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a b s t r a c t

As shallow resources are increasingly depleted, the mechanics’ theory and testing technology of deep in-
situ rock has become urgent. Traditional coring technologies obtain rock samples without retaining the
in-situ environmental conditions, leading to distortion of the measured parameters. Herein, a coring and
testing systems retaining in-situ geological conditions is presented: the coring system that obtains in-situ
rock samples, and the transfer and testing system that stores and analyzes the rocks under a recon-
structed environment. The ICP-Coring system mainly consists of the pressure controller, active insulated
core reactor and insulation layer and sealing film. The ultimate bearing strength of 100 MPa for pressure-
preservation, temperature control accuracy of 0.97% for temperature-retained are realized. CH4 and CO
permeability of the optimized sealing film are as low as 3.85 and 0.33 ppm/min. The average tensile
elongation of the film is 152.4% and the light transmittance is reduced to 0%. Additionally, the pressure
and steady-state temperature accuracy for reconstructing the in-situ environment of transfer and storage
system up to 1% and ±0.2 is achieved. The error recorded of the noncontact sensor ring made of low-
density polymer is less than 6% than that of the contact test. The system can provide technical sup-
port for the deep in-situ rock mechanics research, improving deep resource acquisition capabilities and
further clarifying deep-earth processes.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the gradual depletion of shallow resources, the mining of
deep resources is becoming common (Gao et al., 2018a; Pang et al.,
2015; Xie et al., 2015, 2019; Zhang et al., 2016). At present, the
exploitation of deep resources is an engineering priority that re-
quires technological integration and theoretical development.
There is a lack of transformative technology suitable for deep
.

y Elsevier B.V. on behalf of KeAi Co
engineering. Deep rock exhibits nonlinear mechanical behavior in
an in-situ environment (Gao et al., 2021a). The applicability of the
existing fundamental theories and engineering technologies of rock
mass mechanics needs to be further studied. The basic physical and
mechanical properties (density, porosity, Poisson's ratio, elastic
modulus, etc.) obtained based on standard core samples do not
reflect the effects of in-situ environmental conditions (such as
temperature and pressure). Such properties may exhibit a linear or
nonlinear behavior in an in-situ environment (Gao et al., 2020a,b,c;
Guo et al., 2020; Man and Zhou, 2010; Zhang et al., 2019b; Zhou
et al., 2010; Zuo et al., 2011). In addition, in the present research
methods, the physical andmechanical properties of rocks are tested
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Abbreviations

APCs Advanced piston corers
AIST National Institute of Advanced Industrial Science and

Technology
BIO Bicrobial reaction chamber
CDC Controlled depressurization chamber
CNPC China National Petroleum Corporation
DAPC Dynamic autoclave piston corer
DSC Direct shear chamber
DSDP Deep-sea drilling project
ESC Effective stress chamber
FPC Fugro pressure corer
GHOBS Gas Hydrate Ocean Bottom Simulator
HRC HYACE Rotary Corer
HYACE Hydrate coring equipment system
ILP-Coring In-situ light-preserved coring

IMP-Coring In-situ moisture-preserved coring
IPP-Coring In-situ pressure-preserved coring
ISP-Coring In-situ substance-preserved coring
ITP-Coring In-situ temperature-preserved coring
JOGMEC Japan Oil, Gas and Metals National Corporation
KIGAM Korea Institute of Geoscience and Mineral Resources
MAC Multiple autoclave corer
ODP Ocean Drilling Program
PCBs Pressure core barrels
PCSs Pressure core samplers
PTCS Pressure temperature core sampler
IPTC Instrumented Pressure Testing Chamber
PCCTs Pressure Core Characterization Tools
PNATs Pressure-core Nondestructive Analysis Tools
JAMSTEC Japan Marine Science and Technology Agency
PTPS Pressure and temperature preservation system
TACTT Transparent acrylic cell triaxial testing system
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using a standard core and a classical load path based on the classical
theories of rock mechanics and the experimental methods of
elastic-plastic mechanics.

The physical and mechanical properties of rock materials are
disturbed during coring. Furthermore, standard core analysis does
not consider the deep in-situ conditions and the disturbance of
deep engineering (Yang and Guo, 2020). Thus, the obtained prop-
erties, models, and theories ignore engineering disturbances (Gao
et al., 2018b, Gao et al., 2021b). Thus, the deep resource develop-
ment is hindered, making it difficult to achieve the safe, efficient,
and economic exploitation.

Therefore, developing theoretical and technological systems of
rockmechanics that take into account the deep in-situ environment
becomes essential. The challenges are how to achieve deep in-situ
condition-preserved coring (ICP-Coring), testing, and analysis.
Nevertheless, there is still a lack of deep in-situ rock mechanics
research worldwide due to a lack of technology appropriate for the
in-situ investigation of rock properties. The priority is to obtain rock
samples that preserve the in-situ environment (pressure, temper-
ature, etc.). Conventional coring technologies have significant
limitations, among which pressure-retaining coring technology
mainly focuses on oil and gas exploration, geological and mineral
exploration, and marine combustible ice sampling operations
(Khizar et al., 2015; Dickens et al., 2000; Kvenvolden et al., 1983;
Milkov et al., 2004; Priest et al., 2015) and considers only the
retention of in-situ pressure.

Furthermore, the current maximum bearing capacity of the
pressure coring sampler is 70 MPa (Rothwell and Rack, 2006), far
from meeting the needs of deep exploration. Thermal insulation
coring technology focuses predominantly on minimizing core
temperature drops and cannot achieve active thermal insulation. In
recent years, many international organizations have developed
coring tools with thermal insulation and pressure retention func-
tions (Li et al., 2006; Zhang et al., 2006; Zhu et al., 2013), such as the
Japan National Oil Corporation and China First Institute of Ocean-
ography. The technology is still in the experimental stage and not
yet ready for widespread application. Freezing sampling technol-
ogy (Sun et al., 2015; Wei et al., 2020) is effective in the acquisition
of natural gas hydrate. However, it changes the occurrence tem-
perature and pressure and destroys the original mechanical char-
acteristics of the samples. Protective fluid coring technology can
cover the core sample in a protective fluid (Su, 2019) to prevent it
from being contaminated by drilling fluids without integrating
pressure- and temperature-preserving functions. Clearly,
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conventional coring technologies are generally designed to pre-
serve only one in-situ environmental property. Obtaining critical
information such as the in-situ pore pressure, temperature, hu-
midity, and microbial environment simultaneously with core
samples is impossible with existing technologies, which signifi-
cantly limits the research significance of deep cores. This paper
proposes a coring and testing system retaining the in-situ geolog-
ical conditions of deep rocks to enhance the accuracy of deep
exploration.

The technological challenges of in-situ testing of deep rocks
need to be addressed. The cores acquired through traditional
testing technology are directly exposed, meaning that the state of
the cores cannot be held constant in sample preparation processes.
It is impossible to measure physical and mechanical properties in
the in-situ states. Moreover, in-situ testing technology is developed
mainly in the field of noncontact testing (wave techniques, elec-
tromagnetic techniques, X-ray diffraction, etc.) (Priest et al., 2015).
There are two main types of noncontact testing: Firstly, taking core
samples using the conventional coring system and testing the
temperature and pressure of the core with built-in sensors without
opening the core barrel (Hohnberg et al., 2003; Qin et al., 2005).
Secondly, testing with reconstructing the original environment of
occurrence (Lee et al., 2013; Schultheiss et al., 2011). None of these
technologies have integrated true triaxial compressive testing
methods (Priest et al., 2015). There are significant limitations in
environmental reconstruction. The most advanced testing tech-
nology is capable of reconstructing a testing environment with a
pressure up to 35 MPa and a temperature up to 50 �C (Schultheiss
et al., 2017), which completely fails to meet the needs of the testing
and analysis of the physical and mechanical behavior, chemical
composition, and organic resources of deep rock (Xie et al., 2020b).
Consequently, deep in-situ mechanical physical, chemical, and
microbiological characteristics cannot be obtained (Kashefi and
Lovley, 2003). Many defects among the existing testing technolo-
gies remain, such as a limited capacity to reconstruct in-situ envi-
ronmental pressure and temperature, an inability to perform high-
precision preparation of samples in a reconstructed environment,
and a lack of integration of the triaxial testing function (Priest et al.,
2015; Schultheiss et al., 2017). There is a theoretical and techno-
logical gap in the reconstruction of the in-situ environment of deep
rock formations and thus the preparation, transfer and testing of
standard cores.

In general, there is a need for deep in-situ rockmechanics theory
and technology that are suitable for use in deep resource
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exploitation. The critical issue lies in ascertaining the physical and
mechanical behavior of rocks at different depths and revealing the
fundamental differences between deep and shallow structures.
This paper proposes a coring and testing system that can retain in-
situ geological conditions. Functional designs for ICP-Coring, envi-
ronmental reconstruction, sample transfer, preparation, triaxial
loading tests, etc. are proposed. Additionally, this innovation work
is supported by “In-situ coring and fidelity testing analysis system
for deep rock”, a major scientific research instrument program of
National Natural Science Foundation of China.

The established system is expected to address current techno-
logical deficiencies and ensure that cores remain in the in-situ state
during the entire process from deep ICP-Coring, ground transfer
and storage, sample preparation, and mechanical testing. The study
provides support for establishing new theories of deep engineering
and enhances deep resource acquisition capabilities.

2. The current situation of in-situ coring and testing
technologies

2.1. Conventional coring technology related to gas-hydrate-bearing
sediment sampling

In seabed sediment, natural gas hydrates (combustible ice) are
formed under conditions within a specific temperature and pres-
sure range (Wang et al., 2021). When a core with natural gas hy-
drates is lifted to the sea surface at ambient temperature and
pressure, all or most of the material components of the natural gas
hydrates will decompose (Kim et al., 2021; Skiba et al., 2020). It is
imperative to account for the physical properties of natural gas
hydrates during coring, which has led international scientific
research institutions to explore pressure- and temperature-
preserving coring techniques (Rothwell and Rack, 2006; Wang
et al., 2020).

In-situ temperature-preserved coring (ITP-Coring) and in-situ
pressure-preserved coring (IPP-Coring) technology can hold the
obtained core at its in-situ pressure and temperature conditions
throughout the operational process. In contrast, conventional
coring tools are not equipped with temperature and pressure
preserving devices, making it difficult to obtain rock cores under
their natural temperature and pressure conditions. At present,
representative deep-sea coring devices include the Pressure Core
Barrel (PCB) deployed by the International Deep-Sea Drilling
Project (DSDP) (Dickens et al., 2000; Kvenvolden et al., 1983) and
the Advanced Piston Corer (APC) and Pressure Core Sampler (PCS)
(Milkov et al., 2004) deployed in the International Ocean Drilling
Project and Ocean Drilling Program. The Hydrate Autoclave Coring
Equipment (HY-ACE) adopts the Fugro Pressure Corer (FPC) and
the HY-ACE Rotary Corer (HRC) (Amann et al., 2021; Schultheiss
et al., 2009); Japan developed a Pressure-Temperature Core
Sampler (PTCS) (Wakishima et al., 1998); deep-ocean researchers
deployed the Multiple Autoclave Corer (MAC) and dynamic high-
pressure Dynamic Autoclave Piston Corer (DAPC) from the
R.V.SONNE (Bohrmann et al., 2007; Heeschen et al., 2007;
Hohnberg et al., 2003); Zhejiang University developed a gravity
piston-type natural gas hydrate corer (Chen et al., 2006; Qin et al.,
2005); the First Institute of Oceanography in China developed a
deep-water and shallow-hole natural gas hydrate coring drill with
temperature and pressure preserving functions (Zhang et al.,
2006); Zhu et al. (2013) developed a Pressure and Temperature
Preservation System (PTPS) for natural gas hydrate coring; Qin
et al. developed a handheld mechanical sedimentary coring device
(Qin et al., 2005). In addition, some scholars have conducted
systematic research into deep sea hydrothermal in-situ sampling
technology (Wu, 2008) and Antarctic glacier in-situ coring
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technology (Hodgson et al., 2016). In the field of deep-sea explo-
ration, the existing conventional coring tools can preliminarily
achieve partial pressure or compensating functions. The bearing
capacity of PCS is 70 MPa, that of PCB and PTCS is 30 MPa, that of
FPC and HRC is 25 MPa, and that of MAC and DAPC is 20 MPa.
Pressure is preserved through a mechanical valve called a pressure
controller, such as a rotary ball valve. The existing IPP-Coring
technology essentially relies on the hydrostatic pressure of
seawater, and the corresponding pressure retention capacity de-
pends on the occurrence environment where the cores are taken.

The establishment of ICP-Coring systems is a challenging
endeavor. Presently, only PTCS and PTPS provide partial ITP-
Coring. The PTCS maintains temperature through an adiabatic
and thermoelectric tube. The pressure is maintained with a ball
valve, and the temperature is maintained with a battery-powered
thermoelectric cooling device. This device preserves temperature
by adding thermal insulation materials, charging the sample with
liquid nitrogen, and utilizing a drilling fluid cooling device. The
PTPS adopts a double-layer passive temperature preservation
system that is maintained by spraying an insulation layer onto
the inner surface and covering the outer surface with an anti-
ultraviolet coating, combined with an interlayer vacuum. The
insulation layer and double-layer vacuum structure minimize
heat exchange (Dell'Agli and Mascolo, 2000; Di Girolamo et al.,
2010). Coring systems are barely capable of active temperature
preservation. They adopt the core-freezing method, where the
rock core is placed in a specially designed device as soon as the
core barrel reaches the ground. The core temperature is pre-
served by performing measures such as rapid ice covering or
liquid nitrogen freezing. Evidently, achieving temperature pres-
ervation with the existing technologies is challenging, as they
essentially focus on temperature control and compensation. In
addition, ICP-Coring is different from seabed sediment coring,
and continental rock cores tend to be collected from high-
temperature environments. During coring, ITP-Coring technol-
ogy prevents the temperature of the core from dropping during
recovery, while the temperature of the core is prevented from
increasing when recovering coring seabed sediment. Hence, the
existing ITP-Coring are not directly applicable to that of deep rock
formations. Further investigations of technologies better suited
for such purposes are necessary.

In conclusion, the current coring technology of seabed sediment
is actually limited to the conventional “hermetic coring” concept,
which retains in-situ pressure rather than delivering true in-situ
coring. The present coring technologies are largely concentrated in
areas that require pressure retention, temperature preservation,
and pollution prevention. Temperature-preservation technologies
are predominantly passive, as active temperature preservation
poses greater challenges. However, some microorganisms are
extremely dependent on the in-situ occurrence environment. In the
absence of suitable coring technology, living organisms (microor-
ganisms, viruses, etc.) entrapped in deep rock samples may die.
There is an urgent need to develop ICP-Coring technology for deep
rock formations to cultivate living organisms (microbes, viruses,
etc.) in deep rocks and facilitate future scientific exploration.

2.2. Conventional continental coring principles and technologies

Globally, scientific drilling (continental coring) has become an
indispensable, essential means for addressing major problems on
topics such as deep resources, disasters, and the environment. Since
the 1950s, drilling projects, including the US Mohole Drilling
Project (MDP), the German Continental Deep Drilling Program
(Kontinentales Tiefbohr Programm, KTB), the Iceland Deep Drilling
Project, the International Continental Scientific Drilling Program
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(ICDP), and the China Songke Scientific Drilling Program, have
attracted worldwide attention (Coney et al., 2007; Dickens et al.,
2003; Friðleifsson et al., 2010, 2011, 2017; Fulthorpe et al., 2008;
Litt et al., 2009; Osborne et al., 2011; Yetginer and Tjelta, 2010; Yun,
2005). The critical task of all scientific drilling projects is to explore
the structure and evolution of deep strata, paleoclimates, and
paleoenvironments.

ITP-Coring is crucial for the evaluation of oil saturation and
natural gas reserves. For continental pressure-retaining coring, the
China National Petroleum Corporation (CNPC) Greatwall Drilling
Company has developed the GW-CP194-80A IPP-Coring tool
capable of pressure-retaining coring operations with a diameter of
80 mm and a length of 6 m. The pressure-retention capacity can
reach up to 60 MPa (Yang et al., 2020) by triggering the ball valve
seal via differential assembly. The Xi'an Research Institute of China
Coal Science and Industry Group has developed a hermetic coring
device for accurately measuring the coal seam methane content in
underground and surface coal mines. The tool system is capable of
extracting cores with a diameter of 38 mm and a length of 1.2 m by
relying on a ball valve seal for hermetic pressure preservation.
Nevertheless, its maximum pressure-preserving capacity is only
10 MPa, which meets the technical requirements of only coal seam
methane determination (Sun et al., 2020). The American Halli-
burton Company has developed wireline rotary sidewall coring
equipment; however, the cores taken via this system are small in
diameter and short in length; the cores are extracted in multiple
sections, and all core sections are stored in the same sealed cavity
without retaining the in-situ pressure of the cores (Pinkett and
Westacott, 2016).

Conventional coring technologies focus on the efficiency and
depth of core acquisition (Wang et al., 2014). Although there has
been some research on ITP-Coring and IPP-Coring technology, in-
situ substance-preserved coring (ISP-Coring), in-situ moisture-
preserved coring (IMP-Coring) and in-situ light-preserved coring
(ILP-Coring) are still unavailable due to a technological failure to
effectively seal oil and gas and other resources inside the core,
leading to partial or complete loss of the pressure, temperature,
pore water, chemical and biological information of the in-situ
environment of the core; only “ordinary cores” can be obtained.
Severe distortion of such cores will result in the failure to measure
the physical and mechanical properties in the actual conditions of
deep rock formations due to stress release, the distortion of the
evaluation of oil and gas resources, and the death of living organ-
isms entrapped in the deep rock formations. Thus, the mechanics,
physics, chemistry, microbiology, and other characteristics of deep
rocks obtained with traditional drilling and coring technology are
not accurate. To enhance the accuracy and scientific exploration of
deep-earth scientific laws, it is imperative to develop proper ICP-
Coring technology for acquiring “living” samples of rock masses
to facilitate in-depth research into the scientific laws of deep
geoscience.

2.3. Deep in-situ transfer and testing technology

Deep in-situ transfer and testing technology seeks to measure
core properties and establish theories under in-situ environmental
conditions. To preserve the pressure, physical, chemical, and bio-
logical conditions of the cores, the challenging problem involving
transferring cores in the in-situ state needs to be resolved, i.e., the
technology required for connecting the coring system with the
testing system needs to be developed.

Currently, the available in-situ core testing technology performs
only noncontact measurement, primarily for the noncontact testing
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(via waves and electromagnetics) of seabed sedimentary cores, and
lacks the capability to perform mechanical testing with real-time
loading. As a result, the scientific value of cores cannot be maxi-
mized. GOM JIP Leg1 adopted the first high-pressure core testing
device, the Instrumented Pressure Testing Chamber (IPTC) (Yun
et al., 2006). In 2007, the Georgia Institute of Technology devel-
oped an effective stress chamber (ESC) to test the properties of
hydrate-bearing sediments under in-situ temperature, pressure,
and effective stress recovery conditions. This ESC has been further
developed into the Gas Hydrate Ocean Bottom Simulator (GHOBS)
of the Korea Institute of Geoscience and Mineral Resources
(KIGAM) (Lee et al., 2009). Later, Georgia Tech developed a series of
pressure core testing tools named the Pressure Core Characteriza-
tion Tools (PCCTs) (Santamarina et al., 2012a, 2012b). PCCTs consist
of a manipulator for core transferring, two sets of cutting devices,
an ESC, a direct shear chamber (DSC), a controlled depressurization
chamber (CDC), and a microbial reaction chamber (BIO)
(Santamarina et al., 2015). In 2012, the National Institute of
Advanced Industrial Science and Technology (AIST) developed the
Pressure-core Nondestructive Analysis Tools (PNATs), which
include a transparent acrylic cell triaxial testing system (TACTT)
and X-radiography system (Jin et al., 2014; Nagao et al., 2015;
Yoneda et al., 2015b). GeoTek's PCATS (Schultheiss et al., 2006;
Suzuki et al., 2015) is capable of multiparameter scanning by
noncontact means such as P-wave testing; during the testing pro-
cess, the rock samples are covered and transferred to the scanning
chamber while maintaining the pressure. JapanMarine Science and
Technology Agency (JAMSTEC) and Associates Inc. both adopted
PTCS technology (Qin et al., 2009; Schultheiss et al., 2011), which
matches well with the PCATS to perform noncontact measurements
of the pressure and temperature of the rock samples. In China, the
gravity piston natural gas hydrate corer and the deep-water and
shallow-hole temperature and pressure-retaining natural gas hy-
drate coring drill designed by Zhejiang University are capable of
determining the pressure and temperature of rock samples without
opening the core barrel (Yoneda et al., 2015a).

Nevertheless, none of the conventional testing technologies
mentioned above can achieve the preparation, transfer, and me-
chanical testing of standard cores under in-situ conditions. There is
a pressing need for further research and investigation on testing
technology.

3. Research on the coring and testing systems retaining in-
situ geological conditions

3.1. Research on deep ICP-Coring systems

3.1.1. IPP-Coring
IPP-coring technologies aim to keep the cores extracted at the

in-situ pore pressure, providing indispensable information for
resource exploration and geological engineering evaluation. Con-
ventional coring tools cannot maintain the pressure, leading to
irreversible changes in the physical properties and mechanical
properties of core samples. Future exploration operations of deep
resources may face extreme pressure of more than 10000 psi
(approximately 69 MPa) (Ashena and Thonhauser, 2018), which is a
significant challenge for deep IPP-Coring technology. There is an
urgent need to carry out theoretical and technical research on deep
IPP-Coring. The key to advancement lies in the optimized design of
the pressure controllers of the coring device (He et al., 2019; Li
et al., 2021).

The pressure controller is located at the lowest end of the core
barrel to automatically seal the pressure chamber after the core is



Fig. 1. Schematic diagram of a pressure-preserved controller.

H.-P. Xie, T. Liu, M.-Z. Gao et al. Petroleum Science 18 (2021) 1840e1859
extracted. The pressure chamber determines the ultimate bearing
strength of the pressure corer. The valve cover of the pressure
controller is initially located between the inner and outer tubes of
the corer (as shown in Fig. 1). When the core sample is cut, the
inner tube is released from its locking position. Then, the valve
cover is set in the valve seat. The main advantages of this setup are
self-tightening sealing and a larger core diameter. Based on the
pressure coring technology, the configuration and sealing capacity
of the pressure maintaining controller was optimized. Based on the
Steinmetz solid principle (Zhang et al., 2019a), this paper proposes
five pressure controller configurations, of which A1, A2, and A3 are
cone-shaped pressure controllers, type D is a spherical-cylindrical
shell pressure controller, and type E is a saddle-shaped pressure
controller. The structures of the pressure controllers are shown in
Fig. 2.

To analyze the stress distribution and structural deformation of
pressure controllers, the elastoplastic model of the ABAQUS nu-
merical simulation software was used with the measured stress-
strain data (304 stainless steel, yield strength 604.6 MPa). The
boundary condition of the valve seat is fully constrained at the
bottom, and a pressure load is gradually applied to the upper face of
the valve cover. As the load increases, the edge of the minor axis of
the valve cover produces a more significant displacement along the
contact surface. The contact pressure at the potential leakage re-
gion decreases, as shown in Fig. 3. Therefore, the ultimate bearing
strength of the pressure controller can be evaluated based on the
Fig. 2. 3D models of pr
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fluctuation in the contact pressure. Numerical simulation results
show that the maximum bearing strength of A1 is 27.8 MPa, that of
A2 is 66.3 MPa, and that of A3 is 100.5 MPa. Under a water pressure
of 200MPa, the contact pressure of controllers D and E do not show
a decreasing tendency. The equivalent stress contour plots of the
pressure controllers under the ultimate load condition are shown
in Fig. 4. Among them, the two wings of the conical pressure
controller (A1/A2/A3) have a larger stress concentration, and the
stresses of the spherical shell (D) and saddle (E) shapes are
concentrated in the middle of the device. As the load increases, the
major axis of the valve cover becomes the main support structure,
while the minor axis of the valve cover retracts inward on both
sides.

For directional drilling, the pressure controller needs to work in
an oblique or horizontal angle. To make the pressure controller
more extensive, the magnetic trigger pressure-preserved controller
was proposed for the first time, as shown in Fig. 5. Magnetically
triggered pressure controller uses the magnetic potential energy of
the permanent magnet to generate trigger kinetic energy. When
the valve cover is closed, the attraction between the permanent
magnet and the magnetic material is used to make the valve cover
tightly attracted. And this attraction can be used as the initial
sealing force of pressure-preserved controllers. The magnetic
trigger pressure-preserved controller completely overcomes the
gravity on which the existing trigger depends. The magnetic trig-
gering allows the pressure controller to achieve self-triggering
closure by overcoming gravity when taking the center at any an-
gles. Through numerical simulation, the magnetic triggering force
can reach 150.74 N and the initial sealing force can reach 46.23 N.
This fully validates the feasibility of the magnetically triggered
pressure controller.
3.1.2. ITP-Coring
ITP-Coring is a global challenge. Internationally, temperature

preservation has been limited to combustible ice coring, and the
techniques used for maintaining temperature are passive, not
active. The existing ITP-Coring technology used for subsea sedi-
ments cannot directly applicable because the cores of deep rock
formations on land are often in a high-temperature environment.
The purpose of ITP-Coring technology is to prevent the core tem-
perature from dropping, while that of the existing ITP-Coring
technology used for combustible ice is precisely the opposite.

In 2020, the idea of combining active and passive temperature
preservation (Fig. 6) was put forward (He et al., 2020). Working
essure controllers.



Fig. 3. The contact pressures for different angles of the conical contact surfaces.

Fig. 4. Contour plots of the equivalent stresses of the critical loads of the pressure controllers.
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Fig. 5. Three schemes of magnetically triggered pressure controllers.

Fig. 6. Schematic diagram of the temperature-preservation structure of coring devices
(He et al., 2020).

Fig. 7. Trends of the temperature variations in the core chamber during the coring
process.
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toward a breakthrough in the ITP-Coring technology of deep rocks,
an initial investigation of core temperature variations and heat
dissipation during core lifting has been conducted. A temperature-
preservation testing system was established, and temperature
control capability tests on active temperature-preservation tech-
nology was performed. Then, a passive temperature-preservation
structure was proposed, and the passive insulation materials
were optimized.

Studies have been conducted on the temperature variation and
energy consumption of active temperature preservation during the
core lifting process based on the theory of unsteady heat conduc-
tion (Yang and Tao, 2006), and the trend of the variation in tem-
perature in the chamber during the actual core lifting process was
obtained, as shown in Eq. (1).

TðtÞ ¼ vDT
100

h
cwmwR

�
1� e�

t
cwmwR

�
� t

i
þ 150 (1)

where T (t) is the temperature of the liquid at any time, �C; v is the
lifting velocity of the coring device, m/s; DT is the ground tem-
perature gradient of formations, �C/100 m;mw and cw are the mass
(kg) and specific heat capacity (J/(kg$�C)) of the liquid in the
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chamber, respectively; R is the total thermal resistance, �C/W; t
represents time, s.

Taking the core lifting velocity of 2.5 m/s as an example, ac-
cording to Eq. (1), when the geothermal gradient is 4 �C/100 m, the
trend of the temperature variation in the core chamber during
lifting is shown in Fig. 7. The ambient temperature gradually de-
creases, causing the temperature difference inside and outside the
chamber to increase progressively, and the cooling rate inside the
chamber gradually accelerates. The average heat dissipation power
is 145.8 W with insulation materials present. When the core rea-
ches the ground at 20.8 min, the instantaneous heat dissipation
power peaks at 279.2 W. Meanwhile, a significant difference in the
core temperatures with and without thermal insulation materials
was observed. However, the core temperature will still drop sub-
stantially in the presence of thermal insulation materials. There-
fore, there is a considerable need to develop deep rock ITP-Coring
technology based on the research of temperature preservation
through the coupling of active and passive approaches. Theoretical
results can also serve as the basis for informing the design of
temperature-preservation control modules and energy systems.

In active temperature-preservation design, the temperature
sensor and proportional-integral-derivative (PID) chip perform a
series of collection-feedback-control actions on the core tempera-
ture and ultimately maintain the core temperature by active pres-
ervation via graphene heating materials. Tests have been
performed on active temperature preservation using graphene
heating materials. The corresponding results are shown in Fig. 8.
According to the design of the temperature-preservation system of
the corer, the materials heat the thermal conductive oil to 150 �C,
and the PID chipmaintains the oil temperature at 150 �C for 25min,
with slight fluctuations around the target temperature, achieving a
control accuracy of 0.97%. The test results show that the combi-
nation of graphene heating and a control module effectively con-
trols and accurately measures temperature.

For passive temperature preservation, performance tests of
thermal insulation materials and pre-engineering experiments
were carried out. Fig. 9 shows the optimization test results of the
thermal insulation performance of materials. Among the materials,
C1 shows a better thermal insulation effect, which minimizes the
internal disturbances resulting from the external temperature
variations and reduces the drop in the in-situ temperature of the
core, making it an appropriate candidate for passive insulation
materials in ITP-Coring operations.

To adapt to a high hydrostatic pressure at depth, we innovatively
proposed the use of high-pressure-resistant thermal insulation



Fig. 8. Test results of active thermal preservation.

Fig. 9. Optimization results of the heat insulation performance of materials (3 mm and
150 �C).

H.-P. Xie, T. Liu, M.-Z. Gao et al. Petroleum Science 18 (2021) 1840e1859
materials. Tests results verify that these materials can be suitable
for hydrostatic environments with pressures up to 40 MPa, and we
continue to tackle key problems.

3.1.3. ISP-, IMP- ＆ ILP-Coring
In 2018, we first proposed the fundamental principles and

technological implementation of ISP-, IMP- and ILP-Coring through
the process of in-situ solid film forming (Xie et al., 2018a, b). On this
foundation, self-adaptive phase transfer film formation and an in-
situ crosslinking/curing film-formingmechanism andmethodology
have been proposed (Xie et al., 2020a, b, c). Additionally, Liu et al.
(2021) attempted to use the same methodology for coring in old
wells. In previous studies (Xie et al., 2020b), we mainly focused on
the exploration of the in-situ crosslinking/curing film-forming
mechanism to realize deep ISP-, IMP- and ILP-Coring. Achieving
such an idea relies on the in-situ self-curing film forming and
adequately covering the rock sample surface. Here, the relationship
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between the comprehensive performance of the sealing film and its
morphological structure formed during coring is introduced. In-
depth discussions on the film formation mechanism, material for-
mula, structure, etc., are presented to optimize the applicational
properties of the film material.

The principal formation process of the self-curing film is shown
in Fig. 10. Prior to the actual coring step, the coring device is filled
with liquid A (Fig. 10a). When core drilling procedures, the inner
tube space of the corer will be occupied by the rock sample, and
then liquid A uniformly coats the surface of the rock sample while
pushing it outward so that it is immersed in the fluid. The process
actively avoids contamination of the core by the drilling fluid
(Fig. 10b). Liquid B is then injected into the corer when the core is
lifted upward; when liquid B mixes with liquid A, the crosslinking
agent in liquid A starts to cause a rapid crosslinking and curing
reaction of the polymer chains, forming a polymeric film with
excellent barrier properties (Fig. 10c and d). The key to controlling
this process is the rapid sealing of the film-forming solution that
achieves effective barrier properties and excellent anti-disturbance
capability of the film. Hence, considerable effort has been devoted
to exploring the curing time, barrier properties, and mechanical
properties of sealing films.

This paper first explores the crosslinking and curing ability of
the sealing film. The curing process consists of multiple steps,
including hydrolysis of the crosslinking agent and in-situ conden-
sation of the polymer matrix. The temperature and catalyst have a
significant impact on the crosslinking and curing process. We
showed two main conclusions as follows: (1) The crosslinking
curing time is reduced significantly by increasing the catalyst
content (as shown in Fig. 11a). At 80 �C, the curing time without a
catalyst was 115min.When 0.25wt% catalyst was added, the curing
time was reduced to 30 min. The underlying mechanism is that the
eSn catalyst combines with more affinitive hydroxyl oxygen in the
crosslinking agent to form a complex transition state, reducing the
activation energy of the reaction to accelerate the curing reaction.
(2) The curing time shortens significantly when increasing the
temperature (as shown in Fig. 11b). At a catalyst content of 0.25 wt
%, the film's curing time is reduced from 88 min at 25 �C to 19 min
at 200 �C. We suggest that an increase in temperature greatly
promotes mass transfer in the polymer film and its interactions
with water vapor. Meanwhile, scanning electron microscopy (SEM)
analysis of the film cross-sections (cured within 30 min) showed
that the sealing films were dense and compact at the micrometer
scale, laying the foundation for achieving the mechanical and bar-
rier property requirements for drilling.

We further incorporated 2D nanosheet fillers with various sur-
factantmodifications to tune themicrostructure and lipophilicity of
the composite materials in the hope of optimizing the barrier and
mechanical properties of the film. We found that the ion exchange
reaction between the cationic surfactant and Naþ in the lamellar
filler caused the interlayer spacing to expand (as shown in Fig. 12a).
Such an organic filler exhibits an excellent thermal stability that it
will not degradation until 225 �C (Zhao et al., 2020). We showed
that expanded and exfoliated nanofillers are conducive to con-
structing tortuous paths for gas diffusion, reducing the perme-
ability of the film and achieving excellent substance- andmoisture-
preservation properties. When testing the oxygen and water vapor
permeability of films with different filler contents, we found that
the introduction of lamellar fillers significantly improved the bar-
rier performance. Adding 32wt% of the fillers into the pure polymer
reduced the oxygen and water vapor permeability by 81% and 84%,
respectively (see Fig. 12b). The use of lipophilic alkyl chain-



Fig. 10. Schematic diagram of the film-forming process while drilling.

Fig. 11. Study of crosslinking and curing ability.
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Fig. 12. Substance and moisture preservation results and light-preserved properties of the sealing films.

Table 1
Testing on mechanical properties of sealing films.

Elongation at break, % Tensile strength, MPa

1st 140 0.43
2nd 166.7 0.6
3rd 133 0.43
4th 170 0.63
Average 152.4 0.52
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modified lamellar fillers in this study further enhanced the inter-
action with the matrix so that the fillers were uniformly dispersed
in the matrix, ensuring excellent and stable film stretchability and
mechanical strength. The material provided strong protection
against mechanical disturbance during the core extraction process.
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As shown in Table 1, the average tensile elongation at break of the
sealing film was 152.4%, and the average tensile strength was
0.52 MPa. Additionally, the light transmittance was reduced to 0%
by incorporating light-absorbing filler, achieving complete visible-
light shielding for the rock sample (as shown in Fig. 12c).

To verify the substance preservation effectiveness of the sealing
films in a complex environment, this study further explored the
permeability of sealing films in various gases and acid-alkali liquid
environments. We tested the permeability of different gases in the
film in an independent gas permeability detection device, as shown
in Fig. 13a. The N2 carrier test gas was introduced from one side of
the film, and gas chromatography was used to sense the gas con-
centration on the other side. The gas permeation through the film
was recorded when the concentration approached a constant. The



Fig. 13. One side of the film is filled with nitrogen carrier gas and testing gas, and the other side is filled with nitrogen carrier gas. The testing gas will penetrate to the other side of
the film over time and be detected as nitrogen enters the chromatography. The CO and CH4 permeability of sealing film can be considered as the stable concentration of testing gas.

Fig. 14. Permeability tests in the acidic and alkaline environments.
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results showed (Fig. 13b) that the permeability of the film to CH4
and CO was low, at 3.85 and 0.33 ppm/min, respectively. This is
because the film was compounded with nanosheet fillers, which
substantially reduced the gas permeability. Meanwhile, this study
also examined the barrier properties against different acids and
alkali ions with an ion detection device, as shown in Fig. 14a. With
acid or alkali solution on one side of the film and distilled water on
the other, the pH concentration of the distilled water wasmeasured
over a long period of time to determine the permeation. The results
showed that the film exhibits excellent properties and stability in
both acidic and alkaline environments. With a H2SO4 solution at
pH ¼ 2 or a NaOH solution at pH ¼ 13 in solution reservoir, the pH
meter detected that there was no significant change of pH value on
the other side of the membrane (Fig. 14b and c). This pattern is due
to the highly crosslinked molecular structure of the sealing film,
which makes the film resistant to swelling and inhibits ion trans-
port. Additional benefits arise from the composite nanofiller, which
resists water and ion penetration and thereby reduces the ion
permeability.

3.2. Research on deep in-situ transfer and storage systems

Deep in-situ transfer and storage systems mainly have two
functions: (1) reconstructing the in-situ environmental conditions,
i.e., creating pressure and temperature conditions inside the
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transfer and storage chamber consistent with those in the in-situ
environment of the core samples, to ensure that the integrity of the
in-situmechanical properties of the deep-occurring rock formation
remains intact during the process of transfer and storage; and (2)
docking with the corer to transfer the core from the corer to the
transfer chamber for storage or to the testing chamber for core
testing. One structural design of a deep in-situ transferring storage
system was established. Studies of the in-situ environmental
reconstruction method based on temperature and pressure
decoupling control were carried out, which preliminarily verified
the effect of temperature and pressure control through
experiments.

3.2.1. Design of in-situ transfer and storage systems
The in-situ sample transfer and storage system consist of a

transfer and storage chamber, a docking chamber, a push rod
chamber, a transfer device, a sealing structure, and a temperature
and pressure control system. Simulations of deep in-situ environ-
mental conditions with a high temperature at 150 �C and a high
pressure of 140 MPa were achieved in all chambers. Under such a
high-temperature and ultrahigh-pressure environment, the de-
signs of the chamber structure, docking device, transfer device,
sealing device, and temperature and pressure control were excep-
tionally challenging.

This study describes the design of the in-situ sample transfer



Fig. 16. Chamber stress under a pressure of 140 MPa.

Fig. 15. Architecture of the sample transfer and storage system.
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and storage system and the structure of each ultrahigh-pressure
chamber. Fig. 15 shows a schematic diagram of the structure of
the sample transfer and storage system. The docking chamber was
designed so that the corer can go inside it, which allows integrated
docking of the transfer and storage chamber and the corer. The
dual-circuit hydraulic system made automatic grabbing and
transferring of the core possible.

To ensure the structural strength, the designs of all the
ultrahigh-pressure chambers comply with the TSG 21e2016
00Supervision Regulation on Safety Technology of Stationary Pressure
Vessels” standard and adopt a single-layer hollow cylindrical
structure. The chamber bodies were built with 20MnNiMo steel, a
material with high strength and excellent malleability that is
suitable for the manufacture of ultrahigh-pressure vessels. Fig. 16
shows the stress distribution of the in-situ transfer and storage
chamber under an internal pressure of 140 MPa; the maximum
stress was 341 MPa, which met the strength requirements.
Fig. 17. Schematic diagram of the reconstruction of the deep in-situ environmental
conditions.

Fig. 18. Water temperature and pressure decoupling control path.
3.2.2. Design for reconstruction of in-situ environmental conditions
The reconstruction of in-situ environmental conditions was

achieved by controlling the pressure and temperature of the fluid in
each chamber of the sample transfer and storage system. It was
exceptionally difficult to achieve high-precision control of the
pressure and temperature due to the following reasons: (1) when
heating or cooling at a constant volume, the pressure of the fluid
changed with the change in temperature, that is, the high-
temperature and high-pressure environment was coupled with
the temperature and pressure of the fluid, which increased the
difficulty of temperature and pressure adjustment; (2) the opening
and closing of the docking valve caused changes in the volume of
the fluid inside the transferring storage chamber, which resulted in
sharp pressure fluctuations that made pressure control more
difficult; and (3) the transfer and storage system had a complex
structure, making it difficult for proper placement of the heating
device, resulting in an uneven heating distribution in the chamber,
which affected the uniformity of the internal temperature field,
further challenging temperature control.

The in-situ environmental reconstruction system adopted a
two-layer control structure. As shown in Fig. 17, the central
controller was used to achieve temperature and pressure decou-
pling control, and the temperature and pressure control targets
after decoupling were taken over by the temperature controller and
pressure controller, respectively, to be controlled independently.

Fig. 18 shows a schematic diagram of the water temperature and
pressure decoupling control path, where curves AC, DE, and FG are
all sections of the temperature-pressure curve of water with a
constant volume.

Let the initial state of a specific in-situ environmental recon-
struction be A (PA, TA) and the reconstruction targets be B (PB, TB).
Without affecting the nature of the problem, it can be assumed that
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Fig. 19. Structural diagram of a PID pressure and temperature control system based on a neural network.

Fig. 20. Test result of the pressure control system.
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point A is on the isovolumetric temperature-pressure curve in the
liquid phase zone. The dotted straight line AB represents an ideal
temperature and pressure control path; however, control along this
straight line is a temperature-pressure coupling control. This paper
proposes an interpolation decoupling algorithm for the ideal
straight path AB to achieve decoupled control of temperature and
pressure. First, the temperature is raised to point C along the iso-
density curve AC from point A, and then the pressure is released to
point D while maintaining the temperature; the curve AC and the
straight line CD constitute an interpolation. This interpolation
process is repeated until point B is reached.
Fig. 21. Heating device of the tra
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Intermediate interpolation points such as C and D are controlled
by the intermediate temperature and pressure error threshold εm; a
smaller εm can be assumed to minimize temperature and pressure
fluctuations in the adjustment process, while a larger εm can be
assumed if the number of interpolation steps is to be reduced to
improve the control efficiency. The interpolation endpoint G is
controlled by the terminal temperature and pressure error
threshold εe.

The curved path AC and straight path CD are independent
temperature and pressure control paths, respectively, making
decoupled control possible. To avoid temperature disturbance
caused by the medium injection during the pressurization adjust-
ment, a preheating chamber synchronized with temperature con-
trol is used to achieve medium preheating.

Given the large inertia and nonlinear characteristics of the
pressure and temperature control system presented in this paper, a
PID pressure and temperature control algorithm based on neural
networks was designed to control the decoupled temperature and
pressure. Fig. 19 shows the structural diagram of this control sys-
tem. The pressure control system was divided into three parts: (1)
the pressure signal acquisition module; (2) the signal processing
and pressure control module; and (3) the host computer commu-
nication module. A single-chip microcomputer was used as the
central controller for pressure control, and the booster device was a
high-performance pneumatic booster pump.

Fig. 20 shows the pressure change curve when the PID control
method based on neural networks was adopted. The pressure
response was quick, the system was stable, and the steady-state
error was less than 1%.

The temperature control system used an integrated heating
device consisting of a distributed copper heating jacket and a heat-
conducting serpentine oil tube, as shown in Fig. 21; on this basis,
the design verified the PID temperature control algorithm based on
nsfer and storage chamber.



Fig. 22. Temperature control test results.
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neural networks. Fig. 22 shows the temperature control test results,
where the red line represented the target temperature, the blue
line was the actual temperature, and the green line was the
disturbance applied on the system. The steady-state temperature
error was ±0.2 �C, and the stabilization time was 2 s when there
was disturbance.
3.3. Research on testing systems in simulated deep in-situ
environment

The deep in-situ mechanical testing system used here obtains
the most accurate physical andmechanical properties of deep rocks
via noncontact acoustic, electrical and magnetic tests. The test
samples were prepared through high-precision cutting in the
reconstructive environment, and the mechanical response and
characteristics of the deep rocks were revealed. Presently,
noncontact testing, rock sample preparation, and mechanical
testing under in-situ conditions remain technical challenges
worldwide.

This deep in-situ testing system consists of noncontact acoustic,
electrical, and magnetic physical testing modules, a sample prep-
aration module, a loading test module, and a data analysis module.
The system provides the following functions: (1) noncontact
acoustic, electrical, and magnetic sensors are used to obtain the
rock physical properties of wave velocity and pore structure in a
Fig. 23. Schematic diagram of th
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deep simulated environment; (2) a diamond wire cutter is used to
prepare samples via a standard core preparation process with only
small temperature and mechanical disturbances; and (3) the
deformation and failure properties of deep in-situ rock masses are
obtained through real-time loading of in-situ rock cores.

3.3.1. Design of noncontact testing systems for use in in-situ
environments

The goal of the noncontact testing system design and sample
preparation system are to maintain the integrity of the in-situ core
parameters, such as core density, resistivity, porosity, and sonic
velocity. In the reconstructed in-situ environment, standardized
samples are prepared with low-damage, low-disturbance, and
high-precision cutting and preparation processes. A high-precision
control mechanismwas developed to perform translation, rotation,
and cutting under a unique environment with a high temperature
and high pressure. Ultimately, a noncontact testing and sample
preparation system for a deep in-situ environment was
constructed.

An acoustic wave testing subsystem with the “one transmitter
vs. multiple receivers” working mode was established and could
measure the wave velocity and elasticity modulus. The electric
testing subsystemwith the “one transmitter vs. multiple receivers”
working mode was created based on the principle of direct current
electrodes, which could be used to obtain the internal resistance
distribution, porosity and moisture content of the rock through the
excitation voltage of the external host of the testing chamber. An
innovative magnetic field coil arrangement was designed based on
the principle of the transient electromagnetic method, and a
magnetic testing subsystem with the “one transmitter vs. multiple
receivers” working mode was created, which emits a pulsed mag-
netic field via a magnetic source, receives the response magnetic
field of the rock core in the chamber, and calculates the water, oil,
and gas contents. The design of the noncontact testing system is
shown in Fig. 23.

Measurement experiments using noncontact acoustic waves
were preliminarily completed. During the experimentation, three
types of sensors were designed: a pure metal sensor testing ring, a
metal sensor testing ring cushioned with polymer, and a low-
density polymer sensor testing ring. Basic noncontact acoustic
wave tests under normal temperature and pressure conditions
were performed in groups.

The results are shown in Tables 2e4. The results show that
compared with the contact testing results, 36% errors were recor-
ded by the pure metal sensor testing ring, and errors greater than
40% were recorded by the metal sensor testing ring cushioned with
polymer. In the situation where the low-density polymer was used
as the sensor test ring material, the errors recorded by the low-
density polymer sensor testing ring were less than 6% than the
contact test results. In comparison, the noncontact acoustic wave
test results using a low-density polymer as the ring sensor holder
e noncontact system design.



Table 4
Test results of scenario III.

Sample Diameter, mm Height, mm Contact Noncontact

Time difference, ms Wave velocity, m/s Time difference, ms Wave velocity, m/s

Granite 47.5 100.30 9.5 5000.00 10.1 4702.97
Siltstone 49.2 100.20 9.0 5466.67 9.2 5347.82
Medium sandstone 49.4 99.70 19.0 2600.00 20.4 2421.56
Hydraulic oil Test probe distance: 55 38.0 1457.2 e e

Table 2
Test results of scenario I.

Sample Diameter, mm Height, mm Contact Noncontact

Time difference, ms Wave velocity, m/s Time difference, ms Wave velocity, m/s

Granite 47.5 100.30 9.1 5277.78 13 3653.85
Siltstone 49.2 100.20 11.0 4472.72 17 2894.11
Medium sandstone 49.4 99.70 26.0 1900.00 32 1543.75
Hydraulic oil Test probe distance: 55 38,0 1447.36 e e

Table 3
Test results of scenario II.

Sample Diameter, mm Height, mm Contact Noncontact

Time difference, ms Wave velocity, m/s Time difference, ms Wave velocity, m/s

Granite 47.5 100.30 9.2 5163.04 16.0 2968.75
Siltstone 49.2 100.20 10.1 4871.28 16.0 2971.50
Medium sandstone 49.4 99.70 22.0 2245.45 36.0 1347.25
Hydraulic oil Test probe distance: 55 38.0 1447.36 e e
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material were basically consistent with the contact acoustic wave
measurement results.

3.3.2. Sample preparation for testing in simulated environment
There are two types of standard rock samples required for in-situ

testing: cylindrical samples (f50 � 100 mm) and cubic samples
(30 � 30 � 30 mm3). The rock sample preparation system installed
in the simulated in-situ environmental reconstruction chamber
comprises two modules: the cylindrical sample preparation mod-
ule and the cubic sample preparation module.

3.3.2.1. The cylindrical sample cutting mechanism. For cylindrical
sample preparation, the parallel cutting of the two end faces is key.
The sample cutting is completed by the relative movement of the
diamond saw blade and the rock sample in the in-situ environment.
The transferring mechanism fixes the core, and the fine cutting of
the axial cross-section of the rock sample is completed by vertically
lifting the wire winding wheel. Compared with other cutting
methods, this is the preferred method for rock sample preparation
in a simulated environment. It minimizes the impact on the
integrity of the original core information, controls the flatness and
parallelism of the rock cutting surface with high precision, has
excellent working durability and stability, and is capable of
achieving low-disturbance and high-precision preparation and
control of samples in a simulated in-situ environment. The design of
the cylindrical sample cutting mechanism is shown in Fig. 24.

3.3.2.2. The cubic sample cutting mechanism. The preparation of
cubic samples in the in-situ environment requires six-sided cutting
of the core, inwhich the cylindrical samples require cutting the two
cross-sections in the vertical axis, the cylindrical sample is then
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moved along with the axis by the transferring mechanism, the two
pairs of vertical slitting mechanisms installed along the axial di-
rection successively cut out four sections as the cylindrical core
advances along the axial direction, thereby obtaining cubic samples
for testing. The design of the cutting mechanism for cubic rock
samples is shown in Fig. 25.

3.3.3. Design of the loading test system
Loading tests in a deep in-situ environment were carried out to

study the mechanical behavior of deep in-situ rock samples. The
subsystem adopts a separable structure consisting of a high-
precision triaxial testing machine and a high-fidelity triaxial
loading test chamber. The loading test chamber can be joined with
the above-mentioned rock sample preparation chamber and
separated after the sample being transferred, which is then moved
to the triaxial testing machine for further experimental studies. The
triaxial testing machine handles loading and unloading control
under various complex conditions and conducts real-time moni-
toring and analysis of the process from deformation to failure of the
rock samples.

3.3.3.1. The triaxial load testing machine. The high-precision
triaxial testing machine provides triaxial loading and unloading
control for testing rock samples in an in-situ environment and real-
time measurement of various signals. The system composition
module is shown in Fig. 26, which mainly consists of a host, some
sensors and transmitters, high sensitivity electro-hydraulic servo
controller, hydraulic source, cooling machine, temperature control
system, and system control software.

The host consists of a high-rigidity frame and three groups of
dynamic servo pistons precisely mounted to it in three orthogonal



Fig. 24. Schematic diagram of the design of the cutting mechanism for cylindrical rock samples.
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directions. The loading test chamber can be accurately placed be-
tween the cylinder pistons with the clamping and positioning de-
vice on the host. The cross-sectional area of the frame is maximized
by using a large-cross-section cylinder to improve the rigidity of the
host, guaranteeing the measurement of the full load-displacement
curve of the rock sample.

The electrohydraulic servo controller should meet the re-
quirements for high sensitivity with large-flow dynamic regulation
to achieve accurate loading and unloading servo control. Then, the
independently designed high-precision device powered by oil is
capable of accurately simulating the ground stress levels of
different depths, and the maximum axial load can reach 1500 kN.
The temperature control device with a maximum temperature
capacity of 150 �C can maintain the core temperature closing to the
in-situ temperature of deep rock, which fully meets the re-
quirements of testing. With the help of the seepage control system,
140 MPa of pressure can be provided during testing to simulate the
high-pressure conditions at depth, thereby facilitating the stress-
temperature-seepage field coupling testing.
Fig. 25. Schematic diagram of the cutting m
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3.3.3.2. The triaxial loading test chamber. For cubic samples, the
high-fidelity triaxial loading test chamber is composed of a
chamber at a high temperature and pressure and with six piston
rods and indenters. The indenters at the ends of the six piston rods
contact the six surfaces of the sample, providing true triaxial
loading in six directions. Multiple acoustic emission positioning
probes embedded in the indenters can accurately determine the
location of failure and fractures, as shown in Fig. 27.

For cylindrical samples, the loading test chamber is composed of
a chamber at a high temperature and high pressurewith an annular
oil bag, two piston rods and indenters. The indenters of the two
piston rods provide a constant axial load, and the annular oil bag is
used to apply an adjustable confining pressure to achieve pseudo
triaxial loading. Several displacement sensors and acoustic emis-
sion positioning probes are attached on the inner wall of oil bag or
embedded in the indenters to perform real-time monitoring of the
deformation and fracture of the samples, as shown in Fig. 27. The
pseudo triaxial loading test chamber can be used with a variety of
testing machines that is now available to complete the loading, and
echanism design for cube rock samples.



Fig. 26. Composition block diagram of the high-precision triaxial testing system.
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it can also be used with the aforementioned true triaxial testing
machine to complete the loading in one direction, which also im-
proves the system flexibility and fully reflects the advantages of the
separable structure.

The precise joining between the loading test chamber and the
above-mentioned rock sample preparation chamber is the key to
ensuring sample alignment and transfer. This can be achieved by an
accurate transferring system and a joining valve. First, the prepa-
ration chamber and the loading test chamber are connected
through the valve, the valve is opened after pressurization, the
sample is pushed from the preparation chamber to the loading test
chamber by the electric push rod, the chamber is then sealed to
preserve pressure, and finally the loading chamber is disconnected
Fig. 27. Schematic diagram of rock sample loa
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and removed. The chamber with the sample can then be moved to
the testing system.

The loading and testing system can reconstruct the deep in-situ
environment and simulate various loading and unloading paths for
conducting integrated testing and analysis of rockmechanics under
multifield and multiphase coupling conditions. The loading test
chamber is equipped with multiple sensors, providing a signal
transmission channel for the system. Through servo control, the
simulated in-situ environment can be maintained. The stress,
strain, and pore pressure changes during rock deformation and
failure can also be comprehensively detected during experiments.
Various acoustic, electrical, and magnetic sensors are used to
measure and characterize the energy dissipation and release, and
ding tests in the simulated environment.
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acoustic CT technology can be further employed to determine the
distribution of the microcracks and even macrocracks and obtain
multisource information to build a database that fully reflects the
mechanical response of rock. With this testing system, it is possible
to study the transition between the elastic and plastic states of deep
rock and the change in the failure mechanism under multiphase
and multifield coupling conditions in reconstructed deep in-situ
environments to reveal the law of multifield coupling and establish
a multiphase and multifield coupling theory of deep resource
mining.

4. Conclusions and prospects

To obtain samples from the deep earth and research the me-
chanical properties of deep in-situ rocks, this paper is the first to
propose the concept of ICP-Coring and testing systems for deep
rock, including an in-situ coring, storing and transferring system
and a testing system, have been developed. The main conclusions
can be summarized as follows:

For deep IPP-Coring, five innovative types of Steinmetz solid
pressure controllers were designed. According to the simulation
results, the ultimate pressure bearing capacities of controllers A1,
A2, and A3 are 27.8, 66.3, and 100.5 MPa, respectively. The D type
and E controllers are still capable of effective hermetic sealing at
200 MPa.

In terms of deep ITP-Coring, ultrathin graphene active
temperature-preservation technology is proposed. This technology,
in combination with passive thermal insulation coating, achieved
temperature from room temperature to 150 �C, with an error rate of
0.97%.

In terms of deep ISP-, IMP- and ILP-Coring, the crosslinking/
curing ability, substance and moisture preservation performance,
light-preserved performance, stretchability, strength, and stability
of the film material have been further improved through investi-
gation of the relationship between the comprehensive perfor-
mance of the material and its morphology and structure. The
sealing film can be rapidly formed within 30 min with a dense
microstructure. Compared to the pure matrix film, the oxygen and
water vapor permeabilities of the sealing film are reduced by 81%
and 84%, respectively, by incorporating functional 2D nanosheets,
and the light transmittance is reduced to 0%. This film can also stay
stabilized in complex environments such as acidic, alkaline, and
saline environments, for long periods of time.

The structural design of the noncontact acoustic-electric-
magnetic test module under a reconstructed deep in-situ environ-
ment is presented. The structural concept of the test sample
preparation system in an in-situ environment is proposed, pre-
liminary investigations of noncontact ultrasonic tests are carried
out, and high-precision noncontact measurements of the core wave
velocity are achieved.

For the contact testing system, an innovative separable loading
test chamber is proposed to preserve simulated in-situ environ-
ment. In combination with an independent triaxial testing ma-
chine, this chamber can achieve triaxial testing in reconstructed
environments.

The above research results are expected to facilitate access to
more accurate information on the characteristics of deep in-situ
rock and the laws of its physical and mechanical behavior, reveal
the essential differences in the physical and mechanical behavior of
rock between deep and shallow environments, discover new phe-
nomena in deep-earth science, clarify the laws of the physical and
mechanical behavior of rocks at different depths under in-situ
conditions, result in new theories of deep rock mechanics and new
methods and technologies for exploring the deep earth, provide
theoretical and technical support for the national deep-earth
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exploration strategy, and provide research methods and technical
support for deep resources and space development engineering
targeting issues such as the mining of minerals, oil and gas resource
development, geothermal development, underground urban con-
struction, disaster prevention and control, deep energy storage,
military defense engineering, polar development, and seabed
mining.
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