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Abstract

After hydraulic fracturing of C shale formation, it is difficult to get stable production, and
the flowback efficiency of fracturing fluid is low. In order to reveal the law of fracturing
fluid invasion and flowback behavior and to investigate the microscopic characteristics of
its effect in improving the oil recovery factor, the experiments were innovatively carried out
by using online Nuclear Magnetic Resonance (NMR) technology combined with huff-n-puff
experiments using formulated fracturing fluid on two shale rocks, with the core inlet end
representing the fractured surface in the reservoir. The dominant pores, Minimum Pore-
Producing Radius (MPPR), and invasion depth for upper sweet-spot core (with smaller K
and Φ) and lower sweet-spot core (with larger K and Φ) during fracturing fluid invasion
and flowback were compared. The results show that small pores in upper sweet-spot
core are the dominant pores, while mesopores are dominant in the lower sweet-spot core.
The MPPR is 0.0087 µm and 0.024 µm, respectively, for the upper and lower sweet spot.
As invasion pressure difference increases from 10 MPa to 20 MPa, the invasion depth of
fracturing fluid into the upper sweet-spot core increases from 0.15 cm to 0.29 cm, and for
the lower sweet-spot core it increases from 0.23 cm to 0.36 cm, about 1.2 times that of the
upper core. Based on the similarity criterion, the formula for calculating on-site effective
invasion depth of fracturing fluid Lf is derived, and it is approximately 0.46 m and 0.70 m
in the upper and lower sweet spot after a 30-day well soaking. Based on experiments, the
flowback efficiency of fracturing fluid is obtained, which is 23.6% in the upper sweet spot
and 17.66% in the lower sweet spot. Imbibition tests were also performed for two shale core
samples, and it is found that the imbibition recovery degree of the upper sweet-spot core
is higher than that of the lower sweet-spot core. Dimensionless time calculated by using
Ma’s model yields good fitting results for imbibition, and the soaking time is upscaled
to reservoir conditions. The research results provide important reference for hydraulic
fracturing practice and thus to improve the oil recovery factor in shale oil reservoirs.

Keywords: shale oil reservoir; fracturing fluid intrusion; fracturing fluid flowback; imbibition;
soaking time

1. Introduction
China possesses abundant terrestrial shale oil resources, with significant break-

throughs achieved in exploration and development. C shale reservoirs feature substantial
interlayer lithological variations. After large-scale hydraulic fracturing operations, sub-
stantial volumes of fracturing fluid remain trapped within the reservoir, resulting in poor
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productivity during the flowback stage. Domestic and international experts have con-
ducted research on factors affecting shale oil recovery, the microscopic mechanisms of
fracturing fluid retention, and the interaction between fracturing fluids and shale reservoirs.
The substantial fracturing fluid retention and the low recovery factor can be explained
by the increased specific surface area through natural fractures post-fracturing, trapping
fluids within fractures [1–7], strong heterogeneity, and poor throat connectivity in shale
reservoirs [8,9]. The development of micropores and nanopores, coupled with increased
fractures post-fracturing, amplifies capillary effects and enhances the imbibition effect
during well soaking [10–12]. Under the combined effects of salt dissolution, hydration, and
mineral corrosion, the number of mesopores, macropores, and microfractures increases.
This leads to more serious field proppant breakage rates and rock embedding, reducing
flow capacity and causing fracturing fluid to be trapped within the reservoir [13,14].

Fracturing fluids primarily reside within the fracture network and may imbibe oil
from the matrix to enhance residual oil recovery. It is necessary to further clarify the
microscopic oil mobilization characteristics by fracturing fluids. However, experimental
studies on fracturing fluid invasion and flowback at the core scale are limited. This paper
integrates core-flooding experiments, imbibition experiments, and online NMR technology
to physically simulate fracturing fluid invasion and flowback at fracture surfaces in shale
oil reservoirs. Using cores obtained from C reservoirs, the invasion depth, oil recovery
factor at different ranges of pore size, and Minimum Pore-Producing Radius (MPPR) are
quantitively determined. These findings hold significant implications for guiding shale oil
reservoir development.

2. Experimental Equipment and Methods
2.1. Experimental Materials and Equipment

Experimental cores: Natural cores were selected from the upper and lower sweet spots
of the C reservoir, respectively. The parameters of the cores are shown in Table 1.

Table 1. Basic data for experimental cores.

Core Diameter/cm Length/cm Porosity/% Permeability/
(10−3 µm2) Experimental Protocol

1# (Upper sweet spot) 2.457 4.265 9.35 0.018 Fracturing Fluid
Invasion and Flowback2# (Lower sweet spot) 2.586 4.367 14.26 0.032

3# (Upper sweet spot) 2.427 4.749 7.47 0.015 10 Mpa, 80 ◦C
Imbibition4# (Lower sweet spot) 2.507 4.913 10.44 0.025

Oil: The simulated oil was prepared using field crude oil and kerosene, with a density
of 0.831 g·cm−3 and a viscosity of 2.06 mPa·s.

Fracturing fluid: 0.1% (mass concentration) viscous slickwater, 0.3% anti-emulsifier,
0.2% anti-swelling agent, 0.02% gel breaker, 0.3% flowback aid, and mixed with D2O to get
rid of hydrogen signal for NMR testing.

Experimental Equipment: MesoMR23-060H-I Nuclear Magnetic Resonance Imaging
Analyzer (Suzhou Niumag Analytical Instrument Co., Ltd., Suzhou, China).

2.2. Experimental Procedure
2.2.1. Fracturing Fluid Invasion and Flowback

The experimental flowchart is shown in Figure 1. We set the measurement parameters
for the NMR T2 spectrum with a repetition sampling interval time as TW = 3000 ms, number
of echoes as NECH = 10,000, echo time as TE = 0.1 ms, and number of scan repetitions as
NS = 16.
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Figure 1. Experimental flowchart for online NMR monitoring of fracturing fluid invasion and flowback.

The experimental procedure consists of the following steps:

➀ Cleaning and drying the cores. The thermotank is set to 50 ◦C;
➁ Placing the core sample into the core holder, vacuuming it for 48 h, and then saturating

oil into the core;
➂ Closing the backpressure valve and continuing to inject oil until the pressure reaches

10 MPa and letting it stabilize. Taking NMR T2 spectrum and images;
➃ Invasion: injecting fracturing fluid at 30 MPa and recording T2 spectrum when the

pressure reaches 20 MPa and 30 MPa, respectively. Then the injection is stopped and
the soaking is maintained for 5 h. The pressure difference of 10 MPa and 20 MPa is
selected because it is reported that the pressure difference across the fracture face is
reported to be 10~20 MPa;

➄ Flowback: recording T2 spectrum when the production pressure drops to 20 MPa and
10 MPa, respectively.

2.2.2. Imbibition Test of Fracturing Fluid

The experimental procedure is as follows:

➀ Cleaning and drying the cores;
➁ Vacuuming the core for 48 h and then saturating it with oil up to 25 MPa;
➂ Weighing the core and taking the T2 spectrum;
➃ Putting the core into a container at 80 ◦C and 10 MPa;
➄ At different time intervals, depressurizing the system, taking the core out, weighing

it, and taking the T2 spectrum.

3. Experimental Results
3.1. Oil Flow Characteristics During Fracturing Fluid Invasion and Flowback

The NMR device records the magnitude of hydrogen signals to reflect fluid distribu-
tion within porous media. The size of rock pores correlates with relaxation time; longer
transverse relaxation times indicate larger pore radius. Higher hydrogen signal amplitude
corresponds to higher oil content in pores. Therefore, pore radii can be converted from
the T2 relaxation times by the following formula, which enables the quantification of oil
content in different pore sizes.

T2 =
1

ρ2FS
r (1)

r = C × T2 (2)

where T2 is the relaxation time, ms; r is the pore radius, µm; Fs is the shape factor; and ρ2 is
the relaxation rate. Typically, when the pore shape is cylindrical, Fs = 2 and ρ2 is taken as
10 µm/s, yielding a conversion coefficient of C = 0.02.
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3.1.1. Study on Invasion and Flowback of Fracturing Fluids in Upper Sweet-Spot Core

NMR T2 spectrum of fracturing fluid invasion and flow in the upper sweet-spot core
1# under 20 MPa pressure differential is shown in Figure 2. The pores ranging from 0 to
0.02 µm are classified as micropores, 0.02–0.2 µm as small pores, 0.2–2 µm as mesopores,
and 2–200 µm as macropores.

Figure 2. NMR T2 spectrum of Core 1# during fracturing fluid invasion and flowback.

The NMR T2 spectrum exhibits a single peak showing relatively concentrated pore
sizes within the porous medium. The small pores in the upper sweet-spot core are the
dominant pores, accounting for 67.46% of oil content, followed by mesopores (30.63%).
With a backpressure of 10 MPa and while the injection pressure increased from 20 MPa
to 30 MPa (i.e., the pressure differential increased from 10 MPa to 20 MPa), the signal
amplitude decreased significantly, shifting the curve to the left. During well soaking, crude
oil redistributed within the pores. At the fracturing fluid flowback stage, oil content in
small pores decreased substantially at bottom-hole flow pressure of 20 MPa and 10 MPa,
respectively. The Minimum Pore-Producing Radius (MPPR) in the upper sweet spot is
0.0087 µm.

Figure 3 shows oil content in different pore sizes during the fracturing fluid invasion
and flowback process. Figure 4 illustrates the contribution of different pore sizes to the
total recovery rate. At the invasion stage, the fracturing fluid first enters macropores
and mesopores, driving crude oil into smaller pores. During well soaking, the fracturing
fluid redistributes with little variation. In the flowback stage, as the bottom-hole flow
pressure decreases, the oil signal in small pores decreases obviously. The initial oil content
in small pores decreases from 1.20 mL to 0.79 mL, contributing the most (23.00%) to the
total recovery rate, and the initial oil content in mesopores decreases from 0.55 mL to 0.33
mL, contributing 12.21% to the total recovery rate. The contributions of macropores and
micropores to the total recovery rate were minor.

 
Figure 3. Oil content variation in different pore types of Core 1#.
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Figure 4. Recovery contribution of different pore types in Core 1#/%.

3.1.2. Study on the Invasion and Displacement of Fracturing Fluids in Lower
Sweet-Spot Core

Figure 5 shows the T2 NMR spectrum of fracturing fluid invasion and backflow in the
lower sweet-spot core 2# under a 20 MPa pressure differential. The mesopores constitute the
primary pores in the lower sweet-spot core, accounting for 74.90% of oil content, followed
by small pores at 18.10%. As the invasion pressure increases from 20 MPa to 30 MPa, the
curve shifts to the left while no oil is produced during this stage. During well soaking, the
curve shows a shift towards the left meaning that some oil has migrated to smaller pores.
At a backflow pressure of 20 MPa, signal intensity in mesopores decreases the most while
that in small pores decreases to a lesser extent. At 10 MPa backflow pressure, pore signal
amplitude continues to decrease but more slowly. The MPPR in the lower sweet spot was
0.024 µm.

Figure 5. NMR T2 spectrum of Core 2# during fracturing fluid invasion and flowback.

Figure 6 shows the variation in oil content within different pore sizes during the
fracturing fluid invasion and backflow process of core 2#. Figure 7 shows the contribution
of different pore sizes to the recovery rate. The results indicate that during the invasion
phase, mesopores and macropores contribute the most to oil recovery rate. Crude oil flows
from mesopores and macropores into small pores, increasing the oil signal intensity in
the small pores. During well soaking, fracturing fluid mobilizes crude oil in small pores
through capillary imbibition. As the backflow pressure decreased, the initial oil content in
mesopores dropped from 2.29 mL to 1.28 mL, making the largest contribution to the total
recovery rate at 32.95%.
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Figure 6. Oil content variation in different pore types of Core 2#.

Figure 7. Recovery contribution of different pore types in Core 2#.

3.2. Fracturing Fluid Invasion Depth and Recovery Efficiency
3.2.1. Fracturing Fluid Invasion and Flowback Nuclear Magnetic Resonance Imaging

Nuclear Magnetic Resonance Imaging (NMRI) for fracturing fluid invasion and back-
flow in the upper and lower sweet-spot cores under 20 MPa are shown in Figure 8a,b,
respectively. It can be observed that oil is produced more in the lower sweet-spot core due
to its higher permeability than in the upper sweet spot.

   
Saturated Oil Invasion at 30 MPa After flowback 

(a) Upper Sweet-spot Core #1 

    
Saturated Oil Invasion at 30 MPa After flowback 

(b) Lower Sweet-spot Core #2 

 

Figure 8. Images of fracturing fluid invasion and flowback in upper and lower sweet-spot core.

3.2.2. Fracturing Fluid Invasion Depth

During the fluid invasion phase, the average depth to which fracturing fluid flows
into the reservoir matrix and produces oil is termed as the invasion depth. Subsequently,
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during the soaking and flowback stage, the fracturing fluid continues to mobilize crude oil
within the matrix through seepage flow. Although this value obtained in the lab cannot be
fully applied to actual flow distance in the reservoir, the concept of invasion depth can be
introduced, or a vivid understanding of the oil mobilization effect of fracturing fluid under
varying conditions is obtained.

Thus, D is defined as the invasion depth and can be obtained by dividing the oil
production from different stages by the cross-sectional area of the core. The calculation
formula is shown in Equation (3):

D =
Q

ϕA
(3)

where D is the penetration depth, cm; Q is the oil yield, cm3; ϕ is the porosity, %; and A is
the core cross-sectional area, cm2.

Tables 2 and 3 show the fracturing fluid invasion depth of the upper sweet-spot and
lower sweet-spot cores, respectively. The invasion depth increases with injection pressure
increases from 20 MPa to 30 MPa. The upper sweet-spot core achieved a maximum invasion
depth of 0.29 cm at 30 MPa, with 1.46 cm at flowback at production pressure at 10 MPa. Its
final recovery rate was 34.45%. For the lower sweet-spot core, the maximum invasion of
1.77 cm produced a final recovery rate of 40.49%.

Table 2. Fracturing fluid invasion depth and recovery efficiency of Core 1# under a 20 MPa pressure
differential.

Different Stages Invasion
20 MPa

Invasion
30 MPa

Soaking
5 h

Flow
Back 20 MPa

Flow
Back 10 MPa

Recovery Rate/% 3.64 6.76 9.65 24.08 34.45
Depth of Deployment/cm 0.15 0.29 0.41 1.02 1.46

Table 3. Fracturing fluid invasion depth and recovery efficiency of Core 2# under a 20 MPa pressure
differential.

Different Stages Invasion
20 MPa

Invasion
30 MPa

Soaking
5 h

Flow
Back 20 MPa

Flow
Back 10 MPa

Recovery
Rate/% 5.28 8.27 10.03 30.06 40.49

Depth of Deployment/cm 0.23 0.36 0.44 1.31 1.77

The maximum invasion depth and recovery rate of the lower sweet-spot core are
approximately 1.2 times the upper one because of its higher porosity and permeability.
The average invasion depth obtained in our core experiments without consideration of
complex fracture interference is barely a reflection of the recovery factor. For the actual
reservoir, the loss volume of fracturing fluid is proportional to the square root of time as
proposed by Carter’s fracturing fluid loss theory [15] (shown in Equation (4)). Assumptions
for this theory include one-dimensional linear flow of fracturing fluid; incompressible
fluid; constant loss coefficient over time; uniform and isotropic formation permeability and
porosity; and neglect of filter cake effects. The invasion depth is obtained by dividing the
filtrate volume by the product of the filtrate area and porosity, as shown in Equation (5).
Finally, combining similarity criteria yields the field invasion depth Lf calculation as in
Equation (6).

V = 2CA
√

t (4)

L =
V

Aϕ
=

2C
ϕ

√
t (5)
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L f =
LlϕlC f

√
t f

ϕ f Cl
√

tl
(6)

where V is the filtrate volume, m3; C is the filtration coefficient, m·min1/2; A is the filtration
area, m2; t is the filtration time, min; ϕ is the porosity, %; Lf is the field invasion depth,
m; Ll is the core invasion depth, m; ϕf is the reservoir porosity, %; ϕl is the core porosity,
%; Cf is the reservoir loss coefficient considering natural fracture opening [15], equal to
2.45 × 10−4 m·min1/2; Cl is the reservoir loss coefficient with natural fractures closed [15],
equal to 0.80 × 10−4 m·min1/2; tl is the core soaking time, min; and tf is the field soaking
time, min.

Calculating the fluid invasion depth based on a 30-day well-tightening period, the
upper sweet-spot fluid invasion depth is approximately 0.46 m, while the lower sweet-spot
invasion depth is approximately 0.70 m.

3.2.3. Flowback Behavior of Fracturing Fluid

Under laboratory conditions, the injection and displacement of fracturing fluid comply
with the law of conservation of mass. The displaced volume of fracturing fluid corresponds
to the oil displaced from the core pores during injection. Therefore, the flowback efficiency
of the fracturing fluid at the core scale is calculated considering the compressibility of rock
and crude oil.

c f =
2.587 × 10−4

ϕ0.4358 (7)

c f =
1

Vb

∆VP
∆P

(8)

co = − 1
Vo

∆Vo

∆P
(9)

η =
Vw − Vwo

Vw
(10)

where c f is the effective compressibility coefficient of rock [16], MPa−1; co is the compress-
ibility coefficient of crude oil, MPa−1; ϕ is the porosity, %; Vb is the apparent volume of the
core, cm3; VP is the pore volume of the core, cm3; P is the injection pressure, MPa; Vo is the
oil-bearing volume of the core, cm3; η is the fracturing fluid flowback efficiency, %; Vw is
the total injected fracturing fluid volume, cm3; and Vwo is the displaced oil volume after
fracturing fluid injection, cm3.

Table 4 shows the fracturing fluid flowback and retention volumes for the upper
sweet-spot core 1# and lower sweet-spot core 2# under a 20 MPa pressure differential.

Table 4. Fracturing fluid invasion/flowback volumes in upper and lower sweet-spot cores.

Core Invasion
Volume/mL

Oil Production
Volume/mL

Flowback
Volume/mL

Flowback
Efficiency/%

1# 0.80 0.61 0.19 23.60
2# 1.50 1.24 0.27 17.66

The total invasion volume of the upper sweet-spot core is 0.80 mL, and oil displacement
volume is 0.61 mL through imbibition, with a flowback efficiency of 23.60%. In comparison,
the total invasion volume of the lower sweet-spot core is 1.50 mL, and oil displacement
volume is 1.24 mL, with a flowback efficiency of 17.66%. The upper sweet-spot core, in
which small pores are dominant, demonstrated a lower invasion volume but a higher
flowback efficiency than the lower one. Because a smaller pore volume in upper sweet-spot
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cores limits the total volume of fracturing fluid invasion, this results in a lower oil recovery
efficiency and thus relatively larger flowback rate.

3.3. HTHP Imbibition Characteristics of Fracturing Fluid
3.3.1. Imbibition of Fracturing Fluid in Upper Sweet-Spot Cores

Figures 9 and 10 show the NMR T2 spectrum of upper sweet-spot core #3 and the
imbibition recovery curves for different pore types. As time increases, fracturing fluid
progressively imbibes oil out from the core. The T2 spectrum of small pores decreases
obviously, indicating a high recovery rate of crude oil in the small pores.

Figure 9. NMR T2 spectra of Core 3# at different imbibition times.

Figure 10. Imbibition recovery efficiency curves for different pore types in Core 3#.

The inset in Figure 9 shows the oil recovery curve obtained from the imbibition test.
Core 3# exhibits a rapid imbibition rate during the rising phase (0–28 h), followed by
a transition phase (28–121 h), during which the imbibition rate decreases significantly.
After 121 h, the imbibition rate slows down and gradually stabilizes, reaching an ultimate
recovery efficiency of 12.822%.

3.3.2. Imbibition of Fracturing Fluid in Lower Sweet-Spot Cores

Figures 11 and 12 present the NMR T2 spectrum and the imbibition recovery efficiency
curves for different pore types in lower sweet-spot core 4#. The results indicate that the
primary oil-bearing pores in this core are mesopores and small pores. As imbibition time
increases, fracturing fluid progressively invades the core and displaces crude oil. The most
decrease in the T2 spectrum amplitude is observed in mesopores, which also exhibit the
highest oil recovery efficiency among all pore types.
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Figure 11. NMR T2 spectra of Core 4# at different times.

 

Figure 12. Imbibition recovery efficiency curves for different pore types in Core 4#.

The inset in Figure 11 displays the oil recovery from the imbibition experiment. Core 4#
exhibits a rapid imbibition rate during the initial growth phase (0–51 h), followed by a
transition phase (51–97 h), characterized by a decline in the imbibition rate. Beyond 97 h,
the rate further decreases and gradually stabilizes, ultimately reaching a final recovery
efficiency of 9.143%.

Under high-temperature and high-pressure (HTHP) imbibition conditions, the fractur-
ing fluid imbibition recovery efficiency observed in core 3# is higher than that in core 4#.
This result can be attributed to the lower permeability and smaller pore radii of core 3#,
which generate stronger capillary forces, enhancing imbibition recovery factor.

To apply lab-scale fracturing fluid imbibition results to the determination of optimal
soaking time in reservoir after fracturing, dimensionless time modeling is required. Ma
et al. [17] proposed a dimensionless time equation incorporating a characteristic length,
which is applicable to imbibition oil recovery in tight reservoirs, as shown in Equation (11).
Then the relative imbibition recovery efficiency is introduced whereby the imbibition
recovery is normalized according to Equation (12) [18].

tD =
σ
√

K
ϕ

√
µwµoL2

c
t (11)

Rr =
Rt

R∞
(12)

In the equation, tD is dimensionless time; K is permeability (mD); ϕ is porosity (%); σ

is interfacial tension (N/m); t is imbibition time (s); µw is fracturing fluid viscosity (mPa·s);
µo is oil phase viscosity (mPa·s); and Lc is characteristic length (m). Rr is relative imbibition
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efficiency; Rt is imbibition efficiency at time t (%); and R∞ is the ultimate imbibition
efficiency (%).

Ma’s model was applied to fit our experimental data of high-temperature and high-
pressure (HTHP) imbibition. As shown in Figure 13, the fitting curve of the Ma model
aligns well with the experimental data.

Figure 13. Ma’s model fits relative imbibition recovery factor curve.

The dimensionless time calculated by Ma’s model is equal to the reservoir dimen-
sionless time, so that the suggested soaking time for the well is calculated, as shown in
Equations (13) and (14). The principle for determining the well-soaking time is connected
to maximizing the imbibition of the oil recovery factor.

σf

√
K f
ϕ f

√
µw f µo f L2

c f
t f =

σe

√
Ke
ϕe√

µweµoeL2
ce

te (13)

t f =
L2

c f σe

√
Ke
ϕe

√
µw f µo f

L2
ceσf

√
K f
ϕ f

√
µweµoe

te (14)

In the equations, te is the equilibrium imbibition time required for the core; Ke and K f

show the permeability of the core and the reservoir, respectively (mD); ϕe and ϕ f show the
porosity of the core and the reservoir (%); σe and σf denote the oil–water interfacial tension
under core and reservoir conditions (N/m); t f is the well-soaking time in the reservoir
(s); µwe and µw f are the viscosity of the fracturing fluid used in the core and the reservoir
(mPa·s); µoe and µo f are the oil-phase viscosity under core and reservoir conditions (mPa·s),
respectively; Lce is the characteristic length of the core (m), and Lc f is the characteristic
length of fractures in the reservoir (m).

At core scale, the average permeability and porosity are 0.0482 mD and 8.59%, respec-
tively. The fracturing fluid viscosity, crude oil viscosity, and the oil–water interfacial tension
are 1.1 mPa·s, 2.06 mPa·s, and 0.026 N/m, respectively. The pore structures in Reservoir
C are mainly classified into Type II and Type III. Type II reservoirs have average perme-
ability of 0.289 mD and a porosity of 12.20%, while Type III reservoirs have an average
permeability of 0.025 mD and an average porosity of 7.1% [19]. The oil–water interfacial
tension, fracturing fluid viscosity, and crude oil viscosity under reservoir conditions are
assumed to be consistent with those in the core experiments. During the high-temperature,
high-pressure imbibition experiments, the boundary condition was set as open on the sides
and closed at both ends, so the characteristic length is given by Formula (15). To account
for the influence of fracture length and width, the boundary condition is assumed to be
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fully open, and the characteristic length for the reservoir is defined by Equation (16), with a
fracture half-length L of 130.75 m [20]. The imbibition equilibrium time is approximately
15 days in the lab experiments.

Lce =
D
2

(15)

Lc f =
DL

2
√

D2 + 2L2
(16)

Substituting the above parameters into Equation (14) yields the optimal soaking time
on field. As reservoir permeability and porosity decrease, the soaking time should increase;
as fracture width increases, the soaking time should also increase. Soaking time for average
fracture widths D ranging from 0.8 mm to 5 mm are calculated, as shown in Figure 14.
However, the optimal well-soaking time requires further examination based on reservoir
characteristics and site conditions.

 
(a) Class ІІ reservoir 

 
(b) Class ІІІ reservoir 

Figure 14. Field soaking time with different fracture widths.

4. Conclusions
(1) In the upper sweet-spot core, small pores are the primary oil-bearing pores, while

they are mesopores in the lower sweet-spot core. During fracturing fluid invasion and
flowback, small pores in the upper sweet-spot core are the main oil-producing pores,
followed by mesopores, with a Minimum Pore Production Radius (MPPR) of 0.0087
µm. While in the lower sweet-spot core, mesopores are the primary oil-producing
pores, followed by micropores, with a MPPR of 0.024 µm.

(2) As the invasion pressure increases, the maximum invasion depth increases. The upper
sweet-spot core exhibits a maximum invasion depth of 1.46 cm and a final recovery
rate of 34.45%, whereas the value is 1.77 cm and 40.49% for the lower sweet-spot core,
respectively. With larger pore throats, the lower sweet-spot core achieves a maximum
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invasion depth and recovery rate approximately 1.2 times greater than those of the
upper sweet-spot.

(3) The total volume of fracturing fluid injected into the upper and lower sweet-spot
core was 0.80 mL and 1.50 mL, with a flowback efficiency of 23.60% and 17.66%,
respectively. Due to differences in the dominant oil-producing pore systems between
the two cores, the upper sweet-spot exhibited lower total fracturing fluid invasion but
a higher flowback efficiency than the lower sweet spot.

(4) Due to lower permeability in the upper sweet-spot core, the imbibition recovery
factor under high temperature and high pressure was higher than that in the upper
sweet-spot. Ma’s model provided a good fit to the imbibition results. By equating
Ma’s dimensionless time for core scale and reservoir scale, the optimized well-soaking
time for different fracture widths was proposed.
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