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Based on an analysis of core fractures and computed tomography scanning by
X-ray under uniaxial compression tests with loading and unloading, this study
investigated the three-dimensional evolution of fracture initiation and
propagation in different heterogeneity conditions of low-permeability
reservoirs. Reservoir heterogeneity affected the 3D dynamic development of
fractures. With increasing loading value, fractures with strong heterogeneity in
low-permeability reservoirs followed the development sequence from shallow
to deep depth in the profile. When the fracture tip reached the incompetent
layer, propagation stopped. Subsequently, when the deformation continued to
increase, the fracture crossed the incompetent layer and initiated a new fracture
at the front end. Therefore, the across-bedding and through-going macro
fractures formed in conjugate sets or were Y-shaped, with roughly equal
spacing. In the plane, the fractures initiated along the pre-existing bedding
parallel fracture and further propagated into large fractures. Consequently, they
formed a net-shaped fracture from the edge to the center, with a long
development period. These fractures intersected to form a complex,
interconnected, and high-fracture-density system in three dimensions.
Under the same loading value, owing to uniform lithology, the formation of
micro-fractures in the weak heterogeneity of low-permeability reservoirs is
difficult. Furthermore, long shear fractures were only produced in a relatively
short formation period with a low fracture density. In the plane, the fractures
stepped in an en-énchelon and terminated with horse-tailing microfractures.
Moreover, the strong heterogeneity of low-permeability reservoirs was more
favorable for producing fractures. The fracture volume was 13.17% of the total
sample volume compared to 0.67% in the weak-heterogeneity reservoir under

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://www.frontiersin.org/articles/10.3389/feart.2022.1018561/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.1018561&domain=pdf&date_stamp=2023-01-11
mailto:lili@upc.edu.cn
https://doi.org/10.3389/feart.2022.1018561
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.1018561

Li et al.

10.3389/feart.2022.1018561

the same loading compression. Furthermore, a better fracturing effect was
achieved by fracturing along the direction >50° with the natural fracture and
under the condition of small differential horizontal stresses.

KEYWORDS

dynamic evolution, low permeability reservoir, reservoir heterogeneity, CT scanning by
X-ray, uniaxial compression, Bohai Bay Basin, fracture

Introduction

The rocks in low permeability-tight reservoirs produce
more fractures during deformation owing to their tight and
brittle nature. Consequently, fractures play a crucial role in
these reservoirs (Zeng and Xiao 1999; Zhou et al., 2006; Ding
et al, 2015; Li et al., 2017). To exploit low-permeability tight
reservoirs, hydraulic fracturing is frequently used to increase
oil and gas production. The factors affecting the fracture
effects include fracture attitude (strike and dip angle), size,
and number, as well as aperture and its angle with maximum
principal stress (Zeng, 2004; Jin et al., 2005; Gale et al., 2007).
Therefore, a detailed understanding of static fractures is
required to improve permeability without increasing the
water cut of the oil well.

The formation and evolution of fractures include a large
amount of information related to rock mechanics and determine
the physical properties and oil-gas properties of low-permeability
reservoirs (Germanovich et al., 1994; Wang et al., 2008; Li et al.,
2019; Li et al., 2019; Zhang et al., 2020; Li et al., 2022). Rock
the
low-permeability

strength, petrology, and tectonic stress influence

development of natural fractures in
reservoirs (Li et al., 2019; Li et al,, 2022), and fracture density
and opening directly controlled gas productivity. Microfractures
with apertures less than 50 pum improve porosity and
permeability in these reservoirs (Wang et al., 2008). However,
owing to their small size, they are rarely identified using relevant
logging and geophysical methods and their initiation and
development remain unknown. Experimental results have
demonstrated that when the load reaches one-third of the
compressive strength, wing cracks start to propagate from the
tip of the plexiglass preset crack and wrap the initial crack at a
stable speed. The wing crack tip shows the largest propagation
length and initially reaches 1 to 1.5 times the crack radius
(Germanovich et al, 1994). Experiments on cement sand
specimens showed that the propagation direction of the main
crack was related to the mechanical properties of the crack and
was affected by the distribution of cracks, pores, and microcracks
(Chen et al., 2005). When the crack is perpendicular to the load
direction, the main crack primarily extends along the edge of the
crack.

In the plane perpendicular to the loading direction, cracks in
tight sandstone extend along the fracture axis or increase the
fracture diameter. Cracks easily lead to the penetration of pores
during loading (Li et al., 2019). CT imaging by X-ray can be used
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to reveal the pore structure and relative density inside the core
rock. Therefore, the three-dimensional evolution characteristics
of fractures can be observed under different loading (Ketcham
and Carlson 2001; Cao, 2005; Renard et al., 2009; Sun et al., 2020;
Zhang et al.,, 2020). Furthermore, the analysis of dynamic fracture
evolution of tight sandstone under uniaxial compression showed
that fractures underwent compaction, linear elastic behavior, and
non-linear and residual deformation (Zhang et al., 2020). In
addition, the mineral composition and mesostructure play a
significant role in the mechanical properties, fracture pattern,
and crack morphology. Secondary cracks propagate parallel to
the direction of axial stress. The above-mentioned fracture
development studies were mostly based on CT scans of
sandstone intermediate zoning layers and tight sandstone.
However, studies on fracture development in low-permeability
reservoirs and the influence of reservoir heterogeneity on the
fracture mechanism are scarce.

the
characteristics of complex distribution and high heterogeneity,

Low-permeability-tight reservoir fractures have
which leads to poor physical properties of the reservoir, large
differences in oil and gas well productivity, and low recovery. The
C41 fault block is located in the Liangjialou oil field, whose main
oil and gas producing intervals include the Fourth Member of the
Shahejie Formation (E,sy). Previous research analyzed the
present ground stress, fracture characteristics, and
development period (Liu et al., 2003; Shi et al, 2021). The
results showed a maximum horizontal principal stress of
52-74 MPa trending toward near east-west within the fault
block. The minimal horizontal principal stress was 41-52 MPa
in the south-north direction (Liu et al., 2003). The Upper E,s4
included shear fractures with small apertures and low filling in
the C41 block that developed during the periods of E,s; , and
Late Esd deposition (Shi et al., 2021). However, these previous
studies lacked information on detailed fracture evolution and
mechanisms. To solve these problems and better reveal the
of the

development of cracks is essential. Therefore, the present

distribution cracks, research on causes and
study investigated the development of fractures in a low-
permeability reservoir. The research method mainly included
two parts: observation of core fractures and physical simulation
of the three-dimensional evolution of fractures in real time. For
the latter, first, a MicroXCT-510 scanner was used to scan the
core sample in real-time under uniaxial compression conditions.
Subsequently, based on the CT images and data obtained from

the test, the fracture initiation and propagation process in was
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FIGURE 1

Basinal location, geological setting, well locations and strata of the study area. (A) Location of the Bohai Bay Basin and the study area. (B) Well
locations and the top surface structure map of the Upper Fourth Member of Shahejie Formation (length of the hydraulic fractures exaggerated). (C)

Stratigraphic histogram.
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TABLE 1 Basic characteristics of the observation sections.

Well Lithology

number

C41-38 Fne sandstone, muddy limestone, limestone siltstone, and
silty mudstone

C41-16 Fine sandstone, muddy siltstone, and shale

C41-14 Silt sandstone, muddy siltstone, and mudstone

analyzed three dimensions. Finally, the differential evolution
mechanisms of fractures in different heterogeneous reservoirs
were explored and the relationships of fractures with oil and gas
were analyzed to provide a reliable geological basis for improving
the development effects.

Study area

The study area was located in the southern Dongying Sag of
the Jiyang Depression in Bohai Bay Basin (Figure 1A). The
detailed study area was fault block C41, in the southern
portion of the Liangjialou oilfield (Figure 1B). The Cenozoic
strata of the Liangjialou oilfield comprise the Paleocene-Eocene
Shahejie Formation (E,_,s), the Oligocene Dongying Formation
(Esd), the Miocene Guantao Formation (N;g), and the Pliocene
Minghuazhen Formation (N,m), of which the Shahejie
Formation was further subdivided into four Members. The
main reservoir was Ejs,". E;s," is a ladder-shaped structure
composed of a series of near east-west trending faults
(Figure 1B). Most of the faults dipped to the north, and the
oil fault blocks controlled by them showed a gradually decreasing
oil ladder from south to north. Controlled by two main NEE
trending faults, the C41 fault block was high in the southwest and
low in the northeast. The kick-off point of E,s," studied here was
mainly composed of fine sandstone and siltstone, in which the
strata dip and dip angle changed a lot (Figure 1B).

When the Es," was deposited 43-40 Ma, the study area was a
shallow lake with an underwater low uplift. The lake water
transgression and regression affected the reservoir formation and
type. Terrigenous debris transported by waves and lake currents was
deposited at the site of energy reduction on the shoreline, resulting in
a typical shore-shallow lake-beach bar. As the overlying sediment
thickened, the pressure also increased and minerals filling the pores
of the sediment cemented the dispersed grains together. Thus,
diagenesis such as compaction and cementation reduced the
primary pores in the sandstone, like the thinning of a piece of
bread in a vertical press, rendering it a low-porosity and low-
permeability reservoir. The thickness of the well sections of E,s,"
range from 61 to 91 m, with an average of 81 m. E,s," is divided into
five sand layers (C1-C5) (Figure 1C), with a thin reservoir thickness
and an average sand body thickness of 26.8 m. The lithology of the
sand body is mainly feldspathic siltstone, fine sandstone, dolomitic
siltstone, dolomite

argillaceous limestone, and argillaceous
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(Figure 1C). The sandstone consists of 40-45% quartz, 35-37%
feldspar, and 20-24% rock debris. It has a low composition and
structure maturity. The cementation between grains is mainly
contact-pore type, with a few pore types. The sorting coefficient
is 1.4-1.9. The roundness is subangular. The median and average
particle sizes are 0.05-1mm and 0.09 mm, respectively. The
physical properties vary considerably between layers. The total
average permeability is 9.2x107 um’, ranging between 14.2x107
and 5.37x107° pmz. In addition, the average carbonate content in
C1-C41is 17,23.11, 15.96, and 78.3%, respectively. The permeability
difference and dart coefficient of E»s," are 76 and 1.2, respectively;
thus, the E,s," reservoir is low-permeability with strong
heterogeneity (Li, 1997). Moreover, this reservoir is widely
distributed and shows great planar connectivity; however, the
planar heterogeneity is severe and the areas of high permeability
show zonal division.

Fracture characteristics of the core

E,S, in the C41 fault block contains three core holes (Figure 1B).
The attitude, type, width, opening, and filling materials of fractures
can be obtained by core observation. These characteristics are shown
in Table 1. The fracture attitude was measured in two steps: first, the
actual attitude of the E,S," strata was measured and calculated
according to the structural contour map for E,S," The results
showed a 90°C dip with a dip angle of 6°~10" in the three core
holes and gently inclined to near-horizontal strata dipping east.
Second, the real attitude of the fracture in E,S, was obtained. The
bedding surface was found and the core was arranged according to
the dip of the core to the east and a dip angle of 6~10" so that the
true occurrence of fractures could be directly measured. The fracture
characteristics of the three core holes are as follows.

Core fracture characteristics of single
wells

Fracture characteristics of Well C41-38

The core hole included three sections: @, @, and ®
(Table 1). The fracture characteristics are shown in Figures
2A-]. Most (88%) of the fractures were shear fractures; the
remaining were tensile joints. The high-angle (Figure 2A) and
gentle-angle fractures (Figure 2D) were small, while the
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FIGURE 2

Core fracture characteristics of E»s4" in the C41 fault block in the Jiyang Depression of Bohai Bay Basin. From left to right are (A=T): (A) high
angle-shear fractures with no fillings, Well C41-38, 2650.2 m (arrow: drilling direction). (B) Vertical shear fractures, with scratches and calcite fibers
on the fracture surfaces, Well C41-38, 2652.815 m. (C) Many groups of high-angle fractures and filling with mud and oil, well C41-38, 2680.00 m,
coin diameter 2.0 cm. (D) Five groups, low-angle shear fractures, with the development of cross-bedding in the upper part with oil filling, well
C41-38, 2680 m. (E) Bedding fractures in silt mudstone and a high-angle shear fracture along the junction of silt and silt mudstone, without fillings,
Well C41-38, 2691.30 m. (F) Sub-parallel (lower part) and conjugate (upper part) shear fractures (top view), top in 2684.10 m. (G) High-angle shear
fractures (top view) filled with oil, Well C41-38, top in 2665.41 m. (H) Grid-shaped shear fracture system (top view), no filling, Well C41-38, top in
2691.21 m. (I) Bedding and low-angle shear fractures without filling, Well C41-38, 2703.61 m. (J) Vertical tension fractures without filling, Well C41-
38, 2707.11 m. (K) Low-angle opening shear fracture, Well C41-16, 2688.74—-2688.81 m. (L) Vertical shear fractures (top view) with iron filling in the
restricted fractures, Well C41-16, 2691.77 m. (M) Vertical shear fractures showing the development of a friction mirror on the fracture surface, Well
C41-16, 2691.81 m. (N) Scratches on bedding-parallel fractures, Well C41-16, 2690.94 m. (O) Diagenetic and bedding shear fractures without filling,
Well C41-16, 2669.77 m. The acute angle of the right triangular ruler indicates the direction of drilling. (P) Long vertical shear fracture without filling,
Well C41-14, 2705.05-2705.26 m. (Q) Vertical shear fractures (top view) without filling, Well C41-14, 2702.60 m. (R) High-angle shear fractures
without filling, Well C41-14, 2778.49-2778.53 m. (S) Friction mirror in a vertical shear fracture, Well C41-14, 2778.49 m. (T) Diagenetic fractures
without filling, Well C41-14, 2702.78 m. The right indicates the drilling direction.
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FIGURE 3
Fracture type, strike, and aperture of E;s4" in the C41 fault block of the Jiyang Depression in Bohai Bay Basin. (A) Type of core fracture dip angle.
(B) Fracture strike rose diagram. (C) Fracture aperture.

vertical fracture showed significant development (Figures
2B-C, E-J).

Some high-angle fractures developed with small fracture
widths and no filling materials (Figure 2A); however, others
were filled with oil (Figure 2C). Scratches were observed on the
vertical cracks surface, along which fibrous calcite crystals
developed (Figure 2B). Most of the vertical cracks had no
filling materials, while some fractures showed oil filling
(Figure 2G). Furthermore, the low-angle fractures often had
large crack widths filled with calcite. The observation of oil
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filling in low-angle, high-angle, and vertical fractures indicated
oil and gas migration or accumulation along the fracture system.
Therefore, fractures are the channels or spaces for oil and gas
migration in low-permeability reservoirs.

Some shear fractures showed fracture groups with
fracture sets that were parallel to each other (Figure 2F) or
X conjugate sets (Figures 2G,H). The tensile fractures were
mostly vertical with a zig-zag shape in profile (Figure 2J).
Generally, the fracture length was 0.4-18 cm and fracture
width was 0.01-1.5cm. Moreover, most of the tensile
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FIGURE 4

Qilfillings (dark brown) in microfractures of E;s4" in the C41 fault block of the Jiyang Depression in Bohai Bay Basin. From left to right from top to
bottom are: (A-D): (A) oil filling in both high-angle and interlayer fractures of muddy limestone, Well C41-38, 2680 m, PPLx50. (B) Oil stored in the
high-angle fracture that has migrated to the bedding-parallel fracture, Well C41-38, 2680 m, PPLx50. (C) A wide fracture in muddy siltstone partially
filled with oil, with two small branched fractures filled with oil, Well C41-38, 2656.21 m, PPLx50. (D) Oil fillings in the bedding-parallel fracture
group of muddy siltstone (location in Figure 2), Well C41-38, 2656.21 m, PPLx50.

fractures had no filling, although occasional mud filling was
observed.

Apart from the fracture cut across the bedding surface,
several bed-parallel fractures were observed in the core
(Figure 2E), most of which developed along the bedding
surface. Some were diagenetic or contracted fractures, while
others resulted from the structural replacement of the bedding
surface under tectonic action (Li et al., 2009).

Fracture characteristics of Well C41-16

Well C41-16 had fewer fractures in the core compared to
Well C41-38. The core fracture characteristics are shown in
Figures 2K-O. All structural fractures were shear fractures,
including low-angle (Figure 2K), vertical (Figures 2L,M), and
bed-parallel (Figures 2N,0) fractures. The across-bedding was
4-13 cm in length and 1-3 mm wide. Most fracture surfaces were
closed with no filling, while some showed iron oxide filling
(Figure 2J). Friction mirrors on the crack surfaces were
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occasionally observed (Figure 2M). Bed-parallel fractures were
also observed in the core, with the development of slickensides
and mirrors (Figure 2N), which caused the rock to be crushed
(Figure 20).

Fracture characteristics of Well C41-14

Compared to the fractures in Wells C41-38 and C41-16, the
core fracture was extremely undeveloped in Well C41-14 (Figures
2P-T). Only five high-angle structural fractures were observed,
including three vertical and two oblique. The length and width of
these fractures were 8-31cm and 1-7 mm, respectively. No
filling was observed inside the fracture. Moreover, the bed-
parallel fractures developed in sections 2699.26-2706.86 m
(Figure 2T).

The core observation showed that the fractures were
generally not developed in the C41 block. They comprised
The
fractures were mainly across-bedding shear fractures but were

structural and non-structural fractures. structural
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generally not as well developed. Most of the fractures were
observed independently, with a few fractures developed in
systems. The bed-parallel fractures were also developed.
Among the three wells, the fractures in Well C41-38 were the
most developed, while those in Well C41-14 were the least
developed.

Quantitative characterization of the core
fractures

Type, strike, aperture, and mineral filling of the
structural fractures
Fracture types and strikes

The core fractures of the above three wells included
structural and non-structural fractures, the former of which
were significantly developed. Most of the structural fractures
(90%) were shear fractures. The remaining were tensile
fractures.

The angle between the fracture dip angle and the bedding
surface revealed the following five fracture types: vertical (dip
angle >75°), high-angle (45° < dip angle <75°), low-angle (15° <
dip angle <45°), horizontal (<15°), and bedding-parallel shear
fractures (Figure 3A). The first four are referred to as shear
fractures across-bedding. More vertical and horizontal fractures
were observed in the bedding cut fractures, accounting for 59 and
21% of total fractures, respectively. Relatively fewer high- and
low-angle fractures were observed, accounting for 11 and 9% of
total fractures, respectively. The bedding-parallel and across-
bedding fractures affect the propagation, termination, and
diversion of hydraulic fractures (HFs) (Huang et al., 2018).

The strike rose diagrams of the structural fractures
(Figure 3B) revealed four dominant directions in the E,s,"
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reservoir. Fractures @ in an average direction of 15° were
most common, followed by fractures ® with an average strike
of 95°. Fractures @ and @ were less developed, with average
strikes of 315" and 35°, respectively.

Fracture apertures

The core fracture aperture is usually larger than its real
aperture owing to rock unloading; thus, correction is required
(Van Golf-Racht and Chen, 1989). The real fracture aperture
buried in strata was corrected using Eq. 1, where B is the real
fracture aperture, B; is the measured aperture in section 7, 7 is the
fracture number in the same group, and 2/ provides empirical
correction.

1

The calculated results of the fracture aperture in E,s,*
showed that most fracture apertures were less than 0.05 cm
(67% of total fractures) (Figure 3C). While fractures with
apertures of 0.05-0.10 cm accounted for 28% of total
fractures, only 5% of fracture apertures were larger than
0.10 cm. Hence, the evidence indicated relatively weak
tectonic stress when fractures were formed. Here, the high
proportion (67%) of fracture apertures less than 0.05 cm may
explain the low permeability of the E;s," reservoir and the low
productivity in the study area. In addition, the narrow
aperture of these thin fractures can cause HF cross-over
(Lee et al., 2015).

Fracture mineral fills

Overall, the structural fractures in the study area showed poor
mineral filling. Most fractures (93.1% of total fractures) did not
contain mineral fill (Figure 2). Owing to the lack of mineral fills, the
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TABLE 2 Characteristics of the samples for CT scanning.

10.3389/feart.2022.1018561

Well number  Sample Lithology Sand layer  Height(mm) Diameter (mm) Primary structure
C41-38 Muddy siltstone  C3 46 25 Horizontal bedding ripple bedding
C41-14 g+ Siltstone C4 50 25 _
X-ray Source Sample Detector
;
Step-by-Step 1
Rotation
Computed Tomography/Volume Reconstruction
FIGURE 6
Method of CT scanning with X-ray.

mechanical strength of the mineral fill bond was not considered in
hydraulic fracturing (Kolawole and Ispas 2020). The filling materials
were oil, calcite, or iron oxide in 6.9% of the observed fractures
(Figures 2C,F,]), with calcite the most common. The oil traces in the
fractures were evidence of oil-gas once migration and accumulation.
Thin section observation also revealed this phenomenon (Figure 4).
Fractures can store and migrate oil and gas (Figure 4A), high-angle
fracture reservoir oil and gas, and low-angle fractures as migration
channels (Figure 4B). Large fracture and branch small fractures, as
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well as bedding-parallel fractures connected to the fracture net to
store oil and gas (Figures 4C,D).

Density of the core structural fractures
The fracture line density (the number of fractures in the core

per meter) and volume density (the area of cracks in the core per
cubic meter) of the three wells were calculated. The results are as
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TABLE 3 Scanning information of the samples.

Well number  Sample number Scan size Resolution (um)
(mm)

C41-38 CCo5 25 512

C41-14 CCo2 25 572

TABLE 4 Mechanic characteristics of the samples.

Sample number Top of sample

(m) (m)
CCos 2690.94 310
cco2 2765.60 310

follows (Figure 5). Among the three core wells, the fractures in
Well C41-14 were the least developed, while the fractures in Well
C 41-38 were the most developed. Table 1 shows to which sand
group the cores belonged. Thus, the fractures in the middle and
upper C1-3 were the most developed, whereas those in the lower
C4 were poorly developed. This result was obtained in a small
area of 445 m east-west, 278 m north-south, and a depth of
10-62 m from west to east. As mentioned above, the primary
porosity of the low-permeability reservoir rock was not
developed and the rock was relatively tight. Therefore, the
difference in fracture density demonstrates the heterogeneity
in the reservoir of the study area.

Core fracture analysis revealed obvious differences in
fracture characteristics, particularly in C3 of Well C41-38
and C4 of Well C41-14. These differences in fracture
development  indicated  differences in  reservoir
heterogeneity. The lithology of the reservoir in Well C41-
38 was fine sandstone and siltstone with uneven grain size,
connecting with mudstone in sand layer C3. In addition, the
bedding was well developed in the core of Well C41-38
(Table 1). Thus, the core in Well C41-38 indicated strong
reservoir heterogeneity with more fractures. In contrast, the
lithology of sand layer C4 in Well C41-14 was tight siltstone
and the bedding was almost invisible (Table 1), representing

weak reservoir heterogeneity with fewer fractures.

nynamic development and evolution
of fractures in low-permeability
reservoirs

The effect of reservoir heterogeneity on the characteristics
and evolution of fractures is an important research topic. The
initiation, propagation, and termination of fractures with
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Voltage/Power (kV/W)  Lab temperature("C)  Scan time
(h)
148/0.89 23 2
148/0.89 23 2
z (m) p (kg.m™) g (m-s%) P (MPa)
— 2600 9.8 61
— 2600 9.8 62

different reservoir heterogeneities contribute to hydraulic
fracturing for further exploitation. Consequently, hydraulic
fracturing can cause more fractures in low-permeability
CT
compression in real time can reveal the fracture evolution
in three dimensions (Zabler et al., 2008; Cnudde et al., 2011;
Zhang et al.,, 2020). The triaxial compression requires strict

reservoirs. scanning with X-ray under uniaxial

sample conditions, which cannot be placed into the
instrument once removed. The present study applied
uniaxial compression to simulate fracture initiation and
propagation.

Samples, methods, and facilities

Sample characteristics

Two tight core rocks (samples CC05 and CC02) of
different heterogeneity from fault block Chun 41 were
selected. Their detailed
Table 2. Their strata are E,s,", whose sedimentary facies
were the beach-bar of the shore-shallow lake. The lithology
of sample CCO05 is muddy siltstone, with mostly horizontal or

characteristics are shown in

ripple beddings (Table 2); thus, it represented a reservoir with
strong heterogeneity. In contrast, CC02 showed no bedding
development (Table 2); thus, it represented a reservoir with
weak heterogeneity.

The rock in particular layers reflects the physical changes
that the sediment has experienced throughout its history of
burial, lithification, and uplift ( Fossen, 2016). Confining
pressure is important in fracture evolution. Hence, it
should be calculated. The top depths of the two samples
are shown in Table 2. The uppermost strata of the two
samples were Pliocene Minghuazhen Formation (N,m), top
of 310 m in depth. Therefore, the difference between the two

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1018561

Li et al. 10.3389/feart.2022.1018561

loading CT scanning image in different direction density(%)

(MP a)/

Stress

; . Three Fractures

level XY XZslice YZ scile dimensions shown fracture matrix

(%) (1/3height) (diameter) (diameter) reconsiraction by red
1.72 98.28
3.42  96.58
8.20 91.80
13.17 86.83

FIGURE 7

CT image of the fracture evolution of sample CCO5 in a strong-heterogeneity reservoir. The yellow and red circles in the horizontal XY slice
correspond to the yellow circle in the XZ slice and the red circle in the YZ slice, respectively

depths was the depth of sample overburden. The rock density
was 2600 kg/m® for siltstone, and g was 9.8 (ms®). Thus, the
confining pressure (P) was calculated using Eq. 2, where P is
the confining pressure (MPa), p is the density (kg/m?), g is the
gravitational acceleration (ms?), and z is the overburden depth
of sample (m).

P =10"°pgz. 2
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The confining pressures of the two samples were 61 MPa and
62MPa, respectively, which were close in value (Table 2). This is an
important factor in determining the maximum stress of loading.

Methods and facilities
Experimental facilities

CT scanning with X-ray can be used to fully display the small
features of core rock through a massive image without destroying
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the sample (Zabler et al., 2008; Cnudde et al., 2011). As the cone-
shaped X-ray penetrates the sample, a three-dimensional model
of the sample is reconstructed via amplified images. During this
process, different magnifications are used and several attenuated
X-ray images are formed by 360° rotation (Figure 6). A CT image
can truly reflect the pore structure and relative density inside the
core rock. Therefore, the dynamic evolution of 3D fractures,
including the initiation, propagation, and coalescence of micro-
cracks in real time can be observed under different loading
(Ketcham and Carlson 2001; Renard et al., 2009; Sun et al,,
2020; Zhang et al., 2020).

A 148 kV MicroXCT-510 X-ray CT system was used to
scan core the samples in real time under uniaxial load. The
samples were rotated via a rotary table during scanning,
thereby avoiding the disturbance of unloading on fracture
evolution. Therefore, the simulation was closer to fracture
evolution with a buried reservoir. Approximately 870-890 CT
slices of each sample were scanned; thus, the precision of the
reconstructed three-dimensional model by these images
allowed full visualization of the fracture initiation and
propagation (Sun et al., 2020).

The voxel size of the CT images were 0.0512 x 0.0512 x
0.0512 mm and 0.0573 x 0.0573 x 0.0573 mm, respectively; thus,
each CT image was 0.0512 or 0.0573 mm thick. Therefore, cracks
larger than 0.05 mm in width could be detected as relatively large
and wide fractures, which appear as black areas (representing
air), while small and narrow cracks appeared as gray cracks
(Figure 6). Avizo software was used to reconstruct the dynamic
evolution of the 3D fractures. In image processing, grayscale
values of 0-255 were assigned to reveal the sample densities.
Grayscale values less than 10 were marked as fractures and were
represented in red.

Experimental procedures

The simulated experiment based on X-ray three-dimensional
scanning was as follows: first, two samples were scanned to obtain
the original fracture characteristics before loading. The detailed data
are listed in Table 3. Second, the samples were loaded in uniaxial
compression with quasi-static loading at 25, 50, 75, or 90% of the
maximum stress. Two factors determined the maximum stress
loading for each sample: lithology and confining pressure. The
uniaxial compressive strength of siltstone is 60 MPa and the
confining pressures of the two samples were 61 and 62 MPa,
respectively (Table 4). Therefore, the maximum value of stress
loading of each sample was 60 MPa, respectively. Third, real-time
CT scanning was performed following the sample load-unload-scan
procedure. Briefly, each sample was first loaded, then taken out and
scanned. The procedures were repeated at different stresses until
reaching the expected stress. Finally, low-density areas of each
sample were marked in red in Avizo software to trace the
fractures. Thus, the characteristics of fracture geometry, initiation,
propagation, and density were obtained. Dynamic evolution of the
3D fractures was also reconstructed.
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FIGURE 8

Relationship between fracture volume and stress level in
strong-heterogeneity reservoir in sample CCO5.

Results

Fracture evolution of a low-permeability
reservoir with strong heterogeneity

The fracture evolution of a low-permeability reservoir with
strong heterogeneity was analyzed using sample CCO05 under
uniaxial compression. The results in real-time based on CT
scanning are as follows (Figure 7).

CT images before loading

The CT images revealed many bed-parallel and low-angle
fractures inside sample CCO5, the characteristics of which are
shown in Figure 7. The left (YZ profile, slice from left to right)
and front (XZ profile, slice from front to back) view slices
showed many horizontal low-angle fractures inside the core.
These features were also observed in the horizontal slice (XY
profile). Most were small fractures with a zigzag shape in gray.
The CT images showed fracture development along the
bedding in profile, resulting in the formation of bed-
the
inhomogeneous surface, was crucial to the formation of the

parallel fractures. Therefore, bedding, as an
bed-parallel fracture.

In the three-dimensional perspective of the fracture
represented by the red trace, the fractures were layered and
not connected vertically. Before loading, the fracture volume
density accounted for 1.72% of the total volume of the rock

sample.

CT images at 15 MPa load and 25% stress level
Horizontal CT slices (XY slices) can reveal fracture
development in the plane. In XY image showed the initiation
of many small visible net-shaped fractures along one existing
fracture and the formation of large visible fractures with a zig-zag
shape at the top of the sample. The fractures propagated along
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FIGURE 9

CT image of the fracture evolution of sample CC02 in weak-heterogeneity reservoir.

the termination of the pre-existing fractures (yellow circle) and
connected to two nearly parallel large black fractures. One of the
two nearly parallel large fractures terminated with many small
fractures (red circle) in gray.

XZ profile (front view) slices are obtained vertical to the
fractures to it better reveal fracture development during stress.
Fracture @ developed in several tensile fractures with a dip
angle of approximately 90°. These fractures terminated as
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horizontal fractures and developed in the left lateral en-
énchelon. Fracture @ was a shear fracture with a dip angle
of 70°, at 20° to o; (loading direction). It crossed the pre-
existing bed-parallel fractures, consistent with the results
2015). Fracture ®
developed at the upper portion of the sample. Thus, the

observed in tri-axial tests (Lee et al.,

fractures initiated from the top of the sample. The fractures
labeled in the yellow circle corresponded to the yellow circles
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Effects of heterogeneity on the fracture mechanisms. (A) Illustration of local stress concentrations in a material with circular and elliptical holes
(Fossen, 2016). Black arrows: remote stress. (B) Uniaxial compressive strength. (C) Mechanisms of fractures and heterogeneity.

in the XY slice (Figure 7). These indicated that fracture
development was related to the preexisting weak surface.

Foliation-parallel extensional fractures also developed
along the preexisting fracture. YZ (left view) slice images
can reveal the development of fracture surfaces along the
strike (length direction). The fractures in the YZ slice in
the present study showed similar evolution, with large
cracks across-bedding and small cracks terminating at the
bedding surface. However, the large cracks were not as
obvious as those that developed in the XZ plane. The
fractures labeled in the red circle corresponded to the red
circle in the XY slice (Figure 7).

The fractures in the three-dimensional perspective appeared
as red traces. They were connected by layered and across-bedding
fractures and formed a bright red image. However, other
fractures observed bed-parallel fractures that

were as
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propagated via preexisting layered fractures. The fracture
volume density accounted for 3.42% of the total volume of
the rock samples, which was approximately two-fold that of
that measured without loading (1.72%).

CT images at a 30 MPa load and 50% stress level

The fractures generally propagated faster than the former
conditions and showed a distinct fracture style (Figure 7). On the
plane, fractures continued to develop and new fractures were
initiated (red and yellow circles). They propagated and developed
toward the center of the sample, connecting into a network
system of cracks covering almost the entire sample.

In the XZ slice, fracture @ continued to dilate, fracture @
developed a little, and fracture ® almost healed. The obvious
new cracks were the initiation of fractures @ and ®. Fracture ®
appeared at the beginning of each lenticular crack of fracture @
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and formed a tensile-shear fracture. The most obvious was the
formation of shear fracture ®. Fractures ® and @ formedinaY
shape with an angle of 40°, at 20° to o,. Moreover, certain small
fractures, ®, began to develop opposite fractures M-®@ and
@-®. The foliation-parallel extension fractures along the
preexisting fracture continued to develop, but the aperture
decreased.

In the YZ slice, the fractures showed evolution like those two
slices. Large cracks were observed in the upper portion of the
sample, propagated by the former small cracks. Smaller fractures
occurred at the lower part and opposite the large fractures.

The three-dimensional CT images revealed that the across-
bedding cracks continued to develop into through-going macro
fractures. In the three-dimensional perspective, the fracture network
continued to expand with increasingly large fractures in strong
bright red. Other fractures further developed and were connected by
small and across-bedding fractures. Under this loading condition,
the increases in fracture opening and extension length jointly
contributed to the fracture volume, which increased from 3.42 to
8.20% (more than two-fold).

CT images at a 45 MPa load and 70% stress level

Under a loading press of 45 MPa and a stress level of 75%,
fractures propagated inside and down the sample (Figure 7).
In the XZ slice, a new crack (No. @), parallel to fracture ®),
was initiated. To the right side, fracture ® was initiated and a
long shear crack (No.®) occurred, which extended almost to
the bottom of the sample. Moreover, many near-parallel small
cracks developed in the middle of the sample, connecting
fractures @ and @ via a “soft linkage.” At this stage, the
opening of many bed-parallel extensional fractures decreased
or even healed.

In the YZ cross-section slice, the fractures showed an
evolution like that in the XZ slice. In the left part (back of the
sample), large cracks (below the red circle) developed downward;
in the front of the sample, cracks appeared deep in the sample.
Therefore, the fracture images showed increasingly large cracks
around the circle and increasingly small cracks at the center
(Figure 7). Furthermore, the bedding-parallel fractures that
existed before loading were almost healed.

The three-dimensional CT images showed that the cracks
continued to expand and extend as penetrating cracks. The
longest penetrated vertically down the entire sample. The
number of fractures increased significantly, the crack spacing
became increasingly smaller, and the density of network cracks
increased.

The three-dimensional red trace perspective showed that
the net fracture ran through the upper part of the sample and
the
development was observed in the black area. At this stress

partially reached bottom. Moreover, no crack
level, the proportion of fracture volume increased from 8.20%
to the final 13.17% of the test, although it was not an

exponential increase.
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Binomial fitting was performed between the obtained
fracture volumes of sample CCO5 under the above uniaxial
loading pressure. The load and scan were performed four
times, providing a total of four data points. Despite the lack
of data, it still showed a parabolic result (Figure 8). The
correlation coefficient between the fracture volume ratio and
the axial pressure, 0.981, indicated that these factors were highly
correlated. In general, the fracture volume increased with
increasing uniaxial loading pressure, indicating the gradual
initiation, propagation, and penetration of micro-fractures
during continuous loading, thereby generating a fracture
network
proportional. After the axial pressure increased to 50%, the

system. However, the two were not directly
slope of the fitting curve gradually decreased, indicating that
the fracture volume increased slowly after reaching a certain

value.

Dynamic fracture development and evolution in
a low-permeability reservoir with weak
heterogeneity

The relatively tight rock in low-permeability reservoirs such
as sandstone and siltstone, with no bed-parallel or diagenetic
fractures, is a type of reservoir showing weak heterogeneity.
Sample CC02 was selected for fracture development and
evolution tests as a representative of weak heterogeneous
reservoirs (Figure 9).

Scanning of the slice images showed no bedding or fractures
inside the sample before loading. In addition, no cracks were
initiated in the uniaxial compression with compression pressure
values of 15 and 30 MPa and stress levels of 25 and 50%, respectively.

When the loading pressure was increased to 45 MPa and the
stress level to 75%, a shear fracture with a high dip angle of 85°
was finally initiated in the XZ slice. This shear fracture was long
and straight, with a decreasing width from the bottom to the
top. In the YZ slice, two fractures were initiated; whereas in the
plane, two shear fractures were observed: stepping in en-
énchelon in the middle with another terminating with horse-
tailing microfractures (Figure 9).

The three-dimensional red tracer revealed the three-
dimensional characteristics of the fracture. The fracture was
not continuous in the upper sample (black image). The
proportion of the fracture volume was only 0.67%, indicating
a very undeveloped fracture in the sample.

When the loading pressure increased to 54 MPa, the fracture
became straighter and wider. The three-dimensional red
perspective, showed continuous connection of the fracture in
the middle and lower parts of the sample, indicated with a bright
red color. However, this fracture did not propagate toward the
upper part of the sample. Moreover, although the proportion of
fracture volume increased from 0.67% to 0.81%, it remained an
undeveloped fracture in the sample.

Overall, the above tests revealed the fracture evolution law at
different heterogeneities (Figures 7, 9). Fractures in the relatively
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Effects of natural fracture characteristics in different heterogeneity reservoirs on fracturing.

strong heterogenetic low-permeability reservoir gradually initiated,
propagated, and penetrated from top to bottom. Consequently, they
formed a macroscopic crack and a vertical and horizontal network
system. In contrast, fractures were difficult to form in the relatively
weak heterogenetic low-permeability reservoir and formed as
relatively large and long fractures once the loading exceeded the
compressive strength of the rock. These results help to clarify the role
of fractures in the hydraulic fracturing of oil wells.

Discussion

Effects of heterogeneity on fracture
mechanisms

Griffith reported that randomly oriented and distributed
intragranular microfractures in rock controlled the brittle
strength of rock. Microscopic cracks, pores, and other flaws
weaken rocks. Stress is generally concentrated at the tips of
open microfractures in a rock, and the concentration increases
with decreasing thickness/length ratio of the microfracture
(Figure 10A) (Fossen, 2016). Local atomic bonds can be
broken by this concentration, causing microcrack growth
and further increasing the stress concentration at its tips to
promote continued crack propagation (Fossen, 2016). Thus,
microscale heterogeneities in the form of microfractures
reduce rock strength. Mechanical weak layers, such as

bedding, pre-existing bedding-parallel fractures, or
mudstone layers in the reservoir make it thinner.
Compared to weakly heterogeneous rocks, strongly

heterogeneous rocks show lower uniaxial compressive
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10B).
fractures were more likely to occur (Figure 7).

strength  (Figure In uniaxial compression tests,

Preexisting mechanic weak surfaces such as bedding,
diagenetic fractures, and preexisting fractures lead to rock
The
differences in critical differential stress may vary by several

anisotropy  stemming from sedimentary factors.
hundred percent, depending on the orientation (Fossen,
2016). Therefore, rock with a planar anisotropy will fail either
along or across the weak surface. In sample CCO5, the preexisting
mechanically weak surfaces decreased the critical differential
stress (Figure 10B) and the fractures occurred at 15 MPa.
Most of the preexisting mechanically weak surfaces in
CCO05 were oriented perpendicular to oy; thus, across-bedding
shear fractures formed at 20° to 0,. New fractures were formed
with gradually increasing loading. Therefore, fractures have a
relatively large density and long development period (Figure 7,
Figure 10C). Meanwhile, foliation-parallel extension fractures
along the preexisting fracture developed at low stress (15 and
30 MPa) and were undeveloped or healed at high stress levels
(45 MPa) (Figure 7). In contrast, without mechanically weak
surfaces, the fractures were initiated only in relatively large
differential stress (Figure 9, Figure 10C). Thus, fractures have
a relatively small density and short development period
(Figure 9).

Natural fracture development laws in oil
well fracturing

The core observations and calculations showed that
natural fracture (NF) volume densities of relatively strong
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and weak heterogeneity in E,s,* were 0.28 and 0.15 m*/m?,
respectively. This result indicated an undeveloped fracture in
the study area. Furthermore, enhanced oil and gas production
can be achieved by fracturing. Fracturing efficiently provides a
faster and higher conductivity pathway into the reservoir (Gil
et al., 2011). Discontinuities such as faults, unbounded
bedding planes, and joints may significantly influence
fracture shape during fracturing (Warpinski and Teufel
1987). Moreover, the HF may terminate, cross, or bypass
the NF (Kolawole and Ispas 2020). Furthermore, the height
constraint of the NF within stress barriers may impede the HF
from crossing and cause arrest (Morris et al., 2016; Huang
et al,, 2018), leading to NF dilation, reactivation by shearing,
and both shearing and dilation (Kolawole and Ispas 2020).
The HF crosses the NF in the high and medium-to-high
approach angles by propagating, dilating, or not dilating
the NF in high-normal confining stress and strong NF
interface bonding (Meng & de Pater, 2010). During
fracturing, the HF propagates from the tip of the NF and
diverts parallel to the HF, which terminates to the HF or is
constrained by the NF in unidirectional and bidirectional
stepping (Potluri et al., 2005; Kolawole and Ispas 2020).
Therefore, the heterogeneity of low-permeability reservoirs
plays an important role in hydraulic fracturing.

These results and those of the natural fracture analysis
demonstrate that a strong-heterogeneity reservoir is more
favorable to the fracturing effect compared to a weak-
heterogeneity reservoir. The results based on the CT scans
showed that fractures initiated and propagated easily in the
strong-heterogeneity reservoir with bedding or pre-existing
bedding-parallel fractures (Figure 7). Therefore, HF is
produced more easily compared to a weak-heterogeneity
reservoir under the same fracturing pressure. Although
fractures are arrested when their tips propagate to the weak
layer, which constrains expansion in the length direction,
further fractures are produced in the production layer to
enhance the oil channel. In contrast, in low-permeability
reservoirs with relatively weak heterogeneity, fractures are
hard to initiate. Therefore, the heterogeneity and mechanical
properties of reservoirs of the kick-off point play a vital role in
fracturing.

Experimental and numerical investigation showed that
the approach angle affected the HF and NF interaction table
(Zhu et al,, 2018). A high approach angle (larger than 60°)
between the HF and NF caused the HF to more easily cross
the NF compared to angles <60°. Moreover, when the angle
decreased, the HF was arrested at the NF plane (Fatahi et al.,
2017; Wang et al., 2018). Therefore, bedding parallel fractures
and NFs with dip angles <30° made it easier for hydraulic
cracks to pass through and form long hydraulic cracks,
whereas natural fractures with dip angles >30° arrested
HFs at the NF plane.
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When a fracture is initiated, it grows in the vertical and
planar directions (Figures 7, 9). Compared to the fracture vertical
growth, fractures may grow efficiently in other directions in
planar. A high approach angle (>50°) and low differential
horizontal stresses (<10 MPa) resulted in the HF crossing the
NF (Zhu et al., 2018). Therefore, the strike of the NF can affect
the propagation and termination of the HF.

Considering the approaching angle and horizontal
differential stress, the results of this study proposed an
actual model of fracturing to illustrate the effects of
natural fracture characteristics in different heterogeneity
reservoirs to fracturing (Figure 11). The best fracturing
direction was along approach angles of 50°-90° to the
dominant natural fracture, together with low differential
horizontal stresses.

As mentioned above, the preferred direction of the NF in the
study area was 15° (Figure 3B). Hence, the best fracturing
direction was 65°-105°, with an approach angle of 50°-90°
(Figure 11). Wells C41-17 and C41X47 in the C41 block were
selected for fracturing work. The simulated minimum principal
stress in Well C41-17 was 55 MPa, while the maximum principal
stress measured by acoustic emission was 66 MPa (Liu et al.,
2003). Thus, the horizontal differential stress was 11 MPa, which
met the needs for the best fracturing effect. As mentioned above,
the HF will cross the NF easily at a high approach angle and small
differential horizontal stresses. The hydraulic fracturing
produced HFs in strikes of 64.1°and 51° in Wells C41-17 and
C41X47, respectively (Figure 1B), which was consistent with the
theoretical findings.

Conclusion

This study investigated the three-dimensional evolution of
fracture initiation and propagation in different heterogeneity
conditions of low-permeability reservoirs by analysis of the core
fractures and X-ray computed tomography scans in uniaxial
compression tests with loading and unloading. The following
conclusions resulted from these analyses:

1) The heterogeneity of low-permeability reservoirs affects the
development of natural fractures. In strong-heterogeneity
reservoirs with a pre-existing mechanical weak surface
(bedding, diagenetic, etc.), many structural fractures develop
and the fracture density is high. In contrast, structural
fractures do not develop in weakly heterogeneous reservoirs
without a pre-existing mechanical weak surface. These cases
develop few fractures and show a low fracture density.

2

—

The development and evolution of 3D fractures are controlled by
reservoir heterogeneity, load value, and direction. CT scans of
strong-heterogeneity reservoirs showed that the fractures
initiated and propagated from shallow to deep depths under
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relatively small loading values. The initial crack was often a
tensile fracture, which propagated into hybrid and shear
fractures. These fractures intersected to form a complex and
interconnected three-dimensional fracture body. In contrast, in
weak-heterogeneity reservoirs with only large load values, the
initial fractures often occur as large shear fractures. In addition,
they step into the en-énchelon in the middle, terminating with
horse-tailing microfractures in the plane. Therefore, a relatively
simple 3D fracture system develops.

3) The reservoir heterogeneity controls the fracture stage and
density. In strong-heterogeneity reservoirs, the fractures show
long propagation and growth stages with large fracture
densities. The fracture increase rate is positively correlated
with the uniaxial loading value. In contrast, microfracture
initiation is difficult in weak-heterogeneity reservoirs.
Therefore, the fracture development period is relatively
short, the formation period starts relatively later, and the
fracture density is low.

4) A better fracturing effect can be achieved by selecting a
reservoir with strong heterogeneity, along the direction at
an angle >50° with respect to the natural fracture with small
differential horizontal stresses.
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