is total (maximum) bottomhole pressure drop; Tdrop is a
time scale of bottomhole pressure decrease; Tsc is hydrodynamic
at the start of flowback Nk. Calculations with pressure drop in 1 day (a) and 7 days (b).

ts (a) and (b) correspond to ty ¼ 0 and 1 Pa, respectively; by blue dots we show relative
correspond to that during 7 days.



Fig. 21. Relative oil production DQ vs initial Ng. Calculations with pressure drop in 1 day (a) and 7 days (b).

Fig. 22. Scheme for choosing the best pressure drop scenario.
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time scale calculated using velocity and length scale of the problem
(see below); Nk is the ratio of initial fracture permeability to the
reservoir permeability; Ng is the fracture geometric parameter, the
ratio of fracture length to the average initial aperture (CFD ¼ 1/
(NkNg)); group Ny is the dimensionless critical pressure gradient
determined by the yield stress of the fracturing fluid; and NSh is the
Strouhal number determining the ratio of the hydrodynamic time
scale to the time scale determining the dynamics of boundary
conditions (i.e., time interval of bottomhole pressure drop). Pa-
rameters defined by Eq. (56) enter non-dimensional formulation of
flowback problem described by Eqs. (42)e(50) obtained using the
following procedure: fracture aperture w* is scaled with the
average initial aperture w0, pressure p* is scaled with total
(maximum) bottomhole pressure drop Dp, filtration velocity u is
scaled with velocity U determined according to Darcy law for
filtration of oil and hydrodynamic time scale of the problem Tsc is
determined according to the fracture length and velocity scale U as
follows:

p* ¼ p� pw
Dp

; U ¼ kf ;0
m2

Dp
L
; Tsc ¼ 40L

U
¼ 40L2m2

kf ;0Dp
: (57)

Complete set of non-dimensional parameters determining the
flowback process described by Eqs. (42)e(50) also includes
dimensionless compressibilities of fluids, fracturing fluid-to-oil
viscosity ratio, reservoir brine-to-oil viscosity ratio and the set of
parameters determining geomechanical processes. As these pa-
rameters usually do not vary significantly at the scale of a single
oilfield, we do not consider their effect on fracture cleanup in the
framework of parametric study.

The dependence between relative oil production and parameter
Nk is presented in Fig. 20.

We obtained that for Nk � 10�6 fast pressure drop is preferable;
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for Nk > 10�5, pressure drop during 1 day always provides higher oil
production, and for Nk in between 10�6 and 10�5, the pressure drop
during 7 days is always preferable in case of the yield-stress frac-
turing fluid with ty ¼ 1 Pa.

We also studied the dependence betweenDQ and dimensionless
geometric parameter Ng at a fixed value of Nk (Fig. 21).

The main trend shown in Fig. 21 is an increase in DQ with an
increase in Ng. In the case of a viscous fracturing fluid (zero yield
stress), when Nk ¼ 10�6, 1 day-long pressure drop period is pref-
erable if Ng � 5.2 � 104, and 7 day-long period provides the best
results when Ng > 5.2 � 104.

The results of parametric study can be summarized in a single
scheme for choosing the best pressure drop scenario to obtain the
highest oil production depending on the values of dimensionless
parameters Nk, Ng and Ny (see Fig. 22).
3.2.3. Evaluation of tensile rock failure during fracture cleanup
In this sectionwe evaluate tensile rock failure accompanying the

flowback, which is rock disintegration due to excessive stretching
strain of formation in the vicinity of a hydraulic fracture during a
rapid pressure drawdown, the corresponding model is described in
Section 2.3. Note that themodel is one-way coupledwith themodel
describing filtration in a proppant pack, so that it does not affect the
flowback process in the current version of model described by Eqs.
(42)e(50); it is used to evaluate qualitatively (i.e., whether the ef-
fect occurs or not) the negative effect of the rock failure on a
flowback during a certain pressure drawdown.

Using the values of input parameters shown in Table 1, we
calculate the threshold pressure drop Dps determining a plastic
deformation of fracture walls leading to the tensile rock failure. We
obtained that Dps ¼ 4.04 � 107 Pa for initial rock pore pressure of
3.55� 107 Pa and 4.37� 107 Pa for theminimum rock pore pressure
of 2.55 � 107 Pa reached at the end of cleanup. A typical pressure
drop during fracture flowback in Achimov formation of Western
Siberia, Russia, is 1.5 � 107 Pa. Therefore we conclude that tensile
rock failure does not occur during flowback process running at
conditions described in Table 1.
3.3. Integrated well stimulation and production modelling:
hydraulic fracturing e fracture cleanup e production

Routine modelling of production from hydraulically fractured
wells carried out by petroleum engineers starts with simulations of
hydraulic fracturing process using commercial software. The
simulated geometry and conductivity of a propped fracture are
required to model the long-term production, which, in turn, is



S.A. Boronin, K.I. Tolmacheva, I.A. Garagash et al. Petroleum Science 20 (2023) 2202e2231
carried out using a hydrodynamic reservoir simulator. The standard
simulation workflow does not include modelling of a fracture
cleanup with accompanying dynamics of the fracture conductivity
due to hydrodynamical and geomechanical effects described in
preceding sections.

3.3.1. Description of integrated modelling workflow
The fracture flowback model described above assumes simpli-

fied description of the flow in a surrounding reservoir including a
linear filtration regime and uniform reservoir properties. It allows
to investigate a dynamics of the fracture conductivity only during a
limited fracture cleanup period.

To investigate the effect of the fracture conductivity degradation
during a flowback on long-term production running beyond for-
mation linear filtration regime, we integrated the fracture flowback
model described above into the well production simulation work-
flow as presented in Fig. 1. A similar idea of integrated design of
fracture flowback - production is discussed in a chain of papers by
Potapenko et al. (2017, 2019); Chuprakov et al. (2020); Potapenko
et al. (2020).

Hydraulic fracturing process is simulated using Planar3D ILSA
model taking into account layered structure of the reservoir with a
contrast of geomechanics properties and 2D proppant transport
model taking into account gravitational convection and proppant
settling (Erofeev et al., 2019; Dontsov et al., 2019; Valov, 2021). The
resulting geometry of a propped fracture as well as 2D distributions
of fracture permeability and aperture along the fracture plane are
used as input data for fracture flowback modelling.

At the next step, 2D distributions are converted into 1D ones by
averaging over the fracture height to meet the limitations of the
flowback model described by Eqs. (42)e(50). The obtained distri-
butions are used as initial conditions for the flowback simulator.
Note that in order to preserve the stability of the numerical algo-
rithm, areas of fracture with low permeability (below
0.986 � 10�20 m2 or 10�8 D) and width (below 0.8 � 10�3 m) are
considered to be non-productive. Also, a predefined dynamics of
the bottomhole pressure is required to set the boundary condition
at well perforations. At the current stage, we set a certain dynamics
of bottomhole pressure (BHP) measured in the field data. In our
future studies, we plan to develop a coupled fracture flowback-
wellbore model, which allows to calculate the dynamics of BHP
using the dynamics of surface choke opening.

As a result of fracture flowback simulations, we obtain modified
Fig. 23. Examples of bottomhole pressure dynamics during aggressive (fast) and
smooth (slow) flowback scenarios considered in the integrated well production
simulations.
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1D distributions of fracture aperture and permeability, which allow
calculating coefficients describing relative change of fracture
permeability and aperture as follows:

Ck;i ¼
ki
k0;i

; Cw;i ¼
wi

w0;i
; Ck;i;Cw;i2½0;1�; 0 � i � N; (58)

where k0i, w0i are initial fracture permeability and aperture for i-th
grid cell along the fracture half-length; ki, wi are corresponding
properties evaluated at i-th cell along the fracture half-length ob-
tained using fracture flowback model (Eqs. (42)e(50)) and N is the
number of mesh cells.

Tomodify the fracture two-dimensional fields, these coefficients
are replicated over the fracture height in each cell of 2D compu-
tational grid. The final fracture permeability and aperture distri-
butions are calculated as a product of two 2D fields, namely, initial
fracture conductivity properties and modifying coefficients as
follows:

kij ¼ Ck;ik0;iso;i; wij ¼ Cw;iw0;iso;i; 0 � i � N; j2
h
yb;i; yt;i

i
;

(59)

where so,i is the oil saturation evaluated at the i-th cell along the
fracture half-length; yb,i and yt,i are coordinates of the fracture
bottom and top at the i-th cell along the fracture length. We
multiplied the coefficients by the oil saturation to account for
immobile fracturing fluid due to an insufficient pressure gradient
(unyielded zones in unbroken cross-linked fracturing fluid).

The next element in the simulationworkflow is prediction of the
long-term production using a hydrodynamic reservoir simulator.
2D fields of geometry and degraded filtration properties of a hy-
draulic fracture are used to predict the oil production during a
certain time period. The reservoir simulator describes the three-
phase filtration using dynamic 3D PEBI-grid (Filippov et al., 2020).

Note that the simulation chain described above can be used to
maximize the long-term production. For instance, to increase the
values of the modifying coefficients, we can adjust the hydraulic
fracture design or change the surface choke strategy to alter the
bottomhole pressure dynamics.We conducted a series of numerical
calculations with different fracture designs to study the influence of
flowback on the fracture conductivity degradation and the long-
term production.

3.3.2. Numerical simulations of the long-term production using the
integrated modelling workflow

In the section we describe results of numerical simulations of
the long-term production in fractured wells with flowback
modelled according to the model described above. In contrast to
the results of parametric study shown in Section 3.2, the production
is described using a 3D reservoir simulator, so that the limitation of
the reservoir filtration model to linear filtration regime is lifted. We
study the effect of different factors accompanying flowback on a
dynamics of the fracture conductivity and long-term production,
namely,

C initial fracture aperture;
C diameter of proppant grains filling the fracture;
C yield stress of the fracturing fluid (unbroken cross-linked

gel);
C dynamics of the pressure drop corresponding to different

choke management strategies (“aggressive” and “slow”

fracture cleanup regimes);
C proppant material type (sand or ceramics).
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3.3.2.1. Input parameters. In the series of parametric calculations
we set up a set of input parameters and only a single parameter is
varied in each run as compared to the base case, while the rest of
the parameters are fixed. Yield stress of the fracturing fluid is set to
ty ¼ 0.5 Pa, which corresponds to the results of laboratory rheology
measurements of unbroken gel used to create hydraulic fractures in
Achimov formation of Western Siberia, Russia. We consider two
bottomhole pressure dynamics obtained from field measurements
during cleanup of oil wells, namely, aggressive (fast flowback) and
smooth (slow flowback) as shown in Fig. 23; in the simulations we
use the smooth bottomhole pressure dynamics unless stated
otherwise. Also, by default, sand proppant particles are considered,
for which dependence of pack permeability and aperture on
confinement stress is described by the analytical model presented
in Appendix 1 (see Eqs. (62), (63)).

Before describing the results of simulations, we comment on the
organisation of figures shown below. In plots with 2D distributions
of hydraulic fracture properties, horizontal coordinate shows the
distance from one of the fracture tips. Fracture wings are assumed
to be identical, so that well perforations are located inmiddle of the
plot. In the figures showing the results of numerical simulations of
long-term production carried out in reservoir simulator, “init”
curve corresponds to an oil production obtained using the initial
(i.e., not degraded) fracture permeability and aperture fields.

The long-term production period in the reservoir simulator is
set to ten years. The well operates in a depletion mode with
Fig. 24. Initial 2D distributions of the fracture permeability (a) and width (aperture

Fig. 25. Results of the reservoir production modelling: effect of the initial fracture aperture (
conductivity degradation during a flowback on the long-term oil production.
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constant bottomhole pressure pwf ¼ 8 � 106 Pa. There is the
baseline fracture design with the medium width (2.5 � 10�3 m in
average) andmedium-sized proppant grains of fraction 16/20mesh
(with the mean grains diameter of around 10�3 m). The initial
width and permeability distributions of the baseline hydraulic
fracture are shown in Fig. 24.
3.3.2.2. Effect of the initial fracture aperture. Fracture aperture af-
fects the fracture conductivity significantly. We varied the average
initial fracture aperture from the narrow (1.25 � 10�3 m) to me-
dium (2.5 � 10�3 m, see Fig. 24b) and wide (5 � 10�3 m). The
calculated degraded 2D fracture conductivity fields suggest that the
narrow fracture closes near the perforations during flowback and
disconnects from the wellbore due to proppant embedment and
proppant pack compaction effects (see solid blue curve in Fig. 25).
The reason is that the pressure gradient near the perforations is the
largest, which leads to the most pronounced effect of the proppant
embedment and proppant pack compaction. We obtained that the
fracture permeability increases with a decrease in initial fracture
aperture, which can be explained by a lower velocity of transient
pressure wave propagation in the narrow fracture as compared to
the wide one (see Fig. 25a). Comparing the production from
degraded fractures with different initial designs, we conclude that
the wider the fracture, the less significant is the flowback effect on
long-term production (Fig. 25b).
) (b) for the fracture design with the medium (2.5 � 10�3 m) average aperture.

small (1.25 � 10�3 m), medium (2.5 � 10�3 m) and large (5 � 10�3 m)) and the fracture
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3.3.2.3. Effect of the proppant size. Size of proppant grains is
another important factor of fracture conductivity degradation.
Usually, the larger the proppant grains, the higher the proppant
pack conductivity due to wider pores. However, an increase in the
particle diameter leads to an increase in their settling velocity,
which limits their maximum transport length inside the fracture.
More importantly, the proppant pack with large proppant grains is
fragile since the contact areas of adjacent grains are small. The
stresses applied to the pack can lead to proppant crushing and
associated decrease in the fracture conductivity. In the fracture
flowback model, the initial fracture porosity is calculated on the
basis of the initial fracture permeability using Eq. (47). At the fixed
confinement stress, the initial fracture permeability increases with
an increase in the average diameter of the proppant grains. How-
ever, we fixed the initial fracture permeability distribution and
varied only the proppant grains diameter with the aim to study the
effect of the latter one on the long-term production at the fixed
initial conditions. As the proppant embedment into the fracture
walls is described by a semi-analytical model formulated in Eqs.
(64)e(66), maximum embedment depth of a proppant grain is
limited by its radius. We calculated the resulting 2D fracture
properties and observed that the resulting fracture aperture for
large proppant grains is smaller as compared to that obtained for
small grains. Due to the fixed initial permeability, the initial
Fig. 27. Distribution of a degraded permeability after 6 days of flowback in the hydraulic frac
(a) and 2 Pa (b).

Fig. 26. Results of reservoir production modelling: effect of diameter of proppant grain o
medium and small proppant grains, respectively).
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porosity is lower in the case of larger grains, so that the resulting
permeability in this case is not larger than that in the case of small
grains. The total volume of produced oil and oil flow rate are shown
in Fig. 26.
3.3.2.4. Effect of the yield stress. In the third series of numerical
simulations we study the effect of an initial yield stress of fracturing
fluid ty on the fracture flowback and long-term production. The
calculations are carried out for the designwith themedium fracture
aperture and proppant diameter (see Fig. 24). The length of the
mobile fracture zone, in which the local pressure gradient is larger
than the critical pressure gradient determined by the yield stress,
decreases with an increase in ty, and the oil saturation factor
introduced in Eq. (59) decreases with an increase in ty (Fig. 27).
Conductive fracture aperture after flowback (calculated by the
product of the calculated fracture aperture and oil saturation) also
decreases with an increase in ty. In Fig. 28 we compare the long-
term production of wells with fractures filled initially with an un-
broken cross-linked gel. Both total oil production and oil flow rate
curves show that an increase in the yield stress of a fracturing fluid
leads to a decrease in the long-term oil production.
3.3.2.5. Effect of the bottomhole pressure dynamics. Next we study
the effect of bottomhole pressure dynamics (smooth and aggressive
ture filled initially with an unbroken cross-linked gel with the yield stress of t0 ¼ 0.5 Pa

n long-term oil production (the sieving meshes are 12/18, 16/20 and 30/60 for large,



Fig. 28. Results of reservoir production modelling: effect of the yield stress of hydraulic fracturing fluid t0 on the long-term oil production.
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as shown in Fig. 23) on long-term oil production at the yield stress
of fracturing fluid set to 0.5 Pa. The degradation of the fracture
permeability and aperture in the aggressive flowback scenario is
more pronounced as compared to that obtained in the smooth
scenario (compare Figs. 27a and 29). In the aggressive scenario, the
Fig. 30. Results of reservoir production modelling: effect of the bottomhole pressure

Fig. 29. Distribution of a degraded fracture permeability after 6 days of the aggressive
flowback (bottomhole pressure corresponds to red curve in Eq. (23)) in the fracture
with the medium average aperture 2.5 � 10�3 m).
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pressure gradient along the fracture is larger as compared to that in
the smooth one. As a result, a damage to a near-perforation fracture
zone in the aggressive scenario is more pronounced due to prop-
pant pack compaction and embedment (corresponding oil pro-
duction is shown in Fig. 30).
3.3.2.6. Effect of the proppant material. In the final set of simula-
tions we study the effect of the proppant material on the fracture
conductivity degradation and long-term production. While
analytical expressions describing proppant pack compaction (see
Eqs. (62) and (63)) are calibrated on a sand proppant by Zheng
(2017), we consider compaction of aluminosilicate ceramic prop-
pant via the results of standard laboratory measurements provided
by proppant manufacturers. In our simulations we consider
ceramic proppant of fraction 16/20 with the compaction mea-
surements shown in Table 2. Dependence of the pack width on the
dynamics (flowback aggressiveness, see Fig. 23) on the long-term oil production.

Table 2
Laboratory measurements of permeability and width of aluminosilicate proppant
16/20-mesh pack at different applied stresses as considered in integrated numerical
simulations of well production.

Stress � 10�7, Pa Permeability � 1012, m2 Pack width � 103, m

1.36 1246 5.22
2.72 835 4.99
4.08 589 4.82
5.44 332 4.64
6.80 202 4.45



S.A. Boronin, K.I. Tolmacheva, I.A. Garagash et al. Petroleum Science 20 (2023) 2202e2231
confinement stress allow calculating deformation e33, which is then
used to calculate proppant pack porosity according to Eq. (49).

Ceramic proppant resists a large closure stress much more
effectively as compared to a sand. Therefore, we expect a decrease
in the degradation of the fracture conductivity as compared to that
obtained for the sand proppant described above. We carried out
simulations of the flowback in a hydraulic fracture filled with
ceramic sand and corresponding long-term oil production, inwhich
we varied the yield stress of a fracturing fluid. The comparison of
the produced oil volume for the sand and aluminosilicate proppant
in simulations with different yield stresses of fracturing fluid is
shown in Fig. 31.

By results of integrated production simulations shown abovewe
confirm that there are several critical factors affecting fracture
conductivity dynamics during a flowback. A sub-optimal combi-
nation of input parameters (e.g., flowback dynamics, yield stress of
fracturing fluid, proppant material) can lead to a significant fracture
conductivity damage during fracture cleanup. As a result, the long-
term oil production can be noticeably decreased (in particular,
down to zero in case of fracture disconnection from the wellbore).
4. Evaluation of a fracture conductivity degradation using
history-matched flowback model

The objective of this section is to compare the impact of geo-
mechanics and rheology effects on oil production during limited
flowback period using history-matched flowback model. We
describe the method for estimation of production losses associated
with inappropriate fracture clean-up procedure applied to four oil
wells in Achimov formation of an oilfield located in Western
Siberia, Russia, namely,

C Estimation of the fracture conductivity and effective fracture
length after flowback;

C Estimation of production losses associated with a fracture
cleanup performed outside of the safe operating envelope.
4.1. Adaptation of flowback model to field data

Two pairs of oil wells equipped with downhole gauges are
chosen for field experiment to study the impact of a flowback
Fig. 31. Results of reservoir production modelling: produced oil volume of a well with
attached hydraulic fracture filled with the sand and aluminosilicate proppant; the yield
stress of a fracturing fluid t0 is varied in the range between 0 and 2 Pa.
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dynamics on the long-term production: twowells are cleaned up in
an “aggressive” scenario and two wells in a “smooth” one. In order
to compare the results of flowback, neighbour wells were selected
from the same tight terrigenous sandstone oilfield (Achimov for-
mation, Western Siberia, Russia) with similar reservoir properties.
Design of field experiments and preliminary results of adaptation of
the flowback model to field data are formulated in SPE conference
proceedings (Osiptsov et al., 2019; Vainshtein et al., 2020;
Vainshtein et al., 2021).

In this section we provide the results of a history-matching of
the flowback model described above. Input data for flowback
modelling includes: (i) reservoir properties determined from the
core samples; (ii) rheology properties of fracturing fluids deter-
mined by laboratory measurements; (iii) fracture geometry and
conductivity obtained using simulations of hydraulic fracturing
calibrated at mini-fracturing stage; (iv) parameters of proppant
pack compaction (i.e. dependence of the proppant pack aperture
and permeability on the closure stress as supplied by manufacturer
for ceramic proppant 16/20 mesh) and (v) wellbore pressure data
obtained using bottomhole memory sensors.

4.1.1. Sensitivity analysis of the flowback to select tuning
parameters of the matching procedure

Key tuning parameters for the history matching process are
reservoir permeability kr and yield stress of fracturing fluid ty, also
we consider reservoir Young modulus and Poisson ratio to perform
a sensitivity study and evaluate both fluid mechanics and geo-
mechanics phenomena on the fracture conductivity dynamics
during flowback. The choice is based on the uncertainty associated
with determining these parameters and their influence on a key
metrics that determine the well performance.

We carried out sensitivity analysis of well production by varying
each of the parameters described above, with the rest of parame-
ters being fixed (Figs. 32e34). In the plots, the horizontal axis
shows the relative variation of a parameter as compared to the base
case and the vertical axis shows the corresponding change in the
chosen metric. The parameters of base case are shown in Table 3.
Fig. 32. Sensitivity of cumulative production of well 3 with respect to variation in the
reservoir permeability, the yield stress of a fracturing fluid as well as the Young
modulus and Poisson ratio of the rock (relative change).



Fig. 33. Sensitivity of the effective fracture length with respect to a variation in the
reservoir permeability, the yield stress of a fracturing fluid as well as the Young
modulus and Poisson ratio of the rock (relative change).

Fig. 34. Sensitivity of the dimensionless fracture conductivity CFD with respect to a
variation in the reservoir permeability, the yield stress of a fracturing fluid as well as
the Young modulus and Poisson ratio of the rock (relative change).

Table 3
Base values of parameters considered in the sensitivity study of flowback (well 3).

Parameter kr � 1012, m2 ty, Pa ns Es � 10�7, Pa

Value 1.38 2.0 0.25 1.625
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Using the history matched fracture flowback model, we can
estimate the dynamics of the fracture conductivity distribution
2223
along its length. To take into account unyielded zones in the pore
space occupied by a cross-linked gel, we calculate the effective
(clean) fracture length xcf defined as follows:

xcf ¼
ðxf
0

s2 dx z
XNns

i¼1

s2ðxiÞDx

Here, xf is an initial fracture length; xi are coordinates of centers of
mesh cells; s2(xi) is corresponding oil saturation at the end of
simulated time period; Nns is a total number of mesh cells; Dx ¼ xf/
Nns is the mesh step.

According to the sensitivity plot (Fig. 33), a significant effect on
the effective fracture length is provided by the yield stress of a
fracturing fluid ty and the reservoir permeability: note a significant
decrease in the effective fracture length with a decrease in the rock
permeability by two orders of magnitude as compared to its orig-
inal value.

We also performed sensitivity study of the dimensionless frac-
ture conductivity CFD calculated after 30 days of flowback using the
initial fracture length as well as the modified fracture aperture and
permeability (Fig. 34). It is found that the most pronounced effect
on CFD is provided by the variation in the rock permeability and
reservoir Poisson ratio, while that of the Young modulus and the
yield stress is insignificant.

4.1.2. History matching of the flowback model
Reservoir permeability value is subject to a significant uncer-

tainty as it needs to be determined separately for each hydraulic
fracturing port and the number of corresponding measurements of
rock properties is insufficient. At the same time, this parameter
provides the most significant effect on cumulative production as it
is shown in the sensitivity diagrams (Figs. 32e34).

Results of laboratory measurements on rheology of a cross-
linked fracturing gel (specifically, the yield stress) can differ from
that obtained at field conditions. Young modulus and Poisson ratio
of the formation affect a proppant embedment into the fracture
walls, and their variation can strongly affect the fracture conduc-
tivity during flowback. Additionally, values of geomechanical rock
properties are usually difficult to determine accurately due to
insufficient number of rock cores.

The historymatch is carried out in the following allowed range of
variation of input parameters: ± 50% for rock permeability kr and ±
60% for yield stress of the fracturing fluid ty. The control parameter is
BHP, and the target match parameter is the liquid flow rate in
reservoir conditions Q. The results of history matching of flowback
model to field data related to the four wells under consideration are
shown in Vainshtein et al. (2021), while here, for illustration, we
show the history-matched results related to well 3 (see Fig. 35). Note
that BHP values obtained using memory sensor were recalculated to
surface conditions in accordance with an averaged true vertical
depth of perforation interval assuming hydrostatics.

Dynamics of fracture properties for the history matched simu-
lations of flowback in well 3 is shown in Fig. 36, we obtained that
fracture width, permeability and porosity decrease towards well
perforations as expected.

During flowback, the effective fracture length is reduced as
compared to its initial value. In particular, the reduction is 15% for
well 3 as shown in Fig. 37 due to a yield-stress rheology of the
fracturing fluid.

The metric for evaluation of history matching results is MAPE
(mean absolute percentage error) of the actual and simulated
production rates in reservoir conditions. The values of MAPE for the
matched model simulating 30 days of flowback are summarized in
Table 4.



Fig. 35. The results of history matching of flowback model to field data related to well
3 (Vainshtein et al., 2021), the flowrate and cumulative production are shown in
reservoir conditions.

Fig. 37. Dynamics of the effective fracture length and cleanup efficiency (effective-to-
initial fracture length ratio) during flowback in well 3 after Vainshtein et al. (2021).

Table 4
Evaluation of historymatching usingMAPEmetric: deviation of actual flowrate from
that obtained using flowback model developed in the current study.

Well 1-A 2-S 3-S 4-A

MAPE, % 7.53 36.44 12.25 22.66
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4.2. Comparison of smooth and aggressive scenarios in terms of
nondimensional metrics

To avoid ambiguous or misleading conclusions, we introduce
non-dimensional metrics to compare “smooth” and “aggressive”
flowback scenarios, namely, dimensionless productivity index Jd
(Diyashev and Economides, 2006):

Jd ¼ Q
p� pwf

arBfm
kh

;

whereQ is a volumetric flow rate; pwf is a bottomhole pressure; ar is
a constant; h is a fracture height; Bf is a formation volume factor.

Flowback effectiveness coefficient KJd is now determined as
follows:

KJd ¼ Jd
J0d

(60)

where Jd is a productivity index calculated using the fracture

flowback model calibrated on field data and J0d is obtained using
flowback simulations, in which geomechanics effects of fracture
conductivity degradation are ignored. According to Eq. (60),
Fig. 36. Distribution of the proppant pack permeability, porosity and aperture along the hy
days 1 and 7 after the start of flowback, respectively.

2224
parameter KJd can be calculated as the ratio of well flow rates with
geomechanical effects turned on and off.

A diagram showing the proposed method for estimation of the
flowback effectiveness coefficient is shown in Fig. 38.

A decrease in KJd corresponds to a fracture conductivity degra-
dation due to negative impact of various factors on oil production.
For all wells under consideration, we observe the same descending
trend indicating degradation of fracture conductivity during 6 days
of flowback (see Fig. 39). In these plots, the horizontal axis is the
non-dimensional time scaled by parameter Tsc introduced in Eq.
(57) and calculated for each of thewells separately: Tsc¼ 1617, 2610,
4307 and 2977 s for wells 1e4 under consideration, respectively.
Note that rapid variations in the parameter KJd correspond to
changes in pressure curve slope. By analysing the results we
draulic fracture in well 3 after Vainshtein et al. (2021); plots (a) and (b) correspond to
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conclude that geomechanical effects decrease the productivity in-
dex of the wells by about 20% in the first 6 days of flowback.

As discussed in Section 3.1, the developed flowback model is
applicable only to a linear flow regime in rock formation sur-
rounding a hydraulic fracture, so that the dynamics of KJd in later
(e.g., pseudo steady-state) regime cannot be obtained directly from
the simulations. We consider the correlation presented in Cinco-
Ley et al. (1981) between dimensionless fracture conductivity CFD
and productivity index Jd, calculated as follows:

Jd ¼ 1
lnðre=rwÞ � 0:75þ Sf

¼ 1
ln
�
re
�
r0w

� 0:75

; (61)

where the dependence of reservoir-to-effective well radii ratio
re=r0w on CFD is shown in Cinco-Ley et al. (1981) in graphical form.

Equation (61) is valid for late flowback stages, when both the
productivity and conductivity do not change significantly. Therefore,
Fig. 39. Dynamics of the parameter KJd during first several days of flowback obtained using
productivity index; non-dimensional time and p* are calculated using Eq. (57).

Fig. 38. A diagram depicting the method for estimation of flowback effectiveness
coefficient considered in the current study.
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the flowback efficiency coefficient KJd can be estimated using the
following procedure: (i) we calculate the dimensionless fracture
conductivity CFD at the end of a formation linear regime using the
flowback model (several weeks for well and reservoir parameters
under consideration); (ii) corresponding value of Jd(CFD) is calculated
using correlation by Cinco-Ley et al. (1981); (iii) repeat steps (i) and
(ii) for the simulations with fracture conductivity degradation effects

switched off to obtain JdðC0
FDÞ. Calculated values of parameter KJd

using the described procedure are shown in Table 5.
Results shown in Table 5 can be used to predict dynamics of

hydraulic fracture productivity. Note that the fracture flowback
efficiency does not drop below 80% as compared to the results
obtained with geomechanical effects switched off, which is
consistent with direct calculations of KJd shown in Fig. 39.

To conclude this section we discuss the dynamic similarity of a
flowback process in the wells under consideration according to the
non-dimensional problem formulation shown above in Section
3.2.2: key non-dimensional parameters are listed in Eq. (56).
Pressure drop period Tdrop is evaluated based on the dynamics of
the non-dimensional bottomhole pressure pwf (see Eq. (57)) as a
function of the non-dimensional time t and determined according
to the following condition:

dpwf
dt

¼ 10�3:

We obtained that the flowback period forWell 1-A is 3 days,Well 2-S
is 5 days,Well 3-S is 13 days andWell 4-A is 7 days. Calculated values
of non-dimensional parameters defined by Eq. (56) are shown in
Table 6. Note that values of parameters Ny and Ng are very close for
the wells 1, 2 and 3, 4; the discrepancy is only in values of parameter
Nk (rock-to-fracture permeability ratio), which are still of the same
the method shown in Fig. (38); dashed lines correspond to p*, solid lines correspond to

Table 5
Daily averaged values of parameter KJd

evaluated at day 6 after the start of flow-
back (see Eq. (60)).

Well KJd

1-A 0.832
2-S 0.829
3-S 0.817
4-A 0.806



Table 6
Values of dimensionless governing parameters defined in Eq. (56) and calculated for
flowback in wells 1e4 using original field data.

Parameter Well 1-A Well 2-S Well 3-S Well 4-A

Ny 0.328 0.348 0.551 0.605
Ng � 10�4 2.8 3.1 3.9 4.3
Nk � 107 2.1 4.0 5 3.5
NSh � 103 5.3 4.8 2.2 3.6
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order of magnitude. Strouhal number NSh shows the effect of un-
steady boundary conditions on the flow, so that a decrease in the
Strouhal number corresponds to a decrease in the effect of unsteady
boundary conditions on flowback. We obtained that the Strouhal
numbers calcultaed for the parameters of wells 1 and 4 with
aggressive flowback are larger as compared to those of smooth
flowback (wells 2 and 3), which confirms that the surface choke
opening strategy is chosen correctly and meets the goal of field ex-
periments. As a result of non-dimensional analysis we conclude that
there is a dynamic similarity in between flowback process running in
wells 1, 2 and 3, 4 taking into account the total number of parameters
determining the flowback process, so that we can evaluate the effect
of flowback aggressiveness on oil production.

5. Summary and conclusions

In this work, we developed an integrated modelling workflow
for transient flowback in hydraulically fractured wells. The fracture
flowback model developed in the present study is extended in
terms of new geomechanical and hydrodynamical flowback phe-
nomena, as compared to our previous study (Osiptsov et al., 2020).

These phenomena include inhomogeneous distribution of the
proppant in the fracture, resulting from alternate-slug fracturing,
overflush, or proppant flowback. Hydraulic fracture closes on
proppant-free cavities due to pressure drawdown and formation
creep. Themagnitude of fracture closure is evaluated for a proppant
pillar as a half-space under boundary conditions of a specified
stress inside the contour of the gap and zero vertical displacements
outside of the contour. The solution is obtained under the
assumption that the deformation of the proppant pack is ignored
and that the proppant pack behaves as an elastoplastic body with a
plastic zone developing at the contour of the gap. Ignoring elastic
deformations, the dimensions of the plastic zone are determined
similar to calculation of the plastic zone dimensions formed at the
tip of the fracture. Then, using the solutions obtained for a flat and
circular gaps, the displacement of fracture walls is determined.
Elastic solutions are obtained, which allow taking into account the
rock creep and determine the closure time.

Another risk associated with a pressure decrease in the fracture
is the development of a plastic zone at the fracture walls, which
gradually propagates into the rock. Plasticity and creep lead to
micro-fracturing of the rock and alteration of its porosity and
Carter’s leak-off coefficient.

We implemented a yield-stress rheology of fracturing fluids to
the flowback model with the aim to describe the effect of an un-
broken cross-linked gel on a fracture cleanup. Note that hydraulic
fracturing in shale formations is usually made using water with
small amount of friction reducer additives (i.e., “slickwater”), so
that the target application of the developed model is conventional
fracturing with cross-linked fracturing fluids in traditional terrig-
enous oil reservoirs. Reservoir-to-fracture flux model is upgraded
from analytical Carter’s model to numerical two-phase filtration
model in reservoir, which allows us to take into account transient
pressure distribution along the fracture, displacement of leaked-off
frac fluid into the formation and a non-uniform pressure
2226
distribution formed in the reservoir during hydraulic fracturing job.
For the parameters typical of oil wells in low-permeability

Achimov formation of Western Siberia, Russia, we carried out
parametric analysis of flowback scenarios. We studied the effect of
key non-dimensional parameters determining a fracture flowback
and a dynamics of a pressure drawdown on oil production. In
particular, we identified ranges of dimensionless fracture conduc-
tivity, reservoir-to-hydraulic fracture permeability ratio, fracture
length-to-aperture ratio and dimensionless critical pressure
gradient, in which a certain flowback strategy (namely, aggressive,
moderate or smooth) is recommended to maximize cumulative oil
production.

The flowback model is integrated into the well production
modelling workflow comprising simulations of hydraulic fracturing
using Planar3D ILSA model and long-term production using a hy-
drodynamic reservoir simulator. The proposed simulation chain
allows us to lift the limitation of a reservoir linear filtration regime
of the developed standalone flowback model. We performed
parametric study of the long-term oil production in a well taking
into account fracture conductivity degradation during flowback for
the parameters typical of Achimov formation, Western Siberia. We
obtained that at a fixed diameter of proppant grains, an increase in
the mean fracture aperture in the range between 1.25 and 5 mm, a
decrease in the fracturing fluid yield stress from 2 to 0 Pa or switch
from sand to ceramic proppant (at the fixed initial permeability)
leads to an increase in cumulative oil production. We also studied
the effect of flowback aggressiveness on the long-term oil pro-
duction and obtained that a smooth flowback is more preferable.

We describe the history-matching of the flowbackmodel to field
data of four oil wells in Achimov formation. A single tuning
parameter, namely, rock permeability, is chosen according to the
sensitivity of the results of flowback simulations and uncertainty
analysis of field data. The matched model allows evaluating the
effect of geomechanical factors on fracture degradation using
dimensionless flowback effectiveness coefficient. We obtained that
proppant compaction and embedment decrease the flowback
effectiveness by 20% after 6 days of fracture cleanup. Using the
matched model, we can reduce the high uncertainty in an initial
data due to the history matching procedure.

Finalization of flowback modelling workflow requires coupling
of the fracture flowback model to a wellbore model to be able to
calculate the dynamics of the bottomhole pressure at a specified
strategy of choke opening at the surface. As for the further devel-
opment of the fracture cleanup model, we believe that the polymer
cake formed at fracture faces during an injection and a clogging of
proppant pack pores with residue formed during breaking of cross-
linked gel are important effects that need to be taken into account,
which is planned for our future studies.
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Appendix 1

Below we formulate proppant compaction and embedment
models developed by Osiptsov et al. (2020).

The compaction takes into account a rearrange of proppant
grains and dilatancy of the pack due to the confining stress and is
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described by the following equation:

Dps ¼ E
3
�
1� n2


�2As

3
e33

�
1� Bs

ns þ 1
e
ns
33

��3=2
; (62)

As ¼
"
1� 2

3þ 2afrL

�
1� 1ffiffiffi

3
p L

��
1� 1ffiffiffi

3
p afr

�#
; (63)

where Bs and ns are tuning parameters, E and n are effective Young
modulus and Poisson ratio of the pack,L is the dilatancy coefficient
and afr is the internal friction coefficient of a pack.

For E ¼ 5 � 1010 Pa, n ¼ 0.17, afr ¼ 0.34 and L ¼ �0.378, the
following values of free parameters allow to describe the laboratory
data on compaction of sand pack shown in Zheng (2017) accurately:
Bs ¼ 56 and ns ¼ 2.

In the current study we also use an alternative approach to
describe compaction of the pack of ceramic proppant using labo-
ratory measurements provided by proppant manufacturers.
Dependence of the fracture aperture and permeability on the
confining stress used in the parametric study of flowback described
in Section 3.2.2 is shown in Table 7. The compaction data allows
calculating deformation of the pack e33 and find the actual value of
the fracture permeability during a flowback.
Table 7
Proppant passport data supplied by a manufacturer: dependence of pack aperture
and permeability on the closure stress for 12/18 mesh ceramic proppant.

Stress � 10�7, Pa Permeability � 1012, m2 Pack width � 103, m

1.36 879 5.56
2.72 646 5.34
4.08 318 5.06
5.44 151 4.77
6.80 72 4.56

E1111 ¼ G
��

4
3
þ K

G

�
� G
Gþ aLK

�
� 1ffiffiffi

3
p sgn



seff22

�
þ K

G
L

��
� 1ffiffiffi

3
p sgn




E2222 ¼ G
��

4
3
þ K

G

�
� G
Gþ aLK

�
2
3
sgn



seff22

�
þ K

G
L

��
2
3
sgn



seff22

�
þ K

G

E2211 ¼ G
��

K
G
� 2
3

�
� G
Gþ aLK

�
2
3
sgn



seff22

�
þ K

G
L

��
� 1ffiffiffi

3
p sgn



seff22

E1122 ¼ G
��

K
G
� 2
3

�
� G
Gþ aLK

�
� 1ffiffiffi

3
p sgn



seff22

�
þ K

G
L

��
2
3
sgn



seff22

2227
Proppant embedment model was formulated for a layer of hard
spheres, which embed into an elastoplastic semispace representing
hydraulic fracture walls. The model is described by the following
equation:

Dps ¼ ph � pf ; (64)

Dps ¼
�
Ae

Ce
½ph þ ðccot4e � prÞ� � Be

�, 
L2

2pr2
þ Ae

Ce

!
; (65)

Ae¼e2q0tan4e



2tan4ecos

3q0þ3cos2q0sinq0
�

þ4tan24eþ3

4tan24eþ1
etan4ep�4tan24eþ3

4tan24eþ1
e2q0tan4eð2tan4ecosq0þsinq0Þ ;

Be¼1
3
ccot4esin4e



1�sin3q0

�
;

Ce¼ð1�sin4eÞ


4tan24eþ9

�
;

q0¼arcsin

ffiffiffiffiffiffiffiffiffiffiffiffi
1�e0

rp

s
:

(66)

where q0 is the embedment angle; c is the rock cohesion; 4 is the
internal friction angle of a rock; pr is the pore pressure; r is the
particle radius; and e0 is the embedment depth.
Appendix 2

Expressions for coefficients in Eq. (4) are as follows:
seff22
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Appendix 3

Solution to the coupled pressure diffusion equations (see Eq.
(35)) are obtained in the following form (Basniev et al., 2012):

pð1Þ ¼ Að1Þ þ Bð1Þerf
�

x3
2
ffiffiffiffiffiffiffi
k1t

p
�
;

pð2Þ ¼ Að2Þ þ Bð2Þerf
�

x3
2
ffiffiffiffiffiffiffiffiffiffi
kð2Þt

p
�
;

where A(1), A(2), B(1), B(2) are unknown constants, which should be
determined using initial and boundary conditions. According to
Eqs. (33) and (34), we obtain:

Að1Þ ¼ p; Að2Þ þ Bð2Þ ¼ 0; (67)

Að1Þ þ Bð1Þerf

 
xð1Þ3

2
ffiffiffiffiffiffiffiffiffiffi
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p
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¼ Að2Þ þ Bð2Þerf

 
xð1Þ3

2
ffiffiffiffiffiffiffiffiffiffi
kð2Þt

p
!

¼ ppl:

(68)

From this condition, we find the solution for the self-similar
coordinate, which in turn gives us the law of propagation of the
plasticity front:

xð1Þ3 ffiffi
t

p ¼ const ¼ c

or

xð1Þ3 ðtÞ ¼ c
ffiffi
t

p
: (69)

Equation (69) is the law of plasticity front propagation: its co-
ordinate is proportional to the square root of time, and the pro-
portionality coefficient c is an unknown constant to be found from
the solution.

Using Eqs. (68), we obtain the following expressions for the
constants:

Bð2Þ ¼ � ppl

1� erfðc
.
2
ffiffiffiffiffiffiffiffi
kð2Þ

p
Þ
; Bð1Þ ¼ pð2Þ þ ppl

erfðc
.
2
ffiffiffiffiffiffiffiffi
kð1Þ

p
Þ

(70)

Thus, Eqs. (67) and (70) allow finding integration constants. In
order to find the coefficient c, we use Eq. (36). As a result, we obtain
the equation
pð2Þ þ ppl

erf


c
.
2

ffiffiffiffiffiffiffiffi
kð1Þ

p � exp
"
�
�

c

2
ffiffiffiffiffiffiffiffi
kð1Þ

p
�2
#
þ ppl

1� erf


c
.
2

ffiffiffiffiffiffiffiffi
kð2Þ

p �
ffiffiffiffiffiffiffiffi
kð1Þ

kð2Þ

s
exp

"
�
�

c

2
ffiffiffiffiffiffiffiffi
kð2Þ

p
�2
#
¼ chbppl

ffiffiffiffiffiffiffiffiffiffiffi
pkð1Þ

p
2k

�
1

E3333
� 1
ðK þ 4G=3Þ

�
:

(71)
Numerical solution to this equation allows finding c, which, in
turn, allows finding the variation of the pressure in the layer

0 � x3 � xð1Þ3 in the form:

pð1Þ ¼ pð2Þ þ


ppl � pð2Þ

�
erf
�

x3
2
ffiffiffiffiffiffiffiffiffiffi
kð1Þt

p
��

erf
�

c

2
ffiffiffiffiffiffiffiffi
kð1Þ

p
���1

:

For xð1Þ3 � x3 � ∞, the pore pressure varies according to the law
2228
pð2Þ ¼ ppl

�
1� erf

�
x3

2
ffiffiffiffiffiffiffiffiffiffi
kð2Þt

p
���

1� erf
�

c

2
ffiffiffiffiffiffiffiffi
kð2Þ

p
���1

:

The front of plasticity x3 ¼ xð1Þ3 is moving with the following
velocity, as follows from Eq. (69):

vpl ¼
vxð1Þ3
vt

¼ c

2
ffiffi
t

p :
Nomenclature
Greek symbols
a Internal friction coefficient
afr Proppant friction parameter
ay Coefficient in formula for yield stress
b Biot coefficient
bi Compressibility of i-th phase
dij Kronecher symbols
ε Convergence criterion in coupled “hydraulic fracture-

rock influx” numerical algorithm
e Bulk deformation (first invariant of strain rate tensor)
e33 Deformation of rock in direction perpendicular to the

fracture face and deformation of proppant pack
eij Strain tensor components
z Fluid content in the unit volume
h Viscosity in the Maxwell model
q0 Embedment angle
l Lam�e coefficients
L Dilatancy coefficient
mi Effective viscosity of i-th phase
n Poisson ratio
ns Poisson ratio of rock
s Mean stress
s011 Initial stress

seff Effective mean stress
sii Components of stress tensor
sst Limiting stress determining transition to plasticity
sini22 Initial stress within proppant
ty Yield stress of fracturing fluid
4 Proppant pack porosity
40 Initial fracture porosity
4a Internal friction angle
4e Porosity adjusted of elastic zone
4pl Porosity adjusted for deformation
4r Rock porosity
c Self-similar coordinate
r Density
rfi Fluid porosity of i-th phase
rfi;0 Initial fluid porosity of i-th phase
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Latin symbols
a Difference between plastic zone length and length of

zone between pillars
As Compaction coefficient
b Length of the plastic flow zone
Bf Formation volume factor
c Cohesion
c0 Initial cohesion
CFD Dimensionless fracture conductivity
C0
FD Initial dimensionless conductivity

Ck,i Fracture permeability to initial fracture permeability
ratio at the i-th cell

CL Carter leak-off coefficient
Cw,i Fracture aperture to initial fracture aperture ratio at the

i-th cell
C0 Kozeny-Carman constant
D Time-differentiation operator d/dt
e0 Dimensionless depth of embedment
E Young modulus
Eijkl Coefficient in dependence between stress and

deformation
Es Young modulus of rock
G Shear modulus of proppant pack
Gs Shear modulus of rock
h Depth of rock
H Plastic strengthening modulus
Hf Rheology coefficient
Jd Dimensionless productivity index
ki Relative permeability of i-th phase
k(i) Fracture permeability at the i-th cell
k(0,i) Initial fracture permeability at the i-th cell
kij Permeability at the i-th cell
kf,0 Initial fracture permeability
kr Rock permeability
K Bulk compression modulus
Kf Fluid bulk modulus
KJd The ratio of dimensionless well productivity with

geomechanical effects to that with no geomechanics
effects

Ks Bulk modulus of the matrix
l Length of zone filled by fluid between proppant pillars
L Fracture length
M Biot module
n Power in equation for Bingham rheology
N Total number of grains
Nk Reservoir permeability to initial fracture permeability

ratio
Nns Number of nodes
Ng Fracture length to initial fracture aperture ratio
NSh Dimensionless time, Strouhal number
Ny Dimensionless critical gradient
pd Pressure acting of proppant
ph Hydraulic fracturing pressure
ppl Constant pressure at the boundary of the plasticity zone
psi Pressure in fracture
pr Pore pressure
pwf Bottomhole pressure
Dp Pressure gap in zone of plastic deformation
Dpd Magnitude of pressure decline
Dph Confinement stress of the walls
Dpmax Constant in formula for pressure
Dps Threshold pressure drop
Dpw Initial pressure gap in fracture
Dp1 Pressure decline
p0 Initial pressure in fracture
2229
p1 Constant pressure
p2 Bottomhole pressure
p(1) Pressure within the domain of plastic rock deformations
p(2) Pressure outside the domain of plastic rock

deformations
ps Pressure on s-th iteration
p* Dimensionless pressure
qmi Mass transfer rate
qi Influx of i-th phase
Q Liquid flowrate
Q2h, Q1d/7d Oil production in 2 h/1 day/7 days
DQ Relative oil production
r Radial coordinate with a centre in wellbore
re External boundary radius
rp Particle radius
rw Well radius
r0w Effective well radius
si Saturation of i-th phase
s(o,i) Oil saturation at the i-th cell
sij Deviatoric part of the stress tensor
Sf Skin factor
t Time
T Shear stress intensity
Tdrop Dimensionless time of pressure drop in wellbore
Tsc Time scale
Tr Relaxation time
ui Darcy velocity of i-th phase
U Newtonian fluid velocity
U0 Velocity scale
v Displacement of the fracture faces
vmax Maximum displacement of the fracture faces
vpl Velocity of the front of plasticity
w Fracture aperture
wij Relative aperture at the i-th cell
w(i) Fracture aperture at the i-th cell
w0 Initial fracture aperture
w(0i) Initial fracture aperture at the i-th cell
x Coordinate alongside fracture
xf Initial fracture length
xcf Effective fracture length
xi Node coordinate in the modelling mesh
x1 Coordinate alongside fracture
x2 Coordinate perpendicular to fracture
Dx Size of mesh cells in flowback model
Dx1 Length of the element of hydraulic fracture
yb,i Bottomhole coordinate over the fracture height axis at

the i-th cell
yt,i Top coordinate over the fracture height axis at the i-th

cell
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