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Fractured tight sandstone reservoirs are representative reservoirs in the Tarim
Basin, characterized by the development of natural fractures and diverse
interaction modes between artificial and natural fractures. The complex shape
of the construction pressure curves during fracturing makes it difficult for
existing fracture extension diagnosis methods to provide effective guidance.
To thoroughly explore the information contained in the construction curves
and accurately characterize hydraulic fracturing parameters, this study proposes
a dynamic bottomhole net pressure calculation method based on real-time
fracturing construction data, allowing for more precise correction of the
bottomhole net pressure. Subsequently, a fracture extension mode recognition
mechanism for fractured tight sandstone reservoirs is established, identifying five
modes of fracture extension: activation of natural fractures, restricted extension,
complex fracture extension, communication with natural fractures, and vertical
penetration of fractures. The concept of a post-fracturing complex fracture
network index is introduced, leading to a comprehensive method for diagnosing
and recognizing construction pressure curves suitable for fractured tight
sandstone reservoirs. Field case studies indicate that: (1) the ability of artificial
fractures to activate natural fractures and form complex fractures is closely
related to net pressure; (2) when the net pressure curve exhibits periodic trends,
natural fractures within the reservoir may branch and redirect, forming more
complex multi-stage fractures; (3) a higher complex fracture network index
post-fracturing corresponds to a higher unimpeded flow capacity, indicating
better production enhancement effects. The conclusion suggests that this
fracture recognition method can enhance the fracturing potential of fractured
tight sandstone reservoirs and is significant for guiding real-time dynamic
adjustments in field fracturing operations.
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construction pressure curve, diagnosis and recognition, fracture extension, Tarim Basin,
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1 Introduction

China has abundant unconventional oil and gas reserves, and
under current economic and technological conditions, fractured
tight sandstone reservoirs are gradually becoming a focus of
exploration and development (Chen, 2024; Yan et al, 1997;
Gang etal., 2023). The most representative fractured tight sandstone
reservoirs in China are located in the Tarim Basin. As an
important component of tight sandstone reservoirs, these fractured
reservoirs are characterized by low porosity, low permeability,
and low productivity. The development of natural fractures within
these reservoirs is a key factor in enhancing production capacity
(Zhimin et al., 2023; Liu et al., 2024; Qin et al., 2024; Jin et al., 2022).
Currently, the conventional characterization methods for fracture
parameters after hydraulic fracturing mainly include microseismic
monitoring and wide-area electromagnetic monitoring techniques
(Le Zhou et al., 2024; Zeng et al., 2023; Wu et al., 2024). However,
both methods are easily influenced by natural fracture zones and
various faults underground, making it difficult to provide effective
guidance for actual production.

During the construction process, the fracturing construction
curve provides a complete depiction of how injection pressure,
injection rate, and proppant concentration change over time
(Jinzhou et al, 2022; Wang et al., 2024). Therefore, deeply
exploring the geological and engineering information revealed
by the fracturing curves at different construction stages is of
significant importance. Some scholars have studied the fracturing
construction curves to indirectly characterize hydraulic fracture
parameters. Notably, Nolte and Smith established the relationship
between net pressure curves and fracture geometry under a double-
logarithmic system, forming a classic fracturing diagnostic method,
which subsequent research has built upon (Hong-Yan et al., 2023;
Fugiang et al., 2022; Xiaodong et al., 2022). Barree et al. developed
a tangent method for analysis based on Nolte’s theory, determining
fracture closure time and closure pressure by drawing a line through
the origin that is tangent to the overlaid derivative GAP/dG curve.
This method has been widely applied in the field (JeongWon et al.,
2023; Gong and El-Monier, 2019). Yao (2018) characterized fracture
complexity by analyzing fracture fluctuation states and improving
the G-function. Wang et al. (2014) studied the pressure drop patterns
of shale gas wells during small-scale fracturing tests using numerical
simulation methods. Their findings indicated that the pressure
drop process after stopping the pump involves four stages: fracture
extension, elastic closure of fractures, pseudo-linear flow stage post-
closure, and pseudo-radial flow stage. They estimated reservoir and
fracture parameters using G-function, linear flow time function, and
radial flow time function models. Xianshan et al. (2024) analyzed
flow patterns in tight sandstone gas reservoirs using views of
homogeneity, linear fractures, and complex fractures, identifying
artificial fracture characteristics based on G-function theory and
comprehensively evaluating the complexity of the hydraulic fracture
network, validating results against microseismic monitoring data to
enhance diagnostic accuracy.

The prerequisite for realising the full mobilisation of fractured
tight sandstone reservoirs is whether the artificial fractures during
hydraulic fracturing can interact with natural fractures to form a
complex fracture network, and the study of the interaction mode
between artificial fractures and natural fractures for hydraulic
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fracturing process is particularly important, e.g., Sang et al. (2023).
obtained four kinds of natural fractures by establishing a coupled
fluid-solid computational model of natural fracture extension in
porous elastic strata, and examined the relevant influencing factors.
Yu et al. (1997) and others carefully analysed the key factors
affecting the interaction between hydraulic fracture extension and
natural fractures, and focused on the formation mechanism and final
structure of the fracture network, while Yueliang et al. (2022) and
others investigated the influence of natural fractures on hydraulic
fracture extension during hydraulic fracturing of tight reservoirs
through indoor experiments, where the main influencing factors
are the inclination angle of natural fractures and the relationship
between natural fractures and wells. inclination angle and the
distance between natural fractures and wellbore. Currently, there
is still exploration space for the study of construction curves
in fractured tight sandstone reservoirs, particularly a lack of
detailed descriptions of post-fracture extension states and widely
applicable field cases. This study focuses on various wells in the
Bozi Block of the Tarim Basin. Based on real-time monitored
construction data such as wellhead pressure, injection rate, and
proppant concentration, we established a novel dynamic bottomhole
net pressure conversion model. By simulating fracture extension
scenarios on an integrated platform, we performed double-
logarithmic processing of the net pressure curve and summarized
the changes in curve slopes, identifying five distinct fracture
extension modes to describe different fracture behaviors and
corresponding mechanical conditions during the fracturing process.
We propose a post-fracturing complex fracture network index and
comprehensively establish a diagnostic recognition model for the
construction pressure curves of fractured tight sandstone reservoirs,
aiming to provide positive guidance for field operations.

2 Overview of the study area
2.1 Geological characteristics

As shown in Figures 1, 2, the Bozi Block is located in the western
part of the Kuqa Depression within the Tarim Basin. The primary
target formations in the block are the Bashijiqike Formation and
the Baxi Formation of the Cretaceous, with an average burial depth
exceeding 6,000 m (Peng et al., 2023; Ke et al., 2022). The Bashijiqike
Formation is primarily composed of lithic feldspathic sandstone,
with subordinate feldspar-lithic sandstone. The grain size is mainly
medium to fine; the sorting of sandstone clastic particles is moderate
to good, and the roundness is sub-angular to sub-rounded, with
particle contact primarily point-to-line. The main cementation type
is pore-type cementation.

The Baxi Formation consists mainly of variegated small
gravel, small gravel, and sandstone gravel, with gravel components
primarily including metamorphic rock gravel, igneous rock gravel,
and, to a lesser extent, sedimentary rock gravel. The compositional
maturity is moderate, while the structural maturity is relatively
high. The effective porosity of the Bashijigike Formation and the
Baxi Formation generally ranges from 4.0% to 10.0%, with an
average of 5%-8%. The matrix permeability is typically between 0.05
and 0.5 mD, classifying it as a typical ultra-deep tight sandstone
reservoir.
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FIGURE 1

Kelasu tectonic belt.

Regional location and division map of Kelasu tectonic belt in Kuga Depression. (A) Study block structure location; (B) Structural characteristics of

FIGURE 2

Core fracture characteristics of ultra-deep reservoir in Bozi block. (A=D) all are cores from different Wells in the study block.

3 Characteristics of natural fractures

In the Bozi Block, the ultra-deep reservoirs exhibit well-developed
fractures, predominantly featuring high-angle structural fractures. The
main type of fractures is shear fractures, followed by extensional
fractures. Shear fractures typically develop at high angles, have
flat fracture surfaces, extend over long distances, and exhibit small
openings (0.1-0.3 mm). Most of these fractures are unfilled, while a
small number of smaller fractures are filled with calcite or gypsum.

In contrast, extensional fractures account for a smaller proportion;
theyusuallyhave rough fracture surfaces, shorter extensions, and larger
openings (>2 mm), with the majority filled by calcite or gypsum. The
general orientation of natural fractures in the Bozi Block is primarily
near north-south and northwest-southeast, displaying a network-like
distribution. Most fractures are in an unfilled or partially filled state,
with the main fillings consisting of calcite, gypsum, and clay materials.
The dip angle of these fractures is generally greater than 70°.

The development of natural fractures in various wells within the
Bozi Block is summarized in Table 1 and illustrated in Figures 3A, B.
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4 Engineering background

Table 2 presents the transformation process parameters
obtained from the construction data of various wells in the
Bozi Block. Most wells in this block utilize a cased perforation
completion method, with a sand-based hydraulic fracturing
technique being commonly employed. The overall transformation
scale for the Bashijiqike Formation is relatively large, with an average
transformation volume of 1,030 m>. The pre-treatment fluid volume
typically ranges from 70 to 600 m?, while the average sand volume
is 52.42 m® with a sand-to-fluid ratio between 5% and 30%. The
construction pressure varies from 87 to 122 MPa, and the pumping
rate ranges from 1 to 6 m*/min.

In contrast, the transformation scale, pre-treatment fluid
volume, and sand volume for the Baxi Formation are generally
smaller than those of the Bashijigike Formation, although the
pressure range and average pumping rate are similar. Due to
the development of natural fractures in the fractured sandstone
reservoirs, there is significant fluid loss during fracturing. To
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TABLE 1 Development of natural fractures in various wells of the bozi block.

Well number Fracture density (strip/m) Average inclination angle (°)
BI01 03 74
B102 021 69
Bl B104 0.76 77
B105 039 74
B106 053 72
B3 0.71 75
B301 045 71
B3
B302 0.42 76
B3-3X 047 79
BI2 0.56 77
B1201 0.76 73
B12
B1202 038 80
B1203 037 75
B24 045 76
B24 B2401 037 76
B2402 0.65 79
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FIGURE 3
FMI image fracture occurrence statistical map of ultra-deep reservoir in Bozi block [(A) Rose diagram; (B) Dip frequency diagram].

ensure proper fracture initiation, extension, and sand addition, the 5 Net pressure Ca lculation

study area typically employs stable high-rate construction (generally

exceeding 4 m*/min). To control excessive vertical extension of the The activation process of natural fractures is often accompanied
fractures, some wells utilize variable rate pumping techniques, with by changes in fluid pressure inside the fractures, and this
pumping rates generally ranging from 1 to 7 m*/min. increase and decrease in fluid pressure inside the fractures can
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TABLE 2 Process parameters in Bozi block.

10.3389/feart.2024.1483485

The bashkichik

The baxigai formation

Range Average Range Average
Total Sand volume m’ 200.3-1813 1,029.62 222.43-968 658.75
Sand volume m? 2.3-139.7 52.42 0.69-54.9 36.32
Sand fracturing Pre-fill fluid volume m? 75-600 414.41 78-532 303.39
Working pressure MPa 87.27-121.31 107.51 85-115.81 105.17
Working flow rate m?*/min 1.68-6.04 4.2 2.7-4.79 4.04

provide insight into the fracturing of the formation and natural
fracture communication, which can lead to the diagnosis of the
overall fracture complexity after modification (Yan et al., 2024;
Changgui et al., 2023). The key to the opening of natural fractures
in fractured tight sandstone reservoirs lies in the net pressure,
which is the difference between the pressure of the fluid in the
fracture (bottom-of-well pressure) and the minimum principal
stress (closure pressure) (Shen and Ji, 2024; Campos et al., 2024).

In the actual fracturing construction process, the fracturing
fluid enters the fracture from the pumping machine through
the surface pipeline, wellbore tubing column, and injection
hole, and pressure loss occurs in each flow channel due to
the friction, and along with the continuous change of the
construction volume, sand concentration, etc., the column pressure
and wellbore friction change accordingly, so the increment
of the wellbore pressure changes dynamically, which makes
the calculation of the wellbore pressure more complicated
(Leonardo et al., 2023; Hongyang et al., 2023).

At present, the general practice of calculating the bottomhole
pressure is to regard the whole wellbore as a whole, take the
average value of the density of fracturing fluid in the wellbore,
calculate the static wellbore column pressure without considering
the change of well inclination angle, and calculate the wellbore
resistance using the theoretical formula, which leads to a large
deviation of the calculated value of the bottomhole pressure from
the actual value (Liu et al, 2013; Haibo et al, 2021). In order
to address the above problems, the author proposes a method
of calculating dynamic bottomhole pressure based on specific
fracturing construction data. By dividing the wellbore liquid into
units, calculating the liquid volume and sand concentration of the
liquid units at different moments by correction, and correcting the
formula for calculation of moiré of indoor experiments by using
on-site construction moiré, the results of calculation of bottomhole
pressure can be more accurate, which can improve the accuracy
of the subsequent analysis of the fracture extension situation.
The accuracy of the subsequent analysis of the fracture extension
is improved.

(1) Fluid Unit Hydrostatic Pressure:
1)

Py, =10"p,gh; cos 6;

Frontiers in Earth Science

Where Py, is the hydrostatic pressure of fluid unit i, in MPa; h; is the

height of the fluid column in unit 7, in meters; g is the gravitational

acceleration, in m/ s% p; is the density of the sand-laden fluid in unit

i, in kg/m?>; and 6, is the wellbore inclination angle corresponding to
In Equation 2, p;is:

fluid unit 7, in radians.
pi=\1l-——|pt¢
: Por ’

Where ¢; is the sand concentration in fluid unit i, in kg/ m>; Py, is the

)

true density of the proppant, in kg/m*; and p, is the base fluid density
of the fracturing fluid, in kg/m>.

In Equation 1, h; is, if the wellbore is reduced to a cylinder
model, the length of the wellbore is the height of the cylinder,
as shown in Equation 3:

V.
h,=— (3)
"o
Where V; is the volume of fluid unit i, in m%; and r is the radius of
the wellbore, in meters.

(2) Fluid Unit Friction:

In practical application, the wellbore fracturing fluid friction is
often calculated on the basis of clean water friction, because the
value of clean water friction is the largest under the same conditions,
as shown in Equation 4:

Pfl = UPfO (4)

Where Py, is the theoretical value of wellbore fracturing fluid friction
at maximum flow rate, in MPa; ¢ is the friction reduction ratio
(dimensionless); and Py is the theoretical value of clear water
friction at maximum flow rate in the wellbore, in MPa.

In Equation 5, ois:

4 &

max

0= exp [— <2.14— 1.1547 x 10~

dZ

max

- 0.1639lnL
0.11983

— 0.2842x107*G )] (5)
Where d is the wellbore diameter, in mm; Q,,,,,,. is the maximum flow
rate during the operation, in m3/ min; and G is the concentration of
the thickener, in kg/m?>.
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TABLE 3 Mechanism model parameter setting.

Parameter Value Parameter Value
The reservoir is medium deep, m 6,850 Reservoir thickness, m 150
Formation temperature, °C 120 Formation pressure, MPa 115
Permeability, mD 0.1 Porosity, % 5
Young’s modulus, GPa 30 Poisson’s ratio 0.25
Minimum horizontal principal stress, MPa 145 Maximum horizontal principal stress, MPa 175

TABLE 4 Simulated liquid parameter.
Parameter 0.22-0.25
0.25 - 7
. 19~0. 22
Consistency coefficient  Flow pattern index 4
0.16~0.09 |77 Z
///
1 0.9256 0.4851 % 7,
2 7 7
o\o ///,«/"//
2 5.6738 0.3851 ~ 7/
5 .
2 N
] 7/l
3 5.3490 0.2950 2 N7/ %
§ //// 0.25~0.%8
= 7 7 0.28~0. 31
4 1.6600 0.4800 /// / -
ANV 0 / %
1
AV AV ¥
0.1 — Log-log slope
~—The artificial crack extends normally
Extends through natural cracks
0.0 Extending along natural cracks (0° Angle) FIGURE 5 . . o
Double logarithmic slope frequency distribution.
-0.1 -
A& 02| L . . . .
e 0.2 The friction calculation formula mentioned above is the theoretical
- . . . .
calculation value under the maximum displacement, and in the
03 actual construction process, it is necessary to consider the influence
of objective factors, so the actual friction calculation formula
04 is shown in Equation 7.
Where Pj,; is the actual value of fracturing fluid friction in fluid
05 - unit iii at flow rate Q,, in MPa; fis the friction correction coefficient
0'0 0'5 1'0 1'5 2'0 2'5 (dimensionless); and Pjy; is the theoretical value of fracturing fluid
Logt friction in fluid unit iii at flow rate Q,, in MPa.
In Equation 8, fis:
FIGURE 4
Net pressure curve of artificial fracture extension. Pf
3
f=5- ®)
1

Where P, is the actual value of wellbore fracturing fluid friction at
maximum flow rate (calculated based on the instantaneous pressure
drop during pump shutdown in field operations), in MPa.

In Equation 9, Ppy; is:

In Equation 6, Pfo is:
Py =1.3866 x 10°d** Q8 H (6)

Where H is the depth of the oil and gas well, in meters.

) o Pp;= 0P ©)
Actual value of fracturing fluid friction in fluid unit iii at flow
rate Q;: Where g; is the friction reduction ratio of fluid unit ; and Py, is the
theoretical value of clear water friction in fluid unit iii at flow rate
Ppi=f-Pp; ™) Q, in MPa.
Frontiers in Earth Science 06
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In Equation 10, o; is:

& &
o;=exp |—(214-1.1547x 107 = - 0.2842 x 10*G=
’ Q Q

t t

G 4 0.11983
~ 0.1639In ——— - 2.3367 x 10 *cie” ¢ )] (10)
0.11983

Where Q, is the flow rate at different times, in m®/min.
In Equation 9, Py, is:

Ppy; = 1.3866 x 10°d"*Q; *h; (11)

As shown in Equation 11, the theoretical value of clean water friction
of liquid unit i under displacement Q is calculated as

Bottom-Hole  Pressure
Operations. The bottom hole pressure at different times

is shown in Equation 12:

(3) Dynamic During  Fracturing

P, =P,+ ZAP,. (12)

Frontiers in Earth Science

Where P,, is the bottom-hole pressure at different times, in
MPa; P, is the wellhead pressure at different times, in MPa; n
is the total number of fluid units in the wellbore at different
times; and AP; is the pressure increment of fluid unit iii in the
wellbore, in MPa.

In Equation 13, AP; is:

APizphi_Pfri (13)

As shown in Equation 14, the final bottom-hole net pressure
calculation formula is

n
P=P,;+ ) AP~ 0y, (14)
i=1

Where P is the bottom-hole net pressure, in MPa; and 0, ,;, is the
minimum horizontal principal stress, in MPa.
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6 Fracture extension mode
identification

The analysis of fracture propagation is typically based on the
classic Nolte-Smith (N&S) diagnostic theory. The classic N&S theory
is established on traditional 2D fracture models and does not
consider the extension of fractures in the vertical direction. It
mainly includes PKN, KGD, and radial models, which categorize
different ranges of double-logarithmic slopes of net pressure
to derive various fracture propagation scenarios. However, in
fractured tight sandstone reservoirs characterized by high geological
complexity, well-developed natural fractures, and diverse modes
of fracture propagation, the N&S theory is no longer applicable
(Luo et al,, 2020; Deng et al., 2024). Therefore, the author optimizes
the N&S theory by simulating fracture propagation through an
integrated platform, using the UFM model for complex fracture
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simulation and the planar 3D model PLANAR3D for simulating
artificial primary fractures and vertical extension. This approach
aims to address the shortcomings of the classic N&S theory while
establishing a fracture propagation mode identification mechanism
suitable for fractured reservoirs.

Currently, there is limited systematic research on the initiation
and propagation of natural fractures in fractured tight sandstone
reservoirs. Most studies focus on the changes in mechanical
parameters related to the fracture of matrix rocks. For instance
Zhaoetal. (2021), discusses and explains the variations in the stress-
strain curve, irreversible strain, elastic modulus, and Poisson’s ratio
during the rock fracture process Zhou et al. (2019). investigates the
influence of rock brittleness on fracture initiation, propagation, and
merging processes, noting that variations in rock brittleness can
directly affect fracture initiation modes. While these studies clarify
the changes in mechanical parameters during fracture initiation,
they do not address the propagation of artificial fractures when
encountering natural fractures.

As shown in Table 3, based on the actual fracturing conditions of
various wells in the work area, basic parameter settings for fracturing
parameters, proppant parameters, and construction displacement
parameters are established. Subsequently, under conditions of
variable displacement (with a simulation range of 1-7 m*/min)
and variable fluid (determined by the use of fracturing fluids over
the past 5 years in the work area, resulting in four combinations
of consistency and flow coefficients as shown in Table 4), the
net pressure curve is processed logarithmically to determine the
double-logarithmic slope ranges for various fracture propagation
modes. This leads to the establishment of a fracture propagation
identification mode specific to fractured sandstone reservoirs.

6.1 Artificial fracture extension
Artificial fracture extension primarily includes three scenarios:

(1) encountering no natural fractures, resulting in normal extension
of artificial fractures; (2) extending through natural fractures; and
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(3) extending along natural fractures when the angle is 0°. As shown
in Figure 4, which depicts the double logarithmic curves of net
pressure for the three extension scenarios, it is evident that while
there are three distinct situations for artificial fracture extension,
none achieve communication with natural fractures. The shapes and
slope variations of the double logarithmic curves for net pressure
remain largely consistent across all scenarios. Figure 5 illustrates
the distribution of double logarithmic slopes for net pressure in
these three cases, with the dominant slope ranging from 1/6 to 1/4,
accounting for 69.8%.

Therefore, the criteria for identifying the artificial fracture
extension mode are: when the double logarithmic slope of the
bottom-hole net pressure ranges from 1/6 to 1/4, it indicates that the
hydraulic fracture is extending normally as a symmetrical bi-wing
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fracture, as shown in Equation 15.

1
6 lg 4 (15)

6.2 Complex fracture extension

The situation of complex fracture extension is relatively intricate.
As shown in Figures 6A, B, it can generally be categorized into two
types: after the artificial fracture activates the natural fracture, (1)
there is branching extension within the fracture; (2) after branching
extension, there is directional change extension. As illustrated
in Figures 7A, B, the double logarithmic net pressure curves for
branching and directional change extensions show that during
branching extension, the double logarithmic net pressure curve
initially increases slowly and then linearly, with the slope increasing
from small to large. In contrast, during directional change extension,
the net pressure curve initially increases and then slows down, with
the slope decreasing. The different trends in the slope changes of
the double logarithmic net pressure curves for the two extension
methods are mainly due to the sequence in which they occur.
When the fracturing fluid activates the natural fracture, it flows
and fills within the fracture, resulting in a slowly increasing net
pressure curve. It then enters the directional change stage, where
the net pressure continues to rise. Once the directional change
is successful, the increased filtration area causes the slope of the
double logarithmic net pressure curve to turn into a slow decline.
As shown in Figure 8, the distribution of the double logarithmic net
pressure slopes for the two extension situations indicates that the
main frequency slope ranges from 1/4 to 1, accounting for 96.6%.

Therefore, the criteria for identifying complex fracture extension
are: when the double logarithmic slope of the bottom-hole net
pressure ranges from 1/4 to 1, and the net pressure value meets
the critical conditions for the rupture of natural fractures in the
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fractured sandstone reservoir, it can be considered that the hydraulic
fracture has formed a complex fracture.

1.
4 g,

p> min[o,,|7] - Opin

<1
(16)

The formulas for calculating o, and 7 in Equation 16
are shown in Equation 17.

01— 03
0,= 3 (1-cos 20)
7o~ (0, - 03)(sin 2a+K; cos Za—Kf)/Z 17)
7l =
Ky
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In the formula, p represents the bottom-hole net pressure, in
MPa; 0, represents the normal stress acting on the natural fracture
surface, in MPa; 7 represents the shear stress component acting on
the natural fracture under far-field stress, in MPa; 7, represents the
cohesion of the natural fracture, in MPa; K represents the friction
coefficient of the natural fracture (dimensionless); o, represents
the far-field maximum horizontal principal stress, in MPa; o,
represents the far-field minimum horizontal principal stress, in
MPa; « represents the angle between the direction of the maximum
horizontal principal stress and the natural fracture, in degrees; and

0,,i, Tepresents the minimum horizontal principal stress, in MPa.

6.3 Blocked extension

when an artificial fracture
encounters a natural fracture but fails to meet the conditions for
fracture initiation, resulting in an impeded fracture extension
process. As shown in Figure9, the double logarithmic net
pressure curve under blocked extension conditions indicates
that the slope of the curve remains constant, continuing linear
growth, which suggests that the pressure build-up occurs
during the blocked extension stage, causing the net pressure
to keep rising. As shown in Figure 10, the distribution of the
double logarithmic net pressure slopes for blocked extension
indicates that the main frequency slope ranges from 1/4 to 1,
accounting for 96.8%.

Therefore, the criteria for identifying blocked extension are:
when the double logarithmic slope of the bottom-hole net
pressure ranges from 1/4 to 1, but the pressure value does
not meet the critical conditions for the rupture of natural
fractures in the fractured sandstone reservoir, it indicates that the
hydraulic fracture is experiencing difficulty in extending, as shown

Blocked extension occurs
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in Equation 18. difference between the reservoir and the upper and lower barriers, it
I indicates that significant fluid loss of the fracturing fluid is occurring
1 < ﬁ <1 within the hydraulic fracture, as shown in Equation 19.
4 g (18)

p < min[o,,|t]] = 0,

6.4 Communication with natural fractures

When an artificial fracture communicates with a natural
fracture, two situations may occur: increased fluid loss and fluid
loss equilibrium. Initially, when the artificial fracture activates
the natural fracture, the opening of the natural fracture leads to
increased fluid loss of the fracturing fluid. After some time, this
increased fluid loss transitions to fluid loss equilibrium. As shown
in Figures 11A, B, in the double logarithmic net pressure curves
for increased fluid loss and fluid loss equilibrium, it can be seen
that after the artificial fracture activates the natural fracture, the
presence of the natural fracture causes a rapid increase in fluid loss,
manifested as a rapid decrease in the slope of the double logarithmic
net pressure curve. Once the fluid loss transitions from increased to
equilibrium, the net pressure remains largely unchanged, with the
corresponding double logarithmic slope also remaining essentially
unchanged. In the case of increased fluid loss, the fracturing fluid
continues to be lost, resulting in the double logarithmic net pressure
slope being necessarily less than 0. For fluid loss equilibrium,
as shown in Figure 12, the main frequency slope ranges from 0 to
1/6, accounting for 95.3%.

Therefore, the criteria for identifying increased fluid loss are:
when the double logarithmic slope of the bottom-hole net pressure
is less than 0, and the pressure value does not exceed the stress
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Ig
= <0
lg,

p<AS

(19)

In the formula, AS represents the stress difference between the
reservoir and the upper and lower barriers, in MPa.

The criteria for identifying fluid loss equilibrium are: when the
double logarithmic slope of the bottom-hole net pressure ranges
from 0 to 1/6, it indicates that the amount of fracturing fluid injected
into the reservoir is equal to the amount lost, and the fracture has not
experienced further extension, as shown in Equation 20.

lgp

0<—«<

1
lg, 6 (20)

6.5 Fracture height penetration

Fracture height penetration refers to the process where
the fracture, during its extension, breaks through the barrier
of high-stress layers and expands in the vertical direction.
At this point, the fluid loss area of the fracturing fluid also
increases. The double logarithmic net pressure curve under
these conditions is similar to that of increased fluid loss,
both showing a continuous decline in the slope of the double
logarithmic curve.
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Therefore, the criteria for identifying fracture height penetration
are: when the double logarithmic slope of the bottom-hole net
pressure is less than 0, and the pressure value exceeds the stress
difference between the reservoir and the upper and lower barriers,
it indicates that the hydraulic fracture has broken through the
reservoir barrier interface and is extending in the vertical direction,
as shown in Equation 21.

lg_p <0
g,
p>AS

1)

The aforementioned study, through the correction calculation
of bottom-hole net pressure and simulation of fracture extension
using an integrated platform, has effectively utilized the slope of
the double logarithmic net pressure curve as a breakthrough point.
This approach has successfully achieved accurate identification of
fracture extension patterns in fractured sandstone reservoirs based
on bottom-hole net pressure curves after fracturing operations,
thereby accomplishing the goal of deeply analyzing fracturing
construction curves. As shown in Equation 22, in order to better
characterize the communication between artificial cracks and
natural cracks, the characterization parameter fracture complexity
is introduced.

_ TComplexjoint (22)
TTotal

In the formula, S represents the complexity index of the fracture

network after modification, which is dimensionless; Tcompiex join

indicates the total time for the complex fracture extension mode,

in minutes; and Tt represents the total time for the fracturing

operation, in minutes.

7 Application and effect analysis of the
mining field

As shown in Figure 13, using the above-calibrated method
for bottom-hole net pressure and the fracture extension mode
identification mechanism for fractured reservoirs, an analysis was
conducted on the fracture extension modes for 29 wells in the work
area. It can be observed that none of the wells exhibit vertical fracture
penetration. Based on the time proportions of fracture extension
modes, two main categories emerge: (1) complex fracture extension
and communication with natural fractures as the dominant mode;
(2) extension impeded and communication with natural fractures
as the leading mode. The overall modification effect in the work area
is quite favorable, with wells primarily extending artificial fractures
being in the minority; most wells achieve communication with
natural fractures, yielding an average fracture network complexity
index of 0.21.

Figure 14 illustrates the relationship between the time
proportion of complex fracture extension for each well and the
open flow capacity. A strong positive correlation is evident,
with a correlation coeflicient of 0.7. This suggests that after
the modification operations, the time proportion of complex
fracture extension (fracture network complexity index) can
be used to predict the post-fracturing productivity of the
reservoir.
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In this study, well A in the western Tarim Basin was
selected for the field application and analysis of a fracturing
construction curve diagnosis method for fractured sandstone.
The main modification section of well A is the Bashkichik
Formation (vertical depth/measured depth 6,813.00-6,961.00 m),
with a reservoir depth of 6,887 m and a thickness of 148 m. The
horizontal minimum principal stress in the modification section
is about 2.14 MPa/100 m, with vertical stress at approximately
2.4 MPa/100 m and maximum horizontal stress ranging from
2.5 MPa/100m to 2.6 MPa/100 m. The stress state indicates
a potential strike-slip type, with an average horizontal stress
difference of about 25 MPa. The average compressive strength
of the Bashkichik Formation rocks is 98 MPa, with a Young’s
modulus of about 29 GPa and a Poisson’s ratio of about 0.25.
Due to the large modification span and thin mudstone layers,
artificial fractures can easily activate natural fractures, hence the
use of a temporary plugging and directional fracturing technique
for modification.

FMI imaging logging data shows that natural fractures are
well developed in the Bashkichik Formation of well A, indicating
high overall fracturability of the reservoir. Analysis of logging
data reveals that a total of 58 natural fractures were identified in
well A, predominantly oriented northwest and northeast with high
angles (almost exceeding 80°). The principal stress direction forms
a moderate angle (less than 45°) with the direction of the natural
fractures.

Based on the previously established fracturing construction
curve diagnosis method for fractured sandstone, a diagnostic
analysis was performed on well As fracturing construction curve.
By calibrating the bottom-hole pressure, the net pressure curve
was obtained, and the fracture extension modes were identified,
allowing for an assessment of the overall effectiveness of the
fracturing operation. Using the actual field parameters from well A
and the Bashkichik Formation construction curve as an example,
as shown in Figures 15A-E, the fracture extension modes before
and after the directional change were identified using the fracturing
construction curve diagnosis method.

Before the directional change, the dominant fracture extension
modes included complex fracture extension, impeded extension,
and communication with natural fractures (increased fluid loss),
with time proportions of 30.44%, 36.49%, and 32.75%, respectively.
During the early stage of the pre-fill phase, the bottom-hole
net pressure exhibited an upward trend with minor fluctuations,
indicating complex fracture extension and successful activation of
natural fractures. Subsequently, the net pressure curve decreased
while the oil pressure curve rose (212-1135s), due to the gradual
opening of natural fractures leading to increased fluid loss.
From 1,150 s to 3,100 s, the net pressure curve showed periodic
fluctuations, with alternating modes of increased fluid loss and
impeded extension, attributed to continuous activation of natural
fractures, causing changes in fluid loss area and periodic net pressure
fluctuations. After 3,100 s, the net pressure curve continued to
rise, indicating impeded extension. The increase in net pressure
facilitated further extension and communication with more natural
fractures. At 42,68 s, the fracture extension mode shifted from
impeded to complex extension, indicating that the net pressure had
surpassed the critical value, successfully activating natural fractures.
The complexity index before the directional change was 0.35.
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After the directional change, the dominant fracture extension
modes shifted to complex extension and communication with natural
fractures (increased fluid loss), with time proportions of 45.48%
and 35.42%, respectively. Prior to the segmental sand plug, the net
pressure curve sharply decreased, indicating increased fluid loss,
as human-induced and natural fractures intersected, opening the
natural fractures. The net pressure then rose overall (235 s-1,620 s),
transitioning from impeded extension to complex extension mode. In
the following stage (1,620 s-3,000 s), a combination mode of increased
fluid loss, impeded extension, and fracture network extension
appeared alongside changes in the net pressure curve. From 3,000 s
to 4,180 s, the net pressure further increased, showing a prolonged
period of complex fracture extension. In the final section, while
the net pressure slightly declined, the dominant modes remained
increased fluid loss and complex extension, suggesting significant
natural fractures were activated in this stage. The complexity index
after the directional change was 0.56.

Through the analysis of the bottom-hole net pressure
recalibration and identification of fracture extension modes before
and after the directional change in well A, it can be concluded that
the formation of complex fracture extensions is closely related to
net pressure. An increase in net pressure within a certain range
can effectively communicate with natural fractures, facilitating
the formation of complex fractures. Given the characteristics of
fractured sandstone reservoirs, periodic trends in the net pressure
curve may lead to branching and directional extensions of natural
fractures, resulting in more complex multi-level fractures that
enhance the effectiveness of reservoir modification.

8 Summary and insight

(1) Breaking through the conventional idea of calculating the net
bottomhole pressure, a method of calculating the dynamic
net bottomhole pressure of fracturing based on specific real-
time fracturing construction data is established. Using the
idea of “turning the whole into zero’, the net bottomhole
pressure calculation results are more accurate by dividing the
wellbore fluid into units, correcting the fluid volume and
sand concentration of the fluid units at different moments,
and correcting the formula of the indoor experimental fitted
friction formula with the on-site construction friction, which
is a more accurate calculation of the net bottomhole pressure.
(2) A fracture extension mode discrimination method based
on fracturing construction curves in fractured sandstone is
proposed, and five fracture extension modes are obtained,
including artificial fracture extension, complex fracture
extension, impeded extension, communicating with natural
fracture, and fracture height penetrating through layers, etc.
Among them, artificial fracture extension includes normal
extension of the artificial fracture, extension through the natural
fracture, and extension along the natural fracture at 0°; complex
fracture extension includes branching extension and steering
extension; communicating with the natural fracture includes
filter loss increase, and natural fracture extension includes
branching extension and turning extension; and the natural
fracture extension includes branching extension and steering
extension. Natural fracture includesloss of filtration increase and
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loss of filtration equilibrium. To achieve the detailed classification
of man-ten fracture communication in fractured sandstone
reservoirs after modification, the post-pressure fracture network
complexity index is established based on the fracture extension
pattern recognition mechanism, which shows strong positive
correlation with the unimpeded flow after unimped modification
in each well in the work area, and further deepens the
understanding of man-ten fracture activation through the
application of example wells in the mine.
(3) The diagnostic method of fracturing pressure curves in
fractured sandstone reservoirs is of great theoretical value
and practical significance for improving the theory of fracture
extension in reservoir reforming, guiding the fracturing
construction in the field, and evaluating the quality of post-
pressure fracture network construction.
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