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A B S T R A C T

This article examines the influence of working fluids on stress-induced permeability alteration in an ultra-deep
tight sandstone gas reservoir. Permeability alteration during hydrostatic compression and infiltration of oil-
based drilling fluids and acidizing fluids was investigated in a laboratory setting. The laboratory results indicated
that the permeability of fractures in the tight sandstone was influenced by both the alterations in the stress state
and type of fluid treatment. In general, the permeability alterations in the fractures are irreversible and cannot
be completely eliminated. The stress sensitivity coefficient of the rock samples that were untreated, treated with
drilling fluids or treated with acidizing fluids were, on average, 0.45, 0.58 and 0.67, respectively. The high lithic
fragment content, multi-scale natural fractures and the rock property changes induced by the working fluids are
thought to be the factors controlling the permeability stress sensitivity. A computational procedure was used to
assess the influence of various fracture permeability evolution models on the well performance. Simulation
results show that the deeper the invasion depth of working fluids and unsuitable drawdown pressures have a
significant negative influence on the cumulative production. Finally, a control strategy for addressing stress-
sensitivity damage and the influence of production fluids in ultra-deep tight sandstone gas reservoirs is proposed.

1. Introduction

Energy resources are critical to a country such as China, for main-
taining environmentally sustainable industrial development. The re-
liance on energy production through the use of resources such as coal is
expected to diminish as alternative cleaner energy sources are devel-
oped (Li et al., 2011). The vast reserves of natural gas found in China
(Wang et al., 2013) are expected to play a major role, with a significant
environmental impact, in the coming decades as a reliable source for
industrial use and residential heating. Currently, owing to low gas
production and high consumption, there are widespread shortages of
natural gas particularly in northern China (J. Wang et al., 2016). A
strategy for addressing this problem is to develop gas extraction from
unconventional reservoirs in ultra-deep geological formations (more
than 6500m) with the potential for high productivity. An example of
such an ultra-deep gas field is the Keshen gas field located in the Kuga
Depression of the Tarim Basin in Northwest China. The main pay zone
is the Bashijiquike formation of the upper Cretaceous, which is char-
acteristic of an ultra-deep, fractured, tight sandstone gas reservoir.
Based on results of existing exploration, the proven geologic reserve of
this reservoir is of the order of 5485×108m3. This reservoir is viewed

as the primary alternative for west-east natural gas transmission in
China and has become an important exploration and development area
in recent years (Lai et al., 2017a).

The ultra-deep nature of the gas reservoirs endows them with a
lower matrix permeability, a developed natural fracture system, higher
pore pressure and in situ stress compared to conventional tight gas
reservoirs (Zeng et al., 2010; Lai et al., 2017b, 2018). These features
have a controlling influence on the extraction potential and procedures
that are feasible for exploitation of ultra-deep gas formations. Fig. 1A
illustrates the typical geological setting for the current research. The
porosity of the reservoirs can vary between 2% and 7% and the matrix
permeability is in the range of 0.001 mD to 0.10 mD (10−19 m2 to
10−17 m2). The natural fractures are well developed and the linear
density, based on imaging log data, varies between 0.70/m to 1.47/m
(Fig. 1B, C, D). As an over-pressurized reservoir, the average formation
pressure coefficient ranges from 1.75 to 1.80, and the average forma-
tion pressure is between 105MPa and 130MPa. The temperature of the
resource reservoirs can range from 166 °C at a depth of 7561.76m to
179 °C at a depth of 7801.99m.

The high formation pressure is particularly advantageous for the
economical extraction of natural gas. However, the counterpoint to this
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advantage is that alteration to the effective stress field during over-
pressure reduction will influence the stress states in the vicinity of the
wellbore and lead to an alteration of permeability characteristics at the
extraction zone, as shown in Fig. 1E. More importantly, during the
extraction process the resource reservoirs near the wellbore will be
treated with a variety of working fluids, both for the drilling process
and for well stimulation. In order to overcome the high temperature
and high formation pressure, high-density oil-based drilling fluids are
used in production operations. It has been observed that these drilling
fluids can interfere with the natural fractures and lead to loss of fluid
circulation and productivity. Circulation data compiled for 10 com-
pleted wells indicated that the lost circulation can range from 4m3 to
573m3. In order to minimize solid invasion damage by drilling fluids
filling a natural fracture, acidizing fluids were injected to the formation
and these volumes could reach 400m3; the acid invasion zone is shown
in Fig. 1F. The acidizing fluids, by virtue of their chemical incompat-
ibility, can alter the rock properties near the wellbore and the perme-
ability of the formation. These factors could lead to erroneous inter-
pretations of acceptable production pressure differentials, which might
be misinterpreted and lead to gas productions that are deemed un-
economical. The process that has the greatest influence on the accurate
and reliable estimation of the productivity of an ultra-deep tight
sandstone gas reservoir is the initial permeability of the formation and

its evolution during stress changes associated with the drawdown
pressure and the invasion of working fluids.

In most conventional hydrogeological endeavors, both the intact
permeability and the permeability of defects such as fractures in a
geologic formation are considered to be sessile or unchanging proper-
ties. In resource extraction activities, there are substantial alterations to
the effective stress fields resulting from alterations to the fluid pressures
caused by fluid extraction, which makes it necessary to examine the
influence of stress changes on the evolution of permeability. This aspect
has been the topic of many laboratory-scale experimental investigations
and no attempt will be made to review the extensive range of studies in
this area. A recent compilation is given by Głowacki and Selvadurai
(2016). It must be remarked at the outset that permeability of a porous
medium has a tensorial property characterized by six independent
components of the permeability tensor. The measurement of all the
individual components of the permeability tensor is an extremely dif-
ficult task. In most studies involving the measurement of permeability,
attention is restricted to a single value characteristic of an “average”
isotropic estimate of permeability. Early experimental work was con-
ducted by Fatt and Davis (1952), who observed an 11%–41% reduction
in permeability for an isotropic confining pressure up to 21MPa.
Vairogs et al. (1971) and Lei et al. (2007) examined the effect of stress
states on the oil and gas production in low permeability reservoirs.

Fig. 1. Schematic view of the change of stress condition during gas production around the wellbore. (A) Stratigraphic classification: Q (glutenite, pebblestone, and
mudstone); N2k (fine sandstone, mudstone, siltstone and pebbly sandstone); N1-2k (mudstone, pebbly mudstone and siltstone); N1j (sandy conglomerate, pebbly
sandstone, coarse sandstone, silty mudstone, mudstone and fine sandstone); E2-3s (mudstone, argillaceous siltstone, mudstone and gypsiferous mudstone); E1-2km
(gypsiferous mudstone, creaming mudstone, layered salt rock, mud-crystal dolomite, bioclastic dolostone, sparry arenite, fine sandstone-brownness mudstone in-
terbed); K1bs (brown and brown fine sandstone); (B) Image of natural fracture on core scale; (C) Image of natural fracture obtained from the casting thin sections; (D)
Image of natural fracture obtained from SEM; (E) Schematic view of the change of stress condition during gas production around the wellbore; (F) The schematic view
of the invasion depth of working fluids around wellbore. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Dautriat et al. (2009) present studies related to stress-dependent di-
rectional permeability changes in two analog reservoir rocks. Dong
et al. (2010) present experimental studies related to the evolution of
permeability and porosity in sandstone and shale. Permeability evolu-
tion in granite during triaxial creep is presented by Liu et al. (2016).
Gas permeability and porosity evolution in a porous limestone under
repeated loading and unloading is presented by Wang et al. (2017).
Selvadurai and Głowacki (2008) investigated the permeability hyster-
esis of Indiana limestone that is subjected to isotropic stress states and
provide a review of experimental studies in this area. A recent article by
Selvadurai and Głowacki (2017) presents experimental studies related
to permeability evolution in a heterogeneous argillaceous limestone
with very low permeability. This research also presents a brief review of
the topic and documents the development of permeability due to failure
development in the weaker zones of the heterogeneous limestone. The
topic of stress-induced permeability evolution in fractured domains is
another area of research that has attracted a great deal of attention in
connection with applications to environmental geomechanics. The
work in this area can be divided in to two topics: one dealing with
single fractures and the other dealing with systems of fractures. From a
hydro-geological perspective of flow in fractures, the fractures are
treated as sessile features, whereas in geomechanical models, an at-
tempt is made to introduce the influence of stress states on the evolu-
tion of permeability. Earlier work in this area, focusing on both single
fractures and multiple fractures, is given in Neuzil and Tracy (1981)
and Tsang and Witherspoon (1981). The work of Nguyen and
Selvadurai (1998) and Selvadurai and Nguyen (1999) examine per-
meability evolution through the use of rigorous developments in the
theory of plasticity and the results developed can be used to examine
the influence of asperity degradation, dilatancy, etc., on permeability
evolution. Recent studies by Figueiredo et al. (2015) deal with per-
meability changes due to coupled hydro-mechanical effects. Selvadurai
(2015) has also investigated the permeability hysteresis of a fracture in
a granitic rock due to application of purely quasi-static normal stresses.
The recent volume by Ingebritsen and Gleeson (2015) provides a useful
documentary of crustal permeability with applications in the field of
geosciences. The extensive research in the area of geosciences and
geomechanics underscores the importance of stress states to the al-
teration of the permeability of geomaterials and this aspect has im-
portant implications for the extraction potential of ultra-deep reservoirs
located in tight sandstone formations.

2. Formation samples and drilling fluids

In this research program, samples of the tight sandstone from the
Keshen gas field and well completion fluids were tested to determine
the permeability alteration characteristics. This information could be
incorporated into the computational models of fractures located in the
vicinity of a well in a tight sandstone formation.

2.1. The tight sandstone

Several fresh tight sandstone samples obtained from cores recovered
at the Keshen gas field were tested in the State Key Laboratory for Oil
and Gas Reservoir Geology and Exploration of the Southwest Petroleum
University in Chengdu, Sichuan. The sample depth varied from 7500m
to 7800m. The main mineralogical composition of the tight sandstone
was lithic feldspar sandstone and feldspar lithic sandstone (Zhang et al.,
2014). The experimental technique used an integrated digital calliper
workstation to automatically measure the dimensions of the specimen,
make corrections for irregularly-shaped specimens and to calculate the
apparent volume of the specimen. The cylindrical samples used in the
testing program were approximately 2.54 cm in diameter and
3.0 cm–6.0 cm in length. The Brazilian Test approach was used to create
an artificial fracture along the axis of the drilled samples as shown in
Fig. 2 (Jaeger et al., 2009), and the permeability of the fractured sample

was measured at 4–5 orders of magnitudes higher than the sample with
an intact matrix. It can be seen that the fracture is the main seepage
channel rather than the rock matrix itself. The depth of recovery of the
six samples, their dimensions and the permeability of the matrix and
fracture zone are shown in Table 1, at a testing temperature and con-
fining pressure of 25 °C and 3MPa, respectively.

Additional parameters required for the development of a poroelastic
model of the gas-bearing sandstone formation were obtained from an
extensive range of laboratory investigations, data analysis and from the
literature, and these are presented in Table 2. It should be emphasized
that the permeability used in the model represents the statistical frac-
ture data based on the well logging and well testing data. Young's
modulus, Poisson's ratio and Biot coefficient were obtained from the
rock mechanics experiments, which were carried out at 120 °C.

2.2. The working fluids

In a field setting, the working fluids mainly consist of oil-based
drilling fluids and acidizing fluids. The oil-based drilling fluids were
obtained from the Keshen gas field and the properties of the fluid are
the mass density (1.72 g/cm3), Gel strength (2.4/4.0 Pa), Plastic visc-
osity (29mPa s), Yield point (6 Pa), API filter loss (0.1 mL), HP/HT filter
loss (2.0 mL), oil/water ratio (88/12) and Electrical stability (455 V).
Due to the high salinity of the formation water, the rock samples were
washed with methyl alcohol prior to the experiments to remove any
precipitated salt. In the Keshen gas field, acidizing is always performed
to eliminate any damage induced by the invasion of the drilling fluids
and to improve the fluid movement around the wellbore. The acidizing
fluid used to improve the efficiency of extraction is the conventional

Fig. 2. Rock samples with an artificial fracture.

Table 1
The buried depths, dimensions and permeability of the cylindrical samples.

Cores Depth (m) Length
(mm)

Diameter
(mm)

kmatrix
(mD)

kfracture

(mD)

KS1-7 7733.53 51.01 25.40 0.0479 213.2
KS4-3 7654.63 50.80 25.40 0.0198 216.7
KS1-12 7736.08 46.33 25.40 0.0292 236.9
KS1-13 7739.58 46.80 25.40 0.0470 206.1
KS4-1 7651.86 53.12 25.40 0.0241 195.8
KS4-7 7669.08 55.98 25.40 0.0197 243.0

Table 2
Parameters for the poroelastic modelling of the gas-bearing sandstone forma-
tion.

Parameter Value Unit Parameter Value Unit

Initial matrix porosity 0.06 / Initial matrix
permeability

0.03 mD

Initial fracture
permeability

500 mD Rock density 2540 Kg/m3

Young's modulus 30.4 GPa Poisson's ratio 0.18 /
Biot coefficient 0.38 / / / /
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mud-acid system, which is composed of 9% HCl and 3% HF.
To duplicate the working environment, the pre-treatment of the

reservoir sandstone samples by working fluids should take into account
the in situ formation temperature and the time for installation of the
borehole. The rock samples were therefore treated with oil-based dril-
ling fluids by soaking them in the drilling fluids for seven days at
160 °C. In the case of the rock samples treated with the acidizing fluids,
the samples were immersed in acidizing fluid for 2 h at 160 °C. The
treated samples were placed in an airtight container to reduce vapor-
ization of the imbibed working fluids, and the overall process was
carried out under ambient pressure.

3. Stress sensitivity measurements

3.1. Permeability measurement

An important aspect of this research is to extend the computational
poroelasticity approaches to examine the influence of stress-dependent
permeability changes on the loss of productivity at a wellbore config-
uration. The experimental research therefore focuses on the laboratory
estimation of permeability alteration in a cylindrical sample of the
prepared sandstone sample during isotropic loading. The samples were
jacketed with a Vyton sleeve in the core holder and the experimental
facility used for the preliminary Nitrogen Permeability testing is shown
in Fig. 3. The samples were subjected to a confining pressure and the
upstream boundary of the sample was subjected to a flow pressure,
maintaining the outlet boundary at atmospheric pressure. The gas
permeability was measured using high purity dry nitrogen gas (99.9%)
as the permeating gas at a temperature of 25 °C. A high precision semi-
conductor flow meter (0.005mL/min) was used to measure the gas flow
rate. Although the actual reservoir temperature is between 160 °C and
180 °C, a large number of experimental results showed that small var-
iations of the permeability and mechanical properties of sandstone
occurred below 200 °C treatment (Tian et al., 2012). Therefore, the tests
reported in this paper are considered to be representative of the change
of permeability under reservoir temperatures.

The initial permeability of the tight sandstone with a fracture was
measured when the cell pressure in the sample holder was 3MPa. This
pressure was sufficient to ensure that there was no interface leakage
between the sample and the Vyton sleeve. The permeability of the rock
was determined using a combined form of Darcy, Klinkenberg and
Forchheimer equations given by (Ranjith and Viete, 2011)
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where =v Q A/s (cm/s), =F ρk v μk( / )s0 1 2 is the non-dimensional For-
chheimer number, Q is the volumetric flow rate (mL/s), A is the flow
area (cm2), ρ is the fluid density (kg/m3), μ is the dynamic viscosity of
the fluid (mPa·s), p1 is the inlet pressure (MPa), p0 is the outlet pressure

(MPa), P is the pressure at which μ is measured (MPa), and L is the flow
distance across the experimental sample (m), k1 is the Darcian (viscous)
permeability (× 10−11 m2), and k2 is the non-Darcian (inertial) per-
meability (× 10−4 m).

The inlet pressure was set to between 0.1MPa and 1MPa according
to the initial permeability of the specimen, and the outlet was at at-
mospheric pressure (0.1 MPa). A confining pressure of 3MPa–55MPa
was applied and removed cyclically. The specimen was subjected to
hydrostatic compression during the experiment. The effective stress σ
was calculated using Biot's effective stress principle (Biot, 1941)

= −σ p αpfc (2)

where pc is confing pressure (MPa), pf is the average fluid pressure
(MPa), α is Biot's coefficient defined by

= −α K
K

1 D
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where KD is the compressibility of the porous skeleton and KS is the
compressibility of the solid material composing the porous skeleton.
Estimation of the Biot coefficient for very low permeability geomater-
ials by appeal to theories of multiphasic composites is discussed by
Selvadurai (2018). Because the pore pressure (0.3MPa on average) is
much less than the confining pressure (≥3MPa), the confining pressure
is considered to be the effective stress in this paper.

The stress sensitivity coefficient was used to evaluate the degree of
damage, and is described by equation (4) (Jones and Owens, 1980).
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where Ssis the stress sensitivity coefficient, Ki is the permeability in the
i-th test point ( =i 1,2,3...) (mD), K0 is the initial permeability (mD), σi is
the effective stress in the i-th test point (MPa), σ0 is the initial effective
stress (MPa).

The evaluation index of the stress sensitivity damage is shown in
Table 3. Furthermore, damage induced by drilling fluids occurs fre-
quently within the investigated region and the fractures become filled
with a solid phase of drilling fluids within the damage zone. As a result
of this solid phase and the interaction between the working fluids and
fracture surface, the mechanical properties of the rock can be changed
(Zhou et al., 2016). With this in mind, the stress sensitivity of the
fractured samples damaged by drilling fluids was also evaluated.

3.2. Stress sensitivity of fractures and matrix

In this section we present the experimental data for the sensitivity of
gas permeability estimates of fractures subjected to isotropic stress
states. Experiments were performed on (i) the untreated samples, (ii)
samples treated with oil-based drilling fluids and (iii) samples treated
with acidizing fluids.

Fig. 3. Schematic view of the experimental facility for measuring stress sensitivity to permeability.

A.P.S. Selvadurai et al. Journal of Natural Gas Science and Engineering 58 (2018) 162–177

165



Fig. 4 presents the evolution of permeability as a function of the
effective stress during the loading and unloading pressurization phases
for two untreated samples. The trends in the curves demonstrate that
there is always a reduction in permeability with an increase in the ef-
fective stress. In the loading phase, the permeability of the sample de-
creases from 213.2 mD to 48.3 mD as the effective confining stress
increases from 3MPa to 20MPa. When the effective stress is greater
than 20MPa, the permeability progressively trends toward a steady
value. During the unloading phase, there is only a partial recovery of
permeability. The experimental results show that the variation in per-
meability can be described by a relationship between K K( / )i 0

1/3 and
σ σlog ( / )i10 0 with a correlation coefficient greater than 0.99. The stress

sensitivity coefficient during loading for samples KS1-7 and KS4-3 was
0.38 and 0.52 respectively, 0.45 on average, and the damage grade,
outlined in Table 3, is in the Weak to Medium range. The stress sensi-
tivity coefficient varied from 0.35 and 0.41 during the unloading phase,
with an average value of 0.38. The permeability during the loading

phase is much larger than that during the unloading phase, and the
reduced permeability is permanent and irrecoverable with a reduction
in the effective stress.

The permeability of samples KS1-12 and KS1-13 were measured
after treatment with the oil-based drilling fluids, and the evolution of
permeability as a function of the effective stress during the loading and
unloading phases are as shown in Fig. 5. The permeability reduction
patterns for samples treated with drilling fluids are similar to those of
the untreated samples, but there is a pattern of deterioration compared
to the untreated samples. For these samples, the stress sensitivity
coefficient during loading for KS1-2 and KS1-14 were 0.58 and 0.57,
respectively, during the loading phase, with an average of approxi-
mately 0.58. The stress sensitivity coefficient for these two samples in
the unloading phase was between 0.35 and 0.41, respectively, and the
average was 0.38. It is clear that the stress sensitivity coefficient in-
creases significantly for samples treated with drilling fluids.

Fig. 6 (A,C) shows the evolution of permeability with effective stress

Table 3
The evaluation index of stress sensitivity damage.

Ss Ss≤ 0.05 0.05＜Ss≤ 0.3 0.3＜Ss≤ 0.5 0.5＜Ss≤ 0.7 0.7＜Ss

Damage grade None Weak Weak to Medium Medium to Intense Intense

Fig. 4. Permeability changes during loading and unloading phases and the stress sensitivity coefficient of primary samples. (A) Permeability stress sensitivity of KS1-
7 under different effective stresses; (B) The fitted result for the relationship between normalized permeability and normalized effective stress of KS1-7; (C)
Permeability stress sensitivity of KS4-3 under different effective stresses; (D) The fitted result for the relationship between normalized permeability and normalized
effective stress of KS4-3.
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during loading and unloading of samples KS4-1 and KS4-7, which were
treated with acidizing fluid. The general trend is similar to that of the
untreated samples and the samples treated with oil-based drilling fluids,
but the damage grade assessed from the stress sensitivity coefficient is
significantly increased. The stress sensitivity coefficient was between
0.64 and 0.69 during the loading phase with an average of approxi-
mately 0.67, indicating that the degree of damage is Medium to Intense.
During the unloading process, the stress sensitivity coefficient was be-
tween 0.35 and 0.49, and the degree of damage is Medium to Weak. It is
clear that acidizing fluids can aggravate the permeability stress sensi-
tivity damage.

Table 4 presents a summary of how the changes in permeability
affect the stress sensitivity coefficient after treatment with working
fluids. As the experimental results indicate, in the loading phase, the
stress sensitivity damage of untreated samples is Weak to Medium or
Medium to Intense (0.38–0.52). The stress sensitivity damage grade
during loading for the samples treated with drilling fluids is Medium to
Intense (0.57–0.58), while for samples treated with acidizing fluids it is
Medium to Intense (0.64–0.69). In the unloading phase, the experi-
mental results indicate that the stress sensitivity damage grade of un-
treated samples is Weak to Weak to Medium (0.18–0.35). The stress
sensitivity damage grade during unloading of the samples treated with
drilling fluids is Medium to Weak (0.36–0.41), and that of the samples

treated with acidizing fluids is Medium to Weak (0.35–0.49). These
results show that the permeability stress sensitivity of fractures pro-
gressively increases upon treatment with oil-based drilling fluids and
acidizing fluids.

Fig. 7 presents a summary of the change in the permeability stress
sensitivity of the matrix after treatment with completing fluids. As
shown in this figure, the permeability of (i) the untreated sample, (ii)
the sample treated with oil-based drilling fluids and (iii) the sample
treated with acidizing fluids, are all below 0.01 mD when the effective
stress exceeds 15MPa. When the samples were under 55MPa effective
stress, as shown in Table 4, the permeability obtained from the frac-
tured samples (i) to (iii) was 1–4 orders of magnitudes higher than that
of matrix samples. Therefore, the fracture is still considered to be the
main mode of fluid transport, even after taking into account the effect
of permeability stress sensitivity.

4. Poromechanical modelling

The objective of this research is to investigate the role of coupled
hydro-mechanical modelling on the behaviour of fractures that are lo-
cated in the vicinity of the wellbore when they are either untreated,
treated with drilling fluids or treated with acidizing fluids. The main
processes of the stress sensitivity behaviour of fractures and the

Fig. 5. Permeability changes during loading and unloading phases and the stress sensitivity coefficient of samples treated with oil-based drilling fluids. (A)
Permeability stress sensitivity of KS1-12 under different effective stresses; (B) The fitted result for the relationship between normalized permeability and normalized
effective stress of KS1-12; (C) Permeability stress sensitivity of KS1-13 under different effective stresses; (D) The fitted result for the relationship between normalized
permeability and normalized effective stress of KS1-13.
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permeability evolution during gas production include the following:

(i) The in-situ condition where natural fractures exist in the ultra-deep
tight sandstone gas reservoirs.

(ii) Following drilling, there is a wellbore located in the center of a gas
reservoir; many natural fractures connect to this wellbore.

(iii) During gas production, the wellhead is opened, and flow pressure
at the bottom of the wellbore can control the production volume
per day. (Petroleum engineers control the flow by changing the
nozzle size).

(iv) In the range of pore pressure drop, the effective stresses will in-
crease significantly under a larger drawdown pressure, resulting in

Fig. 6. Permeability changes during loading and unloading phases and the stress sensitivity coefficient of the samples treated with acidizing fluid. (A) Permeability
stress sensitivity of KS4-1 under different effective stresses; (B) The fitted result for the relationship between normalized permeability and normalized effective stress
of KS4-1; (C) Permeability stress sensitivity of KS4-7 under different effective stresses; (D) The fitted result for the relationship between normalized permeability and
normalized effective stress of KS4-7.

Table 4
Permeability stress sensitivity experimental results for natural fractures.

Cores Permeability (mD)/Confining pressure (MPa) Ss Damage grade Note

3 10 20 30 40 55

KS
1–7

Loading 213.2 83.6 48.3 36.7 31.9 18.5 0.38 Weak to Medium Untreated
Unloading 46.3 32.6 24.5 22.7 20.5 18.5 0.18 Weak

KS
4–3

Loading 216.7 77.2 32.9 20.5 14.3 8.7 0.52 Medium to Intense
Unloading 40.9 20.2 13.4 11.0 9.9 8.7 0.35 Weak to Medium

KS
1–12

Loading 236.9 98.8 30.5 14.2 9.8 5.2 0.58 Medium to Intense Treated with oil-based
drilling fluidsUnloading 34.0 14.2 8.4 6.7 5.8 5.2 0.41 Weak to Medium

KS
1–13

Loading 206.1 62.4 25.4 14.6 9.1 5.4 0.57 Medium to Intense
Unloading 28.4 14.9 9.0 7.4 6.0 5.4 0.36 Weak to Medium

KS
4–1

Loading 195.8 55.4 18.3 8.8 4.4 1.7 0.64 Medium to Intense Treated with acidizing fluids
Unloading 16.1 4.3 2.7 2.1 1.9 1.7 0.35 Weak to Medium

KS
4–7

Loading 243.0 65.6 14.2 6.4 2.7 0.6 0.69 Medium to Intense
Unloading 13.7 5.7 3.1 2.1 1.3 0.6 0.49 Weak to Medium
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the closure of most of the fractures in the normal direction of
fracture.

(v) If the drawdown pressure is a too large for the initial oilfield ex-
ploitation, the pore pressure will drop rapidly, and the effective
stress will increase significantly. As a result, the permeability of the
formation in the pore pressure drop zone will drastically decrease
due to the closure of fractures.

(vi) The closure process of fractures is irreversible. Therefore the per-
meability of the fracture will not revert to the previous level even
with an increase in the bottom-hole pressure. As a result, the
plateau production period will be shorter, and the yield from the
gas reservoir will be reduced.

In this section, the simulated hydro-mechanical coupling process of
a single fracture is numerically modelled to examine the effect of stress
sensitivity on gas production from a tight sandstone formation. On the
basis of the well logging data shown in Fig. 8, the fractures have a high
inclination and can be regarded as nearly vertical fractures. Therefore,
a vertical fracture intersecting with the wellbore was selected for this
model, and the physical model of the single well production scenario is
shown in Fig. 9.

The influence of the stress-dependent fracture permeability and the
interaction between completion fluids and reservoir rocks on cumula-
tive production will be discussed in detail. In this work, the following

assumptions are made in order to formulate the mathematical model:

(a) The rock mass in an ultra-deep tight sandstone gas reservoir, is
treated as a 2D fractured porous medium consisting of rock matrix
blocks and natural fractures; the rock matrix blocks can be simpli-
fied as continuous porous media with isotropic properties, whose
permeability is much lower than that of the fractures. The natural
fractures are the main flow pathways in the reservoir.

(b) The fractured porous gas reservoir is saturated with a single-phase
natural gas; the natural gas in both the rock matrix block and the
fractures obeys Darcy's Law.

(c) The initial reservoir pressure is in the range of 120MPa, and the
bottom-hole pressure during production is constant.

This section presents the basic modelling methodology to examine
the hydro-mechanical coupling between the natural gas transport in the
fracture and the defomations of the tight sandstone rock, taking into
account how the stress sensitivity affects the fluid flow parameters for
the fracture. The modelling methodology could be used to estimate the
impact of different stress sensitivity coefficients on input hydraulic
parameters and make flow calculations appropriate for field conditions.

4.1. Governing equations

When studying poromechanical effects, the theory of Biot (1941)
occupies a central position (Atkinson and Craster, 1991; Yue and
Selvadurai, 1995; Selvadurai, 1996, 2007; Selvadurai and Suvorov,
2016). The development of the poroelastic part of the constitutive
modelling adopts the procedures presented by Selvadurai and Nguyen
(1995) (see also Selvadurai and Suvorov (2012, 2014)) and the con-
stitutive equation governing the poroelastic response is given by

= + ⎛
⎝

− ⎞
⎠

−G K G αpσ ε ε I I2 2
3

trD D D (5)

where KD and GD are, respectively the bulk modulus (MPa) and shear
modulus (MPa) of the skeleton, p is the pore pressure, ε is the in-
finitesimal strain tensor, I is the identity tensor and α is the Biot
coefficient, which is a constant value in this study. For an isotropic gas-
saturated porous medium, the equation for mass balance of the gas is
defined as (Zhu et al., 2007):

∂
∂

+ ∇ =m
t

ρ Qv. ( )g (6)

where ρg is the gas density at the considered reservoir pressure (kg/m3),
v is the velocity of the gas phase (m/s), Q is a source term (kg/(m3 s)), t
is the time variable (s), m is the mass of the residual gas fraction in the
reservoir (kg/m3), i.e. =m ρ ϕg , where ϕ is the porosity. The real gas
law is used to describe the relationship between the gas density and gas
pressure (Standing and Katz, 1942):

=ρ
pM
ZRTg

g

(7)

where Mg is the molecular weight of the gas (kg/mol), Z is the com-
pressibility factor, R is the universal gas constant, and T is the tem-
perature (K). The Z -factor can be estimated with a developed correla-
tion in terms of the pseudo-reduced pressure (pr) and pseudo-reduced
temperature (Tr) (Mahmoud, 2014):

= − + − +− −Z e p e p T T0.702 5.524 (0.044 0.164 1.15)T
r

T
r r r

2.5 2 2.5 2r r (8)

Neglecting the velocity of the solid phase, Darcy’ law, independent
of body force effects of the natural gas, can be written as:

= − ∇k
μ

pv
(9)

where v is the spatially averaged fluid velocity (m/s), k is the perme-
ability of the rock (mD), and μ is the dynamic viscosity (mPa·s). From

Fig. 7. Permeability changes during loading and unloading phases of the initial
matrix samples, and the samples treated with oil-based drilling fluids or acid-
izing fluid.

Fig. 8. The distribution of fracture inclination in this gas reservoir obtained
from well logging data.
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the stress equilibrium equation (with zero body forces), ∇ =σ. 0 and
(5), the equilibrium equations in terms of displacements u are given by:

⎛
⎝

+ ⎞
⎠

∇ + ∇ − ∇ + =K G G α pu u F 04
3D D D

2 2
(10)

where F is a body force vector. From the fluid mass conservation law
and Darcy's law, the flow governing equation can be derived as (Fan
et al., 2015):

⎜ ⎟
⎛
⎝

+
− ⎞

⎠

∂
∂
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Z
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K

a ϕ
K

p
t
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p

μZ
p Q RT

MS gg

2

(11)

where Kg is the bulk modulus of the natural gas (MPa). Each of the Eq.

(10)–(11) is valid inside a domain with spatially uniform material
properties, i.e. either within the fractures or the rock matrix.

This single continuum model is built by representing the fractures as
the interior boundaries between adjacent matrix blocks. As the bottom-
hole pressure depletes, the natural gas flows to the interior boundaries
of the matrix, i.e. the fractures, and subsequently moves to the wellbore
along the tangential direction of the interior boundaries. At the fracture
boundary, the conservation equation follows a form similar to that
within the matrix block:

∂
∂

+ ∇ ⋅ =ρ S w
p
t

ρ v( ) 0g f T g (12)

Fig. 9. A model of the single well production with a vertically aligned natural fracture invaded by working fluids.
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whereSf is the fracture storage coefficient (1/MPa), w is the fracture
aperture (m), v is the velocity of the gas phase along the fracture
boundary (m/s), and ∇Tdenotes the gradient operator restricted to the
tangential plane of the fracture. The velocity along the fracture
boundary can be given by Darcy's law:

= − ∇
k
μ

w pv f
T

(13)

The coupled HM problem described by the governing Eqs. 10–13 is
solved using the COMSOL Multiphysics™ finite element program. The
equilibrium Eq. (10) is solved using the Structural Mechanics Module of
the program; the fluid flow Eqs. 11–13 are solved using the Porous
Media and Subsurface Flow Module.

4.2. Geometry and boundary conditions

The computational model used to examine the change in a single
well production when the stress sensitivity behaviour is considered is
shown in Fig. 10. The region of the gas reservoir is modelled as a
parallelepiped region with in-plane dimensions 100m×100m. The
natural fracture is located at the interior of the gas reservoir domain,
remote from its boundaries. The half fracture length is set to 30m, and
the aperture of the fracture is set to 300Um.

The initial boundary values are set according to the in situ prop-
erties of the reservoir under investigation. For example, the initial pore
pressure in the entire region, p0, is 120MPa. The diameter of the
borehole, 2a, is 168.3 mm, and the edge of the borehole has zero axial
and radial displacements. The negative drainage pressure is 35MPa:

= =u a p a t MPa( , 0) 0; ( , ) 85n (14)

On the boundary of the formation model, a horizontal stress is im-
posed, and fluid velocity in the direction of the normal is given by:

=
∂
∂

= = =u
p
n

σ x y σ σ x y σ0, 0, ( , ) , ( , )n h xx Hyy (15)

Therefore, the effective stress exerted by the gas extraction on the
reservoir can be evaluated from:

′ = +
′ = +

σ y t σ αf y t
σ x t σ αf x t
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( , ) ( , )

xx h

yy H (16)

In addition, zero displacements, pore pressure and no flux is as-
sumed at the outer boundaries in the direction of the normal:

= ∂
∂

= =u u
n

p t p0, 0, ( )n 0 (17)

The initial permeability of the matrix (kmo) and fractures (kf 0) is
0.05 mD and 500 mD, respectively. The change law of the fracture
permeability is dependent on stress and is calculated based on experi-
mental data.
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where Ss is the stress sensitivity coefficient of the fracture obtained
from experimental data. The parameters used in this study are given in
Table 5, and were obtained from field data, laboratory experiments and
available literature (Z.Y Wang et al., 2016; Ma et al., 2017).

4.3. Mesh configuration

The COMSOL Multiphysics™ finite element software was used to
generate the finite element mesh. A free triangular grid is adopted in
the finite element method. The predefined element size is set as
“Coarse” meshing, and grid refinement near the fractures guarantees
the stability of the calculation. The resulting mesh has 67 903 elements,
and 850 602 degrees of freedom and is shown in Fig. 11.

4.4. Results derived from computational simulations

In computational simulations, the primary variables are the stress
sensitivity coefficient ( = −S K K σ σ[1 / /log ( / )]s i i0 10 03 ), which is altered
by the types of invasive working fluids, and the invasion depth. The
dependent variable is comprised of the production rate and the cumu-
lative production over a specified period. As a case in point, the changes
in the pore pressure field and Darcy's velocity field during gas pro-
duction, obtained without consideration of permeability stress sensi-
tivity, are shown in Fig. 12. Because of symmetry, we need to examine
only a quarter of the model to simplify the calculation process. The
modelling results show that the natural gas gathers in the fracture first,
then flows into the wellbore along the fracture. As a result, the pore
pressure of the region along the fracture decreases significantly during
gas production. The results of simulations were found to agree well
with engineering experience, which reflects the reliability of this

Fig. 10. Computational modelling of the change in the production of a single
well when the stress sensitivity behaviour is considered.

Table 5
Input parameters for the model development.

Parameter Value Unit Parameter Value Unit

Initial Ss 0.45 / Ss changed by
drilling fluids

0.58 /

Ss changed by
acidizing fluids

0.67 / Compressibility of
methane

1.38× 10−5 Pa−1

Initial reservoir
pressure

120 MPa Reservoir thickness 10 m

Initial fracture
aperture

300 μm Initial fracture
permeability

500 mD

Initial matrix
permeability

0.03 mD Bottom-hole
pressure

85 MPa

Reservoir length 100 m Formation
temperature

160 °C

Reservoir width 100 m Fracture half-length 30 m
Maximum

horizontal stress
210 MPa Minimum horizontal

stress
167 MPa
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numerical modelling approach.
The changes in the pore pressure field after ten years of gas pro-

duction with an initial fracture permeability of 100 mD and 500 mD are
shown in Fig. 13A. As can be seen in this figure, the pore pressure drop
in the fracture with an initial permeability of 500 mD is greater than
when the initial permeability was 100 mD. There is a significant change
between the fracture and matrix when the initial permeability was 500
mD. As shown in Fig. 13B, the large difference in cumulative

production is directly related to the permeability of the fracture. The
higher cumulative production caused a higher pressure drop, which
was considered as the main reason that the pore-pressure drop in case
with fracture perm of 500 mD is greater than for a fracture permeability
of 100 mD.

4.4.1. Effect of stress sensitivity on pore pressure distribution
The purpose of this numerical simulation is to evaluate the well

Fig. 11. Finite element discretization of the computational modelling.

Fig. 12. The result of the numerical modelling of pressure field after (A) one year; (B) two years; (C) five years and (D) ten years production.
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performance (e.g., local pore pressure and cumulative production)
under different engineering situations. The effect of the permeability
stress sensitivity coefficient on the change in the pore pressure field
distribution was studied. The simulated results show that different
stress sensitivity coefficients have an appreciable influence on the pore

pressure distribution. Fig. 14A shows a change in the pore pressure of
the line ( = ∼ =x y0.1 50 m ; 0.5 m) with different stress sensitivity
coefficients at =t 200 days; different stress sensitivity coefficients cause
a significant change in the pore pressure when the measuring position is
located close to the wellbore. Fig. 14B shows the change in pore

Fig. 13. Analysis of the pore pressure distribution and cumulative production after ten years when the permeability of fracture is 100 mD and 500 mD, respectively,
at =y m0.5 . (A) The pore pressure distribution after ten years gas production; (B) The cumulative production after ten years gas production.

Fig. 14. The influence of the permeability stress sensitivity coefficient on pore pressure. (A) The change of pore pressure at the line ( =x y m, 0.5 ) with different
stress sensitivity coefficients at =t days200 ; (B) The change of pore pressure at a single point ( = =x m y m0.5 , 0.1 ) with different stress sensitivity coefficients
during gas production.
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pressure at a single point ( = =x y0.5 m ; 0.1 m) with different stress
sensitivity coefficients. The results indicate that there is the same
downward trend for the pore pressure. However, at higher values of Ss,
the local pore pressure was higher, and the gap in the pore pressure
induced by the infiltration of working fluids increases as the reservoirs
are exploited. As a result, the gas recovery rate could be significantly
decreased due to the higher stress sensitivity coefficient.

4.4.2. Effect of stress sensitivity on cumulative production
As shown in Fig. 15, the differences between scenarios with a con-

stant initial fracture permeability and various stress sensitivity coeffi-
cients are significant. It can be seen that the cumulative productions
after 200 days for the four scenarios are as follows:

(i) for a constant fracture permeability, the production volume is
873.6×104m3,

(ii) if the initial permeability stress sensitivity loss is considered, the
production volume is 794.1×104m3,

(iii) for stress sensitivity loss and treatment with oil-based drilling
fluids, the production volume is 778.0×104m3,

(iv) for the permeability stress sensitivity loss scenario and treatment
of with acidizing fluids, the production volume is 744.8×104m3.

In other words, compared to the situation when the fractures have a
constant permeability, the cumulative production is reduced by 14.7%
for the permeability stress sensitivity loss scenario when the reservoir is
subjected to acidizing fluids, 10.9% for the permeability stress sensi-
tivity loss scenario when treated with oil-based drilling fluids, and 9.1%
for the initial permeability stress sensitivity loss scenario. The effect of
working fluids on the permeability stress sensitivity makes a significant
difference to the cumulative production of the gas reservoirs. The
higher the stress sensitivity coefficient, the greater the impact of the
permeability stress sensitivity on natural gas exploitation. Compared
with oil-based drilling fluids, acidizing fluids appear to have a greater
effect on the stress sensitivity damage.

5. Discussion

5.1. Mechanisms influencing permeability stress sensitivity intensification

Preliminary analysis suggests that the severe stress sensitivity of
tight sandstone gas reservoirs is mainly because of their specific mineral
compositions and the complexity of the seepage channels. Firstly, the
high content of lithic fragments was particularly important. Thin sec-
tion analysis showed that the lithic fragment content ranges from
27.0% to 40.0%, with an average of 34.2% in this reservoir, as shown in
Table 6, which is on the high side for a tight sandstone. Lithic fragments
are easier to deform compared to quartz and feldspars under the same
stress condition (Pittman and Larese, 1991). Therefore the permeability
stress sensitivity coefficient for this type of tight sandstone is higher.
Secondly, the natural fractures are highly developed in this reservoir,
with many multi-scale natural fractures. Therefore, the rock is easier to
compress as the pore pressure is reduced. As a result of the higher de-
formability of the rock skeleton, severe stress sensitivity damage occurs.

In addition to the internal causes, the effect of invasive working
fluids must also be considered. Firstly, after damage by oil-based dril-
ling fluids, the fractures become filled with the solid and liquid phases
of the working fluids, e.g., drilling fluids and completion fluids. These
solid phases restrict seepage, resulting in a higher permeability stress
sensitivity. Moreover, the invading filtrate will alter the rock properties,
making the rock skeleton more deformable. As shown in Fig. 16, the
rock properties of the samples changed dramatically after soaking in
oil-based drilling fluids or acidizing fluids. The Young's modulus of an
untreated sample, a sample treated with drilling fluids and a sample
treated with acidizing fluids were 34.46 GPa, 31.46 GPa and 35.24 GPa
respectively, which is not an appreciable change. However, the com-
pressive strength of these different samples were 433.4MPa, 342.7MPa
and 316.3MPa, respectively, which shows an apparent reduction.
Furthermore, the Poisson's ratio of the samples was 0.161, 0.166 and
0.214, respectively, which points to an increasing trend. The changes in
the rock properties indicate that the samples treated with drilling fluids
or acidizing fluids are more deformable and suffer greater stress sen-
sitivity damage, which is consistent with the experimental results.

5.2. Sensitivity analysis

The invasion depth of working fluids and the drawdown pressure
are key parameters that can control well performance. In this section,
multiple reservoir simulations were conducted to investigate the effect
of the invasion depth of working fluids and drawdown pressure on
cumulative well production, which will help determine a reasonable

Fig. 15. The influence of the permeability stress sensitivity coefficient on cumulative production.

Table 6
Results of thin section analysis.

Cores Depth (m) Quartz (%) Feldspar (%) Lithic fragments (%)

UD11-1 7710.00 40.0 20.0 40.0
UD11-2 7713.25 30.0 35.0 35.0
UD11-3 7795.12 45.0 15.0 40.0
UD11-4 7799.00 52.0 12.0 36.0
UD11-5 7894.14 50.0 14.0 27.0
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drilling construction and gas field development scheme.

5.2.1. Effect of invasion depth of working fluids on cumulative production
A series of reservoir simulation runs were carried out to investigate

the effect of the invasion depth of oil-based drilling fluids on the cu-
mulative production of a single well; invasion depths were 0m, 15m
and 30m. The simulation results are as shown in Fig. 17; the general
trend of the curves are similar for different invasion depths, and the
growth rate of the curves show a decreasing tendency due to perme-
ability stress sensitivity. It can be seen that as the invasion depth of oil-
based drilling fluids increases the is a reduction in the cumulative
production. The cumulative production is reduced by 2.02% for the
permeability stress sensitivity loss scenario with the invasion depth of
30m, and 1.31% for the permeability stress sensitivity loss scenario
with the invasion depth of 15m, compared with that of the initial
permeability stress sensitivity loss scenario after 200 days of produc-
tion. According to the trend of the curves, the invasion depth of the
working fluids has a greater negative impact on cumulative production
as the gas reservoir is depleted. Therefore, controlling the zone invaded
by working fluids is very important to reduce the negative influence of
the permeability stress sensitivity on the cumulative production of a
single well.

5.2.2. Effect of drawdown pressure on cumulative production
Multiple reservoir simulations were conducted to investigate the

effect of drawdown pressure on cumulative well production over 200
days, with pressure values set at 100MPa, 95MPa, 90MPa and 85MPa,
and the Ss is 0.45. As shown in Fig. 18, the general trend of the curves is
similar under different drawdown pressures, and the growth rate of the
curves shows a decrease due to the permeability stress sensitivity.
Different drawdown pressures influence the cumulative production of
the single well; after 200 days of production, with a drawdown pressure
of 90MPa, the maximum cumulative production was obtained. The
cumulative production at drawdown pressures of 95MPa, 100MPa and
85MPa follow from the largest to the smallest. It is interesting to note
that the drawdown pressure that produced the maximum cumulative
production was neither the maximum drawdown pressure nor the
minimum drawdown pressure but was at an intermediate value after
200 days production. As a result of our analysis, high drawdown
pressure would accelerate the closure of fractures, which results in a
rapid decline in production, and the growth of cumulative production
would decrease as the gas extraction takes place. Although a low
drawdown pressure could prevent fractures from closing, it cannot
completely release the production capacity of the fractures. As a result,
the cumulative production under low drawdown pressure is low. In
contrast, the intermediate drawdown pressure not only prevents the
fractures from closing to some extent, but also increases the production
capacity. In another words, in order to increase the cumulative pro-
duction of a single well over a certain period of time, the drawdown

Fig. 16. Axial strain (ε) as a function of deviatoric stress during triaxial com-
pression tests.

Fig. 17. The influence of invasion depth of drilling fluids on cumulative production.

Fig. 18. The influence of drawdown pressure on cumulative production when
Ss= 0.45.
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pressure should be optimized based on existing data and numerical
modelling.

5.3. Control strategy for stress sensitivity damage induced by working fluids

When the oil-based drilling fluids currently in use were applied in
the Keshen gas field, it became more susceptible to a severe loss of
circulation. This loss of circulation not only worsened the permeability
stress sensitivity but also caused serious damage to the formation in-
duced by the invading solid particles. As a result, acid fracturing
technology was used to eliminate the damage induced by the solid
particles and connect more of the natural fractures. However, due to the
high formation pressure gradient, high in-situ stress (overburden stress
is 188MPa, minimum horizontal stress is 167MPa, and maximum
horizontal stress is 210MPa on average) and a wide area of leakage, it is
expensive to perform acid fracturing. More importantly, the injected
acidizing fluids can enhance the permeability stress sensitivity in the
invasion zone. Then, the area with higher stress sensitivity coefficients
would increase considerably’ resulting in a severe reduction in cumu-
lative production of a single well.

Based on the above analysis, it is clear that lost circulation is the key
issue that increases the permeability stress sensitivity. A strategy to
control the stress sensitivity damage induced by working fluids for
ultra-deep fractured tight sandstone gas reservoirs is proposed: Low-
density oil-based drilling fluids + optimized temporary plugging ma-
terials + small-scale acid fracturing + optimized reasonable draw-
down pressure. First, low-density oil-based drilling fluids are currently
the most suitable working fluid for this kind of reservoir. Second, D90
of the temporary plugging materials added to oil-based drilling fluids
should be optimized on the basis of the fracture width distribution, to
control the zone influenced by these fluids. Third, small-scale acid
fracturing not only eliminates the damage induced by the invasion of
solid phases but also controls the zone influenced by the acidizing
fluids, thus decreasing the zone with a higher stress sensitivity coeffi-
cient. In general, the volume of acidizing fluids should be close to the
volume of lost drilling fluid. Optimizing drawdown pressure to a rea-
sonable value (90 MPa under the conditions mentioned in this paper)
would also help to prevent fractures from closing prematurely, and
maintain a high and stable yield.

6. Conclusions

This paper takes a representative ultra-deep tight sandstone gas
reservoir of the Tarim Basin as a case study. Systematic experiments
were carried out to investigate the permeability alteration during hy-
drostatic compression, invasion of oil-based drilling fluids or reactive
acidizing fluids. A computational procedure was used to assess the in-
fluence of various fracture permeability evolution models on well per-
formance. The following points can be concluded from this work:

⑴ The invasion of oil-based drilling fluids and acidizing fluids can
aggravate the stress sensitivity damage of natural fractures in ultra-
deep tight sandstone gas reservoirs. The stress sensitivity coefficient
of untreated rock samples is 0.45 on average, and that of the sam-
ples treated with drilling fluids and acidizing fluids were on average,
0.58 and 0.67, respectively. The laboratory results indicated that the
permeability of fractures in the tight sandstone was influenced by
both the alterations in the stress state and type of fluid treatment.
The permeability alterations in the fractures are irreversible and
cannot be completely eliminated

⑵ The permeability stress sensitivity of this gas reservoir is controlled
by a combination of internal and external factors. Internal factors
include the high lithic fragment content and multi-scale natural
fractures. External factors include the rock property alterations in-
duced by the invasion of working fluids.

⑶ Numerical simulations indicated that the increased stress sensitivity

coefficient, deeper invasion depth of working fluids and unsuitable
drawdown pressures have a significant negative influence on the
cumulative production from a single well.

⑷ Based on theoretical analysis and numerical simulation results, a
strategy to control the stress sensitivity damage induced by working
fluids for ultra-deep fractured tight sandstone gas reservoirs is
proposed: Low-density oil-based drilling fluids + optimized tem-
porary plugging materials + small-scale acid fracturing + opti-
mized reasonable drawdown pressure (90 MPa).
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