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ABSTRACT

The commercial exploitation of natural gas hydrates is currently facing several challenges, including low
production rates, limited recovery areas, and brief periods of continuous production. To address these
issues, we propose a novel dual-enhanced stimulation (DES) method for marine hydrate reservoirs. This
method involves injecting a special slurry that solidifies into porous, high-permeability, and high-
strength slurry veins. These veins not only enhance permeability, allowing for faster gas and water
flow, but also improve reservoir stability. This study experimentally investigated the split grouting of
clayey-silty sediments with dual-enhanced slurry to assess the feasibility of DES and to explore the slurry
diffusion mechanism and micro-pore structure of the veins. The results showed that split grouting with
dual-enhanced slurry exhibited frequent fracture initiation with quick pressure spikes and sharp de-
clines, suggesting shorter fractures in clayey-silty sediments. As vertical stress increased, the primary
diffusion direction of the dual-enhanced slurry shifted from horizontal to vertical, aligning with fracture
propagation patterns observed during fracturing. Unlike hydraulic fracturing in hard rocks, split grouting
in clayey-silty sediments encountered more difficult conditions. These veins formed through a recurring
cycle of splitting into fractures and filling with slurry, occurring more frequently in weaker sediments
with slower injection rates and higher vertical stress. Increased vertical stress hindered slurry vein
diffusion, easily resulting in compaction grouting near the grouting pipe. Additionally, three-dimensional
laser scanning of the veins showed that those formed through split grouting were continuous and stable,
with their thickness decreasing as diffusion distance increased. The morphology of these veins was
shaped by factors such as grouting rate, formation stress, and elastic modulus, with higher rates and
elastic moduli facilitating the formation of complex vein networks. Mercury intrusion porosimetry
demonstrated that the DES method resulted in veins with consistent effective porosity between 65% and
70% and median pore sizes of 11—15 pum across different locations. These veins formed a well-connected
porous network of smaller pores, significantly enhancing both permeability and sand control. The
research findings validate the effectiveness of the DES method for marine hydrate reservoirs, providing a
strategy for the safe and efficient exploitation of NGH resources.
© 2024 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

2002; Max, 2003; Sloan Jr and Koh, 2007). The main techniques
recognized globally for extracting NGH include depressurization,

Natural gas hydrate (NGH), primarily composed of methane and
water, forms under specific conditions of low temperature and high
pressure. This substance is seen as a potential alternative energy
source due to its high energy potential and vast reserves (Collett,
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thermal stimulation, and carbon dioxide replacement, along with
various combinations of these methods (Moridis and Collett, 2003;
Sun et al., 2019b). Depressurization, in particular, is regarded as the
most effective strategy for industrial-scale pilot production of NGH,
especially in offshore settings. This was evidenced in the NGH
production trials conducted in the South China Sea in 2017 and
2020, where depressurization was utilized (Li et al., 2018a; Ye et al.,
2020). However, challenges such as the low permeability and
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mechanical strength of the reservoir were identified as significant
hurdles to efficient production, suggesting that reservoir stimula-
tion is essential for the commercial viability of NGH extraction.

Hydraulic fracturing technology enhances reservoir perme-
ability by creating a complex network of fractures through high-
pressure injection of fracturing fluid into the reservoir, which is
widely used in conventional oil and gas reservoirs. Konno et al.
(2016), Too et al. (2018), Wang et al. (2023), Yang et al. (2020),
Ma et al. (2022) and Zhang et al. (2020b) have proven through
hydraulic fracturing experiments that hydrate-bearing sediments
can be fractured, observing a subsequent increase in sediment
permeability. Moreover, Chen et al. (2017), Sun et al. (2019a), Li
et al. (2021a), Liu et al. (2023), and Feng et al. (2019), through
numerous numerical simulations under the assumption of constant
fracture conductivity, have shown that hydraulic fracturing can
enhance the efficiency of NGH production.

The use of hydraulic fracturing technology to enhance reservoir
permeability is considered to be an important technical means of
improving NGH extraction efficiency. In addition to hydraulic
fracturing technology, some scholars have proposed several
methods for the stimulation of NGH reservoirs. Wang et al. (2018b)
proposed enhancing gas production by promoting hydrate
decomposition through the injection of hot fluids. Li et al. (2020)
suggested improving gas hydrate reservoir extraction efficiency
by injecting foam slurries into the reservoir to establish high-
permeability channels, with numerical simulation results indi-
cating that this technique significantly increases reservoir perme-
ability and methane production. Zhang et al. (2019a) proposed the
method of increasing methane production by enlarging the high-
permeability wellbore. However, due to the weakly cemented and
unconsolidated nature of marine gas hydrate reservoirs (Yun et al.,
2007; Boswell and Collett, 2011; Li et al., 2018a; You et al., 2019; Ma
et al,, 2021), the application of conventional reservoir stimulation
methods in NGH reservoirs has certain limitations. With the
decomposition of hydrate, the strength and stiffness of the reser-
voir will decrease, while its plasticity will increase. In addition, the
decomposition of hydrate is accompanied by heat and mass
transfer, phase transformation, and multiphase seepage, which are
also contributing factors to reservoir creep (Chen et al.,, 2023; Li
et al.,, 2023). Under the combined influence of these two factors,
the proppant will inevitably become embedded in the reservoir,
leading to support failure (Hayashi and Haimson, 2012). Thermal
fluid injection does not effectively enhance reservoir permeability
or production range. Other reservoir stimulation methods may also
encounter issues like sand production and reservoir instability,
which compromise long-term stable extraction.

Given the distinctive geological and mechanical characteristics
of NGH reservoirs in the South China Sea, we propose a dual-
enhanced stimulation (DES) method, as shown in Fig. 1. This
approach involves injecting a specially formulated slurry into the
NGH reservoir to establish a robust, highly permeable network of
slurry veins. These veins fulfill two key roles: they act as efficient
conduits for rapid flow of gas and water, thereby improving
reservoir permeability, and they also reinforce the geological
structure, enhancing the overall stability of the reservoir. Our pre-
vious work (Sun et al., 2022) has developed a dual-enhanced slurry
specifically designed for NGH reservoirs. This innovative slurry,
formulated from polyurethane-based chemical grout, is capable of
curing at low temperatures (5—15 °C), resulting in a solidified
structure characterized by exceptional pore interconnectivity and
notable strength. The resulting porous medium, formed after the
dual-enhanced slurry solidifies, can achieve a permeability
exceeding 5 D, along with compressive strengths ranging between
9 and 19 MPa.

The splitting grouting can be used to inject dual-enhanced
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slurry into the NGH reservoirs to form a complex network of
slurry veins, which had been widely applied in reservoir sealing
and soft soil foundation reinforcement (Wang et al., 2018a; Guo
et al,, 2019). It involves the injection of slurry into the foundation
or reservoir under high pressure, with the diffusion distance and
range of the slurry being important evaluation criteria for the
grouting effectiveness (Draganovic¢ and Stille, 2011). Studies have
shown that the diffusion of slurry in the strata depends on the
grouting conditions, properties of the slurry, and physicochemical
characteristics of the foundation or reservoir (Gustafson and Stille,
1996; Saeidi et al., 2013). Hao et al. (2023) described the polymer
directional splitting grouting process in four stages: filling, extru-
sion, split-extrusion cycle, and final extrusion. They noted that
factors such as the shape of the grouting hole, grouting volume and
rate, and the soil's elastic modulus and cohesion affect the diffusion
shape of polymer grouting materials. Guo et al. (2019) observed
that injecting polyurethane foam into the soil leads to vertical
fractures, with material spreading unevenly due to soil variability.
Niu et al. (2020) identified three types of grouting veins in soils:
trunk grouting veins, branch grouting veins, and permeable filling
grouting veins, highlighting that the veins' thickness decreases
with distance from the injection point. Li et al. (2018b) found that in
less permeable soils, grouting results in the formation of three vein
types: skeleton-supporting veins, intersecting grid veins, and par-
allel dispersed veins, with their thickness decreasing and their
orientation becoming more random farther from the injection site.

These studies collectively demonstrate that splitting grouting
technology can create a complex network of slurry veins in weak
soil and further illustrate the theoretical feasibility of applying this
technology for the DES of NGH reservoirs, with the formation of
these slurry vein networks influenced by various factors. However,
the weakly cemented and low-strength characteristics of marine
clayey-silty NGH reservoirs (Ye et al., 2020), which differ markedly
from conventional reservoirs in terms of mechanical properties,
present various challenges. Notably, the distinctive features of
these weak clayey-silty NGH reservoirs make the process of
injecting dual-enhanced slurry, which leads to splitting and the
complex formation of porous slurry veins, quite complicated.
Additionally, the diffusion and pore structure of the slurry veins
remain unclear.

Therefore, this study conducted splitting grouting experiments
to validate the feasibility of DES in clayey-silty NGH reservoirs. The
dynamic diffusion characteristics of the slurry veins were analyzed
by examining the variations in grouting pressure and formation
stress during the grouting process. Subsequently, three-
dimensional laser scanning was conducted on the excavated
slurry veins to determine their morphology, dimensions, and the
area of reservoir stimulation. Finally, mercury injection tests were
performed on the slurry veins at different locations to investigate
the influence of diffusion distance on porosity and pore structure of
slurry veins. This research introduces an innovative DES method for
marine NGH reservoirs, offering a pathway to secure and effective
development of NGH resources.

2. Experimental
2.1. Experimental apparatus

As depicted in Fig. 2, the experimental setup for split grouting
includes three main systems: grouting, reservoir simulation, and
data acquisition. The grouting system features a pump capable of
maintaining constant pressure and flow up to 30 MPa, a high-
pressure hose, a grouting pipe, and two high-pressure piston con-
tainers with volumes of 1 and 2 L, each designed to withstand a
maximum pressure of 25 MPa. The high-pressure hose, made of
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Fig. 1. The schematic diagram of the dual-enhanced stimulation method for marine NGH reservoirs.

Ball valve A

High-pressure hose

High-pressure pump

Ball valve B

i

Piston
container A

—r

Piston

q

Displament
fluid

container B

i:l

Stress
sensor

2z

Fig. 2. Schematic diagram of splitting grouting experimental apparatus.

multi-layered steel wire rubber, is tailored for slurry transport and
can endure up to 20 MPa. The grouting pipe, which is 400 mm tall
with a 10 mm internal diameter, has several exterior grooves to
increase the contact area with the sediment. Directly below the
grouting pipe, two symmetrically aligned grouting holes, each
7 mm in diameter and 10 mm long, allow for the slurry's entry into
the sediments. The reservoir simulation system comprises a reac-
tion frame, a cylindrical reactor (300 mm in diameter and 350 mm
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high) for containing the sediment, and a sample press disc to
compact the sediment and apply vertical ground stress. The data
acquisition system includes a pressure sensor to monitor changes
in the grouting pipe's pressure, a stress sensor to observe ground
stress variations during grout diffusion, and a data acquisition
module and computer for real-time data collection and analysis.



Y. Qi, Y.-H. Sun, B. Li et al.
2.2. Experimental materials

This study targets recreating the clayey-silty sediment compo-
sition from the first NGH production test area in the South China
Sea, with a blend mirroring the observed mix of 53% quartz feld-
spathic, 16% carbonates, and 26%—30% clay minerals (notably
montmorillonite and illite) (Li et al., 2018a). The selected pro-
portions for simulating these sediments involve combining 1000
mesh quartz sand, carbonate, illite, and montmorillonite in a ratio
of 0.54:0.16:0.20:0.10. The study utilizes an experimental slurry
made from polyurethane, presenting as a brown-yellow multi-
phase mixture with a density of 1.68 g/cm?>. Initially, the slurry has a
viscosity of 460 mPa-s, which can be reduced to 50 mPa-s with the
addition of a 10% viscosity reducer, making it comparable to the
guar gum fracturing fluid in hydraulic fracturing (Fink, 2021), thus
fitting the injection needs. The rheological curve of dual-enhanced
slurry at 20 °C and its consolidated body are shown in Fig. 3. As the
shear rate increases, the shear stress also shows an increasing
trend. The consolidated body demonstrates a permeability of
5.75 pm?, with a consistent pore distribution and effective con-
nectivity, and a compressive strength ranging from 9 to 19 MPa
under confining pressures of 4—10 MPa. Key physical properties of
the slurry are detailed in Table 1, with additional information on
slurry properties and experimental approaches available in previ-
ous publication (Sun et al., 2022).

2.3. Experimental procedure

2.3.1. Sediment preparation

In the experiments, a specific amount of deionized water was
mixed with the sediments in accordance with the water saturation
and porosity found in the clayey-silty hydrate reservoirs of the
Shenhu Area. This mixture was incrementally transferred to the
reactor and methodically compacted to reach the desired porosity
and water saturation levels of 45% and 60%. Due to the extensive
number of sediment samples, this filling and compaction process
was repeated multiple times for each sample to guarantee even
compaction. During this phase, stress sensors and a steel grouting
pipe were buried within the sediments. For experiments involving
frozen sediments, the reactor containing the samples was placed in
a freezer at —15 °C. After 24 h, the frozen samples were promptly
removed for the grouting experiments. Recognizing the significant
impact of reservoir mechanical properties on fracture propagation,
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triaxial compression tests were conducted on two types of sedi-
ment samples (frozen and unfrozen sediments) to determine their
mechanical properties, with the results presented in Fig. 4.

Using Mohr stress circle analysis, we ascertained that the
cohesive strength and internal friction angle of unfrozen sediments
are 400 kPa and 29°, respectively. Remarkably, these properties
align well with those observed in hydrate-free sediments from the
South China Sea, reported to be 151 kPa and 34° (Li et al., 2021c¢). In
the case of sediments with a 60% ice saturation, cohesion and in-
ternal friction angles were determined to be 756 kPa and 31°. When
compared to hydrate-bearing sediments with 30% saturation,
exhibiting 322 kPa and 31° (Li et al., 2021c), it is evident that, aside
from higher cohesion, the internal friction angles are consistent. In
addition, the elastic modulus between different sediments was
compared, and the results are shown in Fig. 5. By comparison, it was
found that the elastic modulus of frozen sediment and hydrate-
containing sediment is close to 500 MPa when the confining
pressure is 1 MPa, which is higher than that of non-frozen sediment
and non-hydrate-containing sediment. This consistency signifi-
cantly underscores the experimental results’ applicability.

2.3.2. Dual-enhanced slurry prepared

The concoction of the dual-enhanced slurry is comprised of base
liquids A and B, along with pore-forming agents, reaction control
agents, enhancers, and viscosity reducers. Initially, base liquid B,
the pore-forming agent, reaction control agent, enhancer, and vis-
cosity reducer were precisely measured and deposited into the
mixing container. A dual-axis high-speed mixer with adjustable
speed was activated at 1000 rpm to ensure that the components
were thoroughly blended. Following this step, a predetermined
quantity of base liquid A was added to the mixture and stirred until
it reached a homogenous state. This freshly prepared slurry was
then poured into high-pressure piston container A. Parallel to this,
oil-based liquid, used as the displacement fluid, was introduced
into high-pressure piston container B. To align with the capacity of
the reactor, the grouting volume was maintained at a moderate
level, with a consistent injection volume of 1 L for all the experi-
mental groups.

2.3.3. Dual-enhanced stimulation of clayey-silty sediments

The prepared sediment sample, housed within the reactor, was
mounted on a reaction frame and subjected to vertical ground
stress via a hydraulic press. Once the ground stress stabilized, slurry
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Fig. 3. Dual-enhanced slurry and its rheological curve and consolidated body.
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Table 1
Main physical properties of dual-enhanced slurry.
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injection commenced at a uniform flow rate. Continuous pressure
monitoring within the grouting pipe was conducted to assess the
slurry's dynamic diffusion into the sediment layers. Ground stress
and flow rate were also tracked in real-time throughout the in-
jection phase. Following the complete injection of the slurry, a
steady flow of a displacement fluid was employed to ensure the
slurry was fully transferred from the grouting pipe into the sedi-
ment layers. In this study, the viscosity of the dual-enhanced slurry
was 300 mPa-s. After grouting, the slurry is allowed to cure inside
the reactor for 24 h at 20 °C before the slurry veins are excavated. To
explore the effects of varying grouting rates, vertical ground stress,
and the sediment’'s mechanical characteristics on the formation
and propagation of slurry veins, a total of twelve experiments were
conducted. Table 2 contains the comprehensive details of the
various grouting protocols. Additionally, certain experimental
groups were repeated to ensure the consistency and validity of the
results obtained.

2.3.4. Measurements of slurry vein morphology and pore structure
Following the completion of the split grouting process, a curing
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Table 2
Experimental parameters for dual-enhanced stimulation of clayey-silty sediments.
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Run Properties of sediment Vertical ground stress, kPa Grouting rate, mL/min
Porosity, % Water saturation, % Frozen sediment
1 42 60 No 0 100
2-1 42 60 No 200 100
2-2 42 60 No 200 100
3 42 60 No 200 150
4-1 42 60 No 200 200
4-2 42 60 No 200 200
5-1 42 60 No 400 100
5-2 42 60 No 400 100
6 42 60 Yes 400 100
7-1 42 60 No 400 200
7-2 42 60 No 400 200
8 42 60 Yes 400 200
9 42 60 No 600 100
10 42 60 No 600 200
11 42 60 Yes 600 200
12-1 42 60 No 600 300
12-2 42 60 No 600 300

period of 24 h was allowed for the slurry to harden completely.
After the curing period, a sampling shovel was employed to care-
fully excavate the sediments to retrieve the slurry veins. The
extracted slurry veins then underwent geometric measurement
using three-dimensional laser scanning technology. For ascertain-
ing the effective coverage of the DES, the cumulative surface area of
the slurry veins was calculated and marked as the area of
stimulation.

To further analyze the impact of the stimulation on formation
permeability, samples of the slurry veins were collected at various
distances from the grouting pipe and subjected to mercury intru-
sion porosimetry. This analysis, which provided detailed informa-
tion on porosity and pore size distribution, aimed to elucidate how
the slurry veins contribute to the overall enhancement of the for-
mation's permeability.

3. Results and discussion
3.1. Dynamic diffusion characteristics of slurry veins

To investigate the diffusion behavior of slurry veins within the
reservoir, this study monitored variations in formation stress and
grouting pressure. The dynamics of slurry vein splitting and their
subsequent spread within the reservoir were deduced from the
observed changes in grouting pressure. As the slurry flowed into
the reservoir, it applied pressure on the surrounding sediments,
which resulted in deformation and consequent shifts in formation
stress. To capture these shifts accurately, four stress sensors were
installed in key locations: along the axis of perforation and
perpendicular to it, to map the stress distribution. And two sensors
were placed in the upper part of the reservoir to monitor the var-
iations in vertical stress. The data gathered from these sensors were
instrumental in pinpointing the predominant direction in which
the slurry veins diffused, thus shedding light on the behavior of
slurry vein propagation.

3.1.1. Evolution of grouting pressure during dual-enhanced
stimulation

Fig. 6 displays the variations in grouting pressure for different
grouting rates during DES. In Fig. 6, a notable pattern emerged
where the grouting pressure rapidly increased and then sharply
decreased. Such a trend suggests that the clayey-silty sediments
might have undergone splitting, leading to the creation of slurry
veins—a characteristic typically observed in the fracturing of hard
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rock (Gustafson and Stille, 1996; Saeidi et al., 2013). Due to the
brittleness and elasticity of hard rock, it can sustain the creation of
extended, thin fractures within a single fracturing event. Conse-
quently, the pressure curve showcases a swift escalation followed
by a steep decline (Gustafson and Stille, 1996; Saeidi et al., 2013).
However, such fracture initiation characteristics was not present in
all grouting pressure curves, which might relate to the mechanical
properties of clayey-silty sediments. The modeled clayey-silty
sediments were characterized by poor cementation, weak elastic-
ity, and high plasticity (Ye et al., 2020). As the slurry infiltrated and
compressed the surrounding sediments, there was an increase in
pressure. When this pressure surpassed the sediment's failure
strength, it caused the sediments to split, enabling the slurry to
push forward and resulting in a reduction of pressure (Lan et al,,
2020). But at lower grouting rate (Fig. 6(d)), increased slurry
filtration made it challenging for grouting pressure to climb swiftly,
which may prevent sediments splitting and resulting in compac-
tion rather than splitting grouting. Hence, compaction grouting
likely took place during run 9, a scenario that was similarly wit-
nessed in prior experiments involving cement slurry injection
(Kleinlugtenbelt, 2005; Bezuijen et al., 2007).

In contrast to hard rock, where hydraulic fracturing occurs
relatively easily, the initiation of fractures in soft soil is more
demanding, and slurry diffusion within soft soils is typically
described as a three-stage process: (1) filling and compaction,
where slurry discharged from the grouting outlet compacts and
plastically deforms the adjacent soil; (2) splitting, where elevated
pressure induces soil shear failure and creates fractures (Zhang
et al., 2018); (3) diffusion, where slurry flows into and diffuses
through the fractures until the pressure at the fracture tip no longer
supports additional soil splitting (Zhang et al., 2020a; Hao et al,,
2023). Typically, in soft soils, slurry vein expansion is character-
ized by a cycle of “diffusion, pause, further diffusion, and another
pause” (Cheng et al., 2021). When the pressure at the leading edge
of the slurry vein is insufficient to continue fracturing the soil,
diffusion comes to a halt causing grouting pressure to rise again. If
grouting continues, the increased pressure leads to a rapid
widening of the slurry vein. Due to the high porosity of the clay-
silty sediment, the filtration loss of the slurry in the reservoir is
significant. Additionally, the extrusion of the slurry causes plastic
deformation of the sediment, increasing the width of slurry vein. As
a result, the grouting pressure rises slowly before the next split
occurs, as shown in Fig. 7. Thus, within the pressure curves, we
observe multiple instances of sudden pressure drops followed by
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Fig. 6. Evolution of grouting pressure under the condition of different grouting rates.

| The width of the slurry
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Fig. 7. Schematic diagram of slurry vein formation.

The length of the slurry
veins increase

gradual increases. Therefore, the formation of slurry veins is a
continuous cycle of "splitting into fractures and filling with slurry”.

It is noteworthy that at a vertical stress of 200 kPa, as the
grouting rate increased, the number of splitting decreased. This
suggests that a higher grouting rate enhanced the fracturing effect
in soft clayey-silty sediments, resulting in larger fractures from a
single splitting event. The rate at which grout was applied influ-
enced the rapidity of mechanical force transmission to the sedi-
ments. At lower rates, this force was imparted more gently to
clayey-silty sediments, which initially led to their compaction and
resulted in plastic deformation along with enhanced mechanical
integrity. Such reinforcement can inhibit the immediate onset of
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splitting. Fractures only formed when the applied force from the
slurry overcame the sediment strength, and due to the constrained
energy from fluid refilling, these fractures tended to be smaller
with slower propagation of the slurry. As evident in Fig. 6(a) and
(b), the initial occurrence of fracture initiation characteristics took a
longer time and required greater pressure, suggesting a certain
degree of compaction of the sediments around the grouting pipe.
Under a vertical stress of 600 kPa, the grouting pressure curve
exhibited a significant increase in fluctuation frequency, indicative
of multiple splitting and slurry filling events occurring within the
sediments. This demonstrates that increased vertical stress
heightened the difficulty of slurry vein formation through splitting,
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with each splitting event yielding smaller fracture sizes and
limiting the extent of slurry vein expansion in a single splitting
event. With the increase in grouting rate, the frequency of fluctu-
ations in the grouting pressure curve decreased, and a phase of
steady rise became apparent. This suggests that the fractures
generated by splitting were larger, allowing for greater expansion
distances of the slurry veins. This data implies that lower grouting
rates made slurry vein formation difficult, whereas higher rates led
to a more uniform pressure curve and better vein formation in the
soft reservoir.

In the process of split grouting, formation stress is key to
starting fractures, guiding slurry diffusion, and forming slurry veins
(Yang et al., 2004; Li et al., 2012; Ma et al., 2022). This research also
examined how vertical stress affected slurry vein diffusion pat-
terns, with pressure curves shown in Fig. 8. When the grouting rate
was 100 mL/min, the frequency of fluctuations in the grouting
pressure curve increased with the rise in vertical stress. As
mentioned above, at a vertical stress of 200 kPa and a grouting rate
of 100 mL/min, a portion of the slurry would compress the sedi-
ments adjacent to the grouting pipe prior to the initial splitting,
with the remainder generating slender and elongated slurry veins
within the sediments. As the vertical stress rose to 600 kPa, the
grouting pressure curves exhibited frequent fluctuations, indicating
that increased vertical stress led to a higher frequency of smaller
fractures and potentially exerted a stronger compressive effect on
the sediments surrounding the grouting pipe. At a grouting rate of
200 mL/min with the vertical stress of 200 and 400 kPa, the
grouting pressure curves indicated a smooth increase, pointing to
the creation of larger fractures and the formation of slender slurry
veins within the sediments during each splitting event. However, at
a vertical stress of 600 kPa, the pressure curve showed fluctuations,
suggesting an increase in sediment compaction activities near the
grouting pipe. In essence, with a given grouting rate, a rise in ver-
tical stress impeded slurry vein diffusion, causing more slurry to be
used for compaction near the injection point, as evidenced by the
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post-excavation appearance of the grouting veins.

Fig. 9 depicts the grouting pressure curves for frozen sediments,
which were markedly smoother and exhibited fewer fluctuations in
pressure during the diffusion stage compared to those of unfrozen
sediments. This indicated that initiating fractures in frozen sedi-
ments was less challenging, which was conducive to the formation
of slender slurry veins. The freezing of water within the pore spaces
reinforced the connections between particles and increased the
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Fig. 9. Evolution of grouting pressure in the frozen sediments.
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Fig. 8. Evolution of grouting pressure under the condition of different vertical formation stress.
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brittleness of the sediment. Consequently, this led to a reduction in
soil deformability and energy dissipation, allowing the slurry to be
dispersed over larger distances within the reservoir at reduced
pressures (Wawersik and Fairhurst, 1970; Zhang et al., 2016). It is
notable that in NGH reservoirs, the presence of hydrates in the
pores strengthens the interparticle cementation, thereby
enhancing the cohesion and modulus of elasticity of the formation
(Winters et al., 2007; Lijith et al., 2019; Lu et al., 2022). This phe-
nomenon facilitates the diffusion of the slurry and expanded the
reach of reservoir stimulation.

3.1.2. Evolution of formation stress during dual-enhanced
stimulation

The diffusion of slurry veins compresses nearby sediments,
resulting in elastic-plastic deformation and altering formation
stress. These alterations can reveal the diffusion path of the slurry
veins. For this study, stress sensors were installed in horizontal and
vertical positions to monitor these changes: two sensors were
placed laterally along the x and y axes to observe horizontal stress
variations, and one sensor was positioned above the sediment to
track vertical stress fluctuations. Fig. 10 illustrates how the forma-
tion stress changes in frozen and unfrozen sediments during
grouting. The figure suggests an increase in the vertical stress, likely
due to the slurry spreading upwards and compressing the sedi-
ments. Significantly, there were instances where the vertical stress
decreased, signaling those fractures occurred within the sediments.
These events transpired as the slurry entered and filled the freshly
formed fractures, with the elastic recovery of the sediments leading
to a momentary diminution in the vertical stress. Due to the vertical
stress exerted on the upper part of the reactor, the vertical axis
corresponded to the maximum principal stress and the horizontal
axis to the minimum principal stress. This indicates that slurry
veins were inclined to extend in alignment with the maximum
principal stress direction, consistent with the fracture propagation
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direction typically observed in the hydraulic fracturing of rock and
soil (Zhang et al., 2019b; Ma et al., 2022).

As the slurry fractured the sediments, it formed slurry veins that
pushed against the sediment ahead during their advancement,
resulting in an increase in horizontal stress. The patterns of stress
sensor readings across different locations suggested the directions
of slurry vein diffusion in the horizontal plane. The horizontal stress
curve, unlike the vertical stress curve, was characterized by a
smooth and progressive increment, reflecting the multidirectional
radial expansion of the slurry veins. The growth trends in hori-
zontal stress differed depending on the sensor location, which were
closely related to their proximity to the expanding slurry veins. At a
vertical stress of 200 kPa and a grouting rate of 100 mL/min, a
significant increase in horizontal stress was noted on one side,
suggesting a predominant diffusion of the slurry vein towards the
H2 stress sensor. This pattern was also observed with grouting in
frozen sediments under a vertical stress of 400 kPa and a grouting
rate of 100 mL/min. When the grouting rate increased to 150 and
200 mL/min, the horizontal stress rose in both directions, indi-
cating that slurry veins were expanding towards both horizontal
stress sensors. Notably, during grouting in frozen sediment at a
vertical stress of 600 kPa and a grouting rate of 200 mL/min, a
horizontal stress sensor reported a sharp increase in the late stages
of grouting suggesting that as the slurry reached the reactor's edge,
further injection was impeded, leading to slurry pile-up and a sharp
rise in stress in that region.

3.2. The morphology of slurry veins and the stimulation area

In the process of DES, the objective is to create an extensive and
complex network of slurry veins within the reservoir, allowing for
the efficient transport of gas and water (Feng et al., 2019; Sun et al.,
2019a; Li et al., 2020). To further investigate the effects of reservoir
stress and grouting rate on the morphology of slurry veins, the
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Fig. 10. Evolution of formation stress during the diffusion of slurry veins.
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sediments were excavated to obtain the slurry veins and then the
tests and measurements were conducted on them. Table 3 gives the
detailed measurements of properties of slurry veins.

3.2.1. Effect of grouting rate on the morphology of slurry veins

Fig. 11 depicts the influence of grouting rate on the morphology
of the slurry veins. The examination of the unearthed slurry veins
revealed a consistent pattern in their formation, with a progressive
decrease in thickness as the distance from the grouting source
increased. This trend suggests that as the slurry traveled through
the fractures during the grouting process, energy was dissipated,
resulting in a continuous tapering of the slurry veins’ width with
extension (Yun et al., 2007). Reportedly, at low grouting rates, the
slurry vein had a small diffusion distance and formed a large
consolidation body around the grouting pipe (Hao et al., 2023),
while higher grouting rates resulted in increased diffusion distance
and the formation of additional branching veins (Ma et al., 2021).
Our study similarly observed this phenomenon. Under a vertical
stress condition of 200 kPa, an increase in the grouting rate resulted
in the slurry veins exhibiting a more complex morphology and
diffusion direction. It is noteworthy that the diffusion direction of
the slurry veins aligns with the stress variations illustrated in
Fig. 10. At a vertical stress of 400 kPa, the diffusion distance of the
slurry vein was 140 mm at a grouting rate of 200 mL/min, which
was notably greater than the 109 mm observed at 100 mL/min.
Surprisingly, under a vertical stress of 600 kPa and a grouting rate of
100 mL/min, no slurry veins were present. Instead, compaction
grouting took place in the sediments, forming a consolidated body
near the grouting pipe. This indicates that the slurry effectively
compacted the sediments without causing splitting or the forma-
tion of slurry veins, as seen in the grouting pressure curve pattern
(Fig. 6). An increase in the grouting rate to 200 mL/min resulted in
the appearance of a single wing vein in the sediments, while further
increasing the rate to 300 mL/min led to the formation of double
wing slurry veins. The results show that at lower grouting rates, the
slurry mainly accumulated near the grouting pipe. However, as the
grouting rate increased, the slurry spread further, leading to a more
intricate pattern of slurry veins. In summary, the initial injection of
grout resulted in elastic-plastic deformation in the sediments,
storing energy as plastic strain (Li et al., 2014). Subsequent in-
jections increased grouting pressure, compacted the soil, and
created stress concentration until the reservoir eventually failed.
Higher grouting rates elevated sediment strain rates (Ma et al.,

Table 3
The properties of slurry veins.
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2022), increasing the likelihood of reservoir splitting, while also
extending the diffusion distance of the slurry.

3.2.2. Effect of vertical stress on the morphology of slurry veins

It is widely known that hydraulic fracturing fissures and grout
veins propagate along the direction of maximum principal stress
(Zhang et al. 2019b, 2020a; Ma et al., 2022). As shown in Fig. 12, as
the vertical stress increased from O to 600 kPa, the direction of
slurry vein diffusion shifted from horizontal to vertical. This in-
dicates that the diffusion of slurry veins followed the direction of
the maximum principal stress. In the absence of vertical stress, the
slurry diffused horizontally to form uniform 1 mm thick slurry
veins with a 150 mm diffusion radius. However, with the applica-
tion of vertical stress, the slurry diffused vertically, leading to
consolidation around the grouting pipe. This resulted in significant
thickness variations between veins at different distances. At
200 kPa of vertical stress, the slurry veins followed a regular shape,
while at 400 kPa, the veins deflected during the diffusion process.
Interestingly, at 600 kPa of vertical stress, the slurry only accu-
mulated around the grouting port without forming distinct veins.
This observation suggests that increasing vertical stress does not
necessarily promote slurry vein diffusion. This conclusion is sup-
ported by consistent results from two grouting tests conducted to
minimize test variability. During the diffusion of the slurry veins,
they encountered resistance from the sediments (Zhu et al., 2021).
As the diffusion distance of the slurry increased, the resistance it
needed to overcome also increased, leading to a weakening of the
energy transmission effect, which resulted in increased pressure at
the injection port and decreased pressure at the leading edge of the
slurry vein (Li et al., 2021b). Consequently, the energy to split the
sediments decreased, which led to a reduction in the thickness of
the slurry vein's front end and an increase in the randomness of its
diffusion direction (Li et al., 2018b). At an injection rate of 200 mL/
min, higher vertical stress led to simpler slurry vein morphologies.
Specifically, at 200 kPa, one large vertical vein and one small hor-
izontal vein formed; at 400 kPa, one large vertical vein and one
small vertical vein formed; and at 600 kPa, only one large vertical
vein was observed. The results indicate that high reservoir stress
hindered the formation of complex slurry veins at the same
grouting rate. Increasing the grouting rate was found to be an
effective way to achieve longer diffusion distances and more
complex veins in the reservoir under high-stress conditions.

Run  Grouting parameters Properties of slurry veins

Vertical stress, kPa  Grouting rate, mL/min  Frozen sediment  Diffusing distance, mm  Thickness, mm  Surface area, cm>  Number of slurry veins

1 0 100 NO 150 1-2 / 1
2-1 200 100 NO 125 2—4 / 3
2-2 200 100 NO 132 1-3 652.0 3
3 200 150 NO 140 1-3 / 1
4-1 200 200 NO 145 1-4 / 2
4-2 200 200 NO 142 2—-4 682 2
5-1 400 100 NO 112 1-3 / 2
5-2 400 100 NO 109 2-5 591 2
6 400 100 YES 122 2—-4 / 2
7-1 400 200 NO 140 1-3 / 2
7-2 400 200 NO 123 1-3 642 2
8 400 200 YES 110 1-4 / 2
9-1 600 100 NO Compaction grouting, no slurry veins

9-2 600 100 NO Compaction grouting, no slurry veins

10 600 200 NO 150 2—4 539 1
11 600 200 YES 150 1-3 / 3
12 600 300 NO 130 2—4 572 2
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Fig. 11. The morphology of slurry veins under the condition of different grouting rates.
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Fig. 12. The morphology of slurry veins under the condition of different vertical stress.

3.2.3. Effect of elastic modulus of sediments on the morphology of
slurry veins

Typically, increasing soil cohesion enhances the adhesion be-
tween soil particles, thereby increasing soil deformation resistance
and elastic modulus, resulting in harder and less prone to plastic
deformation soil (Luo et al., 2020; Lu et al., 2022). In addition, the
increased cohesion within sediments enhanced their brittleness,

815

which was beneficial for the initiation and propagation of artificial
fractures (Yang et al., 2020). In this study, freezing the sediment
resulted in ice within the pores, enhancing the cementation
strength between the particles. Triaxial compressive strength tests
indicated an increase in both cohesion and internal friction angle
(Fig. 5), signifying heightened sediment elastic modulus and brit-
tleness. In the case of frozen sediments, the formation of slurry
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veins exhibited a relatively straight trend with greater longitudinal
height, indicating a more stable diffusion of slurry within the
sediments after splitting (Fig. 13). Similarly, long, flat penetrating
fractures have been observed in hydraulic fracturing tests involving
other frozen sediments and hydrate sediments (Max, 2003; Yang
et al., 2020). These findings highlight that the enhanced elastic
modulus and brittleness of the reservoir facilitate the diffusion of
fractures or veins, leading to the formation of veins with a larger
diffusion radius and a more regular shape. Fortunately, in the case
of NGH reservoirs, the presence of hydrates in the pores serves to
enhance the cementation between sediment particles, similar to
frozen pore water (Yun et al., 2007; Luo et al.,, 2016; Lu et al., 2022).
This augmentation results in an improved elastic modulus and
brittleness of the reservoir, which is beneficial for the diffusion of
slurry within hydrate reservoirs and the formation of a complex
slurry veins network (Yang et al., 2020).

3.2.4. Effective stimulation area

The area of pressure relief serves as an important measure for
assessing the success of reservoir stimulation (Aghajari et al., 2019;
Feng et al., 2019; Sun et al., 2019a; Zhang et al., 2019a; Li et al,,
2020). In this study, the surface area of the slurry veins, which
we analyzed to ascertain the pressure relief area post-DES, was
meticulously quantified through three-dimensional laser scanning.
This quantified surface has been termed the “effective stimulation
area”.

Fig. 14 depicts the three-dimensional morphology of slurry
veins and includes measurements of their length, width, and
height. Table 3 provides the calculated surface area of slurry veins
and the effective stimulation area. Fig. 15 illustrates the relationship
between the effective stimulation area of the reservoir and the
variation in grouting rate and vertical stress. The surface area of the
slurry vein increased with higher grouting rates, although the
increment was relatively modest when the grouting rate was raised
by 100 mL/min. Specifically, under vertical stress of 200, 400, and
600 kPa, a 100 mL/min increase in grouting rate resulted in a 4.6%,
8.6%, and 6.1% increase in the surface area of the slurry veins,
respectively. The limited increase in surface area with higher
grouting rates can be attributed to the small scale of the reactor,
causing the slurry veins to extend to the outer edge of the reactor. In
contrast, as the vertical stress increased with a constant grouting
rate, there was a gradual decrease in the surface area of the slurry
vein. Particularly noteworthy was the significant reduction in the
surface area of the slurry veins when the vertical stress reached
600 kPa, as illustrated in Fig. 15. This indicates the difficulty in the
diffusion of the slurry veins in soft sediments under increased
vertical stress. Therefore, in practical DES processes, where reser-
voir stress remains constant and there is a possibility of increased
stress during grouting, higher grouting rates should be utilized to

400 kPa-100 mL/min

400 kPa-200 mL/min
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maximize the stimulation area.

3.3. The porosity and pore structure of slurry veins

To evaluate the permeability improvement from DES, we
measured the porosity and pore structure of slurry veins using
mercury intrusion porosimetry. In runs 7-1 and 12-1, small cubic
samples near, halfway, and far from the grouting pipe (refer to
Fig. 16) were tested.

Fig. 17 presents the relationship between mercury injection
volumes and pore sizes in slurry veins, showing a similar pore size
distribution for samples taken near, halfway, and far from the
grouting pipe under varying grouting conditions. This uniformity in
pore sizes suggests that the diffusion of the slurry veins didn't have
a noticeable effect on their porosity, pointing to an even distribu-
tion during the diffusion. Table 4 details the range of pore sizes
observed in the slurry veins. There was little variation in effective
porosity among the different locations, with values ranging from
65% to 70%, which is essentially the same as that of the slurry
consolidated body made in the laboratory (68%) (Sun et al., 2022).
Likewise, the median pore sizes were quite consistent, lying be-
tween 11 and 15 pum. The largest pores identified were around
800 um, and the smallest were near 5.48 um, which is essentially
larger than that of the slurry consolidated body made in the labo-
ratory (400 pm). The pore size distribution for each sample peaked
sharply, with the predominant pore size being about 11 um, which
made up over 15% of the total pore volume. These results indicate
that the cured slurry veins created a porous network with good
connectivity, mainly comprising smaller pores, which helps
improve permeability and sand control. However, it should be
noted that the proportion of “large pores”, those with a radius
greater than 100 pm, varied (as highlighted in Fig. 17). Samples
taken closer to the grouting pipe contained a greater fraction of
these large pores, and this fraction diminished with distance from
the pipe. This pattern was attributed to the higher initial pressure
near the pipe, which resulted in a tighter packing of the pore-
forming agents. As the slurry moved away and the pressure
decreased, the packing of these agents became less dense, resulting
in a reduction of large pores in the areas farther from the pipe.

4. Conclusions

This paper introduced the DES method for marine hydrate res-
ervoirs and presented experimental studies of split grouting with
dual-enhanced slurry into clayey-silty reservoirs to assess its
viability. The study focused on the diffusion characteristics of the
slurry and the morphology of the veins within these sediments.
Furthermore, it assessed the effective stimulation area of the
reservoir and analyzed the pore size and porosity of the veins. The

=¥ 4

600 kPa-200 mL/min

Fig. 13. The morphology of slurry veins within frozen sediments.
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Fig. 14. The three-dimensional morphology of slurry veins.
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Fig. 15. The surface area of slurry vein.

Fig. 16. Sample location for mercury intrusion porosimetry tests.
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Fig. 17. Accumulative and incremental mercury injection versus pore size curve of slurry veins.

Pore structure and porosity of the slurry veins.

Run Porosity, % Maximum pore, pm Median pore, pm Minimum pore, pm

Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal Proximal Middle Distal
Run 7-1 66.77 69.43 66.38 795.06 787.54 795.91 13.09 14.84 11.46 5.48 5.48 5.48
Run 12-1 65.06 65.67 67.69 799.77 793.92 798.57 8.75 11.80 12.13 6.03 5.48 5.48

main findings of this study are as follows.

(1)

(2)

3)

Similar to hydraulic fracturing, the process of split grouting
with dual-enhanced slurry also exhibited fracture initiation
characteristics, where the pressure curve demonstrated a
rapid escalation followed by a sharp decline. However, there
were typically more instances of fracture initiation and the
magnitude of pressure fluctuations was smaller, indicating
that the fractures created in clayey-silty sediments were
relatively short. Additionally, the diffusion of slurry veins
followed the direction of the maximum principal stress. As
vertical stress increased, the orientation of the slurry veins
shifted from horizontal to vertical.

In contrast to hydraulic fracturing in hard rocks, the process
of split grouting with dual-enhanced slurry within clayey-
silty sediments encountered more demanding conditions
for the formation of slurry veins, easily leading to compac-
tion grouting. The formation of these veins was marked by a
repetitive cycle of “splitting into fractures and then filling
with slurry.” The weaker the sediment, the slower the rate of
injection, and the higher the vertical stress, the more often
these cycles occurred.

The slurry veins that were formed within the sediments
through split grouting techniques were continuous and sta-
ble, with their thickness diminishing as the diffusion dis-
tance increased. The morphology of these veins was
influenced by factors such as the grouting rate, formation
stress, and elastic modulus. Higher grouting rates and elastic

(4)

moduli facilitated the diffusion of the slurry and the forma-
tion of complex vein networks. Conversely, increased reser-
voir stress impeded the formation and diffusion of these
veins, often resulting in compaction grouting.

To assess the permeability increasing provided by the DES
method, mercury intrusion porosimetry was employed to
evaluate the porosity and pore structure of the slurry veins.
The effective porosity across various locations—near, mid-
distance, and far from the grouting pipe—showed minimal
variation, consistently ranging from 65% to 70%. Similarly,
median pore sizes remained relatively stable, between 11
and 15 pm. These findings suggest that the solidified slurry
veins form a well-connected porous network predominantly
composed of smaller pores, enhancing both permeability and
sand control capabilities.
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