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Abstract: Shale gas development requires the use of hydraulic
fracturing, and the relationship between fracturing fluid drai-
nage and production is not clear. Therefore, it is necessary to
adopt the method of core experiment combined with engi-
neering validation to achieve the description of the seepage-
absorption-return mechanism of shale and to optimize the
selection of fracturing fluids and the testing work system in
engineering. In this study, a “seepage experiment — sampling
test — engineering validation” working procedure is proposed,
and it is found that seepage occurs only on the surface of the
fracture where the liquid medium intrudes into the fracture
and that the amount of water absorbed is directly proportional
to the area of seepage; the rate of return is inversely propor-
tional to the production rate in the same secondary tectonic
unit; and the absorption rate per unit area of four types of
cores with the same surface area is directly proportional to the
yield of the fractured shale in the same medium. Under the
premise of the same medium, the water absorption per unit
area of the four types of cores varies with the rate of change
with time, but the general trend is the same. Under the premise
of different secondary tectonic units, when the time of good
closure is similar, the correlation between the return rate and
the test production is weak.
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1 Introduction

Shale gas reserves are vast, but the dense nature of shale
reservoirs necessitates hydraulic fracturing for commer-
cial exploitation [1]. As a result, the industry primarily
focuses on shale reservoir fracturing, hydration, imbibi-
tion, shut-in, and flowback. In engineering, the flowback
rate of shale gas wells after fracturing is generally low,
typically only reaching 35-62% within 1 year [2]. Shale
formations contain significant amounts of clay minerals,
which can lead to hydration. However, the impact of this
process on shale gas productivity remains unknown [3].
Additionally, different fracturing fluid systems with varying
compositions and water content can affect the final produc-
tion. Hence, it is crucial to study the mechanism of frac-
turing fluid backflow.

In terms of theoretical guidance, current research
focuses on improving the accuracy of existing scientific
problems through mathematical models, physical models,
and conducting engineering observations or experimental
research in unknown areas. For example, Qu et al. [4] devel-
oped a more accurate comprehensive flowback model for
fracturing fluid by modifying the calculation model for
proppant settling velocity, introducing a new calculation
model for critical proppant backflow velocity, and incorpor-
ating a wellhead pressure calculation model. The average
errors of this model were found to be 11.9 and 11.6%, respec-
tively. In terms of engineering, it has been concluded that
selecting smaller fracturing fluid density and proppant
particle sizes can lead to greater flowback efficiency and
reduced proppant settling. Chen and Wang [5] established
a mathematical model for shale water-rock interaction
during fracturing fluid backflow. This new model considers
multiphase flow in fractured shale reservoirs and forms a
comprehensive numerical simulator. The results quantify the
effects of chemical infiltration, clay swelling, and mineral
dissolution. Liu et al. [6] proposed a particle tracking method
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to study the phenomenon of proppant backflow in meso-scale
hydraulic fracturing fractures during the flowback of frac-
turing fluid. The flowback process of fracturing fluid was
simulated using the steady Navier-Stokes equation. Wang
et al. [7] developed a comprehensive mixed model to analyze
the characteristics of two-phase flow and predict production
performance in tight gas wells with three-dimensional dis-
crete fractures. The transient flow equation in this model
was solved numerically using the finite difference method,
and the flow behavior in the reservoir was determined using
three-dimensional volume source functions and the superpo-
sition principle. Elputranto et al. [8] used a fully coupled
non-isothermal multi-component two-phase flow equation
with geomechanics to simulate formation damage caused
by hydraulic fracturing in shale gas wells. It was discovered
that the mechanism of formation damage is mainly a multi-
physical/chemical problem that develops near the interface
between the fracture and the matrix.

In terms of methodological orientation, current research
efforts primarily focus on proposing targeted solutions to
scientific problems from a theoretical standpoint. These solu-
tions then lead to the development of optimization schemes,
experimental configurations, and analytical models. For
instance, Hun et al. [9] conducted self-priming and reverse
flooding experiments on shale formations and utilized low-
field nuclear magnetic resonance technology to monitor the
volume change of liquid in shale core samples. They calcu-
lated the volume change of liquid in the pores at different
time intervals. Shidhani et al. [10] compared the production
effects of two scenarios: direct flowback after hydraulic
fracturing and flowback after a long-term shut-in period.
The study concluded that appropriate drainage and produc-
tion systems can effectively reduce reservoir damage and
limit the production impact caused by the difference in
drainage and production conditions. Saini et al. [11] devel-
oped a flowback additive based on nano-emulsion specifi-
cally designed for oil-bearing sandstone and carbonate
formations. These flowback additives exhibited low surface
tension (22-30 mN/m) and interfacial tension (<6 mN/m).
When the nano-emulsion particle size ranged from 5 to
15 nm, these additives were able to prevent emulsion forma-
tion with crude oil and effectively reduce capillary pressure,
thereby enhancing productivity. Osselin et al. [12] employed
the isotope tracer method to quantify the extent of frac-
turing fluid flowback. They discovered that only one-third
of the water used in hydraulic fracturing with a nitrogen-
water mixture was able to be recovered from the Montney
formation in Alberta. Owen et al. [13] used chloride concen-
tration, oxygen, and hydrogen isotopes as tracers to calcu-
late the proportion of returned water from 24 specifically
completed wells in a research area. The study concluded
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that a significant portion of the fracturing fluid remains in
the reservoir due to imbibition, and there is also a substan-
tial volume of original formation water present.

In terms of result orientation, current research focuses on
obtaining qualitative and quantitative conclusions regarding
engineering problems through experimental and engineering
methods. Researchers propose engineering hypotheses and
aim to validate them. For instance, Wu et al. [14] utilized
nuclear magnetic resonance and fracture visualization models
to qualitatively and quantitatively describe the impact of con-
nectivity between primary and secondary fractures on flow-
back. Yang et al. [15] conducted experiments to quantitatively
evaluate the water absorption capacity of shale in the Sichuan
Basin, China. They found that water absorption in shale pri-
marily occurs along shale bedding and micro-cracks. The
arrangement of minerals enhances adsorption, and shale
with a micro-fracture network exhibits a high adsorption
rate. Verdugo and Doster [16] analyzed the influence of capil-
lary pressure and flowback operations on productivity using
numerical reservoir simulation. The study concluded that,
with low capillary pressure, shortening the shut-in time leads
to better productivity. Conversely, in cases with high capillary
pressures, longer shut-in times result in improved produc-
tivity. Wang et al. [17] visualized and quantitatively character-
ized the dynamic flowback process of different fracturing
fluids in the Songliao Basin using nuclear magnetic resonance
technology. The compatibility between fracturing fluid and
shale oil reservoirs was also discussed. Chen et al. [18] dis-
cussed the treatment and recovery technology of acid frac-
turing fluid and observed that calcium and magnesium
ions can affect the crosslinking performance of acid frac-
turing fluid.

Research conducted under different orientations is
crucial for understanding the mechanism of fracturing
fluid flowback. This is particularly important in explora-
tory well areas where regional geological characteristics
are not well defined. In such cases, fracturing tests often
rely on theoretical-oriented mathematical models and cal-
culation formulas to guide fieldwork. Currently, theoretical
research has demonstrated that imbibition is a phenom-
enon where the non-wetting phase is replaced by the wet-
ting phase under capillary pressure [19]. Understanding
the characteristic patterns of this phenomenon is highly
significant for the exploitation of oil and gas resources in
tight reservoir matrices. Compared to previous studies, the
present study focuses more on combining core experi-
ments with engineering verification. Many researchers
typically rely on simulation software for macroscopic ana-
lyses, but these conclusions can be inaccurate [20]. In this
study, a new approach of “geological study — experiment —
engineering validation” is proposed for the Fuling shale
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gas Jiangdong block in China. This study is valuable for
enhancing the selection and testing system of fracturing
fluids in the field. The research problem in this study can
be summarized as follows: (1) The aim of the study is to
understand the phenomenon of shale water absorption
and the impact of imbibition area on shale imbibition
through dynamic imbibition experiments. (2) The study
investigates the water absorption per unit area of shale in
various liquid media and examines the factors influencing it
through static imbibition experiments. (3) By conducting
sampling inspections, the study compares the flowback
data obtained after different shut-in times, considering dif-
ferent secondary structural units, as well as the flowback
data obtained after the same shut-in time, considering the
same secondary structural unit. (4) The study also includes
an engineering verification to determine if the experimental
results align with the actual engineering practices.

2 Research background

The productivity of shale gas in a single well is primarily
influenced by its structural characteristics. These struc-
tural elements can be further classified into structural
burial depth, structural morphology, and fracture develop-
ment characteristics [21]. First-order faults that control the
structural boundary and second-order faults that control
the structural belt have a significant impact on the preserva-
tion conditions of shale gas. However, third- and fourth-order
faults that control local structure or adjust the structure have
minimal influence on shale gas preservation conditions. Due
to these fault divisions, the physical properties of different
secondary structural units within the reservoir vary. This
study focuses on the Jiangdong block of Fuling shale gas
and specifically examines the production test link within
its research boundary [20]. The objective of this research
is to investigate the mechanism of fracturing fluid flowback
through core experiments. The preset coring wells are used
to maintain consistency in the scale of fracturing, while
solely considering the influence of structural characteristics
on shale gas productivity.

The study area is located in Fuling District, Chongging,
specifically in the Jiangdong block. This block is situated in
the southeastern region of the Wanxian syncline, which is
a high-steep structural belt in eastern Sichuan. It is posi-
tioned at the convergence point of the Jiaoshiba anticline belt,
Wujiang anticline belt, and Tiantaichang syncline belt. As it
transitions from the Jiaoshiba block to the Tiantaichang syn-
cline, the burial depth of the strata progressively deepens,
forming a downward-dipping monoclinic structure [22]. The

Study of fracturing fluid re-discharge based on percolation experiments

-—_ 3

Jiangdong block can be divided into two structural belts,
namely, the northern and southern belts, each consisting of
multiple secondary structural units. The northern belt, which
exhibits a more complex structural form compared to the
Jiaoshiba block, can be subdivided into four secondary struc-
tural units. These include the west wing of the Jiaoshiba fault
anticline (North Area 1), Tiantaichang No. 2 fault nose (North
Area 2), Diaoshuiyan syncline (North Area 3), and Tiantai-
chang No.1 fault nose (North Area 4). These units are distrib-
uted in a northeast direction. On the other hand, the southern
belt can be subdivided into two sub-structural units, namely,
Jiangdong Anbu (South Area 1) and Wujiang No. 1 fault anti-
cline (South Area 2). These units are distributed in the north-
west direction [23,24]. The study area exhibits two groups of
faults with different strike directions. The faults near the
Wujiang fault zone in the southwest are primarily oriented
in a north-south direction. In contrast, most other faults in the
region exhibit a northeast-striking trend [25]. As one moves
from north to south within the study area, the degree of
structural deformation and fault development gradually
becomes more intricate (Figure 1).

The Jiangdong block is characterized by well-devel-
oped faults, with a total of 48 reverse faults identified.
These faults predominantly strike in the northeast direc-
tion. Among these faults, there are three boundary faults
that exhibit a fault distance greater than 100 m. These
boundary faults play a significant role in controlling local
structures within the study area. Additionally, there are 28
faults with a fault distance ranging from 50 to 100 m, most
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Figure 1: Structural map of Jiangdong block of Fuling shale gas.
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of which are adjacent to larger faults. Furthermore, 17

faults have a fault distance of less than 50 m, primarily asso-
ciated with faults that have a fault distance of 50-100 m. The
faults within the central part of the entire structure show

limited development.
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The reservoir in the Jiangdong block consists of the

Upper Ordovician Wufeng Formation and Lower Silurian
Longmaxi Formation. These formations represent a deep-
water shelf depositional environment. The reservoir can

be divided into nine sub-layers, starting from the bottom to
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Figure 2: Three-end meta-plot of rock minerals in the Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation of the Jiangdong

block.
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Figure 3: Core sample diagram. (a) Black silty shale with microscopic bedding and massive structure. (b) Black siliceous shale with massive structure.
(c) Black mud shale, see horizontal bedding, with developed cracks and filled with calcite. (d) Black mud shale, with developed cracks and filled with
calcite, with massive structure. (e) Black shale, slightly bedded on the side, massive structure, calcite vein.
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the top. The average content of brittle minerals in the
reservoir is 59.35%, while clay minerals make up the
remaining 40.65%. In terms of organic matter abundance,
the average total organic carbon (TOC) content in the sub-
layers (1)-(5) ranges from 3.10 to 3.48%. For the sub-layers
(6)-(9), the average TOC content is slightly lower, ranging
from 2.69 to 2.90%. The average porosity of the reservoir is
4.74%. Interestingly, the correlation between gas satura-
tion and burial depth is minimal. At a depth of 3,500 m,
the gas saturation is approximately 65%. However, produc-
tion data from 39 wells indicate that the production in
areas with burial depths greater than 3,500 m is low. In
fact, test production from individual wells shows a nega-
tive correlation with burial depth, as illustrated in Figure 2.

To summarize, the Jiangdong block is characterized by
both south and north structural belts, along with five sec-
ondary structural units. To gather more information about
these units, core samples were collected from representa-
tive wells in each unit, and basic data were measured.
These measurements are crucial in preparing for future
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Figure 4: Logic diagram of research process.
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experiments and analysis. Please refer to Figure 3 and
Table 1 for the specific details of the measured data.

This study follows a five-step process. First, the research
scope is established by focusing on the Fuling shale gas in
the Jiangdong block. Basic geological research is conducted,
and representative well cores are collected to determine
basic physical parameters. In the second step, static imbibi-
tion experiments are set up, and the water absorption per
unit area of the five cores is measured after contacting them
with four different media. The third step involves setting up
a dynamic imbibition experiment and measuring the overall
water absorption data of the five cores under the four dif-
ferent media conditions. In the fourth step, a sampling com-
parison scheme is formed using the sampling inspection
method. This scheme includes comparing shut-in time flow-
back data from different secondary structural units and
comparing shut-in time flowback data from the same sec-
ondary structural unit under different conditions. Finally, in
the fifth step, all previous research results are integrated.
The sampling inspection scheme is implemented to verify
the actual experimental conclusions of the project. The
logical flow of the research process is presented in Figure 4.

The supplementary explanation of this study includes the
following details: (1) Five cores were selected from five dif-
ferent secondary structural units to ensure that the study
covers a wide range of physical properties of the reservoirs
in the study area. The cores were taken in their original wet
state to accurately represent the conditions of the reservoir. (2)
The study utilizes four different media for the imbibition
experiments: distilled water, formation water, fracturing fluid
A, and fracturing fluid B. This selection allows for a compre-
hensive simulation of the underground environment and the-
oretical laboratory conditions. (3) A total of 67 wells in the
study area have been completed and put into production.
The sampling inspection scheme was applied to two different
scenarios of the imbibition experiment, effectively achieving
the goal of scientific demonstration. These additional details
provide a clear understanding of the specific methods and
conditions used in the study, enhancing its scientific validity.

Table 1: Geological data of sampled cores

Core Average Brittle Clay Osmotic
number TOC (%) mineral mineral area (cm?)
content (%) content (%)

a 2.99 56.98 43.02 4.99

b 2.93 54.33 45.67 4.99

C 2.91 53.29 46.71 7.61

d 3.14 57.21 42.79 12.34

e 2.74 55.21 44.79 10.15

*Imbibition area = core face area + face rubbings crack area.
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3 Experimental investigation

3.1 Materials and methods
3.1.1 Imbibition experiment

The study recognized that different fracturing fluid sys-
tems and fluid qualities can result in varied shale imbibi-
tion outcomes. Additionally, the flowback rate can also be
affected by different shale samples due to variations in
lithology and natural fracture development. To address
these factors, experiments were conducted to explore the
imbibition characteristics of five cores from five secondary
structural units in the study area when exposed to distilled
water, formation water, fracturing fluid A, and fracturing
fluid B.

The experimental setup included the following materials
and equipment: a METTLER electronic balance, an oven, a
static water saturation measuring bench (Figure 5), a dynamic
imbibition test bench (Figure 6), high purity methane, five
cores (meeting specific preparation standards: length 4.81 cm,
diameter 2.51 cm, and end face area 4.99 cm?), distilled water
(viscosity 0.890 MPass), formation water (salinity 80,000 mg/L
and viscosity 0.980 MPas), fracturing fluid A (viscosity
1.832 MPa ), and fracturing fluid B (viscosity 3.771 MPa s).
These experimental details were crucial in accurately
assessing the effects of different fluids and shale charac-
teristics on the imbibition process.

7 N
\\ Upper sealing cover //
Beakers Ve ‘\\
Rgck cote
Brackets

Electronic balance base

Figure 5: Diagram of static imbibition measuring device.
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In the static imbibition experiment, the following steps
were followed: (1) Begin by drying five cores in an oven at a
temperature of 110°C for 24 h. After cooling, decompose
each core into four spheres, resulting in a total surface
area of 11452 cm” based on the size of the beaker. (2)
Next debug the test bench and add the experimental
medium into the beaker. Make sure the test bench is func-
tioning properly. (3) Hang the dried samples using thin
wires and carefully place them into the medium swiftly.
Ensure that the samples are immersed smoothly and
quickly without any disturbances. (4) Seal the experi-
mental container to maintain a controlled environment
and start recording the continuously changing weight
values of the samples. (5) Repeat the above steps for
each of the five cores, measuring the data for each core
when in contact with the four different media. It is impor-
tant to record the increase in mass at each time point
during the experiment for further analysis. Following
these steps allows for the collection of accurate data to
analyze the imbibition characteristics of the shale sam-
ples when exposed to different fluids.

In the dynamic imbibition experiment, the following
steps were followed: (1) Begin by testing the airtightness of
the test bench. Start the electronic components for 3 min
and calibrate the simulation data. Ensure that the trans-
mission and decoding of the PLC are functioning normally
and that the calculation of the electronic indicator terminal
is accurate. (2) Dry all cores in an oven at a temperature
of 110°C for 24 h. After cooling, measure the weight of each
core and place them in the core holder. (3) Set the thermo-
stat to 80°C and introduce N, medium into the system.
Use a confining pressure pump to pressurize the core
holder to 20 MPa, simulating the formation pressure. (4)
Open regulating valve 1 and use a power pump to inject
the experimental medium into the core at a constant
flow rate of 0.2mL/min. Let the flow pattern stabilize
and run the test bench continuously for 24 h. (5) After
the 24-h operation, turn off the confining pressure pump
and power pump. Open regulating valve 2 to discharge
the experimental medium and open regulating valve 3 to
release the pressurized N,. Remove the core from the
holder, observe the invasion of the medium, and mea-
sure the weight of the core. (6) Repeat the above steps for
each of the five cores, measuring the data under four
different media conditions. Calculate the water absorp-
tion based on the weight measurements and further ana-
lyze the dynamic imbibition characteristics of the shale
samples. By following these steps, accurate data can be
collected and analyzed to understand the dynamic imbi-
bition behavior of the shale cores under different media
conditions.
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3.1.2 Sampling inspection

In order to validate the accuracy of the imbibition experi-
ment results and enhance the practical implications for
engineering applications, it is crucial to compare the frac-
turing flowback data of two different types of fracturing
fluids - fracturing fluid A (comprised of integrated vari-
able viscosity drag reduction water) and fracturing fluid B
(carboxymethyl hydroxypropyl guar gum). Additionally, it
is necessary to conduct a comparative analysis of flowback
data obtained at the same shut-in time but with different
secondary structural units, as well as flowback data
obtained at different shut-in times while maintaining
the same secondary structural unit. By performing this
comparative analysis, it will be possible to assess the
effectiveness of the two different fracturing fluids in
terms of flowback characteristics. The influence of dif-
ferent secondary structural units and shut-in times on
the flowback behavior can also be evaluated. This com-
parative analysis will provide valuable insights into
selecting the most suitable fracturing fluid for specific
reservoir conditions and optimizing the shut-in time for
efficient flowback operations.
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Control valve 1

l B
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check valve
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Media Entry
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Figure 6: Diagram of dynamic imbibition measuring device.
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In this study, a total of 67 wells were completed and
put into production in the Jiangdong block, which consists
of 5 secondary structural units. However, due to variations
in fracturing time, construction designs, bridge plug types,
and fracturing fluids used, the shut-in time of the test wells
under real working conditions is unpredictable and irre-
gular. To overcome this challenge, a systematic approach
needs to be followed to sample and analyze the flowback
data. For the sampling of flowback data at the same shut-in
time under the premise of different secondary structural
units, it is important to identify wells with similar shut-in
time while using the same fracturing fluid. This will ensure
a fair comparison between the secondary structural units.
Five representative wells from each of the five secondary
structural units can be selected based on these criteria. On
the other hand, for the sampling of flowback data at dif-
ferent shut-in times in the same secondary structural unit,
it is suggested to sample data at commonly occurring shut-
in times such as 0, 3, 5, 7, 9, 10, 15, 17, 20, 22, 25, and 30 days.
However, this analysis should account for the variations in
fracturing fluids, shut-in time, fracturing scale, and testing
pressure among different wells. Taking these factors into
consideration, it is important to carefully organize and

Surrounding pressure pump

Pressure sensors N, entry

I_ ¢ e emmm o+ o em— ¢ ¢ e . . e [Pressure sensors

I Core gripper

Thermostat I
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Electronic Indicator Terminal
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standardize the data collected in order to effectively com-
pare flowback behaviors and understand the underlying
flowback mechanisms.

Sampling inspection is a statistical method used to
assess the overall quality of a batch by inspecting a smaller
number of representative samples. In this case, the data
from 67 wells in the batch are being analyzed using
Minitab software. The parameters used for the calculation
include the batch size (67), acceptable quality level (AQL)
(7.46%), rejected quality level (RQL) (17.91%), producer risk
(alpha, 0.05), and consumer risk (beta, 0.10). To determine
compliance with the description of fracturing fluid flow-
back characteristics, different sample sizes are considered.
If the data from five representative wells in five secondary
structural units are fully studied, it is judged that the
description is basically compliant. On the other hand, if
the data from 12 representative wells in a secondary struc-
tural unit are studied, it is determined that the description
is fully compliant. The calculation follows the principle and
formula of sampling inspection based on the principles of
mathematical statistics. However, the specific calculation
process and formula used in Minitab software are not pro-
vided in the given information. Calculate n (sample number)
and ¢ (acceptance number) as follows:

< n!
Zi,m AL W

= gd,(n A @

where a is the producer risk,  is the consumer risk, p, is
the AQL, and p, is the RQL or the percentage of defective
products tolerated in batches.

Acceptance probability p, describes the probability of
accepting a specific batch based on a specific sampling plan
and the ratio of defective products in the project, and the
expression is as follows:

s 4 - pyr-d,
b= 2 G-y €]
where ¢ is the acceptance number, n is the number of
samples, and p is the rate of defective products.

Rejection probability p, describes the probability of
rejecting a specific batch based on a specific sampling
plan and the rate of incoming defective products, and the
expression is as follows:

p.=1-p, 4)

where p, is the acceptance probability.
The average detected quality AOQ represents the overall
quality level of the project after inspection. The average
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detection quality varies with the rate of defective products,
and the expression is as follows:

, 5)

where p, is the acceptance probability, p is the defective
product rate, N is the batch size, and n is the number of
samples.

The average total inspection (ATI) number represents
the average number of units to be inspected under a spe-
cific engineering quality level and acceptance probability;
the expression is as follows:

ATI=n+ (1-p)N - n). (6)

where p, is the acceptance probability, N is the batch size,
and n is the number of samples.

3.2 Experimental results

The determination of mineral composition of five core
samples revealed that the average

TOC, brittle mineral content, and clay mineral content
had little difference. However, the imbibition area differed
significantly among the samples. These experimental results
were obtained without considering the physical properties
of shale.

The information that can be gathered from Figure 6 is
as follows: (1) When exposed to the same experimental
medium, the water absorption of different core samples
is similar. However, core d in a distilled water medium
exhibits a higher water absorption per unit area, mea-
suring at 0.0165 g/cm? which is slightly higher than the
other samples. (2) When considering the same core, the
order of water absorption per unit area varies for different
experimental media. The ranking of water absorption per
unit area, from highest to lowest, is as follows: distilled
water > formation water > fracturing fluid A > fracturing
fluid B (Figure 7).

Based on Figures 8-12, the following information can
be obtained: (1) The water absorption per unit area of all
five core samples increases gradually over time, indicating
a step-by-step upward trend. This behavior is consistent
across all cores and experimental media. (2) Initially,
core b exhibits a rapid increase in water absorption per
unit area compared to the other cores under different
experimental media conditions. The slope of its curve is
much steeper. On the other hand, the curves of cores d and
e appear relatively smooth, with a small comprehensive
slope and a relatively small increase in water absorption
per unit area. These curves also appear relatively flat.
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Figure 7: Results of static imbibition experiment.

(3) Core c takes longer to reach water absorption balance
compared to the other cores, regardless of the experi-
mental medium used. Specifically, the water absorption
balance time for core c in distilled water is 25,000 min,
indicating a delayed equilibrium state.

According to the research conducted by Villar, the tem-
perature has a significant influence on the hydration expan-
sion of clay minerals, especially when the temperature is
higher than 100°C. However, this influence becomes weaker
when the temperature is below 80°C. In the case of shale
reservoirs, the compactness of the shale limits the effect of
pressure on hydration expansion [26]. In the Jiangdong
block, the shale reservoir has a maximum temperature of
80°C. Therefore, in the dynamic imbibition experiment, the

temperature is set at 80°C, and the influence of pressure on
shale hydration is disregarded. The experimental medium is
only applied at a constant flow rate of 0.2 mL/min. After the
dynamic experiment, it is observed that the experimental
medium only infiltrates the shale cores superficially, and
only cores d and e exhibit ductile intrusion along calcite
vein fractures. This indicates that imbibition occurs pri-
marily on the surface of compact shale after the liquid
medium infiltrates the fractures. Hence, the imbibition
area in the experiment is estimated as the sum of the core’s
end-face area and the area of fractured surfaces resulting
from rubbing.

The information that can be gathered from Figure 13 is
as follows: (1) When using the same experimental medium,
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Figure 8: Relationship diagram of water absorption per unit area of core a with time change.
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the order of water absorption by the coresis:d>e>c>b>
a. (2) For each individual core, the order of experimental
medium intake is as follows: distilled water > formation
water > fracturing fluid A > fracturing fluid B. (3) Regard-
less of the type of experimental medium used, the imbibi-
tion area is directly proportional to the amount of water
absorption. The highest water absorption value is 0.713 g
when core d is displaced with distilled water, while the
lowest value is 0.191 g when core b is displaced with frac-
turing fluid B. (4) Core d exhibits significantly higher
overall water absorption compared to cores a and h. The
water absorption of cores a and b is similar regardless of

the medium used. Both fracturing fluids A and B have
similar amounts of water absorption in all cores, with
fracturing fluid A slightly higher in quantity compared to
fracturing fluid B.

Through sampling inspection calculation, the result
data in Table 2 and Figure 14 are obtained.

The information that can be gathered from Table 2 and
Figure 14 is as follows: (1) When the actual defect reaches
7.46%, the probability of safe operation is 0.966, implying
that there is a high likelihood of the system operating
without any faults. The probability of further integrity eva-
luation is 0.034, indicating that there is a small chance that
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Figure 13: Results of dynamic imbibition experiment.
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Table 2: Data of sampling inspection results

Defect (%) Acceptance Rejection AOQ ATI
probability probability

7.46 0.966 0.034 5380 18.7

35.82 0.091 0.909 2432 625

additional assessments will be carried out. The average
number of units inspected per batch is 18.7, meaning that
a typical inspection will involve checking a total of 18.7
units. (2) When the actual defect reaches 35.82%, the prob-
ability of safe operation decreases significantly to 0.091,
indicating a high risk of faults occurring. The probability
of further integrity evaluation increases to 0.909, sug-
gesting that additional assessments will likely be carried
out. The average number of units inspected per batch
increases to 62.5, showing that a larger sample size will
be examined during the inspection. (3) Further calculations
indicate that when the sample quality level is 16.689%, the
average delivery quality limit will be 8.566%. This means
that, on average, the quality of the delivered goods is lim-
ited to 8.566% defective units. (4) Based on the sampling
scheme obtained, the data of all production from 17 wells
controlled by any fault of 5 secondary structural units will
be collected. Specifically, at least three wells under preset
conditions will be selected for comparison. The preset
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Q o o
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o
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Figure 14: Sampling inspection result curve.
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conditions include a different shut-in time for the three
wells, and similar fracturing fluids and fracturing scale
will be used. Additionally, flowback data will be analyzed
for the same shut-in time but under different secondary
structural units. Data from 5 representative wells of 5 dif-
ferent secondary structural units out of the 17 will be
screened for this comparative analysis.

4 Engineering verification

To compare the flowback data of two different fracturing
fluids, A and B, the indoor experimental research results
were expanded. The focus is on studying the flowback data
under different secondary structural units and different
shut-in times.

The sampling inspection scheme implemented involves
collecting all production data from 17 wells under the con-
trol of any fault in 5 secondary structural units. The specific
points of the scheme are as follows: (1) Table 3 presents the
comparison of flowback data from three wells within the
same secondary structural unit using fracturing fluid A but
at different shut-in times. (2) Table 4 provides a comparative
analysis of flowback data at the same shut-in time but under
different secondary structural units using fracturing fluid B.
The five wells screened for this analysis are coring wells
with five cores used in the imbibition experiment. (3)
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Table 3: Flowback data of same secondary structural unit at different shut-in times

Well  Shut-in Total fracturing fluid  Cumulative Drain rate Reflux Test Test output
time (days)  volume (m3) flowback (m3) (m?/days) rate (%) pressure (MPa)  (m>/days)
JY72-3 5 39926.92 11658.21 987.27 29.19 9.84 12.16 x 10*
Y771 15 40952.99 9558.18 937.08 22.34 16.92 20.04 x 10*
JY70-6 20 40753.75 8795.40 819.42 21.58 2213 22.17 x 10*

Fracturing fluid A demonstrates superior performance com-
pared to fracturing fluid B. Fracturing fluid A uses a liquid as
its basic agent and allows viscosity adjustment by adjusting
the water content. On the other hand, fracturing fluid B uses a
powdery solid as its basic agent and requires water to be
added all at once to achieve the desired viscosity. (4) In terms
of cost, fracturing fluid A is more beneficial compared to
fracturing fluid B. Additionally, the storage and use of frac-
turing fluid A come with certain requirements, such as
avoiding low temperatures during storage and observing a
shelf life of 1 year. (5) It is important to note that JY70-6 and
JY70-1 represent the same secondary structural unit and
cluster well group. These wells share similar geological con-
ditions, TOC levels, and physical parameters of the shale. This
information provides an overview of the sampling inspection
scheme and highlights the differences between fracturing
fluids A and B in terms of performance and cost.

From Table 3, it can be observed that under the same
secondary structural unit, a shorter shut-in time leads to a
higher flowback rate and a lower test production. However,
when the fracturing scale is similar, the difference in flow-
back rate among the three comparison wells is minimal.
There is a slight gap in the test production, but this differ-
ence becomes smaller after a shut-in time of 15 days. It
should be noted that the different drainage rates result in
different test pressures, but these factors have been manipu-
lated artificially and will not be discussed further.

From Table 4, under the premise of different sec-
ondary structural units, when the shut-in time is similar,

the sequence of flowback rate is JY70-1 > JY74-5 > JY9 >
JY81-2 > JY87-3, and the order of test output is JY70-1 >
JY81-2 > JY74-5 > JY9 > JY87-3. It can be seen that there is
a weak correlation between the flowback rate and the test
yield. This phenomenon may be attributed to the different
geological conditions, TOC levels, and physical properties
of shale in different blocks.

Upon comparing the data of JY70-6 and JY70-1 wells
constructed with fracturing fluid A and fracturing fluid
B, respectively, several observations can be made. Under
similar well conditions, the flowback rate of JY70-6 is
slightly higher than that of JY70-1, while the production
is slightly lower. This finding aligns with the conclusion
drawn from the static imbibition experiment, which sug-
gests that the unit area intake of fracturing fluid A is
greater than that of fracturing fluid B. Furthermore, the
dynamic imbibition experiment results indicate that the
medium intake of fracturing fluid A is greater than that
of fracturing fluid B in the core b experiment. However,
despite these differences, the output of both wells does not
exhibit a significant variance. Therefore, more parallel
data are required to compare and optimize the effective-
ness of the fracturing fluids.

To summarize, the practical observations obtained
through the implementation of the sampling inspection
scheme for engineering demonstration are consistent
with the dynamic and static results obtained from the
imbibition experiment. This study’s conclusion can be
considered valid and reliable.

Table 4: Typical well flowback data of five different secondary structural units

Core Well  Shut-in Total fracturing Cumulative Drain rate  Reflux Test Test output
number time (days) fluid volume (m®)  flowback (m3) (m?/days)  rate (%) pressure (m?/days)
(MPa)

d JY87-3 17 38765.81 3557.87 323.44 9.18 15.23 8.22 x 10*

b JY70-1 20 41353.75 8574.4 779.49 20.73 28.21 23.78 x 10*
C JY9 19 39612.63 6321.33 574.67 15.96 16.58 9.35 x 10*

e J¥81-2 20 38692.41 4215.83 383.26 10.90 19.46 20.24 x 10*
a JY74-5 18 40017.81 7842.27 722.78 19.59 20.68 19.11 x 10*
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5 Results and discussion

Based on the results of the imbibition experiment, the fol-
lowing information can be gleaned. The dynamic experi-
ment demonstrates that the media intake varies depending
on the viscosity, salinity, and water content of the experi-
mental media used. In shale reservoirs, water absorption
primarily occurs in the fracturing fluid. Therefore, in shale
reservoirs with better fracturing effects and larger fracture
network areas, the reservoir absorbs more water, making
it more difficult to discharge the absorbed water. Consequently,
the flowback rate is lower in these cases. Conversely, poor
fracturing effects result in single fractures, with the frac-
turing fluid temporarily stored in large fractures and on
the shale’s surface. This leads to a higher flowback rate in
engineering operations. Thus, under the same secondary
structural unit, there exists an inverse relationship between
the flowback rate and production output. The static experi-
ments reveal that, for the same medium, the water absorp-
tion per unit area varies at different rates over time, due
to differences in physical properties and the degree of micro-
cracks. However, the overall trend remains the same. Among
the cores tested, core b exhibits the fastest growth rate in water
absorption per unit area over time. This suggests that to accu-
rately calculate the water absorption of shale under formation
conditions, it is necessary to obtain the corresponding salinity
of formation water and conduct experiments accordingly. By
knowing the area of the fracturing network, the water absorp-
tion of shale after fracturing can be inferred, laying the foun-
dation for the calculation of the flowback rate.

The sampling inspection results provide the following
information. In actual working conditions, due to varia-
tions in fracturing years and construction designs, the
types of bridge plugs and fracturing fluids used are incon-
sistent, leading to irregular shut-in times for test wells.
Therefore, it is not feasible to simply compare the data
from the 67 wells that have been put into production in
order to verify the accuracy of the imbibition test results.
Instead, it is necessary to compare and analyze the flow-
back data under the same shut-in time but with different
secondary structural units, as well as the flowback data
under different shut-in times but with the same secondary
structural unit. The specific scheme for this analysis is as
follows: (1) Gather all production data from 17 wells that
are under the control of any fault in 5 secondary structural
units. Compare the data from at least three wells under
preset conditions. (2) From the aforementioned 17 wells,
select 5 representative wells from 5 different secondary
structural units for continuous screening and comparative
analysis. By following this scheme, a more accurate assess-
ment of the imbibition test results can be obtained.

Study of fracturing fluid re-discharge based on percolation experiments
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According to the engineering verification results, the
following information can be obtained. By comparing the
data in Table 3 with the results of the imbibition experi-
ment, it can be concluded that a short shut-in time results
in a short contact time between water in the fracturing
fluid and the shale matrix. This leads to insufficient water
absorption per unit area and an inadequate imbibition
effect. After fracturing, a large amount of water enters
the artificial fracture, which is then discharged, resulting
in a high flowback rate. This finding is consistent with the
results of the static imbibition experiment. By comparing
the data in Table 4 with the results of the imbibition experi-
ments, it can be concluded that the flowback rate at the
same shut-in time, under the condition of different sec-
ondary structural units, follows the order JY70-1 > JY74-5
>JY9 > J¥81-2 > JY87-3. The ranking order of representative
cores conversion is b > a > ¢ > e > d. This ranking is largely
consistent with the results of the dynamic imbibition experi-
ment, which measures the water absorption of cores. It can
be inferred that a proper shut-in period after fracturing is
beneficial for increasing production. This finding is consis-
tent with the research results of Shel et al. [27], as the
fracturing fluid’s presence in the shale and its retention in
fractures can provide support and improve productivity.
These findings suggest that optimizing shut-in time is crucial
for achieving optimal imbibition and production outcomes
in shale reservoirs.

This study proposes the following scientific hypoth-
eses: (1) Based on the imbibition experiment, the water
absorption per unit area of the reservoir shale and the
area of the fracturing network are known. With this infor-
mation, the water absorption of the fractured reservoir can
be calculated, allowing for the indirect prediction of the
flowback rate. (2) The determination of the shut-in time
can be guided by the dialysis equilibrium time of different
shale reservoirs. In practical applications, the chloride ion
content in the backflow fluid can be tested, and the stabi-
lization time of the data can be used as a reference for deter-
mining the optimal shut-in time. These hypotheses provide
valuable insights into understanding and optimizing the pro-
duction behavior of shale reservoirs. Further research and
experimentation can be conducted to validate and expand
upon these hypotheses.

The primary objective of this study is to investigate the
relationship between the flowback rate, shut-in time, and
production of shale gas wells following fracturing. This will
be achieved through a combined analysis of experimental
data and engineering insights. In comparison to prior research,
there are notable distinctions: (1) Our research integrates both
method-oriented and result-oriented approaches. Building on
traditional imbibition experiments, we distinguish between
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dynamic and static situations. Moreover, we address the chal-
lenges associated with messy, irregular, and statistically una-
nalyzable original production test well data. In contrast, earlier
studies primarily focused on optimizing the imbibition process,
expanding its functionality, and enhancing result accuracy,
without adequately addressing the engineering problems at
hand (such as those discussed by Cai [28] and Liu et al. [29]).
(2) Our research involves imbibition experiments conducted
on four media, employing five core samples. We extensively
examine the relationship between water absorption per unit
area and time for various cores immersed in different media.
The experiment is designed with an optimal configuration and
a simple process, making it easily adaptable to production sites
and reproducible by other researchers. Conversely, many
other experiments rely heavily on costly and complex equip-
ment, such as scanning electron microscopes, nuclear magnetic
resonance core analysis instruments, and fluid scanning ima-
ging tools. These excessive resources are often unnecessary for
addressing engineering problems, and many developing coun-
tries and production sites lack the necessary means to carry
out such research (as highlighted in previous studies [30-32]).

Although our research aims to closely simulate the
conditions at the production site and proposes a compre-
hensive experimental workflow combining inspection, there
are certain limitations in data rigor and method perfection
that need to be acknowledged. These include the following:
(1) The influence of fractures in shale reservoirs on adsorp-
tion and flowback was not taken into account in our study.
This is because accurately determining the degree and
volume of cracks in a laboratory environment is challen-
ging. As a result, there might be some errors in determining
the imbibition area in this study. (2) In the dynamic imbibi-
tion experiment, all cores were dried in an oven at a tem-
perature of 110°C for 24h. However, this step raises the
question of whether it ignores the influence of the initial
water saturation of the original shale reservoir on the
experimental results. (3) Previous studies have shown that
water absorption in shale is comprised of surface hydration
water absorption, osmotic hydration water absorption, and
capillary water absorption [33]. In this study, the experi-
mental data under the condition of formation water
medium are not fully utilized, and the influence of high
mineral pore water on shale osmotic hydration is not
discussed. Therefore, the rigor of the study regarding
the hydration ability of the shale reservoir is not fully
addressed. (4) Due to limitations in the available data
from overall sample wells in the study area and a dearth
of parallel data from comparison wells, the conclusions
drawn from this single experiment and its engineering
validation may not be sufficient for confidently judging
the quality of fracturing fluid.

DE GRUYTER

The novelty of this study can be summarized as fol-
lows: (1) This study addresses engineering problems by
proposing a workflow for analyzing fracturing fluid flow-
back in specific blocks. This workflow is based on core
experiments and engineering demonstrations, providing
a practical approach for solving these problems. (2) The
main steps of the proposed workflow are “imbibition
experiment — sampling inspection — engineering verifica-
tion.” This workflow is highly practical, with a short and
effective process. It is not limited by the availability of
single well data, and the results can be reasonably and
cost-effectively verified using messy engineering data. (3)
The study focuses on the Jiangdong block of Fuling shale
gas, and contributes to the establishment of an experimental
scheme for imbibition inclusion. The results obtained from
this study can serve as valuable guidance for future engi-
neering projects in this block.

6 Conclusion

The focus of this study is on the Jiangdong block of Fuling
shale gas, where the research aims to investigate the
mechanism of fracturing fluid flowback during production
testing. Core imbibition experiments and sampling inspec-
tions are utilized as verification methods in the production
test. The engineering significance of this study stems from
several challenges. First, the data obtained from conven-
tional production test wells in this block are disorganized,
irregular, and not suitable for statistical analysis. Additionally,
the production line lacks theoretical support, and there is a
lack of experimental results regarding imbibition in produc-
tion wells. To address these challenges, this study combines
the typical core test results from 5 secondary structural units
with data from 67 completed and production-tested wells.
Sampling inspections are carried out with cost considerations
in mind. By doing so, the study systematically examines the
characteristics of flowback data with the same shut-in time
under different secondary structural units, as well as different
shut-in times under the same secondary structural unit. This
research contributes to the field by providing a comprehen-
sive understanding of the flowback process in the Jiangdong
block of Fuling shale gas. The adoption of core imbibition
experiments and sampling inspections, along with the integra-
tion of various datasets, improves the statistical analysis cap-
abilities and theoretical foundation of the production line.
There exists a relationship between flowback rate,
shut-in time, and production following fracturing in shale
gas wells. The imbibition experiment demonstrates that
imbibition occurs solely on the surface of tight shale after
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the intrusion of the liquid medium into the fracture, with
the extent of water absorption being directly proportional
to the imbibition area. The engineering verification results,
obtained from the sampling inspection scheme, reveal that
a shorter shut-in time corresponds to higher flowback
rates and lower test production within the same secondary
structural unit. When the shut-in time is similar across dif-
ferent secondary structural units, the correlation between
flowback rate and test production is weak. In terms of engi-
neering expansion, shale hydration leads to the absorption
of water from the fracturing fluid. Consequently, when
selecting and formulating fracturing fluids, the objective
should be to minimize shale hydration and enhance the
sand-carrying effect. By reducing the amount of water
absorbed by the shale during the fracturing process, the
return rate of the fracturing fluid can be improved, thereby
reducing reservoir damage and increasing production. In
the next phase, core samples exhibiting significant differ-
ences in physical properties should be chosen, and experi-
ments should be conducted to evaluate the impact of mineral
composition and pore size on permeability and adsorption
before and after core seepage.
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