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Abstract: During the water injection development process of highly deviated wells in low-permeability
reservoirs, the water flooding distance between different layers of the same oil and water well is
different due to the deviation of the well. In addition, the heterogeneity of low-permeability reservoirs
is strong, and the water absorption capacity between layers is very different. This results in poor
effectiveness of commonly used layered injection methods. Some highly deviated wells have premature
water breakthroughs after layered water injection, which affects the development effect of the water
flooding reservoirs. Therefore, based on the analysis and research of the existing layered injection
allocation method and sand body connectivity evaluation method, considering the influence of sand
body connectivity, the real displacement distance of highly deviated wells, reservoir physical properties,
and other factors, a new methodology for determination of layered injection allocation in highly deviated
wells drilled in low-permeability reservoirs is proposed. In this method, the vertical superposition
and lateral contact relationship of a single sand body are determined using three methods: sand body
configuration identification, seepage unit identification, and single sand body boundary identification.
The connectivity coefficient, transition coefficient, and connectivity degree coefficient are introduced to
quantitatively evaluate the connectivity of sand bodies and judge the connectivity relationship between
single sand bodies. The correlation formula is obtained using the linear regression of the fracture length
and ground fluid volume, and the real displacement distance of each layer in highly deviated wells
is obtained. The calculation formula of the layered injection allocation is established by analyzing the
important factors affecting the layered injection allocation, and a reasonable layered injection allocation
is obtained. The calculation parameters of this method are fully considered, the required parameters
are easy to obtain, and the practicability is strong. It can provide a method reference for the policy
adjustment of layered water injection technology in similar water injection development reservoirs.

Keywords: highly deviated well; layered injection allocation; sand body connectivity; single sand
body; flow unit; low-permeability reservoir; Ordos Basin; Huaqing area

1. Introduction

In the process of water injection development in low-permeability reservoirs, the
water absorption capacity of different reservoirs is different due to the heterogeneity of
reservoirs. During general water injection, most of the injected water is absorbed by the
high-permeability reservoir, resulting in uneven water absorption in each reservoir, a
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low degree of utilization in some reservoirs, and a low utilization rate of water injection.
With the extension of water injection time, reservoir heterogeneity becomes more serious,
and a fingering flow is formed in high-permeability reservoirs (Figure 1), resulting in
premature water breakthrough and low ultimate recovery. In order to improve the current
situation of reservoir water injection development, a layered water injection technology is
proposed. This technology uses a packer to combine layers with similar reservoir physical
properties and development conditions into one layer for water injection. The nozzle of the
water distributor limits the water injection volume of the layer with a good development
effect, improves the water injection volume of the layer with low-permeability or poor
development effect, and improves the uneven distribution of injected water in the vertical
direction [1]. Through layered water injection, high-permeability reservoirs do not form a
single-layer breakthrough, while low-permeability or poor development effect in a reservoir
improves the efficiency of water flooding, to alleviate inter-layer interference, increase the
swept volume of water flooding, improve the effect of water injection development, and
achieve the purpose of long-term high and stable production and enhanced oil recovery.
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deviated wells (b).

In the water injection development reservoir, in the case of the injection–production
balance in the well group, the water injection volume is basically equal to the liquid
production by the corresponding oil well. Therefore, the layered water injection volume of
the corresponding water injection well can be quantitatively calculated using the layered
liquid production of the oil well [2].

According to the basic formula of oil well production,

Q =
2πkh∆P

µo

(
lnre
rw

+ S
) , (1)

The production of oil wells is related to geological conditions (such as effective thick-
ness (h), permeability (k), and crude oil viscosity (µo)) and development conditions (such
as well spacing radius (re), wellbore radius (rw), production pressure difference (∆P), and
transformation measures (S)). Effective thickness represents the thickness of the connected
sand body, and the well spacing radius represents half of the distance between oil and water
wells. In the calculation of layered injection allocation, these factors should be considered
comprehensively to divide the water injection volume reasonably.

The key to layered water injection is to determine a reasonable layered injection allo-
cation. Research methods of previous scholars’ reasonable layered injection allocation are
categorized and analyzed, including 18 different methods [3–15] (Table 1). According to the
number of parameters and analysis methods, the methods are divided into single parameter
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methods [3,4], multiparameter methods [3–10], and mathematical model methods [11–15].
According to geological and development conditions, the methods are divided into geolog-
ical factors [3–5], development factors [3,4,6,11–14], comprehensive factors [2,7–10], and
economic factors [15], among which the comprehensive factors consider geological factors
and development factors. The single parameter method is commonly used in the early stage
of layered water injection research. Due to the single consideration, the effect is not ideal.
In recent years, the multiparameter method and mathematical model method have been
gradually formed, but these methods have certain limitations. Most of them have difficulty
in obtaining or quantifying parameters and do not consider the connectivity of sand bodies,
so they cannot be applied to reservoir water injection development and production.

Table 1. Determination method of the reasonable layered injection allocation and its limitations.

Parametric
Classification

Factor
Classification Method Classification Method Characteristics Limitations

Single parameter

Geological
factors

Effective thickness
method [3]

The layered injection allocation is
determined with the ratio of the
oil-producing section to the total
oil-producing section. This method considers

incomplete parameters.
Connected thickness

method [4]

The layered injection allocation is
determined with the ratio of the connected
thickness of the sand body to the thickness
of the oil well.

Development
factors

Injection–production
ratio method [3]

The layered injection allocation is
ascertained by dividing the injection
production ratio of each individual layer by
the total injection production ratio.

The injection–production ratio
of each layer is difficult to
obtain.

Liquid production
intensity method [4]

The layered injection allocation is
quantitatively analyzed through the
multiplication of three factors: the
perforation thickness, the connectivity
coefficient, and the intensity of water
injection in each layer.

The connectivity coefficient
and water injection intensity
data of each layer are difficult
to obtain.

Multiparameter

Geological
factors

Stratigraphic coefficient
method [3]

Using the weighted formation coefficient,
the water injection splitting coefficient of
each layer is obtained.

This method considers
incomplete parameters.

Sand body
connectivity evaluation
Stratigraphic coefficient

method [5]

The sand body connectivity is divided into
three categories by sedimentary facies, and
the water injection is divided by combining
the physical parameters.

The reason for sand body
connectivity is not sufficient.

Remaining oil
distribution method [6]

The layered injection allocation is obtained
using the quantitative relationship between
the recovery degree and the cumulative
injection pore volume multiples.

The water absorption data
acquisition is difficult.

Revised coefficient
method [4]

Considering the injection–production
balance, water cut rise rate, pump
efficiency, and other factors, the empirical
formula is obtained.

1. This method considers
many parameters and it is
difficult to obtain some data.
2. There are many artificial
coefficients, which easily cause
errors.

Comprehensive
factors

Splitting coefficient
method [2]

According to geological conditions, oil
displacement conditions, and mining
conditions of the reservoir, the water
injection volume is allocated according to
the weight of the relevant parameters.

Balanced displacement
method

Considering the physical properties and
utilization status of each layer, the layered
injection allocation relationship is
established [7].

1. It is difficult to obtain
layered recovery degree data.
2. The connectivity of sand
bodies in each layer is not
considered.
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Table 1. Cont.

Parametric
Classification

Factor
Classification Method Classification Method Characteristics Limitations

The layered injection allocation is obtained
using the quantitative relationship between
the recovery degree and the injection pore
volume multiples [8].

1. This method requires a lot
of experimental support,
which cannot be replicated.
2. The connectivity of sand
bodies in each layer is not
considered.Comprehensive

factors

Balanced displacement
method

The layered injection allocation is obtained
using the idea of displacement flux
equalization [9]. This method does not

consider the connectivity of
sand bodies in each layer.Seepage resistance

coefficient method [10]

The vertical splitting coefficient of water
injection well is determined using seepage
resistance coefficient.

Mathematical
model

Development
factors

Multiple regression
method [11]

A multiple sequence regression model is
formulated, drawing from the dynamic
production data of both the central water
injection well and the surrounding
production wells within the well group. These methods are aimed at

the optimization of well
group injection allocation
and cannot realize the
optimization of layered
injection allocation.

Neural network method
[12]

The relationship model between liquid
production and water injection is
established using neural network
technology.

Conductivity method
[13]

The connectivity of the unit is
characterized by its electrical conductivity
and connected volume.

Capacitance–resistance
method [14]

The formula for estimating water flooding
in layered reservoirs is derived from the
capacitance–resistance model equation.

This method considers many
parameters, and it is difficult
to obtain oil production and
water injection of each layer.

Economic factors Net present value
method [15]

The water injection cycle, injection volume,
and production should be adjusted based
on the maximum net present value of
production.

This method from the
economic evaluation does
not consider formation and
development factors.

Conventional vertical well development is generally single-layer development. The
development of reservoirs in highly deviated wells can achieve the multilayer development
of one well, maximize the reservoir drainage area, improve the single-well productivity and
ultimate recovery, and reduce the number of drilling wells and development costs [16–19].
It is widely used to increase and stabilize production in old oilfields, offshore oilfields, and
low-permeability oilfields.

In conventional vertical well water injection development, oil and water wells are all
vertical wells, and the displacement distance between the connected sand bodies is the
distance between the oil and water wells (Figure 1a). However, in water injection develop-
ment of highly deviated wells, due to the different perforation points of different layers,
the water flooding distance between the same water injection well and different layers of
highly deviated wells is different, and the water flooding distance between different water
injection wells and the same layer of highly deviated wells is also different (Figure 1b),
which makes it difficult to determine the reasonable layered water injection policy. Un-
reasonable layered water injection can easily lead to premature water breakthroughs in
highly deviated wells, reduce the final recovery rate, and affect the development effect of
the reservoir.

Scholars’ research on highly deviated wells mostly focuses on drilling [20], logging [21–24],
fracturing [25,26], productivity evaluation [27,28], seepage law research [29–31], etc. However,
no relevant reports on the study of reasonable layered injection allocation in highly deviated
wells have been found.
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Through the influencing factors of layered injection allocation, it can be known that
permeability, crude oil viscosity, wellbore radius, production pressure difference, and
transformation parameters are easy to obtain, but sand body connectivity data need to be
determined after the evaluation of sand body connectivity, and the water drive distance
between different layers of highly deviated wells needs to be calculated. Therefore, a new
methodology for determination of layered injection allocation in highly deviated wells
drilled in low-permeability reservoirs is established. This method is based on the evaluation
of sand body connectivity and clarifies the connectivity and water flooding distance of each
sand body between highly deviated wells and water injection wells, to reasonably split the
layered water injection volume of water injection wells.

2. Geological Background

Water injection development of highly deviated wells in low-permeability reservoirs in
China is mainly concentrated in the Yanchang Formation reservoir in the Ordos Basin. No-
tably, the highly deviated wells water injection development of low-permeability reservoirs
in the Huaqing area of the Ordos Basin has been scaled up, and the well network is perfect.
Therefore, the Ordos Basin’s Huaqing area serves as a model for similar developments in
the basin, so the Chang 63 reservoir in the Huaqing area is selected as the target area for
research.

The Ordos Basin is a large oil- and gas-bearing basin in central China. It separated
from the North China Plate in the Late Triassic and has evolved independently to this
day. It belongs to a multicycle cratonic basin [32] and is currently constructed as a gentle
westward dipping monocline with a slope of less than 1◦ [33]. Based on the history of
the basin’s structural evolution and current structural development characteristics, the
Ordos Basin is divided into six primary structural units (Figure 2a): Yimeng Uplift, Western
Edge Thrust Belt, Tianhuan Depression, Yishan Slope, Western Shanxi Folding Belt, and
Weibei Uplift [34]. The Mesozoic oil resources in the Ordos Basin are vast, with the Triassic
Yanchang Formation being one of the main exploration and development target layers in
the basin. It belongs to lacustrine basin sedimentation, deltaic sedimentation, and deep-
water gravity flow sedimentation, which are widely developed [35,36]. The Yanchang
Formation is divided into 10 oil layers from Chang 10 to Chang 1, from bottom to top [37],
which has experienced a complete sedimentary cycle of river–delta–lake–delta–river.

Huaqing area is located in the southwest of Yishan Slope (Figure 2a). The research
target interval is the Chang 63 oil layer group, with an average formation thickness of 45 m.
The sedimentary system is turbidite sedimentation, which belongs to a type of deep-water
gravity flow sedimentary system. It is further divided into turbidite channel, side-turbidite
channel, and inter-turbidite channel microfacies. The turbidite channel and side-turbidite
channel microfacies constitute the sand body sedimentary skeleton, which is the main oil
and gas reservoir (Figure 2b). The average permeability of the Chang 63 reservoir group is
0.28 mD, which indicates a typical low-permeability lithologic reservoir.
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3. Sand Body Connectivity Evaluation

The evaluation of reservoir connectivity is divided into three types: inter-sand body
connectivity, sand body and well connectivity, and inter-well connectivity. The connectivity
between sand bodies can be described as the ratio of the volume of connected sand bodies
to the total volume or as the average contact percentage of sand bodies. Sand body and
well connectivity is the ratio of the volume of the drilled reservoir to the total volume of the
reservoir. Inter-well connectivity can be defined as the proportion of sand bodies drilled
by two adjacent wells in the whole reservoir [38]. Scholars mostly focus on inter-well
connectivity and inter-sand body connectivity in reservoir connectivity evaluation [39,40],
and inter-well connectivity [41–44] is mostly studied by means of dynamic monitoring
data. The connectivity between sand bodies is mostly studied by outcrop [41], seism [42],
sedimentary characteristics [43], and sand body configuration [44], but there are limitations.
Inter-well connectivity relies too much on dynamic monitoring data, and it is impossible to
judge inter-well connectivity without dynamic monitoring data. There are various methods
for evaluating the connectivity between sand bodies, but none of them can clarify the
connectivity between different sand bodies (Table 2).

The connectivity evaluation of a water injection development reservoir refers to the
analysis of sand body connectivity. Judging the vertical and lateral connectivity of sand
bodies is the premise of studying sand body connectivity. In the absence of dynamic
monitoring data and seismic data, it is necessary to clarify the connectivity between each
sand body.
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Table 2. Reservoir connectivity evaluation method and its limitations.

Evaluation Type Evaluation Method Method Characteristics Limitations

Inter-well connectivity Dynamic monitoring
method

The connectivity between oil and
water wells is judged using dynamic
monitoring data [39,40].

This method cannot judge the
inter-well connectivity without
dynamic monitoring data or seismic
data interpretation.

inter-sand body
connectivity

Seismic method
Based on seismic data, the
connectivity of the sand body is
analyzed [41].

Sand–ground ratio
method

The connectivity of sand body is
judged using the sedimentary
structure model of sand body
described by outcrop [42].

1. The accuracy of this method is low;
2. The method cannot effectively
identify the sedimentary interface;
3. The method cannot clarify the
connectivity between different
sand bodies.

Sandstone
amalgamation

method

Through the identification of sand
mud facies, the degree of sandstone
amalgamation is described. The
higher the amalgamation rate, the
better the connectivity [43].

Sand body
configuration method

By analyzing the contact relationship
of sand bodies, the connectivity of
sand bodies is determined [44].

This method cannot clarify the
connectivity and degree of
connectivity between different sand
bodies.

The core of sand body connectivity evaluation is how to evaluate the connectivity
and connectivity degree of sand bodies. Previous scholars only studied the connectivity
relationship, and the research on the connectivity relationship was mostly in the stage of
sedimentary interface and sand body configuration identification, without considering the
seepage characteristics of sand bodies, resulting in low accuracy of sand body connectivity
identification. Notably, research on the connectivity degree of sand bodies has not been
reported, but the connectivity degree of a sand body is the key to judge the connectivity of
sand bodies. Therefore, a single sand body is introduced, and the connectivity evaluation
between sand bodies is realized by combining sand body configuration identification, flow
unit division, and sand body connectivity quantitative analysis. Sand body configuration
reflects the geological sedimentary period and the evolution process of the basin. It is
the spatial distribution direction, size, and mutual superposition relationship of each
configuration unit. The flow unit is based on the reservoir lithology, physical properties,
sedimentation, pore throat, and fluid characteristics to divide the reservoir into different
seepage units, mainly reflecting seepage characteristics. Although sand body configuration
identification [45–47] and flow unit division [48,49] have been studied by predecessors,
how to combine the two methods to correct sand body connectivity has not been reported.
After the combination of the two methods, boundary identification of single sand bodies
is carried out, which corrects the deficiency of a single sand body identification with the
sand body configuration and realizes an accurate evaluation of connectivity between sand
bodies.

The specific implementation methods are as follows: (1) sand body configuration
identification: identify the vertical stacking pattern and lateral contact relationship of
sand bodies; (2) seepage unit identification: through the division of flow units, different
seepage units are classified; (3) single sand body boundary identification: combined with
the research results of (1) and (2), the quantitative prediction model of a single sand body is
established using the width–thickness ratio of the sand body, and the identification results
of (1) and (2) single sand body are corrected. Through comprehensive analysis and mutual
correction of the above three steps, the connectivity between different reservoir sand bodies
can be determined.
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3.1. Identification of a Single Sand Body

A single sand body is defined as a geological unit that is continuous in the vertical and
horizontal directions but separated from the upper and lower sand bodies by mudstone
or impermeable interlayers [50]. Single sand body identification mainly studies its spatial
distribution scale and superposition relationship.

3.1.1. Vertical Interface Characteristics and Stacking Patterns of Single Sand Body

Different single sand bodies form different superposition patterns in the vertical
direction due to the differences in sedimentary periods, sedimentary environments, and
sedimentary processes. Through the lithology electrical calibration in coring wells and the
analysis of sand body configuration using high-resolution sequence stratigraphy, it is found
that the logging curves of different single sand bodies have completely different amplitude
and morphological characteristics, and the vertical stacking patterns of four types of single
sand bodies in Chang 63 oil layer group are summarized (Figure 3).
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Figure 3. Vertical stacking pattern and logging curve identification of the Chang 63 reservoir group
in the Huaqing area. In the figure, SH and PERM represent argillaceous content and permeability.
(a) Isolated vertical interface characteristics of the L419-9 well, (b) separated vertical interface charac-
teristics of the B185-117 well, (c) superimposed vertical interface characteristics of the B179-113 well,
(d) cut and stacked vertical interface characteristics of the B185-109 well.

(1) Single-period channel vertical isolated type

This kind of sand body is formed by single-period turbidite channel sand body sed-
imentation. The core physical property experiments show that the permeability at the
bottom of the sand layer is the highest, and the physical property at the top is poor, showing
the characteristics of positive rhythm. The logging curve of this kind of single sand body
shows that the gamma ray is mostly box-shaped, and the top and bottom reenter obviously,
which is close to the mudstone baseline; the natural potential and resistivity are mostly
high-amplitude box- or bell-shaped. The sand body is separated by a thick argillaceous
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interlayer, and no other sand bodies appear in the layer (Figure 3a). Due to the development
of sand bodies in the Chang 63 oil layer group, there are few vertical isolated single sand
bodies, which are mainly distributed in the inter-turbidite channels microfacies, with a
frequency of 8%.

(2) Multiperiod channel vertical separation type

The turbidite channel sand body of the next period is gradually developed, and the
argillaceous sediments of the previous period are continuously eroded, but it has not yet
eroded to the top of the sedimentary sand body. At this time, there is a stable argillaceous
interlayer distribution between the sand bodies. The argillaceous content of the interlayer
is more than 50%, and the argillaceous content mirror curve intersects (Figure 3b). The
logging curve of this kind of single sand body shows obvious reentrant characteristics of
gamma ray and resistivity. The vertical separated single sand body is mainly distributed in
the side-turbidite channel microfacies, with a frequency of 18%.

(3) Multiperiod channel vertical superposition type

Due to the difference between the sedimentation rate and the sediment recharge rate,
the spatial position relationship of the turbidite channel sand body changes. If the sand
body formed in the next period is strong enough to erode the sand body of the previous
period, the mudstone or impermeable interlayer between the two sand bodies is completely
washed away, and the next sand body is finally placed on top of the sand body of the
previous period. The physical properties between the next period and the previous sand
bodies become worse, and fine-grained sediments are developed. The argillaceous content
of the sand body increases and is generally 10–30%. The mirror curve of the shale content
does not intersect (Figure 3c). The superposition relationship of single sand bodies can be
quickly judged using the characteristics of the mirror curve of the argillaceous content. The
logging curve of this kind of single sand body shows reentrant characteristics of gamma
ray and resistivity, but the reentrant amplitude is less than that of the vertical separation.
The vertical superimposed single sand body is mainly distributed in the turbidite channel
microfacies, with a frequency of 26%.

(4) Multiperiod channel cutting and stacking type

Due to the erosion and vertical erosion of the channel in the next period, the fine-
grained sedimentary sand bodies in the upper part of the channel in the previous period
are eroded, transported, and deposited, so that the coarse-grained material of the channel
in the previous period is directly in contact with the retention deposits at the bottom of
the channel in the next period. The sand bodies in the two periods are obviously cut
and stacked, the physical properties are similar, and the argillaceous content is almost
unchanged (Figure 3d). The logging curve of this kind of single sand body shows slight
reentrant characteristics of gamma ray and resistivity. Due to the fast sedimentation rate
and sediment supply rate of the turbidite sedimentary system, the channel sand bodies in
the previous period are mostly cut by the next period. The multiperiod channel cutting and
stacking type is the most developed, mainly distributed in the turbidite channel microfacies,
with a frequency of 48%.

3.1.2. Lateral Contact Relationship and Identification Mark of a Single Sand Body

Lateral contact is the positional relationship of different single sand bodies on the
plane. Generally, the top surface of the sedimentary sand body in the same period has
a similar height. Sedimentary sand bodies in different periods often form terraces with
obvious elevation differences due to different erosion times, and the lateral contact of
different single sand bodies will form different cutting patterns. On the basis of the single
well identification of each genetic sand body type, five types of lateral contact patterns of
the single sand body in the Chang 63 oil layer group are summarized.
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(1) Inter-bay contact

Inter-bay contact means that the two adjacent sand bodies are separated by the inter-
turbidite channel and do not contact directly, which indicates the termination of lateral
erosion of the turbidite channel. The two sand bodies are filled with muddy sediments, so
they are not connected, and each has an independent seepage system. The inter-turbidite
channels’ logging curve shows a low amplitude and relatively flat state, and the physical
properties are poor. It cannot be used as a channel for oil and gas seepage and can be used
as a basis for single sand body identification (Figure 4a).
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Figure 4. Lateral contact pattern and logging curve identification of the Chang 63 reservoir group in
the Huaqing area. (a) Inter-bay contact, (b) levee contact, (c) side-cut contact, (d) substitutive contact,
(e) class I docking contact, (f) class II docking contact.

(2) Levee contact

Levee contact refers to gradual thinning of the thickness of the middle connection
between two periods of sand bodies and the deterioration of physical properties, reflecting
the process of sedimentary microfacies’ change, marking the emergence of the sedimentary
boundary of the single-period turbidite channel, which can be used as the basis for single
sand body identification. The two sand bodies are connected by sand bodies similar to
levees, and the connectivity is weak or discontinuous, meaning that they cannot be used as
a channel for oil and gas seepage. The gamma ray and resistivity curves of the levee sand
body are finger-shaped (Figure 4b).

(3) Side-cut contact

Due to the migration of the mainstream line of the channel, the sedimentary channels
in different periods often have characteristics of cutting and filling each other, resulting
in lateral superposition of the sedimentary channels in the two periods, marking the
development of the channels in different periods, which can be used as an identification
mark of a single sand body. There is a large amount of contact between the two sand bodies,
indicating that they have good connectivity and can be used as a channel for oil and gas
seepage. Because it is a different sand body, the logging curve shape is different (Figure 4c).

(4) Substitutive contact

There is an elevation difference between the two sand bodies. Strong erosion and
undercutting of the channel in the next period make the sand body partially eroded in the
previous period, and the complete shape cannot be retained. The two periods’ channel
sand bodies are vertically cut and stacked into a false continuous shape, and even the
phenomenon of mutual substitution between sand bodies occurs. In the two periods of
sand body cutting and folding parts, the gamma ray and resistivity curves are obviously
reentrant (Figure 4d). The two sand bodies are in contact with each other and generally
have good connectivity, meaning that they can be used as a channel for oil and gas seepage.
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(5) Docking contact

The elevation and thickness of the two sand bodies are basically the same, but the
logging curve shape is obviously different, which shows that the lithofacies combination
and sedimentary rhythm of different sand bodies are significantly different, indicating that
the sedimentary environment of the two sand bodies is different, which can be used as the
identification mark of a single sand body. For example, the sand body of well B185-115 has
reverse rhythm, and the sand body of well B186-115X has positive rhythm, which belong to
different genetic types of sand bodies. The two sand bodies are almost not in contact with
each other, and connectivity is weak or discontinuous, so they cannot be used as a channel
for oil and gas seepage (Figure 4e).

There is another special case of docking contact. The elevation, thickness, and logging
curve shape of the two sand bodies are similar. Through the analysis of sand body config-
uration, it is considered to be the same sand body. However, in the dynamic verification
of water injection development, water injection is not effective, and the flow unit is not
the same period sand body, which is the docking contact of the two sand bodies. For
example, there is a single sand body boundary between well B175-109 and well B175-108X
(Figure 4f).

3.2. Single Sand Body Division Method
3.2.1. Flow Unit Division of Single Sand Body

The concept of a flow unit is defined as the volume of the total reservoir rock within
which the geological and petrophysical properties that affect the fluid flow are internally
consistent and different from the properties of other rock volumes. Within each flow
unit, the geological parameters affecting the fluid flow are similar, while the differences in
lithology and rock physical properties are shown between each flow unit [48]. The flow
unit is controlled by macro-sedimentation and microphysical properties, which are not
always consistent with geological lithofacies. The reservoir can be divided into different
types of reservoir rocks by flow unit [51].

The flow unit division parameters are divided Into the following four types: the
first is the parameters reflecting the macroscopic reservoir characteristics (porosity and
permeability), the second is the parameters reflecting the sedimentary environment (ef-
fective thickness, median grain size, and argillaceous content), the third is the parameters
reflecting the microscopic pore structure (pore throat radius and flow zone index [52]), and
the fourth is the parameters reflecting the fluid characteristics (oil saturation, irreducible
water saturation, viscosity, density, volume coefficient, etc.). Considering the difficulty of
parameter acquisition and the coverage of parameters, five parameters are selected to carry
out the flow unit division, among which are the porosity parameter, characterizing the
reservoir storage capacity; the permeability parameter, characterizing the seepage capac-
ity; the argillaceous content parameter, characterizing the sedimentary environment; the
flow zone index parameter, characterizing the pore throat structure; and the oil saturation
parameter, characterizing the fluid characteristics.

Using IBM SPSS statistics version 19 software, the five most representative parameters
of 4790 sand bodies in Chang 63 reservoir are clustered and divided into three types. The
discriminant coincidence rate is greater than 95%, which meets the accuracy requirements
of cluster analysis. The results show that there are 2520 single sand bodies in the type I
flow unit, 787 single sand bodies in the type II flow unit, and 1483 single sand bodies in
the type III flow unit (Figure 5). Type I represents the strong reservoir seepage capacity
of sand bodies, mainly located in turbidite channels, with weak heterogeneity and high
oil saturation. Type II represents the slightly poor reservoir seepage capacity of sand
bodies, mainly located on the side-turbidite channels, with medium heterogeneity and oil
saturation. Type III represents the worst reservoir seepage capacity of sand bodies, mainly
located in inter-turbidite channels, with strong heterogeneity and the lowest oil saturation.
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Figure 5. Flow unit division of the Chang 63 reservoir in the Huaqing area.

3.2.2. Quantitative Prediction of a Single Sand Body Boundary

Based on the results of sand body configuration and flow unit division, by counting
the width and thickness data of different sedimentary microfacies sand bodies in the Chang
63 reservoir, it is determined that the width–thickness ratio of the single sand body of
the turbidite channel microfacies is 50~120, and the width–thickness ratio of the single
sand body of the side-turbidite channel microfacies is 70~120. The empirical formula
of the width–thickness ratio of a single sand body is obtained using multiple regression
(Figure 6): the turbidite channel is W = 239.97e0.097h, and the side-turbidite channel is
W = 141.52e0.248h. Under the condition that the thickness of a single sand body is known,
the empirical formula can be used to clarify the extension width of a single sand body in
different sedimentary microfacies and to correct the sand body configuration and flow unit
division results.
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Figure 6. Regression curve of the width–thickness ratio of a turbidite channel and a single sand body
on the side-turbidite channel of the Chang 63 oil layer in the Huaqing area.

3.2.3. Example of the Flow Unit Correction and Single Sand Body Contact Relationship

Under the identification of sand body configuration, the logging curve shape, top
elevation, and thickness of the No.2 and No.3 sand bodies of Well A and Well B are similar,
and they are considered to be the same sand body and can be directly connected (Figure 7a).
With the verification of flow units, it can be seen that the sand bodies of No.2 and No.3 in
the two wells are different flow units, and the sand bodies are laterally cut and stacked.
Due to the existence of seepage barriers, it can be seen from logging interpretation that
No.2 and No.3 in Well A are water layers, and the No.2 and No.3 sand bodies in Well B are
oil layers, which are different sedimentary sand bodies (Figure 7b). The flow unit is used to
identify the single sand body configuration and improve the accuracy of single sand body
division.
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Figure 7. The flow unit corrects the contact relationship of a single sand body identified with sand
body configuration. (a) Sand body configuration identification of the single sand body connectivity
relationship. (b) Flow unit correction and single sand body connectivity relationship. In the figure,
the circled numbers 1, 2, and 3 represent different sand body numbers.

3.3. Quantitative Evaluation of the Sand Body Connectivity

The quantitative evaluation of sand body connectivity is very important for water
injection development reservoirs. Therefore, based on the identification results of sand
body connectivity, three indexes of the connectivity coefficient (δ), transition coefficient (β),
and connectivity degree coefficient (ϕ) are proposed to quantitatively evaluate sand body
connectivity. The connectivity coefficient represents the connectivity ratio of the sand body, the
transition coefficient represents the connectivity strength of the sand body, and the connectivity
degree coefficient is the product of the connectivity coefficient and the transition coefficient,
that is, ϕ = δ ∗ β, which represents the real connectivity of the sand body.

(1) Connectivity coefficient

The connectivity coefficient (δ) is the ratio of the thickness of the inter-well effectively
connected sand body (Hc) to the total sand body thickness (Ht). The calculation formula is
as follows:

Hc = ∑n
i=1 hi, (2)

δ = Hc/Ht. (3)

In the formula, n represents the number of connected single sand bodies, and hi is the
effective thickness of the i-th connected single sand body between single wells.

(2) Transition coefficient

The transition coefficient is the characterization of sand body connectivity under
different single sand body contact relationships. There are differences in lithology, physical
properties, heterogeneity, and seepage characteristics of different types of single sand bodies.
There are seepage barriers between sand bodies under different contact relationships, and
the strength of the connectivity is also different. According to the different single sand
body contact modes and production performance verification results of several similar
low-permeability reservoirs, the empirical values of transition coefficients under different
contact modes are set, and the single sand body transition coefficients under different
contact relations are classified and described from the vertical and lateral angles.

The lateral contact relationship of connected sand bodies is divided into seven types,
and the transition coefficients are divided into six types, which are perfect, good, medium-
good, medium, medium-poor, and poor, respectively. The corresponding transition coeffi-
cients are 1.0, 0.9, 0.8, 0.6, 0.4, and 0.2, respectively. The vertical superposition relationship
of connected sand bodies is divided into three types, and the transition coefficients are
also divided into three types, which are good, medium, and poor, respectively. The corre-
sponding transition coefficients are 1.0, 0.6, and 0.4, respectively. With the identification of
a single sand body, the contact relationship between connected sand bodies is evaluated,
and the transition coefficient between sand bodies is determined (Table 3).
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Table 3. Evaluation of single sand body connectivity.

Contact
Type

Contact
Relationship Flow Unit Type

Elevation
Difference
(Yes/No)

Contact Mode Connectivity Transition
Coefficient

Lateral

Connection
(same sand

body)
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4. Calculation of Real Displacement Distance

The water injection development reservoir of highly deviated wells is a multilayer
development. The displacement distance from the multilayer perforation position to the
water injection well is different, but the displacement distance from the perforation position
to the water injection well cannot represent the real displacement distance between oil and
water wells. The real displacement distance refers to the shortest displacement distance
between the fracture network of the same layer and the water injection well (Figure 8). In
order to achieve reasonable layered water injection and improve the displacement effect,
the real displacement distance between oil and water wells in different layers should be
clarified first.

Taking B170-109 X as an example, the well was fractured in six sections, and the length,
width, and height data of each fracture were obtained using microseismic monitoring
(Figure 9, Table 4). Through the drawing of fracturing fractures, the real displacement
distance between oil and water wells was measured with Geomap 3.6 software (Figure 8).
Without considering the fracture network, the displacement distance from the injection well
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B171-109 to the production well B170-109X is 350 m. Through the description of the fracture
network, the real shortest displacement distance is 240 m. Through the stratigraphic profile
of highly deviated wells and water injection wells, the real displacement distance between
different layers of oil and water wells can be visually seen (Figure 10).

Table 4. Microseismic monitoring fracture data of B170-109x well.

Section
Fracture Length (m) Fracture Width

(m)
Fracture Height

(m)
Fracture Strike

(Northeast)West Flank East Flank Overall Length

The first section 128 46 174 41 76 57◦

The second section 159 131 290 62 49 61◦

The third section 220 126 346 58 59 63◦

The fourth section 267 134 401 60 60 66◦

The fifth section 128 96 224 44 43 58◦
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Figure 10. The B170-109X and B171-109 well stratigraphic profile (marked as the actual displacement
distance).

Through statistical analysis of the microseismic monitoring data of low-permeability
reservoirs in Ordos Basin, it is considered that there is a positive correlation between the
ground fluid volume and the length of fracture [53]. Microseismic monitoring technology
is the main means to describe fracture morphology, but its cost is high and it is difficult to
achieve full coverage. Therefore, three to five typical wells under different fracturing scales
can be selected for testing in water injection development reservoirs. Combined with the
microseismic monitoring fracture data, the correlation formula is obtained using the linear
regression of the fracture length and ground fluid volume, which provides a basis for the
absence of microseismic monitoring wells and describes the fracture network. According to
the linear regression formula of the single-stage fracture length and the single-stage ground
fluid volume in the Chang 63 reservoir of the Huaqing area (Figure 11), the regression
coefficient is greater than 0.8, which is a strong correlation and can effectively guide the
fracture description of highly deviated wells without microseismic monitoring in this area.
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Figure 11. Relationship curve between the single-stage fracturing fracture length and the single-stage
ground fluid volume of the Chang 63 oil-bearing formation in the Huaqing area.

5. Layered Injection Allocation Calculation Method
5.1. Layered Injection Allocation Calculation Formula

With the above analysis, it can be seen that the effective thickness (h), connectivity
coefficient (ϕ), permeability (k), crude oil viscosity (µo), well spacing radius (re), wellbore
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radius (rw), production pressure difference (∆P), and transformation parameters (S) are
important factors affecting layered injection allocation. Among them, the crude oil viscosity
of the same reservoir is the same, the wellbore radius of the same block is the same, and
the production pressure difference between single oil and water wells is the same, which is
not used as a calculation parameter. The distance between the oil and water wells (L = 2re)
represents the real displacement distance, which combines the fracturing scale parameters,
and the transformation parameters are not used as calculation parameters. The formula of
the layered injection ratio (ω) can be obtained:

ωi =
ϕi ∗ ki ∗ hi ∗ Li

∑n
i=1 ϕi ∗ ki∗hi ∗ Li

. (4)

In the formula, k ∗ h represents the stratigraphic coefficient, which reflects the pro-
duction capacity of the oil and gas layer and the water absorption capacity of the water
injection well. The larger the formation coefficient is, the greater the production capacity of
the oil and gas layer and the water absorption capacity of the water absorption layers [54].
k ∗ h ∗ ϕ ∗ L is the product of the stratigraphic coefficient, connectivity coefficient, and real
displacement distance. It can determine the permeability, water absorption capacity, and
water storage capacity of connected sand bodies under the real displacement distance of oil
and water wells, which is called the displacement coefficient.

5.2. Calculation Example of Layered Injection Allocation in Highly Deviated Wells

Taking the B193-101 water injection well as the center, four highly deviated wells
(B192-101X, B193-100X, B193-102X, and B194-101X) correspond to the surrounding area,
and the number of fracturing sections is 6, 6, 5, and 5, respectively. Combined with the
regression formula of microseismic monitoring, the fracture length of each highly deviated
well is calculated (Figure 12), and the real distance between the oil and water wells in
different layers is measured using Geomap 3.6 software (Table 5).
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With the evaluation of the sand body connectivity, the sand body connectivity be-
tween highly deviated wells and water injection wells is determined (Figures 13 and 14), 
the effective sand body thickness is defined, and the displacement coefficient of each per-
foration point can be obtained. Since highly deviated wells and injection wells are divided 
into upper and lower sections, the layered injection ratio of different single wells can be 
obtained by calculating the displacement coefficients of different injection sections. Ac-
cording to the demand of oilfield water injection, the injection allocation of the B193-101 
well is set to 20 m3, and the injection allocation of each highly deviated well can be calcu-
lated using the single well layered injection allocation ratio (Table 5). Through the 
weighted sum of the injection allocation of the upper and lower sections, the injection 
allocation of the upper and lower sections is 13.5 m3 and 6.5 m3, respectively. Because the 
reasonable injection allocation of the B192-101X well lower section is the minimum injec-
tion allocation, which is 5.5 m3, in order to avoid a long-term large amount of water scour-
ing the layer to form a preferential seepage channel, the final reasonable injection alloca-
tion of the upper and lower sections is determined to be 14 m3 and 6 m3, respectively. 

B193-101

B192-101X

B193-102X

B193-100X

B194-101X

 Oil well Water injection well Fracture length

Figure 12. Fracturing network of the well group B193-101.

With the evaluation of the sand body connectivity, the sand body connectivity between
highly deviated wells and water injection wells is determined (Figures 13 and 14), the effec-
tive sand body thickness is defined, and the displacement coefficient of each perforation
point can be obtained. Since highly deviated wells and injection wells are divided into
upper and lower sections, the layered injection ratio of different single wells can be obtained
by calculating the displacement coefficients of different injection sections. According to
the demand of oilfield water injection, the injection allocation of the B193-101 well is set to
20 m3, and the injection allocation of each highly deviated well can be calculated using the
single well layered injection allocation ratio (Table 5). Through the weighted sum of the
injection allocation of the upper and lower sections, the injection allocation of the upper
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and lower sections is 13.5 m3 and 6.5 m3, respectively. Because the reasonable injection
allocation of the B192-101X well lower section is the minimum injection allocation, which
is 5.5 m3, in order to avoid a long-term large amount of water scouring the layer to form
a preferential seepage channel, the final reasonable injection allocation of the upper and
lower sections is determined to be 14 m3 and 6 m3, respectively.
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Figure 13. B192-101X well—B193-101 well—B194-101X well sand body connected profile.
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Table 5. B193-101 well group of layered injection calculation.

Well Name Fracturing
Section

Real
Displacement

Distance
(m)

Sand Body
Connectivity

(Yes/No)

Connectivity
Degree

Coefficient

Permeability
(mD)

Effective
Thickness

(m)

Displacement
Coefficient

Water
Injection
Section

Displacement
Coefficient

of Water
Injection
Section

Layered
Injection

Ratio

Layered
Injection

Calculation
(m3)

B192-101x

1 85 Yes 0.9 0.23 1.56 27.4

Upper section
199.5 0.72 14.5

2 150 Yes 0.8 0.23 4.77 131.7

3 110 Yes 0.8 0.14 3.28 40.4

4 150 No 0.16 0.91 0

Lower section
76.6 0.28 5.5

5 110 Yes 1.0 0.2 3.48 76.6

6 140 No 0.16 2.98 0

B194-101x

1 120 Yes 0.8 0.25 2.71 65.0

Upper section
261.8 0.62 12.4

2 140 Yes 1.0 0.18 5.66 142.6

3 160 Yes 0.9 0.33 1.14 54.2

4 160 Yes 0.8 0.3 4.17 160.1
Lower section 160.1 0.38 7.6

5 190 No 0.24 3.29 0

B193-100x

1 160 Yes 1.0 0.19 2.15 65.4

Upper section
228.2 0.72 14.4

2 160 Yes 1.0 0.22 3.71 130.6

3 100 Yes 0.8 0.21 1.92 32.3

4 110 No 0.24 1.79 0
Lower section 87.7 0.28 5.6

5 & 6 90 Yes 1.0 0.22 4.43 87.7

B193-102x

1 150 Yes 0.8 0.18 2.12 45.8

Upper section
144.4 0.63 12.7

2 150 Yes 1.0 0.18 1.24 33.5

3 165 Yes 0.8 0.21 2.35 65.1

4 180 No 0.24 1.68 0
Lower section 83.1 0.37 7.3

5 180 Yes 0.9 0.18 2.85 83.1

6. Production Dynamic Verification of the Layered Water Injection Adjustment Results

Taking B193-101 well group as an example, because the production time of highly
deviated wells is different, the production performance of the B193-101 well group was
compared and analyzed using the time alignment (Figure 15a). After the B193-101 well
group was put into production, it was divided into two sections of layered water injection.
The total injection allocation was 30 m3, and the injection allocation of the upper and lower
sections was 20 m3 and 10 m3, respectively. In the twelfth month of production, the water
cut of the B193-100X well increased rapidly, and then the water cut of the B192-101X and
B193-102X wells began to increase gradually. Because of the long-term water injection
scouring of a large amount of water, the preferential seepage channel was gradually formed
in the high-permeability area of each layer, and the peak water absorption is presented on
the water absorption profile (Figure 15b). Therefore, by reducing the water injection volume
and applying the method determining the layered injection allocation in highly deviated
wells based on connectivity evaluation, the water injection volume was optimized, and
the upper and lower sections had water injection volumes of 14 m3 and 6 m3, respectively.
In the second, fourth, and fifth months after the injection adjustment, the water cut of the
wells B192-101X, B193-100X, and B193-102X began to decrease. In the eighth month after
the adjustment of injection allocation for the three highly deviated wells with increased
water cut, all the water cuts decreased, and the daily oil production gradually returned
to the level before the water cut increased. Among them, B193-100X daily oil production
gradually increased, much higher than the level before the water cut increased. From the
adjusted injection profile (Figure 15b), it can be seen that the peak water absorption in all
water absorbing layers disappeared, achieving uniform displacement. Through production
dynamic verification, it can be concluded that the method for determining the layered
allocation of highly deviated wells based on connectivity evaluation can effectively guide
the layered allocation work of highly deviated wells in the water injection development of
oil reservoirs.
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7. Conclusions

(1) Four types of vertical stacking patterns and five types of lateral contact relationships
of single sand body were identified using sand body configuration. The deposition
rate and sediment recharge rate of the turbidite sedimentary system are fast, and the
vertical multiperiod channel cutting and stacking type and lateral docking contact
of the single sand body are the most developed. Through the combination of three
methods of sand body configuration, seepage unit, and single sand body boundary
identification, the accuracy of single sand body identification in the target area was
12.6% higher than that of sand body configuration identification.

(2) The connectivity coefficient characterizes the connectivity ratio of sand bodies, the
transition coefficient characterizes the connectivity strength of sand bodies, and the
connectivity degree coefficient characterizes the real connectivity of sand bodies.
The connectivity degree coefficient can be used as a standard for the quantitative
evaluation of single sand body connectivity to determine the connectivity of single
sand bodies.

(3) In order to calculate the reasonable layered injection allocation of water injection
reservoirs in highly deviated wells, it is suggested that three to five typical wells
under different fracturing scales should be selected for microseismic monitoring,
and the correlation between the fracture parameters and the ground fluid volume
should be regressed to provide the basis for the lack of microseismic monitoring wells.
According to the calculation results of the correlation formula, the fracture network is
described, and the real displacement distance of oil and water wells in each layer of
highly deviated wells is obtained.

(4) The new methodology for determination of layered injection allocation in highly devi-
ated wells drilled in low-permeability reservoirs clarifies the connectivity relationship
between single sand bodies, describes the method for obtaining the real displacement
distance of different layers in highly deviated wells, and determines the reasonable
stratified injection allocation between layers. The method’s implementation resulted
in a 3.6% reduction in the water cut by a year, and a significant increase in the daily oil
production of individual wells by 0.5 t/d in the target area. The impact of the injection
allocation adjustment was notably significant. This method is scientific and reason-



Energies 2023, 16, 7764 22 of 24

able, simple and practical, convenient and fast, and has a good application value for
the same type of highly deviated wells’ water injection development reservoirs.
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