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The paper presents a novel waterflooding technique, coupling cyclic high-pressure water slug injection with an asynchronous
injection and production procedure, to address the inefficient development of low-permeability oil reservoir in Shengli
Oilfield, a pilot test with 5-spot well pattern. Based on the first-hand data from the pilot test, the reservoir model is
established. With an in-depth understanding of the mechanism of the novel waterflooding technique, different simulation
schemes are employed to screen the best scheme to finely investigate the historical performance of the pilot test. The
production characteristics of the pilot test are both qualitatively and quantitatively investigated. It is found that the novel
waterflooding technique can provide pressure support within a short period. And the formation around the injector is
significantly activated and deformed. Once passing the short stage of the small elastic deformation, the reservoir
immediately goes through the dilation deformation accompanied with the opening of microfractures so that the reservoir
properties are significantly improved, which leads to better reservoir performance. With the multicyclic dilation-
recompaction geomechanical model, the impact of pressure cyclic evolution on the reservoir properties and performance
under the novel waterflooding mode of cyclic high-pressure water slug injection is taken into consideration. The historical
data of the pilot test is well matched. In the study, a high-precision simulation scheme for the novel waterflooding
technique in low-permeability reservoirs is proposed, which provides significant technical support for further optimization
of the pilot test and large-scale application of the novel waterflooding technique.

1. Introduction

About 38% of the global and 46% of China’s oil and gas
resources are of low quality mainly in low-permeability reser-
voirs, which need to be effectively developed to ensure sus-
tainable development worldwide [1–4]. In recent years,
with the exploration and development of unconventional
oil and gas, numerous studies on the efficient development
of low-permeability reservoirs have been done by many
researchers [5–11]. With the application of horizontal well,
multistage hydraulic fracking and acidizing, synchronous/a-
synchronous water injection, advanced water injection, lay-

ered water injection, and other techniques, the low-
permeability reservoir is commercially and sustainably devel-
oped [12–21]. At present, water injection is still the primary
method for the development of low-permeability reservoirs.
But the effectiveness of water injection varies according to
the formation characteristics. As to the reservoir with the
development of fracture, the injected water tends to transport
along the fracture, leading to water channeling and ineffec-
tive water injection. As to the low-permeability reservoir
without fracture development, the poor reservoir properties
with high start-up pressure gradient have a negative impact
on the injectivity, such as Block A of Shengli Oilfield.
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Therefore, according to different reservoir characteristics, an
effective pressure-driven system between the injector and
producer needs to be established to optimize the water injec-
tion. Based on traditional water injection mode and technol-
ogy, it is urgent to develop an effective water injection mode
and corresponding supporting technology to improve the
reservoir performance, where many researchers have con-
ducted extensive research. Wu et al. proposed a development
scheme for ultra-low-permeability reservoirs, combining
cyclic water injection, volumetric stimulation, and asynchro-
nous injection-production into a novel recovery technique
[22]. A feasibility study of water injection pressure close to
failure pressure for a low-permeability reservoir was con-
ducted by Liang et al. [23]. Inspired by the idea of hydraulic
fracking in shale gas reservoirs, Liu et al. proposed a develop-
ment method for fractured-vuggy reservoirs, increasing the
injection pressure to the failure pressure so that the connec-
tion between the well and the cavity is established to enhance
reservoir performance [24]. Based on the extensive investiga-
tion and evaluation, Shengli Oilfield proposes an innovative
waterflooding technique, coupling cyclic high-pressure water
slug injection with an asynchronous injection and produc-
tion procedure. And a pilot test is carried out with 5-spot well
pattern. Various techniques, combined into a novel water-
flooding mode, have been implemented to efficiently develop
Block A, such as high-pressure water injection with multi-
cycle, large injection volume, and asynchronous injection-
production.

The paper presents a high-precision numerical simula-
tion method for the novel waterflooding technique applied
in Shengli Oilfield, including the primary mechanisms of
the process. Taking the pilot test in Block A of Shengli Oil-
field as an example, the reservoir model, which employs a
multicycle dilation-recompaction geomechanical model to
finely history-match the pilot test data, is established to
quantify the evolution of reservoir properties and reservoir
performance during high-pressure water slug injection. With
this methodology presented in the study, not only the pilot
test can be further optimized, leading to a more efficient
and sustainable development, but also the feasibility of
high-pressure water slug injection applied to other low-
permeability reservoirs can be quantitatively analyzed and
evaluated, which promotes the development and application
of high-pressure water slug injection technology in China
and worldwide.

2. Reservoir Model and Simulation Schemes

2.1. Overview of Block A. The development of the block has
started since 2014. The target formation is the third member
of Shahejie Formation in the Dongying Depression, which is
low-permeability lithologic reservoir with average pore
throat radius of 0.39μm. The average porosity of the reser-
voir is 20%. And the average permeability is 5md. Before
the pilot test of high-pressure water slug injection, the pilot
site is depleted for several years with the cumulative oil pro-
duction of 0:63 × 104 t, the cumulative water production of
0:39 × 104m3, and cumulative water injection of 0:27 × 104
m3. The reservoir is depleted without any energy supplement

for years, leading to a rapid decline in productivity. Before
the pilot test of high-pressure water slug injection, only one
well is producing with an average daily liquid production of
1.3 t, daily oil production of 1.0 t, and water cut of 21.2%.
With the high-pressure water slug injection for about two
months, the cumulative injection water of four slugs is 6:0
× 104m3. The cumulative oil/water production of the pilot
test is 373.7 t and 322 m3, respectively. The pilot test per-
forms as expected. But there is an urgent need to clarify the
mechanism of the process and establish a systematic under-
standing of the novel technique. Meanwhile, the correspond-
ing simulation technology for the novel waterflooding mode
needs to be developed to promote the efficient development
of low-permeability reservoirs with the high-pressure water
slug injection.

2.2. High-Pressure Water Slug Injection. The low-
permeability reservoir with poor reservoir properties results
in relatively high seepage resistance and start-up pressure.
High-pressure water injection not only reduces the negative
impact arising from high seepage resistance and start-up
pressure, leading to the increase of the injectivity, but also
overcomes the additional resistance induced by capillary
force and improves the recovery, which effectively overcomes
the related problems on low water injectivity and oil recovery
and comprehensively improves the low-permeability reser-
voir performance from both injection and production sides.
With the depletion of the reservoir, the reservoir pressure
decreased rapidly. Compared with the traditional water
injection mode, the high-pressure water slug injection with
a large injection volume can provide the formation with tre-
mendous energy within a short period. With the high-
pressure water slug injection in low-permeability reservoirs,
the BHP of the injector is close to the failure pressure. And
the formation around the injector is effectively activated with
dilation. With the opening of microfractures around the
injector, the reservoir properties (permeability and porosity)
are significantly improved, which leads to better reservoir
performance.

2.3. Dilation-Recompaction Model. The application of high-
pressure water slug injection leads to high water injectivity
within a short period. The conventional numerical reservoir
model has several limitations to deal with the novel water-
flooding mode. Firstly, high-pressure injection with large
injection volume results in the rapid BHP build-up (BHP
higher than failure pressure), which does not align with the
actual situation (BHP close to failure pressure). Meanwhile,
the rapid pressure build-up will lead to poor numerical sta-
bility of the model. Secondly, the conventional simulation
method cannot objectively represent the piecewise and
path-dependent evolution of reservoir properties with the
pore pressure. In a word, the conventional way cannot objec-
tively simulate activated and significantly deformed forma-
tion due to the high-pressure water slug injection.

In this study, the multicyclic dilation-recompaction geo-
mechanical model is introduced to make up for the limita-
tions of the conventional simulation method and establish
the simulation technique for the high-pressure water slug
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injection, finely simulating the pilot test. The multicyclic
dilation-recompaction geomechanical model, also referred
as the Beattie-Boberg model, was proposed by Beattie et al.
for the first time to depict the cyclic deformation of rock with
pressure under cyclic steam stimulation (CSS). The model
quantitatively characterizes the piecewise and path-
dependent evolution of porosity with reservoir pressure, as
shown in Figure 1 [25–29].

With the injection of huge amounts of fluids, the pore
pressure increases from the initial reservoir pressure, and
the effective stress decreases. The rock behaves elastically,
and the porosity changes slightly with the pressure (from
point a to point b in Figure 1). If the pressure decreases from
a point on the elastic curve at a certain moment, porosity fol-
lows a reversible elastic compaction curve to the initial reser-
voir porosity (from point b to point a in Figure 1). As
pressure continues to increase to exceed the dilation pressure
(PD), dilation of the reservoir occurs. Then, porosity follows
the irreversible dilation curve until either pressure declines
or the maximum porosity (ϕmax) is reached (from point b
to point c in Figure 1). In the model, the maximum porosity
(ϕmax) is related to the rat, which is the maximum allowed
proportional increase in porosity. The minimum allowed
value of rat is 1. The maximum recommended value of rat is
1.3, which is the upper limit for rat. Porosity increases rapidly
with the increase of pressure during dilation. If pressure
decreases from a point on the dilation curve, there are two
stages of compaction: one is elastic compaction, and the
other one is recompaction. Once the pressure begins to
decline, before it reaches the recompaction pressure (PR),
porosity follows a reversible elastic compaction path (from
point c to point d in Figure 1). As pressure decreases further
till the pressure is less than the recompaction pressure (PR),
recompaction occurs. This process is irreversible (from point
d to point e in Figure 1). The residual dilation fraction (f r) is
defined as the fraction of the total dilation that is permanent
and unrecoverable. For instance, f r = 0 means that the pore
volume that increased from dilation could be diminished
completely and f r = 1 indicates that the dilation of the block
is maintained definitely.

With the multicyclic injection, the rock follows the same
rule but with cyclic dilation-recompaction evolution, as
shown in Figure 2. When the pressure increases from a point
on the recompaction curve, the reservoir follows an elastic
compaction path until reaching the dilation curve. Then,
the dilation occurs again, as shown in Cycle 1. If the pressure
begins to decrease before the dilation pressure is reached, the
reservoir undergoes reversible elastic deformation. With the
decrease of the pressure, the reservoir undergoes elastic com-
paction or even recompaction, as shown in Cycle 2. The mul-
ticyclic dilation-recompaction geomechanical model
essentially reflects that the rock property evolution follows
a piecewise and path-dependent rule. In this model, the ana-
lytical relation between the porosity and pore pressure is
expressed by the following equation:

ϕ = ϕre
c p−prð Þ½ �, ð1Þ

where c is the compressibility; pr is reference pressure; and ϕr
is the porosity at the reference pressure.

Due to the stress sensitivity of a low-permeability reser-
voir, the reservoir permeability also evolves with the pressure.
The analytical correlation is that the permeability evolves
with the porosity which is a function of reservoir pressure
[30–35]. We model the permeability change with the follow-
ing analytical dilation-recompaction permeability model.
The permeability is a function of fluid porosity via a perme-
ability multiplier. Based on the equation, the change of per-
meability with porosity is more significant if a bigger
multiplier is applied.

K = K0e
KMUL ϕ−ϕ0ð Þ/ 1−ϕ0ð Þ½ �, ð2Þ

where K0 is the original permeability; KMUL is a user-defined
permeability multiplier; and ϕ0 is the original porosity.

With the large amounts of water being injected, the pore
space is greatly expanded along with the storage of the elastic
energy, so that the pore pressure increases with the decrease
of the effective stress, leading to enhanced reservoir proper-
ties and better reservoir performance. The key geomechani-
cal parameter dominating each deformation stage is the
piecewise rock compressibility, to which different values are
assigned based on the range of pore pressure and the direc-
tion of the pore pressure change.

2.4. Reservoir Model. Based on the CMG, a homogeneous 3D
reservoir model of high-pressure water slug injection is estab-
lished. The dimensions of the numerical model are 1500m
× 1950m × 4:5m, corresponding to the length, width, and
thickness of the reservoir, respectively. One vertical injector
and four vertical producers, which are perforated from top
to the bottom of the reservoir, are simulated in the model
for a 5-spot well pattern, as shown in Figures 3 and 4. 6:0 ×
104m3 of water is injected by four slugs for the pilot test in
two months, as shown in Figure 5. The specific parameters
employed in the numerical model are listed in Table 1. The
specific parameters used in the dilation-recompaction model
are listed in Table 2.

3. Numerical Simulation

Based on the numerical model established above, the high-
precision simulation method suitable for the novel high-
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pressure water slug injection is investigated. Then, the histor-
ical performance of the pilot test can be examined and the
relevant mechanisms of the high-pressure-driven water-
flooding can be quantified, which provides scientific guid-
ance for the large-scale application of this technique.

3.1. Numerical Simulation without Dilation-Recompaction
Model. Based on the reservoir engineering method, the com-
pressibility coefficient of reservoir rock is inverted as
~5:0 × 10−3Mpa-1 with the collected pressure data from pro-
ducer 4, which indicates that the rock is highly compressible.
It provides storage space for the fluid injected by the high-

pressure injection scheme. Combined with the calibration
of reservoir permeability and other simulation techniques,
we try to match historical data. Figure 6 illustrates that oil/-
water production data can be well matched by this method.
But the pressure cannot be matched. The results of history
matching on pressure are shown in Figure 7(a), where the
error cannot be ignored. The simulated pressure is much
larger than the actual data. The compressibility coefficient
is adjusted to reduce the gap between the simulated data
and real data. The history matching on pressure tends to be
better, but the results are still not good enough, as shown in
Figure 7(b).

3.2. Numerical Simulation with Dilation-Recompaction
Model. With an in-depth understanding of the mechanism
of high-pressure water slug injection, it is recognized that
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Table 1: List of model parameters.

Model dimensions (m) 1500 × 1950 × 4:5
Thickness (m) 4.5

Depth (m) 3200

Porosity 20%

Permeability (md) 5

Initial reservoir pressure (MPa) 28

Reservoir temperature (°C) 123

Table 2: Parameters used in the dilation-recompaction model.

Initial reservoir pressure (P0) (MPa) 28

Dilation pressure (PD) (MPa) 50

Recompaction pressure (PR) (MPa) 30

Compressibility coefficient (cab) (1/kPa) 8.5E-6

Dilation compressibility coefficient (cbc) (1/kPa) 3.0E-4

Residual dilation fraction (f r) 0.1

Maximum allowed proportional increase in porosity (rat) 1.3

Permeability multipliers (I/J/K) (KMUL) 50
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the reservoir properties around the injector are effectively
and dynamically improved. The reservoir around the injector
undergoes significant dynamic deformation. The compres-
sion coefficient of the conventional rock model is static, and
it cannot represent piecewise and path-dependent change

of the reservoir properties with the cyclic evolution of pres-
sure. In other words, the conventional simulation scheme is
impossible to precisely reproduce the physical process of
high-pressure water slug injection, where the rock properties
evolve with cyclic pressure from the elastic stage with small
deformation to the dilation with large deformation. There-
fore, based on the previous simulation scheme, coupled with
the dilation-recompaction geomechanical model, the BHP of
producer 4 can be further matched, as shown in Figure 8.
Based on the simulation method coupled with dilation-
recompaction geomechanical model, historical data can be
well matched, but the early part of the simulation for the
pressure response is still poor.

In the system of multiphase flow in porous media, the
efficiency of energy transfer is positively related to permeabil-
ity. Based on the dilation-recompaction geomechanical
model, three submodels are established to analyze the sensi-
tivity of the permeability multiplier to further match the
pressure. The simulation results suggest that scheme 2 is
the best case to match the pressure compared with other
schemes, as shown in Figure 9. The parameters of sensitivity
analysis are listed in Table 3.
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3.3. Evolution of Pressure and Reservoir Properties. Based on
the best case, the dynamic evolution of reservoir properties
(porosity and permeability) and transient pressure behavior
are finely studied.

3.3.1. The BHP Evolution of the Injector. The dynamic evolu-
tion of BHP of the injector is further studied based on the
above cases. The simulation presented in Section 3.1 shows
that the BHP of the injector increases continuously and peri-
odically, as shown in Figure 10(a). This is because the con-
ventional simulation scheme cannot objectively reflect the
dynamic evolution of reservoir properties (porosity and per-
meability) during the high-pressure water slug injection. This
simulation method, without taking the dilation-
recompaction model into consideration, only characterizes
the gradual reversible elastic small deformation. It cannot
characterize piecewise and path-dependent deformation.
With the pressure close to the failure pressure, the large
deformation actually occurs and microfractures near the
wellbore are activated. Due to the limitation of this simula-
tion scheme, with the large volume of injected fluid, the elas-
tic energy cannot spread out in time. Therefore, the pressure
will continue to increase in each cycle of water slug injection,
resulting in the “cyclic and continuous pressure build-up”
behavior.

The simulation method presented in Section 3.2 con-
siders the geomechanical factors and the dilation-
recompaction model. It can be observed that during the
high-pressure water slug injection, the BHP is relatively sta-
ble, which is kept basically around 50MPa. Such response
of BHP tends to align with the actual situation, stable and
close to failure pressure. The formation energy is efficiently
replenished due to the large volume of injected water within
a short time. Meanwhile, the reservoir rocks are efficiently
deformed. The dilation with large deformation occurs imme-
diately after a short elastic stage with small deformation. The
reservoir near the injector is effectively activated with the
improved reservoir properties, providing storage space for
the injected water and facilitating the diffusion of elastic
energy to the producer from the injection spot. Because the
pressure is easily diffused outwards from the injection spot,

the pressure does not build up around the injector, facilitat-
ing the water injection. This is also the reason why 6:0 ×
104m3 of water can be effectively injected within a short time
(~2 months). The large pressure fluctuation in Figure 10(b)
occurs at the moment of restarting injection after the soak-
ing. During the soaking stage, the pressure continues to dif-
fuse outwards from the injection spot and decreases,
triggering the compaction of reservoir rocks and leading to
relatively poor reservoir properties at that moment. At the
beginning of the next water slug injection cycle, the pressure
cannot be diffused immediately, resulting in a pressure peak.
Meanwhile, at the pressure peak (like the “breakdown pres-
sure” of minifracking), due to the opening of microfractures
around the injector, the reservoir properties have also been
significantly improved, along with immediate spread out of
peak pressure. Then, the pressure goes back to stable and
smooth status. The BHP evolution without the dilation-
compaction model illustrates a continuous “pressure build-
up” behavior, while the BHP evolution with the dilation-
compaction model clearly demonstrates a stable pressure
response, accompanied by the instantaneous “breakdown
pressure” response.

3.3.2. The Porosity Evolution. For the pilot test, the initial res-
ervoir property is poor. With the injected fluid, the elastic
energy cannot spread out in time, resulting in the “pressure
build-up” around the injector. Due to the significant change
of pressure, the dilation-recompaction model is activated.
The rapid rise of pressure leads to the reservoir rock only
undergoing a short elastic stage with small deformation, as
shown by the highlighted segment ab in Figure 11(a). Then
the dilation with large deformation is triggered by the pres-
sure build-up, which is illustrated by the highlighted segment
bc in Figure 11(a). With the dilation of reservoir rock, the
porosity increases rapidly. So does the permeability. The
dynamic change of porosity is shown in Figure 11. The
porosity evolution of the grid block, where the injector is per-
forated, is consistent with the BHP evolution. With the injec-
tor undergoing a short stage of pressure rapid rise
(corresponding to the short stage of elastic small deforma-
tion), the BHP is kept basically around 50MPa during the
whole process. The rock is dilated with large deformation
since the BHP reached ~50MPa. In the soaking and asyn-
chronous production stages, the BHP of the injector
decreases. The reservoir rock is elastically compacted demon-
strated by the highlighted segment cd. But the pressure does
not decrease to PR, which does not trigger the recompaction.
With the next cycle of water injection, the reservoir rocks
undergo the next cycle of dilation-recompaction till the
whole process is completed.
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Figure 9: Simulation results of schemes 1-3.

Table 3: Sensitivity analysis.

Scheme Permeability multiplier

Scheme 1 50

Scheme 2 100

Scheme 3 150
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3.3.3. The Permeability Evolution. According to the analytical
relation between porosity and permeability, permeability
changes directly with porosity. The permeability evolution
is closely related to the porosity evolution. The dilation and
compaction stages are consistent with the corresponding
evolution stages of porosity, as shown in Figure 12. The
change of permeability is also consistent with pressure
change. Based on the pressure evolution, it can be observed
that the microfractures tend to be activated at the peak pres-
sure, where the permeability fluctuates significantly.

4. Conclusion

In this paper, with the data from the pilot test, a high-
precision simulation method, coupled with multicyclic
dilation-recompaction geomechanical model, for the novel
waterflooding technique is proposed. Meanwhile, the
dynamic evolution is further studied to provide scientific

guidance for the large-scale application of this technology.
Based on the above research, the following conclusions are
obtained:

(1) A novel waterflooding technique, coupling cyclic
high-pressure water slug injection with an asynchro-
nous injection and production procedure, for the effi-
cient development of low-permeability reservoirs is
developed.

(2) Compared with the conventional simulation method,
the primary mechanism of high-pressure water slug
injection can be effectively depicted with the pro-
posed simulation method. Based on the method, the
historical performance of the pilot test is reproduced.
The BHP of the injector evolves into a relatively sta-
ble status with the instantaneous “breakdown pres-
sure” response. The reservoir properties around the
injector deform significantly, immediately entering
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Figure 12: Permeability evolution.
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the dilation stage with large deformation accompa-
nied with the opening of microfractures after a short
elastic small deformation.
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