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Oil, coal, and natural gas are traditional fossil energy sources and the main components
of primary energy consumption globally. They will also remain the world’s major energy
sources for a significant amount of time to come. The energy information administration’s
2019 energy report predicts that global energy consumption will continue to grow until
2050 [1]. Meanwhile, however, increasingly more attention is being paid to protecting
the ecological environment. On the one hand, there is a movement to gradually seek,
develop, and utilize renewable green energy. From 2020 to 2021, global renewable energy
consumption increased by 15%. On the other hand, people are also constantly exploring
high-efficiency fossil energy exploitation technologies that are environmentally friendly
and reduce the negative environmental impacts of these energy sources while meeting the
human demand for energy.

According to the relevant research data of some scholars, the world’s recoverable
oil reserves are about 95.6 × 1010 t, of which unconventional oil resources account for
about 44%. The estimated recoverable natural gas reserves are 783.8 × 1012 m3, of which
about 25% comprise unconventional natural gas resources. It is estimated that global
unconventional oil production will exceed 10 × 108 t, accounting for about 20% of the
world’s total crude oil supply, and that global unconventional natural gas production will
increase to 42% of the world’s total natural gas production [2].

Traditional oil recovery methods, i.e., primary oil recovery and secondary oil recov-
ery, can help make the recovery rate of original oil reach 20~40% [3,4]. The oil recovery
efficiency must be continuously improved to ensure that people have sufficient use of oil
resources [5]. Therefore, researchers have been promoting research into advanced oil extrac-
tion technology. For example, there has been progressed in the application of ultrasound
technology for demulsification and enhanced oil recovery (EOR), large capacity hydraulic
fracturing, and special horizontal wells for shale oil and gas production [6]. The fracturing
of platform wells is key to the efficient development of unconventional oil and gas, and it
has been widely used in oil fields. Field practice shows that different fracturing methods
lead to different stimulation effects [7]. The permeability and porosity of unconventional
reservoirs are usually relatively low, and hydraulic fracturing is often used to improve the
flow performance of the formation, so as to achieve efficient and economic development [8].
Stress differences, rock brittleness, natural fractures, bedding, cluster spacing, fracturing
method, fracturing fluid volume, displacement, and viscosity have important influences on
fracture network complexity (FNC) [7]. Nanofluids and nanomaterials are great prospects
for developing new technologies in the petroleum sector [9]. Therefore, as new technologies
for oil and gas exploitation are constantly put forward and improved, it will promote more
efficient, safe, and economic development of oil and gas. It is also very important for
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researchers to continue to pay attention to and research new technologies for oil and gas
development, and pay attention to the application of these new technologies in engineering.

The world is rich in shale oil resources. As the United States has made excellent
research achievements in shale oil exploration and exploitation, shale oil has become a
major contributor to the growth of crude oil production [10]. The successful exploration
and economic development of marine shale oil in the United States has benefitted from the
continuous improvement of basic geological knowledge [11]. At present, high-yield shale
oil wells in the United States are mostly distributed in the Williston Basin, the Permian
Basin, and the Gulf Coast Basin [12]. Shale oil exploration in China is mainly concentrated
in continental basins. A Research Report points out that medium and high maturity shale oil
is the key area for China’s strategic shale oil breakthrough, and strengthen the exploration
and development of shale oil and gas [13].

Unconventional natural gas resources mainly include tight sandstone gas, coalbed
methane, and shale gas. Unconventional gas reservoirs usually refer to low permeabil-
ity gas reservoirs that do not contain or contain a small amount of associated fluid in
the produced natural gas. In general, large-scale hydraulic fracturing, horizontal wells,
multi-branch wells, and other technologies are used to exploit these kinds of resources
economically and effectively. Natural gas development technology includes fractured gas
reservoir development technology, condensate gas reservoir cyclic injection development
technology, gas lift drainage technology, machine pumped drainage technology, deep car-
bonate gas reservoir development technology, and deep tight sandstone gas reservoir group
development technology, among others. The development technology of these resources
is of great significance for the exploitation of unconventional natural gas resources under
various geological causes and occurrence conditions. In the future, it is not only necessary
to deeply study these technologies, but also to explore new technologies for unconventional
natural gas development in various complex environments, and the actual application
effect of these new technologies should also be verified by the actual project site.

As a clean fossil fuel with huge reserves, natural gas hydrate (NGH) is widely con-
sidered to be an important alternative energy source for the future. NGHs are a kind of
high-concentration natural gas and exist as a crystalline compound formed under low
temperature and high pressure [14,15]. They can burn directly, and so they are also called
“combustible ice”. NGH mainly occurs in the seabed and permafrost, where the high-
pressure and low-temperature conditions required for its stability can be met. NGH has a
significant impact on a series of scientific issues, such as the global carbon cycle, climate
change, and geological disasters [16–18]. Several methods have been proposed for NGH
exploitation [19]. Some studies have shown that depressurization may be a relatively
economical and effective production method for NGHs [20]. Thermal stimulation is a very
common method to improve the decomposition efficiency of natural gas hydrate. The
technology of replacing CH4 with carbon dioxide can not only produce methane but also
store carbon dioxide [21]. CO2 is injected into the deposition layer of NGHs to replace CH4
in the hydrate and store CO2 [22]. Since CO2 hydrate is more stable than CH4 hydrate at the
same temperature and pressure, the CO2 replacement method used for NGH production
can maintain the mechanical stability of deposits [23]. The natural gas hydrate resource
is also recognized globally as having the potential to replace the traditional fossil energy.
Therefore, the research on its development technology is still the focus of energy workers.
Particularly for the continuous improvement of traditional development technology and
the exploration of new technology, there is a lot of research space.

Coal is a common fossil fuel and a valuable energy resource. Coal has been widely
used around the world as a fuel source for transportation, industry, manufacturing, and
power generation [24]. Due to the impact of COVID-19 and other factors, the world
economy has slowed down. Compared with the past, the growth of global coal demand has
slowed down significantly, and global coal consumption will peak in the mid-2020s [25,26].
Coal mining methods include surface mining and underground mining. With continual
coal mining has come advances in coal mining technology, which has gradually been
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innovated upon and improved. Coal mining also requires mining equipment to adapt
to the complex technological and geological changes encountered in the mining process.
Lvu et al. proposed a new fully mechanized top coal caving mining method of mining
the middle layer first for an extra thick coal seam above 20 m [27]. US longwall mining
has employed multiple entry development using a continuous mining system for panel
development and mining in retreat. In Europe, the single arched entry development and
advancing system has been employed [28]. However, longwall caving mining (LCM) can
lead to many environmental problems [29].

With the progress of human society, coal mining is under increasing ecological and
environmental protection pressure. Coal mining and CBM mining may cause changes in
surface topography, groundwater level and connectivity, soil profile, vegetation coverage,
etc. [24]. This requires coal mining activities to be performed in a way that minimizes its
negative impact on the environment. We should also pay attention to the restoration of the
ecological environment after coal mining.

With the development of global internet technology and informatization, coal mining
has become more intelligent and new advances have been made and applied in some coal
mines. Due to complex mining and geological conditions, various sensors and their soft-
ware control algorithms used to detect unexpected underground events must be identified,
developed, and tested successfully in advance to achieve full automation [28]. Rashed
et al. proposed a novel framework for assessing and prioritizing smart mining strategies
by integrating the Z-number theory and the fuzzy-VIKOR technique [30]. The modern
longwall mining method adopted in Germany and the United Kingdom is a true continuous
mining system with great potential to rapidly increase production to meet national energy
needs [28]. China has 34 coal mines (under construction, reconstruction and expansion)
of 10 million-ton and 47 intelligent unmanned coal mining faces [31]. China’s coal mines
have the conditions required for the application of artificial intelligence, the internet, the
Internet of Things (IoT), big data, and other technologies to achieve enhanced coal mining
production [32]. As mines constitute an important part of a country’s economy with a
considerable impact on socioeconomic development, smartening mining activities should
be done to increase efficiency [30]. Therefore, intelligent and ecological coal mining and
environmental remediation have become the forefront of coal mining research.

Energy is an important material basis for promoting the continuous progress of human
society. Scientific researchers and engineering practitioners in the global energy field
are constantly upgrading and developing advanced energy mining technologies. We
cordially invite you to submit your high-quality manuscripts to the Special Issue of the
journal Energies on advanced coal, petroleum, and natural gas exploration technology. The
keywords for this Special Issue include (but are not limited to):

� Unconventional resources;
� Reservoir characterization;
� Enhanced oil recovery;
� Multiphase flow;
� Numerical simulation;
� Energy efficiency;
� Petroleum geology;
� Hydraulic fracturing.

This Special Issue will cover a broad range of topics concerning coal, petroleum,
natural gas, coalbed methane, shale oil, combustible ice, and other fossil energies, as well
as exploration, reservoir characterization, machine learning applications, well logging, and
geological aspects. This issue will approach these topics from both an exploration and a
production standpoint. We invite papers on technical development, basic theories, reviews,
experiment, and engineering case studies in the field of energy development, as well as
research papers in different disciplines that are related to energy themes.
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Abstract: Intelligent unmanned mining is a key process in coal mine production, which has direct
impact on the production safety, coal output, economic benefits and social benefits of coal mine
enterprises. With the rapid development and popularization of 5G+ intelligent mines and coal
mine intelligent equipment in China, the intelligentization of intelligent unmanned mining has
become an important research topic. Especially with the promulgation of some Chinese policies and
regulations, intelligent unmanned mining technology has become one of the key technologies of coal
mine production. To understand the connotation, status quo and development trends of intelligent
unmanned mining, this paper takes the relationship between key technologies and engineering
application of intelligent unmanned mining in China as the perspective. It is proposed that the
intelligent unmanned mining technology is in the whole process of working face mining. A research
structure of unmanned follow-up operation and safe patrol is changing to the mode of intelligent
adaptive mining, followed by the basic concepts and characteristics of intelligent unmanned mining.
Relevant researches that maybe beneficial to the proposed research content are reviewed in four
layers, which include basic theory, key technology, mining mode, and overall design system theory
and technology. Finally, the current intelligent unmanned mining mode and future trends in this field
in China are summarized.

Keywords: intelligent mine; smart mining; intelligent working face; intelligent control; adaptive;
robotic technology

1. Introduction

The application of artificial intelligence, industrial Internet, cloud platform, big data,
robot, 5G and other advanced technologies in the field of intelligent unmanned coal mining
has promoted the innovation and development of intelligent unmanned coal mining in
China’s coal industry [1–3].

In order to implement The guiding opinions on accelerating the intelligent development
of coal mines, jointly issued by the National Development and Reform Commission, the
Energy Bureau, the Ministry of Emergency, the Coal Supervision Bureau, the Ministry of
Industry and Information Technology, the Ministry of Finance, the Ministry of Science and
Technology, and the Ministry of Education [4], as of November 2020, five provinces in
China have given specific implementation plans or opinions on the intelligent construction
of coal mines. It includes The Implementation Plan of Intelligent Coal Mine Construction in
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Henan Province, The Implementation Plan of Intelligent Coal Mine Construction in Shandong
Province, The Implementation Opinions of Intelligent Coal Mine Construction in Shanxi Province,
The Implementation Plan of Intelligent Coal Mine Development in Guizhou Province (2020–
2025) and The Implementation Opinions of Accelerating Intelligent Coal Mine Development
in Yunnan Province. On 8 December 2020, Shanxi Provincial Energy Bureau issued the
Evaluation Method for Intelligent Construction of Coal Mines in the Province (Trial) and
the Basic Requirements and Scoring Method for Intelligent Construction of Coal Mines in
the Province (Trial). The promulgation and implementation of the implementation plans
or opinions for the intelligent construction of coal mines will provide policy basis for the
development of intelligent unmanned mining [5–8].

Intelligent unmanned mining is a key process in the production of coal mines, metal
mines, non-metal mines and other mining industries, which directly affects the safety,
output and benefit [9,10]. However, although intelligent unmanned mining breaks the
traditional idea of controlling the target with single machine position on the basis of manual
operation, it improves the degree of automation of fully-mechanized mining, liberates
workers from the working face, and realizes the reduction of personnel in working face
mining. However, there are also limitations: the level of intelligent construction of coal
mines is unbalanced; the level of regional intelligentization with good geological conditions
in western China is higher; and the level of regional intelligentization with poor geological
conditions in southwestern China is lower [11].

With the rapid development of intelligent unmanned mining technology, a large
amount of real-time data and historical data will be generated during the coal mining
process, how to collect and monitor those data and experience knowledge, how to realize a
higher level of intelligent mining through key technologies, and how to realize unmanned
mining of working face. These problems have gradually become research hotspots [12].

Therefore, this paper constructs the research system architecture of the intelligent
unmanned mining in the technology-driven mode, introduces the basic concepts and
characteristics of the intelligent unmanned mining, and explores the key technologies of
intelligent unmanned mining, and summarizes the intelligent unmanned mining mode.
Combined with the application of the intelligent unmanned mining in typical coal mines, it
points out the problems existing in the research of intelligent unmanned mining in coal
mines in China. Finally, the development trend of China’s intelligent unmanned mining
is prospected.

2. The Development History of Unmanned Mining Technology

Intelligent unmanned mining is developed on the basis of mechanization, automa-
tion, systematization and visualization. At present, unmanned mining technology mainly
includes auger unmanned mining, coal planer unmanned mining, comprehensive mecha-
nized unmanned mining, and intelligent unmanned fully-mechanized mining. Unmanned
coal mining with auger rigs is generally suitable for the mining of thin coal seams or very
thin coal seams, and some coal mines are also used for the mining of side coal in the open
pit [13]. At present, three-axis auger has been widely used in coal mining at home and
abroad. Unoperated coal plough mining is generally applicable to thin coal seam with coal
seam inclination less than 25◦ and a stable slope of working face, extremely thin coal seam,
or coal seam with high gas content [14]. Compared with auger drills, coal ploughs are more
stable and reliable, low cost and with a high degree of automation. Intelligent unmanned
mining is generally used for the mining of medium and thick coal seams. Through the
intelligent control system of the working face, the use of visual remote monitoring is used to
realize the intelligent operation of coal mining, support, and coal transportation at the work-
ing face. Intelligent fully-mechanized caving for extra-thick coal seams is mainly achieved
through the use of ultra-large mining height top coal caving hydraulic supports, intelligent
coal caving systems, intelligent control of key technologies, etc., to achieve intelligent
mining [15,16]. Comprehensive mechanized unmanned coal mining is of great significance
to the development of intelligent unmanned mining. With the development of integrated
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mechanized unmanned coal mining, new technologies have emerged, including intelligent
unmanned mining basic platforms, intelligent hydraulic support systems [17], intelligent
mining models, and underground autonomous vehicles [18], etc., which have greatly pro-
moted the development of intelligent unmanned mining developing. The fully-mechanized
coal mining face is transforming from mechanization to automation, eventually on the
basis of traditional fully-mechanized mining technology, the use of hydraulic supports,
coal winning machines, scraper conveyors, and other mining equipment with perception,
decision-making and execution capabilities are used to automate the control system in the
core, and visual remote monitoring is used as the means to realize the safe and efficient
mining mode of “unmanned follow-up operation and manned safety patrol” in the whole
process of coal mining at the working face [19].

3. Present Situation of Intelligent Unmanned Mining in China

China’s intelligent unmanned mining has developed rapidly. Up to now, more than
300 intelligent coal mining working faces have been built. Coal production has realized
a historic leap from manual operation to mechanization, automation, informationization
and intelligence. With the application of new technologies and equipment such as 5G+
intelligent mines, coal mine robots, and coal mine intelligent equipment in intelligent
unmanned mining, the intelligent development of coal mine in China has ushered in new
development opportunities [20].

Chinese scholars have done a lot of research work in the field of intelligent unmanned
mining, and have achieved remarkable results. The details are as follows: Wang Guofa
et al. [21] proposed the construction of eight intelligent systems based on the big data
application center, pointed out the basic structure and principles of the design and con-
struction of coal mine intelligent systems, and proposed the research direction of intelligent
unmanned mining including precise geological information. This included system and
mining and mining detection technology and equipment, smart coal mine Internet of
Things technology and equipment, roadway intelligent rapid excavation technology and
equipment, intelligent unmanned mining key technology and equipment, coal mine robot
technology and product research and development. Li Shoubin [22] summarized the
four stages of intelligent mining, analyzed the production characteristics and technical
requirements of different stages, and proposed a control theory model under the mode
of intelligent self-adaptive mining technology, making use of key new technologies to
advance toward intelligent mining. Fan Jingdao [23] analyzed the technical problems
existing in intelligent fully-mechanized mining of the working face with large mining
height, and realized the smooth operation of intelligent mining with large mining height by
using high-efficiency mining process, anti-slake control technology, bottom soft intelligent
control technology and roof broken intelligent control technology. Zhang Kexue [24,25]
studied the current situation and development trend of intelligent mining technology in a
fully-mechanized working face, divided the intelligent unmanned mining technology of
comprehensive excavating working face into intelligent unmanned mining with visual and
remote intervention and intelligent unmanned mining with self-adaptation, and proposed
the key technology of intelligent unmanned mining of comprehensive excavating of the
working face. The intelligent mining procedure, control system and technical route of
comprehensive mining face are obtained, and the method of applicability evaluation of in-
telligent unmanned mining face is put forward. Based on the development status of visual
remote intervention, robot-assisted patrol inspection and inertial navigation technology,
Huang Zenghua et al. [26] proposed the basic architecture of intelligent coal mining system
with four dimensions of “perception, decision, execution, operation and maintenance”,
and identified the technical direction of key technologies of intelligent coal mining to be
breakthrough. Wang Cunfei et al. [27] proposed the global model of intelligent unmanned
mining transparent working face, including the perception layer, the transmission layer,
the information layer and the intelligent application layer. Key technologies for the con-
struction of transparent working face were analyzed, and the technical bottlenecks existing
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in the construction of transparent working face were presented. Wang Jinhua et al. [28] put
forward the next work focus of intelligent technology and equipment in fully-mechanized
mining face by studying the intelligent production mode and the status quo of intelligent
technology and equipment in fully-mechanized mining face.

4. Basic Theory

4.1. Definition of Intelligent Unmanned Mining

Intelligent unmanned mining refers to the application of advanced technologies such
as 4G or 5G communications, Internet of Things, cloud computing, big data, artificial intelli-
gence, and other advanced technology, adopted with independent awareness, independent
decision-making and control execution ability of the coal winning machine, hydraulic
support, scraper conveyor, reprint machine, crusher, belt conveyor, mining, and transporta-
tion equipment, such as an intelligent integrated intelligent control system at the core. By
means of visual remote monitoring, a safe and efficient comprehensive mechanized coal
mining method with intelligent operation process (self-adaptation of working condition
and collaborative control of working procedure) or one-button start-stop operation mode
(including unmanned follow-up operation and manned safety patrol) can be realized in
coal mining, support and transport of the working face.

4.2. Multi-Source Heterogeneous Data Model

With the rapid development of intelligent unmanned technology and intelligent equip-
ment, the amount of monitoring data in coal mines has increased sharply, and how to collect
and process data accurately, quickly, and conveniently has become particularly important.

The multi-source heterogeneous data model [29,30] is a bottom-up method; by ex-
tracting different types, different attributes, different levels, and different statuses of the
monitoring data, according to the actual information needs, the unified description of the
multi-source heterogeneous data, and based on the one-to-one mapping relationship be-
tween various monitoring data, a mine information sharing service platform is established
to provide key data for coal production. At present, including coal mine big data analysis
and decision-making technology, fault self-diagnosis technologies conduct the collection
and processing of monitoring data.

Based on the multi-source heterogeneous data model, big data fusion technology,
model digitization technology, analysis and decision technology, and machine learning
technology, Zhang Kexue established a set of transparent working face intelligent mining
systems that can be “forecasted, predicted, and controlled” in a big data analysis and
decision-making platform [31]. At present, the multi-source heterogeneous data model has
been successfully used in the intelligent analysis and decision-making of the coal mining
face mining process. At the same time, it also has broad application prospects in other
aspects involving monitoring data, such as intelligent and precise mining of coal mines,
intelligent video monitoring of coal mines, and coal mine robots.

4.3. Transparent Geological Prediction Model

Based on the data of fine roadway measurements, borehole detection [32–34] and
channel wave seismic exploration, using implicit iterative interpolation algorithm and
data volume error analysis and other geological modeling techniques to carry out three-
dimensional geological modeling, discretize the cutting path of the shearer, and establish
the digital coal seam model builds a transparent geological prediction model through
continuous updating of realistic data. The key technologies of the transparent geologi-
cal prediction model include comprehensive detection technology, geological modeling
technology, “CT” slice technology, and dynamic update technology [35].

(1) Comprehensive detection technology
The fine measurement of the roadway revealed the geological structure, coal seam floor

and coal seam undulations. Borehole detection obtains the spatial position information of
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the roof and floor of the coal seam in the middle of the working face. Channel wave seismic
exploration revealed the hidden structure and coal thickness distribution of coal seams.

The formula for calculating the spatial attitude parameters of borehole detection is as
follows:

tanθ =
−Gy√

Gx2 + Gz2
(1)

tanψ =
−Gy
Gz

(2)

tanσ =
−G0(HzGx − HxGz)

Hy(Gx2 + Gz2)− Gy(HzGz + HxGx)
(3)

In the Equations (1)–(3), Gx, Gy, Gz represent the three components of the gravity
acceleration sensor. Hx, Hy, Hz represent the three components of the magnetoresistive
sensor, Hx, Hy, Hz indicate that the three-axis magnetoresistive sensor measures the differ-
ent spatial magnetic field components of the geomagnetic field during borehole detection,
and outputs them after amplification, filtering and A/D conversion. G0 is the local gravity
acceleration value, θ is the inclination angle, ψ is the tool surface, σ is the azimuth angle,
and the inverse trigonometric function can be solved to obtain the borehole detection space
attitude parameters.

(2) Geological modeling technology
Three-dimensional geological modeling includes two parts: structural modeling and

attribute modeling. For the current development stage (used for smart working face), the
construction model can meet the demand. The key technologies of geological modeling tech-
nology include implicit iterative interpolation algorithm and data volume error analysis.

The interpolation principle of the implicit iterative interpolation algorithm is to estab-
lish a network of interconnections through a discrete natural body model. If the value of
the point on the network meets certain constraints, the value of the unknown node can be
solved by solving the linear equations obtained. Aiming at the problem of estimating the
(ϕ) value on the grid node, the implicit iterative interpolation algorithm establishes the
objective function of calculating the optimal solution of the grid node:

R∗(ϕ) = R(ϕ) + ρ(ϕ) (4)

In Formula (4), R(ϕ) is the global roughness function, and ρ(ϕ) is the linear constraint
violation function.

By minimizing the objective function R∗(ϕ) two goals are achieved: 1. Minimizing
the global roughness function R(ϕ), so that the function value on any node is as close to
the mean value of the node in the field as possible, that is, the value of each node the value
(ϕ) is as smooth as possible; 2. Convert the original sampled data into linear constraints
defined on some nodes to minimize the violation degree ρ(ϕ) of the linear constraints, that
is to say, maximize the compliance with the linear constraints, so as to make the value (ϕ)
of the related nodes approximate the sampling data as much as possible.

The theoretical formula of the implicit iterative modeling algorithm:

RMSE =

√
1
n∑n

i=1 (xi − x0)
2 (5)

MAE =
1
n∑n

i=1

√
(xi − x0)

2 (6)

In Formula (5), RMSE represents the root mean square error, which reflects the esti-
mation sensitivity and extreme value effect of using sample data; in Formula (6), MAE
represents the average absolute error, which represents the possible error range of the
estimated predicted value; x0 is the measured value of the i-th point, x0 is the average of the
measured values, xi is the predicted value of the i-th point, xi is the average of predicted
values, and n is the number of inspection points.
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(3) “CT” slice technology
Due to the insufficient geological adaptability and stability of the current intelligent

mining system, a “CT” slicing technology is proposed, which is to cut the digital model of
the coal seam to be mined according to the cutting plan, and then according to the cutting
surface and the cutting surface of the digital coal seam model. Intelligent mining requires
optimizing the cutting path and parameters of the shearer, and controlling the shearer to
mine according to the planned cutting path.

The principle of the discretization of the cutting path is to assume that the projection
curve is scattered into n line segments. For the i-th line segment, the coordinates of the two
ends are (xi, yi) and (xi+1, yi+1), respectively, and the straight line equation between the two
points is calculated as:

y = kix + bi (7)

In Formula (7), x ∈ [
min(xi, xi+1), max(xi, xi+1)

]
, ki =

yi−yi+1
xi−xi+1

, bi = yi − xi
yi−yi+1
xi−xi+1

,
and i = 1, 2, · · · , n.

Calculate the intersection of the line equation y = kix + bi in the interval B and the
grid line. Perform the above two steps on all the line segments to obtain the approximate
projection point sequence of the planned cutting route on the two-dimensional plane.

The cutting principle of the coal seam digital model is as follows: For the j-th projection
point (xj, yj), set the neighborhood parameter r, and search for all the points where the top
grid and bottom grid point plane coordinates fall within the neighborhood area

{
xj + r <

x < xj + r, yj + r < y < yj + r
}

.
The elevations z1i and z2i of the top and bottom plates corresponding to the j-th

projection point (xj, yj) can be determined according to two methods: the closest distance
method and the distance weighted method. The closest distance method is to take the
elevation value of the coal roof and floor corresponding to the grid point with the closest
distance to the two-dimensional plane of the projection point in the neighborhood. The
distance weighting method calculates the plane distance from each grid point in the
neighborhood to the projection point (xj, yj), assigns the top and bottom plate elevation
weights according to the reciprocal of the plane distance, and calculates the top and bottom
plate elevations z1i and z2i corresponding to the projection point (xj, yj) by weighting,
calculated as follows:

z1i = ∑M
m=1 WmZtm (8)

z2i = ∑M
m=1 WmZbm (9)

In Formulas (8) and (9), Ztm, Zbm, and Wm are the elevation of the top plate, the
elevation of the bottom plate corresponding to the m-th grid point in the neighborhood,
and the weighted weight at that point. The calculation formula for Wm is:{

k( 1
l1
+ 1

l2
+ · · ·+ 1

lm
+ · · ·+ 1

lM
) = 1

Wm = k 1
lm

, 1 ≤ m ≤ M (10)

Figure 1 is a simple schematic diagram of Formulas (7)–(9). Roof represents the
roof of the coal seam, Bottom plate represents the floor of the coal seam, xj represents
the coordinates in the x-axis direction of the j-th projection point, and yj represents the
coordinates in the y-axis direction of the j-th projection point. Ztm, Zbm are the elevation of
the top plate and the elevation of the bottom plate corresponding to the m-th grid point in
the neighborhood.
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Figure 1. Schematic diagram of “CT” slicing technology.

(4) Dynamic update technology
The data update of the model is that the coal seam exposed during the mining process

is re-realistic and combined with the newly generated geological data during the production
process to update the model [36–38]. With the continuous increase of data, the accuracy of
the model is also continuously improved.

Geological prediction models play an important role in the field of intelligent un-
manned mining [39]. Take Huangling Mining as an example. On 15 September 2020,
the “Intelligent Mining Technology Based on Dynamic Geological Model Big Data Fusion
Iterative Planning Control Strategy” project of Huangling Mining Company passed the
scientific and technological achievements appraisal of the China Coal Industry Association.
The project innovatively developed the 3D modeling technology of an implicit iterative
algorithm, built a high-precision geological model of fully-mechanized mining face, and
proposed a comprehensive detection and analysis method based on fully-mechanized
mining face as the research object to accurately predict abnormal structures in the work-
ing face, providing geological guarantee for the intelligent mining. Based on the data
of geological realism, borehole radar detection and channel wave seismic exploration, a
static geological model of a fully-mechanized mining face is constructed. They developed
implicit iterative modeling and dynamic update algorithms to achieve dynamic updates of
the static geological model. The accuracy error of the updated model was within 150 mm,
and real-time correction of cutting parameters was realized, forming a 22 planned cutting
process for the shearer and 14 planning and control processes of hydraulic support [40].

5. Key Technologies for Intelligent Unmanned Mining

The key technologies of intelligent unmanned mining are divided into intelligent
automation technology, intelligent control technology, intelligent monitoring technology,
intelligent precise positioning technology and other intelligent technologies. Intelligent
automation technology includes shearer memory cutting technology and intelligent au-
tomatic rapid tunneling technology. Intelligent control technology includes centralized
control technology for fully-mechanized mining equipment, intelligent integrated liquid
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supply control technology, coal flow load feedback coal mining control technology [41]
and remote-control technology. Intelligent surveillance technology includes intelligent
video surveillance technology and intelligent video positioning and tracking technology.
Intelligent precise positioning technology includes personnel precise positioning technol-
ogy and equipment precise positioning technology. Other intelligent technologies include
intelligent auxiliary transportation technology, intelligent ventilation technology, intelligent
sorting technology and intelligent underground robot technology.

5.1. Shearer’s Memory Cutting Technology

Figure 2 shows the schematic diagram of the shearer memory cutting technology.
When the shearer is located at A-A in the figure, it means that the shearer drum is normally
cutting coal. When the shearer is located at B-B in the figure, it means that the position of
the shearer drum is lower. Through the shearer memory cutting technology, the height of
the drum is automatically adjusted to the normal coal cutting state C-C of the shearer drum.
When the shearer is located at D-D in the figure, it means that the position of the shearer
drum is on the upper side. Through the shearer memory cutting technology, the height of
the drum is automatically adjusted to the normal coal cutting state E-E of the shearer drum.
Through a variety of sensors in the body of the shearer to realize the shearer’s mining
height, speed and other data acquisition, the shearer self-positioning device was developed
to achieve the shearer cutting process of automatic control. Additionally, the memory is
carried out in the control program database to realize the learning of “demonstration knife”,
and realize the shearer automatically cutting coal according to the memorized curve and
technology in the next cycle process, and finally realize the memory cutting [42]. Fan Qigao
et al. [43] corrected the grey model by using the Markov chain state probability matrix, and
obtained the adaptive adjustment value of shearer cutting height, which greatly improved
the automation level of the shearer. Zhang Lili et al. [44,45] used a genetic algorithm or
particle swarm algorithm to optimize the memory cutting path of shearer. The experimental
results show that genetic algorithm or particle swarm algorithm can quickly and effectively
realize the path optimization of the shearer under a complex geological environment, which
is beneficial to the memory cutting and automatic control of the shearer.

 

Figure 2. Schematic diagram of shearer memory cutting technology: A-A, C-C and E-E means that
the shearer drum is normally cutting coal, B-B means that the position of the shearer drum is lower,
D-D means that the position of the shearer drum is on the upper side.
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5.2. Intelligent Control Technology of Hydraulic Support

Figure 3 shows the structure diagram of the Inertial Navigation Straight Finding
System. Figure 4 shows the schematic diagram of the automation of hydraulic support and
machine. The left side of Figure 4 shows the shearer that is cutting coal. At this time, the
red line indicates that the scraper conveyor is in a curved state. The automatic follow-up
of the hydraulic support is used to automatically straighten it, so that the straightening
of the scraper conveyor on the working face is as shown in Figure 4. With the green line
on the right, the working face has moved forward. At present, the intelligent hydraulic
support with independent intellectual property rights in China has been equipped with
the action of following the automatic advancement and automatic support of the shearer,
and has realized some intelligent functions, including automatic frame shifting, automatic
follow-up, automatic incline adjustment, automatic straightening, intelligent liquid supply,
self-testing mine pressure, automatic pressure compensation and centralized control of
roadways, etc. [46]. The intelligent control technology of the hydraulic support is real-time
control through remote intervention of the hydraulic support, using the monitoring data of
the hydraulic support and the visual monitoring technology of the video follower to realize
the automatic transfer of the hydraulic support, automatic follow-up, automatic incline
adjustment, straightening and other functions.

 
Figure 3. Structure diagram of the Inertial Navigation Straight Finding System.
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Figure 4. Schematic diagram of hydraulic support and machine automation.

5.3. Centralized Control Technology of Fully-Mechanized Mining Equipment

Figure 5 shows the process control model of fully mechanized mining equipment.
Figure 6 shows the picture of the centralized control software for fully-mechanized mining
equipment. Figure 6a is the coal wall monitoring system, which collects coal wall conditions
in real time through video; Figure 6b is the hydraulic pump monitoring system, which
realizes the visualization of hydraulic data of the hydraulic support, and Figure 6c is the
coal shearer monitoring system, which can monitor the shearer drum in real time. In the
roof condition, Figure 6d shows that the shearer detection system monitors the relevant
data of the shearer, such as shearer speed, traction current, load cutting temperature, etc.,
to clarify the normal value interval and early warning and alarm thresholds of various
monitoring data. Various failures of the shearer equipment, including electrical control,
mechanical transmission, hydraulic transmission, etc., are corresponding solutions to the
failure; Figure 6e shows the statistics of the use of the shearer. The use of the shearer
is recorded and the maintenance is designed. The arrangement of the plan is based on
the relevant rules and requirements of the maintenance work. Figure 6f is a 3D scene
model of the stope, which supports the location mark of the shearer equipment in the
3D scene and the fine modeling of the equipment, and realizes the three-dimensional
visualization of the coal mining face. Through a set of centralized control system for
fully-mechanized mining equipment, the centralized automation of “three machines”
(scraper conveyor, shearer, hydraulic support), transfer machine, crusher, pump station
and other fully-mechanized mining equipment at fully-mechanized mining face is realized
control. The centralized control technology of fully-mechanized mining equipment also
involves multiple coal mine systems such as the power supply system, liquid supply system,
monitoring system and communication system. Huang et al. [47] proposed and designed a
set of centralized control systems for fully-mechanized working face equipment, which
can integrate control, Ethernet, video, wireless, communication, monitoring and other
technologies. It realized the centralized automatic control of fully-mechanized equipment
in the roadway monitoring center, and was successfully applied in the 4109 working face of
the No. 1 Mine of the Pingshuo Group. Based on the analysis of the necessity of developing
electro-hydraulic control technology, Song et al. [48] reviewed the functional requirements
and technical characteristics of electro-hydraulic control technology at different stages of
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development. Then, the current research status of electro-hydraulic control technology
at home and abroad is introduced, and the development direction of electro-hydraulic
control technology of hydraulic support in fully-mechanized automation working face is
prospected. Taking Gaozhuang Coal Industry Co., Ltd. as the research object, Liu et al. [49]
designed the integrated control system scheme of fully-mechanized mining equipment,
analyzed the automation level of fully-mechanized mining equipment in working face, and
studied the control function, data acquisition function, data storage function and alarm
function of fully-mechanized mining equipment, which improved the labor efficiency of
enterprises, ensured safe production, and increased economic benefits.

 

Figure 5. Process control model of fully mechanized mining equipment.

 

Figure 6. Centralized control software screen of comprehensive mining equipment: (a) coal wall
monitoring system, (b) hydraulic pump monitoring system, (c) coal shearer monitoring system,
(d) hearer detection system monitors the relevant data of the shearer, (e) statistics of the use of the
shearer, (f) 3D cene model of the stope.
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5.4. Intelligent Video Surveillance Technology

Figure 7 shows the schematic diagram of intelligent video surveillance technology.
Intelligent video surveillance technology is the key technology to realize intelligent un-
manned mining. In addition to the resolution of high-definition and above, auto-focusing
function, and meeting the requirements of mine-used intrinsic safety design, the intelligent
video surveillance system should have the functions of target detection, target recognition,
and behavior analysis. Chen Guiping [50] proposed the use of intelligent visual analysis
and pattern recognition combined with intelligent analysis and early warning technology
to achieve intelligent operation of coal mine video surveillance, through the analysis of
abnormal monitoring screen to achieve active early warning, and effectively overcome
the shortcomings of traditional video surveillance system. Cheng et al. [51] studied the
structure and technical characteristics of PC and an embedded video server, analyzed the
key technology of the video server, and prospected the development trend of the video
server.

 

Figure 7. Schematic diagram of intelligent video surveillance technology.

5.5. Coal Mine Robot Technology

At present, underground coal mine robots mainly include coal mine intelligent rapid
tunneling robots, intelligent coal mining robots in coal mines, coal mine intelligent trans-
portation robots, coal mine intelligent inspection robots and coal mine intelligent detection
and disaster relief robots.

The research of coal mine detection and disaster relief robots mainly focuses on power
system, explosion-proof design, motion control, and information monitoring and transmis-
sion. The inspection robot should have basic functions such as video intelligent monitoring,
data transmission and analysis. Inspection robots are divided into belt conveyor inspection
robots and fully-mechanized mining face inspection robots. The main functions of the
belt conveyor inspection robot include autonomous cruise, autonomous positioning, au-
tonomous obstacle avoidance, autonomous charging and autonomous dust removal. The
key to the inspection robot for fully-mechanized mining face [52] mainly includes flexible
track technology, precise positioning and navigation technology, precise control technology,
dynamic image acquisition technology and 3D stope model construction technology. Song
et al. [53] reviewed the application status of five types of coal mine robots in China and
abroad, including tunneling, coal mining, transportation, safety control and rescue, studied
the application status of bionic robot technology in coal mine operations in China and
abroad, and pointed out the development ideas and research directions of coal mine bionic
robot technology and equipment. Intelligent coal mining robot in coal mines refers to the
precise control of coal face shearers, scraper conveyors, hydraulic supports, transfer ma-
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chines and advanced supports through integrated intelligent control systems, autonomous
operation and multi-machine coordinated linkage operations.

Figure 8 shows the working schematic diagram of the underground coal mine inspec-
tion robot. On 23 June 2020, the coal mine intelligent rapid excavation robot system jointly
developed by Shanxi Coal Yubei Coal Industry Co., Ltd., Xi’an University of Science and
Technology and Xi’an Coal Mining Machinery Co., Ltd. was officially released. On 10
September, the first domestic coal mine intelligent rapid tunneling robot system with a
total length of about 100 m, a height of 4.5 m, and a weight of 400 tons was put into use in
Shanxi Coal’s Yubei Coal Industry.

 

Figure 8. Working diagram of the underground inspection robot in coal mine.

6. Intelligent Unmanned Mining Technology Mode

6.1. Fully-Mechanized Mining Equipment Automation and Remote Visualized Intervention

The main technical support of the intelligent unmanned mining technology mode of
“fully-mechanized mining equipment automation and remote visual intervention” at the
working face is the automation of a complete set of fully-mechanized mining equipment [54].
Technicians observe and analyze the data collected by sensor equipment, and realize
unmanned mining at the working face based on the automation of fully-mechanized mining
equipment and manual remote visual intervention. Most of the existing intelligent mining
working face in China adopt this kind of intelligent unmanned mining technology mode.

The automation of comprehensive mining equipment is mainly through the integrated
control system software to control the main control computer software of the electro-
hydraulic control system, the main control computer software of the integrated liquid
supply system, the main control computer software for the centralized control of the slot,
the industrial Ethernet network management software, the video management software,
and the data integrated software, data communication software, etc., are integrated on a
unified platform, and run on multiple explosion-proof computer hardware platforms at the
same time, to realize distributed integrated control, and complete the fully-mechanized
mining equipment of the fully-mechanized mining face, including hydraulic supports,
shearers and belts, centralized monitoring and control of machines, scrapers, transfer
machines, crushers, belts, pumping stations and other equipment [55].

19



Energies 2022, 15, 513

Remote visualization intervention is mainly through video visualization technology,
remote real-time control technology, automatic data push technology, etc., to achieve remote
monitoring and control of comprehensive mining equipment in the monitoring center.

6.2. Intelligent Adaptive Mining Technology Mode

In recent years, with the development of new technologies such as the Internet of
Things, 5G, and artificial intelligence and their application in the coal industry, a higher level
of intelligent unmanned coal mining mode has gradually formed an intelligent adaptive
mining technology mode [56]. The intelligent adaptive mining technology mode is based on
“integrated mining equipment automation and remote visualization intervention”, making
full use of machine vision, multi-source information fusion and three-dimensional physical
simulation technology to achieve intelligent analysis of collected data, and automatically
make it based on the analysis results; for example, the self-adaptive height adjustment,
self-adaptive adjustment and self-adaptation of the shearer drum, so as to truly realize the
small and unmanned mining in the coal industry [57].

On 12 September 2020, the “Transparent Intelligent Fully-Mechanized Face Adaptive
Coal Mining Key Technology and System” project of Guotun Coal Mine of the Linkuang
Group passed the appraisal of scientific and technological achievements by the Appraisal
Committee. It is reported that the project has achieved the first time in many coal industries,
including the first application of 5G technology to the normal production of underground
intelligent and adaptive fully-mechanized mining faces, the first development of a TGIS
management and control platform including a digital twin system, and the first develop-
ment of a full-scale control platform. The dynamic and precise positioning system of the
automatic measuring robot makes the intelligent unmanned mining technology move from
memory cutting to intelligent adaptive cutting, laying a solid high-tech foundation for the
development of intelligent unmanned mining technology, and the social and economic
benefits are significant.

6.3. Theory and Technology of Intelligent Unmanned Mining Overall Design System

Figure 9 shows the overall design framework system diagram of intelligent unmanned
mining. A unified 4DGIS, virtual mine and configuration software platform was used
to manage the spatial data and attribute data of the entire safety production process
of “mining, excavation, machine, transportation, and communication”, using a unified
GIS, three-dimensional visualization or virtual mine platform [58]. For the integrated
automation system, a unified configuration software platform is adopted; production
mine operation management, safety production online inspection management, safety
production technology comprehensive management, and decision support adopts a unified
management platform to achieve the height of the software and hardware system integrated
operation, analysis and management; unified data transmission, underground enterprise
management, integrated automation, online inspection, and integrated management of safe
production uses a unified network for transmission; unified data warehouse, production
mine operation management, integrated automation, safe production online inspection
management, comprehensive management of safety production technology, and decision
support adopt a unified data warehouse to realize data sharing [59–61].
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Figure 9. System diagram of the overall design architecture of intelligent unmanned mining.

7. Problems with Intelligent Unmanned Mining

(1) Intelligent fully-mechanized mining equipment. Although China has realized the
localization of most of the fully-mechanized mining equipment in the intelligent
working face, the intelligent fully-mechanized mining equipment still has problems
such as poor reliability, low perception accuracy and poor coordination. At the same
time, the sensor technology of fully-mechanized mining equipment also needs further
development. Although new optical fiber sensors and MEMS sensors [62] have higher
measurement accuracy, are lower in cost, have more functions and easier realization
of intelligence than traditional sensors, they are limited by the complex underground
environment of coal mines, and multiple functions are still unable to be realized.

(2) The key technology of intelligent unmanned mining needs further development. This
includes large-section roadway deformation intelligent control technology, intelligent
technology of roadheaders, intelligent technology of bolt support [63], intelligent
technology of transportation system, intelligent technology of video monitoring,
inertial navigation technology [64] and geological exploration technology, etc.

(3) The degree of intelligence is low. Due to the limitation of technology and equipment,
the intellectualization degree of unmanned mining technology in coal mines is rel-
atively low at present, which is mainly due to the contradiction between the static
control system and the dynamic application environment.

(4) Government policy. The current relevant laws and policies are mostly instructive
policies and are not compulsory. There are many local policies and the differences
between different provinces are large. Different local policies have led to the uneven
development of coal mine intelligence in each province and city in China. The research
hotspots of coal mine intelligence are different, which is not conducive to the healthy
development of China’s coal industry.

(5) Talent reserve. At present, there are very few schools in Chinese universities that offer
smart mining, there is lack of relevant teaching materials, and a lack of a comprehen-
sive new talent training model.
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8. Prospects for the Development of Intelligent Unmanned Mining

(1) Intelligent automation technology. Intelligent automation technology, including
shearer memory cutting technology and intelligent automatic rapid tunneling technol-
ogy, needs further innovation and development. It is necessary to increase investment
and research on intelligent mining technology, and promote the development of shear-
ers in the direction of intelligent perception, intelligent planning and autonomous
cutting. Moreover, there is a need to increase the research and development of the full-
section rectangular rapid roadheader, and improve the technical level of intelligent
automatic rapid roadheading in coal mines.

(2) Intelligent control technology. Through the application of 5G, inertial navigation, giga-
bit industrial Ethernet technology and monitoring technology in the key technologies
of intelligent unmanned mining in coal mines, the operation accuracy and application
distance of intelligent control are improved, and the reaction time and control error of
intelligent control are reduced. Intelligent control technology that realizes fast control
and precise control is required

(3) Intelligent monitoring technology. Through continuous improvement of communi-
cation quality, data transmission speed, camera resolution and monitoring system
stability, in-depth study of high-definition imaging of intelligent working faces based
on thermal imaging technology can be conducted, to achieve comprehensive monitor-
ing of coal mining machines, scraper conveyors, hydraulic supports, etc., for real-time
tracking of mining equipment.

(4) Other smart technologies. The existing underground coal mine robots are still un-
able to perform complex underground operations due to technological and technical
limitations. In the future, coal mine robots should have multi-joint manipulators like
industrial robots, which can achieve multiple degrees of freedom and can complete
various complex underground operations. At the same time, we should vigorously de-
velop coal mine intelligent rapid excavation robots and coal mine intelligent detection
and disaster relief robots.

9. Conclusions

The basic concepts and characteristics of intelligent unmanned mining are introduced,
and the related research that may be beneficial to this research content is reviewed from four
aspects of basic theory, key technology, mining mode, and overall design system theory
and technology. Finally, the research status and future development trend of intelligent
unmanned mining are summarized.

This paper discussed and analyzed intelligent unmanned mining from the relationship
between key technologies and engineering applications, as the focus on 5G + intelligent
mines and intelligent equipment. This paper introduced the basic concepts and character-
istics of intelligent unmanned mining. Then we built a research structure of technology-
driven mode, in which four layers were described in detail. Finally, the existing problems
and development direction were put forward.

(1) By studying the development history of my country’s intelligent unmanned mining
technology, the definition of intelligent unmanned mining is given. It introduces, in
detail, the fundamental role of multi-source heterogeneous data models and geological
prediction models in the field of intelligent unmanned mining.

(2) Some key technologies of intelligent unmanned mining are introduced, and three ma-
jor problems in intelligent unmanned mining are given. Including the poor reliability
of intelligent fully-mechanized mining equipment, low perception accuracy, and poor
coordination, the key technologies of intelligent unmanned mining need to be further
developed and the degree of intelligence of unmanned mining technology in coal
mines is relatively low.

(3) Aiming at the deficiencies of the key technologies of intelligent unmanned systems,
the intelligent automation technology, intelligent control technology, intelligent moni-
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toring technology and other intelligent technologies are prospected, and it is hoped
that China’s intelligent unmanned mining technology will flourish.
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Abstract: Wave velocity under different pressure and temperature (PT) conditions plays an important
role in the exploration of oil and gas reservoirs. We obtained the mineral composition and porosity
of 20 underground sandstone and mudstone samples in Yinggehai Basin via X-ray diffraction and
porosity measurements. Using high-frequency ultrasound, the P- and S-wave velocities of four
samples under high temperature and overpressure conditions were found to vary significantly, owing
to the material composition and porosity. According to the comparison between the experimental
conclusion and the well-logging data, the genesis of false bright spot and dark spot gas reservoirs
in the study area was analyzed. The variation in P-wave velocity under different temperature and
pressure conditions was explained with the PT coefficient. The traditional pressure–velocity and
temperature–velocity prediction methods were improved and applied to well-logging data. Herein,
the velocity of P- or S-waves of sand and mudstone under high temperature and overpressure via
rock physics experiments and the genesis of false bright spot and dark spot gas reservoirs in the
Yinggehai Basin was observed. Overall, the results serve as a theoretical basis for seismic exploration
in the study area.

Keywords: seismic rock physics; sandstone and mudstone; P-wave and S-wave velocity;
pressure; temperature

1. Introduction

The Yinggehai Basin is a typical high-temperature and overpressure basin located in
the northern sea area of the South China Sea. Since the 1990s, many normal pressure and
temperature (PT) gas fields have been found in the shallow layer of the central diapir belt
using conventional bright spot technology [1]. However, as the exploration involved high
temperature and overpressure, the bright spot technology adopted for the middle and deep
layers of Dongfang and Ledong areas failed in the late 1990s [2]. Relevant research data
indicate that the physical properties and seismic response of middle and deep reservoirs in
this area are highly complex owing to the influence of high temperature and overpressure.
Further, abnormal changes in P-wave velocity and impedance have been found, resulting
in false bright or dark spots in seismic data (Figure 1) [3,4]. Owing to this phenomenon,
traditional reservoir prediction techniques, such as conventional bright spots and pre-stack
wave impedance inversion, were challenging to employ in the study area. At present, there
is no consensus on the rock wave velocity anomaly and the influencing factors under high
temperature and overpressure in this area. Accordingly, a comprehensive rock physics
investigation is needed.

The PT of the rock had a significant impact on the wave velocity. The relationship
between PT and velocity is caused by continuous pore closure and phase transformation of
minerals in rocks [5,6]. Based on laboratory results, P- and S-wave velocity are usually loga-
rithmically positively correlated with confining pressure and linearly negatively correlated
with temperature and pore pressure [7–9]. Laboratory measurement results also enabled
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some scholars to establish a comprehensive fitting formula between P-wave velocity and
PT [10,11]. However, P- and S-wave velocity has different rates of change for similar rocks
under different PT conditions [8,9]. As the factors influencing the PT coefficient in the
fitting formula established in previous studies have not been discussed, the difference in
P- and S-wave velocity variation of the rock cannot be explained. Combined with labo-
ratory measurement results, this study sought to connect the influencing factors with the
correlation coefficient, establish velocity–temperature and velocity–pressure relations for
sandstone and mudstone, and applied these relations to the logging data.

Figure 1. Seismic profile through the DF1-X6 well.

The controlling and influencing factors of wave velocity at high temperatures and
overpressure formation in the Yinggehai Basin remain ambiguous. In this study, the differ-
ences in P- and S-wave velocity under high temperature and overpressure of sandstone and
mudstone core samples in the Yingqiong Basin were analyzed by systematic experiments
from the perspectives of minerals and pores. The following specific experimental work-
flow was employed: (1) the mineral composition of the samples was obtained by X-ray
diffraction measurement; (2) the porosity of samples under different confining pressure
was obtained by the helium method, (3) the relevant sample sections were observed; (4) the
ultrasonic velocities of four samples were measured under different PT and analyzed, and
(5) the fitting relationship between P-wave velocity and PT was established to predict the
actual formation data.

2. Experimental Conditions and Basic Petrophysical Characteristics

Samples were collected from 20 downhole cores (2000–4000 m) in Dongfang and
Ledong districts of the Yingqiong Basin, South China Sea. The mineral composition and
porosity were obtained using X-ray diffraction analysis and helium experiments. The cores
were processed by instrument to a diameter of 25.4 mm and a height of 40–60 mm plugs.
The two end faces of the plug were finely polished to a degree less than 0.1 mm. Due to
the softening effect of clay dehydration on the rock skeleton, we referred to the previous
drying methods, stored the cores in an 80 ◦C oven for 72 h, and placed the samples indoors
for 48 h to obtain samples containing 2–3% water to eliminate the softening effect of water
on the rock skeleton [12,13]. The samples were analyzed by changing alone the confining
pressure, temperature, or pore pressure to avoid any interference from different influencing
factors on the analysis results. Autolab2000c equipment in CNOOC Research Institute
produced by NER Company (Yantai, China) was used to measure the high-frequency P- and
S-wave velocity. Figure 2 shows the AutoLab system and scheme of preparation for wave
velocity measurements in samples. P-wave and S-wave velocity according to the direction
of vibration and propagation were evaluated, namely VP−0◦ and VS−0◦ (sample cut normal
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to bedding), where VSH−0◦ ≈ VSV−0◦ . The VP and VS data from cited for comparison in the
paper all in this direction.

 
(a) (b) 

Figure 2. (a) AutoLab system and (b) scheme of preparation and P- and S-wave velocity measure-
ments in samples [14].

According to some studies, porosity has important influence on the wave velocity
of rocks [15–18]. The data depicted in Figure 3 aligns with the notion that the increase of
porosity can significantly reduce P- and S-wave velocity, indicating that porosity directly
determines wave velocity. Wave velocity is also related to mineral composition [19–21].
The research shows (Table 1) that quartz and feldspar have higher density and elastic
parameters, with more “stiffer” elastic properties, while clay minerals have more “soft”
elastic properties. The differences in mineral elasticity also lead to different velocities.

(a) (b) 

Figure 3. Porosity versus (a) P- and (b) S-wave velocity.

29



Energies 2022, 15, 2615

Table 1. Elastic parameters and density of common minerals [12].

Mineral Type
Bulk Modulus

(GPa)
Shear Modulus

(GPa)
Vp

(km/s)
Vs

(km/s)
Density

(g/cc)

Clay (kaolinite) 1.5 1.4 1.44 0.93 1.58
Feldspar 37.5 15 4.68 2.39 2.62
Quartz 37 44 6.05 4.09 2.65

In order to understand the comprehensive influence of pores and minerals on elastic
properties, we regarded the rock as composed of quartz, feldspar, clay, and pores. Then,
the dry rock was constructed by four elastic boundary theory, with Voight for upper limit
(black line), Reuss for lower limit (red line), Hashin–Shtrikman for upper and lower limit
(blue and pink line), and V-R-H for average of equivalent elastic modulus of the medium.
The equations and details of each model are shown in the Appendix A. The processes were
as follows: (1) clay and pores as soft materials mixed with the V-R-H model, (2) quartz
and feldspar as stiffer minerals mixed with the V-R-H model, (3) soft and stiffer substances
were mixed through Voight, Reuss, and Hashin–Shtrikman boundary theory to obtain the
elastic modulus boundary of dry rocks.

As shown in Figure 4, except for single-phase minerals, isotropic mixtures of HS model
could never reach the stiffness of Voight limit [12]. When the stiffer minerals increased,
the elastic parameters showed a little positive trend along the model line. The elastic
parameters also showed a little downward trend with an increase in soft materials. For
high-temperature and overpressure reservoir, due to the difference in elastic properties
between stiffer minerals and soft materials, the rock skeletons of different components
that resisted PT also differed. Further, differences in the deformation of the skeleton were
found, which led to different P- and S-wave velocities and impedance relationships. Thus,
the study area had false bright spots in the seismic data or formed a dark spot gas reservoir.
We proceeded to analyze the rock P- and S-wave velocity difference and its causes under
the high temperature and high pressure to provide a theoretical basis for reservoir oil and
gas prediction in the study area.

In order to prevent too many influencing factors (mineral, porosity, pressure, and
temperature) from affecting the velocity, single-physical-parameter differences of four
samples were selected (samples with similar porosity and large difference in mineral
content or similar mineral and large difference in porosity), and single changes in the
confining pressure, temperature, and pore pressure were analyzed to avoid any interference
from different influencing factors on the analysis results. Table 2 shows the porosity and
mineral composition of the four selected samples.

(a) (b) 

Figure 4. Cont.
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(c) (d) 

Figure 4. Effects of stiffer and soft materials on the elastic properties of samples, cross-plot of (a) bulk
modulus and stiffer minerals, (b) shear modulus and stiffer minerals, (c) bulk modulus and soft
materials, and (d) shear modulus and soft materials. The solid lines in the figure are the boundary of
simulation (the black line is the Voight boundary, the red line is the Reuss boundary, the blue line is the
upper limit of Hashin–Shtrikman model, and the pink line is the lower limit of Hashin–Shtrikman).

Table 2. Mineral content and porosity of the four samples.

Number Quartz (%)
Potash Feldspar

(%)
Plagioclase

(%)
Calcite

(%)
Dolomite

(%)
Clay
(%)

Porosity
(%)

1 64.78 8.68 9.79 10.97 0.66 5.12 24.1
2 60.39 10.62 14.34 9.91 6.84 11.9 12.21
3 40.07 7.51 15.83 7.22 3.52 25.85 16.15
4 37.31 13.62 28.86 5.92 3.68 10.61 16.43

3. Influence of Pore

Porosity directly affects P- and S-wave velocity, and the resistance of different rock
pores to pressure differs under high pressure. The porosity of some samples was measured
by the helium method at 60 MPa (step 10 MPa). For ease of distinction, the samples were
simply classified according to the porosity. As shown in Figure 5, the porosity of samples
decreased with increasing pressure. However, the pore resistance of samples and the
downward trend were different. Such results also led to a difference in the samples’ P- and
S-wave velocity under high pressure (Figure 6).

Two samples with small differences in mineral content and big differences in porosity
were selected for a single pressure transformation experiment to avoid the influence of
temperature and minerals on the rock. The specific parameters of these two samples are
listed in Table 2. Figure 6 shows the cross-plot of P- and S-wave velocity and confining
pressure under dry and completely saturated conditions (test step of 5 MPa under room
temperature). The P-wave and S-wave velocities of the samples increased with the confining
pressure, showing a logarithmic trend. Although the P-wave was more sensitive to pressure,
all increasing trends showed two obvious differences: the P- and S-wave velocities of the
high-porosity sample increased greatly with the confining pressure under low pressure
(0–60 MPa) and increased slowly under high confining pressure (60–120 MPa). The P-wave
velocity increased by more than 70%. Further, the wave velocity of the low-porosity sample
under low confining pressure was similar to that of the high-porosity sample but hardly
increased under high pressure. The P-wave velocity generally increased by <50%.
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Figure 5. Cross-plot of porosity and confining pressure (different color dots represent different samples).

(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Relationship between P- and S-wave velocity and confining pressure, (a,b) are the rela-
tionship between wave velocity and pressure under dry conditions, and (c,d) are the relationship
between wave velocity and pressure under saturated conditions.

(a) (b) 

Figure 7. The thin section images of (a) Sample 1 and (b) Sample 2.

Generally, the change in elasticity of rock under confining pressure is related to
the closure of pores and plastic deformation of the mineral with different degrees of
alteration [22–25]. Figure 7 shows a 200 μm cast slice. Notably, the pore structure of Sample
1 was identified to be complex. In fact, the pores with large aspect ratio and small aspect
ratio were found to coexist in the rock. Several pores with small aspect ratio were also close
to the increase in pressure under low confining pressure, resulting in a significant increase
in P- and S-wave velocity. When the confining pressure increased, only pores with large
aspect ratio constantly resisted the pressure. As a result, the relationship between P- and
S-wave velocity and pressure was related to the resistance of pores with large aspect ratio
to pressure, which indicated that the wave velocity increased slowly with the pressure.
In contrast, Sample 2 had a lower porosity and only contained pores with a low aspect
ratio. After the pressure increased to 60 MPa, the pores were completely closed, and only
the rock skeleton resisted the pressure. As the P- and S-wave velocity no longer increased
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with pressure, this highlighted the compactness of the rock. The two trends of porosity and
pressure revealed that the difference in pore structure and porosity caused a change in the
relationship between P- and S-wave velocity and pressure. The P- and S-wave velocity of
the higher porosity sample increased slowly with confining pressure under high conditions.
However, no increase was observed for the lower porosity sample. This phenomenon may
be related to the genesis of the dark point gas reservoir, that is, the P- and S-wave velocity
of high-porosity gas sand stratum increased abnormally under higher pressure and caused
an increase in impedance, which was similar to that of the overlying background mudstone,
ultimately forming a dark point gas reservoir.

The relationship between temperature and P- and S-wave velocity of the two samples
was evaluated, and a cross-plot of the wave velocity and temperature of dry samples
is shown in Figure 8. The wave velocities of two samples showed a downward trend
with the increase of temperature, but the trend was subtly different. The P-wave velocity
of the high-porosity sample decreased by more than 7%, while that of the low-porosity
sample decreased by 4%. The difference in the temperature–velocity trend reflected the
degree of pore expansion during the heating process of samples. Owing to the difference
in porosity, the thermal expansion of the pores of high-porosity sample was greater than
that of the low-porosity sample [26,27], resulting in a greater trend of P- and S-wave
velocity reduction. This phenomenon showed that the high-porosity formation had the
characteristics of velocity reduction under high-temperature conditions. If there are big
differences in porosity and temperature between the upper and lower mudstone formations,
this may lead to the difference of wave impedance and form a dark spot gas reservoir.

 

Figure 8. Cross-plot of temperature and P- and S-wave velocity.

4. Influence of Mineral Composition

The composition of the rock skeleton also influences the relationship between velocity
and pressure. Sample 3 and Sample 4 with small difference in porosity and pore structure
but big differences in clay mineral content were selected for the analysis. The specific
parameters of these two samples are provided in Table 2. Figure 9 shows the cross-plot of
the P- and S-wave velocity and confining pressure under dry and completely saturated
conditions (test step of 5 MPa under room temperature). The trends of the two samples
were identified to be similar under a low confining pressure, showing that the P- and
S-wave velocity increased greatly with pressure. However, an obvious difference was
found when pressure rose to 40–60 MPa. The P- and S-wave velocity of Sample 4 with
low clay content gradually slowed down with the increase in pressure after the pressure
exceeded 40–60 MPa, following which P-wave velocity increased by 16%. Sample 3 with
a high clay content maintained a large range of increase, in which the P-wave velocity
increased by more than 20%.

34



Energies 2022, 15, 2615

(a) (b) 

(c) (d) 

Figure 9. Relationship between P- and S-wave velocity and confining pressure, (a,b) are the rela-
tionship between wave velocity and pressure under dry conditions, and (c,d) are the relationship
between wave velocity and pressure under completely saturated conditions.

We speculate that this was related to the elastic properties of the clay and its related
pores. Under a low confining pressure, the velocities of both samples had a positive
correlation with confining pressure due to the closure of plastic pores. When the pressure
was greater than 40–60 MPa and the plastic pores were completely closed, the resistance
of the rigid pores and skeleton to the pressure was found to affect the wave velocity. The
resistance of rigid pores in mineral particles to pressure was also related to the hardness
of minerals. The sample with low clay content had higher contents of stiffer quartz
and feldspar minerals, and the resistance of rigid pores and skeleton to pressure was
significantly higher than that of the high-clay sample. Therefore, the P- and S-wave velocity
of the low-clay-content sample was significantly lower than that of samples with higher
clay content under high pressure. It should be noted that the P- and S-wave velocity with
the high-clay-content sample was higher than those with the low-content sample under
0 MPa confining pressure. This may be related to the mineral morphology. That is, the
morphology of mineral and pore in rock have a great influence on the wave velocity [28].
In conclusion, the content of clay, quartz, and feldspar minerals in the rock has a secondary
influence on the relationship between wave velocity and confining pressure. If the content
of quartz and feldspar minerals are higher, the P- and S-wave velocity increases slowly
with confining pressure under high conditions. On the contrary, if the clay content is higher,
the P- and S-wave velocity increases greatly with confining pressure under certain high
conditions. The phenomenon of false bright spot may be related to the change of clay
content in a high-pressure formation.
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The variable temperature experiment was carried out on two samples. The cross-plot
of temperature and P- and S-wave velocity of two dry samples from 0 to 150 ◦C under
10 MPa confining pressure is shown in Figure 10. The P- and S-wave velocity of the two
samples exhibited similar trends with temperature. However, the velocity reduction of the
high-clay sample was greater than that of the low-clay sample (21% vs. 19%). Due to the
expansion of clay itself and internal pores during the heating process, the expansion rate of
clay increases with temperature [26,27]. As the range of softening of rock elastic properties
increased, the decrease in the P- and S-wave velocity sample with high clay content became
greater. Thus, for a high-temperature formation, the change of clay content may lead to
impedance difference and a false bright spot.

 
(a) (b) 

Figure 10. Cross-plot of temperature and (a) P- and (b) S-wave velocity.

5. Pore Pressure

We used the samples with large differences in porosity and minerals for analysis, and
the experimental conditions were completely saturated by pressurized vacuum pumping.
Figure 11 shows the relationship between P- and S-wave velocity and pore pressure of the
two samples with large porosity differences under room temperature (confining pressure
remained unchanged at 60 Mpa). Both samples had a negative correlation between wave
velocity and pore pressure, but the P-wave velocity decrease of the high-porosity sample
was greater than that of the low-porosity sample (8.5% vs. 6%).

 

(a) (b) 

Figure 11. Cross-plot of pore pressure and (a) P- and (b) S-wave velocity.
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Similarly, two samples with large differences in clay minerals and small differences in
pores were analyzed. As shown in Figure 12, the P- and S-wave velocities of the samples
decreased with the increase of pore pressure, but the decrease value was different and
the Vs for the high clay content showed an even larger drop compared to that of Vp. The
P-wave velocity of the high clay-content sample decreased by more than 7%, and that of
the low-clay-content sample decreased by less than 4.5%. In the process of increasing pore
pressure, due to the tight skeleton of the low-clay-content sample, the resistance of pores in
the skeleton to pore pressure was higher than high-clay sample, which made the degree
of pore expansion smaller and finally led to the reduction of their velocities in varying
degrees. Combined with all the experimental results, we could draw a conclusion: Under
the comprehensive influence of porosity and mineral composition, PT and P- and S-wave
velocity differences appeared in the samples. The formation with high porosity, high clay
content, high temperature, and overpressure was prone to an abnormal reduction of wave
velocity, velocity and impedance difference with the compacted high-velocity mudstone
layer or background mudstone layer, resulting in false bright spots. Similarly, the abnormal
reduction of velocity of this formation may have also led to the reduction of impedance
difference with gas-bearing formation, resulting in a dark point gas reservoir.

(a) (b) 

Figure 12. Cross-plot of pore pressure and (a) P- and (b) S-wave velocity.

6. Case Analysis and Theoretical Simulation

Figure 13 shows the DF1-X6 well-logging data of Meishan first segment team in
Dongfang district. The drilling results showed that there was no effective reservoir in
the target layer. The cable measure formation pressure and logging interpretation results
showed that the mudstone layer at 3470 m had the characteristics of overpressure and
high temperature, its pore pressure (4143.1 psi), temperature (141.33 ◦C), porosity (10.8%),
and clay content (29.2%) were higher than those of the overlying silty mudstone (pore
pressure 2077.34 psi, temperature 138.25, clay content 10.6%, porosity 6.7%), resulting in
a low P-wave velocity characteristic. The impedance difference between the upper and
lower layers appeared due to the same density and different velocity which led the false
bright spot in the seismic profile. This phenomenon also confirmed our conclusion that
high porosity, clay content, temperature, and overpressure formation could easily cause
abnormal velocity reduction.

Figure 14 shows the LD23-X1 well-logging data of Yinggehai first segment team in
Ledong district. The actual drilling results also revealed no effective reservoir. The cable and
logging interpretation results showed that an abnormal overpressure point (pore pressure
6120.64 psi) in the high-porosity (20.7%) sandy mudstone (clay content 15.3%) appeared at
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2316 m and presented a low P-wave velocity characteristic. The mudstone at the 2327 m
overlying strata presented (porosity 11%) high clay content characteristics (33.1%). Due
to the drainage and compaction of low-velocity mudstone, high-velocity mudstone was
formed. The impedance difference between them caused the abnormal reflection of seismic
response. This phenomenon also confirmed our view that high porosity and pore pressure
samples easily reduced the P-wave velocity, and high-clay-content samples easily increased
the wave velocity greatly under high pressure.

 

Figure 13. Logging curve of well DF1-X6.

Figure 15 shows the DF1-X12 well-logging data of Huangliu first segment team in
Dongfang district. The cable formation pressure test results showed that 20 data points
within the depth of 2633–2719 m had high temperature characteristics (greater than 113 ◦C).
The mudstone interval at 2660–2673 m had higher clay content (19.6%) than other depth
sections, resulting in a significant decrease in velocity under high-temperature conditions.
The underlying sand layer (porosity 14.8%) showed higher porosity than the overlying
sand layer (porosity 9.5%), and the velocity decreased slightly under high-temperature con-
ditions. Low-velocity mudstone showed the characteristics of high density and low velocity,
and sandstone showed the characteristics of high velocity and low density, resulting in the
reduction of their impedance difference and the formation of a dark point gas reservoir.
Generally, the mudstone near the reservoir cannot show low-velocity characteristics due to
the reservoir compaction [4]. However, the results showed that dark point gas reservoirs
may also occur between the reservoir and mudstone due to the influence of temperature,
clay content, and porosity. This phenomenon was also confirmed by the experimental data.
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Figure 14. Logging curve of well LD23-X1.

 

Figure 15. Logging curve of well DF1-X12.

We used the experimental results to predict the formation’s P-wave velocity data
through the fitting formula. For P-wave prediction of the logging data, the fitting relation-
ship between velocity and PT was established according to the experimentally measured
values. Moreover, in order to avoid the dispersion problem of saturated samples under
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high-frequency conditions [29–31], the relationship between effective stress and velocity
was constructed, and the effective stress was equal to the difference between the confining
pressure and pore pressure when the rock was completely saturated. The formula was
as follows:

V = V0 + A ∗ ln(p/p0) + B ∗ (T − T0) (1)

In the formula, V represents the fitting velocity, V0 represents the initial velocity of the
sample, p0 and T0 are the initial effective stress and initial temperature, respectively, and P
and T are the actual stress and actual temperature, respectively.

The fitting results R2 of the four samples were greater than 0.8, and the fitting coeffi-
cients are shown in Table 3.

Table 3. Fitting coefficients of four samples.

Sample Number 1 2 3 4

A (Effective pressure coefficient) 445.79 215.30 266.85 210.19
B (Temperature coefficient) −0.89 −0.36 −0.46 −0.27

The coefficient reflects the differences in the sensitivity of pores and mineral compo-
nents to PT. Compared with that of the low-porosity sample, the high-porosity sample
had higher PT coefficients. The high coefficient reflected that the P- and S-wave veloc-
ity increased more with the confining pressure and decreased more with the increase of
temperature and pore pressure. Compared with that of the low-clay-content sample, the
high effective PT coefficient of the high-clay-content sample also reflected this feature. The
fitting coefficient results also confirmed our experimental view that the velocity could vary
significantly in high temperature and overpressure formation due to the influence of rock
pores and minerals. Therefore, the traditional fitting formula could not accurately predict
the P-wave data of the high confining pressure and temperature formation. We used a
multiple linear regression method to establish the relationship between the PT coefficient
and PC (porosity and clay content):

A = 20.74 × ϕ + 0.05 × Vclay − 73.36 (2)

B = 0.35 − 0.048 × ϕ − 0.003 × Vclay (3)

where A and B represent pressure and temperature coefficient, respectively, and φ and Vclay
represent porosity and clay content, respectively.

Many studies have simulated carbonate or shale through the DEM model [32–35].
We also used this model to predict the P-wave velocity combined with cable formation
pressure and debris XRD or logging interpretation data points. See Appendix A for the
model formula. The main modeling processes were as follows: (1) Mixing clay and pores
with water by the V-R-H model, (2) the remaining minerals were mixed by the V-R-H
model, (3) the clay pores mixture as an inclusion was added into the mineral mixture by
the DEM model, (4) the P-wave velocity was calculated according to the improved fitting
formula. The clay and pore morphology were controlled by pore aspect ratio for velocity of
initial pressure, which was obtained by exhaustive inversion. Figure 16 shows the P-wave
velocity of the three wells, and the bluepoints are the prediction data. As shown in the
figure, we have achieved reliable prediction results.
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Figure 16. P-wave velocity prediction of the three wells (blue dots are the prediction data).

7. Conclusions

In this paper, the factors influencing P- and S-wave velocity differences under high PT
conditions were analyzed from the perspectives of porosity, pore structure, and mineral
composition. Combined with the experimental results, the causes of false “bright spot” and
dark spot gas reservoirs in the seismic data in the study area were summarized. The main
conclusions are as follows:

1. Porosity had important influence on the relationship between P- and S-wave velocity
and PT. The P- and S-wave velocity of the high-porosity sample increased greatly
with confining pressure under the condition of 0–60 MPa and increased slowly under
60–120 MPa. The P-wave velocity increased more than 70%. The velocity trend of
the low-porosity sample under low pressure was similar to that of the high-porosity
sample, but the velocity hardly increased under high pressure, and the P-wave velocity
generally increased less than 50%. When the pore pressure increased to 60 MPa, the P-
and S-wave velocity decrease of the high-porosity sample was significantly greater
than that of the low-porosity sample. The P-wave velocity decreased by more than
8.5%, and by less than 6% for the low-porosity sample. Under high temperature
(150 ◦C), the P-wave velocity of the high-porosity sample decreased by more than 7%,
and that of the low-porosity sample decreased by 4%.

2. Mineral composition also had certain influence. Under the high confining pressure
of 60–120 MPa, the P- and S-wave velocity of the low-clay-content sample gradu-
ally slowed down with the increase of pressure, and P-wave velocity increased by
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16%, while the velocity of the high-clay-content sample still maintained a large in-
crease range, and P-wave velocity increased by more than 20%. When pore pressure
increased to 60 MPa, the P- and S-wave velocity of the high-clay-content sample de-
creased more than that of the low-clay-content sample, the P-wave velocity decreased
more than 7%, and the P-wave velocity of the low-clay-content sample decreased less
than 4.5%. Under high temperature (150 ◦C), the P- and S-wave velocity decrease
of the high-clay-content sample was significantly higher than that of the low-clay-
content sample. The P-wave velocity of the high-clay-content sample decreased by
more than 21%, and that of the low-clay-content sample decreased by 14%.

3. The false bright spot and dark spot gas reservoirs of seismic data in Yinggehai basin
were related to the differences of pores, clay content, pressure, and temperature of the
upper and lower formations. High porosity and clay content formation easily caused
abnormal P- and S-wave velocity reduction under high-temperature and overpressure
conditions and easily caused a velocity rise under high confining pressure conditions.
The velocity difference caused the change of impedance to form the phenomenon of a
false bright spot or dark spot gas reservoir.

4. The coefficient of PT reflected the sensitivity of pores and skeleton to pressure and
temperature. According to the change of PT coefficient, a modified P-wave velocity
prediction method was proposed in this paper.

Author Contributions: Conceptualization, Z.L. and Z.Z.; methodology X.D.; software, X.L.; writing–
original draft preparation, Z.L., writing–review and editing, X.D. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by sponsorship of National Nature Science Foundation Project
grant number [U19B2008].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A.

Appendix A.1. Voight/Reuss and the V-R-H Model

The Voigt and Reuss model [36] provides the upper and lower limit of the elastic
modulus of the equivalent medium. The formulae are as follows:

Kv =
N
∑

i=1
Ki ∗ Vi

uv =
N
∑

i=1
ui ∗ Vi

K−1
R =

N
∑

i=1
K−1

i ∗ Vi

V−1
R =

N
∑

i=1
u−1

i ∗ Vi

(A1)

Hill [37] regarded the arithmetic average of the above two models as the equivalent
elastic modulus of the medium:

K = KV+KR
2

μ = μV+μR
2

(A2)

where Ki and ui represent the bulk modulus and shear modulus of each component, Vi
represents the volume content of each component, Kv and uv represent the upper limit of
bulk modulus and shear modulus of medium, KR and VR represent the lower limit of bulk
modulus and shear modulus of medium, and K and u represent the bulk modulus and
shear modulus of medium.
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Appendix A.2. Hashin–Shtrikman Averaging

The upper and lower limits of equivalent modulus by defining stiffer pore shape and
soft pore shape are given as [38]:

KHS+ = K1 +
f2

(K2−K1)
−1+ f1(K1+

4
3 μ1)

−1

μHS+ = μ1 +
f2

(μ2−μ1)
−1+

2 f1(K1+2μ1)

5μ1(K1+
4
3 μ1)

(A3)

where f1 and f2 represent the volume content of each component, K1 and K2 represent bulk
modulus of each component, and μ1 and μ2 represent shear modulus of each component.
The formula determines the upper and lower limits by determining the stiffer and soft of
the two components.

Appendix A.3. Different Effective Medium

The different effective medium (DEM) model assumes that the background matrix is a
solid phase, continuing to add the containing phase into the background matrix until the
component content reaches the theoretical value. The formula is given by Berryman [39]:

(1 − y) d
dy [K

∗(y)] = (K2 − K∗)P(∗2)(y)
(1 − y) d

dy [μ
∗(y)] = (μ2 − μ∗)Q(∗2)(y)

(A4)

where y represents volume content of inclusion, K∗ represents bulk modulus of mixture,
μ∗ represents shear modulus of inclusion, K2 represents bulk modulus of inclusion, μ2
represents shear modulus of inclusion, and P(∗2) and Q(∗2) represent the influence factor of
changing the shape of inclusion.
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Abstract: The discovery of the BZ19-6 large-scale condensate gas field illustrates the great potential of
the sandy conglomerate reservoirs in the Bohai Bay Basin. However, the stratigraphic correlation of
the sandy conglomerate sequence in northern Huanghekou Sag remains a challenge due to the lack of
syn-depositional volcanic layers and biostratigraphic constraints. The challenge limits understanding
the regional strata distribution and further exploration deployment. In this study, we conducted
in situ U-Pb dating of vein calcite and detrital zircons of the sandy conglomerate samples from
borehole BZ26-A. The vein calcite age and the youngest age of detrital zircons provide the upper
and lower bounds of the depositional age, respectively. We also correlated the samples with those
from well-understood strata through a comparison of XRD mineral components. The absolute age of
47.0 Ma of the vein calcite and the youngest detrital zircon age of 103.5 Ma suggest the sedimentary
sequence is supposed to be referred to as the Kongdian Formation (65–50.5 Ma). The XRD data and
petrological analysis suggest that the lithostratigraphy of the Kongdian Formation in Huanghekou
Sag could be divided into at least three members, with Member 3 consisting of red sediment deposited
in a hot and dry climate; Member 2 and Member 1 deposited as fan delta with major parent rock of
Mesozoic volcanic rocks and Precambrian meta-granitoid, respectively. Member 1 shows significant
potential for energy exploration due to high brittle mineral components and fracture development.

Keywords: sandy conglomerate; Huanghekou Sag; stratigraphic correlation; calcite U-Pb dating;
detrital zircon

1. Introduction

The potential of the sandy conglomerate sequence as reservoirs has been proved by
the discovery of the BZ19-6 large-scale condensate gas field in Bozhong Sag, Bohai Bay
Basin, China, with reserves exceeding 100 billion cubic meters. The success lights the
progress in studies of the sandy conglomerate in the Paleocene Kongdian Formation [1,2].
This is the first time large-scale thick fractured-porous sandy conglomerate reservoirs in
the Kongdian Formation in Bohai Bay Basin have been discovered, which breaks through
the previous forbidden area of deep-buried sandy conglomerates and greatly expands the
exploration field of Paleogene oil and gas [1]. However, understanding the stratigraphic
distribution of the sandy conglomerate sequence remains a challenge due to the interpreta-
tion ambiguity of deep seismic data (>3500 m), paucity of biostratigraphic information, and
lack of reference laminae, such as mudstone or volcanic layers [3,4]. These characteristics
limit the exploration process, especially in expanding the area from Bozhong Sag to the
Huanghekou Sag in the south (Figure 1). Thus, new methods of stratigraphic correlation
and further understanding of the Kongdian Formation are needed for future exploration.
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Figure 1. Geological map of the study area showing major tectonic elements, oil-gas bearing struc-
tures, and boreholes.

Although U-Pb dating of carbonate minerals, such as calcite and dolomite, is techni-
cally challenging due to low U concentrations (<10 ppm), the technique has been developing
fast and is widely used in studies on carbonate diagenesis and brittle faulting in recent
years [5–7]. However, the powerful method, which could provide the absolute time of
precipitation of carbonate minerals, is seldom used in studies on clastic rocks. On the con-
trary, detrital zircon geochronology is widely used to constrain the maximum depositional
age of a clastic unit, where the youngest age component provides the earliest possible
age of deposition [8–10]. Since carbonate, especially calcite veins and detrital zircons, are
widespread in sedimentary rocks, in this study, we try to conduct stratigraphic correlation
through the in situ U-Pb dating of both vein calcite and detrital zircons, which provide the
upper and lower bounds of the depositional age of the host rock, respectively. In addition,
we also conducted XRD major and clay mineral analysis on the inter-gravel matrix of the
sandy conglomerate samples. The mineral components containing information on parent
rocks, diagenetic process, and paleoclimate were used for further correlation. The results
could strengthen the understanding of the Kongdian Formation in the Bohai Bay Basin and
shed light on similar correlating work in other areas.

2. Geological Setting

The Bohai Bay Basin is a significant hydrocarbon-bearing offshore basin located in
Eastern China, which developed on the North China Block under the control of both
Cenozoic rifting and strike-slip tectonics, along the Tan-Lu Fault Zone (Figure 1) [11,12].
The Paleocene of the basin can be divided into Kongdian, Shahejie and Dongying Forma-
tions (Figure 2), with stratigraphic data from the drilled values and bottom ages from the
Editorial Committee of Petroleum Geology of China (1987) [13]. The Kongdian Formation
(E1-2k, bottom age of 65 Ma) and the fourth member of the Shahejie Formation (E2s4, bottom
age of 50.5 Ma) were deposited in the initial extensional stage from the Paleocene to early
Eocene. The deposition is characterized by fan delta sandy conglomerates and shallow
lacustrine gray mudstones, accompanied by alluvial fan and lacustrine red conglomerates
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and mudstones [2,14]. The third member of the Shahejie Formation (E2s3), with a bottom
age of 42 Ma, deposited during the early Eocene, is characterized by middle to deep la-
custrine facies, with local fan delta deposits [13,15] Member two (bottom age of 38 Ma) to
member one (bottom age of 36 Ma) of the Shahejie Formation (E2s2∼E2s1) are deposited
under a relatively stable tectonic setting with deposition of lacustrine mudstones and fan
delta pebbly sandstones. The Dongying Formation (E3d), deposited during the Oligocene,
was characterized by shallow lacustrine fine sandstones, interbedded with gray mudstones
and delta plain pebbly sandstones interbedded with mudstone [13,15].

 

Figure 2. Generalized Cenozoic stratigraphy, facies, and tectonic events and stages of the Bohai
Bay Basin.

The BZ19-6 Structure of Bozhong Sag, located between the Chengbei Low Uplift and
the Bonan Low Uplift in the southwestern Bohai Sea (Figure 1), is an anticline where the
Kongdian Formation is widely distributed. The major reservoirs of the Kongdian Formation
are sandy conglomerates deposited in fan delta facies [1], accounting for an important part
of the super-huge condensate oil field, with reserves of over 100 billion m3 [1,2]. To the
south of the BZ19-6 structure, the southern steep slope zone of the Bonan Low Uplift is a
successive area for the exploration of deep-buried strata from Bozhong Sag to Huanghekou
Sag, but with an ambiguous understanding of the stratigraphic distribution. BZ26-A is
the only structure with boreholes and cores in this area (Figure 1), which uncovers a thick
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sandy conglomerate sequence with uncertain depositional ages due to a lack of biostrati-
graphic data and syn-depositional volcanic layers [16]. The absence of distinguishable
sporopollen and reference lamina limits the understanding of the borehole and further
strata distribution.

Fortunately, three intervals in the sandy conglomerates were cored from the borehole
BZ26-A (Figure 3). The sedimentary and petrologic analysis suggests the sediment was
deposited as a fan delta facies. In these intervals, abundant tectonic fissures developed
and were partly filled with secondary minerals [16]. The C2 core interval shows the
development of calcite veins filling parts of the tectonic fissures (Figure 4A). In the east,
boreholes BZ28-A and BZ34-A were drilled into the Kongdian Formation on the Bonan
Low Uplift and Central Structural Belt [14,15], respectively, due to relatively shallow
buried depths on structural highs (Figures 1 and 3). Two intervals were cored from the
conglomerate interval (~400 m in thickness) of BZ28-A. The core D1 consists of yellow-grey
sandy conglomerates, while D2 shows a red to brown color (Figure 3). One interval was
cored from borehole BZ34-A, which shows red to brown mixed mud and gravels (Figure 3).
Both the boreholes revealed red to brown sediments (D2 and E1), which are considered
reference lamina of the Kongdian Formation in the Bohai Bay Basin [14,17].

 
Figure 3. Stratigraphic section showing the borehole lithologies and the positions of sequence
boundaries and core intervals.
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Figure 4. (A) Photos of part of the C2 core, BZ26-A with vein calcite marked; (B) photo of core
showing contact relation of calcite vein and wall rock; (C) calcite vein micrographs under polarized
(upper) and orthogonal light(lower); (D) back-scattering image of calcite vein and wall rock with
residual pore and energy spectrum (EDS); (E) the chosen 2.5 cm-diameter mount of calcite vein and
Tera-Wasseerburg 238U/206Pb-207Pb/206Pb Concordia plot for the vein calcite sample.

3. Sample and Method

3.1. In Situ U-Pb Dating of Vein Calcite

We collected four samples of calcite veins developed in the host rock of the sandy
conglomerate sequence from the core C2 of borehole BZ26-A (Figure 3). Observation of
cores, thin section analysis, and backscattered electron images with EDS show relatively
homogeneous calcite filling the tectonic fissures of the host rock (Figure 4A–D).

LA-ICP-MS elemental pre-screening and in-situ U-Pb dating were conducted at
the Radiogenic Isotope Facility, the University of Queensland, Australia. The four
samples went through a lapidary process and were made into 2.5 cm diameter mounts
(Figure 4E) and then assembled into a Laurin Technic sample holder for pre-screening
for 238U, 232Th, 208Pb, 207Pb, 206Pb ion beams and other key major and trace elements.
In-situ element analysis was conducted using an ASI RESOlution SE 193 nm ultraviolet
(UV) ArF-Excimer laser ablation system coupled with a Thermo I Cap-RQ quadrupole
ICPMS. Laser repetition rate and energy levels were set to 15 Hz and 3 J/cm2, re-
spectively. The diameter of the laser spot was 100 μm. NIST-612 glass standard was
employed for normalization and 43Ca was used as an internal standard. The data were
processed via Iolite software [18]. Areas with a range of 238U/206Pb correlated with
207Pb/206Pb, possibly defining a reference lower-intercept age on the Tera-Wassenburg
Concordia diagram, were chosen as suitable for following U-Pb dating. Areas with low
U/Pb ratios or extremely low U were excluded.

Further, 200 μm diameter spots were selected around the locations where high U/Pb
ratios had been detected for the subsequent U/Pb dating. NIST-614 glass standard was
used to correct for 207Pb/206Pb fractionation and instrument drift in the 238U/206Pb ratio.
Typical sensitivity achieved was ~180,000 cps/ppm 238U.

A matrix-matched calcite standard, AHX-1D (238.2 ± 1.5 Ma U-Pb age), was used to
correct for matrix-related bias in 238U/206Pb ratios (unpublished). Another calcite standard
of PDTK-2 (153.7 ± 1.7 Ma by isotope dilution, unpublished) was used as secondary
reference material to ensure accuracy. Raw data were processed to obtain a range of
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238U/206Pb and 207Pb/206Pb ratios, which may define a lower-intercept age on the Tera-
Wassenburg Concordia diagram using the online version of IsoplotR of Vermeesch [19].
Uncertainties of calculated ages were reported at the 2σ level. During the period when
our samples were measured, AHX-1D and PTKD-2 standards gave lower-intercept ages of
255.5 ± 2.2 Ma and 158.0 ± 2.1 Ma, respectively.

3.2. U-Pb Dating of Detrital Zircon

We collected one sample from the C2 core interval (3770.36–3770.56 m) of borehole
BZ26-A and separated it using standard mechanical, heavy liquids, and electromag-
netic mineral separation techniques. Zircon grains were picked under a binocular
microscope, mounted in epoxy, and polished for U-Pb spot analyses. Cathodolumi-
nescence (CL) images were used to evaluate the internal structure of grains, so that
grains with inclusions and/or fractures were excluded from our analysis. U-Pb dating
of zircons was conducted by LA-ICP-MS at the Micro-Macro Geochemistry Technol-
ogy (Langfang) Co., Ltd., Langfang, China. Laser sampling was performed using a
NewWave UP-213 Nd: YAG solid-state laser. An Agilent 7900 ICP-MS instrument was
used to acquire ion-signal intensities.

During the test, helium is used as carrier gas and argon as compensation gas to adjust
the sensitivity. They are mixed and connected to ICP-MS through a T-connector. The spot
size of the laser was set to 30 μm. The energy density and frequency were set to 10 J/cm2

and 10 Hz. NIST SRM610 was used to yield the highest sensitivity, lowest oxidation,
background, and stable signal to achieve optimal condition. Standard zircon 91,500 was
used as the external standard for isotope ratio correction [20], and standard zircon Plesovice
(337 Ma) was used as the monitoring blind sample [21]. We Use GLITTER 4.0 software to
calculate isotope ratio and element content.

3.3. X-Raydiffraction (XRD) Analysis of Bulk Rocks and Clay Minerals

Nine samples from C1, C2, and C3 intervals of BZ26-A were collected for XRD major
mineral analysis with six of them for further clay mineral analysis. Five samples from the
D1 and D2 core intervals of BZ28-A, and two samples from the E1 core interval of BZ34-A,
were collected for XRD major and clay mineral analysis for comparison. The details of
sampling sites and depths are available in Table S3 in the Supplementary Materials.

Samples were crushed into pieces and gravels were artificially excluded. Rock
pieces were ground with an agate mortar until the total particle size was less than
300 mesh (48 microns). The mineralogy of the bulk rock and the clay minerals prepared
by the side-loading method was carried out by X-ray diffraction (XRD) using an X-ray
diffractometer (SmartLab SE). The mineral compositions and their relative proportions
of the bulk rocks and clay minerals in the purified clay samples were obtained using
the Clayquan (2018 version) program. The XRD analysis covers minerals of quartz, K-
feldspar, plagioclase, calcite, dolomite, siderite, pyrite, hematite, laumontite, anhydrite
augite, ankerite, and total clay minerals. The clay minerals were further analyzed for
division of illite, kaolinite, chlorite, illite/smectite mixed layer, and chlorite/smectite
mixed layer.

4. Results

4.1. InSitu U-Pb Dating of Vein Calcite

In-situ element analysis of 165 spots with a diameter of 100 μm was conducted for pre-
screening. The results show a ubiquitously low concentration of 238U, less than 0.01 ppm.
Four spots from sample 1 with relatively higher 238U of 0.02–0.27 ppm were chosen for
further in situ dating. The result of 51 valid 66 U-Pb dating spots shows a narrow range
of 238U/206Pb that is correlated with 207Pb/206Pb, defining a reference lower-intercept
age on the Tera-Wassenburg Concordia diagram of 47 ± 14.3 Ma (1 sigma), with rela-
tively large uncertainty (Figure 4E). The complete dataset is available in Table S1 in the
Supplementary Materials.
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4.2. U-Pb Dating of Detrital Zircon

Of the 240 detrital zircon grains analyzed from the core sample, a total of 235 grains
yielded U-Pb ages within the concordant criteria (>80%). In general, the sample contains
major groups of Late Archean to Early Proterozoic (~2500 Ma), Late Early Proterozoic
(~1900–1800 Ma), and Late Mesozoic (150–100 Ma) and a minor group of Late Paleozoic to
Early Mesozoic (~200–350 Ma). The youngest zircon with an age of 103.5 ± 2.5 Ma shows
typical oscillatory zoning (Figure 5). The complete dataset is available in Table S2 in the
Supplementary Materials.

 
Figure 5. Kernel density estimation plot [22] of detrital zircon U-Pb ages of the sample from C2 core
of borehole BZ26-A and CL image of the youngest zircon grain where the red circle marks the site of
LA-ICPMS analysis. Data are discretized at a fixed interval (50 Ma).

4.3. XRD Analysis

The inter-gravel matrix of the sandy conglomerate is mainly composed of quartz, K-
feldspar, plagioclase, augite, hematite, and clay minerals, which were converted into 100%
and plotted (Figure 6). Six samples from cores C1 and C2 show similar components with
dominant quartz (>60%), almost absent plagioclase, and approximately similar amounts
of K-feldspar, augite, and clay minerals (less than 10%), respectively. Mineralogy of C3
and D1 is characterized by the occurrence of plagioclase, accounting for over ~20% and
samples from red to brown cores of D2 and E1 show 4–6% hematite. The complete dataset
is available in Table S3 in the Supplementary Materials.

The clay minerals are composed mainly of I/S (illite/smectite mixed layer), illite,
kaolinite, and chlorite. Clay minerals of samples from cores C1 and C2 are mainly composed
of I/S and illite. Samples from C3, D1, and D2 cores show high amounts of chlorite and
kaolinite, while E1 is characterized by dominant I/S and illite (Figure 6).
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Figure 6. XRD major and clay mineral components.

5. Discussion

5.1. Depositional Age of the Thick Sandy Conglomerates from Borehole BZ26-A

Due to the lack of biostratigraphic information and syn-depositional volcanic layers,
the depositional age of the sandy conglomerate could be achieved through constraints of
absolute ages of minerals and correlation with well-understood samples. On one hand, the
formation of tectonic fissures and following diagenesis took place after deposition, which
suggests the time of secondary mineral precipitation could offer an upper bound for the
depositional age. On the other hand, the detrital zircons in the sandy conglomerate were de-
rived from the source areas, which crystallized before the deposition of the strata. Therefore,
the youngest detrital zircon age could constrain the maximum depositional age [8,9].

The in situ U-Pb dating yields a major vein calcite age of 47.0 Ma, which falls in the time
interval of 50.5–42.0 Ma, corresponding to the fourth member of the Shahejie Formation
(Es4) [13]. It indicates that the calcite precipitated synchronously with the deposition of
Es4 and the host rock of thick sandy conglomerates is supposed to be older than Es4 and
more likely to be part of the Kongdian Formation. However, it is worth noting that the
narrow range of 238U/206Pb yields relatively high uncertainty, which makes the constraint
less confident and it also indicates that the in situ U-Pb dating of carbonate minerals in
clastic rocks remains a technical challenge.

The detrital zircon ages of the sandy conglomerates correspond well to the base rocks in
the Bohai Bay Basin exposed on adjacent uplifts. It is composed of Precambrian grains with
peaks at 2506 Ma and 1877 Ma, respectively, corresponding to the dominated age clusters
in the North China Block [23–26], and the Mesozoic grains with a major peak at 120 Ma,
corresponding to the Yanshanian tectonic event [27,28] (Deng et al., 2007; Wang et al., 2018)
(Figure 5). The youngest age, 103.5 Ma, suggests no Cenozoic zircon grains were detected
in the detrital zircons, and the strata are supposed to be deposited after 103.5 Ma, which
provides a wide lower-bound constraint. Therefore, the depositional age of the sandy
conglomerate sequence falls into the time interval of 103.5 Ma to 47.0 Ma. Combined with
the Cenozoic geological setting, the sandy conglomerate sequence is more likely to be part
of the Kongdian Formation, similar to those deposited in the BZ19-6 structure.
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In addition, in the east of Bonan Low Uplift and Central Structural Belt, two boreholes
with cores drilled into the Kongdian Formation and the distinguished red to brown deposits
offer relatively continuous depositional records to compare. The mineral components in
the matrix of the conglomerates are an integrated reflection of the source system in a certain
period, which offers another proxy for the stratigraphic correlation.

5.2. Mineralogy of Kongdian Formation in Huanghekou Sag

As revealed by previous studies and the detrital zircon analysis in this study, the
pre-Cenozoic basement consisting of Archaean–Proterozoic meta-granites, Early Paleozoic
carbonate, and Mesozoic volcanic rocks from bottom to top, which were exposed on the
Bonan Low Uplift, provided the sedimentary materials that were deposited in northern
Huanghekou Sag [29]. The erosional process in chronological order under variable climate
is supposed to be recorded by the sediments and could be traced by the change in major
minerals of quartz, K-feldspar, plagioclase, and augite derived from the source area, and
hematite, an indicator of climate.

The mineral components in the inter-gravel matrix from the sandy conglomerates are
integrated reflections of the provenance system in a certain period. As shown in Figure 6,
the XRD data could be well organized and divided into several groups. The red to brown
strata of cores D1 from BZ28-A and E1 from BZ34-A are considered as the mark of the
Kongdian Formation, where hematite (4–8%) is the cause of the color, reflecting a hot and
dry climate [14]. Samples from core D1 (BZ28-A) and C3 (BZ26-A) show no hematite but
approximately 20% of plagioclase, which is absent in the samples from C1 and C2 intervals
of BZ26-A. The high contents of quartz and low contents of plagioclase from C1 and C2
suggest enhanced sources from the Precambrian meta-granites compared with the Mesozoic
volcanic rocks with high plagioclase phenocrysts. The clay mineral analysis suggests a
similar trend, where samples from D1, D2, and C3 show higher contents of chlorite than C1
and C2, which might be the result of the dissolution of Mesozoic volcanic rocks.

5.3. Implication on the lithostratigraphy of Kongdian Formation in Huanghekou Sag

The in situ U-Pb dating of both vein calcite and detrital zircons provides the upper
and lower bounds of the depositional age of the sandy conglomerates, accumulated in
the northern steep slope zone of Huanghekou Sag. Combined with the XRD mineral
analysis, the lithostratigraphic units of the Kongdian Formation in Huanghekou Sag could
be subdivided into at least three members (Table 1).

Table 1. Schematic correlation chart of the Kongdian Formation in Huanghekou Sag.

Kongdian Fm.
Geochronologic

Constraints
Diagnostic Characteristics

Unknown
BZ26-A

Known
BZ28-A

Known
BZ34-A

Member 1

(1) Vein Calcite
age = 47 ± 14.3 Ma

(2) Youngest detrital
zircon

age = 103.5 ± 2.5 Ma

(1) High quartz and
K-feldspar with low
plagioclase

(2) Major provenance of
Precambrian
meta-granites

C1 and C2

Member 2

(1) High plagioclase and
high clay minerals

(2) Major provenance of
Mesozoic volcanic rocks

C3 D1

Member 3 (1) Red to brown strata
(2) Hot and dry climate D2 E1

Member 3 of the Kongdian Formation was deposited in a hot and dry climate when the
Huanghekou Sag was characterized by separated uplifts and depressions, with deposition
of alluvial fans of red to brown sandy conglomerates. With the expansion of the lacustrine
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basin and enhanced faulting activity, fan delta deposited at the northern steep slope zone,
with materials mainly from erosion of the Mesozoic volcanic rocks on Bonan Low uplifts.
Weathering and dissolution of the volcanic material resulted in high contents of plagioclase
and clay minerals of kaolinite and chlorite in the following diagenesis of Member 2. Further
erosion of Bonan Low Uplift exposed larger areas of the Precambrian meta-granitoid, whose
erosion offered large amounts of quartz and feldspar grains and low-clay-mineral content
in the sandy conglomerates of Member 1.

5.4. Exploration Potential of the Kongdian Formation in Huanghekou Sag

The discussion above suggests the Kongdian Formation deposited in the steep slope
zone of Bonan Low Uplift is characterized by internal subdivision with inhomogeneous
mineral composition. Unlike Member 2 and Member 3 of the Kongdian Formation, drilled
by borehole BZ28-A and BZ34-A in the east and Central Structural Belt, cores C1 and
C2 represent Member 1 of the Kongdian Formation, with dominant quartz and low clay
contents. The high contents of brittle minerals enhanced the development of the tectonic
fissures, which significantly improve the permeability of the sandy conglomerate sequence
under the background of intense fault activities. It is supposed that the sandy conglomerates
of Member 1 of the Kongdian Formation in the steep slope zone of Huanghekou Sag might
be of significant potential for oil and gas exploration.

6. Conclusions

In this study, we reported one U-Pb age of vein calcite and 235 detrital zircon ages
of sandy conglomerate samples from borehole BZ26-A and conducted XRD analysis on
samples from both BZ26-A and two well-understood boreholes of BZ28-A and BZ34-A.
Based on the data and comparison, we draw two key conclusions:

(1) The absolute age of 47 ± 14.3 Ma of the vein calcite and the 103.5 ± 2.5 Ma of the
youngest detrital zircon age suggest the thick sandy conglomerate sequence (~160 m
in thickness) accumulated in the steep slope zone of Huanghekou Sag is supposed to
be part of the Kongdian Formation, similar to those developed in the BZ19-6 Structure.

(2) Lithostratigraphy of the Kongdian Formation in Huanghekou Sag could be subdi-
vided into at least three lithostratigraphic members with Member 3 consisting of red
to brown sediment, deposited in a hot and dry climate, while Member 2 and Member
1 were deposited in fan delta facies, with major sediments from Mesozoic volcanic
rocks and Precambrian meta-granitoid exposed on Bonan Low Uplift, respectively.
Member 1 shows significant potential for further exploration.
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Abstract: The density of tar vapor and water vapor produced by coal pyrolysis is different. Different
centrifugal forces will be generated when they flow through the hydrocyclone. The water vapor and
tar vapor are divided into inner and outer layers. According to this phenomenon, the moisture in
the tar can be removed. In this paper, a Eulerian gas–liquid two-phase flow model is established
by numerical simulation to study the effect of inlet velocity on the separation effect of a designed
hydrocyclone (split ratio 0.2). The results show that the inlet velocity and moisture content have an
influence on the volume distribution characteristics, tangential velocity, axial velocity, pressure drop
distribution, and separation efficiency of tar vapor and water vapor in the hydrocyclone. When the
inlet velocity increases from 2.0 to 12.0 m/s, the central swirl intensity increases, and the negative
pressure sweep range at the overflow outlet increases. The axial velocity increased from 2.8 to
14.9 m/s, tar vapor content at the overflow outlet decreased from 74% to 37%, and at the underflow
outlet increased from 89% to 92%. When the moisture content is lower than 10%, the hydrocyclone
with the split ratio of 0.20 is no longer suitable for the separation of oil–water two-phase vapor.
However, when the water content is higher than 20%, the purity of tar vapor at the underflow outlet
can reach 92%, and the overflow outlet needs multistage separation to realize tar purification.

Keywords: pressure-controlled pyrolysis; oil–water separation; centrifugal force; two-phase vapor
separation; cyclone separation

1. Introduction

Rich coal and less oil are the typical features of the Chinese energy structure. In recent
years, the rising dependence on foreign crude oil has stimulated the progress of tar extrac-
tion from coal [1]. The pressure-controlled pyrolysis technology can extract tar from the
abundant coal resources, and obtain important chemical raw materials, such as anthracene,
naphthalene, benzene, and toluene. It is not only an important support in the field of
the national energy and chemical industry [2,3], but also an important direction of coal
classified utilization [4]. For a long time, the research on direct coal liquefaction has focused
on the improvement of the catalytic hydrogenation process and equipment [5,6], catalyst
selection and preparation [7,8], tar composition, and content optimization [9–11]. However,
the water content of tar after coal pyrolysis reaches 10~30% and contains more sulfur ion
and chloride ion salts. The presence of water leads to ion ionization and accelerates the
corrosion of equipment.

When the temperature decreases, the viscosity of the tar will increase, and the tar
will gradually become a non-Newtonian fluid, or even consolidate, which will bring
difficulties to the oil–water separation process. The researchers tried to separate tar and
water by different methods, such as sedimentation [12], centrifugation [13], heating [14],

Energies 2022, 15, 4900. https://doi.org/10.3390/en15134900 https://www.mdpi.com/journal/energies57



Energies 2022, 15, 4900

infiltration [15], and demulsification [16]. Gai et al. proposed the method of oil–water
separation during coal pyrolysis by tar distillation decomposition. When the boiling point
of the fraction is 120~140 ◦C and the volume ratio of the oil–water system is 1:4 at room
temperature, the oil content of water can be reduced to less than 300 mg L−1 [17], but
this method is greatly affected by temperature and is only suitable for less oil content.
Li et al. established the kinetic model by using Smoluchowski aggregation theory and
Stokes Einstein collision theory. Based on the heating and demulsification dehydration
process, they predicted the effects of temperature, viscosity, time, and water content on tar
dehydration efficiency [18]. Zelenskiy et al. proposed adding a demulsifier in the tar and
water system to strengthen the process of gravity sedimentation, to separate the water in
tar. The results show that the water content is reduced from 8~15% to 2~4% [19]. Although
this process can remove most of the water from the tar, the demulsifier will dissolve in the
tar and cause the secondary pollution.

To sum up, it is necessary to consider a high-speed and efficient separation device to
realize the industrial process of oil–water separation. The cyclone separator is an efficient
separation device based on medium density, which is widely used in the field of the
petroleum and chemical industry. Wang et al., based on the Reynolds stress model (RSM)
of the computational fluid dynamics (CFD) software, simulated the de-oiling effect of
hydrocyclone with four different single-inlet structures. Within this research, the separation
efficiency of the helical inlet hydrocyclone is the most ideal [20]. Sattar et al. thought that it
took too long for electrical resistance tomography to generate fault maps, and proposed a
new strategy based on the physics and simple logic behind the measurement to monitor
the separation in the inline cyclone separator. The results show that the new algorithm is
104 times faster than the electrical resistance tomography in the case of inline eddy current
separation [21]. Sattar et al. studied the influence of inlet conditions on the shape and size
of the gas core in an inline swirl separator and proposed that the gas core diameter should
be measured with the smallest possible invasion to predict the separation behavior and
control the process in the best way [22]. The numerical modeling method can eliminate
the influence of intrusion behavior on the performance of the hydrocyclone and obtain the
strength and shape of the central swirl. Hanane et al. proposed a hybrid IBM-LES method
and applied it to simulate laminar pipe flow for the first time. The results show that the
method can control the fluid–solid interaction and converge to the exact solution with
second-order accuracy [23]. Liu et al. designed a particle size reconstituted hydrocyclone
and studied the effects of split ratio and oil content on the separation performance. The
results show that the particle size reconstituted hydrocyclone can realize the separation
of crude oil and water [24]. Jia et al. used the CFD–PBM numerical simulation method to
study the separation mechanism of the hydrocyclone from different scales and showed that
the oil–water separation effect was better when the split ratio was 0.2 [25].

After the low-rank coal was pyrolyzed by the pressure-controlled technology, the
products flowed out of the high-temperature fluidized bed. At that time, the light fraction,
water, and pyrolysis gas are all in the form of high-temperature vapor, with low viscosity
and strong rheological characteristics. In this process, the light fraction and water are
atomized at high temperature and have different densities. The cyclone separation process
can be used to remove the water in the tar according to the difference of centrifugal force
caused by the different density of light fractions and water vapor. In this paper, the effect
of the hydrocyclone on separating oil–water two-phase vapor is studied by modeling and
numerical simulation. According to the previous research results, the overflow split ratio of
the hydrocyclone was selected as 0.2. The influence of inlet flow velocity on the stratification
property of oil–water two-phase vapor flowing into the hydrocyclone under different water
cut conditions is analyzed. The flow field distribution characteristics, phase distribution law,
and pressure distribution characteristics of oil–water two-phase vapor in the hydrocyclone
are explored, and the separation efficiency of the hydrocyclone with different inlet flow
velocity and water content is revealed. This study aims to analyze the influence of process
parameters on the separation efficiency of the finalized hydrocyclone, optimize the inlet
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flow corresponding to different water contents, and improve the separation efficiency of
two-phase vapor, to optimize the structure of the hydrocyclone, promote the application
field of the hydrocyclone, and provide guidance and help for the hydrocyclone separation
technology of oil–water two-phase vapor.

2. Establish the Numerical Model

2.1. The Operation Process

The pressure-controlled pyrolysis process of low-rank coal was carried out with
nitrogen as the protection and displacement medium, as shown in Figure 1. Nitrogen was
input to the booster through the pressure relief valve. After the pressurization process is
completed, it was stored in the air storage tank at the bottom of the booster. The pyrolysis
process of low-rank coal was completed in a fluidized bed. High-pressure nitrogen was
used to purge the fluidized bed, and the pyrolysis gas, tar vapor, and water vapor were
purged into the cyclone separator to complete the oil–water separation process.

Figure 1. Low-rank coal pyrolysis and product separation system.

2.2. Geometric Model

The tangential inlet single-cone cyclone model was selected, and the structural param-
eters are shown in Table 1.

Table 1. The structural parameters of the cyclone.

Attribute Symbol Value Unit

Inlet cross-sectional area A1 453.00 mm2

Overflow pipe diameter D1 10.70 mm
Length of overflow pipe L1 25.00 mm
Depth of overflow pipe H1 12.50 mm

Spacing between overflow pipe and swirl chamber L2 6.25 mm
Swirl chamber diameter D2 60.00 mm

Swirl chamber height H2 75.00 mm
Cone length L3 276 mm
Cone angle α 11.75 ◦

Underflow outlet diameter D3 12.5 mm

The fluent preprocessor was used to divide the hexahedral mesh, as shown in Figure 2.
The grid cell size was 1.0 mm, and grid encryption was carried out at joints, corners, en-
trances, and exits [26]. The pressure loss along the way was selected for grid independence
verification. The number of grids was 327,742, 237,682, and 124,578, respectively, and the
pressure drop was 0.182, 0.176, and 0.137 kPa, respectively. In this paper, the model with
237,682 grids was selected to complete the simulation. The type of boundary layer was
defined as no slip boundary, and the thickness was 1.0 mm.
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Figure 2. Grid division of the cyclone.

2.3. Governing Equations

The volume distribution, turbulence intensity, tangential velocity, and axial velocity
of tar vapor and water vapor in the hydrocyclone follow the conservation law of mass
and energy. The moisture content was between 10% and 30%, which meets the selection
characteristics of a dispersed phase volume ratio exceeding 10%. Therefore, the Euler method
was selected for fluid analysis of oil–water two-phase vapor. The parameter characteristics
are shown in Table 2.

Table 2. The characteristic parameters of oil–water two-phase vapor.

Attribute Symbol Value Unit

Tar vapor density ρ1 4.84 kg/m3

Tar vapor heat transfer coefficient k1 0.0178 W/m2·K
Tar vapor viscosity μ1 6.75 × 10−6 N·s/m2

Water vapor density ρ2 0.5542 kg/m3

Water vapor heat transfer coefficient k2 0.0261 W/m2·K
Water vapor viscosity μ2 1.34 × 10−5 N·s/m2

Convection term C1 C1 1.44 -
Convection term C2 C2 1.92 -

Tar vapor particle size d 0.0004 m
Moisture content 10%; 20%; 30%; 40% -

Inlet velocity u 2; 4; 8; 12 m/s

The separation process of two-phase vapor in the cyclone presented an internal and
external two-layer swirl; especially, the turbulence degree of the internal swirl was higher,
and the anisotropy was more obvious [27,28]. The Reynolds stress model (RSM) considers
the characteristics of rapid change of vortex, rotation, and tension in engineering turbulence
calculation, and can solve the problem of anisotropy of the internal and external vortex [29].

Transport equation of each component in RSM:

∂
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where Di,j—the diffusion term of the turbulence model, Pi,j—the shear stress generation
term, Gi,j—the buoyancy generation term, ϕi,j—pressure strain redistribution, εi,j—the
viscous dissipation term, and Fi,j—the rotation generation term of two-phase system.
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where β—coefficient of thermal expansion, m/K, Ω—vortex vector, θ—cone angle of
cyclone, ◦, and g—gravitational acceleration, −9.81 m/s2.

After calculation and simplification, the final RSM transport equation is as follows:
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where ρ—density, kg/m3, P—pressure, Pa, K—thermal conductivity, W/(m2·K), μ—Hydro
dynamic viscosity, (N·s)/m2, ui—velocity vector, and C1,C2—convection coefficients of the
k–ε equation.

3. Results and Discussion

3.1. Velocity Distribution

Velocity is an important factor affecting the separation efficiency of the cyclone, es-
pecially the tangential velocity, which determines the centrifugal force [30,31]. As shown
in Figure 3, it is the velocity nephogram of tar vapor in the cyclone under different inlet
velocities. The flow velocity was large at the overflow outlet, swirl chamber, and cone wall
of the cyclone. That is because in the hydrocyclone, two layers of internal and external
swirls with opposite directions were formed. The internal swirls are also called the forced
vortex zone. The external swirling flow is also called the semi-free vortex zone. When
the inlet velocity was 2.0 m/s, the hydrocyclone could not form the swirl or the forced
vortex zone. When the inlet velocity was greater than 4.0 m/s, the vortex intensity in the
forced vortex zone gradually increased, and the higher the inlet velocity, the smaller the
radius of the forced vortex zone and the stronger the suction capacity. The main component
of the forced vortex zone is water vapor. The density of water vapor was smaller than
that of tar vapor, and the centrifugal force was lower. However, due to the suction of
high-speed fluid, the turbulence degree of water vapor was high, so the axial velocity was
high. The tangential velocity in the center of the forced vortex zone was almost 0. The main
component is tar vapor in the semi-free vortex zone. Due to the high density, the tar vapor
also bears high centrifugal force, which leads to the small axial velocity of tar vapor and
the large tangential velocity and has the characteristics of wall attachment.
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Figure 3. The velocity nephogram of tar vapor under different inlet velocities: (a) 2.0 m/s, (b) 4.0 m/s,
(c) 8.0 m/s, and (d) 12.0 m/s.

The monitoring curve was set at the conical section and central axis of the cyclone,
and the tangential velocity of the cyclone was asymmetrically distributed along the radial
direction, as shown in Figure 4a. The flow velocity at the cone section wall was higher and
increased with the increase of the inlet flow velocity. This is because when the moisture
content is the same, the centrifugal force will increase with the increase of the inlet velocity,
and then the tangential velocity will also increase [32]. The influence of the inlet velocity on
the axial velocity is mainly reflected in the overflow outlet, as shown in Figure 4b. With the
increase of the inlet velocity, the velocity at the underflow outlet and cone section showed
little change, while the velocity at the overflow outlet increased a lot. This is because the
outflow phase at the underflow outlet was mainly tar vapor with high density, and the
flow velocity of tar vapor along the cone wall at the edge of the swirl was low. Even if the
inlet velocity is increased, the rate of tar vapor wall-attached flow will not greatly increase.

At the same inlet velocity, the moisture content of two−phase vapor had a weak effect
on the distribution of tangential and axial velocity. With the increase of moisture content,
the tangential velocity decreased a little, while the axial velocity increased a little, as shown
in Figure 4c,d. This is because the density of water vapor is lower than that of tar vapor.
When the inlet velocity is constant, the increase of light phase content means that the
content of tar vapor is relatively reduced. This led to the decrease of the average density of
the two-phase system, so the centrifugal force decreased accordingly, and the tangential
velocity also decreased. On the other hand, the negative pressure formed by axial swirl had
a suction effect on the central fluid. With the increase of water vapor content, the central
fluid density decreased relatively, the effect of suction was amplified, and the velocity of
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the axial overflow outlet increased. However, the flow velocity at the underflow outlet is
mainly the wall-attached flow of tar vapor, so the moisture content had little effect on it.

  

  

Figure 4. The velocity distribution of tar vapor. (a) Tangential velocity with water content of 20%,
(b) axial velocity with water content of 20%, (c) tangential velocity when inlet velocity is 8.0 m/s, and
(d) axial velocity when inlet velocity is 8.0 m/s.

3.2. The Partial Pressure of Tar Vapor Phase

As shown in Figure 5, when the water vapor content of the two-phase system was
20%, the tar stream and water vapor distribution occurred in the section of the cyclone.
When the inlet velocity was 2.0 m/s, the intensity of the axial swirl in the center of the
cyclone was low, and the suction effect was not obvious. The water vapor with lower
density accumulated in the swirl chamber and flowed out from the overflow outlet, and
only a small amount of tar vapor flowed on the wall. When the inlet velocity was higher
than 4.0 m/s, the intensity of the central swirl increased and the suction effect on water
vapor phase was more obvious. The aggregation degree of tar vapor in the outer swirl
increased with the increase of the inlet velocity.
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Figure 5. The phase distribution of tar vapor and water vapor in cyclone section with water content
of 20%. (a) Inlet velocity 2.0 m/s, (b) inlet velocity 4.0 m/s, (c) inlet velocity 8.0 m/s, and (d) inlet
velocity 12.0 m/s.

The partial pressure of tar vapor in the radial and axial direction of the cyclone also
confirmed the above view. As shown in Figure 6a, when the moisture content of the two-
phase system was 20% and the inlet velocity was 2.0 m/s, there was no obvious difference
in the radial partial pressure of tar vapor. When the inlet velocity was greater than 4.0 m/s,
the partial pressure of tar vapor increased in the radial direction, especially within 10 mm
of the cone wall. The partial pressure of tar vapor in the center of the cyclone was low, and
this trend was more obvious with the increase of the inlet velocity. When the inlet velocity
was 8.0 m/s, as shown in Figure 6b, the content of water vapor also had a weak influence
on the partial pressure of tar vapor. With the increase of the water vapor content, the radial
partial pressure of tar vapor decreased, especially within 10 mm of the cone wall. This is
mainly because the centrifugal force of tar vapor decreased when the inlet velocity was
constant. The increased water vapor content led the average density to decrease in the
two-phase system. The axial partial pressure of tar vapor in the cyclone also has similar
characteristics. As shown in Figure 6c, when the moisture content of the two-phase system
was 20% and the inlet velocity was 2.0 m/s, the axial partial pressure of tar vapor was
only slightly different at the overflow outlet, swirl chamber, and cone section. With the
increase of the inlet velocity, the partial pressure of tar vapor at the swirl chamber and cone
section increased, and the partial pressure of tar vapor at the overflow outlet was almost
without any change. The contact position between the overflow pipe and the swirl chamber
presented negative pressure, which was caused by the suction effect of the axial swirl. This
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is beneficial to increase the axial velocity, reduce the tangential velocity in the center of the
cyclone, and improve the separation efficiency. In addition, with the increase of the water
vapor content, as shown in Figure 6d, there was no significant difference of pressure in the
overflow outlet when the inlet velocity was 8.0 m/s. The pressure of the swirl chamber and
the cone section showed a decreasing trend. Combined with the nephogram of tar vapor
distribution, the increase of water vapor content led to the increase of the central cyclone
degree, so the centrifugal force of tar vapor increased, and the content in the center of the
cyclone decreased.

  

  

Figure 6. The partial pressure of tar vapor in radial and axial direction of cyclone. (a) Radial pressure
with water content of 20%, (b) radial pressure when inlet velocity is 8.0 m/s, (c) axial pressure with
water content of 20%, and (d) axial pressure when inlet velocity is 8.0 m/s.

3.3. Volume Distribution Characteristics of Tar Vapor

The streamline distribution characteristics of water vapor flowing in the cyclone are
shown in Figure 7a, b. The density of water vapor was smaller than that of tar vapor,
which was mainly distributed in the upper layer of the cyclone and flowed out through the
overflow outlet. When the inlet velocity was within the range of 2.0~12.0 m/s, the flow
area of water vapor was greatly affected by the inlet velocity. When the inlet velocity was
4.0 m/s, the water vapor flow area was in the upper part of the swirl chamber and the cone
section. With the increase of inlet velocity, the entrainment of the internal swirl formed in
the center of the cyclone was strengthened, and the occupied volume of water vapor in the
swirl chamber was gradually reduced.
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Figure 7. The streamline distribution of water vapor and tar vapor in cyclone. (a) Water vapor
streamline when inlet velocity is 4.0 m/s, (b) water vapor streamline when inlet velocity is 8.0 m/s,
(c) tar vapor streamline when inlet velocity is 4.0 m/s, and (d) tar vapor streamline when inlet velocity
is 8.0 m/s.

The tar vapor with high density mainly flows out from the underflow outlet of the cy-
clone, but some tar vapor will still flow out from the overflow outlet due to the entrainment
of the internal cyclone. With the increase of inlet velocity, the centrifugal force on tar vapor
increased, so the entrainment effect of the central swirl on tar vapor gradually decreased,
as shown in Figure 7c,d. The distribution of the tar vapor flow line in the internal swirl
gradually decreased with the increase of the inlet velocity. This is mainly because the
increase of the inlet velocity led to the increase of tangential velocity of the two-phase vapor
in the swirl chamber. The centrifugal force of tar vapor was further increased, and more tar
vapor was thrown to the outside of the swirl, and then flowed, attached to the wall [33].

The volume distribution of tar vapor in the radial direction of the cyclone is shown in
Figure 8. The inlet velocity and moisture content had significant effects on the distribution
of tar vapor. The tar vapor with a content greater than 85% was mainly distributed within
10 mm of the outer swirl. When the moisture content was 20%, as shown in Figure 8a, the
content of tar vapor in the central swirl was 67~83%. With the increase of inlet velocity,
the tar vapor content of the central swirl decreased, and the tar vapor content gradually
increased within 10 mm to the wall. When the inlet velocity was 8.0 m/s, as shown in
Figure 8b, with the increase of moisture content, the volume fraction difference of the tar
vapor between the outside and the center of the swirl increased, which is more conducive
to the separation of the two-phase vapor.
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Figure 8. Volume distribution characteristics of tar vapor in the radial direction of the cyclone. (a) The
water content is 20% and (b) the inlet velocity is 8.0 m/s.

The axial distribution difference of tar vapor is mainly reflected in the volume fraction
flowing out from overflow and underflow outlet. As shown in Figure 9a, when the mois-
ture content was 20%, the volume fraction of tar vapor at the overflow outlet was about
70~86.43%, and the volume fraction at the underflow outlet was 92.07%. The increase of
inlet velocity will reduce the volume fraction of tar vapor at the overflow outlet, but it had
little effect on the volume fraction of tar vapor at the underflow outlet. When the inlet
velocity was 8.0 m/s and the moisture content was 10%, as shown in Figure 9b, the volume
fraction of tar vapor at the overflow outlet was 74.69%. Under the condition of constant
inlet velocity, with the increase of moisture content, the volume fraction of tar vapor at the
overflow outlet gradually decreased to 37.54%; however, at the underflow outlet, it was
almost unaffected, about 90%.

Figure 9. Volume distribution characteristics of tar vapor in the axial direction of the cyclone. (a) The
water content is 20% and (b) the inlet velocity is 8.0 m/s.

The separation efficiency of the two-phase vapor is an important parameter to measure
the working performance of the cyclone. As shown in Figure 10a, when the moisture
content was 20%, the influence of inlet velocity on the separation efficiency of the cyclone
was mainly reflected in the volume fraction of tar vapor at the overflow outlet. When
the inlet velocity increased from 2.0 to 12.0 m/s, the volume fraction of tar vapor at the
overflow outlet decreased from 74.27% to 47.76%, while the tar vapor volume fraction at the
underflow outlet changed slightly, from 89.02% to 94.04%. In addition, the moisture content
of the two-phase system also affects the separation efficiency of the cyclone, as shown
in Figure 10b. When the inlet velocity was 8.0 m/s and the moisture content increased
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from 10% to 40%, the content of tar vapor at the overflow outlet decreased from 75.04% to
37.56%, and at the underflow outlet it decreased from 97.41% to 92.34%. The cyclone is not
suitable for oil–water separation when the moisture content of the two-phase system is less
than 10%. When the moisture content is higher than 20%, the two-phase system flowing
out from the overflow outlet shall adopt the form of multi-stage cyclone combination to
separate the oil–water of the two-phase vapor again.

Figure 10. The separation efficiency of the cyclone. (a) At the overflow outlet and (b) at the under-
flow outlet.

4. Conclusions

In this paper, the effect of inlet velocity on the separation efficiency of the designed
hydrocyclone was studied by numerical simulation. A Eulerian gas–liquid two-phase flow
model was established to investigate the variation trend of inlet velocity and moisture
content on the volume distribution characteristics, radial pressure drop, tangential velocity,
and axial velocity of tar vapor and water vapor in the designed hydrocyclone, with a split
ratio of 0.2. When the water content was 20%, the inlet velocity increased from 2.0 to
12.0 m/s, and the separation efficiency of the cyclone also increased from 89.02% to 94.04%.
However, the increase of water content will reduce the radial pressure gradient of the
hydrocyclone, weaken the turbulence degree in the forced vortex area of the hydrocyclone,
and then reduce the stratification effect. On the other hand, when the moisture content
of the two-phase system was less than 10%, the cyclone was not suitable for oil–water
separation. When the moisture content was higher than 20%, the two-phase system flowing
out from the overflow outlet shall adopt the form of multistage cyclone combination to
separate the oil–water of the two-phase vapor again.
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Abstract: Coal-measure source rocks are generally developed in marsh facies under a humid climate
and are rarely reported in a carbonate platform or a mixed platform. Carboniferous seawater intruded
from west to east in the Tarim Basin, and mixed platform deposits of interbedded mudstone and
carbonate developed in the southwest of the basin. In recent years, with the deepening of the
exploration, nearly 20 m coal seams and carbonaceous mudstone source rocks have been found in the
Carboniferous lagoon’s tidal-flat background. The hydrocarbon generation potential, development,
and distribution of these coal-measure source rocks have become an important issue for oil and gas
exploration. Coal seams and carbonaceous mudstones were found in the Carboniferous formation of
wells BT5, BT10, and Lx2. The hydrocarbon prospect, development, and distribution characteristics
of these coal formations have become an important research topic. The authors conducted organic
geochemical tests and analyses of core and samples drill cuttings from multiple wells in the study
area, combined with research focused on the identification and distribution of coal seams, dark
mudstones, and depositional facies via logging cross plots of different lithology and 3D seismic
inversion. The results show that coal-measure source rocks in the BT5 well are related to the set of
delta-lagoon sedimentary systems widely developed in the Carboniferous Karashayi Formation. The
maximum cumulative thickness of coal-measure source rocks is about 20 m, with total organic carbon
(TOC) contents of 0.15–60%, kerogen types II2-III, and vitrinite reflectance (Ro) values of 0.78–1.65%.
The rocks have generally low maturity in the northwestern area and high maturity in the southeastern
area, and the maturity changes as the burial depth changes. The effective hydrocarbon source rocks
such as coal, carbonaceous mudstone, and dark mudstone all show acoustic time (AC) greater than
300 μs/m, and density (DEN) less than 2.3 g/cm3, but possess different gamma ray (GR) values. The
GR value is less than 75 API for coal, between 75–100 API for carbonaceous mudstone, and greater
than 100 API for dark mudstones. The distribution of source rocks can be identified in the area
between the wells according to a 3D seismic inversion impedance (IMP) of less than 7333 m/s·g/cm3.
The development and controlled factors of coal-measure source rocks of delta facies in the mixed
platform have a significant role for oil and gas exploration of Upper Paleozoic in this area. The
coal measure and sandstones of delta in the Carboniferous are expected to form self-generation and
self-storage pools in this area.

Keywords: Tarim Basin; mixed platform; delta; coal-measure distribution; coal-measure logging
response

1. Introduction

The Carboniferous system in the Tarim Basin is generally composed of mixed plat-
form deposits consisting of multiple cycles of carbonate rocks and mudstones (Figure 1c).
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From bottom to top, the Carboniferous is composed of 10 stratigraphic members: the
Glutenite, Lower Mudstone, Bioclastic Limestone, Middle Mudstone, Standard Limestone
of Bachu Formation, Upper Mudstone, Sand–Mudstone, Limestone-Bearing Member of
the Karashayi Formation, and Limestone Member of the Xiaohaizi Formation [1,2]. Com-
pared with the central and northern Tarim Basin, the terrigenous clastic proportion in
the Carboniferous sediments in the southwest Tarim Basin (SWTB) decreases, and the
carbonate content in the mudstone members increases. Furthermore, limestone rocks in
the latter atypically contain partial dolomites and rare gypsum [3]. The proportion of
carbonate rocks in the Karashayi Formation is a little higher, and coal seams are generally
not developed [4,5]. However, multiple layers of coal seams and carbonaceous mudstones
occurred in the Karashayi Formation in the BT5 well’s seismic survey, suggesting differ-
ent sedimentary environments and hydrocarbon-generation potential from other areas
of the basin. Therefore, it is meaningful to clarify the geochemical features, depositional
environment, and distribution of the coal-source rocks.

Figure 1. (a) The location map of the study area and the division of basin structural units in the
Tarim Basin; (b) structural units map of the Bamai area, location map of 3D seismic survey, and (c) a
comprehensive stratigraphic histogram from Carboniferous to Permian in the Bamai area; in (b), the
green area is the XBZ 3D seismic survey, the red area is the Lx1 well 3D seismic survey, and the black
area is the BT5 well 3D seismic survey. In (c), the orange area is the target formation.
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The Cambrian–Lower Ordovician marine source rocks and the Carboniferous–Lower
Permian marine–continental transitional source rocks are present in the Bachu Uplift and
Maigaiti slope (abbreviated as the Bamai area) in the SWTB [6–9]. Previous studies have
found that the Cambrian–Lower Ordovician source rocks are of high quality [10–13], while
research on the Carboniferous source rocks in the Bamai area is relatively rare. Su et al. [14]
and Huo et al. [15] conducted oil-source correlation by using carbon isotopes, biomarker
compounds, and hydrocarbon components. They concluded that the Bashto light oil mainly
formed in the Cambrian, and a small amount may have originated from Carboniferous
carbonate and mudstone, as the maturity of the crude oil was obviously higher than that
of the Carboniferous source rocks. Shen et al. [16] considered that the two types of source
rocks, namely, Carboniferous mixed shelf mudstone and carbonate, contain type II organic
matter and are in the overmature evolution stage. Du [17] considered that the Cretaceous
oil and gas in well KD1 in the Kunlun Mountains originated from Carboniferous–Permian
type II argillaceous mature source rocks in the eastern sag of the SWTB; the TOC contents
are 0.04% and 4.19%, respectively, the maximum pyrolysis temperature (Tmax) values are
400–595 ◦C, and the overall maturity and abundance of organic matter are high. Based on a
large number of outcrops and borehole data, Chen et al. [18] mainly studied the lagoon
facies argillaceous source rocks of the Karashayi Formation in the Macan 1 well. The source
rocks of the Mazhatage structural belt centered on the Macan 1 well were considered to be
approximately 60 m, with low to medium maturity and relatively limited distribution.

Based on outcrops and limited drilling data, predecessors mainly studied two types of
hydrocarbon source rocks: Carboniferous carbonate rocks and mudstones. Coal-measure
source rocks were not been involved, and, furthermore, less attention was paid to the
middle and lower mudstones of the Bachu Formation. The methods of logging, seismic
attribute [19,20], inversion [21,22], and geochemical analysis are, hereby, used to compre-
hensively analyze and evaluate the characteristics of hydrocarbon source rocks [23,24].
The well logging and seismic data are used to determine the depositional facies and dis-
tribution of hydrocarbon-source rocks [25,26]. This study focuses on the coal seams and
carbonaceous mudstones found in the Carboniferous Karashayi Formation in well BT5. The
geophysical methods of discriminating different coal-measure source rocks are explored
by using well logging and 3D seismic data. At the same time, the seismic facies, deposi-
tional environment, and their control over the coals of Karashayi Formation have been
analyzed, which provides geological evidences for finding oil and gas reservoirs related to
coal-measure source rocks.

2. Geology of the Study Basin

The Tarim Basin is a composite petroliferous basin with an area of approximately
56 × 104 km2 [27]. The study area is located in two structural units of the Bachu uplift
and Maigaiti slope in the southwestern Tarim Basin, China, which is referred to as the
Bamai area (Figure 1a). The Bamai area is bordered by the Keping uplift to the north;
the northern depression and Tazhong uplift to the east; and the Kashi sag, Shache uplift,
and Yecheng sag to the southwest [28–31]. The Carboniferous strata are one of the main
subjects of oil and gas exploration in the Bamai area and contain the Bachu Formation,
Karashayi Formation, and Xiaohaizi Formation from the bottom up. Under the action of
dry and wet climate alternation and the rise and fall of relative sea level, a deep-water
shelf, shallow-water shelf, lagoon bay, delta, and other sedimentary environments were
mainly developed [32–37]. The main lithologies include limestone, dolomite, marlstone,
mudstone, etc., and these lithologies are partially intercalated with gypsum dolomite and
gypsum mudstone and locally embedded with coal seams, gypsum dolomite, and gypsum
mudstone [38,39]. Years of exploration have shown that the Carboniferous rocks have the
capability of hydrocarbon generation, storage and capping [40]. The coal-measure source
rocks seen first in the delta environment are related to the Carboniferous mixed platform.
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3. Data and Methods

The study area contains 15 exploration wells, 18 2D seismic lines, and 3 3D seismic
surveys (Figure 1a), of which the 3D seismic surveys are XBZ 3D seismic surveys (ap-
proximately 600 km2), Lx1 well 3D seismic survey (approximately 350 km2), and BT5
well 3D seismic survey (approximately 400 km2). The main frequency of the 3D seismic
data is approximately 35 Hz, the sampling rate 2 ms, trace interval 25m, the sampling
length 0–6000 ms, and the datum elevation 1000 m. All the seismic data were processed as
poststack volumes processed through high resolution, high signal-to-noise ratio, and high
relative-amplitude preservation. There are 9 wells in the 3D seismic surveys, most wells
drilled through the bottom of Upper Paleozone, with total depth over 4000 m, a few wells
have core data of Carboniferous, and each well contains comprehensive logging curves, in-
cluding gamma ray (GR), resistivity (RD), acoustic time (AC), neutron (CN), density (DEN),
etc., with sample rate 0.125 m. Upper Paleozoic revealed by drilling in the area includes
Permian Kupukuzman Formation (P1kk), Nanzha Formation (P1n), Xiaohaizi Formation
(C2x), Carboniferous Karashayi Formation (C1k), and Bachu Formation (C1b), with bottom
seismic reflection interfaces that are T52, T54, T56, and T57, respectively (Figure 1c).

Except for the coring of coal measure in the Karashayi Formation of well BT5, most of
the samples of Carboniferous source rocks are drilling cuttings. The coring section of the
Karashayi Formation in well BT5 is 2077.5–2084 m, and the lithology from top to bottom
is gray black carbonaceous mudstone and dark gray mudstone containing light gray silty
strip, with local plant fragments (Figure 2). Coal samples come from drilling cuttings, which
are dark black, small, granular, glassy, and stained, and their final affirmatory lithology is
determined by subsequent geochemical tests for organic matter.

 
Figure 2. A comprehensive stratigraphic profile of the Carboniferous Karashayi Formation of
well BT5.
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Based on the core, logging, and cutting data of BT5 and BT10 wells in the work
area, cross plots of AC-GR and DEN-RD to differentiate lithologies are established. The
threshold values for quantitative identification of coal seams, carbonaceous mudstone,
shale, sandstone, and carbonate rocks are determined. Then, synthetic seismograms of two
wells, BT5 and BT10, are made, well seismic calibration is completed, and log-constrained
poststack wave impedance inversion is carried out in the 3D seismic survey of BT5. In the
invertomer, the content and thickness percentages of the related lithologies of the Karashayi
Formation are extracted, according to the wave impedance of the coal seam, carbonaceous
mudstone, and sandstone.

In addition, 30 samples of Carboniferous cores and drilling cuttings are collected
from Sinopec; in particular, these samples include coal, carbonaceous mudstone, and
dark mudstone from wells BT5, BT10, and BT7. After sample separation and selection of
different lithologies, 12 samples of drill cuttings and 2 core samples from the Carboniferous
Karashayi and Bachu Formations are obtained. The organic matter extraction and pyrolysis
experiments of all 14 samples are carried out in the State Key Laboratory of Continental
Dynamics of Northwestern University, and the organic carbon content, type, and maturity
of each sample are determined (Table 1).

Table 1. TOC, Ro, and organic carbon type of hydrocarbon source rock samples from the Carbonifer-
ous Karashayi Formation and Bachu Formation.

Number Well Stratum
Sample

Type
Depth

(m)
Lithology Tmax (◦C) TOC (%) Ro

Organic
Carbon Type

1 BT5 C1k2 Core 1918.1 Carbonaceous
mudstone 437 14.2 1.65 III

2 BT5 C1k2 Core 1917.6 Mudstone 434 0.15 0.90 III

3 KT1 C1k2 Cuttings 1620 Carbonaceous
mudstone 431 14.4 0.78 II2

4 BT5 C1k2 Cuttings 2040 Carbonaceous
mudstone 424 10.6 0.78 II2-III

5 BT10 C1b1 Cuttings 2660 Mudstone 436 0.01 0.80 III

6 BT7 C1k2 Cuttings 4520 Mudstone 431 0.01 0.97 III

7 BT7 C1k2 Cuttings 4540 Mudstone 428 0.86 1.33 III

8 BT9 C1k2 Cuttings 4740 Mudstone 437 1.15 1.13 III

9 BT5 C1k1 Cuttings 2020 Mudstone 428 2.36 0.87 III

10 BT5 C1k2 Cuttings 2095 Mudstone 432 0.94 0.80 III

11 BT5 C1b3 Cuttings 2400 Mudstone 429 0.15 / III

12 BT5 C1k2 Cuttings 2055 Coal 425 58.1 1.29 II1-II2

13 BT5 C1k2 Cuttings 2060 Carbonaceous
mudstone 424 18.5 0.81 II2

14 KT1 C1k2 Cuttings 1605 Coal 432 63.2 0.93 III

By plotting the Ro value and well depth of source rock samples measured in dif-
ferent wells, the trend of source rock maturity with target layer depth in the study area
is obtained. The trend is then extrapolated to the structural map of the bottom of the
Karashayi Formation to estimate the maturity of the source rocks of the said formation in
the Bamai area.
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4. Results

4.1. Logging Identification of Carboniferous Source Rocks

Logging curves calibrated by the core (Figure 2) and AC-GR cross plot (Figure 3)
indicate that coal and dark mudstone have logging responses of low DEN, high AC, and
low RD values [41], and their AC values are all more than 300 μs/m, the DEN value is
generally less than 2.2 g/cm3, and the RD value is less than 50 Ω·m; they are easy to be
identified in logging curves because of their high-amplitude spikes. Coal, carbonaceous
mudstone, and dark shale can be distinguished by GR values. The GR values are <75 API
for coal seam, between 75 and 100 API for carbonaceous mudstone, and >100 API for
dark mudstone. According to the above logging identification method, two coal seam
layers are present in the BT5 well, with a cumulative thickness of approximately 6 m; five
layers of carbonaceous mudstone are present with a cumulative thickness of approximately
10 m; and nine layers of dark mudstone are present with a total thickness of approximately
66 m, of which coal seams and carbonaceous mudstone account for 24.2%. The sandstone
shows a box-shaped GR logging curves [42], with AC < 240 μs/m and GR < 60 API, and
RD < 100 Ω·m, which is much less than the RD values of carbonate rocks (Figure 3).

 

Figure 3. Log cross plots of different lithologies of the Karashayi Formation in the Bamai area.
(a) AC-GR cross plot. (b) DEN-RD cross plot.

4.2. 3D Seismic Identification and Distribution of Coal-Measure Source Rocks in the
Karashayi Formation

In order to identify coal-measure source rocks with 3D seismic data, we have per-
formed log constrained 3D seismic impedance inversion. Figure 4 is the BT5–BT10 well-
linked inversion acoustic section. There is a bright yellow banded layer between seismic
interfaces from T52 to T54 that corresponds to a large set of low-speed mudstone and tuff
widely distributed in the lower Permian. The seismic interface from T55 to T56 correspond-
ing to the Carboniferous Karashayi Formation, with an AC value of 200–350 μs/m, about
10–40 ms thick, in which the part of AC > 300 μs/m should belong to coal-measure source
rocks, and they gradually thicken to the southeast lower part of the depression.

According to the logging and seismic-identification threshold values of coal seam and
carbonaceous mudstone of the Karashayi Formation in the study area (the AC > 300 μs/m,
DEN < 2.2 g/cm3, and Imp < 7333 m/s·g/cm3), the percentage content of wave impedance
less than 7333 m/s·g/cm3 in the Karashayi Formation can be extracted from the 3D seismic-
wave impedance inversion volume as the percentage map of coal-measure source rocks
(Figure 5). The map indicates that the coal and carbonaceous mudstone are thickening to
the southeast.
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Figure 4. BT5–BT10 well-linked 3D seismic inversion acoustic profile. See Figure 1b for
section position.

 

Figure 5. Percentage contents of coal and carbonaceous mudstone in the Karashayi Formation in the
BT5 well 3D seismic survey.

Using the SUM module of landmark, the cumulative thickness of source rocks in the
Karashayi Formation of the 13 drilling well points is counted, and, under the constraint of
the percentage of coal seams, the carbonaceous mudstone and dark mudstone are obtained
through 3D seismic inversion, so the contour map of the thicknesses of coal seams and
carbonaceous mudstones in the study area is drawn (Figure 6). The map shows that the
thicknesses of the coal-measure source rock of the Karashayi Formation in the study area
are about 0–20 m and thicken from northwest to southeast. The area of thick coal-measure
source rocks is about 40 km2.
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Figure 6. Isopach map of the cumulative thickness of the Carboniferous Karashayi Formation coal
and carbonaceous mudstone in the Bamai area.

4.3. Geochemical Characteristics of Source Rocks

The test results of samples from wells BT5, BT10, KT1, BT7, and BT9 show that the
TOC contents of the Karashayi Formation coal range from 58.1% to 63.2%, with an average
of 60.65%, and the Ro values range from 0.93% to 1.29%, with an average of 1.11%. The
TOC contents of carbonaceous mudstone range from 10.6% to 18.5%, with an average of
14.43%, and the Ro values range from 0.78% to 1.65%, with an average of 1.00%. The TOC
contents of dark mudstone range from 0.01% to 2.36%, with an average of 0.91%, and the Ro
values range from 0.80% to 1.33%, with an average of 1.00%. According to the calculation
results of the hydrogen index–Tmax diagram [43], the organic carbon types of most coal
seams and carbonaceous mudstones are of type III, and some carbonaceous mudstones are
of types II2-III (Table 1).

Based on the test results of the Carboniferous Karashayi Formation coal and dark
mudstone, the TOC content is between 0.17% and 63.2%, the types of organic carbon are
II2-III, and the Ro values are 0.78–1.65% for coal and dark mudstone of the Carboniferous
Karashayi Formation. The Tmax values range from 424 ◦C to 437 ◦C, with an average of
430 ◦C, indicating oil generation of immature to low maturity, which are slightly lower
than the maturity indicated by the Ro values.

The preliminary sample separation and selection revealed that most of the samples
collected from the Middle and Lower Mudstone Members of the Carboniferous Bachu For-
mation do not meet the requirements of pure dark mudstone, are not distinguishable from
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dry drilling mud, or are oxidized brown. Only two samples from the Middle and Lower
Mudstone Members meets the test conditions (see Yellow Sampling Points in Figure 7).
Test shows that the TOC contents of the dark shale in the Middle and Lower Mudstone
Members of the Carboniferous Bachu Formation are low, ranging from 0.01–0.15%, with an
average of 0.08%, which does not meet the conditions for hydrocarbon generation (Table 1).

 

Figure 7. Profile of wells KT1, BT5, and BT10 of the Bachu Formation. See Figure 1b for the lateral
positions. In the legend, the different colors filled by mudstone and gypsum mudstone reflect
different sedimentary backgrounds, in which brown represents the oxidation environment and gray
represents the reduction environment.

In Table 1, the linear relationship of Ro = 0.0001H + 0.622 between the Ro and sample
depth (H) is obtained by linear fitting. The depth map of the bottom boundary of the
Karashayi Formation in the Bamai area can be made through the two-way time map of
the seismic interface T56 and the time–depth conversion of the Karashayi Formation. By
using the linear relationship of Ro–H, the depth map of the top surface of the Karashaiyi
Formation can be transformed into a contour map showing vitrinite reflectance (Figure 8).
The map shows that the Ro value of the source rock of the Karashayi Formation in the Bamai
area is between 0.7% and 1.3%, which has a tendency to increase toward the southwest.
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Figure 8. Vitrinite reflectance Ro contour map of the bottom Carboniferous Karashayi Formation in
the Bamai area.

4.4. Deltaic Control on Coal-Measure Source Rocks

A set of imbricated progradational reflection can be identified in the Carboniferous
Karashayi Formation of the BT5 3D seismic survey, which advances from northwest to
southeast. The set is prograded by the phase axes of five progradational wave peaks with
medium and strong amplitudes, representing the five stages of progradational sedimentary
bodies (Figure 9). The progradational reflections can exist in a variety of sedimentary
environments [44]. The seismic reflections of the five-stage progradation are traced, inter-
preted, and closed in detail in the BT5 well 3D seismic survey, and the plane distribution of
the five stage progradation is obtained (Figure 10). BT5 and BT10 are located on the first
and the second progradational leaves, respectively, and they correspond to the delta-front
facies, with the upward coarsening of the Karashayi Formation (Figure 2). Based on the
regional drilling data and previous studies [45], this delta system was developed in the
lagoon sedimentary background and surrounded by a tidal flat and barrier system.

Sandstone content has a relatively sensitive response to sedimentary microfacies, and
is an important means to study depositional facies and sand-body distribution rules [23,24].
Different sandstone content can reflect different sedimentary environments. Based on the
data of 13 wells situated in the Bamai area, the percentage content of sandstone in the
Karashayi Formation was estimated, and its depositional facies map was made accordingly
(Figure 11). Due to the limited number of wells in the study area, the sandstone content
is linearly extrapolated in the non-drilled area (such as the southwest area), so the depo-
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sitional facies are not described in detail, but the genesis, distribution, and identification
of coal-measure source rocks are focused in the general context of clarifying that the de-
positional facies is a mixed platform-lagoon tidal-flat environment. The study area is a
lagoonal sedimentary setting overall, in which three delta front lobes from the northwest
are developed, and the percentage of sandstone in the delta is high, ranging from 25% to
45%. The depositional facies in the western part of the study area are transitional to the
mixed platform and the tidal-flat subfacies.

 

Figure 9. Seismic section across wells BT5 and BT10 in SE direction of the delta progradational
reflection of the Karashayi Formation. See Figure 1b for section position, P1 means progradation
I, P2 means progradation II, P3 means progradation III, and P4 means progradation IV. Karashayi
Formation is located between T55–T56 seismic reflection boundaries. See Figure 1b for the location.

 

Figure 10. Superposition map five-stage progradational reflections in five different semitransparent
colors.
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Figure 11. Depositional facies map of the Carboniferous Karashayi Formation in the Bamai area.

5. Discussion

5.1. Relationship between the Coal-Measure Source Rocks and Deltas in the Background of
Mixed Platform

A comparison of Figures 7 and 11 shows that the thicker area of the coal-measure
source rocks in the Bamai area is basically consistent with the distribution area of the delta
front; this result indicates that in the lagoonal sedimentary background of the Karashaiyi
Formation as a whole in the southwestern Tarim Basin area, there was an inflow of a
freshwater river from the northwest in the BT5 well 3D seismic survey, and different
progradational deltas were accumulated gradually from northwest to southeast. This
process formed not only sandstone deposits, such as an estuary bar and distributary
channels in the delta front, but also a certain thickness of swamp coal and carbonaceous
mudstone on the delta plain. Since the organic matter contents of coal and carbonaceous
mudstones are much higher than those of lagoon facies’ dark mudstones, the coal-measure
source rocks in the delta sedimentary area should have better hydrocarbon-generation
potential than other surrounding areas.

Coal seams are commonly found in clastic strata and deposited in swampy environ-
ments in humid climates [46]. The Carboniferous in the Tarim Basin contains interbedded
arid and semi-arid carbonate rocks and mudstones, with local gypsum salts, and no coal
developed in other parts of the basin or the surrounding outcrops. Therefore, the Karashayi
Formation coal seams in the BT5 well 3D seismic area are a special case, and their formation
and distribution should be related to the freshwater delta that occurred locally in the mixed
platform. Carbonate rocks are deposited in clear, warm, and full sunlight in a shallow
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water environment, while mudstone and gypsum mudstone are deposited in hot and
turbid shallow water or a tidal-flat environment [47]. The local existence of a delta makes
the water bodies less saline, becoming turbid, which weakens the sedimentation of the
carbonate rock and evaporated salt rock and increases the proportion of local sand–mud
sediment in the background of the mixed platform. In addition, the fresh water body of the
delta plain is beneficial to the growth of vegetation to form coal measures. The upward
coarsening cycles of Carboniferous Karashayi Formation in the BT5 well and the typical
imbricate progradational reflections in the 3D seismic survey verify the existence of deltas.
The low seismic-inversion impedance shows that coal seams are also thickened in the
delta sedimentary area, further suggesting the close relationship between the origin and
distribution of coal measures and the delta in this area.

5.2. Potential of the Coal-Measure Source Rocks in Bamai Area

Many years of exploration practice and previous studies have shown that the
Cambrian–Lower Ordovician source rocks provide oil and gas for the Ordovician gas
fields such as Yubei, Hetian River, Niaoshan, BT5 well, etc., in the SWTB [32]. The Carbonif-
erous source rocks in the Bamai area have a certain role in hydrocarbon generation and
may be used as the minor source rocks of the Bashito and Yasundi oil and gas reservoirs.
Two types of hydrocarbon source rocks were considered to exist in the Carboniferous:
shallow-sea mixed continental-shelf mudstone and carbonate rock with low maturity,
which only reached the maturity stage near well Kedong 1 in Kunlun Mountains, while
coal-measure source rocks were never found before [17]. Our study reveal that there is a
set of good source rocks in the Bamai area, with the maturity increasing with burial depth,
and the content of the organic carbon is much higher than that of the dark mudstone in the
same stratum. Coal measures are of better hydrocarbon generation potential and, hopefully,
are one of the main source rocks in this area like Cambrian shale.

5.3. Excellent Conditions for Self-Generation and Self-Storage Composite Reservoirs in Carboniferous

In the Bamai area, the oil and gas pools related to the Cambrian–Ordovician source
rocks are distributed along the faults, which is a necessary passage for oil and gas mi-
gration vertically upward [12]. However, in the areas where Carboniferous high-quality
coal-measure source rocks exist, reservoirs could be formed without fault passages. The
high-quality coal source rocks of Carboniferous Karashayi Formation in Bamai area have
a substantial thickness and wider distribution. They are vertically superposed and trans-
versely contiguous to delta-front sandstones. The deltaic sand body is pinched out toward
the upper northwest, satisfying the conditions to form stratigraphic traps. The oil and gas
generated by coal-measure source rocks and delta sandstones constitute a beneficial source-
reservoir-cap matching, trap, and migration condition. Therefore, the “self-generating,
self-accumulating” reservoirs of the Karashayi Formation are expected to be an important
exploration target in this area.

6. Conclusions

1. A set of coal and carbonaceous mudstone source rocks are revealed in the Karashayi
Formation in the SWTB, China, with an average TOC content of 60.6% and 14.4%,
respectively, for coal and carbonaceous mudstone, with types II2-III kerogen, and Ro
values of 0.78–1.65%.

2. The coal seam and carbonaceous mudstone of the Karashayi Formation are charac-
terized by low DEN (<2.2 g/cm3), high AC (>300 μs/m), and low wave impedances
(<7333 m/s·g/cm3). They can be roughly distinguished according to the natural
gamma logging values less and greater than 75 API, respectively. The thicknesses of a
single-layer coal seam drilled by wells are generally 1–4 m, the cumulative thickness is
approximately 20 m plus carbonaceous mudstones, and the area of thick coal-measure
source rocks is about 40 km2.
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3. The Karashayi Formation in the Bamai area is mainly a delta-lagoon deposit in a mixed-
platform background. Coal and carbonaceous mudstone are mainly distributed along
the delta system and thin toward the tidal-flat area in the west. The hydrocarbon
potential of the coal-measure source rocks in the delta of the Karashayi Formation
near well BT5 should be better than that in the adjacent area overall.

4. The Lower Mudstone Member and the Middle Mudstone Member of the Bachu
Formation contain interbedded gray and variegated mudstones. The TOC contents of
dark mudstones with single-layer thicknesses of more than 5 m are generally less than
0.3%, and the mudstones do not have the conditions for hydrocarbon generation.
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Abstract: Pneumatic conveying is widely used in coal mining. As the lowest conveying velocity
of materials, the pickup velocity is the key to the study of gas–solid two-phase flow. In this study,
the pickup velocity of pebble particles was experimentally investigated. When the particle size is
3–9 mm, the airflow velocity was found to suitably describe the results as a function of the pickup
velocity and have a high correlation. When the swirl number is 0.2, the optimal swirl number was
found for which the highest particle pickup ratio was observed. Based on four different methods,
namely, visual observation, mass weighing, coefficient of difference analysis, and determination
of the peak-average ratio of the pressure drop in the flow field to measure the pickup velocity of
the spraying material, the results showed that the accuracy of the particle pickup velocity obtained
through visual observation was the lowest, and when the mass–loss rate of the particle was selected
as the measurement index of the pickup velocity, the accuracy was the highest. The results will help
to realize the long-distance transportation of spraying materials in inclined roadway under the shaft.

Keywords: axial flow; swirling flow; pickup behavior; coefficient of variation

1. Introduction

In recent years, the construction technology for coal mining in China has developed
rapidly, and the monthly footage of roadway wellbore construction has exceeded 100 m [1,2].
Roadway excavation is of great significance for coal mining. However, the conveying dis-
tance of spraying materials is less than 200 m. For a long-distance inclined shaft excavation
(≥500 m), conveying the spraying materials by laying the track results in considerable
safety risks and low work efficiency. Therefore, long-distance pneumatic conveying of
spraying materials is of high economic value and social benefits.

Pneumatic conveying is widely used in chemical, mining, and other industries,
which utilizes the airflow to convey particulate material along the direction in a closed
pipeline [3,4]. In the past few years, we have devoted ourselves to the study of long-
distance pipeline dilute-phase pneumatic conveying of spraying materials, and committed
to applying this technology to the long-distance pipeline conveying of underground road-
way gangue and coal mining [5,6]. For long-distance pipeline conveying, the pressure drop
in the pipeline increases with the conveying distance, resulting in blockage of the pipeline.
When the airflow velocity reaches the pickup velocity of particles, particles are disturbed
and gradually picked up. Conversely, particles suspended in the pipeline gradually settle
and pile up at the pipeline bottom. Researchers have investigated the threshold velocities
of pneumatic systems, which can be classified into two groups: the velocity required to
move these particles when they are initially moving (pickup velocity) and that to keep the
particles moving and prevent them from deposition (saltation velocity).

Pickup velocity is the limit airflow velocity required to pick up the particles [7]. A few
studies on pickup velocity have been conducted to reveal the basic features. Soepyan [8]
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used a novel combination of various methods to predict the confidence of solid transport
models by considering the input conditions, experimental data, and modified model.
Rice [9] proposed a general functional form for the critical deposition velocity to analyze
the low solid void fractions based on the Reynolds number and Archimedes number of
particles. Gomes [10] developed an analytical model to analyze the effect of the particle
size and particle shape on particle picking mechanism in a horizontal pipe and found that
the pickup velocity increased with a decrease in particle sphericity. Dasani [11] measured
the pickup velocity of three glass spheres in water and compared the pickup velocity
trends under various particle properties for similar gas-solid phase systems. Kalman [12]
presented 100 measurements of the pickup velocity of 24 materials having various particle
sizes, shapes, and densities and established simple relationships of three zones between the
Reynolds and Archimedes numbers (see Figure 1). However, these studies mainly involved
micron-sized powder particles. For pebble particles having a size of more than 3 mm, the
saltation and pickup velocity significantly differ from those of the powder. Furthermore,
the main focus of the aforementioned studies was the particle pickup regimes, and how to
reduce the minimum airflow velocity remains unclear. Reducing the airflow velocity can
effectively reduce energy consumption, and how to reduce the particle pickup velocity is
still an urgent problem to be solved.

Figure 1. Model of flow regimes observed for horizontal pneumatic conveying.

Swirling pneumatic conveying can effectively reduce the pickup speed of solid parti-
cles, and researchers have carried out a lot of research on swirling pneumatic conveying.
Zhou [13–15] studied the influence of the type of swirl generator and the intensity of swirl
on the pickup speed of lump coal particles, and found that the swirl helps to pick up the
particles from the front to the end of the particle bed. Ibrahim [16] used turbulence models
to study the swirling pneumatic conveying, and found the most suitable turbulence model
in a vertical dryer. Yao [17] studied laminar flow in a horizontal pipeline, focusing on the
slug flow and velocity distribution in the pipeline, and studied the effect of the inlet swirl
number, Reynolds number, and axial spacing on the swirl decay and velocity distribution.
Fokeeret [18,19] studied the three-leaf swirling airflow, obtained the swirl intensity in the
pipeline by a laser Doppler anemometer, and studied the effect of the Reynolds number
and the distance from the pipeline outlet on the swirl decay. Li [20–24] studied the swirl
airflow on vertical and horizontal pipes by comparing experimental results with numerical
results. Zhou [25] studied the effects of swirls on gas-solid pneumatic conveying, and
determined the tangential velocities of weak and strong swirls. Studies have shown that
the swirling pneumatic flow is beneficial for the reduction of the conveying velocity of
the solids. However, due to the interaction of the airflow-wall, the swirling flow will lead
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to the swirl decay, and the coupling effect of the tangential flow and the axial flow on
the particle pickup velocity will be unpredictable. Therefore, it is necessary to study the
swirling pneumatic conveying for better understanding the particle picking process.

In this study, experiments were conducted to evaluate the pebble particle pickup
regimes in axial and tangential flow. The effects of swirl numbers on the axial and swirl
velocities in the pipeline were studied, and Gaussian fitting was performed. The airflow
velocity was found to appropriately describe all the results as a function of the pickup
velocity, and it had a good correlation with the results. For small particles with a diameter
of 3–9 mm, Kalman’s empirical equation was suitable for the particle pickup velocity, and
the pickup velocity increased with the particle size. The highest pickup ratio was observed
when the swirling flow number was between 0.1 and 0.2. Based on a comparison of the
particle pickup velocities obtained by using four methods, namely, visual observation,
mass weighing, analysis of the coefficient of difference (CV) of the pressure drop in a flow
field, and determination of the peak-average ratio (PAR) of the pressure drop in a flow
field, the accuracy of the particle pickup velocity obtained through visual observation
was found to be the lowest, and the highest was obtained by considering the accuracy of
the particle mass-loss rate as the measurement index of the pickup velocity. For pipeline
pneumatic conveying, where measuring the material pickup rate is difficult, the particle
pickup velocity and optimal swirling flow number can be obtained by determining the
airflow pressure characteristics of the flow field, CV of the pressure signal, and PAR.

2. Experimental Setup

2.1. Experimental Materials

For particles having fixed sizes, the higher the particle density, the higher the pickup
velocity. To simplify the experiment and facilitate the observation of particle flow patterns,
six particles were selected by seven round screens with apertures of 3 mm, 5 mm, 7 mm,
9 mm, 11 mm, 13 mm, and 15 mm, and their sizes were 3–5 mm, 5–7 mm, 7–9 mm, 9–11 mm,
11–13 mm, and 13–15 mm, respectively. Figure 2 and Table 1 showed the results of the slump
experiment of pebble particles, which were released on the surface of an acrylic plate, and
the angle of repose of the pebble particle group varied from 39◦ to 35◦. Due to the random
distribution of particle size, the structure of particles was asymmetric. Larger particle sizes
would result in greater angles of repose. However, the particles gradually tended to be
smooth with the decrease of the size. This was because small particles accumulated more
densely, and they presented better symmetry.

2.2. Experimental Apparatus

Figure 3 shows a schematic of the experimental apparatus, which were used to study
the picking process of pebble particles. In the experiments, a screw air compressor was used
as the source of airflow supply with 6.9 m3/min, and its loading and unloading pressures
were 0.4 MPa and 0.42 MPa, respectively. The maximum experimental airflow velocity was
200 m3/h. The conveying pipelines used in this experiment was 50 mm; to avoid blockage
in pipelines, the internal size of the pipelines should be at least three times the size of the
pebble particles. An air tank was also arranged in the pipeline. In addition, it could reduce
the unstable airflow generated during the loading and unloading processes. To measure
the steady airflow, the stable length of the flowmeter should be at least 50 times the size of
the pipeline. Therefore, the distance between the spherical valve and flowmeter was set
to 70 Dpl in this experiment. The swirling airstream was generated when the tangential
airflow passed through the swirling generator, and the particles deposited at the bottom of
the pipe were disturbed at this time. The pressure sensor was installed in front of the test
pipeline, and its pressure was considered as the pressure drop of the pipeline because the
outlet of the pipeline was a free flow outlet, and the gauge pressure at the outlet part was
approximately zero.
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3–5 mm 5–7 mm 

  
7–9 mm  9–11 mm 

 
11–13 mm  13–15 mm 

Figure 2. Slump test of pebble particles in the experiments.

Table 1. Particle sizes and their properties.

Particle size (mm) 3–5 5–7 7–9 9–11 11–13 13–15
Angle of repose (◦) 39 ± 0.3◦ 38 ± 0.4◦ 38 ± 0.5◦ 38 ± 0.7◦ 35 ± 1◦ 35 ± 1.2◦

Bulk density (kg/m3) 1570 1510 1462 1368 1350 1332

Figure 3. Schematic figure of the experimental setup. 1—Air compressor, 2—gas tank, 3—spherical
valve, 4—spherical value, 5—tangential flow, 6—flowmeter, 7—swirling generator, 8—pressure
sensor, 9—acrylic transparent tube, 10—receiving device, 11—high speed camera.

Figure 4 showed a cross-sectional view of a swirling generator. Three swirling blades
were arranged to avoid the swirl decay in the case of too many blades. By changing the
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regulating sleeve, the swirling number of the swirling flow could be adjusted accordingly.
In the experiments, the total airflow varied from 40 m3/h to 180 m3/h. The typical ratio
between the gas nozzle and the main inlet of the swirling generator was the ratio between
the gas flow into the nozzle 12 as shown in Figure 4 and the total airflow. In each group
of experiments, we kept the total inlet flow fixed. By changing the typical ratio, we could
achieve different swirling numbers in the pneumatic conveying. The swirling intensity was
adjusted by adjusting the size of the tangential flow valve, and the tangential flow ratio
varied from 0–1 (see Table 2).

Figure 4. Split view of swirling generator [6]. 12—Gas nozzle, 13—inlet pipe, 14—right cover,
15—adjusting ring, 16—housing, 17—swirling blade, 18—regulating sleeve, 19—pebble particles,
20—outlet pipe.

Table 2. Experimental setup.

Value Particle Size (mm) Airflow (m3/h) Tangential Flow Ratio

Numerical value 3–5, 5–7, 7–9, 9–11, 11–13, 13–15 40–180 0–1

A vortex flowmeter and weighing sensor were used to achieve the airflow rate and
particle mass, respectively, and the swirl number (SN) could be defined as [14,15,21,23]:

SN =

∫ R
0 2πρauwr2dr∫ R
0 2πρaRu2rdr

(1)

where u and w are the axial and tangential velocities, respectively, and r is the radius of the pipe.
The experiments were implemented in a horizontal transparent pipe having a length

of 1 m, the total mass of pebble material used in each experiment was 500 g, and the
pebble material was tiled horizontally at the bottom of the pipeline having a tiling length
of 500 mm. A fixed airflow rate was applied to the granular layer through the inlet of the
pipeline. The particles accumulated in the transparent acrylic tube changed from static to
rolling, sliding, or suspended under the airflow. The initial motion state and pickup process
of pebble particles were recorded by a high-speed camera namely JVC/gc-px100bac, with a
500 FPS high-speed film recording capacity, and 500 FPS was used for experiment recording.
In the experiments, the particles picked up by the airflow were collected through a porous
filter that allows the airflow to pass but the particles. The masses of the picked particles
were obtained by an electronic balance with a range of 2 kg, and its resolution was 0.01 g.
Finally, the pickup velocity of the particles was calculated according to the 50% mass loss
of pebble particles under different airflow rates.

3. Results and Discussion

3.1. Airflow Distribution

The airflow velocity is one of the key parameters that affect the flow pattern of the
two-phase flow, and it is important to study the airflow distribution in horizontal pipelines.
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Figure 5 shows the measurement area of the axial and tangential velocity distribution in the
horizontal pipe; and the area was divided into five spaces from the top to the bottom. The
axial airflow velocity was that along the positive direction of the z-axis, and the tangential
airflow velocity is the positive direction along the y-axis. To reduce the errors caused by
accidental experiments, the airflow velocities were measured thrice, and their average
value was taken as the final result.

 

Figure 5. Schematic of experimental measuring domain.

Thermal anemometer AR866 was selected as the anemometer in the experiments, and
its measuring range was 0.3–60 m/s with a resolution of 0.01 m/s. The measured airflow
rates were those under standard conditions. To measure the axial airflow velocity, a flow of
200 m3/h under standard conditions was chosen as the velocity measurement target.

Figure 6 shows the airflow distribution of the axial velocity (z-direction), and the color
lines are the Gaussian fitting for different swirl numbers. For different swirl intensities,
the axial flow velocities in the lower part of the pipeline are larger, whereas those in the
upper part are smaller, which are attributed to gravity and the swirling generator. The
axial speed of the flow increases first and then decreases with the swirl numbers. When
the swirl number is SN = 0.3, the axial speed reaches a maximum value of 41 m/s. With
the increasing swirl number, the axial velocity of the pipe gradually decreases. This is
because the axial velocity decreases with the swirl number, whereas the total flow remains
unchanged, and the friction between the swirl flow and the wall intensifies. Compared with
the axial flow, the swirl decay is more significant, and thus, the axial velocity decreases.

 
Figure 6. Axial airflow distribution and Gauss fitting under different swirl numbers.

Figure 7 shows the distribution of the tangential airflow velocity (y-direction), and
the color lines are the Gaussian fitting for different swirl numbers. The airflow velocity
along the positive y-axis is the positive direction, and the negative direction indicates
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that the airflow velocity is along the negative the y-axis. The trends of the tangential and
axial velocities are the same, and the tangential velocity in the upper part of the pipe is
significantly smaller than that in the lower part of the pipe. The swirling generator plays
an important role in airflow distribution.

 

Figure 7. Tangential airflow distribution under different swirl numbers.

Furthermore, Figure 7 shows that with the increasing swirl number, the tangential
velocity of the airflow increases gradually. However, the tangential velocity reaches a
maximum with a swirl number of 0.3, indicating that when the swirl number is 0.3, the
tangential swirl intensity in the horizontal pipe is the highest. It is found that the swirl
number plays an important role in the swirling decay, the larger the airflow velocity is,
the greater the swirl decay is, and the tangential airflow velocity will decrease accordingly.
When the swirl number reaches 0.5, a lowest tangential airflow velocity is found. Simulta-
neously, the growth trend of the velocity near the wall of the pipeline is weakened, and
presents a downward trend. This is because the velocity near the wall is less than that at
the central axis owing to the friction between the wall and airflow.

3.2. Particle Pickup in Axial Flow

The experiments were implemented in a horizontal transparent pipe having a length of
1 m; the total mass of the pebble material in each test was 500 g, and was tiled horizontally
at the bottom of the pipeline having a tiling length of 500 mm. A fixed airflow rate was
applied to the granular layer through the inlet of the pipeline. The granular layer was
picked up by airflow entrainment, and the surface airflow velocity was larger than the inlet
velocity. As the particle layer eroded and gradually picked up, the average airflow velocity
at the particle surface layer decreased (the cross-sectional area of the airflow increased), and
the airflow velocity at the particle surface was calculated by dividing the volume airflow
rate of the pipeline (free cross-sectional area), as shown in the following equation:

vs f = vin
πr2

πr2 − me
ρb Le

= vin
πρbLer2

πρbLer2 − me
(2)

where vsf is the airflow velocity on the particle surface, vin is the inlet airflow velocity, me is
the total mass of particles in each test, Le is the particle layer length that were tiled, and ρb
is the particle bulk density.

In the picking process of the 3–5 mm particles, the airflow at the inlet was 137–140 m3/h,
and the picking process of pebble particles in the horizontal pipe was recorded by using
a high-speed camera, as shown in Figure 8. When t = 0.00 s, the particles remain still.
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With time, the particles on the surface of the particle layer are gradually picked up. When
t = 0.05 s, two protruding particles are picked up. The main reason is that the windward
side of the particles is considerably large, and the horizontal force on the particles increases.
When the force of airflow exceeds the friction force of the particles, the particles are picked
up, begin to roll, and picked up again. As the laying of particles at the bottom of the
pipeline is significantly affected by random factors, and the friction between the particle
and wall, friction between particle and particle, particle size, and particle bulk density has
a certain effect on the picking of pebble particles, the particles sometimes stop moving
again after being picked up, as shown in Figure 8b. In this stage, only the particles with an
uneven surface are forced more in the wind, and few particles are picked up. Therefore, to
avoid the random influence of these factors on the picking of pebble particles, each test was
performed twice. If the mass error of the two tests exceeded 20%, the test was conducted
three or even four times. The singular test results were filtered out, and the average value
of several groups of test picking was obtained.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

Figure 8. Pick-up process of pebble particles. (a) t = 0.00 s, (b) t = 0.05 s, (c) t = 0.10 s, (d) t = 0.15 s,
(e) t = 0.25 s, (f) t = 2.05 s, (g) t = 5.00 s.
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Figure 8 depicts that particle-picking starts with a few particles rolling and impacting
other particles, and the particles at the end of the pipeline are picked up gradually and
suspended. When the particles are reduced to a certain number, the particles move in the
form of laminar flow. The picking process can be divided into four stages. First, particles
begin to roll along the particle layer (Figure 8b). Second, the picked particles collide with
other particles in the layer (Figure 8c–e), and the particles begin to rebound. Third, the
newly picked particles collide with the particles already carrying air (Figure 8f). Fourth,
the windward side of the particle group is picked up gradually, and the particle-picking
process ends.

It can be seen from Figure 8c–f that as few particles are picked up, the picked-up
particles roll and jump, thereby impacting the deposited particles, and these particles are
picked up (as shown in Figure 8c–e). The picked-up particles impact other particles in the
rolling process, causing the particles on the surface of the particle group to be picked up
gradually. The picking process of the particle group gradually slows down with cutting,
as shown in Figure 8f. With the picking process, the number of particles deposited at the
bottom gradually decreases, and the friction between the particles and the wall decreases.
When the fluid force on the windward side of the particles exceeds the friction of the
particle pile, the particles move along the outlet in the form of laminar flow, as shown in
Figure 8g.

Some randomness exists in the particle-picking process; thus, the particle-picking
regimes will appear in a limited range of airflow velocity only. Therefore, the pickup
velocity of the particles determined by visual observation will lead to a certain error, and
a reasonable pickup velocity is a key to the research on the process of particle-picking
in horizontal pipes; some researchers had a different definition of pickup velocity in the
past. To solve the problem of micro-particle dune flow, Hayden et al. [26] slanted the
material inside the pipe and made it away from the air source. They inferred the pickup
velocity of particles inversely by measuring the height of the stabilized particle group
and made the airflow velocity when the mass of particles picked up was larger than zero
be the pickup velocity of materials. Kalman et al. [12] defined the mass loss of particles
within 30 s in one test, and the pickup velocity was identified as the airflow velocity when
the material mass loss was not zero. Rabinovich [27] and Zhou [12] defined the airflow
velocity when the picking mass of the particle was 50% as the pickup velocity. To reduce
the influence of random factors on the pickup velocity, this paper tended to measure the
pickup velocity qualitatively, the pickup velocity of pebble particles was determined by
drawing the function relationship between the airflow and the entrainment of particles,
measuring the intersection point of measurement point and vertical coordinate as well, the
pickup velocity was treated as the airflow velocity when the picking mass was 50%. Based
on the function relation of the mass loss, higher measurement accuracy could be obtained.
The greater the number of particles measured, the higher the measurement accuracy.

Figure 9 shows the functional relationship between the pickup velocity of pebble
particles with different sizes and airflow velocities. The picking rate is selected as the
measurement index of the pickup velocity, that is, the ratio of the picking mass to the total
mass of the material. The pickup ratios are low at low airflow velocity for different sizes
due to the solid pickup velocity, and then a large number of particles are picked up in
a small velocity range. For pebble particles with different particle sizes, the 50% pickup
velocities are 17.9 m/s, 20.5 m/s, 22.1 m/s, 20.7 m/s, 17.0 m/s, 19.5 m/s, respectively.
When particle pickup begins, the picking rate of the particles has an approximately linear
relationship with the airflow velocity. For various sizes of pebble particles, the bulk density
decreases with the particle size, resulting in the increasing of the porosity. The larger the
particle size, the higher the accumulated height of the particles, which will increase the
surface airflow velocity of the particles. Rabinovich et al. [27] found that the maximum
pressure drop above the particle accumulation is equal to 10% when the accumulation at
the bottom was less than 70%. They considered that the effect of particle accumulation on
particle-picking can be ignored. However, when the sediment height exceeds 90% of the
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pipeline, the calculation of the pickup velocity may lead to errors that cannot be ignored.
The effects of the airflow velocity, material permeability, and particle stacking height should
be considered.

 
Figure 9. Pick-up ratio of pebble particles with different particle sizes.

Figure 10 shows the pickup velocity of pebble particles with a picking rate of 50% for
particles with different particle sizes. For particles from 3 to 9 mm, the pickup velocity
increased with the increasing size, which is consistent with the research results of Kalman,
Rabinovich, and Zhou et al. [12,27]. As regards the size of particles in a specific range,
Kalman’s empirical equation was more suitable for the prediction of the particle pickup
velocity of the particles considered in this study. For particles ranging from 9–11 mm, the
surface airflow velocity and the height of the windward side had significant effects on
particle-picking, and the pickup velocity of the particles was low. For pebble particles of
5–9 mm, the pick-up masses were the minimum. Therefore, for pneumatic conveying of
the gas-solid two-phase flow, it was often required that the particle size was less than three
times the pipe diameter. When the particle size was close to 1/3 of the pipe diameter, the
particle would not be suitable for conveying in such a small pipe.

 

Figure 10. Function between particle size and pick-up velocity.
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The stress analysis of a particle in the axial flow field of a horizontal pipeline is shown
in Figure 11. In the figure, ua is the airflow velocity vector, up and ωp are the velocity
the vector and angular velocity vector of spraying particles respectively. According to
the gas–solid two-phase hydrodynamics, the forces received by spraying particles when
moving in the flow field include the gravity, the drag force generated by the relative
velocity between airflow, the lift force generated by the particles rotation, and pressure
gradient force generated by the velocity difference between the upper side and lower side
of the particles and pressure gradient force, buoyancy force and other forces generated by
temperature difference and electric field. The above forces have different effects on particle
motion in different airflow. In the pneumatic conveying system of spraying particles, there
is a great difference between the particle density and the gas density, and the size of a single
spraying particle is large. Among the above forces, only the drag force, rotating lift force and
particle inertia force are of the same order of magnitude and have an impact on the movement.

 
Figure 11. Forces analysis of single spraying particle in horizontal axial pneumatic conveying.

When measuring the dispersion of different data, directly comparing the two groups
of data with the standard deviation will lead to a large error. Comparing with CV can
eliminate the influence of measurement scale and size. The CV is the ratio of the standard
deviation of the original data to the average value, as shown in Equation (3). There are no
dimensions, so objective comparisons can be made.

CV =
σx

Ex
(3)

where CV is the coefficient of variation, σx is the standard deviation, Ex is the average.
Figure 12 shows the normalized functional relations between the airflow velocity and

the CV of the pressure under different particle sizes. In this study, because the end of
the test pipeline was a free flow outlet, the pressure of the pressure transmitter could be
regarded as the pressure drop of the tested pipeline. CV can be used to describe the fluctuation
of the flow field in a horizontal pipeline. The larger the CV, the more unstable the flow field.
For particle multiphase flow, particle pickup and suspension affect the stability of the flow
field. Therefore, CV is selected as another index to measure the pickup velocity.
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Figure 12. Relationship between coefficient of difference and airflow velocity.

For lower airflow velocity, the CV of the airflow pressure is low, which is less than 0.2.
This is mainly because the airflow velocity is less than the particle pickup velocity, so only
a few particles are picked up at this low airflow velocity. The fluctuation of the flow field is
caused by the decrease in the ventilation cross-sectional area of the flow field caused by
the particle pile, and the periodic acceleration and deceleration of the airflow caused the
fluctuation of the gas. With the increasing airflow velocity, the particles begin to be picked
up, and the pressure CV increases gradually. For the pebble particles of 3–9 mm, with the
increasing particle size, the airflow velocity will be larger, which is similar to the result of
the picking rate measurement index. Furthermore, no linear relationship exists between
the CV of the pressure and particle size with sizes of 9–11 mm, 11–13 mm, and 13–15 mm.
When the particle size exceeds 9 mm, the particle pickup velocity is smaller than that of
the 7–9 mm particles. One reason is that with the increasing particle size, the porosity of
particles increases, the packing density of particles decreases, the permeability of particles
increases, and large particles tend to be disturbed and picked up by airflow. In addition,
for horizontal pneumatic conveying with fixed pipe diameter, the surface airflow velocity
of the large particles is higher; thus, the pickup velocity will be smaller.

Some errors may exist when the particle pickup velocity is measured using the CV
of a flow field if the time of particle-picking is substantially long or the particle-picking
process may be completed in an instant or within a period. Therefore, the PAR is adopted
to further optimize the pickup velocity obtained by the CV in this study, as shown in the
following equation:

rpar =
xi,max

EX
(4)

where rpar is the peak-average ratio of the pressure drop, xi,max is the peak pressure signal,
and Ex is the average of the pressure drop.

Figure 13 shows the normalized function between the airflow velocity and PAR under
the pipeline pressure of particles of different sizes, it can be seen from the figure that
the relation of PAR has a certain similarity with the function of CV, the pickup velocities
obtained by taking 50% of the PAR as the calculation are 17.54 m/s, 22.17 m/s, 22.51 m/s,
20.95 m/s, 17.57 m/s, and 22.74 m/s respectively, which are approximately equal to the
pickup velocity obtained by taking the CV as the measurement index in Figure 13. For
particles of 13–15 mm, the pickup velocity obtained by taking the PAR as the measuring
index is higher than those obtained by using the CV, and the pickup velocity is closer to
that obtained by using the picking volume, therefore, the pickup velocity of the particles
can be accurately obtained by using the PAR within a certain range.
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Figure 13. Relationship between peak-to-average rate and airflow velocity.

By comparing Figures 9, 12 and 13, the airflow velocity present the same effect for
particle pickup mass, airflow pressure CV, and PAR. In other words, for pipeline pneumatic
conveying which is not conservative for the measurement of the material pickup rate, the
particle pickup velocity, and optimal swirl number can be obtained by determining the
pressure characteristics of the flow field, CV of the pressure signal, and PAR. When the
pickup quality is used to evaluate the pickup velocity, the accuracy is the highest, the
pressure CV is the second, and par is the worst.

3.3. Particle Pickup in Swirling Flow

It was found from the results of the pure axial flow experiment that the pickup velocity
of particles with a particle size of 3–9 mm exhibited a linear relationship. Therefore, pebble
particles with particle sizes of 3–5 mm, 5–7 mm, and 7–9 mm were selected as the test
objects for flow transportation in the swirling flow field, as shown in Equation (1); when
the total flow remains constant as the premise, by changing the swirl number, the pickup
velocity of pebble particles under different swirl numbers can be obtained, as shown in
Figure 14.

As seen in Figure 14a, for pebble particles of 3–5 mm, when the total airflow velocity
is lower than 17.54 m/s, the SN has an insignificant effect on the particle pickup velocity
and instead has an inhibiting effect. With the increasing inlet airflow velocity, a relatively
lower swirl number promotes the particle-picking process. When the swirl number is
between 0.1 and 0.2, the particle pickup rate reaches the maximum, whereas, with the
increasing swirl number, the particle pickup rate decreases gradually owing to the swirl
decay. For particles having sizes of 5–7 mm and 7–9 mm and low airflow velocity, as shown
in Figure 14b,c, the swirl number has no significant effect on the pickup rate; however, when
the airflow velocity is almost similar to the pickup velocity, the swirl number seriously
affects the particle-picking ratio. When the swirl number is between 0.1 and 0.2, the pickup
rate of particles is the largest, which is similar to the pebble particle swirl conveying with a size
of 3–5 mm, that is, the best swirl number exists, and the pickup rate of materials is the largest.

For the swirling pneumatic conveying, the spin motion of spraying particles in the
transportation process can be ignored, but the spiral motion of particles around the pipeline
axis cannot be ignored. The stress analysis of a single particle in the horizontal pipeline
swirling field is shown in Figure 15. In the axial direction, the spraying particle is only
affected by the axial drag of the airflow, and in the tangential direction, the particle is
affected by gravity, drag, and centrifugal force.
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(a) (b) 

 
(c) 

Figure 14. Effect of swirl number on picking velocity of pebble particles. (a) dp = 3–5 mm, (b) dp = 5–7 mm,
(c) dp = 7–9 mm.

For pebble particles with large sizes, the pickup velocity differs significantly from that
of small particles, mainly because large particles have better air permeability, lower pack-
density between particles, and a more significant disturbance effect of swirling flow on the
particle group, making it easier for the particles to be picked up. A larger swirl number is
not conducive to particle pickup, which is mainly because of the swirl decay. Increasing
the swirl number means reducing the axial airflow velocity. Although the tangential flow
is conducive to particle disturbance, there will be an optimal swirl number in the process
of particle pickup due to the large friction loss energy between the tangential flow and the
pipe wall.

Therefore, the swirling velocity can be estimated by using the following equation:

vpu,s =
[
−as

(
x − SN,op

)2
+ bs

]
vpu, vpu < f

(
dp,i/dp,1

)
vin (5)

where vpu,s is the particle pickup velocity under the swirling flow, as and bs are constants
associated with conveying materials, and they are all larger than 0, and SN,op is the swirl
number corresponding to the maximum pickup rate. For the pebble particles investigated
in this study, 0.1 < SN,op < 0.2 f

(
dp,i/dp,1

)
is a function related to the particle size, and vin

is the inlet airflow velocity.
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Figure 15. Forces analysis of single spraying particle in horizontal swirling pneumatic conveying.

Figure 16 shows the normalization between the airflow velocity and the pressure CV
of the swirling pneumatic conveying. It can be seen from the figure that when the airflow
velocity was smaller than the particle pickup velocity, the CV of the flow pressure was
relatively low, and they were all less than 0.2. With the increasing swirl number, the CV
decreased gradually. This indicated that the particle on the flow field was progressively
weakened, and only a small amount of particles were picked up. For pebble particles with
a grain size of 3–9 mm, when the airflow velocity was close to the pickup velocity, the
particles began to be picked up with the swirl number, and it reached the maximum when
the swirl number was 0.1–0.3. With continuously increasing the swirl number, the CV of
flow pressure drop decreased due to the swirl decay. Compared with the measurement
index of pickup rate, the results of the CV had a certain similarity with the former, which
meant that the particle pickup regimes can also be obtained qualitatively by measuring the
CV of airflow pressure in horizontal pipelines.

Figure 17 shows the normalization between the airflow velocity and the PAR. The
PAR has a high similarity with the pickup velocity obtained from the particle pickup rate
results and CV results, and the PAR reaches its maximum value at a swirl number of
0.1–0.3. The PAR of pressure in the flow field is highly reliable as the pickup index of swirling
pneumatic conveying, the pickup velocities obtained by the PAR as the measuring index are
more accurate than the CV, and the pickup velocity is closer to those obtained by pickup rate.

Comparing the pure axial flow field with the swirl flow field, the accuracy of particle
pickup velocities obtained by visual observation is the worst, and it reaches the best when
the particle mass loss rate of selecting is selected as the index. For particle conveying which
is not convenient to measure the particle pickup ratio, the particle pickup velocity, and the
optimal swirl number could be obtained qualitatively by measuring the airflow pressure
drop, the CV of pressure signals, and the PAR.
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(c) 

Figure 16. Effect of swirl number on coefficient of variation of pebble particles. (a) dp = 3–5 mm,
(b) dp = 5–7 mm, (c) dp = 7–9 mm.

  
(a) (b) 

 
(c) 

Figure 17. Effect of swirl number on peak to average ratio of pebble particles. (a) dp = 3–5 mm,
(b) dp = 5–7 mm, (c) dp = 7–9 mm.
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4. Conclusions

The pickup velocity of the pebble particles selected in this experiment was studied
based on an empirical analysis of the particle pickup velocity and existing research results.
The airflow velocity is found to appropriately describe all the results as a function of the
pickup velocity, and a good correlation exists between them. Furthermore, it is found that
the experimental object was suitable for the Kalman empirical equation when the range
of the particle size is 3–9 mm, and the pickup velocity increased with the particle sizes.
Large particles have larger windward surface areas and voidage, and their pickup velocity
is affected by the particle size and the internal size of the pipeline.

For pebble particles with large sizes, the pickup velocity is significantly different from
that of small particles, and this is mainly attributed to the influence of the windward surface
area and particle voidage of large particles. When the swirling flow number ranges from
0.1–0.2, the particle-picking rate reaches the maximum. When the particle pickup velocities
obtained by using four methods, namely, visual observation, mass weighing, analysis of
the CV of the pressure drop in a flow field, and determination of the PAR of the pressure
drop in the flow field, were compared, the results showed that the accuracy of the particle
pickup velocity obtained through visual observation was the lowest, and that obtained by
selecting the particle mass-loss rate as the measurement index was the highest. For pipeline
pneumatic conveying, which is not convenient for the measurement of the material pickup
rate, the particle pickup velocity and optimal swirl number can be obtained by determining
the pressure characteristics of the flow field, CV of the pressure signal, and PAR.
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Nomenclature

SN Swirl number - u Airflow axial velocity m/s
R Pipe radius m w Airflow tangential velocity m/s
ρa Gas density kg/m3 vsf Particle surface airflow velocity m/s
vin Inlet airflow velocity m/s me Each test particle mass kg
ρb Particle bulk density mm Le Particle layer length m
CV Coefficient of variation - Ex Mean value kPa
σx Standard deviation kPa Rpar Peak-average ration kPa
Xi,max Peak pressure kPa vpu,s Swirl pickup velocity m/s
as constant - bs constant -
vpu Pickup velocity m/s SN,op Maximum pickup swirl number -
rxx Auto-correlation function kPa n Sequence length -
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Abstract: Tight sandstone gas reservoirs are characterized by deep burial, high pressure, tight matrix,
fracture development, and the prevalence of edge and bottom water. Because of the small pore throats,
the phenomenon of capillary force is evident. In addition, the low permeability of the reservoir and
the difference in fluid properties make the gas reservoir undergo severe water-blocking damage. In
this paper, centrifugal and nuclear magnetic resonance methods are used. The relationship between
pore throat characteristics, fluid distribution, and gas reservoir water-blocking mechanism is studied
and analyzed. The experimental results show that fracture formation increases the porosity of the
small pores and expands the pore size distribution. It is conducive to the displacement of the bound
water in the small pore space and the reduction in the bound water saturation. When increasing the
same displacement pressure, the core porosity increases. More residual water in the tiny pores is
converted to moveable water, thereby reducing the capillary resistance. The high-angle penetration
fractures and complex seam networks are created by fractures. They connect the pores to form a
fracture network structure, which is conducive to the communication of seepage channels. The
increase in porosity and the creation of a complex fracture network make the water inrush along the
fractures more even in the process of mining. This slows the advance speed of the water invasion
front and reduces the damage of water blocking. The results enhance the understanding of the
water invasion mechanism of edge and bottom water so as to improve the recovery factors of tight
sandstone gas reservoirs.

Keywords: tight sandstone gas reservoir; nuclear magnetic resonance; fracture; water blocking

1. Introduction

As one of the most mature sources of unconventional gas resources, tight sandstone
gas has very substantial reserves to be exploited. According to the research, the technically
exploitable tight sandstone gas reserves today are 1050 to 2400 billion m3 [1]. However,
tight sandstone gas reservoirs are characterized by deep burial, high pressure, tight matrix,
fracture development, and the prevalence of edge and bottom water. Because of the small
pore throats, the phenomenon of capillary force is obvious, and the difference in reservoir
densities and fluid properties leads to severe water-blocking damage.

Water-blocking damage mainly refers to the phenomenon where the water saturation
in the near-well zone of tight sandstone gas increases sharply because of the intrusion of
foreign fluids into the reservoir, thus causing a decrease in gas-phase permeability. Once
water blocking occurs in tight sandstone gas reservoirs, the permeability damage rate can
reach more than 70%, and gas well production can drop to less than one-third of the original
production [2]. Therefore, understanding the water-blocking mechanism of tight sandstone
gas reservoirs is helpful to reduce water-blocking damage and improve production from
gas reservoirs.
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According to the different foreign fluids, Xu, S. Y. [3] divided the water-blocking
damage process into two parts, capillary self-absorption and water phase retention, where
capillary self-absorption refers to the rapid intrusion of edge and bottom water along the
fracture and water phase retention refers to the inability to effectively return drainage
because of the intrusion of working fluid into the reservoir. Wu, Y. [4] focused on the
influence of water phase retention on water blocking. The study concluded that the longer
the working fluid intrudes into the reservoir, the greater the water-bearing saturation and
the more severe the permeability damage. Gao, Q. S. [5] clarified the effect of working fluid
intrusion time on water-blocking damage by conducting damage experiments on tight
sandstone reservoirs and classified the types of water blocking formed by working fluid
into three types: deep intrusion low injury type, concave and convex intrusion medium in-
jury type, and shallow intrusion high injury type. Using the pressure transfer test methods,
Wang and Zhou [6] found that working fluid intrusion makes the sandstone permeability
decrease, which aggravates the water-blocking damage, and finally proposed a nanoemul-
sion system that effectively relieves the water-blocking damage. Zhang et al. [7] proposed
that when the surface tension of the working fluid is large, the reservoir core is severely
damaged by water blocking, and foreign fluids are not easily displaced. Qin et al. [8]
investigated the effect of the fracture morphology and developmental characteristics on
water blocking by using SEM and CT scans and found that intragrain fractures connect
the pores and form a seepage network in dense sandstones, which greatly increases the
permeability. Dong et al. [9] divided the fractures in the Kalasu tight gas reservoir into
macroscopic fractures and microscopic fractures based on the fracture pore size, fracture
network effectively improves water-blocking damage by increasing permeability and gas
seepage performance. Scholars at home and abroad have mainly studied the influence of
working fluid on water locking in tight sandstone gas reservoirs while ignoring the study
of the mechanism of edge and bottom water on water blocking in gas reservoirs.

As an emerging high technology, nuclear magnetic resonance (NMR)scanning technol-
ogy is widely used in many aspects of oil and gas exploration. However, the current NMR
scanning technique is less applied to the interpretation of the water-blocking mechanism
and is mainly used to study the occurrence state and mobility of pore water in tight gas
reservoirs. Yao et al. [10] combined gas–water two-phase flow and NMR and found that
whenever the saturation of the water-phase fluid entering the reservoir exceeded the origi-
nal saturation, it would cause reservoir water-blocking damage. Li et al. [11] used NMR
testing to quantify the extent of water-blocking damage from a microscopic perspective and
concluded that the root of relieving water-blocking damage is to eliminate the occupation
of storage space by capillary water. Li et al. [12] integrated NMR testing and core flooding,
and the results showed that the lesser the percentage of movable water in the pore space,
the more serious the degree of water blocking in the reservoir core under saturated water
conditions. Zhang et al. [13], using the NMR technique, analyzed the mechanism of water-
blocking damage in working fluids from a microscopic perspective. Hassan et al. [14] used
NMR measurements to find that injecting a thermochemical fluid into a dense sample can
reduce capillary forces and undo water-blocking damage.

In summary, the existing water-blocking mechanism of tight sandstone gas reservoirs
mainly focuses on the water-phase retention caused by the working fluid, ignoring the study
of the water-blocking mechanism of edge and bottom water. While NMR is an effective tool
for oil and gas detection, it is less applied to explain the water-blocking mechanism in gas
reservoirs. Therefore, this study comprehensively considered the impact of parameters such
as porosity, water saturation, displacement pressure, pore size distribution, and fracture
type on water blocking. Firstly, the core data of six wells in a tight sandstone gas reservoir
were selected, and then centrifugal and NMR methods were used to conduct gas-displacing
water experiments before and after fracture formation to simulate the effect of fracture
formation on the water block in the reservoir. Finally, the water-blocking mechanism of
gas reservoirs was analyzed based on the results of gas-flooding efficiency, expanding our
understanding of the water-blocking mechanism in tight sandstone gas reservoirs.
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2. Experimental Method

2.1. Gas Displacing Water Experiment

The centrifugal method uses the centrifugal force of a high-speed centrifuge instead
of the displacing pressure. This study mainly used the difference in centrifugal force
generated by the difference in density between the nonwetting phase and the wetting phase
to overcome the capillary force to drive out the water in the tiny pores and finally achieve
the effect of displacement. The NMR scan analysis can analyze the fluid distribution
characteristics in the pore space based on the measured T2 spectrum curve. When the core
pore throat is completely saturated with water, the larger the pore space is, the longer the
T2 relaxation time, and vice versa.

Therefore, gas-displacing water experiments were performed before and after fracture
formation to simulate its impact on the gas reservoirs. Firstly, based on the NMR T2
spectrum, the occurrence (movable or bound) state of brine within the core pores was
analyzed. Then, according to the analysis results, the movable fluid saturation and the
bound fluid saturation were given quantitatively, which helped us study the effect of the
gas-driving efficiency on the gas reservoir. Finally, the water-blocking mechanism of tight
sandstone gas reservoirs was clarified by exploring the influence of different factors on
water-blocking damage.

2.2. Experimental Steps of Gas Displacing Water

The matrix plunger core was first evacuated. Secondly, an NMR scan was performed
after saturation with water, in which its echo interval was 0.2 ms. Then centrifugation
was performed at different speeds of 1500/3000/5000/7000/9000/10,500/12,000 turn/min,
and an NMR scan with an echo interval of 0.2 ms was performed after each centrifugation.
Therefore, the capillary pressure curve could be calculated using each NMR scan. Immedi-
ately afterward, according to the experimental method of matrix cores, the plunger cores
were fractured, and centrifugal and NMR were performed to obtain their capillary pres-
sure curves after fractures. Finally, by processing the experimental data, the distribution
characteristics of core pore throats in a tight sandstone gas reservoir were obtained, and
the water-blocking mechanism was analyzed. Table 1 shows the experimental conditions
for NMR testing.

Table 1. Experimental conditions for NMR testing.

Parameter Value

Testing temperature/◦C 35
Waiting time/s 6

Echo interval/ms 0.20
Number of scanning 128
Acceptance gain/% 80
Number of echoes 4096

2.3. Core Basic Physical Properties

A typical six-well core from a tight sandstone gas reservoir was selected for porosity
and permeability measurements. Core porosity was measured by mercury intrusion
porosity, and permeability was measured by the transient pulse method. Finally, the
following core basic physical parameters were obtained (Table 2).
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Table 2. Basic physical parameters of cores.

Number Permeability/mD Porosity/%

No. 12 of Well XX10 0.098 5.12
No. 20 of Well XX208 0.191 6.40

No. 35 of Well XX2-2-5 0.033 6.10
No. 94 of Well XX2-1-5 0.019 4.20
No. 7 of Well XX2-1-5 0.041 5.60
No. 21 of Well XX1003 0.107 7.07

3. Experimental Results

To study the effects of porosity, water saturation, displacement pressure, pore size
distribution, and fracture morphology on water blocking in gas reservoirs, centrifugal and
NMR experiments were performed. Finally, by comparing these effects on the gas-driving
efficiency before and after fracture formation, the characteristics of pore throat distribution
in tight sandstone gas reservoirs were obtained, and the effects on reservoir water blocking
were analyzed.

3.1. Effect of Changes in Porosity and Water Saturation on Water Blocking after Fracture

The cores from the tight sandstone gas reservoir No. 64 of well XX1003 were selected,
and their plunger cores were tested by centrifugation and NMR. We finally obtained the NMR
T2 spectrum curves and core pore size distributions at different rotational speeds before and
after fracture, where the rotational speeds were 1500/3000/5000/7000/9000/10,500/12,000
turn/min, respectively. When the core is completely saturated with water, the T2 spectrum
curve is the uppermost peripheral one, and its vertical coordinate is the porosity component
of all filled water.

Comparing the NMR T2 spectrum curves of cores before and after fracture formation
at different rotational speeds (Figure 1), it is found that, although the T2 spectrum curves
before and after fracture were both bimodal, the right peak of the curve before fracture
was smaller and the left peak (short T2 relaxation time) was dominant. It indicates that the
core before fracture is mainly small pores, in which the water is poorly movable, and the
capillary resistance is high, so the phenomenon of water blocking is serious. The right peak
(T2 relaxation time) of the curve is longer after fracture, which indicates that there are more
large pores and stronger water movability. Therefore, the difference between the capillary
force of the water phase and gas phase is smaller, the capillary resistance is reduced, and
finally, the water-blocking phenomenon is effectively relieved.

  
(a) (b) 

Figure 1. NMR T2 spectrum curves at different rotational speeds: (a) before fracture; (b) after fracture.
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From the curve characteristics of the core before and after fracture, the porosity of the
core after fracture is relatively larger, so the water in the pore space is gradually driven
out with the continuous gas repulsion. The T2 spectrum curve after gas flooding is shifted
more, the final residual water saturation is lower, and finally, the degree of water-blocking
damage is gradually reduced. In summary, the fracture is conducive to increasing the
porosity of tight gas reservoirs and reducing capillary resistance. As the gas continues to
occupy the pore space, the bound water keeps flowing out from the pore, which reduces
the residual water saturation while slowing down the capillary self-absorption effect and
finally effectively releasing the water-blocking damage.

Further, the distribution characteristics of gas and water in the pore space before and
after fracture can be seen from the changes in water saturation at different speeds before
and after fracture (Table 3). Before the fracture, with the increase in centrifugal speed, the
centrifugal force gradually overcomes the capillary force. The gas gradually occupies the
space in the pore, which makes the water saturation decrease. However, the large pore
content is low and poorly connected, and the permeability devotion value is dominated
by the large pore. Although the pressure is sufficient, it is difficult to completely block
the water phase. Therefore, even if the speed reaches 1200 turn/min, there is still about
70% of the water that cannot be effectively detached, and the saturation of bound water by
centrifugation is high. It indicates that the sample is very dense and that a large amount
of water has not been displaced. Even if the centrifugal speed is increased, the effect of
gas-driving water is limited, and the water lock phenomenon is serious. The porosity of
the core increases significantly after the fracture is created. Since the gas and water flow
preferentially in the large pore space, the water saturation in the large pore space decreases
rapidly, and the water is gradually driven out. However, because of the increase in the
porosity in small pores, the effective seepage channels of the reservoir increase, and the
water in the small pores is gradually replaced by gas. Therefore, the water saturation is
continuously decreasing, and only about one-third of the water in the dense micropores has
not been effectively displaced, which shows that the fracture-making effect is significant.
When the speed reaches 12,000 turn/min, the saturation of bound water is only 34%.
Therefore, the fracture structure can effectively communicate with the seepage channels
and increase the porosity of the small pores while displacing the bound water from the
small pores. Eventually, the gas permeability is increased by reducing the saturation of
bound water to achieve effective improvement of water-blocking damage.

Table 3. Changes of water saturation at different rotational speeds before and after fracture.

Rotational Speed (Turn/min)
Saturation Measured by
NMR before Fracture/%

Saturation Measured by
NMR after Fracture/%

0 100.00 100.00
1500 94.65 79.03
3000 90.36 61.72
5000 81.73 53.58
7000 75.94 46.68
9000 73.89 40.13

10,500 69.31 36.91
12,000 66.67 34.05

3.2. Effect of Changes in Displacement Pressure Curve on Water Blocking after Fracture

The graph of the displacement pressure before fracture is shown in Figure 2 and
indicates that when the displacement pressure increases to 0.7 MPa, only less than 20% of
the water is displaced by the gas. Because this part of water exists in the large pores of
the core, it can be displaced with only a small pressure. When the displacement pressure
increased from 0.7 to 3 MPa, the gas flow rate increased because the displacement pressure
overcomes part of the capillary force and drives part of the water flow in the pore space,
eventually displacing about 10% of the water. When the displacement pressure increased to
4 MPa, the presence of a dense core and small porosity made the seepage channel resistance
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higher, so the water saturation of the core was around 70%, and still, more than two-thirds
of the water was not displaced. This indicates that the gas flooding effect is still poor, and
the water-blocking effect occurs in the reservoir, which leads to a significant reduction in
gas production and ultimately affects the production of gas wells.

 
Figure 2. Variation of displacement pressure.

Fracture makes the core porosity increase, and more residual water in the tiny pores is
transformed into movable water, which effectively communicates the seepage channels in
the core. Therefore, when the displacement pressure is increased to 0.7 MPa, more than
45% of the water is displaced by the gas, compared with less than 20% of the water before
fracture. When the displacement pressure is increased from 0.7 to 3 MPa, with the increase
in displacement pressure, the capillary force of tiny pores is overcome. Therefore, more
water in the pores and channels becomes movable water to be driven out. It was found that
about 15% of water is driven out, and the relative permeability of the gas phase is increased.
When the displacement pressure reached 4 MPa, only about one-third of the water remained
because of the existence of even smaller pores and higher capillary resistance. Compared
with the effect of displacement before fracture, although there are some tiny pores after
fracture formation, fractures improve the overall physical properties of the reservoir and
makes the core porosity increase significantly, which effectively communicates the seepage
channel. At the same strength, the displacement pressure overcomes the capillary force
of most of the tiny pores, further driving out the remaining water and alleviating the
water-lock effect.

3.3. Effect of Changes in Pore Size Distribution on Water Blocking after Fracture

Centrifugal and NMR tests were carried out on the plunger cores from six wells in a
tight sandstone gas reservoir to obtain pore size distribution maps before and after fracture,
of which five wells were analyzed primarily (Figures 3–7).
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(a) (b) 

Figure 3. Distribution of core pore size (No. 21 of Well XX1103): (a) before fracture; (b) After fracture.

  
(a) (b) 

Figure 4. Distribution of core pore size (No. 3 of Well XX2-2-3): (a) before fracture; (b) After fracture.

  
(a) (b) 

Figure 5. Distribution of core pore size (No. 9 of Well XX2-1-5): (a) before fracture; (b) After fracture.
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(a) (b) 

Figure 6. Distribution of core pore size (No. 19 of Well XX1003): (a) before fracture; (b) After fracture.

(a) (b) 

Figure 7. Distribution of core pore size (No. 51 of Well XX2-1-5): (a) before fracture; (b) after fracture.

According to the basic shape of the pore size distribution before and after fracture,
it is found that the pore size distribution of the core before fracture is mainly unimodal
and bimodal, and the main peak is concentrated on the left side, while the side peaks
are not obvious. This feature indicates that the overall pore size before fracture is very
small, with more than half of the pore size less than 20 nm, which makes the pore type
complex, resulting in poor connectivity between large and small pores and high capillary
resistance. Therefore, during the displacement process, it mainly shows the fluid output in
the large pore space and the difficulty of fluid flow in the small pore space, resulting in poor
gas-driving effect and serious water-blocking phenomenon. After a fracture, it is observed
that both the primary and secondary peaks showed a tendency to move to the right, and
the secondary peaks became larger. It means that the proportions of the large pore size
become larger after fracture, and the proportions of small pore size become smaller, while
the ratio of pore sizes less than 20 nm is only about one-third. The pore size distribution
becomes wider, and the connectivity between large and small pores is well improved,
which weakens the nonhomogeneity of the reservoir. During the displacement process, as
the capillary resistance of the fluid decreases, more water in the pore space is displaced
by the gas, and the residual water saturation decreases, which ultimately improves the
water-blocking phenomenon effectively.

Comparing the average values of pore size distribution before and after fracture
(Figure 8), it is found that the center of the core pore size distribution has shifted towards
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large sizes. From the overall view of the five samples, it is found that the ratio of pore throat
of less than 20 nm decreased by 19.82%, the ratio of 20 nm–100 nm decreased by 0.25%, the
ratio of 100 nm–1 μm increased by 6.63%, and the ratio of greater than 1 μm increased by
13.44% after the fracture. Fractures widen the pore size distribution, thereby improving
fluid flow channels and converting bound water in small pores into moveable water. By
reducing the capillary resistance, the bound water in the small pore space is displaced out,
making the residual water saturation reduced and mitigating the water-blocking effect.

 
Figure 8. Comparison of the average value of pore size distribution before and after a fracture.

3.4. Effect of Fracture Morphology on Water Blocking after Fracture

Fractures that can penetrate through the sandstone level are called penetrating frac-
tures [15]. Based on the relationship between the direction of the wellbore and the direction
of the minimum horizontal principal stress, the fracture morphology can be divided into
three types: lateral penetrating fracture, high-angle penetrating fracture, and complex
fracture networks [16]. Among them, the lateral penetrating fracture produces a fracture
surface parallel to the ground, the high-angle penetrating fracture produces a fracture
surface perpendicular to the ground, and the complex fracture networks produce a fracture
surface that is both perpendicular and parallel to the ground.

Observing the fracture morphology diagram after a fracture (Figure 9) and the rela-
tionship between fracture morphology and gas-driving efficiency before and after fracture
creation (Table 4), it is found that the fracture morphology in No. 3 of well XX2-2-3 after
fracture morphology is a lateral penetrating fracture. Its fracture porosity only increased by
0.34%, and the gas-driving efficiency was poor, increasing by only 28.10%. The fracture
morphology of No. 64 in Well XX1003 is a high-angle penetrating fracture. Although the
fracture porosity only increased by 1.85% after fracture, its gas-driving efficiency increased
by 97.87%, which significantly relieves the water-blocking damage. The fracture morphol-
ogy of No. 21 in Well XX1103 is a complex fracture network. The fracture has increased
its fracture porosity by 1.99%, significantly improved the gas-driving efficiency by 95.86%,
and reduced the water-blocking effect.
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(a) 

 
(b) 

 
(c) 

Figure 9. Fracture morphology after fracture: (a) No. 3 of Well XX2-2-3; (b) No. 64 of Well XX1003;
(c) No. 21 of Well XX1003.

Table 4. Relationship between fracture morphology and gas-driving efficiency before and after
fracture in three wells.

Core
Number

Fracture
Morphology

Matrix Samples Fracture Samples
Fracture
Porosity

Gas-Driving
Efficiency

Improvement
NMR

Porosity
Gas-Driving

Efficiency
NMR

Porosity
Gas-Driving

Efficiency

No. 3 in Well XX2-2-3 Lateral penetrating fracture 6.95% 46.27% 7.29% 59.27% 0.34% 28.10%
No. 64 in Well XX1003 High-angle penetrating fracture 4.91% 33.33% 6.76% 65.95% 1.85% 97.87%
No. 21 in Well XX1003 Complex fracture networks 6.19% 29.26% 8.18% 57.31% 1.99% 95.86%

In comparison, high-angle penetrating fracture and complex fracture networks are
found to be more effective for enhancing gas and water displacement. This is because these
two types of fractures have a large number of longitudinal fractures near the end of the
production layer and a larger width of the fracture body, which effectively communicates
the seepage channel. This increases the seepage area of the gas well while reducing the
capillary resistance of the gas in the fracture, which ultimately helps to reduce the water-
blocking effect. However, lateral penetrating fracture produces fractures parallel to the
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ground, and the width of the fracture body is small, which cannot effectively communicate
the gas seepage channel. Therefore, the lateral penetrating fracture is less effective in
enhancing the efficiency of gas-driving water and cannot effectively relieve the water-
blocking damage.

3.5. Effect of Fracture Making on Water Blocking of Edge and Bottom

Tight sandstone gas reservoirs are characterized by fracture development and edge–
bottom water. In the process of gas reservoir development, the edge–bottom water first
bursts rapidly along the fracture and advances in a piston-like manner in the matrix. The
occurrence of capillary fingering and snap-off causes reservoir water-blocking damage.
Then, the production pressure difference makes the bottom water quickly channel to
the local gas well along the fracture. The higher the production pressure difference, the
faster the water runs. As a result, many gas wells produce water within a short period of
time [17–21].

After fracture formation, centrifugal and NMR experiments show that the fracture
morphology is characterized by high-angle penetrating fracture and complex fracture
networks. Through the connected pores, the fracture network structure is formed. This
not only increases the effective seepage channels but also reduces the capillary force. At
the same time, the porosity of small pores and the proportion of large pore sizes are
increased. Therefore, the bound water of small pore size is converted into movable water,
and the proportion of movable water is increased. With the significant increase in matrix
permeability, the ability to supply gas to the fractures is greatly enhanced, further improving
the heterogeneity of the gas reservoir. As the displacement pressure increases, the bound
water in the small pore space is displaced out by the gas, and the saturation of bound water
is decreased accordingly. This can effectively improve the water-blocking damage. At
this time, the edge and bottom water advance uniformly in the matrix. When the fracture
is connected to the water body, the water body is more uniformly protruding along the
fracture during the mining process. The advance speed of the water invasion front is
slowed, and the time to water appearance is delayed, which significantly improves gas
reservoir recovery.

4. Conclusions

Using centrifugal and NMR methods, gas displacing water experiments were con-
ducted on six well cores from tight sandstone gas reservoirs before and after fracture, and
the following conclusions were finally obtained:

(1) The porosity of small pores is increased, and the capillary resistance is reduced.
Therefore, the bound water can be continuously displaced from pores, and the water
saturation decreases, which can effectively reduce the water-blocking damage;

(2) When the same displacement pressure is increased, the porosity of the core after
fracture increases significantly. This makes more residual water in the tiny pores
to be transformed into movable water, which effectively communicates the seepage
channels and reduces the water-blocking damage;

(3) After the fracture, the pore size distribution becomes wider, and the proportion of
large pore size increases. As the bound water in the small pore space is transformed
into movable water, the proportion of movable water increases, and the residual water
saturation decreases, which can effectively improve the water-blocking phenomenon;

(4) After the fracture, high-angle penetrating fracture and complex fracture networks
are more likely to produce larger width of the fracture body than lateral penetrating
fracture. This facilitates the communication of seepage channels and significantly
reduces the water-blocking effect while reducing the capillary resistance of the gas in
the fracture;

(5) The porosity of the pores is increased by forming fractures. When the fractures are
connected to the pore space, the fracture network structure is formed. Therefore,
edge–bottom water is more evenly protruding along the fractures in the process of
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extraction, which slows down the advance speed of the water invasion front and
improves the recovery rate of the gas reservoir.

Author Contributions: Conceptualization, Y.T., F.L. and Y.L.; data curation, Y.T., J.Z. and H.W.;
funding acquisition, Y.T. and F.L.; investigation, J.Z., F.L. and Y.L.; methodology, H.W. and L.H.;
project administration, J.Z.; writing—original draft, Y.T.; writing—review & editing, Y.T. and Y.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. You, L. The Study of Mechanisms of Aqeous Phase Trapping and its Applications in Tight Sands Gas Reservoirs. Master’s Thesis,
Southwest Petroleum University, Chengdu, China, 2004.

2. Su, Y.; Zhuang, X.; Li, L.; Li, X.; Li, D.; Zheng, J. Experiment on Long Core Pressure Loss and Permeability Damage Evaluation in
Tight Sandstone Gas Reservoir. Spec. Oil Gas Reserv. 2021, 28, 98–102.

3. Xu, S. Evaluation of Water Blocking Damage in Ultra-tight Sandstone Gas Reservoirs. Master’s Thesis, Southwest Petroleum
University, Chengdu, China, 2017.

4. Wu, Y. The Experimental Research of Water-Blocking Damage and Removal Methods for the Ordos Tight Sandstone Gas
Reservoirs. Master’s Thesis, China University of Petroleum, Beijing, China, 2018.

5. Gao, Q. Analysis of the Damage Characteristics of the Tight Sandstone Gas Reservoir Water Lock in Daniudi Gas Field. Sci.
Technol. Eng. 2018, 18, 156–162.

6. Wang, J.; Zhou, F. Cause Analysis and Solutions of Water Blocking Damage in Cracked/non-cracked Tight Sandstone Gas
Reservoirs. Pet. Sci. 2020, 18, 219–233. [CrossRef]

7. Zhang, J.; He, W.; Hao, T.; Wen, X. Experimental Evaluation of Damage Factors of Tight Sandstone Gas’s Reservoirs in Shenfu
Block, China. Fresenius Environ. Bull. 2020, 29, 6951–6959.

8. Qin, S.; Wang, R.; Shi, W.; Liu, K.; Zhang, W.; Xu, X.; Qi, R.; Yi, Z. Diverse Effects of Intragranular Fractures on Reservoir
Properties, Diagenesis, and Gas Migration: Insight from Permian Tight Sandstone in the Hangjinqi Area, North Ordos Basin. Mar.
Pet. Geol. 2022, 137, 105526–105543. [CrossRef]

9. Dong, Y.; Lu, X.; Fan, J.; Zhuo, Q. Fracture Characteristics and Their Influence on Gas Seepage in Tight Gas Reservoirs in the
Kelasu Thrust Belt (Kuqa Depression, NW China). Energies 2018, 11, 2808. [CrossRef]

10. Yao, J.; Wang, H.; Pei, G.; Yuan, S.; Zhang, H. The Formation Mechanism of Upper Paleozoic Tight Sand Gas Reservoirs with
Ultra-low Water Saturation in Eastern Ordos Basin. Nat. Gas Ind. 2014, 34, 37–43.

11. Li, N.; Wang, Y.; Zhang, S.; Li, J.; Zhang, Z.; Zhao, C.; Huang, W. Study on Water Block in Tight Sandstone Gas Reservoirs and
Solutions Thereof. Drill. Fluid Completion Fluid 2016, 33, 14–19.

12. Li, X. Study on Damage and Cleanup of Water Blocks in Low Permeability Sandstone Reservoirs in SuDong Block. Master’s
Thesis, China University of Petroleum, Qingdao, China, 2019.

13. Zhang, L.; Zhou, F.; Zhang, S.; Li, Z.; Wang, J.; Wang, Y. Evaluation of Permeability Damage Caused by Drilling and Fracturing
Fluids in Tight Low Permeability Sandstone Reservoirs. J. Pet. Sci. Eng. 2019, 175, 1122–1135.

14. Hassan, A.M.; Mahmoud, M.A.; Al-Majed, A.A.; Al-Nakhli, A.R.; Bataweel, M.A. Water Blockage Removal and Productivity Index
Enhancement by Injecting Thermochemical Fluids in Tight Sandstone Formations. J. Pet. Sci. Eng. 2019, 192, 106298–106307. [CrossRef]

15. Zeng, Q.; Zhang, R.; Lu, W.; Wang, B.; Wang, C. Fracture Development Characteristics and Controlling Factors Based on 3D Laser
Scanning Technology: An Outcrop Case Study of Suohu Village, Kuqa Foreland Area, Tarim Basin. Nat. Gas Geosci. 2017, 28, 397–409.

16. Tang, Y.; Li, J.; Zhang, H.; Zhu, Q.; Liu, S.; Zong, X. Study of Seepage Mechanisms in Fractured Horizontal Gas Wells. China Pet.
Chem. Stand. Qual. 2012, 32, 62–103.

17. Sang, D. Research of Two-phase Flow Mechanism of Gas Water Interaction in Puguang Gas Field During the Water Invasion.
Master’s Thesis, Southwest Petroleum University, Chengdu, China, 2018.

18. Hu, Y.; Mei, Q.; Chen, Y.; Guo, C.; Xu, X.; Jiao, C.; Jia, Y. Study on Water invasion Mechanism and Control Technology of Edge
and Bottom Water Gas Reservoirs. In Proceedings of the 31st Annual National Natural Gas Symposium (2019), Lisbon, Portugal,
10–12 July 2019; pp. 170–179.

19. Fang, F.; Shen, W.; Li, X.; Gao, S.; Liu, H.; Li, J. Experimental study on water invasion mechanism of fractured carbonate gas
reservoirs in Longwangmiao Formation, Moxi block, Sichuan Basin. Environ. Earth Sci. 2019, 78, 316. [CrossRef]

20. Guo, C.-F.; Li, H.-B.; Tao, Y.; Lang, L.-Y.; Niu, Z.-X. Water invasion and remaining gas distribution in carbonate gas reservoirs
using core displacement and NMR. J. Cent. South Univ. 2020, 27, 531–541. [CrossRef]

21. Zhou, M.; Li, X.; Hu, Y.; Xu, X.; Jiang, L.; Li, Y. Physical simulation experimental technology and mechanism of water invasion in
fractured-porous gas reservoir: A review. Energies 2021, 14, 3918. [CrossRef]

116



Citation: Liu, C.; Feng, G.; Xie, H.;

Wang, J.; Duan, Z.; Tao, Y.; Lu, G.; Xu,

H.; Hu, Y.; Li, C.; et al. Study on the

Accuracy of Fracture Criteria in

Predicting Fracture Characteristics of

Granite with Different Occurrence

Depths. Energies 2022, 15, 9248.

https://doi.org/10.3390/en15239248

Academic Editor: José António

Correia

Received: 22 October 2022

Accepted: 4 December 2022

Published: 6 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Study on the Accuracy of Fracture Criteria in Predicting Fracture
Characteristics of Granite with Different Occurrence Depths

Chenbo Liu 1 Gan Feng 1,2,*, Hongqiang Xie 1,*, Jilan Wang 1, Zhipan Duan 1, Ye Tao 1, Gongda Lu 1, Huining Xu 1,

Yaoqing Hu 3, Chun Li 3, Yuefei Hu 3, Qiuhong Wu 4 and Lu Chen 5

1 College of Water Resource & Hydropower, Sichuan University, Chengdu 610065, China
2 Ministry of Education, Key Laboratory of Deep Earth Science and Engineering, Sichuan University,

Chengdu 610065, China
3 College of Mining Engineering, Taiyuan University of Technology, Taiyuan 030024, China
4 Work Safety Key Lab on Prevention and Control of Gas and Roof Disasters for Southern Coal Mines,

Hunan University of Science and Technology, Xiangtan 411201, China
5 School of Civil Engineering, Changsha University of Science & Technology, Changsha 410000, China
* Correspondence: fenggan@whu.edu.cn (G.F.); alex_xhq@scu.edu.cn (H.X.);

Tel.: +86-135-0971-7523 (G.F.); +86-172-0828-1067 (H.X.)

Abstract: The fracture network of a deep geothermal reservoir forms the place for heat exchange
between injected fluid and rock mass with high temperature. The fracture resistance ability of
reservoir rocks will affect the formation of fracture-network structure, heat exchange and transmission
characteristics, and reservoir mechanical stability. However, there are few reports on the fracture
toughness and trajectory prediction of geothermal reservoirs with different depths. In this paper,
the modified maximum tangential stress criterion (MMTS) is analyzed. The results show that
the experimental data are significantly different from the theoretical estimate of MMTS under the
influence of different occurrence depths. It is found that the fracture process zone (FPZ) seriously
affects the accuracy of predicting fracture initiation angle and mixed-mode (I+II) fracture toughness
by MMTS. The FPZ value, considering the influence of different occurrence depths, is modified, and
the accuracy of MMTS in predicting the fracture mechanical characteristics of granite is improved. In
addition, the mechanical test results show that the Brazilian splitting strength (σt) of granite fluctuates
increase with the increase in temperature. With the increase in deviatoric stress, the Brazilian splitting
strength and the Brazilian splitting modulus of rock show a trend of first increasing, then decreasing,
and then increasing.

Keywords: rock mechanical properties; MMTS; geothermal development; geothermal reservoir;
different depth of occurrence

1. Introduction

Geothermal energy has the advantages of being clean and renewable, having wide
distribution and high heat storage, and is regarded as a renewable energy with great
potential [1–4]. It can be used for power generation, heating, planting, breeding, and so
on [5]. According to the heat storage temperature and burial depth, it can be divided
into shallow geothermal resources and deep geothermal resources [6–8]. According to
theoretical estimates, the total amount of geothermal energy stored within the upper 10 km
of the Earth’s crust is about 1.3 × 1027 J, which can be used for approximately 21.7 million
years globally [9,10]. Deep geothermal resources are stored in hot dry rock. The hot dry rock
mass is compact and has very little permeability. Traditional geothermal extraction methods
are difficult to exploit effectively, so it is necessary to build an enhanced geothermal system
(EGS). In recent years, the construction of EGS projects has been carried out. According
to statistics, by the end of 2021, 41 EGS projects had been built across the world [11],
such as the Fenton Hill Project in the United States [12], the Rosemanowes project in
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Britain [13], the Mauerstetten project in Germany [14], and the Soultz project in France [15].
Among them, the most successful project is the Soultz project in France, which has a power
generation capacity of megawatts [15]. The ability of the hot dry rock reservoir to resist
fracture damage directly affects its fracture-network structure, heat transfer characteristics,
and reservoir mechanical stability. Therefore, it is necessary to study the failure fracture
mechanical properties of geothermal reservoirs. However, due to the complex geological
environment of geothermal reservoirs and the different occurrence depths of reservoirs,
there is a lack of research on the fracture mechanics behavior of geothermal reservoirs.

The fracture toughness of rock is an important element in fracture mechanics and
reflects the ability of material to resist crack propagation. Previous studies have shown that
modified maximum tangential stress (MMTS) theory is suitable for the fracture mechanics
of brittle materials such as rocks, and it is commonly used to predict the fracture toughness
and crack initiation angle of rocks. Ayatollahi et al. [16] compared the predicted value of
fracture toughness ratio (KIIC/KIC) with the experimental value using the MTS criterion
considering stress singularity, T-stress, and the second non-singular term, and the results
showed that the predicted value was in good agreement with the experimental value.
Akbardoost et al. [17] predicted the fracture resistance of samples with different geometric
forms by MMTS criterion considering stress non-singular terms (T-stress, A3, and B3); the
obtained results were in good agreement with the experimental values, and A3 could be
used to accurately calculate the length of the fracture process zone (FPZ). Yang et al. [18]
studied the influence of water damage on the mechanical properties of rock fracture and
found that the MMTS criterion was consistent with the test results when the damage
degree was low, but it was inconsistent with the test results when the damage degree
was deepened. Wang et al. [19] modified the GMTS criterion by considering parallel and
vertical non-singular terms (Tx and Ty), and conducted numerical simulation based on the
discontinuous deformation analysis (DDA) procedure. It was found that the simulation
results were in good agreement with the test results, which verifies the accuracy of the
modified GMTS criterion. Aliha et al. [20] studied the effect of loading rate on the composite
(I+II) fracture behavior of short bend beam specimens and compared the prediction results
of MMTS criterion with experimental results, showing that MMTS has a good accuracy in
predicting fracture toughness. The radius of crack propagation plays an important role
in predicting fracture behavior. Feng et al. [21,22] carried out different times of thermal
cycle tests on granite at 20~300 ◦C and concluded that there was an error between the
prediction results of MMTS and the results obtained by experimental back-calculation.
Tang et al. [23–25] found in their study that the modified MTS criterion after introducing
T-stress could capture the crack growth path more accurately; the growth path presented
smooth characteristics, and the tensile fracture was enhanced with the increase in cohesion
or the decrease in tensile strength.

The rock environment in underground engineering is very complex. Generally speak-
ing, from the surface to the interior of the earth, the temperature rises by 20 ◦C to 30 ◦C for
every 1 km of depth [26]. The development and operation process of geothermal reservoirs
involves the complex spatio-temporal evolution law of temperature field, stress field, and
hydrodynamic field in fractured rock mass [27–29]. Due to the different occurrence depths,
the temperature and stress environment of geothermal reservoirs are different. In order
to obtain more heat during geothermal extraction, geothermal reservoirs often require a
sufficient fracture-network structure to provide more area for heat exchange. On the other
hand, when reservoir fractures develop to a certain extent, uncontrolled fractures will cause
damage to the surrounding strata, resulting in massive loss of injected fluids, engineering
earthquakes, and other problems. Therefore, it is of great significance to deeply understand
how different occurrence depths affect the fracture mechanical properties of geothermal
reservoirs. Some scholars have studied the physical and mechanical properties of rocks at
different occurrence depths. Zhang et al. [30] studied the AE sequence characteristics of
coal in different damage and failure processes, and the research showed that the AE signal
intensity of coal in the temperature pressure coupling process was higher than that under
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uniaxial compression and heating. Zhang et al. [31] found that the use of multi-source data
and an integrated model will significantly improve the accuracy of wellbore instability and
leakage prediction in high-pressure, high-temperature (HPHT) gas fields. Wang et al. [32]
studied the properties of Jinping marble, Bayu granite, and Longchang sandstone under the
coupling conditions of HPHT. The results show that the peak strength, elastic modulus, and
fracture mode of rock vary with the change of rock type and temperature. Guo et al. [33]
established a thermo-hydro-mechanical-damage (THMD) model to study the evolution
of multiple physical fields during HDR hydraulic fracturing. Kumari et al. [34] carried
out hydraulic fracturing tests on rocks under a confining pressure of 0~60 MPa and a
temperature of ~300 ◦C. The study showed that the reservoir failure pressure increased
linearly with the increase in confining pressure and decreased linearly with the increase
in temperature. Meng et al. [35] conducted triaxial cyclic loading and unloading tests on
rock specimens treated with different temperatures. The study showed that the increase in
temperature could significantly degrade the physical properties of rock, and the increase in
confining pressure could improve the strength and deformation of rock. Ding et al. [36]
conducted a CO2 seepage test on sandstone under the action of thermodynamic coupling,
and the study showed that the permeability of sandstone decreased with the rise in stress,
and first decreased and then increased with the increase in temperature.

It can be seen that, with its accuracy, MMTS can be used to predict the fracture charac-
teristics of rock. However, how accurate is MMTS rock prediction considering the influence
of different occurrence depths of geothermal reservoirs? Further research is needed. Mean-
while, there is a lack of research considering the failure and fracture mechanical behavior
of reservoir rocks under the influence of geothermal reservoir depth. In fact, complex phys-
ical and chemical reactions occur in rock at different occurrence depths (temperature and
three-dimensional stress environment), which affect the structure and properties of rock
and inevitably affect the fracture process zone (FPZ) at rock fracture tips. Therefore, when
MMTS is used to predict rock fracture characteristics, the influence of thermo-mechanical
coupling on rock physical and mechanical properties should be considered.

Therefore, in this paper, the modified maximum tangential stress (MMTS) criterion
is first analyzed in this study. The granite samples were then subjected to heat treatment
under different temperatures and pressures, and the fracture toughness and tensile strength
were tested. Finally, the prediction results of MMTS are compared with the experimental
results, and the variation of the critical crack propagation radius (rc) with temperature and
three-dimensional stress is analyzed. The accuracy of MMTS in predicting the fracture char-
acteristics of geothermal reservoir rocks considering the influence of different occurrence
depths is revealed.

2. The Modified Maximum Tangential Stress (MMTS) Criterion

According to the MTS criterion proposed by Erdogan and Sih, when the shear stress,
σθ , is equal to the tensile strength of the material, a crack is formed along the maximum
tangential stress (θ0) from the crack tip [37]. Mirsayar et al. [38] pointed out that considering
the influence of higher-order terms higher than T-stress in practical engineering applications
would increase the difficulty of solving the problem, so only the role of T-stress should
be studied in higher-order terms. Therefore, according to the Williams infinite series
expansion [39], not only the effect of the singular term of stress component, namely stress
intensity factor, but also the effect of the non-singular constant term T-stress on crack
propagation were considered, so the tangential stress component at the crack tip could be
expressed as follows:

σθ =
1√
2πr

cos2 θ

2

(
KI cos

θ

2
− 3KII sin

θ

2

)
+ T sin2 θ (1)

where θ and r are the traditional crack tip coordinates, as shown in Figure 1, KI and KII
are Mode I and Mode II stress intensity factors, respectively, and T is T-stress, which is
independent of the distance to the crack tip [40].

119



Energies 2022, 15, 9248

r

C

C

rc

C

Figure 1. The maximum tangential stress (MTS) criterion [41,42].

The calculation formula of T-stress is as follows [43]:

T =
P

2RB
T ∗

(
a
R

,
S
D

, α

)
(2)

where T* is a dimensionless geometric parameter, which is related to fracture length ratio,
span ratio, and fracture inclination angle [21,22]. By differentiating σθ with respect to θ,
the crack initiation angle, θ0, of mixed-mode (I+II) type can be obtained. The formula is
as follows:

∂σθ

∂θ
= 0, [KI sin θ0 + KII(3 cos θ0 − 1)]− 16T

3
√

2πrc cos θ0 sin
θ0

2
= 0 (3)

where rc is the length of the fracture process zone (FPZ), which is regarded as an inherent
characteristic of the material and has nothing to do with the shape of the sample, loading
conditions and mixing mode [44]; rc indicates that the fracture process zone has been
damaged and cannot bear any load [38]. Schmidt proposed an equation based on the
maximum normal stress theory to calculate rc [45]:

rc =
1

2π

(
KIC
σt

)2
(4)

where KIC is pure Mode I fracture toughness and σt is tensile strength, which can be
calculated by Brazilian splitting experiment; rc can be obtained from Equation (4) and θ0
can be obtained by substituting it into Equation (3). Substituting rc and θ0 into Equation (1),
the calculation formula of critical tangential stress, σθC, under mixed-mode (I+II) type can
be obtained, which can be used to predict the fracture of mixed-mode (I+II) type brittle
materials or quasi-brittle materials. The calculation formula is as follows:

σθθ

√
2πrc = cos2 θ0

2

(
KI cos

θ0

2
− 3KII sin

θ0

2

)
+
√

2πrcT sin2 θ0 (5)

When pure Mode I fracture occurs, θ0 = 0, which satisfies:

KIC = σθθ

√
2πrc (6)

Based on Equations (5) and (6), the relationship between mixed-mode (I+II) frac-
ture toughness, KI and KII, and pure Mode I fracture toughness, KIC, can be established
as follows:

KIC = cos2 θ0

2

(
KI cos

θ0

2
− 3KII sin

θ0

2

)
+
√

2πrcT sin2 θ0 (7)

The effective stress intensity factor can be calculated as follows:

Ke f f =
√

KI2 + KII2 (8)
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The effective fracture toughness and pure Mode I fracture toughness ratio, Keff/KIC,
can be obtained from Equations (7) and (8), and its theoretical expression is as follows [18]:

Ke f f

KIC
=

√
YI2 + YII2

[
cos2 θ0

2

(
YI cos

θ0

2
− 3YII sin

θ0

2

)
+ T ∗

√
2πrc

a
sin2 θ0

]−1

(9)

where YI is the normalized Mode I stress intensity factor and YII is the normalized Mode
II stress intensity factor. The fracture toughness can be expressed by the mixed-mode
parameter, Me, whose theoretical expression is as follows [21,22]:

Me =
2
π

tan−1 KI
KII

(10)

where the value of Me ranges from 0 to 1. When the pure Mode I fracture occurs, the value
of Me is 1. When the pure Mode II fracture occurs, the Me value is 0. While mixed-mode
(I+II) fracture occurs, the value of Me is related to the fracture dip angle.

Under the action of external load, stress concentration occurs at the fracture tip. The
initiation, propagation, interaction, and aggregation of internal microcracks are crucial
reasons for the instability and failure of rock. The stress condition is affected by irregular
crystal structure, original pores and cracks, friction force, and other factors [46], which
will lead to high shear and tensile stress at the fracture tip. When stress exceeds the
strength of molecular and atomic bonds, chemical bonds break and microcracks form [47].
Before reaching the peak load, microcracks constantly sprout at the crack tip, and these
microcracks nucleate and propagate to form the microcrack expansion area, namely the
fracture process zone (FPZ) of rock [18]. When the peak load is reached, the crack tip begins
to crack and expands, finally forming macroscopic cracks.

FPZ is an important fracture mechanical parameter of rocks. Its size is closely related
to the size of specimens and the properties of rocks, such as fracture toughness, fracture
trajectory, and fracture energy [47]. rc can be regarded as the length of FPZ. When rc is
changed, it can be seen from Equation (3) that the fracture initiation angle, θ0, of rock is
changed, and from Equation (9) that the predicted value of mixed-mode (I+II) fracture
toughness is changed. In conclusion, FPZ seriously affects fracture initiation angle and
mixed-mode (I+II) fracture toughness, which further affects the accuracy of MMTS in
predicting rock fracture behavior. If the value of crack growth radius, rc, can be known, the
characteristics such as crack growth angle, fracture toughness value, and fracture trajectory
can be predicted by MMTS criterion.

3. Methodology

In order to draw the fracture envelope of MMTS, it can be seen from
Equations (4), (9), and (10) that the values of tensile strength and the Mode I, Mode II,
and mixed-mode (I+II) fracture toughness of rock should be tested. Therefore, in this
section, we first introduce the rock samples used in this experiment. We will then introduce
the thermal and mechanical experiments, and finally, we will introduce the mechanical
experiments.

The granite samples selected in this paper were taken from Miluo, Hunan Province.
Through X-ray diffraction and thin section identification, the granite samples used in this
experiment are mainly composed of quartz, plagioclase, alkaline feldspar, biotite, and
Muscovite [48].

The geothermal reservoir is located in different temperature and three-dimensional
stress in situ stress environments at various occurrence depths. The samples are set under
different temperature and three-dimensional pressure conditions for heat treatment. Six
groups of experimental conditions were set: the first group was set as axial pressure of
25 MPa, lateral pressure of 20 MPa, and temperature of 100 ◦C. In the second group, the
axial pressure was 40 MPa, the lateral pressure was 30 MPa, the temperature was 130 ◦C.
In the third group, the axial pressure was 50 MPa, the lateral pressure was 35 MPa, and
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temperature was 100 ◦C. In the fourth set, the axial pressure was 50 MPa, the lateral pressure
was 40 MPa, and the temperature was 150 ◦C. In the fifth set, the axial pressure was 60 MPa,
the lateral pressure was 40 MPa, and the temperature was 100 ◦C. In the sixth set, the axial
pressure was 75 MPa, the lateral pressure was 50 MPa, and the temperature was 200 ◦C.
Heat treatment experiments of granite were carried out using the multifunctional high
temperature rock triaxial servo control permeation testing machine of Taiyuan University
of Technology. During the test, the cylinder sample was first placed into the heating furnace,
and the pressure was applied to the set value at the axial loading rate of 0.5 kN/s and
the lateral loading rate of 0.02 mm/min, and it was then heated at the heating rate of
5 ◦C/min. When the set temperature was reached, the heat was held for two hours, and
then the heating was stopped and the pressure was reduced. The sample was allowed to
cool naturally to room temperature [48].

The granite samples after the heat treatment tests were processed by wire cutting into
standard Brazilian disc and standard semi-circular bend (SCB) samples, which were used
for tensile strength tests and fracture toughness tests, respectively. Using the International
Society for Rock Mechanics (ISRM)-recommended standard SCB sample geometry size
range [49], the sample processing parameters can be determined. In this experiment, the
diameter (D) of the sample is 50 mm, the thickness (B) is 20 mm, the length of the artificial
groove (a) is 12.5 mm, and the span of the support (S) is 30.5 mm. Various loading modes
can be obtained by changing the angle (α) between the pre-cut notch and the loading
direction. When α = 0◦, it belongs to Mode I fracture. When α = 54◦, it belongs to Mode II
fracture. In this study, α = 30◦ were selected as the mixed-mode (I+II) fracture mode.

The three point bending fracture mechanics test was then carried out on the SCB sam-
ples. An INSTRON 5967 testing machine of Sichuan University was used to test the fracture
toughness of the SCB samples under mechanical loading. During the test, the displacement-
controlled loading mode was adopted, and the loading rate was 0.002 mm/s. At the same
time, the rock mechanics test system MTS815 Flex Test GT model of Sichuan University
was used to test the tensile strength of the Brazilian disc samples after heat treatment. The
loading rate was 0.1 mm/min. The experimental process is shown in Figure 2.

 

Figure 2. Test flow chart (Some pictures were modified from reference [48]).
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4. Experimental Results

In Section 3, the experimental results of the fracture toughness and tensile strength of
granite specimens affected by different thermal and force treatment conditions are obtained
after the thermal-mechanical treatment test, three-point bending fracture mechanics test,
and Brazil splitting test.

4.1. Test Results of Fracture Toughness

In Section 3, the thermal-mechanical treatment test and three-point bending fracture
mechanics test were carried out on granite specimens. The average value of the obtained
experimental results is shown in Table 1.

Table 1. Average values of the effective fracture toughness of granite.

Group Number Conditions of Experiment Fracture Mode Keff (MPa·m1/2)

Group 1 The axial pressure is 25 MPa, the lateral pressure
is 20 MPa, and the temperature is 100 ◦C

Mode I 1.396
Mixed mode (I+II) (α = 30◦) 1.086

Mode II 0.437

Group 2 The axial pressure is 40 MPa, the lateral pressure
is 30 MPa, and the temperature is 130 ◦C

Mode I 1.344
Mixed mode (I+II) (α = 30◦) 1.137

Mode II 0.532

Group 3 The axial pressure is 50 MPa, the lateral pressure
is 35 MPa, and the temperature is 100 ◦C

Mode I 1.536
Mixed mode (I+II) (α = 30◦) 0.915

Mode II 0.416

Group 4 The axial pressure is 50 MPa, the lateral pressure
is 40 MPa, and the temperature is 150 ◦C

Mode I 1.481
Mixed mode (I+II) (α = 30◦) 0.949

Mode II 0.407

Group 5 The axial pressure is 60 MPa, the lateral pressure
is 40 MPa, and the temperature is 100 ◦C

Mode I 1.581
Mixed mode (I+II) (α = 30◦) 0.969

Mode II 0.381

Group 6 The axial pressure is 75 MPa, the lateral pressure
is 50 MPa, and the temperature is 200 ◦C

Mode I 1.357
Mixed mode (I+II) (α = 30◦) 0.925

Mode II 0.461

4.2. Brazilian Disk Splitting Experiment Results

In Section 3, the thermo-mechanical treatment test and the Brazilian disk splitting
mechanics test were carried out on granite specimens. After data processing, the tensile
strength results of granite under different thermo-mechanical treatment conditions were
obtained. Concurrently, the Brazilian disk splitting test is often a conventional experimental
method to study the mechanical properties of rocks. Therefore, the tensile strength and the
Brazilian splitting modulus obtained from the Brazilian splitting experiment were studied.
These were used to explore the influence of different occurrence depths on the mechanical
properties of granite reservoirs.

4.2.1. Tensile Strength

The tensile strength of granite under different temperature and three-dimensional
stress is shown in Figure 3.

According to Figure 3a, the Brazilian splitting strength, σt, of granite fluctuates with the
increase in temperature. The Brazilian splitting strength at 150 ◦C reaches the maximum
value (9.451 MPa), which is 28% higher than that of the untreated sample. According
to Figure 3b, with the increase in deviatoric stress, the Brazilian splitting strength first
increases, then decreases, and then increases. When the deviatoric stress is 5 MPa, the
Brazilian splitting strength reaches the maximum value (9.122 MPa) and then decreases
gradually with the increase in the deviatoric stress. When the deviatoric stress increases
to 20 MPa, the Brazilian splitting strength of granite decreases to the minimum value
(5.824 MPa), which is 21% lower than that of the untreated sample. When the deviatoric
stress is 10 MPa, the Brazilian splitting strength of granite is 7.873 MPa at 130 ◦C and
9.451 MPa at 150 ◦C, increasing by 20%. When the temperature is 100 ◦C, the Brazilian
splitting strength of granite is 9.122 MPa when the deviatoric stress is 5 MPa and 5.824 MPa
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when the deviatoric stress is 20 MPa, decreasing by 36%. Therefore, with the change
of external temperature and pressure, the Brazilian splitting strength of granite will not
continue to decrease, but will increase.

(a) (b) 

Figure 3. Brazilian splitting strength curves under different heat treatment conditions. (a) Brazilian
splitting strength curve with temperature; (b) Brazilian splitting strength curve with deviatoric stress.

4.2.2. Brazilian Splitting Modulus

The ability of rock to resist elastic deformation and failure can be determined by the
Brazilian splitting experiment. Brazilian splitting modulus (ET) was used as the bench-
mark for judgment. The specific method is as follows: divide the ordinate of the load-
displacement curve by the area of the meridional plane of the rock and the abscate by the
diameter of the specimen to obtain the slope of the elastic phase, namely the Brazilian
splitting modulus (ET) [50]. The Brazilian splitting modulus curve of the sample was thus
drawn, as shown in Figure 4:

  
(a) (b) 

Figure 4. Variation curve of Brazilian splitting modulus of granite. (a) Brazilian splitting modulus vari-
ation curve with temperature; (b) Brazilian splitting modulus variation curve with deviatoric stress.

As can be seen from Figure 4a, with the temperature increasing, the Brazilian splitting
modulus (ET) first increases, then decreases, and then increases, which is generally higher
than the Brazilian splitting modulus at room temperature. When the Brazilian splitting
modulus (ET) reaches its maximum value (1.07 GPa) at 200 ◦C, which is 24% higher than
that at room temperature, the rock has the strongest ability to resist elastic deformation and
failure. Pressure compacts the pores and cracks inside the rock, offsets the deterioration of
rock properties caused by temperature, and improves the mechanical properties of the rock.
As can be seen from Figure 4b, with the increase in deviatoric stress, the Brazilian splitting
modulus generally shows an upward-down-upward trend, which is consistent with the
variation trend of Brazilian splitting strength with the escalation of deviatoric stress. When
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the deviatoric stress is 20 MPa, the Brazilian splitting modulus reaches the minimum
value (0.69 GPa), which decreases by 19% compared with the room temperature condition,
indicating that the thermal damage inside the rock is the most serious and the resistance to
elastic deformation and failure is the weakest under this condition. The Brazilian splitting
modulus decreases by 12% when deviatoric stress increases from 15 MPa to 20 MPa when
the temperature is 100 ◦C. Accordingly, with the change of external temperature and pres-
sure, the Brazilian splitting modulus of granite will increase, and appropriate temperature
and pressure can improve the ability of rock to resist elastic deformation.

5. Modification of Granite MMTS Criterion Considering Different Occurrence Depths

In Section 4, the fracture toughness and tensile strength of granite affected by different
occurrence depths are obtained. We substituted these parameters into the theoretical for-
mula in Section 2 to study the accuracy of MMTS in predicting rock fracture characteristics.

5.1. Comparative Analysis of Experimental Results and MMTS Criterion Prediction Results

When Equation (7) is combined with the calculation formulas of KI and KII, the
following formula can be obtained:

KIC
KI

= cos2 θ0

2

(
cosθ0 − 3

YI
YII

sin
θ0

2

)
+

1
YI

√
2πrc

a
T ∗ sin2 θ0 (11)

KIC
KII

= cos2 θ0

2

(
YI
YII

cosθ0 − 3 sin
θ0

2

)
+

1
YII

√
2πrc

a
T ∗ sin2 θ0 (12)

According to Equations (11) and (12), a relationship between KI/KIC and KII/KIC can
be established, and the fracture envelope under different temperatures and pressures can be
obtained, as shown in Figure 5. As can be seen from Figure 5, with the rise in temperature
and deviatoric stress, the fracture envelope shows obvious change characteristics, which
indicates that various temperatures and pressures have different effects on the fracture
mechanical properties of rocks.

 
(a) (b) 

Figure 5. Fracture envelope under different conditions. (a) Fracture envelope at different tempera-
tures; (b) Fracture envelope under different deviatoric stresses.

By combining Equations (9) and (10), the relationship between the mixed-mode pa-
rameter Me and Keff/KIC is established. Figure 6 shows the comparison between the fitted
curves of Keff/KIC and the predicted values of the traditional MTS theory and MMTS theory
under various temperatures and pressures.
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Figure 6. Comparison of the Keff/KIC ratio of granite SCB specimens with the theoretical value
predicted by MMTS criterion.

It can be seen from Figure 6 that the theoretical prediction curve of the traditional
MTS criterion deviates greatly from the test results, which may be mainly because the
influence of T-stress is ignored. However, under different temperatures and pressures, the
prediction curve of MMTS criterion after considering T-stress deviates greatly from the
fitting curve of the average value of test results, and there is a large deviation from the
experimental results. This indicates that the prediction of the Mode II fracture toughness
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and mixed-mode (I+II) fracture toughness of granites with different occurrence depths by
MMTS has bigger differences than the actual results. Next, the critical crack propagation
radius will be deduced from the experimental results to better match the actual results of
Mode II and mixed-mode (I+II) fracture toughness of granite. In addition, it is worth noting
that the fracture envelope at different occurrence depths is distinguished, which indicates
that the influence of various occurrence depths should be considered when predicting rock
fracture toughness by fracture criteria.

5.2. The Modified MMTS Criteria

It can be seen from the analysis in Section 2 that the crack propagation radius, rc, and
fracture initiation angle, θ0, seriously affect the accuracy of MMTS criterion prediction.
The modified critical crack propagation radius was defined as rce. By substituting the
experimental results, Keff/KIC, into Equation (9), Equations (3) and (9) are simultaneously
established to obtain the critical crack propagation radius, rce, which is in line with the
actual experimental situation. By substituting rce into Equations (3) and (9), the modified
MMTS prediction, Keff/KIC, curve is drawn, as shown by the solid blue line in Figure 6.
It can be seen from Figure 6 that the MMTS prediction curve obtained by direct reverse
calculation through experimental testing is in high agreement with the test results. This
indicates that, compared with the rc calculated by Equation (4), rce can better reflect the
size of FPZ of granite samples with different occurrence depths. It can also be seen that the
previous method of estimating the critical crack propagation radius directly by Equation (4)
is not consistent with the actual situation. Maybe the fracture criterion needs to be further
refined. Under the current MMTS theory, a new method for estimating or testing the critical
crack propagation radius should be explored, or the rc estimated by the previous method
should be modified. rce/rc is defined as the correction coefficient of crack propagation
radius, which is expressed as γ. The changes of rc, rce, and γ(rce/rc) with temperature and
deviatoric stress were plotted, as shown in Figure 7.

(a) (b) 

Figure 7. Changes of rc, rce, and γ(rce/rc). (a) Variation of rc, rce, and γ(rce/rc) with temperature.
(b) Variation of rc, rce, and γ(rce/re) with deviatoric stress.

As can be seen from Figure 7, there are great differences in rc and rce values; under
different heat treatment conditions, rce is smaller than rc. With the increase in temperature
and deviational stress, the changes of rc and rce are not coordinated, and γ(rce/rc) shows an
upward trend, ranging from 0.118 to 0.514. This indicates that the critical crack propagation
radius, rc, obtained by Equation (4) cannot accurately reflect the size of FPZ. According to
Section 4.1, the test results of fracture toughness under different heat treatment conditions
and different modes have obvious differences. Therefore, rc seriously affects the accuracy
of MMTS criterion in predicting rock fracture toughness.
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6. Numerical Simulation of Fracture of Granite Specimen

It can be seen from Section 5 that FPZ size affects the accuracy of MMTS criterion in
predicting the fracture mechanical behavior of granite with different occurrence depths.
In order to verify that FPZ is a critical reason for the accuracy of MMTS criterion in
predicting granite fracture trajectory, we used ABAQUS numerical software and, based
on the extended finite element method (XFEM), conducted numerical simulations for
specimens with different occurrence depths and different crack inclination angles. The
model was set as a two-dimensional plane stress model, and the maximum principal stress
and damage variable were selected as the criterion for crack initiation and propagation [51].
Due to space limitation, Figure 8 shows the numerical simulation results with typical
rce data.

   
(a) Numerical model for  = 0° (b) Fault trajectory (rce = 0.593 mm) (c) Fracture trajectory (Sample picture) 

   
(d) Numerical model for  = 30° (e) Fault trajectory (rce = 2.012 mm) (f) Fracture trajectory (Sample picture) 

(g) Numerical model for  = 54° (h) Fault trajectory (rce = 0.593 mm) (i) Fracture trajectory (Sample picture) 

Figure 8. Comparison between the results of granite fracture trajectories after correction of critical
crack propagation radius and the experimental results.

It can be seen from Figure 8 that the crack expands along the crack tip and the loading
point in the simulation results, and the crack initiation angle increases with the increase in
the prefabricated crack angle, which is consistent with the test results. The results of granite
crack growth trajectory obtainedusing the modified critical crack growth radius, rce, are
in good agreement with the experimental results. The numerical simulation results show
that temperature and three-dimensional pressure affect the fracture trajectory of granite by
influencing FPZ, which is an important factor affecting the prediction accuracy of MMTS
criterion. Therefore, it is crucial to accurately find the critical crack propagation radius for
accurately predicting the Mode II fracture toughness, mixed-mode (I+II) fracture toughness,
and fracture trajectory of granite with different occurrence depths.

7. Discussion

The temperature and geostress of geothermal reservoirs with different occurrence
depths vary, and the mechanical properties of rock are different. Temperature and pres-
sure do not affect rocks in the same way. As the rock is composed of multiple mineral
components and the mineral particles have different thermal expansion coefficients, the
thermal expansion between mineral particles is not coordinated in the process of heating
and insulation, resulting in thermal stress among mineral particles. When the thermal
stress is large enough, it can promote the expansion of the primary cracks and produce
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microcracks [52–54], weakening the mechanical properties of the rock. In addition, the
water inside the rock evaporates during the heating process, producing more micropores,
reducing the compactness of the rock, thereby weakening the mechanical properties of
the rock. On the contrary, the appropriate pressure can facilitate pore closure, suppress
the propagation of primary fractures and new fractures of the rock, weaken the thermal
expansion of the rock, make the rock denser, and further improve the mechanical properties
of the rock [55,56]. Therefore, due to the different dominant positions of temperature and
pressure, the mechanical properties of rocks will increase or decrease.

The experimental results show that under different temperature pressure coupling
mechanisms, the fracture toughness, Brazilian splitting strength, and Brazilian splitting
modulus of rock fluctuate up and down with the increase in confining pressure and tem-
perature, showing obvious nonlinear characteristics. For example, when the temperature is
100 ◦C, the axial pressure is 25 MPa, and the lateral pressure is 20 MPa, the mixed-mode
(I+II) fracture toughness, Brazilian splitting strength, and the Brazilian splitting modulus
of the rock are higher than those at room temperature. Meng et al. [57] conducted triaxial
compression tests on limestone under high temperature. The results showed that the peak
stress of rock increased with the increase in confining pressure from 0 MPa to 30 MPa at a
certain temperature. Funatsu et al. [58] tested the fracture toughness of Kimachi sandstone
under the coupling of temperature and pressure. The results show that the effective fracture
toughness increases with the increase in confining pressure from 1 MPa to 5 MPa when the
temperature is constant. The above research results show that appropriate pressure can
counteract the deterioration of rock mechanical properties caused by temperature and im-
prove the mechanical properties of rock. When the temperature is 100 ◦C, the axial pressure
is 60 MPa, and the lateral pressure is 40 MPa, the mixed-mode (I+II) fracture toughness,
Brazilian splitting strength, and Brazilian splitting modulus of the rock are lower than
those at room temperature. This may be due to the severe crystal deformation and slip in
the rock caused by excessive three-dimensional pressure, and the internal fracture is more
serious, leading to the reduction of the mechanical properties of the rock. Based on the
above analysis, it can be seen that under different occurrence depths, the ability of rock to
resist tension, shear, and tension shear fracture is different.

The size of the fracture process zone (FPZ) is closely related to the internal microstruc-
ture of the rock. FPZ is not only formed in homogeneous and dense media, but also under
temperature and pressure damage, its original state should contain some pores and cracks.
It is known from the test results that under the action of temperature and three-dimensional
pressure, the crack growth radius before and after correction fluctuates and decreases
with the increase in temperature. Meng et al. [47] carried out fracture mechanics experi-
ments under different temperatures and found that FPZ value gradually increases with
the increase in temperature. There are significant differences compared with this research.
This is mainly because, under the combined action of temperature and pressure, complex
physical and chemical reactions occur in the rock. In addition to the role of thermal stress,
three-dimensional pressure can promote the closure of pores and fractures in the rock and
inhibit the initiation and propagation of microcracks, and the FPZ value of granite will also
be affected.

The modified MMTS criterion can accurately predict the fracture characteristics of
geothermal reservoirs with different occurrence depths. According to Equations (3)–(9), the
crack growth radius is closely related to the crack growth angle, mixed-mode (I+II), and
Mode-II fracture toughness parameters, and affects the macro fracture characteristics. It can
be seen from Section 5 that the modified crack growth radius (rce) can accurately predict
the fracture toughness of rock compared with rc. This shows that rce can better reflect the
FPZ size of rock. In addition, some scholars [21,22,47,59] also pointed out that the actual
FPZ size calculated by Equation (4) was inconsistent. Therefore, it is necessary to correct rc
when predicting the fracture characteristics of geothermal reservoirs with different depths.
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8. Conclusions

In this paper, the accuracy of MMTS in predicting the fracture mechanical behavior
of geothermal reservoirs is analyzed. Firstly, the theoretical formula is derived, and then
the MMTS criterion is analyzed and modified by heat treatment, three-point bending
fracture, and Brazilian splitting tests of granite samples in a geothermal reservoir under
different temperatures and three-dimensional pressures. The main research conclusions
are as follows:

(1) FPZ seriously affects fracture initiation angle and mixed-mode (I+II) fracture tough-
ness, which affects the accuracy of MMTS in predicting rock fracture behavior. Con-
sidering the influence of different occurrence depths, rc fails to accurately reflect the
actual size of FPZ, so it needs to be modified to obtain results consistent with the
actual. The Mode II fracture toughness and mixed-mode (I+II) fracture toughness
of granites with different occurrence depths predicted by MMTS are significantly
different from the measured values.

(2) The rce obtained from the reverse solution of the test results is smaller than the rc.
With the increase in temperature and deviatoric stress, the changes of rc and rce are not
coordinated. When the rce obtained by the reverse calculation of the experimental data
is substituted into the MMTS criterion, the predicted results are in good agreement
with the experimental results. Temperature and three-dimensional stress affect the size
of FPZ by changing the microscopic properties of rock. It is also verified by numerical
simulation that after correcting the critical crack propagation radius, the fracture
trajectories obtained are basically consistent with the experimental results. Further
theoretical and experimental studies are needed to evaluate the fracture characteristics
of geothermal reservoirs at different depths predicted by MMTS criteria.

(3) Under the influence of temperature and pressure, the Brazilian splitting strength, σt,
of granite fluctuates and rises with the increase in temperature. With the increase
in deviatoric stress, Brazilian splitting strength and Brazilian splitting modulus first
increase, then decrease, and then increase.
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Abstract: During the rebuilding of a gas reservoir, repeated “strong injection and mining” processes
change the seepage capacities of gas and water. Hence, accurately determining the seepage laws of
gas and water in a gas storage reservoir is crucial. In this study, a standard relative permeability
test was conducted with a one-dimensional core. Additionally, a gas reservoir injection and mining
simulation experiment was conducted with a two-dimensional plate. The results show that the
relative permeability curve obtained by the one-dimensional core test did not accurately reflect
the operation characteristics of the gas storage and the change in the seepage law during the gas
reservoir construction. Furthermore, in the two-dimensional plate experiment, the operation mode
was restored using the plane radial flow formula, the mutual relationship between the gas and
water’s effective permeability under different injection stages was established, and the multi-cycle
injection operation was accurately described. This method lays the foundation for the construction of
gas reservoirs and the establishment of the multi-phase seepage law for gas reservoirs.

Keywords: gas storage; injection production simulation; effective permeability; seepage law; two-
dimensional simulation experiment

1. Introduction

The purpose of gas storage is to solve the inherent contradictions between natural
gas supply and consumption [1], that is, the inherent contradictions between reliable, safe,
stable, and continuous gas supply and consumption demand imbalance [2]. With the
increasing proportion of natural gas in the energy structure [3], countries around the world
are developing more gas storage reservoirs to increase gas storage [4], thereby ensuring
peak emergency regulation [5]. To meet the construction needs of gas storage reservoirs [6],
depleted gas reservoirs are gradually reconstructed. Meanwhile, the “strong injection and
mining” operation in the construction process of gas storage reservoirs significantly affects
the throat structure [7] and seepage capacity of the reservoir [8], as well as the size of the
gas storage library building space [9] and the long-term operation safety [10]. Therefore, it
is particularly important to accurately determine the relative permeability curve rules in
the strong injection and mining construction process of gas storage reservoirs [11].

The conventional method for studying the law of fluid seepage is based on relative
permeability tests [12]. Hence, to simulate the operation of gas storage reservoirs, ex-
periments were conducted to establish the relationship between the injection–production
process and the reverse displacement to determine the relative permeability curves of
gas/water, oil/water, and gas/oil. Meanwhile, the injection–production operation of gas
storage reservoirs was achieved through repeated displacements. Considering the relative
permeability test of oil/water as an example, the specific experimental steps were as fol-
lows [13]: (1) The water was first saturated, and then the oil was saturated (oil displaced
the water to the bound state). (2) The oil phase permeability in the bound water state was

Energies 2023, 16, 242. https://doi.org/10.3390/en16010242 https://www.mdpi.com/journal/energies135
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determined. (3) Water drive oil experiments were performed according to the displace-
ment conditions, and a suitable displacement speed or displacement pressure difference
is selected. (4) The direction of the rock sample switched from left to right and they were
loaded into the pressure-tapped core based on the displacement conditions. An appropriate
displacement speed or pressure difference was selected for the oil/water displacement
experiment. (5) The rock sample changed direction from left to right in the pressure-tapped
core, and this was repeated to perform multiple relative permeability curve tests for the
mutual oil/water drives. In the present study, the underwater phase seepage deviation of
the last two rounds of water drive oil binding was within 3% at the end of the oil/water
mutual drive experiment. (6) The “J·B·N” method was applied for data processing, and the
relative permeability curves were obtained, as shown in Figure 1 [14].

Figure 1. Oil/water permeability plot of relative mutual drive.

However, the seepage law in the construction process of gas storage reservoirs can-
not be accurately reflected based on the above process because of the following reasons:
(1) There are differences in the injection mining and mutual drive methods. The displace-
ment process in the relative permeability test caused steady seepage at a constant speed or
pressure. However, the injection and mining process caused unstable seepage at a constant
pressure. (2) The relative permeability test simulated the whole process of the reservoir
construction (as shown in Figure 1), ranging from bound water saturation to residual oil
saturation and vice versa. However, one gas storage injection and mining operation cycle
is a very small stage of the gas storage operation. (3) The core ripple efficiency in the
relative permeability test was 100%, whereas the injection efficiency in the actual injection
process was considerably less than 100%, indicating a large difference in the seepage law.
Therefore, to study the seepage law of the gas reservoir, it was necessary to learn from the
high-accurate simulation of the appropriate equipment model, adopt a more appropriate
method, and establish a more accurate seepage law to lay the foundation for the numerical
simulation of the gas reservoir [15].

The scheme optimisation during the construction of an existing gas storage reservoir
depends on the reservoir numerical simulation technology, and the core technology is a
full-cycle simulation of the injection and production process using the relative permeability
data. The accuracy of the relative permeability curve will directly affect the understanding
of the simulation results, so it is particularly important to obtain a highly matched relative
permeability curve of the gas storage reservoir. Moreover, there is no relevant literature
reporting on a new method for measuring the relative permeability curve during the
construction of a gas storage reservoir. Thus, considering the influence of sweep efficiency
in the injection–production process, this study was conducted using a two-dimensional
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plane model. First, the change in the seepage law after multiple rounds of the injection–
production process (mutual drive) was determined. Second, combined with the plane
radial flow theory, the change in the effective permeability of the gas storage reservoir
during the injection–production process was studied. Through the relative permeability
curve, which is the essential attribute of the relationship between water saturation and
permeability, a highly simulated experiment was designed to analyse the characteristics of
the relationship between water saturation and permeability, and a method for analysing
the two-phase seepage ability of gas storage reservoirs during the injection–production
process was established using a two-dimensional experimental model.

2. Experimental Methods

The experiments in this study were divided into a one-dimensional core experiment
and a two-dimensional core experiment. The one-dimensional core test was conducted
according to the industry standard of a relative permeability curve. A multi-cycle injection
and production process of gas storage was simulated using multi-cycle mutual drive [16].
This is the main method for obtaining the multi-cycle injection production relative perme-
ability at this stage. The two-dimensional core experiment was a complete experimental
process formed by reducing the injection and mining process of the ore field using the
real plane model. Through the description and comparison of the two experimental pro-
cesses, and combined with the presentation of data, this study provides support for the
establishment of new methods.

2.1. Experimental Conditions

Based on the properties of a gas reservoir, a one-dimensional artificial core and a
two-dimensional plate were adopted in this study. The specific parameters were as follows:

(1) Experimental water: The viscosity of the formation water was 0.894 mPa·s;
(2) Natural gas: Methane gas was used in the experiment, with a viscosity of 0.0178

mPa·s. Its components are listed in Table 1.

Table 1. Methane gas fractions.

Component C1 C2 C3 C4 C5 N2 CO2 He H2

Content 91.41 4.93 0.96 0.41 0.24 1.63 0.06 0.29 0.07

(3) Experimental core: An artificial core comprising quartz sand, solid epoxy resin with
an average permeability of 1000 mD, and a flat plate model with a size of 500 × 500 × 20 mm
was adopted;

(4) Experimental temperature: The simulated reservoir temperature was 82 ◦C;
(5) Experimental device: The device comprised a one-dimensional artificial core with

a permeability of approximately 800 mD and a two-dimensional plate model, as shown in
Figure 2. The inner diameter of the device was 500 × 500 × 20 mm, and the upper limit
pressure was 20 MPa.

 

Figure 2. Two-dimensional core simulation setup: (left) overall appearance; (middle) plate placement,
(right) schematic diagram of the injection and mining method.
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2.2. Experimental Procedure
2.2.1. Experimental Procedure of the One-Dimensional Core

The relative permeability test was performed according to industry standards, and
the steps are given as follows [17]: (1) The core was dried, and the gas measurements were
taken by injecting gas into the core. The permeability of the core was then determined as
the absolute permeability. (2) The pore volume/porosity of the core was determined by
saturating the rock sample with formation water. (3) The water logging permeability (or
absolute permeability) of the rock sample was measured after injecting the formation water
into the sample at a constant speed. (4) The gas flooding required that the initial differential
pressure could overcome the end effect without turbulence. (5) The displacement pressure
difference, cumulative fluid production, cumulative water production, and initial gas
breakthrough point were recorded at each displacement time. When the gas drive water
reached the residual water state, the gas permeability was measured, and the experiment
was terminated.

Based on the one-dimensional two-phase seepage theory and gas state equation, the
gas flooding experiment of the rock samples was conducted using the unsteady constant
pressure method [18]. The gas production, water production, and differential pressure at
both ends of the rock sample at each time point at the outlet of the rock sample during the
gas flooding were recorded. Moreover, the J·B·N method (Equations (1)–(8)) was used to
calculate the gas/water relative permeability and the corresponding water saturation of
the rock samples. Afterwards, the gas/water relative permeability curve was obtained [19].

Sgav =
Vw

Vp
(1)

Krg

Krw
=

fg

fw
× μg

μw
(2)

qgi =
ΔVgi

Δt
(3)

fg =
ΔVgi

ΔVi
(4)

Krg =
qgi

qg
(5)

C =
p1

p2 + Δp
(6)

qg =
KA
μgL

× Δp (7)

fw =
ΔVwi
ΔVi

(8)

where Sgav is the average gas saturation (%), Vw is the cumulative outlet water volume
(mL); Vp is the cumulative export gas volume (mL); Krg is the relative permeability of the
gas phase (in decimals); Krw is the relative permeability of the water phase (in decimals);
fg is the gas cut (in decimals); fw is the water cut (in decimals); μg is the injection gas
viscosity (mPa·s); μw is the viscosity of the simulated formation water in the saturated
rock samples (mPa·s); qgi is the gas flow rate during the two-phase flow (mL/s); Vgi is the
gas increment measured at the outlet pressure (mL); Vi is the amount of fluid change at a
certain time interval (mL); qg is the gas flow during the single-phase flow (mL/s); C is the
antihypertensive volume factor (in decimals); p1 is the absolute inlet pressure of the rock
sample (MPa); p2 is the absolute outlet pressure of the rock sample (MPa); and Vwi is the
measured water increment at a certain time interval (mL).
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2.2.2. Experimental Procedure of the Two-Dimensional Model

(1) The two-dimensional plate model was filled with quartz sand and then properly
sealed. The “one note, four minings” mode of saturated formation water and the “four
injections, one mining” mode of saturated crude oil were used. The formation water and
crude oil were injected at a constant speed (1 mL/min), and the pressure was maintained
at 10 MPa;

(2) A multi-cycle injection test was conducted using the following steps: (i) The
injection and mining pressure of the actual simulation experiment was 10–17 MPa. (ii) One
mining well network was formed at the centre of the model. (iii) In the injection–production
experiment, within the upper- and lower-limit operating pressure ranges of the simulated
gas storage, the injected gas was gradually pressurised to the target constant pressure, and
the injection time (simulated mine injection time) was recorded. Afterwards, a boiling
operation was simulated for 1/10 of the injection time, and the exhaust valve was opened.
Meanwhile, the time (half of the injection time) was controlled until the pressure at the
outlet reached the atmospheric pressure and no water was produced. Step (iii) was then
repeated five times, and the output volume was recorded and measured using a gas flow
meter. (iv) The injection formed the central well, and the model was injected in the middle
and extracted in the middle. Figure 2 shows the experimental setup.

3. Results and Discussion

The injection production operation mode in the process of gas storage reservoir con-
struction determines the multi-cycle mutual displacement of gas and water. Therefore, the
multi-cycle mutual drive mode was introduced for characterisation based on the relative
permeability. In addition, a two-dimensional large plane model was built to conduct multi-
cycle injection and production research in combination with actual injection and production
parameters, and the operation process of database construction was highly restored. A
comparative study of the two methods was expected to establish a highly consistent pattern
of the law of infiltration.

3.1. Two-Phase Percolation Experiment of the One-Dimensional Core

The relative permeability curves of the gas/water mixture were obtained, as shown in
Figure 3.

Figure 3. Relative permeability curves of gas/water in the highly permeable core.

Based on the relative permeability curve under the target core condition, the following
conclusions can be drawn: (1) The seepage capacities of the gas drive water and water
drive gas were based on two laws, which were caused by the wetting characteristics of the
core; hence, the simulation resulted in an inaccurate with the standard relative permeability
curve compared to the experimental means. (2) After multiple gas/water mutual drives, the
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residual gas saturation and bound water saturation changed, indicating that the effective
storage capacity after multiple rounds was reduced and not conducive to an increase in the
gas storage space. The large decrease in the seepage capacity indicates a decrease in gas
storage at the later stage of secondary injection mining; however, this is obviously different
from the actual situation characteristics of the gas reservoir, which showed that the seepage
curve of the one-dimensional core and gas storage simulation was limited.

3.2. Two-Phase Seepage Experiment of the Two-Dimensional Plate
3.2.1. Experimental Result

(1) The gas injection time, the shut-in time, the oil return time during the simulation
process, and the experimental data of the water and gas productions are listed in Table 2,
and the single-cycle and cumulative extraction degrees are shown in Figure 4.

Table 2. Gas and water production under different injection and mining cycles.

Construction/Water
Characteristics

Injection–Production Cycle
Remarks

One Two Three Four Five Six Seven Eight

Gas injection time (min) 25 23 20 19 15 15 15 10
The saturated water
volume was 2010 mL

Well shut-in time (min) 2.5 2.5 2 2 1.5 1.5 1.5 1

Oil return time (min) 10 11 10 10 7 7 7 5

Water production (mL) 302 206 131 97 88 65 41 23 953

Gas production (L) 7.2 19.4 25.9 36.4 46.1 51.8 57.5 64.8 309.1

Figure 4. Extraction degrees under different injection cycles.

As shown in Figure 4 and Table 2, during the injection and mining operations of the gas
storage tank, the water could be collected by extracting the reservoir fluid to excavate more
gas storage space. With the progress of the injection and mining cycles, the water extraction
degree in a single cycle gradually decreased, whereas the cumulative extraction degree
gradually increased and stabilised until no more water was produced, thereby achieving
the bound water conditions, that is, the maximum effective storage space was reached. The
analysis indicates that after the multi-cycle injection and extraction, the remaining fluid of
the reservoir decreased, and the aqueous seepage capacity was significantly reduced; thus,
the extraction degree gradually decreased. The large increase in gas output was because
of the large increase in the gas storage space, causing more gas to be injected under the
upper-limit pressure of the gas injection.

It can be deduced from Figure 4 that the water saturation decreased with the injection
cycle, and the production velocity per unit of time indicates that the permeability of the
effective gas injection space in the model and the gas output (gas saturation) increased.
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This law is similar to the two-phase seepage law expressed in the gas/water relative
permeability curve, indicating that the multi-cycle injection and mining process can also be
used to build a similar relative permeability curve, which is the seepage law most consistent
with the injection and mining process.

3.2.2. Method Principle

Considering the two-dimensional plate model, the plane radial flow formula was
adopted to calculate the seepage flow capacity, which is important for predicting and
determining the flow capacity of a gas well.

One of the most important scenarios for applying the planar radial flow formula is
the determination of the effective permeability of the reservoir. Based on the relevant
literature [20,21], the planar radial flow formula is given by:

Pe − Pwf
mt

=
λn

2πKh
mt +

1
2πKh

(
ln

re

rw
+ S

)
(9)

where Pe is the reservoir supply pressure (MPa); Pwf is the flow pressure at the well bottom
(MPa); mt is the mass flow (kg/d); λ is the turbulent effect coefficient (λ ≥ 1; λ = 1 is
the laminar flow); n is the representation index of high and low speeds; K is the effective
permeability of the reservoir (mD); h is the effective thickness of the reservoir (m); re is the
water supply radius (m); rw is the Holbore radius (m); and S is the epidermal coefficient.

In Equation (9), the size of the model was determined to be 500 × 500 × 20 mm, the
injection well was in the centre of the model, and the experimental research pipeline was
a 2 mm capillary. Additionally, the oil discharge radius, wellbore radius, and reservoir
thickness were determined to be 250, 1, and 20 mm, respectively. Furthermore, both
the formation water and natural gas were determined based on the basic experimental
parameters, and the mass flow was determined from the results of the two-dimensional
plane radial flow. Subsequently, the Reynolds equation was applied to determine the
laminar flow below 3 MPa and the turbulence above 3 MPa, depending on the flow velocity
changes resulting from different pressures. The application of the n was then determined,
and the turbulence coefficient was obtained using empirical values.

3.2.3. Method Application Examples

The steps for determining the changes in the effective permeability during the gas
storage injection were as follows: (1) Based on the physical conditions of the target block,
a two-dimensional large-scale plane rock plate model was constructed, and the relevant
parameters (oil/water physical properties, pressure, temperature, and so on) were deter-
mined. (2) Multiple rounds of gas injection and production tests were performed according
to the injection and production operation scheme of the gas storage in the target reser-
voir. (3) The plane radial flow formula (Equation (9)) was used to calculate the effective
permeability based on the changes in water/gas production. (4) The water saturation
was calculated according to the recovery degree, and the relative permeability curve was
constructed in combination with the calculated effective permeability.

(2) Equation (9) was used to calculate the mean core permeability at the current cycle
from the actual experimental model in 2D (see Table 3).

Table 3. Permeability values for the calculation of the two-dimensional model.

Period 1 2 3 4 5 6 7 8

Mean water-phase permeability (mD) 990 870 740 540 490 360 230 130

Mean gas-phase permeability (mD) 120 240 320 450 570 640 710 800

As presented in Table 3, the permeability values reflect the average permeability
characteristics of the core after an injection and mining cycle, which are the equilibrium
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values after its strong injection and mining. This reflects the impact of the injection and
mining process in which the water content saturation and the water-phase permeability
capacity gradually decreased, whereas the gas-phase permeability capacity gradually
increased. The experimental data present the key parameters of the permeability curve.
Therefore, the saturation and fluid volume data under each cycle were applied to build a
relationship between the permeability and saturation, and the data were combined with
the absolute permeability measured by the core to calculate the relative permeability and
the change in the relative permeability (see Figure 5).

Figure 5. Relative permeability plot.

The relative permeability curve features shown in Figure 5 are almost consistent with
those of the one-dimensional core test; however, the significance of the seepage law is
different. The relative permeability curve was a relatively stable seepage capacity value
after the mutual injection and mining process. This reflects the influence of the injection
and mining process on the seepage law of gas storage through continuous multi-cycle
gas injections.

3.3. Flow Difference between the One-Dimensional Core and Two-Dimensional Plate

Figures 3 and 5 show the relative permeability curves under the two experimental
conditions. In fact, the relative permeability curves themselves are the simulated features
of a reservoir and gas reservoir from the original state to extreme development, or the
simulated process of oil and gas reservoir formation. Although the simulation of the
injection–production process was repeated several times, the results do not accurately
describe the injection and production of gas storage. Therefore, the set of curves adopted
in the multiple rounds of the mutual drive process is not accurate.

The seepage curve constructed by the injection simulation experiment of the two-
dimensional rock plate represents the final seepage law of the gas reservoir under each
injection and mining cycle and the entire construction process of the simulated gas storage
reservoir. Based on the data of the one-dimensional permeability experiment, the relative
permeability corresponding to the water content saturation after the two-dimensional
injection and mining experiment is given by Equation (1). The calculation results were
compared with the actual data, as presented in Table 4.
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Table 4. Multi-cycle injection and production results calculated from the relative permeability curve
of the one-dimensional core.

Period 1 2 3 4 5 6 7 8

Water yield calculated for the first
secondary phase seepage (mL) 217 153 112 87 74 54 32 5

Water yield calculated for the third round
of the secondary phase seepage (mL) 117 81 63 43 18 14 9 2

Actual fluid yield (mL) 302 206 131 97 88 65 41 23

The relative permeability curve obtained from the corresponding water saturation in
the injection and mining core was significantly lower than that of the actual experimental
data. Based on the analysis, the two-dimensional core model simulated the injection process
of gas storage, and the strong injection and mining production mode significantly enhanced
the seepage capacity of the fluid in porous media and relatively increased its effective
permeability. Meanwhile, the water-phase permeability capacity after the third mutual
drive in the phase–seepage curve significantly decreased, with a more significant decrease
in the water-production capacity. Therefore, the relative permeability curve obtained by
the one-dimensional core does not accurately reflect the seepage law of the gas storage
injection operation, whereas the two-dimensional plate experiment more accurately reflects
the seepage law of the gas storage injection operation time.

The relative permeability curve obtained by the two-dimensional experimental model
was analysed and fitted during the process of the reservoir numerical simulation. The re-
sults are closer to the field data than the one-dimensional relative permeability experimental
curve. This lays a foundation for accurately guiding the development of field tests.

4. Conclusions

(1) During multiple gas/water mutual drive rounds, the seepage capacity of the core
flow significantly decreased. Thus, the permeability capacity of a multi-cycle injection
operation could not be scaled with a single relative permeability curve.

(2) The two-dimensional simulation experiment accurately simulated the operation
process of gas storage, and gas injection improved the storage capacity. With each injection
cycle, the synergistic water extraction capacity gradually decreased. Moreover, the relative
permeability curve obtained by the two-dimensional simulation model experiment and the
plane radial flow formula was the seepage law after the multi-cycle injection and mining
process. Hence, the phase–seepage relationship derived from the two-dimensional simula-
tion experiment is more consistent with the results of the gas storage injection operation.
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Abstract: The surrounding rock of deep roadway is mostly composed of fractured rock. The defor-
mation of roadway surrounding rock is complicated, which not only involves the stress change, but
also involves the support means. This paper aims to study the deformation and fracture evolution
law of surrounding rock in deep underground engineering. According to the stress rebalancing
characteristics, after roadway excavation, the development and evolution characteristics of surround-
ing rock cracks are studied. At the same time, different seepage zones are divided according to the
relationship between surrounding rock failure and its total stress–strain, that is, complete seepage
zone, seepage shielding zone, and proto-rock seepage zone. The crack distribution characteristics
of surrounding rock are studied, and the graded control of gradient support is proposed. In the
broken area, the gradient bearing shell outside the roadway is achieved by means of bolting and
high-strength grouting. As the cracks and pore sizes in the plastic zone gradually decrease along the
radial stress direction of the roadway, and the open cracks gradually change into closed cracks, it
is difficult for ordinary grouting materials to complete better consolidation and filling. Therefore,
small particle size grouting reinforcement materials are studied. The plastic zone (fracture zone) is
reinforced with nano-scale grouting material, and the internal three-dimensional gradient bearing
shell is formed by combining with the anchor cable. This research plays an important guiding role in
the stability of deep roadway surrounding rock.

Keywords: fracture evolution law; fractured seepage zone; gradient failure support; hierarchical
control mechanism

1. Introduction

With the continuous extension of coal mining depth, the underground mining envi-
ronment becomes more complicated. After the excavation of deep roadways, the stress
of the roadways will change significantly [1,2]. The tangential stress gradually weakens
from the outside to the inside and reaches the maximum at the surface, shown as stress
concentration. The radial stress increases from the outside to the inside, which is almost
zero on the surface, resulting in layered failure of the surrounding rock, tangential force
transfer, and further failure of the surrounding rock and crack development [3,4]. Under the
influence of high-stress concentration and mining, the surrounding rock can show various
cracks. For example, when the surrounding rock cracks develop and have a large opening
degree, because of the stress weakening, a large number of cracks with a small opening
degree can appear. Moreover, many of these cracks will be isolated and not connected with
each other, resulting in poor permeability characteristics of the surrounding rock. The high
development of the surrounding rock cracks is bound to reduce its strength, and with the
continuous change of stress, it will cause large deformation of roadways and affect the
safety of mining production.

Many scholars have studied the stability of roadway surrounding rock control in
coal mines. At the same time, a variety of research methods have been used, including
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theoretical analysis, laboratory testing, etc., and achieved good results [5–7]. According to
Li et al. [8], large-scale geomechanical models and stress evolution were used to study the
deformation characteristics of deep roadway surrounding rock. Zhang et al. [9] studied
the excavation and unloading of deep underground tunnels caused by the rupture of
surrounding rock and analyzed the fracturing mechanism. Petuknov et al [10] discussed
the deformation of surrounding rock after and the failure of stable rock. Alsayed [11]
carried out experiments with rock cylinders as specimens and realized true triaxial tests,
showing several different failure modes. Kulatilake et al. [12] studied the behavior of
jointed rock mass and its failure summary standard. With the development of computer
technology, numerical simulation is widely used in the research of coal mining [13,14].
The finite element method (FEM) and finite element difference method (FDM) were used
to study roadway stability [15–17]. Yang et al. [18] studied the deformation and failure
of surrounding rock by combining field investigation, laboratory experiment, and UDEC
simulation. Research on the prevention and technology of traditional support, including
bolt, anchor cable, and other means, is difficult to meet the control requirements, leading
to the softening of coal and rock, resulting in continuous deformation and large-scale
movement of surrounding rock [19,20]. Grouting reinforcement can change the shape of
surrounding rock to a certain extent, and grouting can fill grout into surrounding rock
cracks, improve its cohesion and strength, and further improve the stability of surrounding
rock [21–23]. The good grouting effect of surrounding rock fissures can ensure that the
broken surrounding rock is closely connected together, improve the overall performance of
surrounding rock, cement the broken surrounding rock into a complete whole, and even
restore to the original rock state to ensure its overall stability.

Under the circumstances of stress redistribution, the surrounding rock structure evo-
lution occurs, which is manifested as obvious crack change from the outside to the inside
of the roadway. That is, the cracks close to the roadway are dense and wide, and there
are sparse and narrow cracks further inside. The different crack opening causes the tra-
ditional grouting method to be unscientific, and the grouting material particles are large,
which greatly reduces its injectability and affects the grouting effect, which cannot meet
the desired effect. Therefore, this paper studies the regularity and characteristics of the
evolution of deep rock cracks through theoretical analysis and expounds the traditional
support and reinforcement technology. At the same time, a new type of grouting material
is developed, and combined with the characteristics of surrounding rock and cracks, the
graded control mechanical model of gradient support is established. According to the
gradient failure law, using the gradient control technology, the surrounding rock formed
a three-dimensional gradient pressure shell, which restored the bearing capacity of the
surrounding rock. The gradient model established in this paper provides a new idea for the
control of deep surrounding rock. Meanwhile, the proposed hierarchical control technology
ensures the stability of deep surrounding rock and the safety of mining.

2. Study on Evolution Characteristics of Roadway Surrounding Rock Fissure

The surrounding rock fissures are a kind of structural plane in rock mass and exist
in large numbers. It is mainly included in primary and secondary fissures. In actual
engineering, rock mass with primary fractures is called fractured rock mass when the
external force of rock mass is not enough to destroy its strength. Firstly, the primary cracks
in the surrounding rock expand, and then secondary cracks appear. At the same time,
the primary cracks of the surrounding rock expand, and the secondary cracks continue to
develop. The cracks have different opening degrees, and the cracks are connected to each
other, which leads to the failure and instability of the rock mass. The surrounding rock
fissures of deep roadways are mainly subjected to the action of pressure, and the secondary
fissure is one of the common ones, with uneven distribution and large size differences.

Based on previous research results [24], before deep roadway excavation, rock mass is
in a three-way stress environment. Once the roadway is excavated, the three-way stress
environment of the rock mass will be destroyed. After the excavation and unloading of
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roadway, the stress field appears to be redistributed. When the stress of the surrounding
rock is higher than the elastic limit and enters the plastic state, the surrounding rock will
successively appear in the broken zone, the plastic zone, and the elastic zone from the
outside. The three corresponding stress–strain stages in the three zones of the surrounding
rock are shown in Figure 1. In the figure, R0 is tunnel radius, m, Rf is plastic zone radius,
m, and R1 is crushing zone radius, m. In the total stress–strain curve of rock, σs is yield
strength, MPa, σpk is peak strength, MPa, and σc is residual strength, MPa.

Figure 1. Surrounding rock zoning and rock stress–strain curve model of circular roadway.

After tunnel excavation, stress on the surrounding rock is redistributed, resulting in
unidirectional, bidirectional, and tridirectional states of the surrounding rock from the
inside to the outside. At the same time, due to the different degrees of damage caused
by the rock mass during the stress process, the rock mass is successively located in the
fracture zone, the plastic zone, and the original rock stress zone along the radial direction
of the roadway. Corresponding to the stress reduction zone, the stress increase zone, and
the proto-rock zone, a relatively obvious hierarchical gradient failure pattern is presented.
The gradient failure structure of the surrounding rock is shown in Figure 2. According to
the permeability characteristics of each zone [25], it can be divided into complete seepage
zone, seepage shielding zone, and proto-rock seepage zone. The fractured zone of the
roadway is at the stage of the residual strength of the surrounding rock, and the cracks are
large and fully developed, forming a complete seepage zone. The axial and circumaxial
permeability of the roadway is equivalent, and the grout can be diffused in all directions.
When the roadway enters the plastic zone from the outside to the inside, the permeability
of the surrounding rock decreases under the action of the structural plane and it cracks, and
the grout is mostly diffused with large cracks. This area is called the directional seepage
zone. As the radial depth continues to increase, due to the strengthening of the confining
pressure, the cracks are subjected to a compression effect, forming fully developed micro
and meso cracks. With the increase of depth, the permeability decreases, and the minimum
value is found at the critical point of the plastic and elastic zones, which seriously affects
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the flow of the grout and forms a seepage shield zone. The permeability of the elastic zone
is restored to the state of the original rock, namely the original rock seepage zone. The
radial seepage zone of the roadway and its permeability characteristics are finally formed,
as shown in Figure 3.

Figure 2. Schematic diagram of gradient failure structure of surrounding rock.

Figure 3. Radial seepage development characteristics of surrounding rocks.

3. Study on Graded Control Mechanism of Gradient Support

3.1. Graded Control Mechanism of Gradient Support

Due to the complexity of deep roadway, there are still a large number of unsolvable
scientific problems in roadway management. Traditional support means only combine a
variety of support methods, lack the research on the control mechanism of roadways, and
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do not consider the influence of gradient failure, let alone put forward the control method
combined with gradient failure. Therefore, it is difficult to achieve the ideal support control
effect. In view of this, combined with the grouting materials developed in this paper,
the grouting reinforcement technology is used to put forward a graded control method
for gradient support of the surrounding rock, forming a gradient bearing shell model,
and the control mechanism is studied in detail. Graded control of gradient support of
the surrounding rock mainly refers to adopting corresponding support measures in the
corresponding area of the surrounding rock according to the evolution characteristics of
the stress gradient of the surrounding rock of the roadway in order to form corresponding
gradient support measures in the control area and realize graded control in different areas.
For example, the stress gradient in the fracture zone is significant, and high-strength
reinforcement materials and bolt support are adopted. While the stress gradient in the
plastic zone is weakened, the gradient control is formed step-by-step by adopting the
reinforcement material of nanoscale grouting and the anchor cable support.

3.2. Key Ideas of Graded Control for Gradient Support

After the excavation of deep roadway, the stress state will change and a stress gradient
field will appear in the radial stress direction, resulting in different damage of the surround-
ing rock from the inside to the outside and finally making the surrounding rock present a
typical stress gradient failure mode. When a roadway is excavated, stress concentration will
occur, and gradient failure will be more obvious. In particular, when the stress of the deep
roadway surrounding rock is greater than the bearing capacity of the rock, it will eventually
lead to zoned failure of the surrounding rock, that is, the fracture zone, the plastic zone, and
the elastic zone, as shown in Figure 4a. The uniaxial compressive strength of rock, σc, and
its variation trend shows the characteristics of increasing zoning, with the lowest strength
in the crushing zone and the highest strength in the elastic zone, that is, σc1 < σc2 < σc3.
Detailed analysis can be seen in Figure 4b. Element 1 is in the state of primary rock stress
before excavation. Once the equilibrium of one side is damaged, the horizontal stress of
σ21 will be relieved, and the element will change from three-way stress to two-way stress,
or unidirectional stress, and its strength will decrease significantly. At the same time, the
stress of the original rock is redistributed, showing stress concentration. If the stress of
element 1 (assuming that it is in the crushing zone) is greater than its bearing capacity,
the element will be destroyed, and the stress will continue to transfer to the interior of
the roadway.

Similarly, the horizontal stress value of element 2 (assuming it is in the plastic zone) is
small, and the strength of element 2 is greater than that of element 1, while the failure of
element 2 continues, and the stress continues to transfer. During the whole stress process,
with the stress transfer, the degree of stress concentration decreases, and the strength of
the element gradually increases until the stress of the element n (assuming it is in the
elastic zone) and subsequent surrounding rock is less than its bearing capacity. Thus, the
element is not damaged, and the original stress condition is maintained. The above analysis
shows that, in the whole process of stress transfer, the surrounding rock is subject to similar
changes in each direction, and then the surrounding rock of the roadway presents different
structural levels of failure.

The bearing capacity of rocks in the broken zone and the plastic zone obviously
decreases. If no reasonable means of control is taken, the roadway will continue to deform
and fail until it becomes unstable. In order to solve the problem of the surrounding rock
deformation, the research group, combined with the gradient failure characteristics of the
surrounding rock, proposed a graded gradient support control method. In other words,
gradient graded support is adopted to realize the integration of the surrounding rock and
provides support in the broken zone and the plastic zone. Therefore, the uniformity of
the load is controlled by layers to ensure that the strength of the surrounding rock in the
broken zone and the plastic zone is restored to the initial stress strength or close to the
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state of the surrounding rock in the elastic zone, that is, the implementation of the original
σc1 < σc2 < σc3 transforms into σ*

c1 ≈ σ*
c2 ≈ σ*

c3.

 
(a) 

 
(b) 

Figure 4. Mechanical model after roadway excavation; (a) Mechanical model of surrounding rock;
(b) Stratified failure of surrounding rock physical state [26].

3.3. Hierarchical Control Principle Model of Gradient Support

The changes of the stress gradient cause the surrounding rock to present unidirectional,
bidirectional, and tridirectional stress conditions from the inside to the outside. At the
same time, due to the different degrees of damage caused by the rock mass during the
stress process, the fracture zone, plastic zone (fracture zone), and elastic zones are formed,
showing relatively significant hierarchical gradient failure. The gradient failure leads to
a significant reduction in the bearing capacity of the rock mass. If the rock mass is not
treated in time under continuous stress, large deformation or even instability of roadway
surrounding rock will occur. Therefore, according to the gradient failure, this paper puts
forward the graded control method of gradient support to further enhance or even restore
the bearing capacity of the rock mass. As shown in Figure 5, curve I represents the
change rule of rock mass strength caused by gradient failure, while curve II represents the
ideal change of the rock mass strength after graded control with gradient support. The
gradient bearing shell outside the roadway is realized by means of bolting and high-strength
grouting. Since the cracks and pore sizes in the plastic zone gradually decrease along the
radial stress direction of the roadway, the open cracks also gradually transform into closed
cracks. It is difficult for ordinary grouting materials to complete good consolidation and
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filling, and they still cannot prevent the surrounding rock from developing from the plastic
zone to the broken zone. Therefore, in the plastic zone (fractured zone), nano-base grouting
materials are used to achieve graded reinforcement, and the internal three-dimensional
gradient bearing shell is formed by combining with the anchor cable in order to achieve
the transformation from curve I to curve II. The gradient bearing shell includes the broken
zone and the plastic zone, which is the gradient support technology corresponding to
the stress gradient change established by the pointer and forms the supporting shell with
corresponding bearing capacity. We collectively call it the gradient bearing shell [27]. The
shell properties formed in the broken zone and the plastic zone are different, in order
to distinguish the gradient pressure shell (broken zone) and the gradient pressure shell
(plastic zone).

Figure 5. Mechanical model of graded support control.

4. Discussion on the Injectivity of Reinforcement Materials

4.1. Traditional Reinforcement Material

The stress transition caused by roadway excavation leads to the continuous devel-
opment of surrounding rock cracks, which reduces the strength of the surrounding rock,
causing large deformation that seriously affects its stability. The surrounding rock rein-
forcement can seal the fracture to a certain extent, improve its mechanical properties, and
ensure the stable deformation. However, at present, Portland cement is the main material
for roadway grouting. However, due to its large particle size, late consolidation cracking,
and low grout adhesion, the performance of Portland cement material is greatly weakened
in the underground environment with rich water and ion erosion. Combined with the
seepage development characteristics of the surrounding rock, it can be seen that the large
particle size of traditional materials causes the poor diffusion of grout and the existence of
many deep micro-cracks, which leads to the weakening of grout diffusion radius and even
causes problems, such as the non-injection of cracks. At the same time, the high grouting
pressure method adopted for micro-cracks easily causes the fracture to coalesce, increases
the leakage channels, affects the slurry diffusion, and greatly weakens the reinforcement
effect. However, the traditional grouting mostly adopts the one-time reinforcement tech-
nology, which eventually leads to poor grouting ability and other problems, as shown
in Figure 6.
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(a) 

(b) 

Figure 6. Chematic diagram of traditional grouting [28]. (a) Without grouting in surrounding rock;
(b) traditional grouting in surrounding rock.

Regarding the injectivity of grout of grouting material, according to the research work
completed by scholars, the injectivity standard of grout can be summarized as follows:

The crack opening is Dr, and grout particle size d must meet the formula [29] (1):

Dr

d
> 3 (1)

Assuming that the grout can penetrate into the cracks of the injected surrounding rock,
the crack opening should meet the following requirements:

Dr > 3d > 0.18 mm (2)

The crack opening of the surrounding rock must meet the conditions of Formula (2);
the slurry can be permeated into the filled fissure. However, the change of underground
stress leads to the evolution of structure hierarchy of the surrounding rock, which is
manifested as obvious crack changes from the outside to the inside of the roadway. That is,
the cracks close to the roadway are dense and wide, and sparse and narrow cracks continue
to appear inward [30]. This phenomenon shows that not all cracks meet this condition, and
micro-cracks (plastic zone cracks) have difficulty with meeting the above requirements,
which will inevitably increase the difficulty of grout diffusion, reduce the stability of the
surrounding rock after reinforcement, and cause continuous deformation.

The superfine cement material improves the injectivity of the slurry to some extent.
Due to the gradient stress, there are many cracks in the plastic zone, and the crack opening
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is very small, even less than 20 μm, resulting in grout that cannot be injected into the crack.
The organic grouting material has good injectivity and high adhesion to the surrounding
rock. However, its price is too high, and it pollutes the water, corrodes the human body,
and is not natural enough. Therefore, many mines list organic materials as contraband,
such as polyurethane and Malisan.

For this reason, the surrounding rock of deep mine reinforcement requires materials
with high permeability and high viscosity. High permeability can be achieved by changing
the particle size of the material, and high viscosity can be achieved by changing the chemical
reaction between the crack and the slurry. When the crack opening is 3 times of the particle
size of the reinforcement material, the grout can be injected into the crack. If the difference
is greater than 3 times, the grout cannot be injected into the crack and will gradually show a
bridging state at the crack mouth. At the same time, considering the complexity of the deep
mine environment, it is highly likely to face water-rich and ionic erosion. It is difficult for
traditional grouting materials to resist ion erosion, which is bound to cause this. Moreover,
even after grouting reinforcement, its performance will be greatly reduced, and it cannot
meet the requirements of the surrounding rock control. Therefore, it is necessary to further
develop reinforcement materials resistant to ion erosion on the basis of satisfying the filling.

4.2. Graded Control Technology of Gradient Support

As can be seen from Figure 7, radial stress σr and tangential stress σθ of the sur-
rounding rock are greatly affected after tunnel excavation. The radial stress increased
gradually with the increase of distance and was almost zero near the edge of the surround-
ing rock. However, the tangential stress gradually decreased with the increase of distance
and reached its maximum near the edge of the surrounding rock. However, both of them
are close to stable at the distance of excavation and are hardly affected by excavation. At
the distance of r0–2r0, there was a large difference in stress evolution. The slope of the
straight line in the dotted box indicates that the stress of the surrounding rock gradually
increased under the influence of the buried depth [30]. The surrounding rock of the deep
mining roadway is greatly affected by secondary stress, and the stress gradient field that
formed gradually became prominent. There are obvious high stress gradients around deep
roadways, which is the main factor leading to the continuous failure of roadways.

 
(a) 

Figure 7. Cont.
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(b) 

Figure 7. Distribution diagram of surrounding rock stress after roadway excavation. (a) The radial
stress; (b) The tangential stress.

At the same time, considering the evolution of the surrounding rock structure caused
by gradient failure, the concrete manifestation is that the cracks close to the roadway
are dense and wide, and the cracks continue to be sparse and narrow. The traditional
grouting materials can only inject cracks with a large crack opening, and micro-cracks
cannot reach the injection range. However, for the crack distribution caused by gradient
failure of the surrounding rock, the crack opening is small, and there are many cracks in
the plastic zone. If the reinforcement cannot be completed, the surrounding rock is bound
to be damaged or even unstable. Therefore, this paper studied the small particle grouting
reinforcement material, combined with high-strength cement material, and proposed a
gradient support classification control method, hoping to improve or even restore the
bearing performance of the surrounding rock, that is, the broken area is reinforced by bolt
and high-strength grouting. The cracks and pore sizes in the plastic zone gradually become
smaller along the radial stress direction of the roadway, and the open cracks also gradually
transform into closed cracks. The graded reinforcement is achieved by using nano-based
grouting materials, and the internal three-dimensional gradient pressure shell is formed
by combining with the anchor cable. After the reinforcement of small particle size grout,
all the cracks in the surrounding rock can be filled using multi-scale grading to meet the
stability control problem of the surrounding rock. The research work should be further
combined with the quantitative characteristics of deep rock cracks, establish a quantitative
model, and carry out field tests in other mines in order to make it more suitable for deep,
complex geological conditions.

5. Conclusions

According to the gradient failure characteristics of deep roadway surrounding rock,
the main conclusions obtained in this paper are as follows:

(1) After roadway excavation, the stress of the deep surrounding rock is redistributed.
Along the radial direction of the roadway, it is divided into stress reduction zone,
stress increase zone, and original rock stress zone. According to the permeability
characteristics, it can be divided into complete seepage zone, seepage shield zone,
and proto-rock seepage zone.

(2) When the crack opening degree of the surrounding rock meets certain conditions,
slurries can permeate into the crack. However, the deep surrounding rock cracks
are dense and wide near the roadway, while the deep ones are sparse and narrow.
Changing the particle size of the material can improve the grouting ability. If the
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difference between the particle size of the grouting material and the crack is greater
than 3 times, the grouting cannot be injected into the crack, and the bridge state will
gradually appear at the crack mouth, greatly reducing the reinforcement effect.

(3) The equivalent graded gradient support is proposed, and the mechanical model of
gradient support is established. The gradient graded support is adopted to achieve
the integration of the surrounding rock and provide support to the broken zone and
to the plastic zone. Stratified control of load uniformity ensures that the strength of
the surrounding rock in the broken zone and the plastic zone is restored to the initial
stress strength or close to the state of the surrounding rock in the elastic zone, that is,
the implementation of the original σc1 < σc2 < σc3 transforms into σ*

c1 ≈ σ*
c2 ≈ σ*

c3.
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