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Abstract
Affected by the surrounding injection and production wells, the formation near the infill adjustment well is in an abnormal 
pressure state, and drilling and completion operations are prone to complex situations and accidents such as leakage and 
overflow. The conventional shut-in method is to close all water injection wells around the adjustment well to ensure the safety 
of the operation, but at the same time reduce the oil field production. This paper proposes a design method for shut-in of water 
injection wells around adjustment wells based on injection-production data mining. This method uses water injection index 
and liquid productivity index as target parameters to analyze the correlation between injection and production wells. Select 
water injection wells with a high correlation and combine other parameters such as wellhead pressure and pressure recovery 
speed to design accurate adjustment schemes. Low-correlation wells do not take shut-in measures. This method was applied 
to 20 infill adjustment wells in the Penglai Oilfield. The correlation between injection and production wells was calculated 
using the data more than 500 injection wells and production wells. After a single adjustment well is drilled, the surrounding 
injection wells can increase the water injection volume by more than 5000  m3. This method achieves accurate adjustment for 
water injection wells that are high correlated with the adjustment well. Under the premise of ensuring the safety of drilling 
operations, the impact of drilling and completion on oilfield development is minimized, and oilfield production efficiency 
is improved. It has good application and promotion value.
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Introduction

In the process of oilfield waterflooding development, the 
efficiency of oilfield development and benefit of oilfield 
decreased due to factors such as invalid water injection cycle 
and formation damage after the high-permeability channel 
broke through the water (Rui et al. 2017a,b, 2018a, b). The 
pressure field and flow field can be re-adjusted through well 
pattern densification (Zhang et al. 2011; Jiang et al. 2011), 
hydraulic fracturing (Rui et al. 2018a, b) and acid fracturing 
(Guo et al. 2018a, b) to increase the scope of water injection, 
use remaining oil, and improve oilfield recovery. However, 

during the drilling and completion of the infill adjustment 
well, affected by the surrounding geological conditions and 
injection-production wells, the formation pressure near the 
adjustment well may be in an overpressure or underpressure 
state, leading to complicated situations and accidents such 
as leakage and overflow. This can be seen from the pres-
sure measurement while drilling data (Ma et al. 2018; Peng 
et al. 2021) (Fig. 1). In order to adjust the formation pressure 
and reduce the operation risk, the surrounding injection-
production wells or the daily injection-production rate can 
be adjusted: the conventional method is to close all injection 
wells around the adjustment well to ensure the safety of the 
operation. However, the conventional adjustment method 
seriously affects the production progress of the oil field, 
and it may cause irreversible damage to the formation while 
changing the production system. For this reason, this article 
puts forward the idea of accurate adjustment: only adjust 
individual water injection wells, and close water injection 
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wells as little as possible on the premise of ensuring the 
safety of drilling and completion operations.

Accurately predicting the source of abnormal formation 
pressure is a prerequisite for accurate adjustment. Radwan 
et al. (2019), Li et al. (2019), Wang et al. (2011) established 
numerical calculation methods to calculate formation pres-
sure by using logging data, well history data, and geological 
data. Liu and Wang (2003) calculated the diffusion equation 
reflecting the law of underground seepage by using finite 
element method on the basis of making use of the local pres-
sure data and production dynamic data of injection wells and 
production wells. Yao et al (2001, 2009) established a fine 
reservoir geological model and obtained accurate current 
formation pressure distribution through history matching. 
Feng et al. (2017), Xu et al. (2018), Zhu et al. (2011) used 
the numerical simulation theory of the reservoir to analyze 
the change of pore pressure of the reservoir by using the 
dynamic and static parameters of the oilfield production and 
established a set of basic feasible theory and method for 
adjusting the formation pressure of the wells. Prediction of 
formation pore pressure and collapse pressure are used as 
an important basis for determining wellbore structure and 
drilling fluid density. However, the above formation pres-
sure analysis methods require a large amount of field test 
data, the analysis methods are complex, and the accuracy 
of prediction depends on the accuracy of the data, which 
is not generalizable. Therefore, it is necessary to infer the 
source of abnormal formation pressure by analyzing the 
correlation of injection-production wells. In the existing 
technology (Vaferi et al. 2012; Liu et al. 2009; Wang et al. 
2021; Xie et al. 2017; Yousef et al. 2006; Zhao et al. 2008; 
Zhao et al. 2017; Zhao et al. 2016), the correlation between 

injection wells and production wells is usually determined 
according to the injection volume and the production vol-
ume. The reservoir is regarded as a system characterized by 
continuous impulse response. It is a process of generating 
an output signal (liquid production rate) from an input signal 
(water injection rate). The reservoir model can be built into 
a resistance model represented by weights, a capacitance 
model or a capacitance–resistance model characterized by 
parameters representing inter-well connectivity and dissipa-
tion. Inter-well connectivity can be quantitatively estimated 
by multi-linear regression of model parameters. However, 
the correlation analysis results obtained by this method 
fluctuate greatly and have low accuracy, which affects the 
effect of reservoir reform measures such as profile adjust-
ment of injection wells, plugging of production wells, and 
acid fracturing.

Therefore, based on previous scholars' research, this 
paper proposes a more suitable method for field application 
of correlation analysis of injection and production well. The 
method is suitable for medium- and high-permeability res-
ervoirs developed by water flooding. In order to modify the 
influence of formation pressure on the results, water injec-
tion index and liquid productivity index are introduced as 
the research objects. After determining the water injection 
wells with high correlation with the adjustment wells, the 
production parameters of the water injection wells are com-
bined to formulate a precise adjustment plan (Fig. 2). Under 
the premise of ensuring the safety of drilling operations, the 
use of precise shut-in adjustments instead of conventional 
shut-in measures minimizes the impact of adjustment drill-
ing and completions on oilfield development and improves 
oil production efficiency.

Fig. 1  Pressure measurement while drilling data of adjusting wells in bohai oilfield
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Research methods

Injector–producer relationships

The degree of influence on the formation pressure change 
after the shut-in of the injection well around the adjustment 
well is affected by many factors. The research methods of 
using permeability, crude oil viscosity, well spacing, and 
well pattern to determine whether the injection well needs 
to be closed are too complicated and difficult. Therefore, 
a correlation analysis method of injection-production was 
introduced to determine the degree of influence of the injec-
tion well on the formation pressure of the adjustment well. 
It is judged whether the injection well needs to be closed 
according to the size of the correlation between injection 
and production.

Yousef et al. (2006) deduced the fluid production equations 
of the production well at time t by combining the conservation 
equation of matter and the liquid productivity index:

(1)q(t) = q(t0)e
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Equation 1 has strong physical significance, but it is 
difficult to be generalized in application due to its complex 
parameters and solving process. This paper proposes to 
simplify the calculation of the response function between 
injection and production wells with clear physical meaning 
and retain the characteristics of the response function to 
the greatest extent.

The first item on the right side of the Eq.  (1) is the 
response production obtained from the initial output in 
response to the unit rectangular pulse signal. The second 
term is the response production provided by the injection 
well from the initial time to time t. The third item is the 
response production caused by the change in bottom hole 
pressure. Where � =

ctVp

J
 is a parameter composed of aggre-

gate elasticity compressibility, pore volume, and liquid pro-
ductivity index, which can reflect the geological conditions 
between injection and production wells. Therefore, it can 
be expressed as a response function parameter to control 
the contribution of water injection to liquid production.

The second item of water injection response value in 
Eq. (1) is simplified as:

The fluid production equations of the production well is

∗ is the convolution function operation symbol. The pro-
duction rate of the production well at time t  is equal to the 
sum of the response values of all water injections at time 
n = 1, 2, 3, ..., t under the h1(t) response function. A discrete 
diagram of the unit impulse after the response function 
h1(t) is shown in Fig. 3. Figure 3a shows the response at 
time t  after the injection signal occurs. As the response 
time increases, the response value decreases, which is 
consistent with the law of energy loss in the formation 

(2)h1(t) = ae−at

(3)q(t) = h1(t) ∗ i(t) =

t−1∑

n−1

ae−a(t−n)i(n).

Fig. 2  Flow chart of design of accurate adjustment scheme for water 
injection well

Fig. 3  Discrete diagram of the 
response function with a mono-
tonic decreasing function
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in reservoir engineering. Figure  3b shows the sum of 
all responses n ∈ (0, t) after the injection signal occurs. 
Under the unit pulse condition, the maximum cumula-
tive response is still less than 1. In reservoir engineering, 
owing to the differences in oil–water volume coefficients 
caused by the differences in oil–water density and the abil-
ity to accumulate fluid in the reservoir, the liquid pro-
duction of production wells is often lower than the water 
injection of water injection wells.

Figure 4 shows the distribution of the response value and 
cumulative response value when the response parameter a 
changes. Figure 4 also shows that the value of a has two 
effects on the response: (1) It affects the size of the response. 
When the value of a is smaller, the maximum value of the 
response is also smaller. (2) It affects the size of the cumula-
tive response. When the value of a is smaller, the maximum 
value of the cumulative response is also smaller. Similarly, 
in reservoir engineering, when the relationship between 
injection and production wells is poor, the response value 
of the daily water injection is small, and the contribution of 
water injection wells to the production well fluid production 
is low.

The response function has definite physical meaning, 
consistent with the production status of injection-production 
wells in reservoir engineering, and can accurately describe 
the relationship between the injection rate and production 
rate. Therefore, this study takes h1(t) as the most optimal 
response function, and based on this, a correlation analysis 
model of injection and production wells is established.

The IPR between water injectors and producers is defined 
as the ratio of the water injector’s contribution to the liquid 
production and the water injection rate. Because the injec-
tion rate is constant during the step process, the IPR can be 
expressed as

For the first time, Liu et al (2009) combined the extended 
Kalman filter with the injection-production relationship 
(IPR) and used the water injection rate and fluid production 

(4)

IPR =
q(t)

i(t)
=

t−1∑

n−1

ae−a(t−n) =

t−1∑

n−1

h(t − n) = H(Z)
|||(Z=1) =

a

1 − e−aT
,

rate to predict the injection-production relationship. In this 
paper, the extended Kalman filter algorithm is also used to 
solve Eq. (4), and the solving process is shown in Fig. 5. 
And the correlation coefficient a of injection-production well 
can be obtained through inversion of actual production data.

In the actual calculation process, when the formation 
permeability decreases, the injection rate of the injection 
well also decreases, which usually occurs in the early stage 
of reservoir development. However, in order to improve 
the development degree and efficiency of the reservoir, 
measures, such as profile control and water shutoff, layered 
water injection, and optimized injection and production, are 
implemented. Water injection and fluid production under 
such production conditions often do not reflect the relation-
ships within the formation. Bottom hole pressure was used to 
correct injection-production rate. Therefore, water injection 
index and liquid productivity index are used to calculate. 
Water injection index is the water injection speed under unit 
pressure difference. It reflects the actual water injection vol-
ume of the injection well, expressed as

where Ji is the water injection index, and i is water injection 
rates, and Ph is wellhead pressure, and ( Pg − Pz ) is the pres-
sure exerted on the bottom hole by fluid gravity and tubing 
resistance counteracting each other in the wellbore, and Po 
is mean formation pressure.

The liquid productivity index reflects the true fluid pro-
duction capacity of the production well and is expressed as

(5)Ji =
i

Ph + (Pg − Pz) − Po

Fig. 4  Distribution of responses 
and cumulative responses with 
different values of parameter a

Fig. 5  Schematic diagram of the correction process in the EKF algo-
rithm
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where Jq is the liquid productivity index, q is fluid produc-
tion rates, and Pw is bottom hole pressure of production well.

Design shut‑in scheme

By calculating the correlation results of all produced wells 
around the injection well, the area of the produced wells 
with high correlation with the injection well can be obtained. 
When the adjustment well is in the high correlation region of 
the injection well, the injection well is also a high correla-
tion well to the adjustment well. In the high correlation area, 
the contribution of water injection wells to the water fraction 
and pressure of the area is higher, which has a great impact 
on the drilling and completion of the adjustment well, so it 
is necessary to consider reducing water injection or shutting 
in the well.

We first carried out field application in Penglai Oilfield 
in Bohai Sea. Geological conditions of Penglai Oilfield: 
Penglai 19–3 oil field is located in the South-Central Bohai 
Sea. The core physical property analysis shows that the 
Guantao Formation reservoir has a porosity of 13.2–32.6%, 
and a permeability of 5.1 ~ 5900 mD; the lower member 
of Minghuazhen formation has a porosity of 12.2–34.7% 
and a permeability of 3.4 ~ 2200 mD. The reservoir has 
medium–high porosity and permeability. The reservoir is 
composed of a normal pressure system and a normal temper-
ature system, with a geothermal gradient of 2.8 °C/100 m, 
an average pressure gradient of 0.97 MPa/100 m, and an 
average pressure coefficient of 1.03.

Distribution of water injection wells in Penglai 19–3 
oilfield: the Minghuazhen formation of Area 1 is mainly 
developed by directional wells and partially using horizontal 

(6)Jq =
q

Po − Pw

wells, and uses irregular injection-production well patterns. 
The design well spacing is mainly 200–300 m, the maximum 
injection-production well spacing is about 320 m, and the 
minimum injection-production well spacing is about 200 m. 
The Guantao Formation is divided into two sets of develop-
ment strata, mainly using directional wells. The row-shaped 
injection-production well pattern is adopted, and the design 
well spacing is mainly 250–300 m, the maximum injection-
production well spacing is about 410 m, and the minimum 
injection-production well spacing is about 120 m.

Injection rate design of water injection wells: the appar-
ent water injectivity index in meters of the water injection 
wells in Area 1 of Penglai 19–3 Oilfield is set at 2.4  m3/
(MPa·d·m)−1. The water injection rate of a single well is 
571–967  m3/d, with an average of 749  m3/d.

According to the geological and development charac-
teristics of Bohai oilfield and combined with the field trial 
shut-in pressure drop, the table of peripheral water injection 
shut-in regulation system during infill adjustment well drill-
ing and completion operation with different water injection 
pressures and different well spacing is formulated, as shown 
in Table 1.

Field application

Take the adjustment well A in the southern part of Penglai 
Oilfield as an example. Due to the large number of injec-
tion and production wells in this area, the strong reservoir 
heterogeneity and the imbalance of the total injection and 
production volume, the adjustment well A is easily affected 
by surrounding production wells during drilling and com-
pletion operations. Table 2 shows the pressure prediction 
for each layer of adjustment well A. It can be seen that there 
is a high risk of overpressure in this well. Therefore, it is 

Table 1  Design table of water 
injection well adjustment 
scheme

Distance (m) Wellhead pressure 
(MPa)

IPR calculation results Measures

< 100 4–11 Weak/moderate/strong 7–10 day/Shut-in
< 4 Weak/moderate/strong 7–10 day/Reduce injection

100–300 5–11 Strong 7–10 day/Reduce injection
Moderate 3–5 day/Reduce injection
Weak 1–3 day/Reduce injection

< 5 Strong 3–5 day/Reduce injection
Moderate 1–3 day/Reduce injection
Weak No measures

300–500 6–11 Strong 3–5 day/Reduce injection
Moderate 1–3 day/Reduce injection
Weak No measures

< 6 Weak/moderate/strong No measures
> 500 0–11 Weak/moderate/strong No measures
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necessary to shut-in or de-inject the wells that are concerned 
with adjustment well A.

Based on the well location map of adjustment well A 
(Fig. 6), water injection wells within twice the well spacing 
around well A are selected for research. According to the 
flowchart in Fig. 1, first collect the production performance 
data of each water injection well and analyze the produc-
tion conditions of each well. Figure 6 shows the production 
performance curve of each injection well. Figure 7 shows 
the wellhead pressure recovery curve of each water injection 
well after shut-in. It can be seen that the pressure recovery 
speed and degree of each water injection well are different. 
The wellhead pressure of B6 well can only be reduced to 
4 MPa under shut-in conditions, but the wellhead pressure 
of B1 well can be reduced to less than 0.5 MPa. The reason 
is that the reservoir conditions of the formation near the 
water injection well are different. The lower the permeabil-
ity, the slower the pressure recovery rate. For wells with 
poor pressure recovery ability, shut-in or de-injection can 
be performed longer in advance.

Calculate the water injection index and liquid productiv-
ity index according to Eqs. (5) and (6) based on the produc-
tion performance data of each injection-production well.

Use MATLAB calculation software to compile the EKF 
algorithm solution Eq. (4), import the water injection index 

Table 2  Pressure prediction 
table for each oil group of 
adjustment well A

Layer MD (m) TVDss (m) Formation pressure (MPa) Remark

Normal pressure Predicted 
minimum

Predicted 
maximum

1 887 − 846 8.9 8.9 8.9 Normal pressure
2 915 − 874 9.1 9.1 9.1 Normal pressure
3 942 − 901 9.4 9.4 9.7 Overpressure
4 978 − 937 9.7 9.7 10.0 Overpressure
5 1029 − 988 10.2 10.6 12.5 Overpressure
6 1088 − 1047 10.7 10.7 11.5 Overpressure
7 1119 − 1078 11.0 11.0 13.0 Overpressure
8 1169 − 1128 11.5 12.1 14.0 Overpressure

Fig. 6  The well location map of adjustment well A

Fig.7  Shut-in pressure drop 
curve of injection well around 
adjustment well A
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and the liquid productivity index to calculate the correlation 
between injection and production wells, and get the high 
correlation area of each water injection well. Table 3 shows 
the calculation results of each injection-production correla-
tion, which includes only the injection-production wells with 
strong and medium injection-production correlation, and the 
wells that are not shown are the wells with weak correlation.

According to IPR calculation results in Table 3, the 
high correlation area of each injection well can be repre-
sented on the well location map (Fig. 8). When the adjust-
ment well A is located in the high correlation area, the 
water injection well needs attention. It can be seen from 
Fig. 8 that adjustment well A is located in the high cor-
relation area of B1, B2, and B4. Therefore, these water 
injection wells need attention.

According to the distance between each water injection 
well and the adjustment well, wellhead pressure, IPR cal-
culation results and pressure recovery speed after shut-in, 
combined with the water injection well adjustment plan 
design table in Table 1, the adjustment scheme of each 
water injection well around adjustment well A is obtained 
(Table 4). Among them, wells B1, B2, and B4 need to 
take injection reduction measures before adjustment well 
A encounters the target zone, and no measures are taken 
for other wells.

Adjustment well A adopted the optimization measures in 
Table 4 during the drilling operation. The construction pro-
cess went smoothly without any abnormalities. Compared 

with traditional measures, the optimized water injection 
wells injected 5000  m3 more water during the drilling oper-
ation of adjustment well A. This is very important in the 
oilfield development process, which can better maintain the 
formation pressure and production well production under the 
premise of ensuring the safety of drilling.

Currently, more than 20 wells have been used in the 
Bohai Oilfield. The IPR of injection and production wells 
is calculated by using the water injection index and liquid 
productivity index of more than 500 groups of injection and 
production wells. Comparing the calculation results with the 
geological data, the accuracy of the correlation prediction 
results of the injection wells reached more than 85%.

The conventional shut-in scheme of “close the well 3 
to 15 days in advance within 400–600 m of the distance 
adjustment well” is optimized to “reduce injection or shut 
down the well 3 to 10 days before drilling in the target area 
according to the injection-production relationship”. Not 
only ensured the safety of offshore drilling, but also greatly 
reduced the impact on the development of oil fields.

Conclusions

Judging the influence of injection well on adjusting well 
pressure is the basis of accurate adjustment. By analyzing 
the correlation between injection wells and surrounding pro-
duction wells, the high correlation area of injection wells 

Table 3  The IPR Calculation Results

Injecting 
well

Producing 
well

IPR Date Result

B1 C2 0.2621 2017.9.1–2018.9.1 Strong
C3 0.2044 2017.9.1–2018.9.1 Moderate
C5 0.2008 2017.9.1–2018.9.1 Moderate

B2 C2 0.7327 2017.9.1–2018.9.1 Strong
B3 C13 0.4157 2017.9.1–2018.9.1 Strong

C12 0.1626 2017.9.1–2018.9.1 Strong
C11 0.1183 2017.9.1–2018.9.1 Moderate

B4 C11 0.2519 2017.9.1–2018.9.1 Strong
C10 0.1594 2017.9.1–2018.9.1 Strong
C2 0.1280 2017.9.1–2018.9.1 Strong
C8 0.1157 2017.9.1–2018.9.1 Strong
C3 0.0974 2017.9.1–2018.9.1 Moderate

B5 C17 0.2411 2017.9.1–2018.9.1 Strong
C11 0.2147 2017.9.1–2018.9.1 Strong
C10 0.1370 2017.9.1–2018.9.1 Moderate

B6 C11 0.3736 2017.9.1–2018.9.1 Strong
C10 0.2323 2017.9.1–2018.9.1 Strong
C8 0.1644 2017.9.1–2018.9.1 Strong
C16 0.1080 2017.9.1–2018.9.1 Moderate

Fig. 8  The high correlation area of each injection well
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can be obtained. When the adjustment well is located in a 
high correlation area, the injection well needs more strin-
gent adjustment measures, such as shutting in the well or 
reducing the injection rate for a long time. Otherwise, it can 
be considered to reduce the injection rate in a short time or 
take no measures.

A new method is developed to estimate injection-produc-
tion correlation based on production data of injection-pro-
duction wells. In the middle and late stage of oilfield devel-
opment, only the injection and production rate cannot reflect 
the formation conditions, so the influence of production 
pressure and formation pressure should be considered. In 
the injection-production correlation analysis method, water 
injection index and liquid productivity index are introduced, 
and the correlation parameters of injection-production well 
are obtained by inverse calculation using the optimized cal-
culation model and extended Kalman filter algorithm. The 
parameter and calculation process of this method is simple 
and has high accuracy, which is easy to be popularized in 
the field.

This method has been used for more than 20 adjust-
ment wells in Bohai Oilfield, China. No dangerous situa-
tion occurred during the operation, and on the premise of 
ensuring the safety of the operation, a single adjustment 
well can be injected with more than 5000  m3 of water dur-
ing the operation. This minimizes the impact of adjustment 
well drilling and completion operations on field develop-
ment. It is proved that the method of accurate adjustment 
for high correlation wells is feasible, and the calculation 
method of injection-production correlation proposed in 
this paper has high accuracy, which should be popular-
ized and used for reference in more oilfields.

Appendix: Mathematical derivations

Extended Kalman filter:
Nonlinear system model:
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Table 4  The adjustment scheme of each water injection well around the adjustment well

Injection well Distance (m) Wellhead 
pressure
(MPa)

IPR Wellhead pressure 
recovery rate

Conventional measures Optimization measures

B1 293 6.36 Strong Fast 7 day/Shit in 7 day/reduce injection
B2 339 6.66 Strong Fast 3 day/Shit in 3 day/reduce injection
B3 363 6.30 Weak Fast 3 day/Shit in No measures
B4 105 6.35 Strong Moderate 10 day/Shit in 10 day/reduce injection
B5 477 6.31 Weak Moderate 3 day/Shit in No measures
B6 417 5.81 Moderate Slow 3 day/Shit in No measures
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Then,

And,

The corrected equations:

The final filtering process is 
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