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Abstract: Deep and even ultra-deep petroleum resources play a gradually increasing and important
role with the worldwide continuous advancement of oil and gas exploration and development.
In China, the deep carbonate reservoirs in the Tarim Basin are regarded as the key development
areas due to their huge reserves. However, due to the unreasonable design of production pressure
differential, some production wells suffered from severe borehole collapse and tubing blockage.
Therefore, the main purpose of this paper is to optimize a more practical method for predicting
the critical production pressure differential. The commonly used analytical methods with different
failure criteria for predicting production pressure differential were summarized. Furthermore, their
advantages and disadvantages were analyzed. A new numerical model is established based on
the finite element theory in order to make the prediction of production pressure differential more
accurate. Additionally, both analytical and numerical methods were applied to evaluating the
production pressure differential of deep carbonate reservoirs in the Tarim Basin, and the results
were discussed compared with field data. In addition, a series of laboratory tests, including porosity
and permeability measurements, electron microscope scanning, XRD for mineral analysis, uniaxial
and triaxial compressive strength test, etc., were carried out by using the collected carbonate cores
from formations deeper than 7000 m to obtain the input parameters of the simulation such as the
rock properties. The experimental results showed that the carbonate rocks exhibited a remarkable
brittleness and post-peak strain softening. The calculation results revealed that the Mogi-Coulomb
criterion is slightly conservative; however, it is more suitable than other criteria to evaluate pressure
differential. Furthermore, it has been confirmed by the field data that the finite element numerical
method can not only reveal the instability mechanism of the wellbore but also predict the critical
production pressure differential accurately. Unfortunately, the on-site operators sometimes require
a more convenient way, such as an analytical method, to figure out the pressure differential, even
though the evaluation of the numerical method is more accurate. Therefore, the discussion in this
paper can provide a basis for the operators to determine the production pressure differential flexibly.

Keywords: carbonate reservoir; production pressure differential; laboratory test; failure criterion;
finite element; strain softening

1. Introduction

The exploration and development of petroleum resources are in full swing nowadays
due to the increasingly prominent contradiction between petroleum supply and demand
with the continued growth in global demand for fossil energy. Moreover, 60% of global
oil and gas reserves are derived from carbonate reservoirs, which occupy an important
position in the world’s total petroleum resources [1]. In China, more than one-third of the
reserve resources are the oil and gas in the marine carbonate rocks, and thus carbonate
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reservoirs have become one of the most important strategic replacement resources [2].
There is a large number of carbonate reservoirs with huge productivity in the Tarim Basin
that has become a key area for deep petroleum development [3,4].

Carbonate reservoir space can be divided into three types: primary pores, fractures
and caves. It is common knowledge that the complexity of physical properties often leads
to the complexity of rock strength [5]. Therefore, some of the production wells in the
Tarim Basin encountered wellbore collapse and tubing blockage (Figures 1 and 2) during
drilling due to the insufficient understanding of the complex rock properties and the
excessive highly designed pressure differential, which caused a lot of economic losses and
non-productive time. So, it is of great significance to thoroughly carry out research on the
critical production pressure differential of carbonate reservoirs in the Tarim Basin.

Figure 1. Sectional view of blocked tubing.

Figure 2. The mixture of mud and clogging cuttings (left), the block falling (right).

Domestic and foreign scholars have developed many methods on the critical pro-
duction pressure differential prediction [6–14], which are mainly applied to solving the
problems of sand production and wellbore instability of loose sandstone and tight sand-
stone. In 2007, Liu X. et al. [10] believed that the elastoplastic model could better reflect
the mechanical properties of sandstone reservoirs. They calculated the distribution of the
equivalent plastic strain around the wellbore and determined the production pressure
differential considering the plastic strain criterion. In 2011, Wang A. [11] demonstrated
that the initial sanding did not occur on the borehole wall but in the stratum. There-
fore, a concept of sanding characteristic radius was proposed, and the methods of critical
pressure differential determination were established based on different criteria, such as
Mohr–Coulomb [15], Drucker–Prager [16], Hoek–Brown [17], plastic strain [18], tensile
failure [6] and compression failure [6]. In 2016, Zhang R. et al. [12] analyzed rock stresses
of the borehole wall and developed a new sanding critical drawdown pressure calculating
model combined with fully polyaxial rock failure criterion Mogi-Coulomb [19]. In 2019,
Geng S. [13] established a finite-difference grid model by FLAC3D to simulate wellbore in-
stability and collapse under different pressure differentials. The numerical results showed
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that the pressure differential without large-scale collapse around the wellbore was rea-
sonable and practical. In 2020, Shi X. et al. [14] established the calculation method of the
wellbore instability index under the condition of pressure depletion, which was used to
characterize the risk of sand production around the wellbore. Then, the diagram between
the bottom-hole flow pressure and pore pressure was drawn to determine the production
pressure differential during the entire production cycle of pressure depletion.

Although the research achievements on the critical production pressure differential of
sandstone reservoirs are abundant, their applicability to carbonate reservoirs in the Tarim
Basin remains to be investigated. Therefore, research on the optimal evaluation methods of
production pressure differential is included in this paper in order to provide a basis for
well testing and production design work in the oilfield.

2. Experimental Study on the Properties of Carbonate Rocks

When it comes to evaluating the production pressure differential, the necessary pre-
requisite is to find out the stratigraphic characteristics of the target area, the most important
of which is the rock properties. Rock properties are usually divided into mechanical,
physical and chemical properties. Mechanical properties characterize the rock’s abilities
to resist deformation and failure under the stress state, and they are usually evaluated
by parameters such as elastic modulus, Poisson’s ratio, compressive strength, cohesion
and internal friction angle. The physical properties of the rock mainly include fabric char-
acteristics, porosity and permeability. The chemical properties mainly characterize the
changes in physical and mechanical properties caused by the interaction between rocks
and drilling fluids.

2.1. Experimental Study on Rock Mechanical Properties

The mechanical properties of carbonate rocks are very complex, which mainly man-
ifest as strong heterogeneity. Furthermore, the difference in rock strength caused by its
heterogeneity is mostly determined by the fracture system inside the rock, which has been
confirmed by the research of many scholars [20–23]. As an example, Tan Q. et al. have
carried out some mechanical experiments by using the carbonate cores obtained from the
Tarim Basin and proposed a method based on the Hoek–Brown criterion to divide the rock
strength into three groups in terms of their internal cracks [24].

The laboratory experiments carried out in this study were aimed to analyze the typical
mechanical parameters, rock failure characteristics and constitutive equations. The stress-
strain curves obtained from the experiments are partly shown in Figure 3, whose data
was collected by the TAW-1000 deep-water pore pressure servo experimental system. The
schematic representation of the experimental setup can be found in reference [25], and the
experimental procedure can be found in reference [26]. It can be found that the uniaxial
compressive strength of the carbonate rocks is relatively high, and the strength is greatly
increased under high confining pressure, which is conducive to maintaining the stability
of the wellbore. Under uniaxial conditions, the pre-peak stress-strain curve of the core
basically maintains an oblique linear shape, and the axial strain corresponding to the
failure strength is about 0.5–1%, indicating that the compression failure of the core is an
elastic and brittle failure with remarkable residual strength. The pre-peak stress features
fluctuation, which is caused by local damage or local axial splitting of the core during
the compression process, and that does not affect the overall strength. The stress-strain
curve at the initial stage of uniaxial compression has a remarkable “upward” trend, which
is mainly due to the compaction of the inside cracks. Under triaxial conditions, the core
features strain-softening after the peak strength, and the residual strength is higher than
that under uniaxial conditions due to the effect of confining pressure.
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Figure 3. Stress−strain curves of carbonate strength test (the confining pressure: (a) 0 MPa; (b) 0 MPa;
(c) 15 MPa; (d) 40 MPa).

Experimental results show that the uniaxial compressive strength (UCS) of the carbon-
ate rocks is about 25–80 MPa (Figure 4), which indicates a strong heterogeneity. Therefore,
the wellbore stability of the weak layers must be taken into account when designing the
production pressure differential. Specifically, the mechanical parameters such as strength
should be determined as the statistical average values or smaller values to reduce the risk
of instability. Therefore, a series of uniaxial and triaxial tests were carried out to get the
range of mechanical parameters. The test conditions and results are listed in Table 1. In
addition, all the rock samples are divided into several groups according to the different
conditions (confining pressure) and distinguished by the frame-line in Table 1. It can be
found that the average UCS of the carbonate rocks is about 47.5 MPa, the range of elastic
modulus (E) is 10–20 GPa, and the range of Poisson’s ratio is 0.19–0.27. By fitting the
Mohr–Coulomb criterion (Equation (1)) [15], the cohesion (C) is about 11–17 MPa, and the
internal friction angle (ϕ) is about 42–46◦.

σ1 = σ3 cot2(
π

4
− ϕ

2
) + 2C cot(

π

4
− ϕ

2
) (1)
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Figure 4. Comparison of carbonate UCS.

Table 1. Summary of carbonate uniaxial and triaxial test data.

Core Number Density/g·cm−3 Confining
Pressure/MPa

Compressive
Strength/MPa

Elastic
Modulus/GPa

Poisson’s
Ratio

1 2.65 0 80 18.11 0.24
2 2.64 0 60 11.89 0.21
3 2.64 0 25 5.00 0.20
4 2.57 0 57 17.36 0.22
5 2.64 0 36 7.85 0.21
6 2.63 0 27 4.54 0.27

7 2.64 15 183 29.15 0.29
8 2.64 15 140 27.14 0.19
9 2.65 15 138 20.51 0.20

10 2.62 15 170 21.54 0.31

11 2.64 20 244 38.49 0.23
12 2.66 20 184 26.82 0.21
13 2.63 20 181 35.03 0.19
14 2.63 20 200 38.10 0.26

15 2.68 40 282 39.24 0.30
16 2.65 40 264 29.27 0.33

17 2.61 50 292 35.70 0.20
18 2.62 50 328 35.15 0.33

2.2. Experimental Study on Rock Physical and Chemical Properties

Porosity and permeability are not only basic parameters of rock physical properties but
also input parameters in fluid–solid coupling simulation. In this section, the porosity and
permeability of the cores from A1–A3 wells in the Tarim Basin were measured by the 112A
permeability meter and the UP-300 core porosity meter. It can be found that some cores
contain cracks and fissures while the others are intact (Table 2). The methods for porosity
and permeability measurement can refer to the reference [27]. The results show that the
carbonate matrix is tight, with a porosity of 0.4–2.5% and a permeability of 0.02–3.15 md,
which indicates that the reservoir exhibits ultra-low porosity and ultra-low permeability.
Meanwhile, some of the carbonate rocks have a dual-porosity structure, and they are rich
in cracks and fractures, resulting in permeability which can reach 38.8 md. The mineral
composition of the cores has been measured by an XRD diffractometer; the results (Table 3)
show that the content of calcite in the samples is approximately more than 90%, which
demonstrates that the carbonate rocks are relatively pure. It can be observed that a large
number of low-angle micro-cracks with irregular trends were developed on the surface
of the rocks (Figure 5). Meanwhile, flaky illite–smectite mixed layers and micron-scale
cracks can be observed inside the core by scanning electron microscope (Figure 6), which is
consistent with the conclusions mentioned above.
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Table 2. Summary of carbonate porosity and permeability test data.

Well Number Core Number Well Depth/m Density/g·cm−3 Porosity/% Permeability/mD Remarks

A1
19 7268.1 2.69 0.6 0.46 contain cracks
20 7274.0 2.69 1.1 6.75 contain fissures
21 7288.8 2.70 0.6 1.93 intact

A2
22 7350.7 2.70 0.4 0.05 intact
23 7353.6 2.71 1.9 0.03 intact
24 7356.9 2.71 2.2 0.56 intact

A3
25 7358.4 2.71 1.3 0.02 intact
26 7446.3 2.71 2.5 3.15 intact
27 7737.4 2.70 0.9 38.8 contain fissures

Table 3. Summary of carbonate mineral composition test data.

Core Number
\Mineral Type

Mineral Content/%

Quartz Plagioclase Calcite Dolomite Anhydrite Clay

28 1.0 1.2 97.8 / / /
29 2.6 1.3 92.3 3.8 / /
30 6.2 3.1 90.7 / / /
31 1.6 / 89.8 7.7 0.9 /

Figure 5. Observation of carbonate block.

Figure 6. Scanning electron microscope of carbonate sample ((a) Illite–smectite mixed layers,
(b–d) Micron-scale cracks).
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The production of oil and gas is a step after well completion and fracturing, so
the formation rocks before production have chemically reacted with the working fluids,
such as completion fluid and acid. The chemical properties of the carbonate rocks are
relatively active; therefore, they can easily interact with drilling and completion fluids, and
mechanical property damages may be caused as a result. Especially for deep carbonate
reservoirs, the implementation of acid fracturing is one of the most important means to
promote productivity. Therefore, the changes in the properties of rocks caused by acid
dissolution cannot be ignored, which has been confirmed by many researchers [28–31].
Working fluids with different components may have diverse effects on the mechanical
properties of rocks due to their various chemical properties [32]. Since the main component
of the completion fluid in the target block of the Tarim Basin is CaCl2, mechanical tests
were carried out by using the core samples treated by gelling acid soaking and saltwater
(CaCl2) displacing in order to analyze the influence of different working fluids on rock
strength. The test results (Figures 7 and 8) show that the compressive strength of the cores
decreased by 18–33% and 4–21% after soaking in acid and displacing CaCl2 saline for 2
h, respectively. The influence degree of the working fluid decreases with the increase of
confining pressure. Therefore, the compressive strength of the rocks in the target zone
can be decreased by 20% and 5% approximately after the reaction with acid and saline,
respectively, according to the buried depth of the target block in this study is about 7000 m
and the effective confining pressure exceeds 80 MPa there.

Figure 7. Compressive strength of carbonate cores before and after soaking acid.

Figure 8. Compressive strength of carbonate cores before and after displacing brine.
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3. Evaluation Methods for Predicting Production Pressure Differential

A reasonable pressure differential is an important prerequisite for ensuring safe and
efficient production. The productivity cannot be effectively released with a low-pressure
differential. On the other side, wellbore instability may be caused if the pressure differential
is too high. In particular, some production wells in the Tarim Basin suffer serious tubing
blockage problems due to excessively high-pressure differential, as mentioned above.
Therefore, a feasible method for evaluating the production pressure differential accurately
is much more necessary. In this section, both analytical methods and numerical methods
are applied to evaluating the production pressure differential. In fact, operators in oilfields
occasionally use the empirical method to directly assess the pressure differential, but this
will not be discussed here due to its strong limitations for different blocks.

3.1. Analytical Method for Production Pressure Differential Evaluation

Two kinds of sand production mechanisms should be considered when determining
the critical production pressure differential of sandstone reservoirs: shear failure caused
by excessive in-situ stress difference and particle shedding caused by an excessive fluid
pressure gradient. A generally accepted view is that sandstone is not easy to lose stability
under a “primitive state”. Shear weakening and swelling must have occurred before
sandstone particles are carried out by hydrodynamic forces [33]. Therefore, it’s not hard
to infer that the main cause of wellbore instability in carbonate formation is shear failure
rather than particle shedding by analogy to sandstone. Based on this principle, a variety of
analytical evaluation methods have been derived.

1. Production pressure differential evaluation based on Mohr–Coulomb criterion

When analyzing the wellbore stability, the wellbore is generally assumed as a middle
circular hole in an infinite stratum, which is controlled by the three-dimensional in-situ
stress and subjected to plane strain conditions. As mentioned above, the shear failure is
caused by excessive in-situ stress difference, and the differential stress on the wellbore
reaches its maximum in the direction of the minimum horizontal in-situ stress, where
the risk of wellbore instability is the highest. Considering that the carbonate is a porous
medium, and assuming that the pores are completely filled with fluid during production,
the effective stress distribution on the borehole wall in the direction of the horizontal
minimum in-situ stress can be expressed as follows:

σ′r = pw − αpp
σ′θ = 3σH − σh − pw + δ(pw − pp)− αpp

σ′z = σv + 2ν(σH − σh) + δ(pw − pp)− αpp

(2)

where σ′r, σ′θ and σ′z are the radial, circumferential and axial effective stress, respectively,
MPa. pw is the bottomhole pressure; MPa. pp is the pore pressure, MPa. σH , σh and σv
are the horizontal-maximum, horizontal-minimum and vertical in-situ stress, respectively,
MPa. α is the effective stress coefficient dimensionless. ν is Poisson’s ratio, dimensionless.
δ is an intermediate variable expressed as δ = α 1−2ν

1−ν .
The production pressure differential ∆p is defined as Equation (3):

∆p = pp − pw (3)

Substituting Equation (3) into Equation (2), the effective stress on the borehole wall
can be expressed by ∆p:

σ′r = (1− α)pp − ∆p
σ′θ = 3σH − σh + (1− δ)∆p− (1 + α)pp

σ′z = σv + 2ν(σH − σh)− δ∆p− αpp

(4)

The production pressure differential can be derived by substituting Equation (4)
into Equation (1). However, when using the analytical method, the calculation is often
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inconvenient due to the complexity of the solution form. Therefore, the wellbore instability
index S is introduced as follows:

S = σ′3 cot2(
π

4
− ϕ

2
) + 2C cot(

π

4
− ϕ

2
)− σ′1 (5)

When S > 0, the formation is in a stable state; when S = 0, the formation is in a critical
state; when S < 0, the formation is in a yielding state.

2. Production pressure differential evaluation based on Drucker–Prager criterion

The Mohr–Coulomb criterion commonly does not take the magnitude of the inter-
mediate principal stress into account, which may result in a smaller designed pressure
differential. The effect of the intermediate principal stress cannot be ignored when the rock
is under triaxial stress. Therefore, the Drucker–Prager criterion [16] is used as the basis for
judging whether the wellbore is stable or not, and its expression is:

S = λI1 + K f −
√

J2 (6)

where, σ1, σ2 and σ3 are the maximum, intermediate and minimum principal stress, re-
spectively. σ′1, σ′2 and σ′3 are three effective principal stresses, respectively. λ and K f are
related parameters of rock mechanics, which can be defined with the Equations (9) and
(10), respectively.

I1 = σ′1 + σ′2 + σ′3 (7)

J2 =
1
6
( (σ1 − σ2)

2+(σ2 − σ3)
2+(σ3 − σ1)

2) (8)

λ =

√
3 sin ϕ

3
√

3 + sin ϕ2
(9)

K f =

√
3C cos ϕ√

3 + sin ϕ2
(10)

3. Production Pressure Differential Evaluation Based on Hoek–Brown Criterion

According to the research of Tan Q et al. [24], the uniaxial and triaxial tests data of
the carbonate rocks in the Tarim Basin can be well fitted by the Hoek–Brown criterion [17].
Therefore, the expression of the wellbore instability index can be written as:

S = σ′3 + σci(mb
σ′3
σci

+ s)
a

− σ′1 (11)

where σci is the UCS of intact rock, MPa. GSI is the geological strength index. D is the
influence coefficient of rock damage and stress relaxation, with a value range of 0–1. mb
and mi are empirical parameters. D and s are the constants related to rock mass properties.

mb = mi exp(
GSI − 100
28− 14D

) (12)

s = exp(
GSI − 100

9− 3D
) (13)

a= 0.5 +
1
6
(e−GSI/15 − e−20/3) (14)

4. Production Pressure Differential Evaluation Based on Mogi–Coulomb Criterion

Although the Drucker–Prager criterion can make up for the shortcoming of the Mohr–
Coulomb criterion that does not consider the effect of the intermediate principal stress;
however, the effect of the intermediate principal stress is sometimes overestimated by the
Drucker–Prager criterion for some types of rocks, leading to an overly optimistic estimate
of the production pressure differential and resulting in complex accidents. Therefore, the
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Mogi–Coulomb criterion [19] is introduced to evaluate the wellbore stability, which is
between the Drucker–Prager criterion and the Mohr–Coulomb criterion and can account
the effect of the intermediate principal stress into account moderately:

S = a1 + b1σ′m,2 − τotc (15)

where τotc is the octahedral shear stress, MPa. σ′m,2 is the effective mean normal stress,
MPa. a1 and b1 are the Mogi–Coulomb strength parameters.

τotc =
1
3

√
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2 (16)

σ′m,2 =
σ′1 + σ′3

2
(17)

a1 =
2
√

2
3

c cos ϕ (18)

b1 =
2
√

2
3

sin ϕ (19)

The wellbore instability index established based on different stress failure criteria can
be applied in the analysis of the production pressure differential according to the actual
engineering conditions. However, the analytical evaluation methods mentioned above
are all based on the assumption that the rock is an elastic or elastoplastic material, and it
will fall into the failure state when the rock enters into plasticity. However, as mentioned
above, the carbonate rocks still have some pressure bearing capacity under a plastic state.
Therefore, it is necessary to develop a numerical evaluation method to study the post-peak
failure behavior of the carbonate rocks.

3.2. Numerical Method for Production Pressure Differential Evaluation

It has been pointed out in Section 2.1 that the carbonate rocks in the Tarim Basin
are neither elastic-brittle nor ideal elastic-plastic material. Especially under a certain
confining pressure, the carbonate cores have a remarkable residual strength and feature
strain-softening after the peak strength, which is concluded by the stress–strain relationship
(Figure 9). Furthermore, using numerical simulation to describe the post-peak mechanical
behavior and failure characteristics of the rock has been widely accepted and applied.
Therefore, the governing equation of strain-softening is used in the numerical simulation,
which is expressed as follows:

ϕ =

{
ϕ0 − (ϕ0 − ϕr)ε

p/ε
p
cr

ϕr

0 < εp < ε
p
cr

εp ≥ ε
p
cr

(20)

c =
{

c0 − (c0 − cr)ε
p/ε

p
cr

cr

0 < εp < ε
p
cr

εp ≥ ε
p
cr

(21)

where ϕ0 and ϕr are the initial and the residual internal friction angle, respectively, in ◦.
c0 and cr are the initial and residual cohesion respectively, MPa. ε

p
cr is the critical plastic

strain, marking the beginning of residual deformation. εp is the equivalent plastic strain,
which is defined as:

εp =

√
2
3
(ε2

p1 + ε2
p2 + ε2

p3) (22)

where in, εp1, εp2 and εp3 are plastic principal strains.
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Figure 9. Typical stress–strain relationship curve ((a) elasticity; (b) ideal elastoplasticity; (c) strain
softening).

Equations (20) and (21) adopt a linear softening process, which can reflect the changes
of the internal friction angle and cohesion with the increase of equivalent plastic strain. The
value of critical equivalent plastic strain needs to be estimated based on the stress–strain
curve of the rock triaxial test.

A plane model containing formation and wellbore has been established by ABAQUS
finite element program. Due to the symmetry of the wellbore and formation about the x
and y axes, only 1/4 of the model was taken into the calculation (indicated by the red frame
in Figure 10) to improve the calculation effectiveness. The model considered fluid–solid
coupling, and thus, it can realize the coupling calculation of fluid pressure and rock stress
changes in the quasi-static production process. For rocks with post-peak strain softening
properties, such as coal, Liu W et al. [34] used the user subroutines written by the ABAQUS
general program to automatically adjust the calculation time step, which can overcome the
problem of numerical non-convergence in the calculation process. In this section, the user
subroutines are also applied to ensuring the convergence of the strain-softening calculation.

Figure 10. Schematic diagram of 1/4 wellbore-formation model.

Since the calculation is subject to plane strain conditions and fluid–solid coupling,
the unit type used is CPE8RP, and the amount of units is about 14,000. The near-wellbore
grids have been refined to improve the calculation accuracy (Figure 11). Taking a vertical
well as an example, the stress and displacement boundary conditions of the model are
shown in Figure 12. Balanced in-situ stress was applied inside the formation. The x, y and
z directions in the model are the directions of minimum horizontal in-situ stress, maximum
horizontal in-situ stress and overburden stress, respectively. Pore pressure was applied in
the formation, and hydrostatic column pressure was applied inside the wellbore. The left
and the lower boundary are symmetrical about the y-axis and the x-axis, respectively, while
the right and the upper boundary were set fixed displacement in the x- and y-direction,
respectively.
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Figure 11. Two-dimensional finite element model and meshing.

Figure 12. Schematic diagram of the boundary conditions.

So far, the numerical model can simulate the expansion and connectivity of the
near-wellbore plastic zone under different in-situ stress levels and pressure differential con-
ditions. It can further judge whether the wellbore is stable or not according to the develop-
ment of the plastic zone in order to determine a reasonable production pressure differential.

4. Application and Discussion

Analytical and numerical methods were both used to evaluate the production pressure
differential of horizontal wells by using the geological conditions (Table 4) of the carbonate
reservoirs in the Tarim Basin. It can be found that the target block is controlled by the
strike-slip stress regime, which is associated with σH ≥ σV ≥ σh. Therefore, the critical
production pressure differential in the direction of horizontal minimum in-situ stress is
most practical because horizontal wells drilled in that direction have the lowest risk of
wellbore instability [35–37].
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Table 4. Calculation parameters of the production pressure differential evaluation.

Geological Parameters Value Assignment

Vertical depth/m 7510
Overburden pressure/MPa 179.5

Maximum horizontal in-situ stress/MPa 182.5
Minimum horizontal in-situ stress/MPa 135.2

Pore pressure/MPa 82.6
Effective stress coefficient 0.6

Porosity/% 2
Permeability/mD 10

Elastic Modulus/GPa 17
Poisson’s ratio 0.23
Cohesion/MPa 13.4

Residual cohesion/MPa 11.2
Internal friction angle/◦ 42

Residual internal friction angle/◦ 38
Critical equivalent plastic strain 0.018

When using analytical methods with different failure criteria mentioned above, the
production pressure differential is 0, 25.8, 9.8 and 10.7 MPa, respectively (Figure 13). The
production differential is 0 with Mohr–Coulomb criterion, which means it is impossible to
produce without an accident. This is obviously inconsistent with the actual production.
Besides, the accuracy of the Drucker–Prager, Hoek–Brown and Mogi–Coulomb criteria will
be discussed below combined with the field data.

Figure 13. Comparison of production pressure differential evaluated by analytical methods.

The plastic deformation and failure of the near-wellbore formation were simulated
with the pressure differential of 10–40 MPa by using the numerical model previously
established. It can be found in Figure 14 that the plastic zone does not expand uniformly
due to the influence of strain softening, and the rocks on the borehole wall will continue
to expand deeply into the formation after it begins to enter into plasticity. A “V-shaped”
area will form when two adjacent plastic zones are connected to each other, in which the
enveloped rock may peel off and fall down. As a result, wellbore plugging may occur.
However, the collapse is along multiple directions around the wellbore instead of a single
direction due to the small difference between the overburden pressure and the maximum
horizontal in-situ stress. There are 6 “V-shaped” areas formed around the wellbore when
the production pressure differential is 40 MPa, as shown in Figure 14, and the expansion of
borehole diameter tends to be more uniform.
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Figure 14. Near-wellbore plastic zone of horizontal wells (drilled in the direction of minimum
horizontal in-situ stress) under different production pressure differentials.

In order to perfect the development law of the plastic zone, the production pressure
differential analysis of vertical wells with the pressure differential of 10–40 MPa was also
carried out (Figure 15). However, the wellbore collapse occurred only in the direction of the
minimum horizontal in-situ stress due to the large difference between the two horizontal
in-situ stresses, and the plastic zone finally connected into an ellipse with the increase of the
pressure differential, which has been confirmed by many studies [38–40]. Therefore, it can
be concluded that the mechanism of wellbore instability in this strain-softening formation
is the interconnection of plastic zones. As shown in Figure 14, the formation has almost
no plastic zone under the pressure differential of 10 MPa, while the near-wellbore plastic
zone expands and connects rapidly under the pressure differential of 20 MPa, which is a
precursor of wellbore instability. Therefore, the critical production pressure differential
is controlled within the range of 10–20 MPa. Furthermore, by analyzing the gradual
expansion scale of the plastic zone under the pressure differential of 10–20 MPa (Figure 16),
it can be found that the critical value of the production pressure differential is 16–18 MPa
when the near-wellbore plastic zones are about to connect with each other.
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Figure 15. Near-wellbore plastic zone of vertical wells under different production pressure differentials.

Figure 16. Simulation of the expansion pattern and connectivity trend of the near-wellbore plastic zone.

Table 5 presents the summary of production data in the carbonate reservoirs of the
Tarim Basin. The summary indicates that the degree of tubing blockage is different under
different pressure differentials, and it gets more severe with the increase of the production
pressure differential. No blockage happened when the production pressure differen-
tial is 15 MPa, while the oil pipe was severely blocked under the pressure differential
of 30–40 MPa. The most commonly used production pressure differential is 15–16 MPa
through a careful investigation. Furthermore, by combining the above evaluation results of
analytical and numerical methods, the following points can be drawn:
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(1) The Mohr–Coulomb criterion is too conservative in the estimation of rock failure.
Although it has many successful applications in wellbore stability analysis, it is
obviously not suitable for production pressure differential analysis under quasi-
static conditions because there are no dynamic effects, such as drill string vibration
and pressure fluctuating, during the production process. In contrast, the production
pressure differential evaluated by the Drucker–Prager criterion is too optimistic. There
is a strong risk of blockage when the production pressure differential is above 20 MPa
according to the production practice, so the results evaluated by the Drucker–Prager
criterion cannot be adopted too.

(2) The pressure differential evaluation results obtained from the Hoek–Brown and Mogi–
Coulomb criteria are close, and neither will cause wellbore instability. Both of them
can be used to quickly predict the production pressure differential. However, it
should be noted that the selection of the empirical parameters in the Hoek–Brown
criterion is experience-dependent. Therefore, a large amount of experimental data
and geological data is required for parameter correction, which limits the application
of the Hoek–Brown criterion. Meanwhile, the Mogi–Coulomb criterion seems to still
underestimate the supporting effect of the intermediate principal stress on the rocks
according to the production data, resulting in a slightly lower evaluated production
pressure differential and difficulty maximizing the productivity.

(3) The numerical method overcomes the shortcoming of elastic assumption in analytical
methods by adding the strain-softening characteristic to the rock material in the finite
element model, which helps to reveal the mechanism of wellbore instability and
tubing blockage. In addition, the absolute error of the numerical method is less than
3 MPa, while that of the analytical methods is more than 4.3 MPa. Therefore, the
numerical simulation is a better way to determine the critical production pressure
differential because it can obtain a more accurate solution. However, solving an ana-
lytical formula may only spend a few seconds on the calculator, while the numerical
simulation can take tens of minutes or even hours, depending on the computing
power of the computer. It cannot be ignored that the numerical method is not as
time-efficient as the analytical methods in field applications.

Table 5. Summary of production data in the carbonate reservoirs of the Tarim Basin.

Production Pressure Differential/MPa Blockage of Tubing

<15 No blockage
15–20 Slight blockage
20–30 Remarkable blockage
30–40 Severe blockage

5. Conclusions

In order to solve the problem of tubing blockage of the wells in the carbonate reservoirs
of the Tarim Basin, a large number of laboratory experiments were carried out to analyze
the mechanical, physical and chemical properties of the carbonate rocks. In addition,
both analytical and numerical methods were applied to predicting the critical production
pressure differential, and the evaluation results were compared with the production data.
Finally, the following conclusions can be drawn according to the results of experiments
and analysis:

(1) The carbonate rocks in the Tarim Basin feature strong heterogeneity that their porosity
is about 0.4–2.5%, permeability is about 0.02–3.15 md, uniaxial compressive strength
is about 25–80 MPa, the elastic modulus is about 10–20 GPa, Poisson’s ratio is about
0.19–0.27, cohesion is about 11–17 MPa, and internal friction angle is about 42–46◦.
Furthermore, the compressive strength can be weakened about 20% and 5% after the
reaction with gelling acid and completion fluids, respectively.
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(2) The analytical methods can be used to quickly and easily evaluate the production
pressure differential, but based on different failure criteria, each method has its own
limitation. The method with Mogi–Coulomb criterion can obtain a relatively accurate
result according to the comprehensive comparison.

(3) A numerical method based on the finite element model was developed to evaluate
the production pressure differential, which can truly reflect the mechanical properties,
such as strain-softening of carbonate rocks. Moreover, the simulation revealed the
mechanism of wellbore instability that is the rock stripping caused by the intercon-
nection of near-wellbore plastic zones. Above all, the production pressure differential
derived from the simulation is most consistent with the production data, which
proves that the numerical method mentioned above is the most accurate approach to
determine the critical production pressure differential. Therefore, the finite element
model proposed in this paper is a better choice for predicting the production pressure
differential in deep carbonate reservoirs.
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