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Abstract

Strike-slip faults and their associated fractures in the ultra-deep marine carbonate reser-
voirs of the Fuman Oilfield, Tarim Basin, hold significant petroleum geological importance,
with the developmental characteristics of fractures being a key factor controlling reservoir
productivity. This study targets the F;17 strike-slip fault zone within the oilfield, where
a comprehensive evaluation of fracture effectiveness was performed by integrating geo-
logical methods, including core and thin section observation, fluid inclusion thermometry,
geophysical fracture identification approaches using imaging logging and seismic data, and
geomechanical simulations. The results showed that: (1) structural fractures were devel-
oped in at least three stages, predominantly high-angle fractures with their strikes obliquely
intersecting the main fault at a small angle, and were affected by multiple episodes of fluid
activity, while early-phase fractures exhibited severe filling whereas late-phase fractures
had good effectiveness; (2) ultra-deep carbonate rocks contained well-developed stylolites,
with extensive horizontal stylolites reducing fracture effectiveness; (3) mechanical effec-
tiveness evaluation parameters were proposed by integrating normal stress, shear stress,
and formation pressure, with slip tendency as the dominant indicator, and referenced to
the leakage factor and dilation tendency to characterize fracture effectiveness; (4) dynamic
effectiveness was assessed using closure/opening pressures, defining a reasonable forma-
tion pressure range for hydrocarbon exploitation. The findings of this study can provide
theoretical guidance for the further exploration and development of ultra-deep reservoirs
in the Fuman Oilfield.

Keywords: Fuman Oilfield; marine carbonate rocks; F;17 strike-slip fault zone; natural
fracture; fracture filling characteristics; in situ stress; fracture effectiveness

1. Introduction

Different from international practices, China refers to reservoirs with a burial depth
greater than 6000 m as ultra-deep reservoirs [1]. The Ordovician ultra-deep marine car-
bonate rocks in the Tarim Basin, China, have proven to be rich in oil and gas resources.
However, due to the extremely large burial depth, intense compaction, and diagenetic
cementation have made the rocks very tight [2], with the matrix showing low porosity and
low permeability characteristics. The unique geological setting of the Tarim Basin has led
to the development of numerous intracratonic strike-slip faults with small displacement.
Under the modification of strike-slip faults, the tight marine carbonate rocks have improved
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their porosity and permeability, and a number of oil and gas reservoirs distributed along
the faults have been developed [3]. Fractures play an important role here, as they can
provide the necessary reservoir space and seepage channels for fluids [4]. Research on
reservoir fractures mainly focuses on their types, genetic evolution, development character-
istics, distribution laws, effectiveness, and connectivity [5-12]. Not all natural fractures are
effective in their natural state. Some fractures cannot provide effective flow paths for fluids
due to severe filling or closure caused by intense stress compression; these are referred to
as ineffective fractures. They hinder the connectivity of the fracture network and serve as a
key limiting factor for productivity in ultra-deep oil and gas exploitation. Previous research
methods for fracture effectiveness have mainly focused on two aspects [13—15]: first, the
intuitive characterization of fracture parameters such as filling characteristics, aperture, and
petrophysical properties through outcrops, cores, thin sections, and sample experimental
analyses; and second, the interpretation of fracture effectiveness parameters using logging
data, seismic data, in situ stress data, well testing, and production performance data.

Some preliminary explorations have been conducted on fracture effectiveness in the
Tarim Basin. Early studies mainly focused on fractures in ultra-deep tight sandstone
reservoirs within the Keshen foreland thrust belt. These include effectiveness evaluations
based on fracture filling and aperture [14], geomechanical assessments of fracture effec-
tiveness [9,15], as well as comprehensive evaluations integrating structure, diagenesis,
and in situ stress [16]. With the continuous advancement of exploration, the exploration
and development targets of the basin have shifted to ultra-deep marine carbonate rocks
controlled by strike-slip faults, yet relevant work in fracture research is still in its infancy at
present. Existing achievements include the determination of fracture effectiveness based
on the included the evaluation of fracture activity and its influence on seepage using ge-
omechanics [17], and the control of tectonic diagenesis over fracture filling [18]. However,
systematic research on fracture effectiveness remains lacking for the ultra-deep marine
carbonate reservoirs in the Fuman Oilfield of the Tarim Basin. Early research focused more
on the qualitative description of fracture characteristics, and with the extensive application
of geomechanics in the study of ultra-deep reservoirs in the Tarim Basin in recent years, the
geomechanical response of fractures has been mentioned as an application of in situ stress
research. Nevertheless, the geomechanical evaluation parameters for fracture effectiveness
are still relatively limited at present, and further exploration of the mechanical effectiveness
parameters of fractures is lacking. In addition, stylolites are a common structure in carbon-
ate reservoirs, and existing studies have indicated that their development characteristics
exert an influence on the seepage capacity of carbonate reservoirs [19]. The role of stylolites
has often been neglected in previous analyses of fracture effectiveness.

Based on the aforementioned problems encountered in the research on fracture effec-
tiveness and the practical demands of hydrocarbon production in the Fuman Oilfield, this
paper selected the Fy17 strike-slip fault zone in the Fuman Oilfield as the research object.
Taking core, thin section, imaging logging, seismic and other data as the foundation, com-
bined with geomechanical analysis, a comprehensive evaluation of fracture effectiveness in
the Fy17 strike-slip fault zone was carried out. On the basis of previous studies on fracture
effectiveness, this paper also incorporated stylolites as a consideration factor, adopted a
variety of mechanical effectiveness evaluation parameters for fractures, and introduced
fracture opening and closure pressures into the effectiveness evaluation system. This study
aimed to provide innovative references for relevant research on fracture effectiveness of
ultra-deep carbonate reservoirs and offer support for the further hydrocarbon production
in the Fuman Oilfield.
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2. Geological Setting

The Tarim Basin is located in the southern part of Xinjiang Uygur Autonomous Region,
China. It is a typical large-scale cratonic depression basin and currently China’s largest
marine carbonate petroliferous basin [3]. The study area, the Fuman Oilfield, is situated in
the Aman Transition Zone in the middle of the Northern Depression of the Tarim Basin.
Stretching north-south between the two major paleo-uplifts (the Tabei Uplift and the
Central Uplift), the Aman Transition Zone dips eastward and westward into the Manjiaer
Sag and Awat Sag, forming a “saddle-shaped” transition zone (Figure 1). The research
object of this study is the Fy17 strike-slip fault zone, a large oil- and gas-rich fault zone
within the Fuman Oilfield, with an extension length of nearly 70 km in the oilfield area. The
evolution of this fault zone has experienced at least three stages: the Middle Caledonian,
Late Caledonian, and Middle-Late Hercynian [20]. The Paleozoic strata in the Fuman
Oilfield are well-developed. Affected by multi-stage tectonic movements, the strike-slip
fault can vertically cut through multiple sets of Paleozoic strata, connecting the hydrocarbon
source rocks of the Yurtus Formation (Cambrian) downward and modifying the marine
carbonate reservoirs of the Yijianfang Formation and Yingshan Formation (Ordovician)
upward. Meanwhile, under the seal of the thick mudstones of the Santamu Formation
(Ordovician), a complete “source-reservoir-caprock” assemblage can be formed [21].
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Figure 1. Map of the study area and brief overview of Paleozoic stratigraphy.

The main target layers for development in the Fuman Oilfield are the Yijianfang
Formation and the top of the Yingshan Formation (Ordovician). The lithology consists
of grain limestone deposited in open platform facies gravel shoals and micritic limestone
deposited in inter-shoal sea environments [22], with an overall burial depth ranging from
6500 m to 8500 m. All discovered high-yield oil and gas reservoirs in the area are distributed
along strike-slip faults, belonging to fault-controlled fracture-vug reservoirs [23,24]. In
2020, Well W1 deployed along the Fy17 strike-slip fault zone achieved a major oil and
gas breakthrough [25], confirming the great potential of this fault zone for ultra-deep
fault-controlled fracture-vug reservoirs. With the advancement of oil and gas geological
research on the F;17 strike-slip fault zone, scholars have found differences between the
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fault-controlled fracture-vug reservoirs in the Fuman area (especially represented by the
Fy17 strike-slip fault zone) and those developed on the peripheral uplifts of the Fuman
area in the early stage [26]. In the peripheral uplift areas, the reservoirs are mainly formed
by the dissolution and modification of marine carbonate rocks by meteoric fresh water
on the basis of fractures and faults, forming a complex karst fracture-vug system that
provides huge reservoir space for oil and gas. However, drilling core data from the F;17
strike-slip fault zone have confirmed that the dissolution effect of meteoric fresh water
is very weak, showing the basic characteristic of “more fractures and fewer vugs”. This
makes the contribution of fractures to oil and gas reservoirs more prominent, and the
research on fracture effectiveness has become a key issue urgently needing clarification in
the study area.

3. Methods and Parameters

The effectiveness of reservoir fractures is a key factor for evaluating their contribution
to reservoirs. Among them, filling property and aperture are the two primary parameters
characterizing fracture effectiveness [27]. The main factors affecting these two parame-
ters include, on the one hand, fluid activities during geological history—fracture filling
characteristics can be evaluated through cores, thin sections, logging data. On the other
hand, geomechanical factors are also a critical link influencing fracture effectiveness; the
coupling relationship between in situ stress, formation pore pressure, and fractures can
dynamically affect fracture aperture and even fracture opening and closing. The dynamic
evaluation of fracture effectiveness is also more suitable for the needs of current oil and
gas development. Therefore, based on drilling coring, this study first observed the macro-
scopic fracture characteristics and conducted sampling. Subsequently, a comprehensive
analysis was performed using multiple methods, including microscopic observation, fluid
inclusion homogenization temperature measurement, and whole-rock geochemical anal-
ysis, as well as numerical simulation of the stress field (Figure 2). Meanwhile, to better
support the numerical simulation of the stress field and the study on fracture response
to stress variations, high-temperature and high-pressure triaxial compression tests and
fracture stress sensitivity experiments were also carried out. Through the above technical
workflow, the evaluation of fracture effectiveness in ultra-deep marine carbonate reservoirs
was accomplished.

Geophysical Survey Data High-temperature and high-pressure
. triaxial compression test

Fracture Effectiveness Analysis

U-Pb isotope dating Whole-rock analysis Fracture stress sensitivity test

Figure 2. Research methods for fracture effectiveness.
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3.1. Geological Observation, Geochemical and Geophysical Methods

We conducted observations on 11 core wells in the Fuman Oilfield, including five wells
within the Fy17 strike-slip fault zone, with a cumulative core observation length of over
150 m; more than 30 samples were collected, yielding 19 core plugs and a number of thin
sections (Figure 3). Preliminary observations of fracture characteristics (e.g., type, sets,
filling, aperture, density, and hydrocarbon-bearing property) were performed on cores.
Selected samples were then processed into thin sections, which were observed under an
optical microscope to determine fracture phases, fillings, and fluid inclusion types. Using
a heating-freezing stage, the homogenization temperatures of fluid inclusions in the thin
sections (Figure 4a) were measured, and the timing of fluid activity was constrained by
U-Pb isotope dating data. Based on the thermal and burial history of the reservoir, we
analyzed the evolutionary sequence of fracture effectiveness and its impact on hydrocarbon
reservoirs. Integrating geological observations, geochemical analyses, and imaging logging
data (Figure 4b), we clarified the differences and connections between fracture development
and filling characteristics at different scales. Finally, via fracture identification using
likelihood seismic attributes (Figure 4c), we established a full-sequence description of
fracture characteristics spanning microscale (under microscope), mesoscale (logging), and
macroscale (seismic) scales.

Well location

Coring well

ol

W32
w 2
—_— D ° W504-H2 e
...\%\_(. . | '/‘7‘/

R M”’y 01234
° m m km
— >

W505

F,17-TO,t

Fault

fractures

Figure 3. (a) Fy17 strike-slip fault zone and well location distribution. (b) Fully filled fractures and
open fractures, Well W32, 7404 m, Oyy. (c) Dissolution around fractures, Well W505, 7984.9 m, O;_,y.
(d) Stylolites, Well W505, 8077.3 m, O1_py. (e) Open fractures, Well W5, 7609.2 m, O,y. (f) Intersection
of two sets of fractures (under microscopic observation), Well W505, 7983 m. (g) Bitumen-filled
stylolites (under microscopic observation), Well W5, 7609 m. (h) Stylolites cutting through early
fractures (under microscopic observation), Well W2, 7788 m.
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Figure 4. (a) Microscopic photographs of inclusions (Well W5, 7609 m, O,y). (b) Typical imaging
logging images of fractures. (c) Large—scale fracture identification based on seismic attributes.

Through core and thin section observations, a large number of stylolites have been
identified in marine carbonate rock, and there are generally complex cross-cutting relation-
ships between stylolites and fractures. In previous studies on fracture effectiveness, the
role of stylolites has rarely been mentioned. However, actual observations have shown
that stylolite development can, on the one hand, promote dissolution, while on the other
hand, fully filled tight stylolites can also act as fluid barriers. The widespread presence
of tight stylolites can block fluid seepage in multi-scale fractures. Therefore, in this study,
several stylolites were observed from cores and under a microscope to summarize their
characteristics (such as type and filling property), thereby analyzing the significance of
these characteristics for fracture effectiveness.
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3.2. Geomechanical Method

To support the study of fracture effectiveness from a geomechanical perspective, this
study has also conducted high-temperature and high-pressure triaxial compression tests
and fracture stress sensitivity tests to investigate the static mechanical parameters of rocks
and the stress response laws of fractures, respectively. To simulate the characteristics of
“high geothermal temperature and high stress” in the ultra-deep environment, the triaxial
compression tests were carried out under conditions of 150 °C and 140 MPa confining pressure.

In the experimental methods, the intrinsic properties of fractures (such as aperture,
density, and filling property) can be qualitatively and semi-quantitatively evaluated by
means of microscopic observations. Traditional analyses have suggested that fractures with
larger aperture, higher density, and poorer filling property tend to have better effectiveness.
However, combined with production practice, it has been found that not all fractures
conform to this basic understanding—fractures with excellent intrinsic effectiveness are
often not ideal reservoir spaces and seepage channels. This mainly depends on extrinsic
factors, such as environmental factors including in situ stress. Previous studies have
confirmed that the coupling relationship between in situ stress, fractures, and pore fluids
can directly control fracture effectiveness [9].

In this study, data from imaging logging were used to conduct single-well one-dimensional
(1D) stress simulation for analyzing the effectiveness of fractures around the wellbore. The
selection of these wells with imaging logging data for single-well evaluation was mainly due to
three reasons: (1) the direction of horizontal principal stresses can be determined based on the
characteristics of drilling-induced fractures and borehole collapse observed in imaging logging
images; (2) imaging logging data can interpret the development characteristics of meter-scale
fractures around the wellbore, bridging the excessive scale gap between fracture observation
under a microscope and identification via seismic data; and (3) imaging logging data can
finely characterize fracture effectiveness parameters, which can fully verify and supplement
the results of qualitative and semi-quantitative evaluations in experiments. In addition, this
study also employed the finite element method (FEM) to perform three-dimensional (3D) in
situ stress simulation. Meanwhile, combined with seismic attribute extraction, large-scale
fractures were identified, and their stress states were analyzed to investigate their effectiveness
under the current stress condition. In the process of stress field numerical simulation, various
parameters are involved, and the methods for acquiring and calculating these parameters are
introduced below.

3.2.1. Rock Mechanics Parameters

The most fundamental rock mechanics parameters required for in situ stress calcu-
lation are Young’s modulus and Poisson’s ratio. Dynamic parameter calculations can be
performed by leveraging the correlation between mechanical parameters and acoustic wave
velocity. Subsequently, combined with the calibration of results from high-temperature and
high-pressure triaxial compression tests (Figure 5), the dynamic rock mechanics parameters
are converted into static mechanical parameters.

0.5(vp/vs)> =1 v —202 A2 —2A8 "
Ha = = =
(op/vs2 =1 o(3-02)  2(a2 - ns3)
2 2 2(n.2 2 2 2
0vs |3(vp/vs)” — 4 ov; | 3v; —4v o 3At; — 4At
E, — 106 s[(’g 25) }:106 5(27’ ] 5)2106( s P) @)
(vp/0s)* —1 v — 03 a2(a22 - a8)

where v; is the shear wave velocity (m/ps); Ats is the shear wave interval transit time
(us/m); v, is the compressional wave velocity (m/ups); At, is the compressional wave
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interval transit time (us/m); p is the rock density (g/ cm®); 1, is the dynamic Poisson’s ratio;
and E; is the dynamic elastic modulus (GPa).
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Figure 5. Stress—strain curves of rock triaxial compression tests.

By performing a univariate linear fitting between the dynamic parameters calculated
from logging data and the static parameters obtained from experiments, an empirical for-
mula for dynamic-static parameter conversion can be derived. In this paper, combined with
the results of this triaxial compression test and the previous practical data in the study area,
the following formula was adopted for the conversion of dynamic and static parameters.

s = 0.3608314 + 0.1454 @)

Es = 0.6146E, — 4.6505 @)

where E; is the static elastic modulus (GPa); E; is the dynamic elastic modulus (GPa); s is
the static Poisson’s ratio; and y; is the dynamic Poisson’s ratio.

3.2.2. Formation Pore Pressure

Common methods for calculating formation pore pressure include the equivalent
depth method, Bowers method, effective stress method, and Eaton method. Among
these, the Eaton method is the most widely applied. However, the underdevelopment of
mudstones in marine carbonate formations can limit the applicability of the Eaton method,
which is more suited for sand-shale sequences. Therefore, the Bowers method was adopted

in this study [28,29].
v, — 1500\ B
Pp = 0v — A ®)

where p;, is the formation pore pressure (MPa); 0 is the vertical stress (MPa); v, is the
compressional wave velocity (m/s); and A and B are regional empirical parameters.

3.2.3. Direction of Horizontal Principal Stress

The direction of horizontal principal stress can be derived from imaging logging data
(Figure 6). The principal stress direction can be indicated by identifying borehole breakouts
and drilling-induced fractures, and its principle can be elaborated based on the analysis
of borehole stress states. In the direction of the minimum principal stress, the tangential
normal stress reaches its maximum value, where stress collapse is prone to occur and
form elliptical boreholes. This phenomenon is referred to as borehole breakout, and the
major axis of the elliptical borehole indicates the direction of the minimum horizontal
principal stress. In the direction of the maximum horizontal principal stress, the tangential
normal stress is minimized. When the drilling fluid pressure is relatively high, tensile
stress is generated on the borehole wall surface in this direction, which tends to induce
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drilling-induced fractures; the strike of these fractures can indicate the direction of the
maximum horizontal principal stress.
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Figure 6. Signature map of horizontal principal stress direction identification around borehole
by imaging logging. (a) Identification markers for principal stress direction via imaging logging.
(b) Borehole breakouts. (c) Drilling-induced fractures.

3.2.4. In Situ Stress Calculation Model

Numerous models have been proposed for one-dimensional (1D) horizontal in situ
stress calculation in wellbores, such as the uniaxial strain model, Huang’s model, Mohr—
Coulomb model, composite spring model, and poroelastic medium model. Verified by
exploration and development practices, the composite spring model yields favorable ap-
plication results in the study area [16]. The composite spring model is derived from the
generalized Hooke’s law, based on the assumptions that rocks are homogeneous and
isotropic linear elastic materials, there is no relative displacement between formations
during sedimentation and subsequent tectonic movements, and the strains in the two hori-
zontal directions of formations remain constant. This model can comprehensively consider
the influences of formation rock mechanical properties, pore pressure, and tectonic activ-
ities on in situ stress. The calculation results of 1D wellbore in situ stress can be used as
a reference for loading boundary conditions of the three-dimensional (3D) finite element
model, and can also serve as a validation for the 3D finite element simulation results. The
formula for calculating in situ stress is as follows [9,20]:

Hy H
0y = /0 po(h)gdh + /H p(h)gdh (6)
0
4 E¢n | MECH
Uhil_y(av_“pp)—i_l_y +1_‘u2+“pp (7)
M E¢y HECH
UH_H(UU_“PP)""l_yz""l_yz"‘“PP ®)

where oy is the vertical stress (MPa); Hy is the depth of the logging starting point (m); po(h)
is the density at depth h in the non-logged interval (g/cm?); p(h) is the logging density at
depth h (g/cm?); g is the gravitational acceleration (m/s?); oy is the maximum horizontal
principal stress (MPa); o, is the minimum horizontal principal stress (MPa); y is Poisson’s
ratio; E is Young’s modulus (GPa); iy and ¢, are the tectonic strain coefficients along the
directions of the maximum principal stress and minimum principal stress; « is the Biot
coefficient; and p is the formation pore pressure (MPa).
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The establishment of the 3D in situ stress model was mainly based on the Petrel
platform. The 3D reservoir geological model of the F;17 strike-slip fault zone was con-
structed using three structural horizons: TO3t (top surface of the Yijianfang Formation),
TO,y (bottom surface of the Yijianfang Formation), and TO;_,y (bottom surface of the
Yingshan Formation). After considering geological accuracy and computational efficiency
(with the number of grids as far as possible less than 10 million), a grid division scheme of
125 x 125 m in the horizontal direction and 80 layers in the vertical direction was adopted
to establish the 3D geomechanical model. After assigning rock mechanical parameters and
formation pore pressure, the faults and fractures of the F;17 strike-slip fault zone were
incorporated as discontinuities. Finally, with the 1D in situ stress calculation results as
constraints, the maximum and minimum horizontal strain values were repeatedly adjusted.

3.2.5. Stress State of Fracture Surfaces

The stresses exerted by the current in situ stress field on natural fracture surfaces can be
decomposed into the normal stress 0, perpendicular to the fracture surfaces and the shear
stress T parallel to the fracture surfaces (Figure 7). The coupling between these two stresses
and formation pore pressure can affect the opening, closing and sliding behaviors of natural
fractures, thereby controlling the seepage characteristics of fractures. The normal stress
and shear stress can be obtained by decomposing and synthesizing the stresses on fracture
surfaces based on the stress simulation results [30].

0y = 0y cos? 0 + o sin? 0 sin® B+ on sin? 6 cos? B 9)

T= \/(73 cos?60 + o sin? sin? B + 02 sin? 0 cos? B — 0,2 (10)

where 07, is the vertical stress (MPa); o is the maximum horizontal principal stress (MPa);
o, is the minimum horizontal principal stress (MPa); 6 is the fracture dip angle (°); B is the
acute angle between the fracture strike and the maximum horizontal principal stress (°); o
is the normal stress (MPa); and 7 is the shear stress (MPa).

o, Oy (Maximum horizontal principal stress)
I Oh (Minimum horizontal principal stress)
Oy (Vertical principal stress)
0, |
B
6, /150 f( - o
fracture surface '
Op Force State of Fracture Surfaces
e X
e
Gn
Cd In situ stress State of
” Underground Fractures
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Normal stress (,)  Shear stress (1)

Figure 7. Mechanism map of fracture effectiveness controlled by normal and shear stresses.
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3.3. Mechanical Evaluation Parameters for Fracture Effectiveness

In ultra-deep reservoirs, the mechanical state of fractures is regarded as one of the
key factors affecting fracture effectiveness, referred to as fracture mechanical effectiveness
for short. Under the current in situ stress, fractures in a critical sliding state exhibit fa-
vorable seepage capacity [31,32]. Among relevant parameters, the ratio of shear stress to
effective normal stress, T/0,,. (Where effective normal stress is defined as the normal stress
minus formation pore pressure), was recognized as a robust parameter to characterize
the sliding state of such structural planes. This ratio was named the slip tendency coeffi-
cient [33], which can serve as an important index reflecting fracture permeability and fluid
flow behavior. .

T. = — 11
5= (11)

where T is the slip tendency coefficient; 7 is the shear stress (MPa); and oy, is the effective
normal stress (MPa).

Byerlee et al. (1978) obtained through friction experiments that the friction coefficient
(ratio of shear stress to normal stress) of rocks ranges from 0.6 to 1 [34]. Zoback concluded
that fractures with a friction coefficient lower than 0.6 on the fracture surface were not
permeable, and 0.6 was also regarded as the threshold value for the critical sliding state [35].
That is, when the slip tendency coefficient exceeded the critical friction coefficient of 0.6,
the fractures were considered to undergo shear sliding, which will activate the originally
impermeable fractures. The Mohr’s circle can intuitively represent the stress state of any
plane in space, and it is an effective tool for analyzing the stress characteristics on fracture
surfaces, which can assist us in evaluating the mechanical effectiveness of fractures. It is
worth noting that the mechanical effectiveness of fractures is not merely a static parameter,
but an index with dynamic changes. As can be seen from the Mohr’s circle, with the
variation in formation pore pressure, the Mohr’s circle may shift leftward or rightward,
and the number of effective fractures above the Mohr—Coulomb failure line also changes.
That is, the mechanical effectiveness of some fractures can transform between effective and
ineffective states (Figure 8). Of course, practical engineering has also confirmed that the
critical threshold may be lower than 0.6, which can depend on the inherent strength of the
fractures themselves.

Critical Stress Fracture Hypothesis
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Figure 8. Analysis of fracture mechanical effectiveness based on Mohr’s circle.
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The essence of the shear-to-normal stress ratio parameter lies in the coupling rela-
tionship among normal stress, shear stress, and pore pressure. Based on the correlations
between these three factors, this study further proposed two additional parameters for eval-
uating the mechanical effectiveness of fractures, namely the dilation tendency coefficient
T, and the leakage factor T; [36].

Ty = (0p —on)/(01—03) (12)

Ty = pp/(on —T) (13)

where T} is the dilation tendency coefficient; T} is the leakage factor; oy is the maximum
principal stress (MPa); 03 is the minimum principal stress (MPa); p;, is the formation pore
pressure (MPa); T is the shear stress (MPa); and ¢, is the normal stress (MPa).

During the development of oil and gas reservoirs, initial depletion-driven production
led to a continuous decline in formation pressure. As observed from the Mohr’s circle,
a decrease in formation pressure will cause more fractures to close and transition from
an effective state to an ineffective one. Ineffective fractures can no longer serve as path-
ways for oil and gas migration, resulting in poor fluid flow, production decline, or even
production shutdown. In the subsequent secondary development stage, energy supplemen-
tation measures such as water/gas injection were adopted, allowing formation pressure
to recover. With the restoration of formation pressure, fractures re-opened and reverted
from an ineffective state to an effective state. However, some fractures with high sliding
tendency may induce water channeling after opening, which impaired the efficiency of
secondary development.

Meanwhile, to more intuitively evaluate the changes in fracture states induced by
reservoir development and precisely define the reasonable range of formation pressure for
production, researchers commonly took formation pressure as a reference and calculate the
fracture opening pressure and closing pressure to guide reservoir development [37,38]. The
open and closed states of fractures can also be used to characterize the dynamic changes in
fracture mechanical effectiveness.

The opening pressure of fractures was affected by multiple factors, including fracture
properties, occurrence, in situ stress distribution, and pore pressure. Its calculation formula
is as follows [37]:

P, = %0‘, sinf + oycos® —p, + oysinfsinp + oy, sin6 cos p (14)
where P, is the fracture opening pressure (MPa); y is Poisson’s ratio; 0y, oy and oy, are the
vertical stress, maximum horizontal principal stress and minimum horizontal principal
stress, respectively (MPa); p; is the formation pore pressure (MPa); 0 is the fracture dip
angle (°); and B is the acute angle between the fracture strike and the maximum horizontal
principal stress (°).

Previous studies derived the calculation formula for the closure pressure of fractures
in carbonate reservoirs using the Zienkiewicz-Pande failure criterion [38]:

_ VNZZ4MK-N

Pf = On M (15)

sin? ¢ (1 + ;4)2 N <2y - 1) 36 — 34 singy sin? 30, — 4 sin® ¢y sin” 36, (16)
(3—sin¢o)2 1—pu 1—pu 96 + 12 cos? ¢

N — 8c sin ¢pg cos ¢y (17)

(3 —sin 4)0)2
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~12¢% cos? (1 — 576 tangy)
576 tang (3 — sin ¢y )

K (18)
where Py is the fracture closing pressure (MPa); 0}, is the normal stress (MPa); ¢ is the
internal friction angle (°); u is Poisson’s ratio; c is the cohesion (MPa); and 6, is the stress
Lode angle (°).

4. Results
4.1. Static Evaluation of Fracture Effectiveness Characteristics

A statistical analysis was conducted on the fracture filling characteristics of cores
from five cored wells in the F;17 strike-slip fault zone. The results showed that fully
filled fractures accounted for 52%, partially filled fractures for 19%, and unfilled fractures
for 29%, with fractures possessing certain seepage capacity making up 48% of the total.
However, one core sample from Well W505 was excluded from the statistics (Figure 3d).
This exclusion was primarily due to the abnormally developed fractures in this core—
21 fully filled fractures were densely distributed within a sample length of approximately
20 cm, with a density far higher than that of other core samples. Combined observations
of cores and microscopic analysis revealed that the fractures exhibited characteristics
of at least three phases (Figure 9a), with later-formed fractures cutting through earlier-
formed ones being visible. Unfilled fractures (Figure 9b) and stylolite structures, which
are common in marine carbonate rocks, as shown in (Figure 9c), were also observed in the
cores. The stylolites could be classified into two types based on their amplitude variation
patterns: one type was low-amplitude stylolites, mostly occurring at low angles to the
bedding planes, and the other type was steeply inclined to the bedding planes with drastic
amplitude variations. Microscopic observations indicated that the fractures were mainly
filled with calcite, dolomite, and bitumen (Figure 9d—f), showing a filling sequence of more
than three phases in the following order: calcite — dolomite — bitumen.

Based on the imaging logging data from five wells in the F;17 strike-slip fault zone, a
total of 595 structural fractures were identified, predominantly striking NE-SW (Figure 10a),
which was approximately consistent with the strike of the main fault. Statistical analysis of
fracture dip angles (Figure 10b) showed that high-angle and near-vertical shear fractures
dominated overall: high-angle oblique fractures (45-75°) accounted for 45.21%, and ver-
tical fractures (75-90°) accounted for 54.29%, with a combined proportion of 99.5%. The
effectiveness of fractures with different dip angles varied in ultra-deep layers, where under
extreme overburden pressure high-angle fractures generally exhibited better effectiveness
than low-angle ones. Thus, the widely developed high-angle to near-vertical fractures
provided a favorable hydrocarbon migration and accumulation foundation for the F;17
strike-slip fault zone. Meanwhile, fracture filling characteristics can be observed from the
image features of resistivity imaging logs. Structural fractures typically appeared as sinu-
soidal curves: bright sinusoids indicate fractures filled with high-resistance minerals such
as calcite, while dark sinusoids resulted from the invasion of high-conductivity drilling
mud into unfilled or partially filled fractures. Statistical results of fracture characteristics
from imaging logs showed that unfilled fractures (with the best effectiveness) accounted
for 55.3%, partially filled fractures (with moderate effectiveness) for 23.7%, and fully filled
(ineffective) fractures for 21% (Figure 10c). This indicated that most fractures can serve
as fluid storage spaces and seepage channels. Notably, fracture filling characteristics de-
rived from imaging logs differed from the statistics from core samples. This discrepancy
may arise from the low core recovery rate in intervals with well-developed unfilled open
fractures during ultra-deep drilling, leading to an overrepresentation of filled fractures in
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the retrieved cores. In contrast, imaging logging data may more closely reflect the actual
fracture conditions.

T

Centimeter

bitumen

bitumen

dolomite

Figure 9. (a) Polyphase fractures (D, @, ®), Well W2, 7787.7 m, O;_,y. (b) Unfilled fractures, Well
W32, 7372.2 m, Oyy. (c) Two types of stylolites (x, ), Well W504-H2, 8227.5 m, O;_,y. (d) Dolomite-
and bitumen-filled stylolites, Well W2, 7784.6 m, O;_,y. (e) Multi-stage filled fractures, Well FY3-H2
(Fy16 strike-slip fault zone), 7626.5 m, O;_,y. (f) Dolomitization, Well W504-H2, 8230.2 m.

In addition to the occurrence and filling characteristics of the aforementioned frac-
tures affecting their effectiveness, the coupling relationship between fracture occurrence
and in situ stress was also an important influencing factor. Imaging logging results
from multiple wells showed that fracture dip angles were relatively consistent, but
strike characteristics were not obvious and appeared relatively discrete. Considering the
strike variation in the F;17 strike-slip fault zone, the strikes of its associated fractures
also exhibited certain differences along the fault zone. Therefore, the fracture strikes
in the imaging logs of five wells were statistically analyzed separately (Figure 10d).
Among them, the fractures in Wells W2, W32, and W504 were mainly NNE-SSW striking,
while those in Wells W4 and W5 were predominantly NEE-SWW striking, generally
obliquely intersecting the main fault direction at a small angle. The width differences in
fractures with different filling characteristics can be directly observed in imaging logs
(Figure 10c): unfilled effective fractures had the largest width, followed by partially
filled ones, and fully filled fractures had the smallest width. Most fracture apertures
ranged from 0.5 to 2.5 mm. Although this did not represent the true underground frac-
ture aperture, considering that high-angle fractures accounted for the majority of the
total number, the apparent aperture observed in imaging logs can also reflect the relative
size of the aperture to a certain extent.
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Figure 10. Statistics of fracture parameters from imaging logging (data from wells: W32, W2, W4, W5,
and W504). (a) Rose diagram of fracture strike. (b) Dip angle distribution of fractures. (c) Statistics of
fracture filling characteristics. (d) Rose diagram of fracture strike for single well. (Where different
colors denote different wells.).

Under microscope observation, most cements in reservoir fractures were calcite, and
the developed fluid inclusions were mainly aqueous inclusions and hydrocarbon inclu-
sions. The inclusions exhibited diverse morphologies, including elliptical, square, and
irregular shapes, with significant differences in size where the long axis ranged from
3 to 7 um. Homogenization temperatures of fluid inclusions from Wells W32, W2, and
W504-H2 were measured using a heating—freezing stage, with a total of 50 fluid inclusions
tested (Figure 11a), including 16 from Well W32, eight from Well W2, and 26 from Well
W504-H2. A small number of hydrocarbon inclusions had relatively low homogeniza-
tion temperatures (<70 °C). Excluding hydrocarbon inclusions, the stages of diagenetic
cementation in fractures can be preliminarily determined based on the peak intervals of
homogenization temperatures of aqueous inclusions. For Well W32, the homogenization
temperatures of aqueous inclusions ranged from 81.5 to 116.6 °C (Figure 11b). From the
temperature distribution, the fractures had undergone at least three stages of cementation,
with main peak intervals at 80-90 °C (average 85.5 °C), 100-110 °C (average 105.5 °C), and
110-120 °C (average 115 °C). For Well W504-H2, the homogenization temperatures ranged
from 81.5 to 142.7 °C (Figure 11c), indicating 3—4 stages of cementation, with main peak
intervals at 70-80 °C (average 76.7 °C), 80-90 °C (average 85.5 °C), 100-110 °C (average
105.4 °C), and 110-120 °C (average 115.2 °C). For Well W2, the homogenization temper-
atures of aqueous inclusions ranged from 84.9 to 123.8 °C (Figure 11d), showing three
stages of cementation, with main peak intervals at 80-90 °C (average 85.1 °C), 100-110 °C
(average 106.6 °C), and 120-130 °C (average 122.7 °C).
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Figure 11. Fluid inclusion thermometry of the Fy17 strike-slip fault zone. (a) Total homogenization
temperature distribution. (b) Homogenization temperature distribution of Well W32. (c) Homoge-
nization temperature distribution of Well W504-H2. (d) Homogenization temperature distribution of
Well W2.

Comprehensive analysis of the homogenization temperature distribution of fluid
inclusions from all wells (Figure 11a) indicated that the fractures in the F;17 strike-slip fault
zone had experienced at least three stages of cementation.

4.2. Current Stress State of Fractures

The results of the high-temperature and high-pressure triaxial compression tests are
presented in Table 1. To clarify the source of parameter differences, one core sample each
was collected from the Yijianfang Formation of Well W2 (7782.5 m) and the Yingshan
Formation of Well W8 (8161.7 m) for bulk rock elemental analysis. The results indicated
that the limestone of the Yingshan Formation had a relatively high dolomite content (47%),
classifying it as dolomitic limestone, while the mineral composition of the Yijianfang
Formation sample was dominated by calcite (97.6%).

Table 1. Results of high-temperature and high-pressure triaxial compression tests.

Sample Well Strata Tempoerature Confining Pressure (MPa) Young's Modulus Poisson’s Ratio
QO (GPa)
1 W32 Oy 150 140 36.4 0.27
2 W504-H2 Oy 150 140 441 0.25
3 F302-H6 O10y 150 140 46.9 0.28

The results of the aforementioned triaxial compression tests can provide certain refer-
ences for the establishment of mechanical materials, preventing the mechanical parameter
model from deviating from the actual range. However, due to the limited number of exper-
imental samples, the static data cannot be effectively used as constraints for constructing
mechanical parameter models, and can only verify the rationality of the empirical mechani-
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cal parameter model for the F;17 strike-slip fault zone to a certain extent. Meanwhile, the
stress results calculated for single wells can be used as the calibration for the 3D finite
element simulation results, thereby completing the 3D simulation of the Fy17 strike-slip
fault zone. It should be noted that the scarcity of ultra-deep core samples for laboratory
mechanical experiments and the lack of in situ stress measurement data may introduce
certain errors into the simulation results. Yet from the perspective of practical drilling appli-
cations, such errors in the study area were within an acceptable range. The results showed
that (Figure 12): (1) The Young’s modulus ranged from 32 to 47 GPa with an average value
of 40.6 GPa, while the Poisson’s ratio ranged from 0.23 to 0.26 with an average value of
0.24. In the vertical direction, the distribution of elastic parameters exhibited differences
and stratification characteristics with increasing depth. The Yijianfang Formation in the
shallow section had stronger planar heterogeneity, and the difference in elastic modulus of
the surrounding rock decreased with increasing depth. In the planar view, affected by the
fault zone, there was an obvious difference in elastic parameters between the surrounding
rock and the fault. A decrease in Young’s modulus (by approximately 20%) and an increase
in Poisson’s ratio (by approximately 10%) can be observed near the fault-developed areas.
Along the fault strike, the variation in elastic parameters of the southern segment of the
fault was more significant compared with the surrounding rock, while the difference in the
northern segment was reduced. (2) The minimum horizontal principal stress ranges from
110 to 170 MPa and the maximum horizontal principal stress ranges from 145 to 205 MPa.
In the vertical direction, both principal stresses increased with increasing depth, with the
average principal stress increasing by nearly 10 MPa from the Yijianfang Formation to
the Yingshan Formation. In the horizontal direction, disturbed by the F;17 fault zone, the
stress along the fault strike direction was discontinuous, and there were differences in the
magnitudes of horizontal principal stresses. Spatially, the principal stress in the fault zone
was in a low-value area, showing an obvious stress drop phenomenon, with the local stress
drop reaching more than 15%.

Young's modulus (GPa)

. . . Minimum horizontal Maximum horizontal
Poisson's ratio

principal stress (MPa) principal stress (MPa)

Figure 12. Results of rock mechanical parameters and stress field simulation.

Large-scale natural fractures in reservoirs can be identified based on seismic likelihood
volume attributes, thereby establishing a fracture model (Figure 13). The workflow was as
follows: First, perform structure-oriented filtering on the post-stack seismic data, followed
by maximum likelihood calculation based on seismic data similarity. This attribute repre-
sented the probability of fault/fracture occurrence, with a value range of 0 to 1. Combined
with drilling and logging data from single wells, the effective threshold of the maximum
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likelihood attribute can be calibrated, which was set to 0.45 in this study. Finally, fracture
modeling was conducted based on the spatial distribution of large-scale fractures delin-
eated by the likelihood attribute, and qualified fracture planes were extracted. The 3D in
situ stress simulation results were assigned to the fracture patches of the fracture model
as mean values to show the stress characteristics of large-scale natural fracture surfaces.
Combined with Equations (9) and (10), the normal stress and shear stress on the fracture
surfaces can be solved. To better reflect the stress state on the fracture walls, the normal
stress was subtracted by the pore pressure and presented as effective normal stress. For the
large-scale natural fracture surfaces related to the F;17 strike-slip fault zone, the effective
normal stress ranged from 30 to 105 MPa, and the shear stress ranged from 5 to 35 MPa
(Figure 13). Normal stress was generally considered the most direct factor for fracture
closure, and the differences in fracture effectiveness can be intuitively observed through
the relative magnitude of normal stress on the fracture surfaces.

Top interface of Yijianfang Formation Strata |

Seismic Attribute Identification of
Large-Scale Natural Fractures

Figure 13. Stress state of large-scale natural fractures.

4.3. Mechanical Effectiveness Evaluation of Fractures

After clarifying the values of various stresses on the large-scale fracture surfaces,
the mechanical effectiveness parameters of fractures can be solved separately using
Equations (11)—(13) (Figure 14), thereby analyzing the mechanical effectiveness of large-scale
fractures from a macroscopic perspective. Calculations showed that for the large-scale natural
fractures in reservoirs related to the F;17 strike-slip fault zone, the shear-normal stress ratio
(slip tendency coefficient) ranged from 0.1 to 0.55, the dilation tendency coefficient ranges from
0.2 to 0.85, and the leakage factor ranged from 0.4 to 0.7. These parameters were the result of
the coupling of in situ stress, pore pressure, and the occurrence of large-scale fractures, and
can provide references for the quantitative evaluation of fracture effectiveness. Meanwhile,
seismic-scale fractures were also the main seepage channels; the matching relationship be-
tween stress and fractures determined the quality of mechanical effectiveness and significantly
affected their seepage capacity. During well placement in the exploration stage, locations with
good mechanical effectiveness of fractures were usually selected.
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Figure 14. Mechanical parameters of fracture effectiveness.

In the development of ultra-deep reservoirs, greater attention was paid to the mechan-
ical effectiveness of near-wellbore fractures, which affected the productivity of individual
wells. The mechanical effectiveness of near-wellbore fractures can be evaluated using
the aforementioned three parameters, or alternatively, the dynamic fracture effectiveness
indicators characterized by Equations (14)-(18)—closure pressure and opening pressure.

A total of 595 near-wellbore fractures were identified via imaging logging in five wells
of the F117 strike-slip fault zone. The stress conditions of near-wellbore fractures at different
depths were obtained using Equations (5)—(9), and then the opening pressure and closure
pressure of near-wellbore fractures were calculated via Equations (14)-(18) (Figure 15).
Calculations showed that the fracture opening pressure ranged from 100 to 250 MPa, and
the fracture closure pressure ranged from 20 to 70 MPa, with slight differences in pressures
among different wells.
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Figure 15. (a) Box plot of fracture opening pressure. (b) Box plot of fracture closure pressure. (Where
different colors denote different wells.).

5. Discussion
5.1. The Influence of Fluid Activity

Fracture effectiveness is controlled by multi-stage tectonism and fluid activity.
Three stages of tectonic fractures can be distinguished based on crosscutting relationships
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and filling differences observed in thin sections and core samples (Figures 3f,h and 9a).
Combined with the kinematic evolution history of the Fuman area, the main fracture-
forming stages were the Middle Caledonian, Late Caledonian—Early Hercynian, and Late
Hercynian-Indosinian [39]. The timing of fluid activities was determined using the peak
ranges of fluid inclusion homogenization temperatures (Figure 11a) and U-Pb dating re-
sults (Table 2), and then matched with fracture stages to analyze fracture effectiveness
(Figure 16). Combined with previous studies, four major episodes of fluid activity oc-
curred in the study area [40]: Middle Caledonian; Late Caledonian—Early Hercynian; Late
Hercynian-Indosinian; and Himalayan. Fractures formed from the Caledonian to Early
Hercynian were filled with calcite under the influence of meteoric freshwater and for-
mation water. During the Late Hercynian, fractures were affected by hydrothermal and
mixed fluids, showing complex filling characteristics. Apart from calcite cementation,
bitumen filling around dolomite can be observed microscopically, and hydrothermal al-
teration also generated minor dissolution pores near tectonic fractures (Figure 3c), which
improved fracture effectiveness. Diagenetic fluid activity was weak during the Indosinian—
Himalayan, but 1-2 stages of hydrocarbon charging occurred, with organic acids derived
from hydrocarbon generation as the main fluid. Overall, fractures formed in the Late
Hercynian-Indosinian underwent fewer episodes of fluid activity and relatively low filling
degrees, thus presenting high effectiveness and acting as the main pathways for late-stage
hydrocarbon charging.

Table 2. U-Pb dating data of calcite veins in the F;17 strike-slip fault zone, Fuman area [41,42].

Sample Well Age (Ma)
1 W5 457 £ 13
2 W32 3726 £4.6
3 W2 368 +3.3
4 W2 359 £ 5.6

Depth(m)

2000
4000
Temperature(°C)
50 90 130
6000 .. .
O—Ordovician P—Permian E—Palcogene
S—Silurian T-Triassic N—-Neogene
D—Devonian J—Jurassic Q—Quaternary
C—Carboniferous K—Cretaccous
8000
400 300 200 100 Time(Ma)
Tectonic |Caledonian Hereynian Indosinian "
movement > Yanshanian Himalayan
U*Pb N
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Figure 16. Matching relationship between fractures and fluid activities.
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5.2. The Influence of Stylolites

In addition to tectonic fractures, stylolite structures were widely developed in the
study area (Figure 3g,h and Figure 9c). According to stylolite density statistics of cored
wells: W504-H2 had 22.2 stripes/m (30 in 1.35 m); W5, 17.3 stripes/m (14 in 0.81 m); W2,
10.5 stripes/m (18 in 1.71 m); W32, 6.5 stripes/m (21 in 3.23 m); and W505, the lowest
at 4.3 stripes/m (9 in 2.09 m). Stylolites were highly developed within the main fault
zone. A large number of bitumen fillings were observed inside these stylolites under
the microscope, indicating that they were once pathways for hydrocarbon migration
in the early stage and thus constituted effective fractures during the geological history.
However, they were currently intensely filled, leaving almost no effective space for
fluid flow. As a result, excessively developed stylolites tended to reduce the overall
effectiveness of the fracture system. Two types of stylolites were identified based on mor-
phological observations: One type was serrated stylolites parallel to the bedding planes
(accounting for 77.4%). These stylolites were formed by pressure solution as a result of
the long-term accumulation of overlying stress, exhibiting regular overall morphology
and small amplitude fluctuations, the width ranges from 0.5 to 1.0 mm. The other type
was stylolites perpendicular to the bedding planes (accounting for 22.6%), which were
generated by the coupling of tectonic activities and pressure solution under intense
horizontal compression. These stylolites were characterized by complex morphologies,
variable widths, and large amplitude fluctuations. They had a high dip angle and did not
significantly cut structural fractures laterally. As weak planes, they played a positive role
in subsequent reservoir stimulation. Therefore, the density of horizontal zigzag stylolites
can be introduced as a reference index into fracture effectiveness evaluation: the higher
the density, the poorer the fracture effectiveness. Overall, in the Fy17 strike-slip fault
zone, horizontal stylolites can cut through other fractures with the exception of late-stage
incompletely filled open fractures. Consequently, most primary fractures were crosscut
by stylolites, resulting in incomplete flow channels (Figure 3h) and a reduction in the
overall fracture effectiveness.

5.3. Influencing Factors of Fracture Stress State

Fracture stress state is jointly controlled by fracture occurrence and in situ stress.
In the F17 strike-slip fault zone, for large-scale fractures with high dip angles in the
southern part, the effective normal stress was generally less than 65 MPa, while that
for low-dip large-scale fractures can exceed 80 MPa (Figure 13). Based on the average
values of the three principal stresses in the study area, the coupling relationship between
fracture occurrence and stress was analyzed (Figure 17). When the fracture dip increased
from 50° to 90°, the normal stress on the fracture plane decreased by approximately
18.4 MPa. When the angle between the maximum horizontal principal stress and the
fracture strike increased from 5° to 30°, the normal stress increased by about 6.9 MPa.
This indicated that fractures with higher dip angles and smaller angles between the
maximum principal stress and fracture strike had better effectiveness. This was the
main reason why high-angle fractures parallel to the present maximum principal stress
direction exhibited stronger permeability. Meanwhile, shear stress showed a similar
trend to normal stress with varying fracture occurrence, although its variation curve
differed from that of normal stress.
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Figure 17. The influence of fracture dip angle and the angle between principal stress direction and
fracture strike on normal and shear stresses.

5.4. Relationship Between Fracture Mechanical Effectiveness and Productivity

After matching the fracture mechanical effectiveness parameters (slip tendency, di-
lation tendency, and leakage factor) with productivity, a certain correlation was observed
between each parameter and productivity (Figure 18). Given the limited volume of
production data, this correlation may only be applicable to the F;17 strike-slip fault zone.
It is worth noting that the productivity data of Well W4 were excluded in this study;
during drilling, significant drill drop and mud loss occurred in this well. Combined with
seismic attribute calibration, it can be inferred that a large fault cavity is developed here,
and its productivity was much higher than that of fracture-dominated reservoirs. The
correlation analysis showed that the slip tendency coefficient has a strong positive corre-
lation with the productivity under pressure drop, and the leakage factor also showed a
positive correlation but weaker than that of the slip tendency coefficient, whereas the
dilation tendency coefficient showed a negative correlation. This phenomenon indicated
that the seepage contribution mechanism of fractures in ultra-deep carbonate rocks
was dominated by shear dilation rather than fracture opening. In addition, fractures
with a high dilation tendency coefficient may have been favorable areas for fluid and
mineral precipitation during geological history [43], resulting in severe fracture cemen-
tation. The application of the slip tendency coefficient has been verified in previous
practices in the Tarim Basin [9,16,17]. The numerical distribution of the leakage factor
should be consistent with that of the slip tendency coefficient in principle, but it lacked
clear physical significance. This factor characterized the fluid leakage, connectivity and
sealing effectiveness of fractures driven by pore pressure. Its advantage could lie in
being more sensitive to variations in pore pressure, making it suitable for comparing
effectiveness influenced by pore pressure changes during development. Nevertheless,
in terms of its correlation with productivity, its indicative significance for production
was relatively limited in ultra-deep carbonate reservoirs. The dilation tendency coef-
ficient was a parameter reflecting the potential of fracture opening and represented
the capacity of fractures as fluid flow pathways. In the F;17 strike-slip fault zone, the
overall dilation tendency coefficient of fractures remained at a medium-to-high level
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(T4 > 0.6), indicating that fractures were not excessively closed due to high normal stress.
However, it showed an obvious negative correlation with actual productivity, which may
be related to the fracture cementation in this fault zone. Therefore, in the evaluation of
fracture mechanical effectiveness in the Fy17 strike-slip fault zone, the slip tendency coef-
ficient should be taken as the dominant parameter, with the leakage factor and dilation
tendency coefficient as references. Fractures characterized by high slip tendency, high
leakage factor, and medium dilation tendency exhibited better productivity performance.
Nevertheless, such relationships can carry a degree of uncertainty due to the limited
amount of production data, particularly for the leakage factor and the dilation trend
coefficient. As an exploratory attempt on mechanical effectiveness parameters, this study
was meaningful, and its outcomes are expected to be fully validated, especially after the
subsequent application and extension of relevant approaches in the Fuman Oilfield.
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Figure 18. The relationship between slip tendency coefficient, dilation tendency coefficient, leakage
factor, and pressure drop and production rate.

In addition to fracture effectiveness, the number of developed fractures also affected
productivity [14]. Scatter plots of the slip tendency coefficient at the imaging logging
scale were drawn at different depths for Wells W32, W5, and W504 (Figure 19). It can
be seen that Well W32, with higher productivity, has the fewest fractures (73), but the
highest slip tendency coefficient, generally greater than 0.2. For Wells W5 (168 fractures)
and W504 (172 fractures), which have similar fracture numbers, Well W504 has a higher
slip tendency coefficient and better productivity. In Well W504, 84 fractures have a slip
tendency coefficient greater than 0.25, accounting for 48.8%; in Well W5, 55 fractures have a
slip tendency coefficient greater than 0.25, accounting for 32.7%. This indicated that when
the number of fractures is similar, wells with more effective fractures presented better
productivity, further demonstrating that fracture mechanical effectiveness imposed a strong
control on productivity in the F;17 strike-slip fault zone.
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Figure 19. The relationship between slip tendency coefficient, dilation tendency coefficient, leakage
factor, and pressure drop and production rate.

5.5. Application of Fracture Mechanical Effectiveness in Development

In ultra-deep carbonate reservoirs, fractures around the wellbore affect the devel-
opment scheme by controlling fluid flow. Wells in the F;17 strike-slip fault zone mainly
produce via a natural flow at the initial development stage. As the formation pressure
gradually declines, the mechanical effectiveness of fractures decreases, which in turn leads
to productivity reduction. When the pressure drops to the fracture closure pressure, the
well may cease flowing. To improve productivity, water or gas injection can be adopted
for energy supplementation after a certain period of production. The increase in forma-
tion pressure can gradually raise the proportion of effective fractures, thereby restoring
productivity (Figure 7). However, if secondary development causes excessively high for-
mation pressure and fractures reach their opening pressure, the overly opened fractures
can be prone to water channeling. Therefore, reasonable control of formation pressure is a
necessary procedure for the development of ultra-deep carbonate reservoirs.

Combined with Equations (14)—(18), the fracture opening pressure and closure pressure
of the five wells were obtained (Figure 15). Taking Well W32 as an example, the fracture
opening pressure ranged from 148 to 237 MPa, and the closure pressure ranged from
18 to 59 MPa. Well W32 had been produced by depletion development in the early stage.
When the formation pressure dropped to 31.2 MPa, the well stopped flowing. At this
moment, 87.6% of the fractures had reached their closure pressure, and most fractures were
closed and became ineffective. In the later stage, when converting fractures into effective
fractures through secondary development measures such as water injection, the fracture
opening pressure should be emphasized to avoid water channeling. However, not all
fractures can be reopened by replenishing formation energy. The opening pressure of some
fractures exceeded 180 MPa, which was beyond the upper limit of engineering pressure.

Well W32 was developed in the early stage, and depletion-driven production caused
excessive formation pressure decline. Referring to fracture stress-sensitivity experiments,
fractures exhibited significant stress-sensitivity damage (Table 3). During the process
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where the effective confining pressure increased and then decreased, the gas permeability
of the fractured core sample recovered to less than 40% (Figure 20). This indicated that
fluid flow dominated by fractures may not be restored to the initial development level
via pressure replenishment after excessive formation pressure decline. Therefore, cyclic
injection—production was recommended to minimize the fluctuation range of formation
pressure as much as possible.

Table 3. Stress sensitivity data of fractures.

Effective Confining Pressure (MPa) Permeability (mD) Permeability Damage Rate (%) Permeability Ratio (%)

2.5 0.006497 0 100
3.5 0.005011 22.88 77.12
5 0.003556 45.27 54.73
process of increasing effective 7 0.002349 63.85 36.15
confining pressure 9 0.00173 73.37 26.63

11 0.001338 79.4 20.6
15 0.00082 87.38 12.62

20 0.000411 93.68 6.32

20 0.000411 93.68 6.32

15 0.000504 92.24 7.76

11 0.000595 90.85 9.15

process of decreasing effective 9 0.000695 89.31 10.69
confining pressure 7 0.00084 87.08 12.92

5 0.00113 82.61 17.39

3.5 0.001567 75.88 24.12

25 0.00202 68.91 31.09

Permeability ratio (%)

100

50

ij: process of increasing effective confining pressure \

process of decreasing effective confining pressure

Fracture

T
5 10 15 20

Effective confining pressure (Mpa)

Figure 20. Stress sensitivity experiment of fractures.

5.6. Limitations and Future Prospects

The fracture effectiveness evaluation workflow developed in this study has been ap-
plied to a certain extent in the Fy17 strike-slip fault zone of the Fuman Oilfield. However,
this method primarily focused on the evaluation of individual fractures or single-type
fracture systems. In fact, fracture network connectivity was also one of the critical factors
governing the control of fractures over fluid flow. Fracture networks formed by the inter-
connection of individual fractures served as the primary pathways for fluid communication,
whereas isolated fractures—especially those with small scales—barely contributed to fluid
flow. Therefore, future research in this area will adopt topological methods, which are
currently widely used in the quantitative evaluation of connectivity, to further supplement
the investigation of fracture network connectivity (Figure 21). Based on the connection
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nodes and branches of different connection types within fracture networks [44], topological
methods can employ statistical approaches to calculate various topological parameters
that characterize connectivity, thereby improving the understanding of how fractures in
ultra-deep marine carbonate reservoirs control fluid seepage.

@ Inode
A Y-node
‘ X-node
—— I-I-branch
——— I-C-branch
C-C-branch

Discopnectivity

Py B Connectivity
Well B Well B v X

Connectivity Disconnectivity Ternary diagram of nodes

Figure 21. Schematic diagram of quantitative evaluation of fracture network connectivity by
topological method.

6. Conclusions

This study proposed an integrated geological and geomechanical method for investi-
gating the fracture effectiveness of ultra-deep carbonate reservoirs in the Fy17 strike-slip
fault zone, and provided references for exploration deployment and development schemes
from the perspective of fracture effectiveness.

(1) Fractures can serve as crucial seepage channels in the carbonate reservoirs of the
Fy17 strike-slip fault zone in the Fuman Oilfield. Through core analysis, thin-section
observation, and imaging logging, at least three phases of structural fractures have
been identified, among which high-angle to near-vertical fractures are the most well-
developed, striking obliquely at a small angle to the main fault. Fluid inclusion
thermometry indicates that the fractures have undergone at least three phases of calcite
cementation, where early fractures were severely filled, while late-stage fractures
exhibited good effectiveness.
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(2) Alarge number of stylolites were developed in ultra-deep carbonate rocks and were
currently completely filled with asphaltenes. Dense horizontal zigzag stylolites can
cut through early fractures, thereby reducing the overall effectiveness of the fractures.

(3) Mechanical effectiveness evaluation of multi-scale fractures in the Fy17 strike-slip fault
zone was conducted using slip tendency as the primary criterion, supplemented by
dilation tendency and leakage factor. Fractures characterized by high slip tendency,
high leakage factor, and moderate dilation tendency were considered to possibly
have better effectiveness in the study area. It provided a useful exploration for the
correlation between mechanical effectiveness and productivity.

(4) The calculation of fracture opening pressure and closure pressure was used to de-
fine a reasonable formation pressure interval for secondary development. It is rec-
ommended to narrow the fluctuation range of formation pressure and adopt cyclic
injection—production.

(5) Inaddition to data limitations in current fracture effectiveness evaluations, there was
insufficient understanding of the fracture network connectivity in terms of methodol-
ogy. In the future, topological methods and other approaches should be adopted to
quantitatively evaluate fracture network connectivity, so as to improve the research
on fracture effectiveness in ultra-deep carbonate reservoirs.
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