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In the process of long-term water flooding in the Gaoqian Southern Area with an average porosity of 30% and an average
permeability of 1333 5 × 10−3 μm2, the fluid-solid interaction among oil, water, and rock has a great influence on the pore
structure. It has resulted in changes in reservoir parameters with the extension of time. This paper used electron microscopy
scanning, mercury injection, X-ray diffraction, physical properties, and oil-water relative permeability curves to study the
variation of clay mineral content, pore throat structure, porosity, permeability, and relative permeability curves of high-
permeability sandstone after high-pressure water flooding. The results showed that clay minerals such as montmorillonite and
kaolinite were dissolved, hydrated, and migrated after long-term water flooding, which resulted in the decrease of clay mineral
content in fine sandstone and medium sandstone, the increase of pore throat radius, and the decrease of displacement
pressure, median pressure, and separation coefficient. The saturation of the isotonic point of the oil-water relative permeability
curve was obviously shifted to the right, the hydrophilicity was significantly enhanced, and the porosity and permeability were
effectively improved, but there was a blockage of the throat less than 2 μm in the fine sandstone. In addition, this paper
established the equations of water injection, permeability, irreducible water saturation, residual oil saturation, and oil-water
relative permeability curve coefficient and establishes the initial permeability model with the well data before water flooding.
The logging interpretation results of development wells in the process of water flooding as verification data were used, and the
relative error of permeability far lower than the general requirement of permeability error within an order of magnitude was
less than 30%, which verified the rationality of the method.

1. Introduction

For different types of reservoirs, water flooding is widely
used because of its high economic efficiency and environ-
mental safety [1, 2]. Under natural conditions, the mineral
components and fluids of the reservoir coexist in the porous
medium and reach the equilibrium state under the forma-
tion conditions (REF). Water flooding is the most widely
used method of improving the ultimate oil recovery (IOR)
including artificial water flooding and natural water flooding

[3–9]. However, in the process of water flooding develop-
ment, the decrease of reservoir temperature and pressure
and the change of fluid properties lead to the break of the
equilibrium, which affects the development of the oilfield
[10]. The erosion of injected water causes physical changes
in reservoir structure, and the incompatibility between
injected water properties and reservoirs causes chemical
effects such as water swelling, crystallization, precipitation,
and dissolution of special minerals in reservoirs [11]. These
two effects ultimately lead to the following: (1) reservoir
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damage—this is mainly because the formation water and
reservoir incompatibility also led to reservoir damage and
plug pore throats, which is attributed to sensitive mineral
hydration expansion, dispersion, and migration [12]—and
(2) the formation of dominant channels—this is mainly
because the dissolution and migration of minerals in porous
media lead to pore growth and throat evolution, thus spon-
taneously forming dominant channels, so the fluid flow
capacity in the formation has been significantly improved
in some areas [13]. With the development of water injection,
the reservoir heterogeneity is getting stronger and stronger,
which seriously affects water flooding development [14].

Many scholars have studied the reservoir after water
flooding and found that the long-term fluid-solid interaction
between oil, water, and rock has a great influence on the
pore structure. After long-term water flooding, reservoir
parameters such as porosity, permeability, wettability, and
relative permeability will change [15–24]; this change in res-
ervoir properties becomes more pronounced over time, ulti-
mately affecting oil recovery.

In order to study the change of parameters with time
after water flooding, the researchers had predicted by estab-
lishing numerical model and fitting relationship. A dynamic
network model was used to study the effect of the displace-
ment rate on the relative imbibition permeability and the
residual saturation. Loahardjo et al. [19] proved through
experiments that the amount of remaining oil decreased sig-
nificantly during continuous water injection and the relative
permeability curve changed with the amount of water
injected. A numerical simulation method was proposed to
simulate the variation of relative permeability with time
[24]. The method was studied for determining the relative
permeability of the inverted five-spot well pattern over time
by numerical simulation [10]. The erosion intensity by dis-
placement flux was characterized [25]. They obtained two
relative permeability curves through high-intensity water
flooding experiments and established a two-dimensional
five-point model. Finally, the method was verified by an
actual reservoir in a mature oilfield. For different water
flooding reservoirs, the injection-production rate is quite dif-
ferent. The change of reservoir parameters is affected by
cumulative injection-production [26–28]. Therefore, it is
not accurate to use time variable to characterize the variation
of relative permeability.

This paper uses the method of combining coring well
reservoir test and displacement experiment to study the
time-varying problem of water flooding reservoir with
high-permeability sandstone in Gaoqian Southern Area as
the research object. The mechanism of reservoir blockage
or formation of dominant channel is analyzed, and the
time-varying law of reservoir during long-term water flood-
ing development is revealed. Finally, based on the data of
core displacement experiment, this paper constructs the
mathematical equations of water injection and permeability
increase, irreducible water saturation, residual oil saturation,
and oil-water relative permeability curve coefficient and
establishes the initial permeability model with the well data
before water flooding. The logging interpretation results of
development wells in the process of water flooding are veri-

fied. The results show that this method can reasonably pre-
dict the change of permeability. The conclusion of this
paper has important application value for guiding long-
term water injection to enhance oil recovery.

2. Samples and Methods

The lithology of the reservoir in the Gaoqian Southern Area
is mainly medium-fine sandstone and has transitional type,
and a small part is unequal-grained sandstone. The sand-
stone maturity is low and the sorting is poor. The statistics
of rock mineral composition in Gao 104-5 block are shown
in Table 1. The quartz content is 33~86%, average 45.1%;
feldspar content 8~52%, average 25.3%; and cutting content
6~45%, average 28%; the interstitial materials are mainly
mud, with the content of 3~41% and the average of 20.8%.
Carbonate minerals are very few. The cementation type is
mainly pore cementation. The debris particles are subangu-
lar to subcircular, and the sorting is medium.

The absolute content of clay minerals is 10.2% in the res-
ervoir of Gao 104-5 area. After X-ray diffraction analysis of
clay minerals, the content of clay minerals in well GJ514-5
is shown in Table 2, and the composition is mainly mont-
morillonite accounting for 50.1% and kaolinite accounting
for 28.5%. In addition, as shown in Table 3, according to
the statistics of core physical analysis data, the porosity
ranges from 22.5% to 35.8%, with an average of 30%; the
permeability range is 51 4 ~ 5328 × 10−3 μm2, with an aver-
age of 1333 5 × 10−3 μm2.

As shown in Figure 1, the reservoir space types of the
reservoir in this block are primary intergranular pores, inter-
granular dissolved pores, a small number of microfractures,
intragranular dissolved pores, and mold pores. The average
pore throat radius varies greatly, ranging from 0.2 to
16.3μm, with an average of 5.5μm. The main flow pore
throat radius varies from 0.1 to 63μm, with an average of
10.0μm, and the relative sorting coefficient is 0.1 to 7.4, with
an average of 3.3. Oil displacement pressure is small, an
average of 0.19 MPa. The mercury saturation is large, with
an average of 79.4%, belonging to the range of middle-
large pore throat.

3. Results and Discussion

Long-term water flooding will lead to significant changes in
reservoir pore structure, and the change in pore structure is
directly related to the composition, occurrence, and content
of clay minerals in pores. Mechanical transport and hydra-
tion are the main reasons for the decrease in clay mineral
content and the heterogeneous change of pore structure.

3.1. Reservoir Characteristic Variation after Water Flooding

3.1.1. Changes in Clay Minerals during Water Flooding.
Comparing the analysis and test results of different litho-
facies original rock samples and water flooding 60PV in
coring wells, it is found that the clay mineral content of fine
sandstone facies and medium sandstone facies decreases
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after water flooding, and the change rate of clay content of
fine sandstone is generally large, as shown in Table 4.

In the fine sandstone facies, the average pore throat
radius is small, and the reservoir clay mineral content is rel-
atively high. In addition to the development of more mont-
morillonite and illite mixed layer in Figure 2(a)), there are

more kaolinite and other clay minerals. After long-term
water flooding, on the one hand, these clay minerals are dis-
persed and mechanically transported due to loose structure
and poor adhesion, resulting in local throat widening and
small seepage resistance, forming dominant seepage chan-
nels. On the other hand, the water-sensitive minerals such

Table 1: Rock mineral composition in the Gao 104-5 area.

Thin layer Well section (m)
Quartz Feldspar Debris Fillings

Scope Mean/block Scope Mean/block Scope Mean/block Scope Mean/block

12 1853.00~1892.36 35~86 53.7/9 8~39.5 25.2/9 6~33 19.8/9 11~41 24.9/9

132 1863.16~1906.96 33~60 42.1/41 10~52.1 25.2/41 9.7~45 31.5/41 12~40 21.6/41

133 1890.91~1922.47 40~61 49.3/11 10~32.9 25.9/11 8.6~37 21.9/11 3~26 14.5/11

Average 1853.00~1922.47 33~86 45.1/61 8~52.1 25.3/61 6~45 28.0/61 3~41 20.8/61

Table 2: Clay mineral contents in well GJ514-5.

Thin layer Well section (m) Number of blocks
Absolute content of
clay minerals (%)

Relative content of clay minerals (%)

Scope Mean value S I/S I K C R %S

12 1853.00~1892.21 7 3.9~30 17.6 55.3 11.0 23.9 9.9 Ro 70.0

132 1869.20~1892.21 37 1.6~46 8.1 42.9 9.6 31.1 13.8 Ro 78.6

133 1890.10~1922.12 11 7~26.4 12.6 67.0 30.5 7.5 25.5 6.5 Ro 60.0

Average 1853.00~1922.12 55 1.6~46 10.2 49.3 30.5 9.4 29.1 11.8 Ro 73.8

S: montmorillonite; I/S: illite-smectite mixed layers; K: kaolinite; I: illite; C: chlorite; R: degree of order; Ro: disorder; %S: mixed layer ratio.

Table 3: Porosity and permeability results in the Gaoqian Southern Area.

Thin layer Well section (m)
Porosity (%) Permeability (10-3 μm2)

Scope Mean/number Scope Mean/number

8 1800.37~1862.4 26.8~35.3 30.5/52 171~3901 1533.3/47

9 1880.94~1886.85 28.1~28.4 28.3/2 470~1123 796.5/2

12 1855.18~1904.15 22.7~30.3 26.6/7 51.4~1900 565.6/7

132 1870.36~1881.5 22.5~35.14 32.2/52 55.1~5328 1342.3/50

133 1895.35~1898.76 26.0~33.8 30.4/13 76.5~2678 1146.7/9

Average 30.0/125 1333.5/117

B

B

B

A

A

A

(a) 1965.43m

B

B

A

A

B

A

(b) 1967.64m

Figure 1: Images of different depths of well GJ514-5 casting sheet (A—primary intergranular dissolved pore, B—intergranular dissolved
pore).
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as montmorillonite will destroy, collapse or even dissolute
due to hydration, which will be washed away by water, fur-
ther widen the seepage channels as shown in Figures 2(b)
and 2(c). At the same time, in the local small pore throat, clay
minerals plug the pore throat as shown in Figure 2(d).

In the middle sandstone facies, the clay mineral content
is relatively low, and a small amount of montmorillonite is
displaced due to long-term contact with the injected water
in Figures 2(e) and 2(f)), and kaolinite is rapidly displaced
by erosion in Figures 2(g) and 2(h). Compared with the fine
sandstone reservoir, due to the development of medium and
large pore throats before water flooding, the decrease of clay
minerals after water flooding is small, and the degree of het-
erogeneity is relatively small.

3.1.2. Changes in Pore Structure. The pore space of fine sand-
stone facies is mostly occupied by clay minerals before water
flooding as shown in Figure 3(a), which is dominated by
mesopores and fine throats. The distribution of pore throat
radius is unimodal. After long-term mining, the unimodal
distribution tends to disperse, and clay minerals are locally
enriched. The pore throats less than 5μm and greater than
25μm increase significantly in Figure 4(a), forming
medium-coarse pore throats, and local pore throats less than
2μm are blocked in Figures 3(b) and 3(c)), forming fine pore
throats and enhancing heterogeneity.

Before water flooding, the heterogeneity of pore struc-
ture in the middle sandstone facies is strong, local clay min-
erals are enriched, mainly in the middle pore and middle

S

(a) Montmorillonite in fine sandstone

facies (2.5PV)

S

(b) Montmorillonite in fine sandstone

facies (60PV)

K

(c) Kaolinite in fine sandstone

facies (2.5PV)

K

(d) Kaolinite in fine sandstone

facies (60PV)

S

(e) Montmorillonite in middle sandstone

facies (2.5PV)

S

(f) Montmorillonite in middle sandstone

facies (60PV)

K

(g) Kaolinite in middle sandstone

facies (2.5PV)

K

(h) Kaolinite in middle sandstone

facies (60PV)

Figure 2: The change of clay mineral content and morphology under different water flooding PV.
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throat, and the distribution range of pore throat radius is
large, showing a double peak shape. After long-term mining,
clay minerals are washed out, and the pore throat radius is
double peak offset. The pore throat larger than 50μm is

increased, followed by 25-50μm, and the reservoir physical
properties are significantly improved in Figure 4(b).

As shown in Figure 5, by comparing the capillary pres-
sure curves before and after water flooding in different

(a) Before water flooding, P35, 2046m

Pore plugging

Large pore

(b) 2.5PV, P35, 2046m

Pore plugging

Large pore

(c) 60PV, P35, 2046m

Figure 3: Heterogeneous characteristics of microscopic pore structure of fine sandstone facies reservoir before and after water flooding in
well 16-1.
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Figure 4: Comparison of pore throat radius before and after different lithofacies water flooding.
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Figure 5: Comparison of capillary pressure curves before and after water flooding in different lithofacies.
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Figure 6: Comparison of particle size before and after water flooding in different lithofacies.
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Figure 7: Changes of physical properties of different lithofacies reservoirs during water flooding.

Table 5: Changes in porosity and permeability before and after water flooding.

Lithofacies
Free period Extra high water cut stage Multiple

Por (%) Perm (mD) Por (%) Perm (mD) Por Perm

Fine sandstone facies 21.6 363 29.4 2453 1.36 6.8

Middle sandstone facies 26.1 1189 32 4140 1.23 3.5

Table 6: Changes of reservoir wettability before and after water flooding.

Lithofacies Wettability before water flooding (wetting angle) Wettability after water flooding (wetting angle)

Fine sandstone facies Neutral (90°) Strong hydrophilic (51°)

Middle sandstone facies Neutral-weakly hydrophilic (82°) Strong hydrophilic (43°)
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lithofacies reservoirs, it is found that the displacement pres-
sure decreases after water flooding in different lithofacies
reservoirs, the skewness increases significantly, the mercury
injection and mercury withdrawal curves slow down, the
median pressure and sorting coefficient decrease, and the
average pore throat radius increases, indicating that the res-
ervoir connectivity is enhanced and the pore structure is

improved after water flooding. Among them, the parameters
of fine sandstone facies reservoir change the most, the reser-
voir changes greatly, and the improvement effect is obvious.

3.2. Changes in Granularity. Due to the common sand pro-
duction phenomenon in the process of water flooding devel-
opment, the change of reservoir particle size before and after
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Figure 8: Comparison of relative permeability curves before and after water flooding in different lithofacies.

Table 7: Results of core water flooding experiment.

Well number Depth (m) Lithofacies PVinj Initial permeability (mD) Final permeability (mD)

16-1 2041 Fine sandstone facies 60 379 2548.775

16-1 2048 Middle sandstone facies 60 1034 6152.3

y = 0.8954ln(x) + 2.2198
R2 = 0.9291
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Figure 9: The relationship between the permeability increase multiple of different lithofacies and injected PV in Gao 104-5 block.
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water flooding is analyzed. As shown in Figure 6, it is consid-
ered that the proportion of fine-grained components
decreases as a whole after water flooding. The fine sandstone
reservoir is dominated by fine sand and clay particles before
water flooding, showing bimodal characteristics. After long-
term development, the particle size distribution tends to be
dispersed, the fine sand and clay particles are significantly
reduced, and the proportion of other components is

increased. The reason is the dissolution and hydration of clay
minerals and the migration of fine sand particles. Due to pore
blockage, the proportion of coarse silt and fine silt increased
greatly. Before water flooding, the middle sandstone facies
reservoirs are dominated by middle sand and fine sand parti-
cles and also show bimodal characteristics. After long-term
development, the particle size distribution changes from
bimodal to unimodal, and the main peak shifts to the middle

Middle sandstone facies
Fine sandstone facies

300 0 300 600 900 1200
m

Figure 10: Lithologic model of Ng13
3 sublayer.
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10000

3162
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(b) Original permeability model

Figure 11: Original geological model of Ng13
3 sublayer.
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coarse sand component, indicating that the fine grain com-
position moves with water.

3.3. Changes in Reservoir’s Physical Properties. Considering
that the reservoir physical properties will change after water
flooding, this paper selects the core test data and production
data of wells with production above 60m3/d for comparative
analysis. It can be seen from Figure 7 that the porosity and
permeability increase significantly in different water-
bearing stages, which indicates that the long-term water
injection scouring makes the reservoir physical properties
improve obviously.

However, the degree of transformation of different litho-
facies reservoirs by long-term erosion affecting the improve-
ment of the seepage capacity of fine sandstone facies
reservoirs is the best. As shown in Table 5, the porosity of
fine sandstone increases by 1.36 times and the permeability
increases by 6.8 times. The improvement of middle sand-
stone facies is relatively low, the porosity increases by 1.23
times, and the permeability increases by 3.5 times. The sta-
tistical results in Table 5 are the average values of the sample
data in Figure 7. The data before water flooding is the aver-
age value of sample of water cut below 2%, while the data

after water flooding is the average value of sample of water
cut above 96%.

3.4. Change of Seepage Characteristics. The changes in res-
ervoir wettability before and after water flooding are
shown in Table 6. The hydrophilicity of different lithofacies
reservoirs is enhanced. At the same time, according to the
comparison of the relative permeability curves of different
lithofacies before and after water flooding in Figure 8, it is
found that the saturation of the isotonic point of different
lithofacies reservoirs after water flooding is shifted to the
right, which also confirms that the hydrophilicity is signifi-
cantly enhanced, and the relative permeability corresponding
to the isotonic point is increased, reflecting the improvement
of oil-water seepage capacity.

The reasons for the strong hydrophilicity of different
lithofacies in the reservoir after water flooding are mainly
due to two aspects. On the one hand, the wettability of the
reservoir is affected by the type of mineral components.
For example, minerals such as quartz and feldspar are hydro-
philic. During the long-term mining process, the surface of
the particles will gradually be occupied by water, forming a
water film, which enhances the hydrophilicity of the
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Figure 12: Relative permeability curves of different lithofacies after different water injection multiples.

Table 8: Statistics of oil-water relative permeability curve parameters under different water injection multiples.

PVinj
Fine sandstone facies Middle sandstone facies

Swi Sor a − Kro b − Kro a − Krw b − Krw Swi Sor a − Kro b − Kro a − Krw b − Krw
0.01 0.348 0.447 429.33 -18.19 0.0001 12.411 0.259 0.365 17.938 -10.618 0.001 8.702

2.5 0.316 0.416 117.61 -14.94 0.0002 11.635 0.241 0.345 12.651 -9.756 0.0016 7.954

10 0.285 0.397 53.14 -13.05 0.0003 10.942 0.232 0.328 8.864 -8.546 0.0025 7.377

60 0.264 0.384 39.72 -12.06 0.00045 10.286 0.216 0.319 7.064 -7.925 0.0031 7.073
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reservoir. On the other hand, clay minerals such as kaolinite
and chlorite will increase the lipophilic properties of the res-
ervoir. However, during the long-term scouring process, clay
minerals such as kaolinite and chlorite are washed away in
large quantities and moved away from the particle surface
or pores, which also increases the hydrophilicity of the reser-
voir. At the same time, the fluid is in long-term contact with
the mineral particles during the development process. After a
large amount of scouring, the particle surface will become
smoother, which also increases the seepage capacity of the
water phase and changes to the hydrophilic direction.

3.5. Simulation Results. In this paper, considering the con-
vergence of material balance equation and mathematical
model, the change of porosity caused by the change of pore
throat radius is not considered in numerical simulation engi-
neering, and only the time-varying characteristics of perme-
ability and oil-water relative permeability are taken as the
research object.

3.5.1. Characterization of Permeability Increase Multiple.
Because the reservoir physical properties of different litho-
facies vary greatly, the correlation between different lithofacies

y = –0.005ln(x) + 0.2399
R2 = 0.9383

y = –0.009ln(x) + 0.3097
R2 = 0.9248

0.0

0.1

0.2

0.3

0.4

0 20 40 60

S w
i

PVinj

Fine sandstone facies
Middle sandstone facies

(a)

y = –0.005ln(x) + 0.3428
R2 = 0.9467

y = –0.007ln(x) + 0.4159
R2 = 0.9731

0.0

0.1

0.2

0.3

0.5

0.4

S o
r

0 20 40 60
PVinj

Fine sandstone facies
Middle sandstone facies

(b)

y = 122.81x–0.28

R2 = 0.9752

y = 11.718x–0.104

R2 = 0.9194

1

10

100

a-
K r

o

0 20 40 60
PVinj

Fine sandstone facies
Middle sandstone facies

(c)

y = 0.3022ln(x) – 9.4159
R2 = 0.8831

y = 0.7115ln(x) – 15.042
R2 = 0.9795

–4

–8

–12

–16

–20

b-
K r

o

0 20 40 60
PVinj

Fine sandstone facies
Middle sandstone facies

(d)

y = 0.0002x0.1677

R2 = 0.9639

y = 0.0017x0.1293

R2 = 0.9357

0
0.0005

0.001
0.0015

0.002
0.0025

0.003
0.0035

a-
K r

w

0 20 40 60
PVinj

Fine sandstone facies
Middle sandstone facies

(e)

y = –0.187ln(x) + 7.903
R2 = 0.9567

y = –0.233ln(x) + 11.476
R2 = 0.9147

0
2
4
6
8

10
12
14

b-
K r

w

0 20 40 60
PVinj

Fine sandstone facies
Middle sandstone facies

(f)

Figure 13: Relationship between parameters and PVinj.
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Figure 14: Results of permeability prediction.

Table 9: Comparison of actual and simulated permeability of typical wells.

Times 8 years 18 years
Well number G215-6 G217-6 GX110-7 GX208-4

Ng12a
Actual permeability 319 419 15 0.1

Simulated permeability 400 323 18 0.1

Ng12b
Actual permeability 217 775 263 178

Simulated permeability 379 429 320 190

Ng13-1a
Actual permeability 457 190 161 0.1

Simulated permeability 374 156 267 0.1

Ng13-1b
Actual permeability 125 40 198 0.1

Simulated permeability 179 26 240 0.1

Ng13-2a
Actual permeability 185 641 244 0.1

Simulated permeability 172 473 361 0.1

Ng13-2b
Actual permeability 1100 73 25 320

Simulated permeability 840 64 29 350

Ng13-2c
Actual permeability 931 51 142 270

Simulated permeability 720 50 180 115

Ng13-3a
Actual permeability 157 327 130 228

Simulated permeability 114 279 173 256

Ng13-3b
Actual permeability 293 108 25 230

Simulated permeability 236 100 30 120

Average relative error (%) 23 18 29 26.2
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permeability in Table 7 obtained from core displacement
experiment and water injection multiple is used for time-
varying simulation in this paper. The simulation results are
shown in Figure 9.

PVinj is the ratio of the total water volume through a core
to the core pore volume, and the following equation is
shown.

PVinj =
Qw
V∅c

= Qw
Sl∅c

1

In this equation, PVinj is the water injectionmultiple,Qw is
the total water volume through the core (m3), V is the appar-
ent volume of the core (m3), S is the core cross-sectional area
(m2), l is the core length (m), and ∅c is the core porosity.

If in numerical simulation, PVinj is the cumulative water
injection multiple of the grid, Qw is the total water volume

through the core (m3), V is the volume of the grid (m3),
and ∅c is the porosity of the grid.

In this paper, the Petrel software is used to establish the
fine and medium sandstone lithology model; the numerical
model is shown in Figure 10. In the process of numerical sim-
ulation, each grid calls the relationship function between
cumulative water injection multiple and permeability increase
multiple according to the corresponding lithology to calculate
the instantaneous permeability of the grid.

Then, this paper uses the wells before water injection to
establish the original geological model and uses the well data
after water injection as the verification well. The original
porosity model is shown in Figure 11.

3.5.2.CurveCharacterizationofOil-WaterRelativePermeability.
In this paper, core samples were used for water flooding
experiments to measure the oil-water relative permeability
parameters offine sandstone andmiddle sandstone cores after
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Figure 15: Model of permeability.
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different water injection. The results of the measurement
parameters are shown in Table 8.

Then, this paper uses the parameters to draw the relative
permeability curves of different lithofacies after different water
injections. As shown in Figure 12, it can be seen that the irre-
ducible water saturation and residual oil saturation of the two
sandstones gradually decrease with the increase of PVinj.

The coefficients a and b in the relationship between oil
and water relative permeability curves and water saturation
also show a very good fit with PVinj, as shown in Figure 13.

Kr = a∙eb∙Sw 2

In each time step of the calculation process, the cumula-
tive water injection of each grid is counted. According to the
fitting formula of the following diagram, the Swi, Sor, a, and b
are calculated, respectively, to obtain the oil-water relative
permeability curve of the grid.

Swi is the irreducible water saturation; Sor is the residual
oil saturation; a − Kro is the oil relative permeability coeffi-
cient a; b − Kro is the oil relative permeability coefficient b;
a − Krw is the water relative permeability coefficient a; b −
Krw is the water relative permeability coefficient b.

4. Verification of Numerical Simulation Results

4.1. Verification of Permeability Prediction Results. Using the
above method for permeability time-varying, the prediction
results are shown in Figure 14. As shown in Table 9, the log-
ging interpretation results of two new wells after 8 years of
water injection are compared with the predicted permeabil-
ity results at the well point. The permeability values are rel-
atively close, and the average relative error is only 18%~23%.
For the two new wells after 18 years of water injection, the
average relative error between the logging interpretation
results and the predicted permeability results is only
26.2~29%. Considering that the error range of permeability
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Figure 16: Statistics of permeability distribution range after water flooding in different lithofacies (20 years).
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is usually required to be controlled within an order of mag-
nitude, and the logging interpretation is the well point value,
the permeability calculated by the model represents the aver-
age value within 20m around the well point. This value is
affected by the surrounding grid and cannot fully represent
the well-point value. Therefore, the accuracy of the results

is higher, indicating that the accuracy of the above method
is better.

4.2. Comparison of Permeability before and after Water
Flooding. The permeability model before and after water
flooding is shown in Figure 15. Through the statistics of the
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permeability distribution range of different lithofacies after
water flooding, as shown in Figure 16, it is found that for fine
sandstone facies, the unimodal state before water flooding
changes to the bimodal state after water flooding. The peak
value changes from 300~1000mD before water flooding,
but the value changes obtained 300mD and 1000~3000mD
after water flooding. Due to the influence of reservoir hetero-
geneity, the regional water injection with permeability less
than 300mD is difficult to spread, resulting in little change
in the proportion. The proportion of permeability between
300 and 1000mD decreases greatly, and the proportion of
permeability greater than 1000mD increases significantly,
mainly due to the increase of permeability in the 300-
1000mD region.

For the middle sandstone facies, the proportion of per-
meability intervals before and after water flooding is bimodal,
but it is obviously shifted to the high-permeability interval
and gradually tends to an unimodal state greater than
5000mD. The proportion of permeability lower than
300mD also changes little, the proportion of 300~1000 and
1000~3000mD decreases significantly, and the proportion
greater than 5000mD increases significantly. The main rea-
son is that the permeability of 1000~3000 and 3000~5000
increases.

Numerical simulation cannot simulate changes in parti-
cle size, but it can simulate changes in porosity and perme-
ability. As shown in Figure 17, the variation pattern of
porosity before and after water flooding and the variation
pattern of permeability in Figure 16 show that the porosity
and permeability of fine sandstone and medium sandstone
both increased.

The result of history match from Figure 18 and Table 10
shows that the result is much more accurate when consider-
ing the permeability variation; the relative error of total oil
production and water cut is -0.4%.

5. Conclusions

(1) For high-permeability sandstone with high clay min-
eral content, the long-term water injection and the
swelling of water-sensitive minerals made the min-
eral structure destroy, collapse, even dissolve and
wash out by water, which further broadened the
seepage channel and blocked some small holes

(2) Due to the high clay minerals in fine sandstone, ero-
sion effects led to a significant increase in pore
throats smaller than 5μm and larger than 25μm.
The heterogeneity including porosity and permeabil-
ity was higher than those of medium sandstone

(3) Through the logging interpretation results of 4
development wells in the process of water flooding,
the relative error of permeability less than 30% was
much lower than the usual requirement of perme-
ability error within one order of magnitude, which
reflected the method was reasonable

(4) Comparing the permeability models before and after
water flooding, the injected water in the area below
300mDwas difficult to spread, resulting in little change
in permeability. The permeability in the areas of more
than 300mD and 1000~3000mD increased obviously
in the fine sandstone facies. The area of middle sand-
stone facies greater than 5000mD increased mainly
due to the increase of permeability in 1000~3000mD
interval and 3000~5000mD interval
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