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Abstract
The problem of creating unwanted fractures while drilling ultradeepwells is mit-
igated with the application of wellbore strengthening techniques. Despite the
numerous applications, an open question remains about the efficiency of the loss
of circulation materials (LCM) and its implications on the closure stress distri-
bution change during plugging. This work investigates the effects on the stress
field before and after plugging along the fracture extension axis by introducing
a hydrodynamic plug. With the hydrodynamic plug, fluid flow is constrained
by pressure conditions at specific locations in the fracture simulating the LCM.
Three different scenarios were considered. First, the efficiency of the bridge is
simulated by varying the pressure drop. Second, the location of the bridge inside
the fracture and finally a nearly packed fracture. The models are fully coupled
and were solved with the finite element method in impermeable and permeable
hard rocks. We find that for high-efficiency bridges, narrower fracture profiles
are predicted, which causes the induced closure stresses to increase significantly.
On the other hand, when the bridge is close and near the wellbore area, the
fracture profiles are maintained wide and narrow when it is nearest to the tip.
The predicted fracture geometry induces higher closure stresses when the plug
is near the well and slightly reduces when it is near the tip. Finally, the pres-
sure profile resulting from the packed fracture significantly affects the fracture
dimensions, resulting in narrower fracture, however resulting in a smooth varia-
tion of induced closure stresses with high magnitude comparable to the stresses
at the state of propagation. The diffusion occurring in the permeable case cre-
ates back-stresses that appear to have an additive contribution to the induced
closure stresses. This underlines the significance of diffusion on the induced cou-
pled closure stresses for large fractures while performing wellbore strengthening
methodologies.
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1 INTRODUCTION

For a successful drilling operation, a proper mud weight must be maintained between two limits. The pore pressure
gradient is the lowest, and the fracture pressure gradient of the formation is the highest. These limits are often called
the “mud weight window”. It is possible that this range may become too narrow under certain conditions like drilling
in deep or ultradeep water, construction of highly deviated wells, passing through depleted zones and penetrating nat-
urally fractured zones. In such cases, an unwanted hydraulic fracture may be induced, thereby causing the loss of
drilling fluids in the surrounding formations with estimated annual losses to the global drilling industry of about 2–4
billion.1-5
Wellbore strengthening, often shortened toWBS, usually incorporates the addition of lost-circulationmaterials (LCMs)

of various sizes, types, and mechanical properties to the drilling fluid. These particles are intended to plug the induced
or natural fractures that cause damage to the wellbore. In this way, the maximum pressure a wellbore can tolerate is
increased artificially so that mud losses are diminished. Hence, WBS intends to enhance the effective fracture pressure
and widen the mud weight window rather than actually increasing the strength of the formation. In particular, these
techniques aim to alter the stress distribution near the wellbore and the fluid pressure inside the fracture to increase the
maximum sustainable pressure of a wellbore without propping unwanted hydraulic fractures. The efficiency in arresting
the unwanted induced hydraulic fractures works by bridging, plugging, or sealing the unwanted hydraulic fracture.1-3
The physical mechanisms through which LCM operate are not fully understood. Current hypotheses regarding these
mechanisms are the stress cage,6,7 fracture closure stress,8,9 and fracture propagation resistance.10,11
The fracture propagation resistance model, originally named the tip screen-out model, was proposed in12 and further

developed by10 for strengthening a wellbore during drilling. This model relies on the tip-isolation concept but does not
require high fluid loss. The wellbore drilling fluid pressure is prevented from being completely transferred to the fracture
tip by the constant use of a specific LCM, which seals the fracture toward the tip. The problem of wellbore strengthening
has attracted a number of contributions to numerical studies because analytical models are usually based on a number
of simplifying assumptions regarding the dynamic nature of the fracture propagation behavior (stress evolution, width
opening, pressure profile) during fracture onset-propagation-arrest.12,13 Therefore, numerical methods present a more
realistic aspect of the problem, providing valuable predictions useful for field operations.
In the fracture resistancemethod, the LCMparticles are directed in the unwanted hydraulic fracture to act as a plug, and

these particles may be deposited near the wellbore or at some distance inside the fracture. Of the plentiful literature, it is
recognized that a lack of understanding exists of the precise role of the various factors influencing the fracture propagation
resistance.One of these factors is the stress change (closure stresses) at the locations of the tip and the bridge after plugging,
which has proven to be effective. During plugging, various pressure drops are created inside the fracture from sealing. A
plug can be simulated as a pressure difference between the fluid in the wellbore Pw and the fluid in the fracture Pf termed
the fracture internal pressure downstreamof the plug. If the formation is impermeable, the pressure drop dp= pw - pf is the
only pressure difference in the problem. However, in permeable elastic formations (poroelastic), an additional pressure
exists, which is the pressure of the formation Pp, thereby creating two additional pressure differences: the difference
between the pressure in the well reaching up to the plug and the pressure in the formation, dp= pw - pp, and the difference
between the pressure in the formation and the remaining fluid inside the fracture dp= pp - pf. In both cases, fluids are able
to exchange between the fracture and the formation, causing diffusion phenomena in poroelastic analysis. In both cases,
examined, these pressure differences cause stresses to reduce at the tip location, thereby enforcing the stress intensity
factor for mode-I 𝑘𝐼 to be smaller or equal than the fracture toughness for mode-I of the rock 𝑘𝐼𝑐 (𝑘𝐼 ≤ 𝑘𝐼𝑐) at the tip, thus
providing an effective fracture resistance.14
Despite the successful models and field applications, much disagreement still exists between wellbore strengthening

operations and models that are still performed largely on a trial-and-error basis, even though the method has yielded
positive results to a certain degree. The industry still lacks adequate numerical models to quantitatively describe the
process and several factors that are significant in the process and are not fully comprehended. To support our working
motivation, we outline the DEA 13 research project10 conducted by the Drilling Engineering Association in the 1980s,
which is among one of the few field experimental studies relevant to wellbore strengthening in the petroleum industry.
A second example is from a recent experimental study on wellbore strengthening by.15,16 A number of laboratory tests
were conducted to investigate the wellbore strengtheningmechanism and effectiveness of various wellbore strengthening
methods in that study and recent studies.17 A field test example was shown by, 18 that conducted a wellbore strengthening
test at 3012 ft. in a vertical well in the Arkoma basin, USA, by creating an artificial fracture and then attempting plugging
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with different drilling fluids with and without LCM. All the aforementioned studies yielded different results regarding
wellbore strengthening mechanisms.
Nonetheless, certain progress has been made in understanding the factors affecting the efficiency of wellbore strength-

ening methods,19 best practices in field applications,20 theoretical understanding of the closure stresses,21,22 experimen-
tal investigation 8,23-26 and numerical studies.2,7,27,28 Although a number of research works and techniques have been
used, several factors affecting wellbore strengthening are not entirely understood. Some shortcomings include elastic rock
behavior, diffusion effects stemming from initial pore pressure in the formation and fluid leak-off, which are ignored, and
most analyses involve short fractures (comparable in length with the wellbore radius). Additionally, the modeling does
not involve the fully coupled form of the equations. Therefore, there are still many aspects in wellbore strengthening that
merit investigation.
An open question that exists is the efficiency of the plug and its implications on the stress change during plugging. In

the impermeable formation, a plug may be perfect if it completely isolates the fluid from reaching the tip or it may allow
some fluids to reach the tip. If the fracture is plugged in a permeable formation, the plug cannot be perfect, as the pressure
behind the tip balances the pressure of the formation and that of the invasive fluids. Thus, the influence of bridging on
the closure stresses provides useful information about the effectiveness of plugging.
In this work, we investigate with the finite element method the fully coupled stress change in impermeable and perme-

able strong formations by creating and allowing an unwanted hydraulic fracture to propagate up to 5 m (in the toughness
dominated regime) and then plugging it to numerically obtain the in situ stress change at the location of the tip and the
plug. The toughness-dominated regime implies that most of the energy in the process is expended in fracturing the rock
rather than in the viscous fluid flow, which is more suitable for short fractures. Furthermore, the toughness-dominated
regime finds applications in ultradeep formations where the fracture propagates in a highly compressive stress state and
most of the energy is expended in splitting the rock. After plugging the fracture, the in situ stresses are recovered, and
a critical evaluation of the stress change is performed to assess the effects of the efficiency of the plug on the closure
stresses.14
To the authors’ knowledge, no analytical or approximate solutions exist in the literature for unwanted fluid-driven frac-

tures during plugging for predicting fracture dimensions, pressure and closure stress in a fully coupled form, underlining
the novelty of this model, which investigates the importance of diffusion on the induced closure stresses for wellbore
strengthening applications. In the plentiful literature, many scholars have established analytical and numerical models
to understand the mechanisms and the mechanics of wellbore strengthening.3,12,17,29 The presented model is an extension
of those works by incorporating in a hydromechanical plug and present a sensitivity analysis for large fractures in fully
coupled form without suffering from the usual assumption for the fracture length being comparable with the wellbore
dimensions. The resulting fracture dimensions, pressure profiles and closure stresses at the state of propagation and at the
state of plugging are determined in fully coupled form as part of the solution. The fracture is not stationary, and the fluid-
driven fracture tip is predicted as a moving boundary problem. It does not presuppose the square root singularity at the
fracture tip, which is common for classic fracture mechanics models, but instead, this singularity is effectively cancelled
with the cohesive zone approach, leading to a simpler asymptotic behavior in the near area of the tip. The cohesive zone
approach is used to predict the closure stresses after plugging with LCM large fractures.
This work is organized as follows: in Section 2 and 3, we describe the fully coupled numerical model that was created to

simulate fracture plugging and to obtain the closure stresses as well as all the necessary theoretical background required
to perform the validation of the model. Furthermore, Section 3 also presents a comparison between the asymptotic solu-
tion for a fracture extending in the toughness dominated regime30 as well as in the toughness dominated with leak-off
regime31 with the numerical solution. In Section 4, the outcomes of the numerical analysis are discussed in detail, and
the conclusions are summarized in Section 5.

2 MODELINGMETHODOLOGY

In typical wellbore strengthening treatments, as soon as the unwanted hydraulic fracture is detected by means of loss
of circulation, the drilling fluid is blended with LCM material and introduced into the wellbore to reach the unwanted
fracture. The aim is to plug and seal the fracture as soon as possible by creating a pressure difference between the pressure
acting at the tip and the pressure communicating with the wellbore (if the formation is impermeable). For the permeable
case, two extra pressure differences are created: one between the pressure in the well and the pressure in the formation
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F IGURE 1 Sketch of plugging the unwanted hydraulic fracture

and a second between the pressure trapped in the fracture ahead of the plug with the pressure in the formation, as shown
in Figure 1.
where Pw is the well pressure, Pp is the formation pore pressure, Pf is the internal pressure in the induced fracture

downstream of the plug, Kic is the fracture toughness of the rock, E and ν are the Young’s modulus and Poisson’s ratio of
the rock, respectively, σhmin and σhmax are the plane minimum and maximum stresses, respectively, L is the total length
of the created fracture, Lp is the location of the plug from the fracture inlet and w is the fracture width.
If this procedure is successful, the LCM reaches a certain distance inside the fracture, and then the pressure inside the

fracture ceases to build up at the tip. As a direct result, the pressure that splits and drives the unwanted fracture drops
sufficiently, thereby reducing the stress intensity factor at the tip. Hence, effectively, the fracture is arrested.
The construction of numerical models that accurately describe the aforementioned process involves six important cou-

pled stages. These coupled processes include the following: (i) Onset the unwanted hydraulic fracture, (ii) Newtonian vis-
cous fluid flow in the fracture that pressurizes and extends the unwanted fracture to a certain length, (iii) fluid exchange
between fracture and porous formation (for the permeable formations), (iv) fracture propagation as a moving boundary
problem, and (v) plugging and sealing the fracture. The simulation of the aforementioned processes requires the solution
of a set of coupled nonlinear differential equations.
Modeling the aforementioned processes in the wellbore strengthening problem follows classic hydraulic fracture simu-

lations. For the onset and propagation of unwanted hydraulic fractures, a propagation criterion is needed. In this work, we
adopted the cohesive zone approach. The concept of the cohesive zone is based on the fact that the traction can be trans-
ferred through the fictitious fracture faces in the cohesive zone termed the process zone. The transferred normal traction
is a function of the separation and falls to zero at a critical opening, and then the fracture propagates. The constitutive
behavior of the cohesive zone can be determined by a traction–separation relation derived from laboratory tests. Simple
cohesive zone models (as the one we have used for the purposes of this analysis) can be described by two independent
parameters for mode-I plane strain fractures, the fracture energy GIC and the tensile strength σt. The assumption that the
cohesive zone localizes, due to its softening behavior, into a narrow band ahead of the visible fracture is very convenient
for finite element analysis.32-35

2.1 Description of fluid flow and fluid invation from the unwanted fracture

The mechanical response of porous formations is coupled with the diffusion of pore fluid. Furthermore, in the wellbore
strengthening problem, the plugging of the unwanted fracture in a saturated porous formation further complicates the
analysis, as the diffusion of the fluid from the fracture toward the rock formation introduces rate dependency in the
overall solution of the numerical model. Thus, it is necessary to develop appropriate models to investigate the influence
of the coupling of pore pressure diffusion on the closure stresses after the fracture has been plugged. The type of flow in
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the fracture follows longitudinal and transversal flow along the fracture walls. The numerical model for the fluid flow is
constructed for the complete length of the predetermined fracture path. There is a one-to-one correspondence between
the plane strain ‘flow’ and ‘domain’ elements at the corner nodes along the fracture path, ensuring that the fluid mass
is conserved across their surface. The lubrication theory assumes laminar flow (viscous-incompressible-Newtonian) and
accounts for the time-dependent rate of fracture opening during extension and closure. The continuity equation that
imposes the conservation of mass is35:

𝜕𝑤

𝜕𝑡
+

𝜕𝑞

𝜕𝑥
+ 𝑄𝑡 = 𝑄 (1)

where q is themass flow rate along the fracture,Qt is the fluid losses normal to the fracture faces,w is the fracture opening
and Q is the injection rate at the mouth. For a fluid flowing between parallel plates, the lubrication equation relates the
pressure gradient to the fracture width. The momentum conservation for a Newtonian fluid with viscosity μ yields:

𝑞 = −
𝑤3

12𝜇

𝑑𝑝

𝑑𝑥
(2)

where p denotes the fluid pressure.
The transverse flow, which is due to the leak-off process from the fracture to the surrounding formation, can be imple-

mented as a localized potential drop in the cohesive element. According to this distribution of hydraulic head within the
cohesive elements, two different potential drops exist:

𝑄𝑢
𝑡 = 𝑘𝑢

𝑡 (ℎ
𝑢 − ℎ𝑖)

𝑄𝑑
𝑡 = 𝑘𝑑

𝑡 (ℎ
𝑑 − ℎ𝑖)

(3)

where Qt is the transversal fluid loss, kt is the transversal transmissivity, and hi is the hydraulic head inside the fracture.
The superscripts u and d stand for up and down element faces, respectively. Combining Equations (1) to (3), the Reynolds
lubrication equation is obtained:

𝜕𝑤

𝜕𝑡
+ 𝑘𝑢

𝑡 (ℎ
𝑢 − ℎ𝑖) + 𝑘𝑑

𝑡 (ℎ
𝑑 − ℎ𝑖) =

1

12𝜇

(
𝑤3𝜕𝑝

𝜕𝑥

)
+ 𝑄 (4)

The terms hi, hu, and hd are related to the fluid pressure gradients that represent the tractions acting on the open part
of the cohesive elements. By Equation (4), when the cohesive elements fail, the cohesive tractions vanish, and there is
no contribution from the cohesive elements on the open part of the fracture. The fluid pressure that opens the fracture is
balanced by the far field stress that acts across the cohesive zone and by the cohesive tractions that still act on the zone,
thus effectively avoiding the singularity at the fracture tip. The only constraint in Equation (4) is that the tractions acting
on the fracture and cohesive zone must be in equilibrium.

2.2 Description of the poroelastic formation

The field equations for the fully coupled, linear quasi-static, porous formation simulating the fluid escaping from the frac-
ture and invading andmoving in the surrounding rockwere the focus of many studies.32,33,36-39 Selecting the pore pressure
as the coupling term, the constitutive response for the porous solid yields the equilibrium equation, which accounts for
the stresses and strains induced by the fluid:

𝐺∇2𝑑𝑖 +
𝐺𝜀,𝑖

(1 − 2𝜈)
− 𝛼𝑝,𝑖 = 0 (5)

and the diffusion equation:

𝜕𝑝

𝜕𝑡
− 𝜅𝑄∇2𝑝 = −𝑎𝑄

𝜕𝜀

𝜕𝑡
(6)
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where G is the shear modulus, ∇is the nabla operator, di are the displacements, εi are the strains, p is the pore pressure
(coupling) term, Q is the flow rate, ν is the Poisson ratio, κ is the permeability of the formation, t is time and α is the
Biot–Willis poroelastic constant explicitly described by:

𝑎 =
3 (𝑣𝑢 − 𝑣)

𝐵 (1 − 2𝑣) (1 + 𝑣𝑢)
= 1 −

𝐾

𝐾𝑠
(7)

where νu is the undrained Poisson ratio, B is the Skempton coefficient, K is the fluid compressibility and Ks is the solids
compressibility. From Equation (6), the following definition yields the variation of the fluid per unit volume ζ:

𝜁 = 𝑎 𝜀 +
𝑝

𝑄
(8)

This suggests that the fluid content ζ depends linearly on the deformation of thematerial and the pore pressure, which is
the coupling term. For the purposes of this work, considering an incompressible rock formation, which is a valid assump-
tion considering a deep formation, we assumed that these values have the values of B= 1 and α= 1. It is important to note
that the Biot modulus is only relevant for transient analysis and for this analysis was considered to be zero. According to
Equations (5–8), the elastic response of the porous medium relates the total stress σ and pore pressure p through the Biot
effective stress principle for isotropic formations via:

𝜎′
𝑖𝑗

= 𝜎𝑖𝑗 − 𝛼𝑝𝛿𝑖𝑗 (9)

where 𝜎′
𝑖𝑗
is the effective stress, 𝜎𝑖𝑗 is the total stress and 𝛿𝑖𝑗is the Kronecker delta, which is assumed to govern the defor-

mation and failure of the rock. Adopting small strain theory, the constitutive relationmay be expressed as a linear relation
between small changes in strain and small changes in the effective stresses as:

𝑑𝜀 = 𝐃𝑒 ∶ 𝑑𝝈′ (10)

where 𝐃𝑒is the tangential matrix encoding the behavior of the formation.
The condition of continuity states that the pressure of the fluid inside the fracture is balanced by the total stresses of

the formation. In a quasi-static manner, the pressure of the fluid inside the fracture Pf increases, creating both displace-
ments and fluid invasion (partial leakage), which affects the pressure of the formation Pp that affects the stress field 𝜎𝑖𝑗

surrounding the fracture. This results in a new distribution of stress around the fracture, which affects the pressure in the
fracture, and the procedure iterates until the fracture reaches the desired length, which for the purposes of this work was
considered to be 5 m.
The fluid movement in the saturated porous formation is assumed to obey Darcy’s law. This classical transport law for

isotropic porous media relates qD to the gradient of the fluid pressure p by

𝐪𝐷 = −
𝜅

𝜇
∇𝑝 (11)

where qD is the fluid flux in the porous medium, κ is the intrinsic permeability and ∇ is the gradient operator. At this
point, it is important to mention that similar rheology has been considered for both processes (fluid flow in the fracture
and fluid movement in the porous medium).

2.3 Fracture extension criterion

In numerical simulators, the fracture criterion for extending the fracture is usually described by theGriffith theory (energy
approach), in which a critical value of energy Gic is reached that is related to the fracture toughness of the material and
then the fracture extends. Another methodology is the stress intensity kic ≤ KI approach, in which the fracture extends
when the stress intensity factor at the tip exceeds the rock fracture toughness. The energy release rate and stress intensity
approaches are essentially equivalent and uniquely related for linear elastic or poroelastic materials. The cohesive zone
model approach should be clearly contrasted with the conventional fracture mechanics-based infinitely sharp fracture
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models, as such fracturemodels have led to a physicallymeaningless singular stress field near the fracture tip. The cohesive
zone can be described by two independent parameters, which are usually, for mode I plane strain, the normal work of
separation or the fracture energyGIC and either the tensile strength σt or the complete separation length δIC. An additional
parameter in these models is the slope of the initial loading, which may define a range from rigid softening to elastic
softening response under tensile stress state.32-34
The area under the traction–separation curve determined in the experiments equals the fracture energy GIC, which is

thework needed to create a unit area of fully developed fracture. For elastic solids, this energy is related to the rock fracture
toughness KIC through:

𝐾
𝐼𝐶

=

√
𝐺𝐼𝐶𝐸

1 − 𝜈2
(12)

where E is the Young’s modulus and v is the Poisson ratio. The rock fracture toughness KIC can be calculated from labo-
ratory tests. For the case of rigid-softening behavior, the traction–separation relation is uniquely determined by:

𝜎 = 𝜎𝑡

(
1 −

𝛿

𝛿𝐼𝐶

)
(13)

where σt is the tensile strength of the rock, δIC is the critical opening displacement for mode-I fractures at which s falls
to zero and δ are the displacements of the unwanted fracture faces during extension obtained as part of the solution from
the fully coupled approach. The value of δIC is given by:

𝛿𝐼𝐶 =
2𝐾2

𝐼𝐶

(
1 − 𝜈2

)
𝐸𝜎𝑡

(14)

For the case of elastic loading, the cohesive expression is modified as:

𝜎 = 𝜎𝑡

(
𝛿

𝛿𝑒𝑙𝑎𝑠𝑡𝑖𝑐

)
(15)

with the limit of elastic deformations δelastic:

𝛿𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝜎𝑡

𝑘𝑛
(16)

where kn is the stiffness of the cohesive regime during loading with units of MPa/m. After the max value, the softening
regime of the cohesive zone yields:

𝜎 = 𝜎𝑡

(
1 −

𝛿 − 𝛿𝑒𝑙𝑎𝑠𝑡𝑖𝑐

𝛿𝐼𝐶 − 𝛿𝑒𝑙𝑎𝑠𝑡𝑖𝑐

)
(17)

In conclusion, the assumption of cohesive zone localization into a narrow band ahead of the visible fracture exhibits a
softening behavior that is very suitable for finite element simulations.

2.4 Numerical implementation

The plugging of the unwanted hydraulic fracture is effectively modeled by shutting in the injection rate (Q = 0) at the
fracturemouth and replacing it with a constant boundary condition for pressure at the value pw during the last propagation
step. In other words, it is the pressure just before plugging the fracture. The presence of the LCM is modeled by creating a
pressure difference across d, which is the distance of the plug from the wellbore location, by fixing a different pressure pf
ahead of it (see Figure 1). The reasoning behind the assumption of constant pressure as a boundary condition is as follows:
The induced pressure for splitting hydraulically hard formations becomes and remains constant after breakdown when
the fracture extends in the “fracture toughness”-dominated regime for the impermeable case and the “leak-off fracture
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F IGURE 2 Description of the finite element model

toughness”-dominated regime for the permeable case. In this work, we have assumed a hard formation represented by
a fracture toughness 𝑘𝐼𝐶 ≈ 5𝑀𝑃𝑎

√
𝑚which ensures that the unwanted hydraulic fracture will be created and extended

in those regimes.30-35 This is also in agreement with deep and ultradeep rock formations where wellbore strengthening
techniques may be needed. In previous works2,3,11,12,13,27,28 related to wellbore strengthening methodologies, the fracture
length is comparable with the wellbore dimensions L≈ rw or slightly larger L≥ rw. In experiments held in previous works,
the pressure recording is not constant. However, for a long fracture like the one that was simulated, the pressure becomes
constantwhen the fracture gains in length and becomes significantly greater than thewellbore dimensions (𝐿?𝑟𝑤),making
the assumption for constant pressure valid.
The equations describing the problemwere discretized in space and timewith the finite elementmethod (see Appendix

for details). The time integration for the fluid flow equation was chosen to be the simple one-step method, and for uncon-
ditional numerical stability, the backward difference scheme (θ = 1) was used. Equations are solved using the Newton
method for flow problems. The displacements and the pore pressure degrees of freedom were approximated with linear
interpolation functions. A sufficient finemeshwas considered above themain body of the fracture and over the predefined
path of the unwantedly created fracture to accommodate any sharp changes creating numerical instabilities. In fact, the
finite element mesh was sufficiently fine so that no special remeshing scheme was needed. The finite element computa-
tions were performedwith the commercial simulator Abaqus using 4-node plane strain reduced integration isoparametric
elements CPE4RP tomodel the domain and 6-node cohesive elements COH2D4P tomodel the onset and fluid flowwithin
the unwantedly created fracture.40 The fluid flow through the cohesive elements is simulated with the assistance of two
additional nodes for themodeling of the tangential (parallel to the fracture axis) and normal (perpendicular to the fracture
axis) fluid flow.
The cohesive zone approach is quite elegant for finite element analysis, as it cancels the stress singularity that is expected

from the fracture process, generating a bluntness in the geometry from splitting the rock hydraulically. The considered
finite element domain was 30 m in the x-direction and 30 m in the y-direction, while the predefined path of the fracture
was only at the first 11 m for computational efficiency. The wellbore location was considered at the left-lower corner, and
the unwantedly created fracture was allowed to grow in both directions x- and y-axes. For long fractures, such as those
considered in this work, the radius of the wellbore becomes negligible, and in the modeling, it is justified to use locally
concentrated flow boundary conditions following a certain flow rate scenario. Furthermore, the geometry of the problem
allows the use of symmetry conditions to solve the quarter symmetry of the model (dx = 0: left side and dy = 0: lower side
of the model). The description of the model is shown in Figure 2. At the symmetry lines, we do not constrain the shear
stresses.
The in situ stresses were considered as initial stresses, andwhen the simulation started, two uniformly distributed loads

were applied at the top edge and right side of the model and with different magnitudes to model the stress anisotropy as
load boundary conditions. Finally, the problem size of the models were about 15k elements for both impermeable and
permeable models and 16.5k nodes. The degrees of freedom were 36.5k for the impermeable and 49.5k for the permeable
cases.
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TABLE 1 Parameters for the computational models14,30,42

Variable Elastic Poroelastic
Elastic rock properties
◦Young modulus, E (GPa) 33 33
◦Poisson ratio, ν [-] 0.26 0.26
◦Solids density, ρs (kg/m3) 2600 2600
◦Fluid density, ρf (kg/m3) 880 880
◦Biot effective stress coefficient, α [-] 1 1
◦Skempton coefficient, B [-] 1 1
Cohesive zone properties
◦Constitutive thickness (m) 0.1 0.1
◦Maximum traction, σt (MPa) 7 7
◦Cohesive stiffness, kn (MPa) 324000E+3 324000E+3
◦Cohesive energy, Jic = Gic (kPa.m) 0.706 0.706
◦Permeability coef. kt /kb [m/(Pa.s)] N/A 5.8E-10
Pumping parameters
◦Viscosity, μf (kPa.s) 3.0E-7 3.0E-7
◦Injection rate, q (m3/s/m) 1.5E-4 1.5E-4
◦Rock permeability (hydraulic conductivity), k (m/s) 2.4E-8 2.4E-8
Insitu stress field (effective stresses)
◦σH (MPa) 15 23.8
◦σV (MPa) 13 21.8
◦σh (MPa) 9 17.8
◦Initial conditions
◦Pore pressure, p (MPa) Ν/Α 8.8
◦Void ratio, e [-] 0.14 0.14

3 MODEL VALIDATION

In the plentiful literature onwellbore strengthening, the efforts to construct analytical solutions are related to (a) the stress
intensity factor before and after bridging the fracture,13,41 (b) the hoop stress determination at the wellbore wall before and
after bridging the fracture,2 and (c) the stress distribution along the fracture surface σyy.42 However, the aforementioned
analytical solutions are based on the following simplifying assumptions: (a) that the fracture will not extend three times
thewellbore radius rw and (b) isotropic stress state. This assumption is sufficiently accurate for laboratory experimentation
where the rock samples are not large, thereby justifying the creation of small length fractures. The influence of the well
radius rw is important compared to the fracture dimensions, and the sample is usually tested in an isotropic stress state.
However, to the authors’ knowledge, there are no analytical solutions that can be readily implemented to match our fully
coupled analysis after bridging and plugging the fracture, especially for a large length fracture compared to the wellbore
radius (we have let the fracture propagate up to 5 m in length), and simulate an actual anisotropic stress state and pore
pressure field. Fortunately, several analytical solutions exist for fully coupled models based on various energy dissipative
mechanisms or, in other words, different fracture propagation regimes. In this work, we investigate the problem of cre-
ating an unwanted hydraulic fracture in ultradeep formations where the drilling fluid window is very narrow. Therefore,
we expect the stress state to be highly anisotropic, and the unwanted hydraulic fracture will onset and propagate in the
toughness-dominated regime (i.e., energy is expended in fracturing the rock rather than in the viscous fluid flow) when
it propagates in impermeable and permeable formations. The analytical solution that matches our fracture propagation
problem is the plane strain hydraulic fracture with large toughness from the seminal paper of Garagash.30
The solution of30 allows for a comparison with our model, however, for an isotropic stress state. For this reason, before

we perform the complete computational analysis for bridging the fracture, we have reduced our stress state to isotropic.
All parameters that have been used in the simulations for all the models (impermeable and permeable formations) are
summarized in Table 1. These parameters include the elastic properties of the rock, the cohesive zone properties, the
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F IGURE 3 Comparison between the impermeable numerical model and the large toughness analytical solution.30 (A) Fracture profile
for isotropic stress state σΗ/σh = 1, (B) pressure profile for isotropic stress state σΗ/σh = 1, (C) fracture profile for anisotropic stress state σΗ/σh
= 1.7, (D) pressure profile for anisotropic stress state σΗ/σh = 1.7

pumping parameters, the in situ stress field and the initial conditions required to create a well-posed model. To avoid
confusion in the symbols used, the stresses σH, σh and σv are the boundary conditions considered to simulate the ultradeep
rock formation state. After the creation of the unwanted hydraulically driven fractures, the stresses induced on the fracture
walls during propagation and plugging are termed as σx, σy. For the validation process, we considered an isotropic stress
field of σv = σH = σh = 9 MPa, resulting in a stress ratio of σH/σh = 9/9 = 1, and rock corresponding to a fracture
toughness of KIc = 5 MPa.m1/2. For the anisotropic stress field, we have considered the in situ stresses σH/σh = 15/9 ≈ 1.7.
Both stress ratios (isotropic and anisotropic) correspond to the effective stresses. It is also important to note that Abaqus
performs total stress analyses, and for the poroelastic case, the stresses and all other required parameters are given in
Table 1.
Figure 3A presents the comparison of the fracture profiles versus the dimensionless distance (ξ = Li/Lf with Li: local

length and Lf: final length) from wellbore for the numerical model and the analytical solution for large toughness of30
while Figure 3B shows the pressure profile distribution inside the fracture responsible for the creation of the fracture
profiles (fully coupled solution). As shown, there is excellent agreement between the numerical model and the analytical
solution for large toughness. At this point, it is important to mention that the main characteristic of the pressure profile
for large toughness becomes flat and horizontal along the complete fracture length. To support our previous discussion,
we have repeated the simulation considering this time the highly anisotropic stress state shown in Table 1 and compared
it with the analytical solution.30 Figure 3C presents the comparison of the fracture profiles for a highly anisotropic stress
state (σΗ/σh = 1.7), while Figure 3D shows the pressure profile distribution responsible for the creation of fracture profiles
of Figure 3C. It is evident that there is a significant discrepancy between the numericalmodel and the analytical solution.30
It appears that the analytical solution underestimates the pressure profile and as a result of coupling the pressure with
the fracture width (see Equation 4). The width is also underestimated. This result was somewhat expected because the
pressure inside the fracture is affected by the anisotropic in situ stress field considered in the analysis.
We have also considered the creation of an unwanted hydraulic fracture in a permeable formation. This modeling con-

sideration increases the level of difficulty in the computational models, as now the fracture fluids pf are able to interact
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F IGURE 4 Comparison between the permeability model and the toughness with leak-off analytical solution.31,42 (A) Fracture profile for
isotropic stress state σΗ/σh = 1, (B) pressure profile for isotropic stress state σΗ/σh = 1, (C) fracture profile for anisotropic stress state σΗ/σh =

1.7, (D) pressure profile for anisotropic stress state σΗ/σh = 1.7

with the pore fluids pp, therefore requiring poroelastic analysis. The parameter space now expands to a leak-off edge
owing the filtrate fluids in the formation creating the leak-off toughness dominated regime (i.e., most energy is expended
for fracturing the rock accounting for fluid exchange in the formation). The analytical solution that matches our prob-
lem, fracture propagating in a permeable formation, is the toughness-dominated hydraulic fracture with leak-off from the
works of.31,42 Their solution allows a comparison with our model, as in the impermeable case, for an isotropic stress state.
To compare the numerical solution for the permeable formation with the analytical solution, we reduced our stress state
to isotropic and determined the necessary Carter leak-off coefficient through back analysis. At this point, it is important
to mention that the analytical solutions of31,42 use the Carter leak-off coefficient, whereas our numerical model considers
full diffusion (Equation 4). In Equation (4), the corresponding leak-off coefficients considered in the numerical models
can be interpreted as the effective permeability of a finite layer of permeable material on the cohesive element surfaces
representing the filter cake build-up at the fracture walls; thus, the leak-off process is a part of the numerical solution.
Figure 4A presents the comparison of the fracture profiles versus the dimensionless distance from wellbore for the

permeable fully coupledmodel and the analytical solution for toughness with Carter leak-off of31,42 while Figure 4B shows
the pressure profile distribution inside the fracture responsible for the creation of the fracture profiles after fixing the
Carter leak-off coefficient at a value of C’ = 2.3×10 −4 m/s1/2. As shown, the solution of the fracture width between the
permeable model and the analytical solution compares quite well. The small discrepancies that are observed are mainly
due to the diffusion of the fracture fluids, which escape from the fracture toward the formation. This process is known
for creating backstresses on the main body of the fracture, thereby altering the elliptical shape of the analytical solution.
What is important to note from Figure 4A is that back-stresses cause the fracture width profile to be narrower at the well
location and inflate just behind the tip, outlining the volume balance requirement in the numerical solution.
The comparison of the pressure profile inside the fracture is shown to be in excellent agreement. An important note

here is that the main characteristic of the pressure for large toughness, which is the flat and horizontal profile, is also
maintained in the toughness dominated regimewith leak-off. As in the impermeable case,wehave repeated the simulation
considering a highly anisotropic stress state and compared it with the analytical solution.31,42
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Figure 4C presents the comparison of the fracture profiles for a highly anisotropic stress state (σΗ/σh = 1.7) when the
fracture propagates in a permeable formation with large toughness and leak-off (with a Carter leak-off coefficient, C’ =
2.3×10−4 m/s1/2), while Figure 4D shows the pressure profile distribution responsible for the creation of fracture profiles
of Figure 4C. It is evident that there is a discrepancy between the numerical model and the analytical solutions of31,42
for both the fracture profile and the pressure distribution inside the fracture. This difference is attributed to the highly
anisotropic stress state that was considered. It appears that the analytical solution underestimates the pressure, and as a
result of the coupling of the pressure with the width (Equation 4), the width is also underestimated. According to the large
difference between the numerical and analytical solutions for the pressure, one should expect a large difference between
the fracture profile as well.
As seen from Figure 4C, the difference between the numerical and analytical fracture profiles is not analogous. This

is explained by three reasons. First, the volume of the fluid injected inside the fracture is not equal to the volume of the
fracture that is created, as in the impermeable case, due to the fluid leaking in the formation. Second, the diffusion of the
fluids in the formation causes back-stresses, a phenomenon caused by the diffusion equation, which has a direct effect
on the fracture profile, causing it to be narrower. Furthermore, the diffusion effect is amplified by the highly anisotropic
stress state causing more back-stresses, which in turn cause narrower and more inflated fracture profiles. Third, in the
permeable model, pore fluid is sucked from the tip into the fracture to be leaked back in the formation. The mass balance
of the fluids is Vsuction + Vinject = Vftacture + Vleak-off, where Vsuction is a volume comparable with the other volumes in
this balance. These factors explain the large discrepancy observed in the pressure solution but with a smaller discrepancy
in the fracture profiles and are also consistent with other research works.33-35,43
The purpose of the comparisons in Figures 3 and 4 is to demonstrate the applicability of the proposed numerical model.

That is, the excellent agreement in an isotropic stress state and the large differences in a highly anisotropic stress state
justify the use of numericalmodeling for an actual deep formation stress state that is always anisotropic. Furthermore,with
this comparison, we outline the importance of diffusion, which creates back-stresses, especially in permeable formation
simulations that affect the overall solution for the induced stresses (especially after plugging-closure stresses) induced on
the fracture walls, which is the main focus of this work. This is particularly important to present. This analysis justifies
the necessity of using numerical modeling to capture the salient physics of the simulations. It should also be noted that
existing analytical expressions exist for calibrating wellbore strengthening models; however, simplifying assumptions is
not suitable for the presented case of analysis. These assumptions include wellbore radius influences, which are short
fractures, long mechanical plugs and no poroelastic effects (impermeable conditions).3,12,17,29

4 COMPUTATIONAL RESULTS

Following Section 3, which is concerned with the validation of the impermeable and permeable models, we continue
our analysis by bridging the fracture after it was left to propagate up to 5 m in length. After the fracture reaches the
desired length, we impose a boundary condition at a certain distance to simulate the pressure difference caused by the
hydrodynamic plug. The computational investigation is divided into three parts. The first assumes that the plug is localized
1 m from the wellbore and effectively isolates the fracture tip from the pressure in the wellbore. The influence of varying
the pressure drop across the plug (i.e., the efficiency of the plug) on the closure stresses is analyzed. The second analysis
investigates the effect of varying the location of the plug inside the fracture for a fixed pressure drop. This has the physical
meaning of plugging deeper the unwanted hydraulic fracture. Finally, the third computational investigation studies the
effect of the packing the fracture with LCM except near the tip.

4.1 The influence of the plug pressure drop (plug efficiency)

As explained earlier, the main purpose of the plug is to isolate the tip from the wellbore pressure. We simulate a localized
plug by a sharp pressure drop. The pressure behind the plug ismaintained at the drilling fluid pressure thatwas responsible
for on-setting the fracture (pw = 16.6 MPa), while ahead of the plug, the trapped pressure pf is studied parametrically (see
Figure 5).
For the impermeable models, we have considered that the pressure drop across the plug may vary from small (pf =

16 MPa) to a perfect plug (pf = 0 MPa). For the permeable models, we have considered that the pressure drop across the
plug may vary from small (pf = 28 MPa) to a pressure minimum of (pf = 14 MPa). One should expect that the fracture
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F IGURE 5 Pressure drop ΔP = Pw– Pf simulating the plug across the fracture with length L, while Lp describes the location of the plug
from the wellbore

(A) (B)

(C) (D)

F IGURE 6 Numerical solution for the plugged hydraulic fracture with plug location at Lp = 1 m. (A) Hydraulic fracture profiles in an
impermeable formation under different pressure cases ahead of the plug, (B) hydraulic fracture profiles in a permeable formation under
different pressure cases ahead of the plug, (C) pressure profiles in an impermeable formation for the same pressure cases ahead of the plug,
(D) pressure profiles in a permeable formation for the same pressure cases ahead of the plug

opening vanishes (w→0) when the net pressure (pressure inside the fracture minus the far-field minimum in situ stress)
tends to zero; hence, theminimum pf values we considered are such that the net pressure falls in the neighborhood of zero.
For the permeable models, the software performs total stress analysis; therefore, the stresses are converted from effective
as total and applied appropriately as boundary conditions for the numerical solution. Figure 6A presents the fracture
profiles as a function of distance from wellbore d for all cases of pressure drop after bridging the fracture (continuous
lines) in an impermeable formation. For comparison reasons, we have included in the figure the fracture profile during
the last propagation step (dashed line). Figure 6B presents the same results when the fracture is bridged in a permeable
formation, while Figure 6C and D shows the various pressure profiles inside the fracture after bridging in impermeable
and permeable formations, respectively.
By examining Figure 6A and B, it is seen that the fracture profiles are modified according to the pressure profiles of

Figure 6C and D, respectively. The larger the pressure drop across the bridge is, the narrower the fracture width ahead of
the plug.What is important to note is that in both cases (impermeable and permeable formations), when the pressure falls
below the far-field stress, large closure stresses arise, causing the fracture to close completely. This closure stress may be
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F IGURE 7 Numerical solution for the closure stresses σx with bridge at Lp = 1 m. (A) Elastic stress profiles for the different pressure
cases pf ahead of the plug, (B) poroelastic stress profiles for the pressure cases pf ahead of the plug

responsible for reopening the fracture, as the method is insufficient for plugging the fracture and obtaining drilling fluid
circulation control.
At this point, it should be noted that the usual definition for closure stress is the pressure at which the fracture closes

after the fracturing pressure is relaxed. With this fully coupled model, this pressure responsible for closing the fracture
after plugging is decomposed into two components with the following orientation: one ahead or parallel with the fracture
plane termed from this point onward as σx and one perpendicular to the fracture plane termed from now on as σy. The
orientation is depicted in Figure 2.
Figure 6C and D show two sharp pressure drops. The first sharp drop signifies the location of the plug, and the second

sharp drop depicts the location of the fracture tip. In the impermeable cases, pressure goes to zero ahead of the tip (no
fluid), while in the permeable models, the pressure tends to the in situ pore pressure field.
Figure 7A andBpresents the σx closure stress distribution as a function of the distance fromwellbore d along the fracture

face when the fracture is bridged in an impermeable and a permeable formation, respectively. The stress distributions
correspond to the total stresses. The dashed lines in Figure 7A and B correspond to the far-field undisturbed in situ stress.
The circle marker line corresponds to the stress variation along the fracture at the last frame of propagation (5 m). The
blue line shows the larger pressure drop case considered for the impermeable and permeable models, while the red lines
show the various pressure drop cases considered in the modeling. At this point, it is considered important to mention that
the (-) sign represents tension, while the (+) sign represents compression.
Figure 7A and B show that two sharp changes are created at the σx closure stress distribution over the location of

the bridge and at the location of the tip. The marker line (state of propagation) suggests that the σx stress is reduced
near and ahead of the tip, while it converges to the far-field values away from the tip. After bridging the fracture, to
increase the pressure drop, the σx closure stress ahead of the plug gradually tends to recover the far-field values. This
means that the fracture propagation is arrested. At the same time, at the plug location, a sharp stress difference appears.
It is important to note that in the case of a perfect plug (pf = 0 MPa), the σx stress distribution that was created during
propagation recovers to the in situ stress field ahead of the plug. For the small pressure drop case, the σx closure stress
does not cause a large stress variation at the plug location, but a reduced softening behavior is maintained at the tip. With
the term softening, we mean a reduction in the strength of the material, which is modeled by the cohesive zone, which is
actually a degradation parameter. It is observed that plugging reduces the stresses in the area of the tip. This is exactly the
purpose of the utilization of cohesive zone elements to capture the softening behavior via its degradation and to accurately
simulate the fracture arrest. In other words, if the cohesive zone elements do not degrade up to failure, then the fracture
effectively stops propagating. For the permeable formations, the σx closure stress behind and ahead of the fracture tip
becomes more compressive than the propagation stress field because diffusion causes backstresses. The phenomenon of
a large σx closure stress difference at the location of the bridge is amplified in the permeable formation models (roughly
2 MPa in the impermeable case vs 5 MPa in the permeable case).
Figure 8A and B present the σy closure stress distribution along the fracture face. As in Figure 7, the dashed line corre-

sponds to the far field undisturbed in situ stress; the circle marker line corresponds to the stress variation at the last frame
of propagation. The blue line shows the larger pressure drop considered.
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F IGURE 8 Numerical solution for the closure stresses σy with plug location at Lp = 1 m. (A) Elastic stress profiles for the same pressures
pf ahead of the plug, (B) poroelastic stress profiles for the same pressures pf ahead of the plug

F IGURE 9 Pore pressure profiles Pp along the fracture face with the bridge at Lp = 1 m

Upon inspection, Figure 8A and B show the same distribution of closure stress over the location of the bridge and the
location of the tip. The difference lies in the fact that the σy closure stress distribution exhibits an impressive sharp change
at the plug location for both impermeable and permeable cases (roughly 2 MPa in the impermeable case vs 7 MPa in the
permeable case). Another important observation is that the softening behavior at the location of the tip is reduced for
the permeable case more than for the impermeable models. However, in both cases (impermeable and permeable), this
suggests effective fracture propagation arrest. This σy closure stress is considered responsible for on-setting a new fracture.
The newly created fracture will onset at the plug location and then reorient perpendicular to the minimum in situ stress
σh and continue its propagation considering the fact that new fluids will enter the new fracture splitting hydraulically
further from the formation. It is also seen that for a perfect plug (pf = 0 MPa) in both the permeable and impermeable
models, the σy closure stress distribution approaches the tensile stress regime, suggesting the possibility of on-setting a
new fracture.
For the permeable models, the pressure profile distribution at the fracture face, shown in Figure 9, allows us to evaluate

the effective σx and σy closure stresses.
We have changed the sentence to the following: From Figures 8B and 9, we conclude that the effective stress σ’y, which

is the poroelastic σy shown in Figure 8B minus the pore pressure shown in Figure 9 Pp (𝜎′
𝑦 = 𝜎 − 𝑃𝑝), will reduce from

the compressive stress state (positive sign values mean compression) toward the tensile stress state (negative sign values
mean tension) at the location and behind the bridge, clearly stating the creation of a new fracture as mentioned above.
With the term poroelastic stress appearing in Figures 7B and 8B, we mean the induced stresses after poroelastic analysis
for the permeable cases. It was mentioned earlier that the software performs total stress analysis; hence, the presented
results are total stresses. For the impermeable cases, the induced effective stresses match the total stresses because there is
no pore pressure present in the formation. In this way, we enable the comparison of the induced closure stresses between
the impermeable and permeable formations and how diffusion generates back-stresses of the fracture walls, negatively
affecting fracture plugging.
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F IGURE 10 Numerical solution for the plugged hydraulic fracture under various plug locations Lp = {0.1, 1, 2.5, 4.5} m with constant
pressure drop {9 MPa}. (A) Impermeable fracture profiles, (B) permeable fracture profiles, (C) pressure profiles for the impermeable cases, (D)
pressure profiles for the permeable cases

4.2 The influence of the plug location

The next part of our analysis is concerned with the investigation of the influence of varying the location of the plug Lp =

{0.1, 1, 2.5, 4.5} m by keeping the pressure drop fixed at 9 MPa for both cases examined, impermeable and permeable. With
this set of models, we simulate the physical situation for bridging the fracture closer to the tip. It has been reported1,2 that
an efficient seal is obtained when the plugs bridge closer to the tip according to the tip isolation concept.
Figure 10A and B presents the fracture profiles for all the cases of different plug locations Lp = {0.1, 1, 2.5, 4.5} m with

a fixed pressure drop at 9 MPa for the impermeable and permeable formations, respectively. For clarity, we have also
included the last propagation step with a dashed line. Figure 10C and D shows the respective pressure profiles for the
aforementioned conditions.
By closely analyzing the fracture profiles, we observe that the fracture created in the permeable formation is narrower

than the fracture created in the impermeable formation. The permeable case is differentiated from the permeable case
by the influence of diffusion. The diffusive fluids percolate in the porous formation, creating back-stresses with the con-
sequence of narrower fracture profiles and at the same time higher closure stresses, thus safely assuming that diffusion
increases the closure stresses. Further examination of the fracture profiles for both cases examined shows that when the
plug is located closer to the well, the resulting fracture profiles are narrower, while ahead of the tip, the fracture closes
completely. The reason for this effect is that the pressure ahead of the plug drops and the closure stresses are relatively
higher in this region, effectively isolating the tip, and then the fracture stabilizes at a smaller width. This effect diminishes
as the plug is bridged closer to the tip. From the pressure profiles, we observe two sharp drops. The first designates the
location of the bridge, while the other designates the location of the fracture tip. As expected, the pressure drop in both
cases has a magnitude of 9 MPa, which is considered the boundary condition, and for the impermeable, it falls to zero at
the location of the tip, while in the permeable, it tends to the far-field pressure of the formation. One may note that in the
permeable case, when the plug is located near the tip, the pressure instead of dropping slightly increases ahead of the tip.
The explanation for this behavior is attributed to diffusion effects affected locally by the stress field.
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F IGURE 11 Numerical solution for the closure stresses σx with bridge at Lp = {0.1, 1, 2.5, 4.5} m and constant pressure drop 9 MPa. (A)
Elastic σx stress profiles for the different bridge locations Lp, (B) poroelastic σx stress profiles for the different bridge locations Lp

(A) (B)

F IGURE 1 2 Numerical solution for the closure stresses σy with bridge at Lp = {0.1, 1, 2.5, 4.5} m and constant pressure drop 9 MPa. (A)
Elastic σy stress profiles for the different bridge locations Lp, (B) poroelastic σy stress profiles for the different bridge locations Lp

Figures 11A and B shows the σx closure stress distribution along the fracture face in impermeable and permeable forma-
tions, respectively, with varying the location of the bridge Lp = {0.1, 1, 2.5, 4.5} m and keeping a fixed 9 MPa pressure drop.
The dashed lines correspond to the far field in situ stress, and the circle marker line corresponds to the last propagation
frame located at 5 m.
By examining the profiles, it is seen that a sharp change is observed in the σx closure stress at the locations of the plug

and a smoother change is observed in the location of the tip. In terms of stress concentration at these two locations (plug
and tip), the closer the bridge is to the well (Lp = 0.1 m), the larger the σx closure stress at the location of the plug and the
smaller the stress at the tip. Furthermore, when the fracture plug is closer to the tip (Lp = 4.5 m), the σx closure stress is
smaller at the plug and increases at the tip. The stress concentrations of the other two cases between the near-well plug
and the near-tip plug (1 < Lp < 2.5 m) appear to be insensitive to either the tip or the plug. The aforementioned behavior
suggests that the closer the plug is toward the well, the larger the effective closure stresses at the plug location and the
lower the effective closure stresses at the tip. On the other hand, when the plug is closer to the tip, the stresses at the plug
and tip start to interact with each other, resulting in an increase in the σx closure stress concentration at the location of
the tip. This behavior is slightly enhanced for the permeable σx closure stresses.
Figure 12A and B show the σy closure stress distribution along the fracture face for the impermeable and permeable

cases examined with varying the location of the bridge Lp = {0.1, 1, 2.5, 4.5} m and keeping a fixed 9 MPa pressure drop.
The dashed lines correspond to the far field in situ stress, and the circle marker line corresponds to the last propagation
frame located at 5 m.
By examining the σy closure stress concentration, a similar behavior is observed at the location of the plug and at

the location of the tip with the σx closure stress behavior. When the plug is closer to the well, a larger σy closure stress
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F IGURE 13 Pore pressure profiles Pp along the fracture face with the bridge at Lp = {0.1, 1, 2.5, 4.5} m

F IGURE 14 Fracture packing

concentration is observed at the plug and a smaller concentration is observed at the tip for both cases examined. When
the plug is closer to the tip, the σy closure stress concentration softens.
The σy closure stress behavior can be explained by the fact that when the plug is ineffective, that is, Pf ahead of the plug

is large and comparable with the pressure Pw in the well, then the effective σy closure stress at the tip is also comparable
with the σy effective stress during propagation, and hence, there is a risk of extending the fracture, rendering the plug
method inefficient.
On the other hand, when the plug is effective, that is, Pf ahead of the plug is much less than Pw, then the tip isolation

is effective because the effective stresses are reduced at the location of the tip; therefore, the fracture will not continue to
propagate, suggesting an efficient plug method. Furthermore, the location of the plug Lp, if it is either closer to the well or
the tip, does not appear to have a significant effect on the resulting effective closure stress behavior. The pressure profile
at the fracture face for the permeable models is depicted in Figure 13, which is used to deduce the effective stresses σx and
σy.

4.3 The influence of fracture packing

Up to this point, our analysis was performed with the assumption of a localized hydromechanical plug by changing the
pressure ahead and behind the bridge and then changing the location from near the well to near the tip. The next and final
part of our investigation is the replacement of this localized hydrodynamic plug with a wider plug occupying a length of
4.5 m, as shown in Figure 14, a procedure very similar to packing.
This has the physical interpretation that the fracture is nearly filled/packed with LCM material (extending from the

wellbore location up to LP = 4.5 m) except from a small region in the area of the tip (Lempty = 0.5 m). After introducing the
bridge, the pressure ahead is varied from Pf {16 – 0}MPa for the impermeablemodels and Pf {28 – 19}MPa for the permeable
model. In this way, we simulate the reduction in the flow rate through the fracture. This change in fluid flux inside the
fracture affects the pressure profile, which in turn influences the closure stresses after bridging the fracture. This final
case examined is considered the most realistic scenario for investigating the closure stresses that may shed some light on
the flow-back problems.
Figures 15A and 15B depict the fracture profiles for all the cases of different Pf ahead of the plug for the impermeable

and permeable fractures, respectively. The last propagation step is shown with a dashed line. Figure 15C and D depict the
pressure profiles that were created with the new set of boundary conditions to simulate the fracture packing resulting in
the fracture dimensions of Figures 15A and 15B.
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F IGURE 15 Numerical solution for the packed hydraulic fracture under various pressure drops with a packing length of 4.5 m. (A)
Impermeable fracture profiles, (B) permeable fracture profiles, (C) pressure profiles for the impermeable cases, (D) pressure profiles for the
permeable cases

A general observation is that the resulting profiles of the packed fractures for both types of formations considered, imper-
meable and permeable, are affected (the elliptical shape is altered) as the pressure drop increases. However, for smaller
pressure drops, the fracture profiles are nearly elliptical. On the other hand, as Pf approaches the in situ stress σh = 9 MPa
for the impermeable formation and σh = 17.8 MPa for the permeable formation, the fracture profile tends to zero width.
For example, in Figure 15A and B, the profiles corresponding to Pf = 8 MPa (impermeable) and Pf = 19 MPa (permeable)
start to tend to zero width (w→0). The phenomenon becomes stronger for the case of Pf = 0 MPa (impermeable), where
the profile has closed beyond 2.5 m, which is the location at the pressure profile that decreases than the in situ stress σh
= 9 MPa (see Figure 15C). This phenomenon suggests the possibility that the induced closure stresses will cause LCM
flow-back.
Figures 16A and 16B presents the σx closure stress distribution along the fracture face in the impermeable and permeable

cases for the packed fracture. The dashed lines correspond to the far field in situ stress, the circle marker line corresponds
to the last propagation frame located at 5 m, and the blue line depicts the largest pressure drop. By considering a packed
fracture, σx closure stresses do not changemuch and remain, as seen, within the σx stress distribution during propagation.
Two distinct changes are observed. One small increase near the well location and one at the location where the fracture
width tends to zero, which is different for each simulation case. Between these two points, the σx closure stress changes
linearly and as a function of the pressure decrease, as shown in Figures 15C and 15D, exposing the coupled character
between the stress change and the pressure inside the fracture. Ahead of the tip, the σx closure stress tends to the far-field
value considered in the simulations. The same phenomenon is observed for the permeable packed fracture, but much
softer in magnitude compared to the propagation σx stress distribution.
Figures 17A and 17Bpresents the σy closure stress distribution along the fracture face for the impermeable andpermeable

cases examined for the packed fracture. The dashed lines correspond to the far field in situ stress, while the circle marker
line corresponds to the last propagation frame, which is at 5 m. Finally, the blue curve corresponds to the largest pressure
drop.
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(A) (B)

F IGURE 16 Numerical solution for the closure stresses σx for a packed hydraulic fracture. (A) Elastic σx stress profiles for the different
pressure drops Pf, (B) poroelastic σx stress profiles for the different pressure drops Pf

(A) (B)

F IGURE 17 Numerical solution for the closure stresses σy for a packed hydraulic fracture. (A) Elastic σy stress profiles for the different
pressure drops Pf, (B) poroelastic σy stress profiles for the different pressure drops Pf

F IGURE 18 Pore pressure profiles Pp along the fracture face of a packed hydraulic fracture for different pressure drops Pf

As in the previous case of the σx closure stress analysis, there are two distinct changes in the σy closure stress distribu-
tions. One near the well and one where the fracture width tends to zero. In between, a linear change is observed for the
reasons explained earlier (stress response is coupled with the pressure response). As expected, the σy closure stress ahead
of the tip tends to the far-field boundary condition. Both impermeable and permeable packed fractures behave essentially
the same way.
Finally, the pressure profile as it has been computed at the fracture face for the permeable packed fracture is shown in

Figure 18 and is used to deduce the effective stresses σx and σy.
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5 CONCLUSIONS

In this work, a set of fully coupled impermeable and permeable finite element models were constructed in an attempt to
shed some light onwellbore strengtheningmechanics. The proposedmodels present a fully coupled elastic and poroelastic
analysis, with the aim of investigating the influence of diffusion effects on the induced closure stress field after bridging
an unwanted hydraulic fracture and providing a close to real application prediction of the induced closure stresses after
on-setting a realistically long unwanted fracture.
Bridging the fracture is simulated by imposing a pressure difference at specific locations inside the open fracture to

imitate the pressure drop across the plug. This is purely a hydroddynamic approach, and the mechanical interaction with
the LCMmaterial is neglected. Three types of sensitivity analyses were performed: (1) the bridge efficiency by varying the
fracture internal pressure pf downstream of the plug at a fixed location, (2) the influence of location by keeping a constant
pressure difference while varying the location of the bridge, and (3) a fully packed fracture by allowing significant distance
between the constrained nodes.
For case (1), increasing the plug efficiency in impermeable formations results in a narrower aperture fracture at the

wellbore location, while the width ahead of the bridge diminishes when the fracture internal pressure downstream of
plug pf is exceeded by the minimum in situ stress σh. The effect of the narrow fracture width is even more pronounced in
the case of permeable formation owing to back-stresses caused by diffusion and the nonlocal nature of the solution. At the
location of the plug, the induced closure stresses increase with increasing efficiency. This raises the risk for reopening the
fracture at the bridge location, bearing in mind that within a small area surrounding the unwanted fracture, microcracks
exist, and at a second failure cycle, thesemicrocracks donot have tensile strength. Similar behavior is observed for fractures
in permeable formations.
For case (2) investigating the plug location at a constant plug efficiency (fixed pressure difference), a narrower fracture

width is predicted when the bridge is near the wellbore, while the width is maintained nearly constant as the bridge
moves closer to the tip. This finding suggests that the location of the plug does not greatly influence the resulting fracture
geometry, which in turn affects the induced closure stresses in impermeable formations. A slight increase in the predicted
width and pressure is observed in the case of the permeable models due to diffusion. The observed increase is explained
by the back-stresses that are created as a result of the filtrate loss, which in turn affects the induced closure stress field.
When the bridge is closer to the wellbore, the induced closure stresses are higher at the bridge and reduced when closer
to the tip. When the bridge is closer to the tip, the induced closure stress and the stress field resulting from the tip start to
interact. Similar behavior is exhibited for the permeable case.
Finally, in case (3), where the fracture is packed with LCM, the predicted pressure profile in the packed fracture dimin-

ishes smoothly from the wellbore location toward the tip, which affects the resulting fracture widths. From this analysis,
narrower fracture profiles are predicted when the efficiency of packing improves. When the pressure in the packed region
becomes lower than the minimum in situ stress σh, then the fracture width closes (w→0). This result could cause LCM
to flow back. Furthermore, this is also supported by the induced closure stresses that appear to be higher than the stress
field at the state of fracture extension. However, no such risk arises in permeable formations because the fluids circulate
between the fracture and the porous formation. Smooth induced closure stress profiles are observed in both impermeable
and permeable cases, although their magnitudes are relatively high compared to the stress field at the state of fracture
propagation.
These phenomenological results could be further developed by including themechanical response from the LCMwhen

the fracture is hydrodynamically bridged. An extension in the modeling would include simulating the plug as a porous
material, which will be considered in future research work.
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APPENDIX
The system of Equations (1–11) describing the constitutive response of the porous solid and the fluid flow within the
unwanted hydraulic fracture can be solved numerically with the finite elementmethod. Using a standard poromechanical
notation as described in32–35 for soil-pore fluid interaction problems, the generalized finite element equations in discrete
form accounting for fluid leak-off are described by the following system describing the (a) stiffness equation and (b) flow
equation:

[
𝜃𝐾𝑒 𝜃𝑄

𝑄𝑇 𝑆 + Δ𝑡𝜃𝐻

]
𝑛+𝜃

{
𝑢

𝑝
𝑤

}
𝑛+1

=

[
(𝜃 − 1)𝐾𝑒 (1 − 𝜃)𝑄

𝑄𝑇 𝑆(1 − 𝜃)Δ𝑡𝐻

]
𝑛+𝜃

{
𝑢

𝑝
𝑤

}
𝑛

+

{
𝑓𝑢

Δ𝑡𝑓𝑝

}
𝑛+𝜃

(A1)

where Ke is the elastic stiffness matrix, Q is the coupling matrix, H is the permeability matrix, S is the compressibility
matrix, f u are forces creating displacements and f p are forces creating pressures. θ [0-1] is the time operator that defines the
type of numericalmethod used to approximate time in the equations. The submatrices and vectors shown in Equation (A1)
account for both the stiffness and flow equations as:

𝐵 = 𝐿𝑁𝑢 (Strain Operator)

𝐾𝑒 = ∫
Ω

𝐵𝑇𝐷𝑒𝐵𝑑Ω (Linear Elastic Stiffness Matrix)

𝑄 = ∫
Ω

𝐵𝑇𝛼𝑚𝑁𝑝𝑑Ω (Coupling matrix)

𝐻 = ∫
Ω

(
∇𝑁𝑝

)𝑇 𝜅

𝜇𝑓
∇𝑁𝑝𝑑Ω (Permeability matrix)

𝑆 = ∫
Ω

𝑁𝑇
𝑝

(
1

𝑄′

)
𝑁𝑝𝑑Ω (Compressibility matrix)

1

𝑄′
=

𝑎 − 𝜑

𝐾𝑠
+

𝜑

𝐾𝑓

𝑓𝑢 = ∫
Ω

𝑁𝑇
𝑢

[
𝜌𝑠 (𝜑 − 1) + 𝜌𝑓𝜑

]
𝑔𝑑Ω + ∫

Γ
𝑞
𝑢

𝑁𝑇
𝑢 𝑡𝑑Γ

𝑓𝑝 = ∫
Ω

(
∇𝑁𝑝

)𝑇 𝑘

𝜇𝑓
𝜌𝑓𝑔𝑑Ω − ∫

Γ
𝑞
𝑤

𝑁𝑇
𝑝

𝑞𝑓

𝜌𝑓
𝑑Γ (A2)

where N u and N p are the shape functions to account for the displacements and fluid pressures, respectively; L is a dif-
ferential operator; De is the tangential elastic stiffness matrix; φ is the porosity of the solid phase, which can be related to
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the void ratio e; ρf is the density of the fluid; μf is the viscosity of the fluid; Ks and Kf are the solid and fluid bulk modulus,
respectively; and κ is the intrinsic permeability.
Adopting small strain theory for poroelastic formations, the constitutive relation may be expressed as a linear relation

between small changes in strain and small changes in the effective stresses as:

𝛿𝜀 = 𝐷𝑒𝛿𝜎
′ (Α3)

where 𝐷𝑒 is the tangential matrix encoding the behavior of the formation. Equations (A1–A3) are essential for the solu-
tion of the fully coupled stiffness matrix, which in turn is the key for the solution of the system of equations (A1). The
time integration for the fluid flow equation was chosen to be the simple one-step method, and for unconditional numer-
ical stability, the backward difference scheme (θ = 1) was utilized. Equations are solved using the Newton method for
flow problems. The displacements and the pore pressure degrees of freedomwere approximated with linear interpolation
functions.
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