
Research Article
Characteristics of Fracture Propagation Induced by Supercritical
CO2 in Inter-Salt-Shale Reservoir

Yixiang Zhang,1,2,3 Jianming He ,1,2,3 Fengxia Li,4 Xin Fan,4 and Xiao Li1,2,3

1Key Laboratory of Shale Gas and Geoengineering, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing 100029, China
2Institutions of Earth Science, Chinese Academy of Sciences, Beijing 100029, China
3University of Chinese Academy of Sciences, Beijing 100049, China
4State Key Laboratory of Shale Oil and Gas Enrichment Mechanisms and Effective Development, SINOPEC Exploration &
Production Research Institute, Beijing 100083, China

Correspondence should be addressed to Jianming He; hjm@mail.iggcas.ac.cn

Received 11 September 2018; Revised 3 January 2019; Accepted 10 February 2019; Published 10 April 2019

Academic Editor: Julie K. Pearce

Copyright © 2019 Yixiang Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Hydraulic fracturing using freshwater is difficult for the commercial exploitation of a shale oil reservoir in Jianghan Basin with a
continental saline lake basin sedimentary background. Supercritical CO2 (SC-CO2) is a promising fracturing fluid under
consideration for the reservoir stimulation, especially in the case of the presence of water sensible salt layers. In this study, SC-
CO2 fracturing experiments on the inter-salt-shale and salt specimens, which were obtained from the drilling well, were carried
out in the laboratory. The characteristics of fracture propagation, including morphology and width variation, were analyzed
based on the observations of a stereoscopic microscope, X-ray micro-CT scanner, and 3D scanner. The existing weak planes in
the shale can really impact the fracture propagation in SC-CO2 fracturing. Deflection, branching, and approaching can occur
during the process of fracture propagation. The average width value of the reactivated natural fracture is bigger than that of a
newly created fracture. In addition, the fracturing results indicate the greater breakdown pressure of rock salt if compared with
the inter-salt-shale. The induced fractures in the salt specimen are compact and smaller in average width than those in the shale
specimen. The higher breakdown pressure and relatively smaller fracture width of rock salt are real challenges for the fracturing
of an inter-salt-shale oil reservoir.

1. Introduction

Shale oil has recently been found in the Jianghan Basin,
revealing a new field for exploring and developing shale oil
[1–3]. Qianjiang Sag is located in the middle of the Jianghan
Basin, which is the main salt-forming center, rich in the
hydrocarbon source [4]. The oil is developed in the inter-
salt-shale reservoir of the southern sag resulting from a
unique continental saline lake basin sedimentary back-
ground. The inter-salt-shale reservoir, ranging from dozens
of centimeters to a few meters in thickness, is distributed in
the continental basin [5–8]. Hydraulic fracturing using fresh-
water as the fracturing fluid is difficult for the commercial
exploitation of a shale oil reservoir due to the presence of
mixed salt.

Supercritical CO2 has great potential as a fracturing fluid
to stimulate this special reservoir, which can cause wettability
alteration on the low permeability reservoir and lower the
surface tension and viscosity of the oil to improve the dis-
placement [9–12]. The studies by Zhang et al. [13] indicate
that SC-CO2 is considered as an ideal nonaqueous fracturing
fluid which can produce a denser crack network. In addition,
SC-CO2 has the traits of low viscosity like a gas and high den-
sity like a liquid [14, 15]. There are multiple aspects of
research results on SC-CO2 fracturing fluid in its viscous
properties and superiorities. Fracturing experiments on shale
and granite, using fluids of different viscosities, show that SC-
CO2 can induce a shear-dominant fracture with more
branches and generate cracks extending more three dimen-
sionally with a greater fractal dimension [16–19]. Li et al.
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[20] explored the usage of H2O, CO2, and N2 as stimulants
on Green River shale. The results show that CO2 fracturing
can create nominally the most complex fracturing patterns
as well as the roughest fracture surface and the greatest
apparent local damage. Zhou and Burbey [21] used numeri-
cal simulations to indicate that thin fluids, such as CO2,
would induce thinner and shorter fractures than fluids exhi-
biting properties similar to water. The results of an experi-
ment and numerical simulation by Wang et al. [22] indicate
that SC-CO2-based fracturing has a lower breakdown pres-
sure and may develop more complex fractures than those
developed with water-based and oil-based fracturing.
Supercritical CO2 fracturing experiments on marine shale
indicated that anisotropy has a significant impact on the
mechanical behavior and fracture propagation of shale [23].

Comparing with shale in North America and other parts
of China, the shale in Jianghan Basin has a mineral composi-
tion of low clay and quartz content and high carbonate con-
tent (Figure 1) [6]. The characteristics of transverse isotropy
and salt layer mixture in the reservoir can lead to complex
fracture propagation in fracturing stimulation. We per-
formed SC-CO2 fracturing experiments on the inter-salt-
shale and salt specimens for study on the propagation of
hydraulic fractures and fracture width variation. The rock
specimens were obtained from the reservoir in Jianghan
Basin. The fracture morphology and width were analyzed
and failure patterns were summarized.

2. Experiment Method

The rock cores of inter-salt-shale were obtained from the
drilling well in Qianjiang Formation in Qianjiang Sag of Jian-
ghan Basin. The shale specimen composition with developed
bedding structures is complex, and cracks can be observed
with the naked eyes on the lateral surface (Figure 2). In this
study, two kinds of specimens were prepared for the experi-
ment. One is the cylindrical shale and salt specimens with
dimensions of 100mm in diameter and 120mm in height,
and the other is the cylindrical shale specimens with diameter
of 25mm and height of 50mm. Among these specimens, the
smaller specimens were obtained by drilling along (near-
vertical) and perpendicular (near-horizontal) to the bedding
orientation to consider the anisotropy. The blind boreholes
were drilled with 10mm and 4mm in diameter along the
central axis of the specimens for the injection of the fractur-
ing fluid (Figure 2). Depth of the blind borehole was kept as
half of the specimen height.

The SC-CO2 fracturing experiments of the specimens
were conducted on the TAW-2000 servo-controlled triaxial
compression machine accompanied with a SC-CO2 genera-
tor in the laboratory. Figure 3 shows the schematic diagram
of the whole fracturing system. The triaxial compression
machine can provide confining pressure and axial loading
on the specimen with a precision of 0.05MPa and 20 kN,
respectively. The hydraulic pump and temperature controller
can hold the CO2 above its critical pressure and temperature
to achieve the supercritical state for hydraulic fracturing. The
hydraulic pump is an ISCO syringe pump with a maximum
pressure of 60MPa and the accuracy value is 0.3MPa. A

temperature transducer with a range of 0-100°C and an accu-
racy of 0.1°C was used to detect the inlet temperature of CO2
injected into the specimens.

SC-CO2 fracturing experiments were performed on the
specimens under the axial stress of 25MPa and confining
pressure of 20MPa, in which the injection rate of the fractur-
ing fluid was set as 40ml/min. After the installation of the
rock specimens in the loading chamber, the values of the con-
fining pressure and axial stress were increased to the target
level. This was followed by injecting the fracturing fluid at a
constant rate into the specimen through the borehole. The
fractured specimen was retrieved after the experiment for
the subsequent test. A high-precision X-ray micro-CT scan-
ning device was employed to obtain the internal fracture dis-
tribution of the fractured specimen. CT technology allows us
to virtually cut through the sample at any given location. In
this study, X-ray CT scanning tests were performed at
140 keV and 72mA for optimum image quality and contrast.
The specimens were rotated continuously during the scan-
ning with momentary stops to collect each projection and
minimize the artifacts with an image voxel size of 52μm.
Every sample was scanned to obtain 1000 CT slices along
the vertical direction from top to bottom. The Leica M205A
microscope was employed to measure the hydraulic fractures
on the lateral surface. It enables us to obtain micrographs
with high definition and measure the fracture width on the
surface of the specimen. In addition, a 3D scanner was used
to measure the fracture surfaces of the fractured specimens
to evaluate the fracturing results.

3. Results and Discussion

The mechanical parameters of the elastic modulus and
Poisson’s ratio were obtained to calibrate the characteristics
of the specimens [24]. The results from all the rock prop-
erty tests and the mechanical strength parameters are given
in Table 1.
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Figure 1: Mineral content comparison of shale from the Qianjiang
Formation in Jianghan Basin, North America (Woodford and
Barnett), and other regions in China (Hetang Formation from
southern Anhui, Longmaxi and Qiongzhusi Formation from
southern Sichuan). Modified from [6].
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The SC-CO2 fracturing experiments on inter-salt-shale
specimens with two different bedding orientations and a salt
specimen were performed in this study. Table 2 summarizes
the breakdown pressure and corresponding experimental
conditions of these experiments. In this section, the failure
patterns, fracture width, and surface roughness of the
hydraulic fractures are characterized quantitatively.

3.1. Development of Pump Pressure Curves for SC-CO2
Fracturing. The curves of the pump pressure versus time
for SC-CO2 fracturing of the inter-shale and salt specimens

are shown in Figure 4. The specimens of Nos.1, 2, and 3 have
the near-horizontal bedding orientations, while the speci-
mens of Nos.4, 5, and 6 have the near-vertical bedding orien-
tations. The specimen of No.7 is the relatively homogeneous
rock salt. The stress conditions with axial stress σa = 25 MPa
and confining pressure σc = 20 MPa were applied on the
specimens, and the injection rate of the fracturing fluid was
set as 40ml/min. The compressibility of CO2 decreases with
the increase of pressure under the constant temperature con-
dition. Obviously, the greater volume compressibility under
low pressures illustrates the lower loading rate of the pump
pressure at the initial stage of the fracturing experiment.
The loading rate of the pump pressure increased gradually
with the constant injection rate of SC-CO2 before the occur-
rence of fracturing, which is closely related to the compress-
ibility of CO2 under different pressures. Comparing the
breakdown pressures of the salt specimen (No.7) and the rest
of the specimens (No.1-No.6), the salt specimen shows a
slightly bigger value if compared with the intershale
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Figure 2: Diagram of drilled cores (a) and bedding structures of shale specimens (b).
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Figure 3: Schematic of the SC-CO2 fracturing system.

Table 1: Mechanical parameters of the specimens.

Bedding
orientation

Confining
pressure

Poisson’s
ratio

Young’s
modulus
(GPa)

Compressive
strength
(MPa)

Vertical 0 0.21 1.06 35.10

Horizontal 0 0.17 2.2 20.06
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specimen. Therefore, shale is more likely to fracture if com-
pared with the relatively homogeneous salt due to the pres-
ence of obvious weak planes.

3.2. Fracture of the Shale Specimens. Figure 5 shows the fail-
ure patterns of the inter-salt-shale specimens, in which the
fractures of specimens were closely related to the sedimen-
tary structures. The specimens of No.1, No.2, and No.3 were
fractured into two halves along the near-horizontal bedding
planes obviously. These shale specimens were easier to break
along the preexisting weak planes under the hydraulic pres-
sure. For the specimens of No.4 and No.5 with near-vertical
bedding planes, approximately symmetrical fractures can be
seen at the two ends of the specimens. However, there were
only a few cracks visible to the naked eyes on the surface.
These cracks developed along the sedimentary plane only
near the hole. As for the fracture morphology in the internal
structures, a high-precision X-ray micro-CT scanning device
was employed to conduct the X-ray microtomography tests
to obtain it in a nondestructive way. Figure 6 shows five

typical CT images (slices 200, 400, 500, 600, and 800) of spec-
imen No.5 with the internal morphology of fractures induced
by SC-CO2. The hydraulic fractures mainly propagate along
the bedding orientation. More micro cracks were developed
on the half section with the borehole of the specimen besides
the two symmetrical main fractures. However, a few micro
cracks were available on the other half of the specimen on
the CT images.

Morphology of the fracture surfaces was obtained
through the 3D scanner, and Figure 7 shows the recon-
structed fracture surfaces based on the scanning data. The
parameter of the Area Ratio (AR) was calculated to describe
the roughness of fracture surfaces quantitatively, which is
defined as the ratio of actual contact area to projected area
of the main fracture surface [25]. The actual area of the frac-
ture can be calculated by the reconstructed fracture surface,
and the projected area is the cross-sectional area of each spec-
imen core minus the borehole area. The AR values of Nos.1,
2, and 3 are 1.42, 1.38, and 1.41, respectively. Zhao et al. [26]
had measured the AR values of continental shale from the

Table 2: Summary of the breakdown pressures under the corresponding experimental conditions.

Core
number

Lithology
Bedding

orientation
Diameter
(mm)

Height
(mm)

Axial
(MPa)

Confining pressure
(MPa)

Injection rate
(ml/min)

Breakdown pressure
(MPa)

No.1 Shale Near-horizontal 25 50 25 20 40 20.17

No.2 Shale Near-horizontal 25 50 25 20 40 21.22

No.3 Shale Near-horizontal 25 50 25 20 40 20.13

No.4 Shale Near-vertical 25 50 25 20 40 20.10

No.5 Shale Near-vertical 25 50 25 20 40 21.10

No.6 Shale Near-vertical 100 120 25 20 40 20.48

No.7 Salt — 100 120 25 20 40 23.70
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Figure 4: Pump pressure curves of the different specimens versus time.
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(a) The fractured specimens of Nos.1, 2, and 3 with near-horizontal bedding orientation

4 5

(b) The fractured specimens of Nos.4 and 5 with near-vertical bedding orientation

Figure 5: The photograph of fractured inter-salt-shale specimens and corresponding diagram of the failure pattern.

Figure 6: Typical CT images of the fractured specimen No.5 for the slice (200, 400, 500, 600, and 800); the yellow and red dash lines represent
the main fractures and micro cracks induced by SC-CO2, respectively.

No.1, AR=1.42 No.2, AR=1.38 No.3, AR=1.41

Figure 7: Reconstructed fracture surfaces by the 3D scanner.
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Ordos Basin in China, which are much smaller than the AR
values in this study. Shale of the Qianjiang Formation from
Jianghan Basin shows the characteristics of low clay and high
carbonate content [6], so the high content of brittle minerals
can result in rougher fracture surfaces comparing with the
continental shale.

3.3. Comparison of Fractures in Shale and Salt. The morphol-
ogy of the fracture has significant effects on the fluid flow in
the fractures, and it can change the hydraulic conductivity
[27–29]. In this study, fracture propagation on the lateral sur-
faces of the shale and salt specimens was observed for illus-
tration of the fracture morphology.

Figure 8 shows the photographs and schematic diagrams
of fractured shale and salt specimens. In general, the fracture
propagation induced by SC-CO2 in the salt specimen mainly
develops along the boundaries of crystal grains around the
borehole, which can break the specimen in half. However,
the natural fractures (e.g., bedding planes) really could influ-
ence the hydraulic fractures for the shale specimen, in which
the hydraulic fractures mainly develop along the natural frac-
tures. In addition, hydraulic fractures near the borehole were
more developed in both the shale and salt specimens.
Figure 9 shows several typical local fracture morphology pat-
terns of shale with an amplification factor of 10. Deflection,
branching, and approaching can occur during the fracture
propagation, which are the foundation of a complex fracture
network to enhance the reservoir permeability significantly.

The fractures induced by SC-CO2 fracturing constitute
the pathways of the exploitation of oil and gas resources.
The width of hydraulic fractures plays an important role in

the transportation efficiency of oil and gas resources.
Figure 10 shows the morphology of the hydraulic fractures
on the lateral surface of the shale specimen, including the
newly created fractures and reactivated natural fractures.
To illustrate the characteristics of the width variation along
the fracture pathway, the fracture width on the lateral side
of the specimen was measured through a stereomicroscope.
In consideration of fracture tortuosity, the width values were
measured using the segmental observation method, which
was carried out once in a 1mm long straight-line segment
along the axial direction.

Figure 11 shows the variation of the fracture width along
the axis direction of the specimen. It is indicated that the
width values of the fracture in the half of the specimen with
the borehole are generally greater if compared with the other
half. In addition, the average width value of the natural frac-
ture (Figure 11) is greater than that of the newly created frac-
ture. This implies that the reactivated natural fracture is more
conducive for oil transportation in shale if compared with the
newly created fracture.

Figure 12 shows the hydraulic fractures on the lateral sur-
face of the salt specimen and the local enlarged images. The
fractures mainly propagate along the common boundaries
of the crystal grains. If there is a small amount of mud in
the salt, the weak intergranular cohesion is conducive to frac-
ture expansion. Figure 13 shows the variation of the fracture
width along the axis direction of the specimen. In general, the
average fracture width values on the side surface are smaller
than those of the shale specimen. For the salt with large crys-
tal grains, the fracture surface with large roughness hinders
its shear sliding. However, under the action of deviatoric

(a) (b)

Figure 8: The macroscopic distribution of the hydraulic fractures ((a) salt; (b) shale).

Figure 9: Typical local morphology patterns of the fractured shale.

6 Geofluids



Fracture width
Average width value

800

600

400Fr
ac

tu
re

 w
id

th
 (�휇

m
)

0 20 40 60 80 100 120
200

Y
Fracture pathway (mm)

Fracture width
Average width value

800

600

400

Fr
ac

tu
re

 w
id

th
 (�휇

m
)

0 20 40 60 80 100 120

200

Y
Fracture pathway (mm)

Figure 11: The variation of the fracture width along the axial direction in the shale specimen.

Figure 12: The morphology of hydraulic fractures on the lateral side of the salt specimen.

(a) Main fracture induced by SC-CO2

(b) Opening natural fracture

Figure 10: The morphology of hydraulic fractures on the side surface of the shale specimen.
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stress, the shear slip occurs comparatively among the frac-
tures of shale due to fine clay grains with small friction.
Therefore, the hydraulic fractures of the salt specimen are
compact and relatively narrow in width. In addition, when
the hydraulic fracture extends encountering the mud mix-
ture, it is easy to propagate along the boundary and tends
to be of greater width.

4. Conclusions

The inter-salt-shale oil reservoir in Jianghan Basin has a con-
tinental saline lake basin sedimentary background. The shale
matrix with the salt layer mixture is particularly sensitive to
the presence of water and can lead to complex fracturing
characteristics. In this study, a series of fracturing experi-
ments were performed on the intersalt specimens to study
the breakdown pressure and fracture propagation using SC-
CO2. The following conclusions can be obtained:

(1) The inter-salt-shale with developed bedding struc-
tures is easier to be fractured along the bedding
planes under SC-CO2 fracturing. Such reactivated
natural fractures are critical for the oil production,
and they generally show greater width values than
newly created fractures. For the salt layer mixture in
shale, the weak intergranular cohesion is conducive
to the fracture propagation

(2) Affected by natural bedding planes, three patterns of
fracture propagation occur in shale fracturing,
including deflection, branching, and approaching.
However, the hydraulic fractures mainly propagate
along the common boundaries of crystal grains for
the salt layer

(3) The fracturing fluid of SC-CO2 can avoid the damage
of salt to protect the reservoir in the inter-salt-shale
reservoir. The hydraulic fracture propagation of the
inter-salt-shale reservoir is hindered by salt layers

due to its higher breakdown pressure and relatively
narrow fracture width during the SC-CO2 fracturing
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