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Casing deformation is a key issue that restricts the efficient development of shale gas in the Sichuan Basin, southwest China. In this
study, we take the Ning209 block as an example to analyze the characteristics of casing deformation distribution and the mitigation
effect of using reduced treating parameters on casing deformation. The geological structure and in-situ stress characteristics of this
block indicate that the high horizontal stress difference and high pore pressure may be the main cause of casing deformation.
Hence, based on the fault likelihood and 3D in-situ stress model, a geomechanical probability model of fault slip is established
to identify the areas with high risk of faults to explain the distribution of casing deformation and investigate the impact of
reducing pumping rate on fault slip. The results show that the faults in the upper region of the block have a higher slip
probability than the faults in the lower region, consistent with field casing deformation observation. The high stress difference
and high pore pressure are the main factors causing a high slip probability of faults. After reducing pumping rate, slip
probability is found to change from medium risk to low risk for faults in the lower region, which led to a significant reduction
of casing deformation in the lower region. Reducing pumping rate can play a significant role in mitigating casing deformation
caused by medium-risk faults, which has been proved by the field practices. This paper proposes a comprehensive method for
preventing casing deformation by combining the fault slip risk assessment with the treating parameters optimization, which
bridges the gap between prediction and control for mitigating casing deformation in the field.

1. Introduction

The Changning-Weiyuan national shale gas demonstration
area is located in the Sichuan Basin, southwest China. Since
2009, horizontal drilling and hydraulic fracturing have been
used to develop shale gas in this block. However, serious cas-
ing deformation problems occurred during hydraulic fractur-
ing operations. As of December 2018, among 113 wells that
have completed fracturing in the Changning block, casing
deformation occurred in 39 wells, accounting for 34%. Simi-

larly, as of October 2018, among 74 wells that have com-
pleted fracturing in the Weiyuan block, casing deformation
occurred in 36 wells, accounting for 48%. As a result, casing
deformation has become a key engineering problem that
needs to be resolved urgently for shale gas development in
the Changning-Weiyuan block. Not only does casing defor-
mation decrease the number of viable fracturing stages but
also reduces the overall life cycle of the well, which in turn
seriously restricts the efficient development of shale gas
resources.
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In the Changning-Weiyuan block, cluster perforation
and bridge plug techniques are used for multistage fracturing.
The drifting gauge can pass the well smoothly before fractur-
ing; however, the bridge plug is often unable to pass through
after fracturing. Therefore, it can be inferred that casing
deformation occurred during hydraulic fracturing opera-
tions. Fracturing is the engineering factor for causing casing
deformation. The complex geological conditions in the
Sichuan Basin have resulted in extensive faults and fractures,
which are prone to cause casing shear deformation due to
fault slip [1–8]. The main mechanism is believed to be that
the reduction of effective stress caused by the hydraulic frac-
turing fluid leads to fault slip. If the wellbore crosses faults,
casing deformation occurs due to fault slip.

Many scholars have explored how to mitigate casing
deformation from different aspects. Xi et al. [9] established
the relationships among microseismic moment magnitude,
slip distance, and the reduction of casing inner diameter.
Their results show that keeping the designed horizontal seg-
ment of the well trajectory either away from the fracture-
developed area or parallel to natural fractures can decrease
the fault slip distance. Yin et al. [10] developed a 3D nonlin-
ear finite element model to simulate the mechanical behavior
of casing crossing slip deformation. Simulation results dem-
onstrate that decreasing the crossing angle between faults
and casing, employing low Young’s modulus cement or with-
out cementing are the effective countermeasures to prevent
casing failure during hydraulic fracturing. Liu et al. [11] put
forward a semianalytical model to calculate the fault slip dis-
tance and suggested that the wells drilled through the fault
should be stimulated below a certain net pressure to avoid
slippage while stimulating nearby stages. Zhang et al. [12]
used the discrete element method to simulate the fault slip
induced by hydraulic fracturing. The simulation results show
that lowing pumping rate and fluid viscosity can effectively
decrease the shear displacement of the fault plane and help
mitigate casing deformation. These studies have documented
a lot of valuable suggestions to mitigate casing deformation,
including optimizing the well trajectory, reducing the elastic
modulus of cement sheath, no cementing, and reducing
treating parameters. However, firstly, somemeasures are lim-
ited to theoretical analyses and lack verification by field prac-
tices. The feasibility and rationality need to be further
demonstrated. Secondly, the proposed measures generally
are incapable of predicting casing deformation, which makes
the process from prediction to control incomplete. Conse-
quently, limitations still exist by applying these measures in
the field.

In this study, we first statistically analyze casing deforma-
tion in the Ning209 block and investigate the mitigation
effect of reducing treating parameters on casing deformation.
Then, the geological structure and in-situ stress characteris-
tics are analyzed to explore the root cause of casing deforma-
tion concentration. Finally, based on the fault likelihood and
3D in-situ stress model, a geomechanical probability model
of fault slip is established to identify the areas with high slip
risk to explain the distribution of casing deformation and
evaluate the impact of reducing pumping rate on the faults
with different slip risks.

2. Engineering Background

In this study, we take the Ning209 block in the Changning-
Weiyuan shale gas development area as the research object.
Stimulation has been conducted in 13 pads of the Ning209
block so far. According to the statistics of issues during run-
ning bridge plug, a total of 24 casing deformation positions
are identified. The spatial distribution of casing deformation
is shown in Figure 1. Clearly, casing deformation locations
are mainly concentrated in the four pads of H2, H4, H6,
and H29 of the upper region. In the lower region, except
for the H10 pad, almost no casing deformation occurred on
the other pads. It can be seen that the spatial distribution of
casing deformation shows clear characteristics of concentra-
tion in the Ning209 block.

Different from the typical hydraulic fracturing conducted
in other blocks, treating parameter optimization was carried
out in the Ning209 block to mitigate casing deformation.
We use the fracturing operation design of Ning209 block to
obtain the optimized parameters. These data determined
how much pumping rate or fluid volume would be used for
each stage during field fracturing operations. From the frac-
turing operation design, all stages near the faults were taken
as risky stages for casing deformation so that measures such
as reducing the pumping rate by 2m3/min (from
16m3/min to 14m3/min) or the fluid volume by 300m3

(from 1800m3 to 1500m3) would be taken.
The summary of treating parameter optimization in the

Ning209 block is provided in Table 1. 13 pads had reduced
pumping rate, and 3 pads had reduced both pumping rate
and fluid volume. The statistical results show that there are
a total of 190 faults which intersect the treating parameters
optimization stages in the Ning209 block, and 24 casing
deformation occurred in total, with a casing deformation
ratio of 12%. To compare, the Ning201 block, where 256
faults intersect wells, was not stimulated with optimization,
and 57 casing deformation occurred in total, with a ratio of
22%. To date, reducing the pumping rate as the main optimi-
zation measure has indeed played a significant role in miti-
gating casing deformation. In addition, we find that the
effect of reducing pumping rate on casing deformation in
the lower region is more profound than in the upper region,
as evidenced from Figure 1.

3. Observation of Faults

In order to understand the concentration of casing defor-
mation, the correlation between the faults and casing
deformation is first explored. The fault likelihood is an
attribute used to describe the distribution of faults based
on seismic data. This method transforms the seismic data
into a volume of local-fault-extraction (LFE) estimates that
represents the likelihood that a given point lies on a fault
surface [13, 14]. It can not only accurately reflect the
development characteristics of large-scale faults but also
has a strong ability to distinguish the small-scale faults.
The faults interpreted by fault likelihood in the Ning209
block are shown in Figure 2. And we statistics the position
of casing deformation and the strike of fault nearest to
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casing deformation as shown in Table 2. We can see that
most of the deformed locations agree with fault locations
very well. However, the fault intensity shows no noticeable
difference between the upper and the lower region, which
could not explain the concentration of casing deformation
yet.

Figure 3 shows the seismic profile of fault systems in the
Ning209 block. The lines with arrow represent the faults.
From top to bottom, the red line represents the top of the
Maokou formation, the pink line represents the bottom of

the Liangshan formation, and the green line represents the
bottom of the Longmaxi shale formation, which is the main
pay zone. We can see that the faults developed in this block
are mainly high angle faults that cross the Longmaxi
formation.

Earlier studies have shown that the in-situ stress is one of
the dominant factors controlling fault activation [15–19]. It is
thus necessary to analyze the distribution of in-situ stress to
explore whether a relationship exists between the in-situ
stress and the concentration of casing deformation.
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Figure 1: The spatial distribution of casing deformation in the Ning209 block. Purple lines represent the positions of casing deformation.

Table 1: Summary of treating parameters optimization in the Ning209 block.

Pad Treating parameters optimization Number of intersecting faults Number of casing deformation

H1 Reducing pumping rate 2m3/min 6 0

H2 Reducing pumping rate 2m3/min 4 4

H4
Reducing pumping rate 2m3/min

11 4
Reducing fluid volume 300m3

H6 Reducing pumping rate 2m3/min 11 4

H7 Reducing pumping rate 2m3/min 4 0

H10
Reducing pumping rate 2m3/min

21 3
Reducing fluid volume 300m3

H11 Reducing pumping rate 2m3/min 30 1

H12 Reducing pumping rate 2m3/min 3 0

H14 Reducing pumping rate 2m3/min 15 0

H19 Reducing pumping rate 2m3/min 22 0

H21 Reducing pumping rate 2m3/min 24 1

H22
Reducing pumping rate 2m3/min

18 0
Reducing fluid volume 300m3

H29 Reducing pumping rate 2m3/min 21 7
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4. The 3D Geomechanical Model

4.1. Model Construction. By integrating seismic, geological
structure, logs, and core data, a 3D geomechanical model
is built for the Ning209 block. The 3D geomechanical
model includes 3D anisotropic mechanical properties, 3D
pore pressure, and 3D in-situ stress field. The modeling
process is shown in Figure 4, including the following steps:

(i) Based on the laboratory experiment and measured
data, a 1D geomechanical model is established by
using the logging data of acoustic wave, density,
and gamma ray

(ii) On the basis of geological modeling, a 3D mechani-
cal property model is developed by combining well
and seismic data

(iii) The 3D pore pressure prediction is conducted with
seismic data and calibrated against pressure mea-
surements, mud-logging data, and flowback data

(iv) Taking strain as the boundary condition, the in-situ
stress interpreted by well data is fitted to obtain the
3D in-situ stress field

It has been widely reported that the mechanical prop-
erties of shale are anisotropic [20–23]. Recent studies show
that the Longmaxi shale in the Sichuan Basin exhibits
clear anisotropy [24–27]. To build a reliable geomechani-
cal model, it is necessary to capture the anisotropy of
the formation. This anisotropy is reflected in the differ-
ences of mechanical properties in different directions,
including the differences of Young’s modulus and Pois-
son’s ratio in the transverse and longitudinal direction.
The anisotropy of the formation is captured at wellbores
and propagated to the 3D space guided by seismic data
as shown in Figure 5. The vertical depth of the shale res-
ervoir is about 3300m. At this depth, the Young’s modu-
lus varies in the range of 30~70GPa, and the Poisson’s
ratio varies in the range of 0.21~0.31.

Based on the 3D anisotropic mechanical properties
model, finite element simulation is carried out to construct
the 3D in-situ stress field by taking strain as the boundary
condition. Strain can be determined through the poroelastic
horizontal strain equation by applying two constraints simul-
taneously. First, ensure that the minimum horizontal stress
matches the collected closure-pressure data with the given
set of strain. Second, ensure that the borehole failure (both
shear failure and tensile failure) predicted by the 1D

Figure 2: The distribution of faults in the Ning209 block.
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geomechanical model is consistent with borehole failure
observed from the caliper and image logs [28–30].

σh =
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where σh is the minimum horizontal stress (in MPa); Eh and
Ev are Young’s moduli in the horizontal and vertical direc-
tions, respectively (in GPa); υh and υv are Poisson’s ratio in
the horizontal and vertical directions, respectively; σv is the
overburden stress (in MPa); α is the Biot coefficient; Pp is
the pore pressure (in MPa); and εh and εH are the horizontal
strain in minimum and maximum horizontal stress direc-
tion, respectively.

The 3D in-situ stress field of the Ning209 block is shown
in Figure 6. The vertical stress distribution is approximately
in the 50~90MPa range (Figure 6(a)), the maximum hori-
zontal stress is approximately in the 50~110MPa range
(Figure 6(b)), and the minimum horizontal stress is approx-
imately in the 40~80MPa range (Figure 6(c)). The stress
regime over the region is mainly strike-slip faulting. The azi-
muth of the maximum horizontal stress is approximately
109°N.

4.2. The Relationship between Horizontal Stress Difference
and Casing Deformation. In the classical Mohr-Coulomb
failure theory, a larger stress difference will enlarge the
Mohr circle which describes the regional stress state and
then cause the stress state of the fault to be closer to the
critical stress state, which increases fault slip potential
under hydraulic fracturing. The distribution of horizontal
stress difference in the Ning209 block is displayed in
Figure 7. It can be seen that the stress difference in the
upper region is significantly greater than that in the lower
region, which indicates that the faults in the upper region
have higher potential to slip. Casing deformation can be
caused by fault slip, so the greater the stress difference,
the more severe the casing deformation. From Figure 7,
most of the casing deformation is concentrated in the
region with relatively large stress difference. The distribu-
tion characteristics of stress difference are consistent with
the actual casing deformation, which explains why casing
deformation is concentrated in the upper region to some
extent.

4.3. The Relationship between Pore Pressure and Casing
Deformation. Pore pressure is another key factor affecting
fault slip. Based on the effective stress principle, the effec-
tive normal stress of a fault plane would be at a lower
level under a higher pore pressure, which leads to the
weakening of fault shear strength. The pore pressure dis-
tribution in the Ning209 block is shown in Figure 8,
which is similar to the characteristics of stress difference
distribution. The abnormal high pore pressure is concen-
trated in the upper region. Consequently, under the com-
bined effects of high pore pressure and high stress
difference, the faults in the upper region have higher slip

Table 2: Summary of casing deformation position and fault strike in
the Ning209 block.

Well
Position of casing
deformation (in m)

The strike of the fault nearest to the
casing deformation (in °)

H2-3

3925 75

4363 80

4810 40

H2-4 4828 165

H4-4 4700 28

H4-8

3585 30

3863 168

4390 168

H6-1

3937 70

4058 70

4269 116

H6-4 3799 120

H10-
6

3758 92

H10-
7

4420 114

H10-
8

3733 109

H11-
3

4630 165

H21-
3

3740 154

H29-
3

4610 170

H29-
10

4551 93

5032 116

5159 116

H29-
11

3420 68

4351 65

H29-
12

4770 83

Figure 3: The seismic profile of fault systems in the Ning209 block.
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potential than the faults in the lower region, which results
a concentration of casing deformation in the upper region.

The characteristics of in-situ stress distribution in the
Ning209 block show that the high stress difference and high
pore pressure distribution might be the main factors causing
the concentration of casing deformation. In the next section,
we use geomechanics probability analysis to evaluate the slip
risk of faults and further investigate the distribution charac-
teristics of casing deformation.

5. Fault Slip Risk Assessment

5.1. Quantitative Risk Assessment Method. In the context of
Coulomb faulting theory, whether or not a fault will slip in
response to fluid injection depends on several factors, includ-
ing the magnitude and orientation of the stress field and the
orientation of the fault, pore pressure, and material parame-

ters such as the coefficient of friction. Because there is uncer-
tainty in each of these parameters, Quantitative Risk
Assessment (QRA) can be used to evaluate the slip risk of
faults in response to a given pore pressure increase. QRA is
a Monte Carlo method used to evaluate the probability of
an uncertain outcome when the input parameters are also
uncertain. In QRA, uncertainties in input parameters are
populated by iteratively running the model using inputs ran-
domly sampled from probability density functions. The out-
put is a cumulative distribution function describing the
cumulative probability of fault slip as a function of pore pres-
sure applied to the fault [31–33]. The risk assessment process
of fault slip is demonstrated in Figure 9, including the follow-
ing steps:

(i) Establish the deterministic geomechanical model
based on the stress field and fault data

Seismic

Geologic model

Well logs/core

Core analysis

Grid

ID geomechanical model

Mechanical properties Pore pressure Stress initialization 3D geomechanical model

Figure 4: The modeling process to build the 3D geomechanical model.
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Figure 5: The 3D anisotropic mechanical properties model: (a) Young’s modulus; (b) Poisson’s ratio.
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(ii) The uncertainties of relevant parameters in the pro-
cess of geomechanical modeling are considered, and
each input parameter is randomly sampled to gener-
ate a probabilistic geomechanical model

(iii) Pore pressure perturbation is used to estimate the
slip probability as a function of increased of pore
pressure

(iv) The slip risk of faults is evaluated based on the pore
pressure perturbation value and the slip probability
function

5.2. Stress State under Different Risks. The slip risk is the
result of thousands of simulations using random sampling
based on the error range of each input parameter. The slip

Pore pressure
/Mpa

60

50

40

30

Figure 8: The distribution of pore pressure in the Ning209 block.

Stress data

Fault data

Deterministic
geomechanical model

The uncertainties of stress data

Uniform distribution

Uniform distribution

The uncertainties of fault data

Fault slip risk assessment

Random
sampling

Probabilistic
geomechanical model

The probability function
of fault slip

Pore pressure
perturbation value

Integrating the probability density distribution

Figure 9: The risk assessment process of fault slip.
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probability is the frequency of the fault stress state exceeds
the failure line in the probability model. Essentially, it is
the relationship between the stress state of the fault and
the failure line on Mohr’s diagram. In the probability
model, each input parameter has a central value within
an error range; thus, there is also a central value describ-
ing the stress state of the fault in simulation results, which
determines the location of faults with different slip risks
on Mohr’s diagram. If the slip probability of the fault is
50%, it means that the cases of slip and nonslip in the
simulation results account for 50% each; then, the fault
on Mohr’s circle corresponding to the exact position meets
the critical stress state, as shown by the yellow dot in
Figure 10. Therefore, it is not difficult to see that the degree
of slip risk is controlled by the distance between the central
value of stress state and the failure line. Taking the intersection
point of theMohr’s circle and the failure line as the center, it can
be divided into three regions: high risk (slip probability > 70%),
medium risk (70% > slip probability > 30%), and low risk
(30% > slip probability), as illustrated in Figure 10.

5.3. Geomechanical Probability Analysis. Before performing
geomechanical probability analysis, the fault model and in-
situ stress model need to be determined. The in-situ stress
model has been established as shown in Figure 6. The fault
model is established based on the fault likelihood as shown
in Figure 11.

The panels containing the red line in Figure 12 show
the distribution of geomechanical input parameters of fault
#1 that is marked in Figure 11. The results are generated
by random sampling on uniformly distributed (red line)
samples. The bottom right panel shows the distribution
of pore pressure perturbation values required for slip on
fault #1 in the generated probability model. It can be seen
that the proportion of the perturbation values reaching the
highest is in the range of 16-22MPa. It is worth noting
that this distribution describes the minimum perturbation
condition required for fault slip. That is when the pertur-
bation value gradually increases to 16-22MPa, the fault
begins to have a larger slip possibility. This possibility will
increase with the increase of perturbation value.

The cumulative distribution function (CDF) curve can be
obtained by integrating the distribution of pore pressure per-
turbation value as shown in Figure 13. This curve directly
describes the slip tendency probability of fault #1 with the
increase of pore pressure. Based on this curve and pore pres-
sure perturbation value, the slip probability of fault #1 can be
evaluated.

Before probability assessment, it is notable that com-
pared with typical hydraulic fracturing, the Ning209 block
has taken measures to reduce pumping rate, which will
inevitably impact the pore pressure perturbation value
induced by hydraulic fracturing. Thus, it is necessary to
consider two cases. The first case is the typical hydraulic
fracturing, which gives the distribution of fault slip risk
and explains the concentration of casing deformation.
The second is the case with reduced pumping rate, which
shows the influence of reducing pumping rate on fault slip
risk.

The range of pore pressure perturbation value after
fracturing can be approximately determined by the differ-
ence between the instantaneous shut-in pressure (ISIP)
and initial pore pressure. The ISIP values in this study
were obtained by the treating pressure records per second
in field fracturing data [17]. We used the standard proce-
dure in the industry to obtain the ISIP values. The ISIP
value is the treating pressure corresponding to the pump-
ing rate reduced to 0 in the treating pressure records per
second. Figure 14 shows the comparison of treating pres-
sure corresponding to different pumping rate. We can
see that the pressure difference between typical hydraulic
fracturing and reducing pumping rate is approximately
4MPa.

The pore pressure perturbation value induced by typi-
cal hydraulic fracturing is approximately 25MPa, and the
slip probability of fault #1 is about 71%, as shown in
Figure 13. The pore pressure perturbation value induced
by hydraulic fracturing with reduced pumping rate is
approximately 21MPa, and the slip probability of fault
#1 is about 50%. It can be seen that fracturing with
reduced pumping rate decreases the slip probability by
20% for fault #1 compared with fracturing with typical
pumping rate.

The accuracy of the probabilistic analysis may be veri-
fied by field microseismic data. Well H2-3 intersects with
fault #1, as shown in Figure 15(a), where microseismic
monitoring has been carried out. The microseismic events
of stages 5, 8, and 9 are shown in Figure 15(b). Due to
casing deformation, stage 6 and stage 7 were abandoned.
Figure 16 shows the treating pressure of these stages. We
observe that the microseismic events from these three
stages are all far away from the perforation locations.
The multistage events overlap and converge into a micro-
seismic event band, which conforms to the characteristics
of fault activation [34–38]. The microseismic event band
coincides with fault #1 spatially, and its extension direc-
tion is also consistent with the strike of fault #1. There-
fore, it could be considered as the same fault.
Microseismic data indicates fault #1 activation during
hydraulic fracturing, which shows that the probability
result is relatively reliable.

6. Results

The slip probabilities of faults under typical hydraulic frac-
turing (pore pressure perturbation value of 25MPa) in the
Ning209 block are shown in Figure 17. A total of 160
faults in the upper region and 43 faults were in high-risk
state, accounting for 27%; 76 faults were in medium-risk
state, accounting for 47%; 41 faults were in low-risk state,
accounting for 26%. A total of 198 faults in the lower
region and 101 faults were in medium-risk state, account-
ing for 51%; 97 faults were in low-risk state, accounting
for 49%. It can be seen that under high stress difference
and high pore pressure conditions, the slip risks of faults
in the upper region are clearly higher than that in the
lower region, which is the reason that casing deformation
locations are mainly concentrated in the upper region.
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Specifically, casing deformation mainly occurred near the
medium-risk and high-risk faults in the upper region;
thus, it can be concluded that the distribution of casing
deformation is mainly dominated by the medium-risk
and high-risk faults.

The slip probabilities of faults under reduced pumping
rate (pore pressure perturbation value of 21MPa) in the
Ning209 block are provided in Figure 18. For the upper
region, 112 faults were in medium-risk state, accounting
for 70%; 48 faults were in low-risk state, accounting for
30%. We see that most of the faults in the upper region
are changed from high-risk state to medium-risk state

when fracturing using reduced pumping rate. For the
lower region, 52 faults were in medium-risk state, account-
ing for 26%; 146 faults were in low-risk state, accounting
for 74%. The faults in the lower region are close to the
low-risk state, and the slip probabilities of faults are rela-
tively low, which is the reason for the reduction of casing
deformation in the lower region. Hence, it can be con-
cluded that reducing pumping rate has a significant effect
on mitigating the reactivation of medium-risk faults.

The influence of reducing pumping rate on fault slip
risk can be explained from the stress state of faults. Reduc-
ing pumping rate usually decreases the pore pressure

High risk Medium risk Low risk

50%
Sh

ea
r s

tr
es

s

Effective normal stress

Figure 10: The stress state of faults with different slip risks.

Fault #1

Figure 11: The fault model for the Ning209 block.
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perturbation by a small extent. For high-risk fault, the
stress state exceeds the critical stress after hydraulic frac-
turing (Figure 10). With a small pressure difference, the
fault might be still in medium-risk state (Figure 19(a)).
For medium-risk fault, the stress state is near to the criti-
cal stress after hydraulic fracturing (Figure 10). With a
small pressure difference, the fault moves to a position
below the failure line and can turn into low-risk state
(Figure 19(b)). Therefore, reducing pumping rate has a
significant effect on medium-risk faults, while it has a little

effect on high-risk faults. Since the faults are mainly
medium risk in the lower region of the Ning209 block
(Figure 17), after using reduced pumping rate, casing
deformation hardly occurred. Clearly, the field practice
results in the Ning209 block have well proved this point.

7. Discussion

By exploring the reason of casing deformation distribution
after fracturing with reduced pumping rate in the Ning209
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block, our results show that the faults in the upper region
have a higher slip probability than faults in the lower
region, which resulted in the concentration of casing
deformation in upper region. The high stress difference
and high pore pressure are the main factors leading to a
higher slip probability of faults. Therefore, much attention
needs to be paid to the areas with high stress difference,
high pore pressure, and high slip probability faults during
hydraulic fracturing, and the casing deformation preven-
tion measures should be focused on these areas.

The casing deformation prevention measures currently
applied in the field include well trajectory optimization

and treating parameters optimization. The fault slip risk
assessment can generally predict the medium- and high-
risk faults well. Hence, optimizing the well trajectory to
avoid the medium- and high-risk slip faults might be the
most appropriate measure for preventing casing deforma-
tion. However, the trajectory of shale gas well usually
needs to drill along the direction of the minimum hori-
zontal in-situ stress in order to create transverse fractures
to maximize fracture surface area. In addition, the faults
and natural fractures are extremely well developed in some
blocks due to the complex geological conditions of the
Sichuan Basin. Hence, there might not be enough room
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for operation to avoid the medium- and high-risk faults.
Consequently, the well trajectory optimization still has
limitations in the field of application.

Alternatively, the treating parameter optimization has
been the main practice to prevent casing deformation in
this field. Our results show that medium- and high-risk
faults are the main factors causing casing deformation;
thus, they should be the main target when optimizing
treating parameters. For medium-risk faults, the slip prob-
ability can be limited at a low level via reducing pumping
rate, and then, casing deformation can be mitigated, which
has been proved by our field practice results from the

Ning209 block. For high-risk faults, to limit the slip prob-
ability to a lower level, a large pumping rate reduction
may be needed. However, this could have a serious impact
on production or may not even be able to effectively stim-
ulate the reservoir. Therefore, reducing pumping rate
alone may not be appropriate for high-risk faults.

8. Conclusions

In this study, we take the Ning209 block as an example to
analyze the characteristics of casing deformation distribution
and the effect of mitigation strategy using reduced treating
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parameters on casing deformation. The fault slip risk assess-
ment is used to identify the fractured stages near the
medium- and high-risk faults before hydraulic fracturing.
The treating parameter optimization is employed to reason-
ably reduce the treating parameters of these fractured stages
to mitigate casing deformation, which bridges the gap
between prediction and control for casing deformation miti-
gation. The main conclusions can be summarized as follows.

(1) The treating parameter optimization conducted in
the Ning209 block shows that reducing the pumping
rate has played a significant role in mitigating casing
deformation. This directly confirms that reducing
treating parameters is a practical measure to mitigate
casing deformation

(2) Fault slip risk results show that the faults in the upper
region in the block have a higher slip probability than
the faults in the lower region, which is consistent with
the observation that casing deformation mainly
occurred in the upper region. The high stress differ-
ence and high pore pressure are the main factors
causing a high slip probability of faults

(3) After reducing pumping rate, slip probability was
seen to change from medium risk to low risk for
faults in the lower region, which led to a significant
reduction of casing deformation in the lower region.
Reducing pumping rate can play a significant role in
mitigating casing deformation caused by medium-
risk faults, which has been proved by the field
practices

In summary, this paper proposes a comprehensive
method for preventing casing deformation by combining
the fault slip risk assessment with the treating parameter
optimization. It may provide an effective method for mitigat-
ing casing deformation issues in the field. Importantly, the
current research only shows that reducing pumping rate
has a positive effect on mitigating casing deformation caused
by medium-risk faults. The conclusion in this study may only
be qualitative, and the treating parameter optimization for
high-risk faults needs to be further explored.
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