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Abstract:
Massive energy replenishment presents a practical approach to increase and maintain
the formation pressure in tight oil reservoirs. However, the evolution of rock physical
properties after this process remains unclear, posing challenges to further elucidate the
related microscopic flow mechanism. In the current work, we designed a physical method
that uses online nuclear magnetic resonance to simulate the life cycle of “injection,
soaking, and production” in massive energy replenishment. The rock physical properties
evolution and pore-scale flow mechanism are analyzed by quantitative and visualization
methods. Additionally, the influence of injection volume and production pressure difference
on oil recovery is clearly defined. The findings suggest that the primary evolution of
microscopic pore structure during massive energy replenishment involves microfractures
and micropores, promoting the involvement of more pore throats in the flow. However, the
flow capacity increase varies at different locations, with a higher increase observed at the
inlet than at others. The increase in pseudo-permeability exhibits exponential growth with
the injection volume, and its inflection point positively correlates with initial permeability.
Massive water huff and puff significantly enhances oil recovery by increasing the pore
pressure and flow channels. The apparent energy enhancement and accumulation effect
during soaking facilitates oil drained by imbibition to migrate towards the macropores at
the outlet in abundance and being enriched. The inflection point of the increase in the
recovery degree can be realized by a small pressure difference in production. Importantly,
however, considering the carry-over and extrusion effect of injected water on oil droplets, a
combination of flooding and soaking is essential to mobilize the fluid in micro-mesopores.

1. Introduction
Fluid injection into tight oil reservoirs has been a primary

strategy for conventional energy replenishment after years of
volume fracturing operations. As a cost-effective medium, wa-
ter has been extensively employed for this purpose (Sanchez-
Rivera et al., 2015). However, achieving the desired effects
through conventional fluid injection is challenging due to the
rapid depletion of natural energy after fracturing (Todd and

Evans, 2016; Milad et al., 2021), as well as the elastic-plastic
deformation resulting from continuous changes in the stress
field during ongoing production (Thomas and Don, 1972;
Vairogs and Vaughan, 1973; David et al., 1994; Wijaya and
Sheng, 2020; Radwan et al., 2022). Massive fluid injection
has gradually emerged as an effective technique to replenish
the formation energy and improve the physical properties of
reservoirs in the form of opening microfractures (Bodini et
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al., 2018; Ji et al., 2023). Because of the qualitative change
in the mass transfer rate and quantity between fractures and
matrix during massive energy replenishment, understanding
the mechanisms behind energy replenishment and subsequent
production can provide a fundamental theoretical basis for
massive energy replenishment in tight oil reservoirs.

The qualitative relationship found between the injection
volume and the recovery degree in water injection develop-
ment suggests that massive injection increases oil recovery
(Zhou et al., 2020; Ma et al., 2022). Taking advantage of
the similarity of production characteristics in the mid-to-
late stage of volume fracturing and water huff and puff, the
enhanced oil recovery technology of massive water huff and
puff has been developed. Pilot tests demonstrated that massive
water huff and puff can restore the actual formation pressure
from 42.29% to 71.40% of the initial formation pressure and
increase the maximum daily oil production by nearly tenfold
(Qin et al., 2021). Wu et al. (2017) proposed a comprehensive
oil recovery mechanism model for massive water huff and
puff, which involves the combination of unstable replenish-
ment, soaking for oil production, and unstable displacement.
Moreover, they derived the equations for production capacity
calculation based on the reservoir engineering method. Li et
al. (2022a, 2022c) conducted massive water huff and puff
physical simulation experiments on full-diameter cores. They
concluded that the recoverable fluid in massive water huff
and puff tended to exhibit Darcy flow, leading to a linear
decrease in recovery degree with each cycle and a gradually
declining recovery efficiency. However, the overall recovery
demonstrated significantly superior performance compared to
moderate water huff and puff. These works only focused on
the oil recovery mechanism and the effect of massive water
huff and puff from a qualitative perspective, thus they could
not characterize the microscopic flow details within the cores.
This necessitates more research on the energy replenishment
mechanisms and microscopic analysis.

Furthermore, fluid injection on a large scale or at high
pressure can reduce the effective stress in reservoirs. The
opening of microfractures leads to nonlinear changes in the
elastic modulus of rocks and has a significant impact on the
stress-dependent pore elastic response (Pearse et al., 2014;
Norris et al., 2015). Consequently, it is crucial to investigate
the evolution of rock physical properties (e.g., microscopic
pore structure and permeability) following massive energy
replenishment, in order to attain a more comprehensive under-
standing of fluid flow mechanisms during production. Since
Hagoort (1981) first proposed the concept of water-induced
fractures, extensive studies have been conducted on the water-
induced fractures of long-term water injection in conventional
reservoirs, primarily by means of numerical simulations and
analytical methods. These studies encompass the fracture prop-
agation mechanism (Abou-Sayed et al., 2005), the relationship
between fracture state and tip strength factor (Van Den Hoek
et al., 2008), and the impact of fracture orientation on oil
recovery (Gadde and Sharma, 2001). In recent years, the issue
of water-induced fractures has gradually extended from con-
ventional reservoirs to unconventional reservoirs along with
the shift in development objectives. Based on information such

as well-water breakthrough and tracer monitoring with obvious
directionality and the interpretation of curve characteristics
in injection well testing, Wang et al. (2015b) proposed that
dynamic fractures are geological attributes of long-term water
injection development in ultra-low permeability oil reservoirs.
Nevertheless, it is essential to recognize that the influence
of massive water injection on the stress field differs from
long-term water injection, and that there is a difference be-
tween conventional and unconventional reservoir development
methods. After large-scale volume fracturing operations in
tight reservoirs, increasing the injection pressure to augment
the injection volume can effectively stimulate and activate
pre-existing closed microfractures rather than generate new
fractures (Van Den Hoek, 2002; Wang et al., 2018a, 2018b). It
can be concluded that when the injection pressure exceeds the
actual horizontal principal stress in the connection direction
of a specific injection-production well, microfractures will
be opened in the connection direction. Therefore, reaching
the breakdown pressure of rocks is unnecessary (Wang et
al., 2015a). Obviously, reassessment and repositioning for the
effects of massive energy replenishment on rocks is impera-
tive.

This paper establishes a novel physical simulation as an
experimental method for integrating “injection, soaking, and
production” to simulate dynamic flow in massive energy
replenishment based on online nuclear magnetic resonance
(NMR). The relationship between injection volume and pres-
sure is given and the evolution of full-scale pore space and
permeability is revealed. Afterwards, the fluid movability and
flow mechanism of massive water huff and puff are analyzed
using quantitative and visualization methods according to
NMR T2 and layered T2 spectra. Moreover, the effects of
injection method, injection volume, and production pressure
difference are investigated on the reservoir development effect.

2. Materials and methods
Massive energy replenishment can be subdivided into two

stages: Pressurized energy replenishment and depressurized
production. Therefore, the experiments of this paper were
designed in two parts: Regarding the evolution of physical
properties and massive water huff and puff.

2.1 Samples
Cylindrical cores were drilled from the same layer and

block of Jilin Oilfield in the Songliao Basin, which exhib-
ited similar physical properties. The target formation is the
Fuyu formation belonging to the fourth member of Lower
Cretaceous Quantou, a large-scale river deltaic depositional
system (Sun et al., 2012, 2015). It mainly consists the I and
III sand groups, with monolayer thicknesses ranging between
2∼4 m and 4∼10 m, respectively. The reservoir as a whole
is a typical tight sandstone reservoir, and the rock is mainly
feldspathic clastic sandstone with low quartz content. The
average wetting angle distribution indicates its preferential
hydrophilicity. Table 1 displays the physical properties of
samples. Parallel samples (P1 and P3) were taken for the pilot
tests on massive energy replenishment and as a reference for
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Fig. 1. Diagram of the online NMR physical simulation of massive energy replenishment.

Table 1. Physical properties of samples.

No. Length
(cm)

Diameter
(cm)

Porosity
(%)

Permeability
(10−3 µm2)

Q1 7.04 2.50 11.97 0.064

Q2 4.89 2.53 9.92 0.085

Q3 6.92 2.50 8.52 0.106

Q4 7.20 2.50 12.07 0.097

P1 6.94 2.50 8.39 0.064

P3 7.31 2.51 7.20 0.106

the high accuracy and reliability of the experimental results.

2.2 Fluid system
The experimental gases for porosity and permeability test-

ing included helium and nitrogen with a purity of 99.9%. The
experimental oils were simulated oil and fluorinated oil. Simu-
lated oil is an experimental medium, whose physical properties
are consistent with those of crude oil under field conditions,
presenting a viscosity of 2.5 mPa·s and a density of 0.9 g/cm3

at 25 ◦C. Fluorinated oil is an externally circulating medium
that provides confining pressure for the online NMR system
and does not generate any NMR signal. Due to the significant
difference in physical properties between fluorinated oil and
simulated oil, the experimental water was deuterium water
(D2O) without NMR signals. It has a purity of 99.9% and a
mineralization of 30,000 mg/L. Therefore, the detected NMR
signal can be solely attributed to the simulated oil.

2.3 Experimental setup
The experimental setup mainly included a high-

temperature and high-pressure online NMR test system,
a pressure setting and monitoring system, and a fluid
displacement system (Fig. 1). Among them, the online
NMR test system is the primary place for the massive

energy replenishment experiment, enabling real-time dynamic
monitoring during the whole process of fluid migration
via a data acquisition system. It reduces the uncertainties
affecting experimental accuracy caused by stress release and
changes in oil saturation due to the frequent core removal
in conventional physical simulation methods. The pressure
setting and monitoring system provides confining pressure
by fluorinated oil circulation. The fluid displacement system
primarily comprises a piston container, ISCO constant speed
and pressure displacement pump, manual pump, and pressure
gauge, among other devices.

2.4 Testing design
Tight oil cores exhibit significant capillary pressure and

limited water injection capacity, necessitating the considera-
tion of injection pressure as an indicator for evaluating the
injection capacity (Cheng et al., 2020). Besides, previous
studies have demonstrated that larger water injection volumes
lead to higher injection and formation pressures (Zhao et
al., 2015). Therefore, this study considers injection pressure
to represent variations in injection volume, with five points
designed based on actual formation pressures and different
pressure maintenance levels within the Jilin Oilfield, namely,
16 MPa (current formation pressure, 70% of pressure main-
tenance), 19 MPa (90% of pressure maintenance), 22 MPa
(initial formation pressure), 25 MPa (overpressure), and 27
MPa (overpressure). Furthermore, given that simulated oil
is the sole fluid containing NMR signal within cores, it is
employed instead of water to conduct experiments on the
evolution of physical properties and to investigate the energy
replenishment mechanism.

Samples with varying permeability (Q1∼Q3) were selected
to establish an estimation criterion for injection volume and
pressure (Fig. 2). Injection volume was determined by the vol-
ume difference in the displacement pump between pressurized
and injection stability, which was then normalized according
to the pore volume. In the Jilin Oilfield, the injection volume
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Fig. 2. Estimation criterion for the injection volume and
injection pressure.

had been estimated based on the pore volume of a single-well-
controlled reservoir with a permeability of 0.85×10−3 µm2.
Significantly higher results were obtained compared to the
actual injection volume, meeting the requirement for massive
injection. Simultaneously, the pilot tests demonstrated the
opening of microfractures. Therefore, the injection pressure
design method employed in this study is a feasible strategy
to reflect massive injection at the centimeter level of cores.
It addresses the limitations of indoor physical simulation
in designing the injection pressure alone, but it cannot be
combined with the injection volume estimation in the field
(Li et al., 2022c).

2.5 Experimental procedure
2.5.1 Evolution of physical properties

Samples Q1∼Q3 were used to conduct experiments on
the evolution of physical properties using simulated oil as
the injection medium. The specific experimental steps were
as follows:

1) Sample preparation: The sample was dried after oil and
salt washing, followed by the testing of fundamental
physical properties. Additionally, basal NMR testing was
performed.

2) D2O saturation: The sample was subjected to vacuuming
for a minimum duration of 6 h, followed by vacuum
saturation with D2O for 1 h. Subsequently, the sample
was transferred to a piston container filled with D2O and
pressurized at 16 MPa for 24 h to replicate the formation
conditions. At late saturation, weight tests with three
replicates were conducted at 16, 20 and 24 h. Saturation
was considered to be completed when the variation in
weight was negligible. NMR data was acquired upon
saturation completion.

3) Simulated oil saturation: The sample was saturated with
simulated oil in the core holder until no water was
produced at the outlet and a stable weight was achieved,
followed by aging treatment for 3 d. Then, NMR data
were examined to assess saturation.

4) Preparation: The saturated sample was loaded into online
NMR equipment, a confining pressure of 29 MPa was
applied, and the back and inlet pressures were increased
to 12 MPa for initial NMR data testing.

5) Massive liquid injection: A constant back pressure of 12
MPa was maintained while increasing the inlet pressure
to 16 MPa as a first test point due to the effective
fluid migration and displacement within the core under a
pressure difference of 4 MPa. This ensured the accurate
capture of changes in the NMR signal. NMR data were
collected during the injection process until the flow rate
of the displacement pump stabilized. The final-state NMR
data were obtained under the actual injection pressure.
The inlet pressure was sequentially increased to 19, 22, 25
and 27 MPa while maintaining a displacement pressure
difference of 4 MPa and simultaneously increasing the
back pressure until all designated points had been tested.

6) The samples were replaced and the procedures 1)∼5)
were repeated.

2.5.2 Massive water huff and puff

In order to further investigate the impact of physical
properties evolution on the recovery mechanism and effect
after massive energy replenishment, this study innovatively
took the back pressure at the inlet to replace the medium under
pressure maintenance conditions based on the aforementioned
experimental system. Q1 was taken to conduct a massive water
huff and puff experiment to analyze dynamic development
characteristics in different production stages. Simultaneously,
Q4 from the same well was taken as a control group for
moderate water huff and puff.

The injection pressure of massive water huff and puff was
27 MPa. The specific experimental procedures were as follows:

1) Medium replacement: After the experiment on the evo-
lution of physical properties taking Q1, the outlet back
pressure was set to 27 MPa and the inlet back pressure
was adjusted to 26 MPa by a manual pump. The valve
for the simulated oil was closed, while the valve for D2O
was opened. Subsequently, the displacement pump was
switched to a constant-speed mode with a rate of 10
mL/min to replace D2O rapidly. The process was con-
tinued until the collected liquid became clear, indicating
the completion of medium replacement.

2) Soaking simulation: The displacement pump was set to a
constant pressure of 27 MPa and the manual pump at the
inlet was closed for soaking, followed by NMR testing.

3) Production simulation: After 2 h of soaking, NMR data
were collected. The production pressure difference was
maintained at 4 MPa by reducing the back pressure to
23 MPa. NMR data were continuously monitored until
changes in the spectra were negligible, indicating the
completion of production under the actual production
pressure difference. Subsequently, the back pressure was
sequentially reduced to 19 and 12 MPa, resulting in
production pressure differences of 8 and 15 MPa, respec-
tively.

The injection pressure of moderate water huff and puff
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was 16 MPa, indicating the maintenance of actual formation
pressure. The sample preparation followed a similar procedure
as Steps 1∼3 in the experiments on the evolution of physical
properties and will not be reiterated here. The experimental
procedures were as follows:

1) Preparation: The saturated Q4 was loaded into the setup
with a confining pressure of 19 MPa, accompanied by
inlet and back pressures of 12 MPa. Subsequently, the
initial state NMR data were acquired.

2) Soaking simulation: The inlet and back pressures were
simultaneously increased to 16 MPa for soaking and the
acquisition of NMR data.

3) Production simulation: After 2 h of soaking, NMR data
were obtained. The production stage followed a similar
procedure as in massive water huff and puff (Procedure
3)). The back pressure was reduced by maintaining the
production pressure difference at 4, 8 and 15 MPa, while
the corresponding NMR data were collected.

2.6 Result tracking
Variations in the NMR T2 spectra among different states

effectively indicate changes in oil saturation within the core
according to the testing principle. Accordingly, a result track-
ing method was established for massive energy replenishment.

The relative increase in oil saturation characterizing the
evolution of pore structure during massive fluid injection is
expressed as:

Ci j =
Ai j −Ao j

Ao
×100% (1)

where i represents the different injection pressures; j rep-
resents the different-sized pores; Ci j represents the relative
increase in oil saturation, %; Ai j represents the signal of
different-sized pores under different injection pressures; Ao j
represents the signal of different-sized pores in the initial state;
and Ao represents the total signal in the saturated oil state.

Due to the coexistence of Darcy and non-Darcy flow in
rocks following massive fluid injection, the accurate track-
ing of absolute permeability becomes challenging. Therefore,
pseudo-permeability is employed to approximate the evolution
of flow capacity (Chevalier, 2013):

K =
µLQ
A∆p

×102 (2)

where K represents the pseudo-permeability, 10−3 µm2; µ

represents the fluid viscosity, mPa·s; L represents the length
of sample, cm; Q represents the fluid volume passing through
sample per unit time, cm3/s; ∆p represents the pressure
difference between the ends of sample, MPa; and A represents
the cross-sectional area of sample, cm2.

The recovery degree of different-sized pores in different
production stages is:

Ek j =
Ak j −Ao j

Ao
×100% (3)

where k represents the different production stages; Ek j repre-
sents the recovery degree, %; and Ak j represents the signal of
different-sized pores in different production stages.

3. Results and discussion
The positive correlation between NMR transverse relax-

ation time (T2) and pore size has been mathematically proven
in rocks. Based on the characteristics of NMR T2 spectra dis-
tribution in our experiments and previous research(Golsanami
et al., 2016; Umeobi et al., 2021), the pores are classified into
three categories: micro-, meso- and macropores, corresponding
to 0.01 ≤ T1 < 1 ms, 1 ≤ T2 < 100 ms, and T2 ≥ 100 ms,
respectively.

3.1 Physical properties response
3.1.1 Pore structure

Given the completion of saturation in all samples, the
variations in oil saturation combined with pore pressure during
massive energy replenishment can indicate the evolution of
pore structure. Figs. 3 and 4 illustrate the response of pore
structure to injection volume.

These results show different influences of the injection
volume on different-sized pores. With dynamic changes in the
injection pressure, the left and right peaks of NMR T2 spectra
change significantly, while the middle exhibits continuous fluc-
tuations. This observation suggests that the injection volume
primarily affects micropores and macropores, while it has a
negligible impact on mesopores. The shaded region in the right
peak gradually expands towards the upper right as the injection
pressure increases, and even a new peak emerges (Figs. 3(b)
and 3(c)), demonstrating the transition from the absence to the
presence of oil signal. The relative increase in macropores for
the three cores were 13.50%, 25.41% and 19.89%, respectively
(Fig. 4). It is noteworthy that, in a low permeability oilfield
located in Songliao Basin, the critical pressure required to
open the closed microfractures along the maximum horizontal
principal stress direction was determined as 19.4 MPa (Wang
et al., 2015a). Combined with saturation completion in the
experimental procedure, given the same sample source and
peak location, this observation concludes that microfractures
can be opened during massive energy replenishment, and the
extent of microfracture opening is positively correlated with
injection volume. However, the right peaks in Q1 and Q3
spectra nearly coincide at the injection pressures of 25 and 27
MPa (Figs. 3(a) and 3(c)), which indicates that microfracture
opening has reached its upper limit.

It can be observed that microfracture opening in cores
with lower permeability gradually increases with the injec-
tion volume rising (Fig. 4(a)). In contrast, cores with higher
permeability exhibit a high level of rapid opening during the
initial injection, followed by a steady rise (Figs. 4(b) and
4(c)). This is primarily attributed to pore structure evolution
and mechanical processes. The study block is preferentially
hydrophilic with a critical radius. Pores with a radius smaller
than this are predominantly occupied by water, while larger
pores contain a bound water film (Anderson, 1987). Lower
permeability leads to a higher relative proportion of water-
filled pores and a more significant influence of the effective
pore throat radius on flow resistance due to the smaller overall
pore size distribution. Additionally, poor connectivity between
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Fig. 3. NMR T2 spectra for core samples: (a) Q1, (b) Q2 and (c) Q3.
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Fig. 4. Quantitative analysis of pore structure evolution: (a) Q1, (b) Q2 and (c) Q3.

pores and throats increases the likelihood of stuck fluid and
restricts fluid sweep to smaller pores. As a result, fluid enriches
primarily in relatively larger pores for a continuous increase
in pore pressure with a lower deformation of macropores, the
opening of microfractures, slight increments in oil saturation
within mesopores, and negligible change in micropores (Figs.
3(a) and 4(a)). Due to the limited number of closed microfrac-
tures and the mechanical properties, an upper limit exists
for pore pressure increase and the opening of microfractures
concerning the injection volume.

It can be found that higher permeability leads to stronger
connectivity, broader pore size distribution and the diminished
influence of bound water film. Therefore, with increasing
injection volume, the injected fluid can increase the sweep
ability towards matrix pores. Consequently, larger pores ex-
perience deformation due to the stress effect from the slow
pore pressure rise. This phenomenon is manifested as an
increase in fluid saturation within micropores, as shown in
Figs. 4(b) and 4(c). Part of the increasing injection volume
enhances the elastic energy of deformed pores. Therefore,
a larger injection volume is required to elevate the pore
pressure to sustain the microfracture opening (Fig. 3(b)). The
deformation of pores controlled by a small throat is greater

than that of a large throat, and pores with larger deformation
are more challenging to recover due to the same elastic limit.
Combined with the rock properties and feldspar dissolution
pores (Zhong et al., 2020), certain pores are difficult to recover,
causing weakened flow capacity. Consequently, Q2 exhibits
stronger deformation than Q3, and Q3 facilitates flow in micro-
mesopores with a negative oil saturation (Figs. 3(c) and 4(c)).
However, the re-entry of injected fluid into these pores be-
comes difficult after initial flow due to wettability and capillary
forces. This leads to a gradually developing mass balance via
the formation of a preferential channel between microfractures
and matrix pores and the appearance of a challenging pressure
elevation in larger pores. Thus, microfracture opening reaches
its upper limit.

During massive energy replenishment, microfracture open-
ing dominates the evolution of pore structure, and its upper
limit corresponds to an optimal fluid injection volume. Based
on rock debris, Li et al. (2022c) inferred that microfractures
are induced by high-pressure water injection. However, our
findings offer a factual foundation supported by quantitative
analysis for the opening of microfractures. Mesopores are
essential channels for fluid migration between micropores and
macropores, maintaining a dynamic balance of fluid volume
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Fig. 5. Fluid migration of Q2 during massive injection: (a) Initial state, (b) 16 MPa (1 h), (c) 16 MPa (2.5 h), (d) 19 MPa
(1.5 h), (e) 19 MPa (2.5 h), (f) 22 MPa (2 h), (g) 25 MPa (2 h) and (h) 27 MPa (2 h).

and pressure as long as the flow state is maintained. Increased
fluid injection volume yields three manifestations of microp-
ores: no significant change, increased quantity, and enhanced
flow capacity, with the likelihood of occurrence increasing
with growing permeability.

3.1.2 Fluid migration

The impulse sequence of NMR layered T2 is highly
sensitive to the mobile fluids in porous media. Layered T2
spectra can track the dynamic change in oil content in varying
pores and cross-sections to achieve the visualization of fluid
migration. Fig. 5 illustrates the layered T2 spectra of Q2 with
increasing injection volume. Fluid injection occurs from right
to left, and a total of 11 layers represent corresponding cross-

sections ranging from 1 ∼−1.
Massive energy replenishment can be divided into two

stages. Stage I involves an injection pressure range of 16 ∼ 19
MPa, characterized by the initial opening of microfractures
and the deformation of certain macropores due to a small
injection volume. At this stage, the low pore pressure in-
duces compression or the closure of certain macropores and
microfractures with the original oil distribution under intense
stress conditions (red circle, Fig. 5(b)). Additionally, lower
permeability leads to a slow pressure propagation rate, result-
ing in more intense stress at the outlet than the center and inlet,
noticeably weakening the flow capacity. As the injection time
and volume increase, a pressure-out area forms at the inlet
while microfractures begin to open initially. Consequently,
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Fig. 6. Evolution of permeability: (a) Fitted curve of the increase in flow capacity under varying injection pressures and (b)
pseudo-permeability at each injection pressure.

both the flow channel and the fluid-solid contact area expand,
leading to a larger pressure sweep area (white circle, Figs.
5(c) and 5(d)). Moreover, a gradual involvement of matrix
micropores in the flow is observed (red circle, Fig. 5(d)).
Stage II corresponds to an injection pressure range of 22 ∼ 27
MPa, characterized by rapid strengthening in the opening of
microfractures and elastic recovery on deformation due to the
massive fluid injection. Upon increasing the injection volume,
microfractures continue opening at the inlet, facilitating the
inflow of injected fluid into matrix pores under various forces,
such as inertial force, viscous force, and the fracture-matrix
pressure difference. Thus, fluid distribution within the pores
changes continuously. As pore pressures rise during this stage,
there is a gradual recovery in elastic deformation (red circle,
Fig. 5(f)). Although oil content decreases over time within
these specific-sized pores, it does not entirely disappear, indi-
cating that the flow capacity cannot be restored to its initial
state.

Massive energy replenishment can increase the involve-
ment of more pore throats in the flow, with varying increases in
flow capacity at different locations. Notably, the inlet exhibits
a higher capacity for flow increase than others, while the outlet
may experience potentially irreversible deformation. There-
fore, it is crucial to regulate production pressure differences
in practice to prevent the significant stress sensitivity within
the near-well zone of production wells under intense stress,
which could reduce the flow capacity.

3.1.3 Permeability

Permeability is a critical parameter that characterizes the
fluid flow capacity in porous media and influences the en-
ergy replenishment effect. Pseudo-permeability was evaluated
according to Eq. (2) to track the flow capacity at different
injection volumes (Fig. 6). The increase in flow capacity was
subsequently obtained by normalizing the pseudo-permeability
to its value at 16 MPa. Fig. 6(a) presents the fitted curve of
the increase in flow capacity under varying injection pressures,

which reveals an exponential trend. The above discussion
emphasizes that massive energy replenishment can open closed
microfractures. The flow capacity under massive liquid injec-
tion was observed to be 5.71-16.23 times to its response under
intense stress. Permeability is highly sensitive to the pore size
(Haghi et al., 2018). Therefore, the flow capacity of cores with
greater deformation exhibits a more significant increase (Q2)
after elastic recovery.

Pseudo-permeability and initial permeability have a spe-
cific correlation during massive energy replenishment (Fig.
6(b)). A higher initial permeability leads to a delayed inflec-
tion point of pseudo-permeability, indicating higher injection
pressure and volume requirements. This can be attributed to
larger pore throats contributing significantly to permeability.
As a result, the influence of initial opening of microfrac-
tures on increasing pseudo-permeability is not prominently
observed and necessitates more openings. This finding can
be reverse validated by the fact that the impact of partial
microfracture closure on the permeability of high-permeability
cores was comparatively inferior to that observed in low-
permeability cores under effective stress loading (Norbert and
Georg, 2009). However, abnormal correlations were observed
between pseudo-permeability at each injection pressure and
initial permeability. For instance, compared to Q3, Q1 with
the smallest initial permeability exhibited a similar pseudo-
permeability at the injection pressure of 27 MPa.

The influence of fluid injection on permeability in tight
sandstone primarily stems from rock deformation rather than
colloid migration (Kozhevnikov et al., 2024). Therefore, the
specific pseudo-permeability relies on the combination of
microfracture opening and predominant manifestation in mi-
cropores. The assessment of the evolution of pore structure
revealed microfracture opening in all three cores, which ne-
cessitates heightened attention toward micropores. This finding
is consistent with the conclusion proposed by Nishiyama and
Yokoyama (2017) that matrix pores play a crucial role in
limiting the flow capacity in the matrix-fracture model. The
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Fig. 7. NMR T2 spectra of water huff and puff in different modes: (a) Massive injection in Q1 and (b) moderate injection in
Q4.

minimal change observed in the micropores of Q1 suggests
that pseudo-permeability is primarily influenced by microfrac-
ture opening, leading to higher values than others. Meanwhile,
the unrecovered deformation on Q2 demonstrates irreversible
rock damage and increases the flow resistance. Therefore,
the flow capacity is inferior to that of Q1, and pseudo-
permeability is diminished. The micropores in Q3 exhibit
increased quantity, improved elastic recovery and enhanced
flow capacity, hence its pseudo-permeability surpasses that
of Q2. The flow capacity will be significantly enhanced
until the flow balance between microfractures and matrix
or the continuous opening of microfractures, which aligns
with the right shift in its infection point. Therefore, when
implementing massive energy replenishment at oilfields to
maximize fluid flow capacity, careful attention must be paid to
the combination of predominant micropore manifestation and
microfracture opening.

3.2 Flow mechanism
3.2.1 Fluid movability

Fig. 7 depicts the NMR T2 spectra of massive and moderate
water huff and puff under different production pressure differ-
ences. The gradual decrease in spectral lines with increasing
production pressure difference indicates oil movability in all
pores under both energy replenishment modes. However, the
two modes differ significantly in fluid movability. Furthermore,
moderate water huff and puff exhibits an extended right
endpoint ranging from 1,162.32 ms after soaking to 3,529.71
ms (Fig. 7(b)), indicating the oil enrichment in microfractures,
which contrasts with massive water huff and puff.

The fluid movability under the two development modes
(Fig. 8) can be calculated combining Fig. 7 and Eq. (3).
The permeability differs in massive and moderate water huff
and puff, measuring 0.064 × 10−3 and 0.097 × 10−3 µm2,
respectively (Table 1). However, it is noteworthy that the
recovery degree at all production stages in Q1 surpasses that

of Q4, indicating a significant enhancement in the recovery
degree of cores with smaller permeability due to massive
water huff and puff. This development mode enhances oil
movability in all pores during soaking. In the production
stage, there is a rapid increase in the recovery degree with a
distinct inflection point at 4 MPa, followed by a more gradual
increase as the production pressure differences increase (Fig.
8(a)). The recovery degree of macropores exhibits a continuous
rise, while the oil saturation in micro-mesopores initially
decreases and then increases. Conversely, the recovery degree
and production pressure difference exhibit a linear relationship
in moderate water huff and puff (Fig. 8(b)). This observation
is related to the linear pressure distribution that is achieved
once the fluid flow in the matrix reaches a steady state (Sun
et al., 2023).

The above-listed data indicate that changes in the pressure
sweep area and pore structure resulting from massive water
huff and puff influence the recovery mechanism. Our findings
on the evolution of physical properties demonstrate that mas-
sive injection significantly increases the pore pressure and the
flow channels between water and matrix after microfracture
opening. As a result, the injected water exhibits an improved
ability to penetrate into matrix pores through microfractures
with reduced flow resistance under the applied pressure. A
significant improvement in mass transfer rate and capacity
is observed between microfractures and matrix. Therefore,
after a short soaking period, the recovery degree undergoes
remarkable enhancement compared to moderate water huff
and puff, accounting for 67.69% of the total recovery degree-
twice that of the production stage (32.31%). Upon increas-
ing the production pressure difference, the increase in flow
channels and decrease in flow distance lead to an enhanced
capacity and range for pressure sweep while reducing the
oil drainage disconnection. Consequently, the recovery degree
rapidly reaches its maximum value of 42.38% at a production
pressure difference of 4 MPa, comparable to the achievement
for Q4 at 15 MPa. Higher production pressure differences
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Fig. 8. Fluid movability of water huff and puff in different modes: (a) Massive injection in Q1 and (b) moderate injection in
Q4.
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Fig. 9. Production characteristics of Q1 after re-soaking: (a) NMR T2 spectra and (b) fluid movability.

can significantly enhance oil recovery in macropores and
microfractures, with Q1 exhibiting a recovery degree of 5.58%
higher than Q4. However, stable or increased oil saturation
in micro-mesopores indicates oil backflow, leading to a low
final recovery degree at 8 MPa during massive water huff and
puff. To understand the underlying cause of this anomalous
phenomenon, further analysis considering fluid migration is
required. The recovery degree rebounds when the production
pressure difference reaches 15 MPa; however, it still remains
relatively low, making it the primary focus for subsequent
development.

3.2.2 Effect of re-soaking on oil recovery

In order to effectively mobilize fluid within micro-
mesopores, Q1 was soaked for an additional 10 h according
to the movability characteristics observed during soaking in

massive water huff and puff. Fig. 9 presents the production
characteristics after re-soaking. A significant decrease is ob-
served in the left peak, while there is a slight drop in the
middle accompanied by the disappearance of a small peak
and an increase in the right peak (Fig. 9(a)). This observation
suggests that re-soaking forces residual oil in mesopores to
migrate into larger ones along with the oil drained from
micropores and enriched in macropores. Thus, compared to
initial production, there is a notable enhancement of 12.5%
in the recovery degree (Fig. 9(b)). Furthermore, the right
peak rapidly decreases during re-production at 15 MPa and
nearly coincides with it before re-soaking. This phenomenon
indicates that oil enriched in macropores is swiftly drained
during re-production, resulting in an overall recovery degree
approaching the upper limit.

The significant improvement in energy enhancement and
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accumulation during soaking in massive water huff and puff
leads to a notable enhancement in the recovery degree. How-
ever, in production, an effective combination of flooding and
soaking is necessary to mobilize fluid within micro-mesopores,
with the crucial parameters of injection volume and soaking
timing.

3.2.3 Visualization of the flow mechanism

Based on the evolution of physical properties in massive
energy replenishment and the fluid movability in massive water
huff and puff, it is evident that the flow mechanism differs
between massive and moderate water huff and puff (Figs. 10
and 11).

After massive water injection, closed microfractures grad-
ually open with small openings due to the increased pore
pressure. The narrow plane dramatically enhances imbibition
efficiency and mass transfer during soaking, and the increased
pore pressure assists the viscous driving force to overcome
the capillary force within micropores for imbibition and
drainage (white circle below, Fig. 10(b)). Simultaneously, the
pronounced reduction in flow distance and resistance facilitates
the migration and enrichment of drained oil into macropores
at the outlet, driven by improved energy enhancement and
accumulation resulting from high-pressure injection (white
circle above, Fig. 10(b)).

The increase in pore pressure and production pressure
difference after soaking facilitates the rapid drainage of oil
enriched in macropores and microfractures, driven by viscous
forces (Figs. 10(c) and 10(d)). Simultaneously, the viscous
resistance exerted by single-phase oil on pore walls and the
flow resistance of oil-water two-phase are offset for the above
two reasons, thereby significantly enhancing the oil washing
efficiency within macropores (Figs. 10(e) and 10(f)). However,
the injected water can readily establish a preferential flow
path at a specific pore throat level due to its tendency toward
minimum energy. Once the oil droplets precipitated or the
oil film adsorbed on the microfracture walls of this path are
almost entirely stripped away, the two-phase flow transitions
into a single-phase flow dominated by the injected water. As
the injection front at the inlet and the pressure continue to
sweep towards the deep matrix, the injected water volume
imbibing into the matrix decreases while water saturation
continues to increase. Consequently, the migration of drained
oil droplets in the matrix pores primarily relies on the carry-
over and extrusion effect of injected water, potentially leading
to their backflow to micro-mesopores or even the deeper
matrix. This process leads to fluctuations in oil saturation
within these pores until imbibition occurs again as a result
of oil accumulation in the micropores (white circle, Fig.
10(e)). These findings are similar to the proposition by Li
et al. (2022b) regarding the carry-over and flushing effects
in multiple cycles of water injection. At present, continuous
increases in production pressure differences are ineffective in
oil recovery, leading to a dynamic balance between water
injection and oil production. Re-soaking results in increased
oil drainage through imbibition from micropores towards the
outlet for enrichment, which is attributed to the prolonged
massive injection and the enhanced energy enhancement and

accumulation (white circle, Fig. 10(k)). Ultimately, oil is
recovered during re-production.

During moderate water huff and puff, the limited pene-
tration of injected water into matrix pores in soaking poses
a challenge in changing the oil distribution (Figs. 11(a) and
11(b)). The primary flow mechanism relies on increased
production pressure difference and prolonged production time
for the injected water to gradually sweep towards the deep
matrix. Due to a longer contact time between injected water
and matrix pores at the inlet, oil drainage from these pores
is extended (Figs.11(c) and 11(d)). Thus, the increase in
production pressure difference leads to the drained oil droplets
progressively migrating towards macropores at the outlet over
a long flow distance and duration, indicated by a shift in oil
saturation towards larger T2 at the outlet (white arrows, Figs.
11(e) and 11(f)).

As a consequence, massive water huff and puff in the
oilfield can significantly enhance the energy field and fluid
flow capacity for a substantial enhancement of oil recovery.

4. Conclusions
The present study designed an online NMR simulation

experimental method integrating “injection, soaking and pro-
duction” for massive energy replenishment and simulated its
dynamic flow process. On the one hand, the findings eluci-
dated the evolution of rock physical properties and massive
energy replenishment mechanism. On the other hand, the fluid
movability and flow mechanism in massive water huff and
puff were revealed. This work provides a theoretical basis for
understanding massive energy replenishment. The following
main conclusions could be drawn:

1) The evolution of pore structure primarily involves mi-
crofractures and micropores, which can be classified into
two stages based on injection volume: Initial opening of
microfractures and deformation of partial larger pores
during the injection of small volumes, followed by the
rapid opening of microfractures and the partial elastic
recovery of deformation under massive fluid injection.

2) Massive energy replenishment can promote the involve-
ment of more pore throats in the flow. However, the flow
capacity increase varies across different locations, with
a more pronounced increase observed at the inlet than
others. A larger fluid injection volume leads to an en-
hanced opening degree of microfractures. The increase in
permeability positively influences fluid movability within
micro-mesopores.

3) The increase in pseudo-permeability exhibits an exponen-
tial increase with the injection volume during massive
energy replenishment, and its inflection point presents a
positive correlation with initial permeability. The pseudo-
permeability for each injection volume primarily relies
on the combined influence of microfracture opening and
dominant manifestation of micropores.

4) Massive water huff and puff can significantly enhance
oil recovery by increasing pore pressure and the number
of flow channels. It achieves a remarkable energy en-
hancement and accumulation effect after soaking, leading
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Fig. 10. Fluid migration in massive water huff and puff in Q1: (a) Oil saturated state, (b) after soaking, (c) 4 MPa (1 h), (d)
4 MPa (2 h), (e) 8 MPa (1 h), (f) 8 MPa (2 h), (g) 8 MPa (3 h), (h) 8 MPa (5 h), (i) 15 MPa (1 h), (j) 15 MPa (3 h), (k)
re-soaking and (l) re-production at 15 MPa.
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Fig. 11. Fluid migration in moderate water huff and puff in Q4: (a) Oil saturated state, (b) after soaking, (c) 4 MPa (1 h), (d)
4 MPa (1.5 h), (e) 8 MPa and (f) 15 MPa.

to a substantial migration and enrichment of oil drained
by imbibition towards macropores at the outlet. The
inflection point of the recovery degree enhancement is
observed under a small production pressure difference
and production time. However, the increasing production
pressure difference does not effectively mobilize the fluid
in micro-mesopores due to the carry-over and extrusion
effect of water phase on oil droplets in the matrix. There-
fore, it is imperative to integrate flooding and soaking,
with careful consideration of the injection volume and
the soaking timing.
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