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Generally, long-term waterflooding development often leads to the change of reservoir pore and clay mineral composition, which
results in the change of permeability and wettability. In order to explore the relationship between core micropore structure and
water cut, based on physical simulation experiments and fractal theory, we proposed a fractal evolutionary model to describe the
evolution characteristics of microstructure of long-term water driving reservoirs. In this paper, core pore structure by SEM was
first conducted to analyze the change of core pore structure before and after waterflooding under the conditions of
magnification of 200 times, 800 times, and 2000 times, respectively. Then, conventional and constant rate mercury injection
tests were combined to perform the comparative analysis of core structural parameters before and after waterflooding. Finally, a
micropore-throat structure evolution model of core was established. Research shows that the connectivity of larger pores
becomes better after long-term water driving, the degree of heterogeneity weakens, and the micro heterogeneity of small pores
becomes stronger and stronger. The throat characteristics change in a complex manner, the radius tends to increase, and the
sorting becomes better, while the connectivity of small throat changes complex. In general, the heterogeneity of throat increases
with the time of water injection in reservoirs with low porosity and permeability. On the basis of fractal theory and variation
characteristics of rock pore structure in water driving reservoirs, we have established a micropore-throat structure evolution
model of core pore-throat characteristics. This fractal evolution model quantitatively characterized the complexity and evolution
law of pore structure and clarified the relationship between fractal dimension of core pore structure and water cut under
different stages of water driving.

ervoir pore and clay mineral composition, which leads to the
change of permeability and wettability. The permeability of

Dagqing Oilfield is the largest continental multilayer sand-
stone reservoir in China. After more than 60 years of long-
term water injection development, the comprehensive water
cut is over 95%, and it has been fully entered and is a typical
representative of ultrahigh water cut oilfield [1-3]. The long-
term waterflooding development results in the change of res-

reservoirs with high permeability greater than 1300 x 1073

pm’ increases, while that of reservoirs with permeability
lower than 300 x 10~% um? decreases, and the static heteroge-
neity of reservoirs intensifies [4]. With the further increase of
water cut, especially in the extra high water cut period, the oil
and water two-phase seepage capacity are increasing, and the
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water phase permeability is rising sharply, resulting in seri-
ous low efficiency and invalid circulation, greatly reducing
the development efficiency, and causing great economic
losses. In particular, long-term waterflooding leads to low
resistance seepage channel at the bottom of high-
permeability layer, which is usually called “dominant seepage
channel” or “large channel.” It makes the injected fluid
channeling and greatly reduces the utilization rate of injected
fluid, which is very unfavorable for reservoir development.
In Sazhong study area of Dagqing Oilfield, there are
fluvial-delta facies deposits under the condition of large shal-
low lake basin. There are 11 types of sand bodies, including
flood plain facies, distributary plain facies, delta inner front
facies, and delta outer front facies. The total thickness of
the strata is about 500 m, and it is composed of 10 oil layer
groups, 43 sandstone groups, 144 small layers, 158 subdi-
vided sedimentary units, and hundreds of small sand beds
and argillaceous rocks. The permeability difference of the
single layer is as high as dozens to more than one hundred
times, and the thickness of the single layer is from 0.2 m to
20 m, which superimposed each other vertically and distrib-
uted staggered on the horizontal surface. The sedimentary
microfacies developed and formed a very complex reservoir
system. The average viscosity of crude oil is 9.2 mPa-s. The
permeability is in the range of 100 x 1073 um* to 2000 x
107> um®, and most of them are in the range of 500 x 1073
pm? to 1500 x 107> ym”. The development of oilfield in Saz-
hong study area was a gradual process. During the 60 years of
development, the exploit objects changed from thick layers to
thin layers, the strata combination gradually refined division,
the injection-production well spacing changed from large to
small, and the reserve utilization changed from good to
bad. From the perspective of the whole Daqing Oilfield, the
reservoir physical properties of Sazhong study area are very
well, and the long-term injection fluid development leads to
the development of dominant seepage channels. Therefore,
in the ultrahigh water cut stage, the phenomenon of ineffi-
cient and ineffective circulation is extremely serious. In the
final analysis, it is the change of microscopic pore-throat
structure caused by long-term injection fluid erosion in these
formations, which leads to the change of seepage law.
Reservoir pore structure heterogeneity is one of the key
factors of oil remaining distribution and EOR (enhanced oil
recovery), especially in the long-term waterflooding reser-
voir. The long-term waterflooding will lead to the change of
reservoir microscopic pore structure. In this case, the quanti-
tative study of the changing law of the reservoir microscopic
heterogeneity is the most important to guide the adjustment
of oilfield scheme, quantitative description of remaining oil,
tertiary oil recovery, and EOR. A large number of scholars
domestic and overseas have done a lot of related research
on this issue and have obtained rich research results. The
research methods mainly include the following: well logging
data evaluation method [5], laboratory rock casting thin sec-
tion [6], scanning electron microscope (SEM) [7], nuclear
magnetic resonance (NMR) [8], and conventional high-
pressure mercury injection [9], as well as two emerging tech-
nologies, namely, fractal theory and CT scanning method to
construct network model, for qualitative, semiquantitative,
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and quantitative description of reservoir pore structure [10,
11]. Golsanami et al. [12] divided the target area under the
T2 curve by NMR into eight porosity bins and estimated each
bin’s value from the seismic attributes using neural networks
(NN). Their research work showed that by using the incre-
mental porosity under the T2 curve, this curve could be syn-
thesized using the seismic attributes. Thomeer and Libny
et al. applied the conventional mercury injection experiment
method to test capillary pressure curve, and they had
obtained the pore-throat size, connectivity, and the parame-
ters of the seepage ability [13, 14]. The constant speed mer-
cury injection experiment method had been more and more
applied to the study of pore structure, as it could overcome
the disadvantages of conventional high-pressure mercury
intrusion method with better quantitative characterization
of reservoir microscopic pore structure [15]. Meanwhile,
the geomechanical properties of the reservoir could not be
neglected while studying the porosity-permeability changes.
Golsanami et al. introduced a novel approach to obtain geo-
mechanical parameters through investigating the relation-
ship between geomechanical parameters and Archie’s
coeflicients. The obtained results of this study provided new
insights into the simultaneous evolution of the reservoir’s
mechanical and petrophysical characteristic [16]. Many
domestic scholars have studied the variation law of reservoir
physical property parameters after long-term waterflooding
development, mainly through laboratory waterflooding
experiments and coring tests. Guan et al. [17] applied labora-
tory experimental data such as oil well sealed coring and long
core waterflooding experiment in the ultrahigh water cut
period to study the variation law of physical property param-
eters and pore structure parameters. The study concluded
that with the intensities of reservoir waterflooding, reservoir
physical property parameters, pore structure parameters,
and seepage characteristics all changed fundamentally. Wu
et al. [18] study the sandstone reservoir physical characteris-
tics and the changing law of the reservoir parameters, and
research showed that due to long-term waterflooding, the
permeability of sandstone reservoir and moisture content
increased, the stratigraphic particles were rushed out, and
clay mineral containing basin reduces clever grain of support
way and the pore network connectivity, higher permeability,
and reservoir wettability by oil into strong hydrophilic. Yin
[19] studied through many years the testing data of inspec-
tion wells and laboratory core waterflooding experiment of
distributary channel sand body of Daging Oilfield water-
flooding process reservoir parameter variation characteris-
tics, and it showed that after long-term water erosion,
sample average pore-throat radius and median pore-throat
radius, pore throat in reservoir large number, and the perme-
ability contribution rate increase. Li [20] believed that the
dynamic geological process of reservoir development fluid
was the main reason for the change of reservoir macro
parameters. The connectivity of pore throat was improved,
the separation of throat was better, the clay minerals were
reduced, and the wettability of rock particles was trans-
formed to hydrophilic.

Currently, the fractal geometry, which is an effective tool
to characterize the pore structure of reservoirs [21-23], is
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widely utilized when conducting the research on pore and
throat analysis. Katz and Thompson [24] first used fractal
geometry theory to analyze pore structure in porous media
and pointed out that both pore space and pore interface of
porous media have fractal structure. It is demonstrated that
the multiscale and statistically self-similar fractal behavior
is always observed for the pore structure of porous media
[25, 26]. Angulo et al., Perez and Chopra, Shen et al., Li, Li
and Horne [27-31], and many other scholars domestic and
overseas had put forward different mathematical models to
calculate the fractal dimension of pore structure using mer-
cury intrusion data combined with fractal theory and
achieved many remarkable results. Li and Zhao [32] derived
a mathematical model for determining oil production of
spontaneous imbibition by the fractal theory for tight oil res-
ervoir. And the fractal production mode showed a power law
relationship between the oil production rate of spontaneous
imbibition and time. Chen et al. [33] developed a theoretical
model of liquid flow through porous media and numerically
analyzed to investigate the role of pore structure on liquid
flow behaviors in porous media. In the model, the Sierpinski
fractal was utilized to construct the geometry structure of
porous media. In the study of Chen et al. [34], they demon-
strated that one special bridge function, which was a function
of the apparent length and tortuosity fractal dimension,
could characterize the relationship of pore structures
between two dimensions (2-D) and three dimensions (3-D),
and it could serve as a conversion bridge of the radius to
determine the capillary pressure curve. In view of the evolu-
tion characteristics of micropore-throat structure of long-
term waterflood reservoir, most scholars described it through
laboratory experiments and field coring data, but few
scholars proposed to apply fractal theory to it to realize the
quantitative characteristics of its change law in theory.

In this paper, we studied and analyzed the influence and
evolution mechanism of long-term waterflooding develop-
ment on the microscopic pore structure of rocks. Firstly,
the structural characteristics of cores before and after long-
term waterflooding development were compared by scan-
ning electron microscopy (SEM) under the conditions of
magnification of 200 times, 800 times, and 2000 times,
respectively. Then, combined with conventional and con-
stant rate mercury injection tests, the effects of long-term
water injection before and after on core pore radius distribu-
tion, throat radius distribution, permeability contribution
rate, and other parameters were studied. And on that basis,
based on the fractal theory and the evolution model of pore
structure in different water cut stages during long-term water
injection, a micropore-throat structure evolution model of
core was established, and the mathematical relationship
between water cut and fractal dimension of pore structure
of core was obtained, which quantitatively characterized the
complexity and evolution law of pore structure.

2. Materials and Methods

2.1. Experimental Materials. The experimental oil was simu-
lated oil, which was a mixture of degassed and dehydrated
crude oil and light hydrocarbon oil in Daqing Oilfield. The

viscosity of the simulated oil was 8.86 mPa-s at 45°C. The
experimental water was prepared from No. 1 oil production
plant of Daqing Oilfield. The experimental cores were natural
cores, which were taken from the type-I formation of No. 1
oil production plant in Daqing Oilfield. The diameter of nat-
ural core was 2.5 cm, and the permeability was in the range of
100 x 1073 um? to 2000 x 1073 ym?.

2.2. Instrument and Facilities. The main instrument used in
the experiment include conventional mercury injection
meter, conventional mercury injection meter, and constant
speed mercury meter. The microscopic pore structure
parameters of the core were measured by conventional mer-
cury injection apparatus and constant speed mercury meter.
Fei Tecnai G2 F20 scanning electron microscope (SEM) from
Gatan Company, USA, was used to test the micromorphol-
ogy of natural core before and after long-term water driving.

2.3. Experimental Methods. In this paper, we mainly did three
aspects of the research work. Firstly, the core profiles before
and after long-term waterflooding development were
observed by SEM, and the changes of microscopic pores
and throat characteristics were compared. Moreover, the
evolution characteristics of core pore radius, throat radius,
permeability contribution rate, and other parameters before
and after long-term waterflooding development were com-
pared and analyzed by conventional mercury injection test
and constant rate mercury injection experiment. Finally,
the fractal model of long-term water driving core under dif-
ferent water cut conditions was established based on fractal
theory. The specific research methods are as follows.

2.3.1. Scanning Electron Microscopy Methods of Natural
Cores. (1) Sample preparation: use a burette to absorb a small
amount of core debris, evenly spread it in a clean and fixed
sample box, and number it for standby; (2) freezing and dry-
ing the samples: transferring the prepared samples to E7400
cryotrans to freeze the table quickly, pouring liquid nitrogen
for freezing and vacuumizing slowly, then raising the tem-
perature quickly, and sublimating the water in the samples
after freezing to obtain dry samples; (3) gold spraying: the
sample was placed in a high-voltage electric field with a cer-
tain degree of vacuum, the high-voltage electric field ionized
the air, and then, a conductive metal film was plated on the
surface of the sample; (4) scanning electron microscope: the
samples were placed under the scanning electron microscope
and observed in the sample room. The pictures were selected
to observe the micromorphology of each sample, and the
changes of core microstructure before and after waterflood-
ing were compared and analyzed

2.3.2. Method of Mercury Intrusion Test. (1) The natural
cores with a diameter of about 2.5 cm were selected, and the
natural cores must be dried after washing with toluene oil.
(2) Determine the physical properties of the target cores,
including gas permeability, volume, mass, and density. For
the conventional mercury injection test: (3) put the target
cores into the core chamber of mercury injection instrument,
injected mercury under the set pressure, recorded the pres-
sure value and mercury volume after the pressure was stable,



increased the injection pressure, and repeated the record of
the above experimental data. For the constant speed mercury
injection test: (4) the target core was put into the core cham-
ber of mercury instrument, and mercury was injected into
the throat and pore of rock sample at a very low constant
speed (0.00005ml/min), so as to ensure that the mercury
injection process was carried out under quasi-static state. It
was assumed that the interfacial tension and contact angle
remain unchanged during the mercury injection process,
and the capillary system pressure increases gradually as mer-
cury entered the throat. At the moment when mercury broke
through the throat limit and enters the pore, the mercury
pressure was released and the whole system pressure fell
back. (5) It was considered that the injection pressure was
equivalent to the capillary pressure corresponding to the pore
space of mercury, and the capillary radius corresponding to
the capillary pressure was equivalent to the pore-throat
radius of the core. The capillary pressure curve could be
obtained by continuously increasing the injection pressure.
Combined with the volume of mercury, the distribution
probability corresponding to different pore radius ranges
could be calculated.

2.3.3. Fractal Evolution Model Establishment of Microscopic
Pore-Throat Structure after Long-Term Waterflooding. The
spatial distribution of pore and throat in porous media has
statistical self-similarity [35-37]. The characteristic parame-
ters of pore structure obtained by SEM test and mercury
injection method cannot reflect the general law of pore spa-
tial distribution and quantitatively characterize the self-
similarity of pore structure. Based on mercury injection test
data and fractal geometry theory, the theoretical model of
evolution characteristics of microscopic pore throat in long-
term water-driven cores was established, which was of signif-
icance for analyzing the change of core structure parameters
under the action of water injection scour.

According to the fractal geometry theory, the number of
pores with pore-throat radius greater than r of the reservoir
N(r) and r satisfies the following power ratio relation condi-
tions in Equation (1) [38]:

"max

N(r<L)=J f(r)dr=C,r s, (1)

r

where .. is the maximum pore-throat radius in the reser-
voir, ym; f(r) is the probability density function; N(r) is
the number of pores of radius r; L is the object size; D is
the fractal dimension of the microscopic pore structure,
which is in the range of 2 to 3; C, is a constant.

Then, the micropore distribution of the reservoir has the
fractal self-similar characteristics.

In this case, the fractal representation of pore-size distri-
bution is as Equation (2) [39, 40]:

Correspondingly, the fractal representation of mercury
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FiGURre 1: Enlarge image 200 times before water drive.

injection capillary pressure curve is as Equation (3):

where F is the wetting phase saturation of mercury injection
capillary pressure curve under reservoir conditions, fraction;
Pomin 18 the capillary pressure corresponding to the maximum
pore-throat radius in the mercury injection capillary pressure
curve under reservoir conditions, namely, the inlet capillary
pressure, MPa; p_ is the capillary pressure, MPa.

Take the logarithm of both sides of Equation (3) and we
can get Equation (4):

lgF= (—Df + 3) 1g pooin + (Df - 3) Igp.. (4)

According to Equation (4), it can be clearly seen that in
log-log coordinates, the wetting phase saturation S has a lin-
ear relationship with capillary pressure p_. Therefore, the lin-
ear regression analysis of Equation (4) can be carried out by
combining the test data obtained from conventional mercury
injection and constant rate mercury injection, and the fractal
dimension D; can be obtained by the slope of the line. By the
corresponding intercept, the capillary force p_, at the inlet
and outlet can be obtained.

In order to truly reflect the distribution of pore structure
of rock, the accuracy can be improved by using the method of
piecewise fitting in the analysis of pore structure with great
difference. In this paper, large pores and small pores are
counted separately to calculate the fractal dimension of pore
structure, respectively.

Then, the fractal models of pore distribution and capil-
lary pressure curve are, respectively, as in Equation (5) and
Equation (6).

For the larger pores,

-D D,—
F:( il )3 PF:(ppP)ff) " 5)
rP,max P,min
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FIGURE 5: Enlarge images 2000 times before water drive.

and for the smaller pores,

3-Dy D, -3
F:< Tr > 1 F:<p—PT’C> 1 (6)
rT,max T,min

where D), is the fractal dimension of larger pores; Dy is
the fractal dimension of smaller pores; rp ... is the largest
pore of larger pores, um; r . is the smallest pore of smaller
pores, pm; pp . is the minimum capillary pressure corre-
sponding to the larger pores on the capillary pressure curve,
MPa; p;. i, is the minimum capillary pressure correspond-
ing to the smaller pores on the capillary pressure curve,
MPa; 1}, is the pore radius of larger pores, ym; ;- is the pore
radius of smaller pores, um; p, is the capillary pressure
when the pore radius is rp, MPa; p;.  is the capillary pressure
when the pore radius is r, MPa.

3. Results and Discussions

3.1. Test Results of Core Pore Structure by SEM. In order to
more clearly compare and analyze the changes of core pore
structure before and after waterflooding, SEM scanning
images were magnified by about 200 times, 800 times, and
1600 times, respectively, to conduct the related research
work.

In Figures 1 and 2, the pore structures before and after
waterflooding were imaged by scanning electron microscopy
(SEM) at 200 times magnification. At low magnification, the
clastic particles were well developed, and the clay mineral
particles were closely arranged before waterflooding. The
clastic rock particles were unevenly filled with argillaceous
clay minerals, etc., with more content, more developed pores,
and uneven distribution. After long-term waterflooding, core
pores were more developed, intergranular pore connectivity
was better, particle dissolution and quartz secondary enlarge-
ment were developed, and secondary intergranular pores
were developed in pores.
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FIGURE 7: Relationship between the maximum pore-throat radius
and permeability before and after water driving.

With the increase of magnification of core scanning elec-
tron microscope images, the mineral skeleton and filling
components could be seen more obviously. Figures 3 and 4
showed the pore structure pictures of cores before and after
waterflooding at a magnification of 800 times, respectively.
Before waterflooding, it could be found that the clastic rocks
were filled with leaf-like kaolinite and authigenic quartz, and
the liritization was developed on the granules. The main
component of the core was complete, and the phenomenon
of feldspar damage and dissolution occurred locally. After
waterflooding, it was obvious to observe the mineral skeleton
left after the dissolution of minerals, and part of the clay min-
erals filled in the pores was washed away, and the average
total amount of clay minerals decreased, which indicated that
the overall pore structure inside the core had undergone a
great change, from small pores to large and sublarge pores.
The secondary development of quartz at the grain edge was
increased, part of feldspar was broken, and the cements were
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FIGURE 8: Relationship between the median pore-throat radius and
permeability before and after water driving.

reduced. The local pores were also blocked due to clay min-
eral scouring and migration, making the pore roar smaller.

Figure 5 was the pore structure images of the core before
waterflooding at a magnification of 2000 times. It could be
observed that the pores were filled with kaolinite, with the
presence of page-like, worm-like kaolinite and some chlorite.
In addition, typical quartz could be seen, and the develop-
ment of intergranular pores was not obvious. Figure 6
showed the pore structure images of the core after water-
flooding at 2000 times magnification. Compared with that
before waterflooding, it was observed that the dissolution of
kaolinite in the pores was very obvious. The dissolved kaolin-
ite fragments existed in the pores. There were few intact kao-
linites in pieces. After alteration of feldspar, illite clay film
was formed on the surface, and some quartz was secondary
increased. Some secondary pores were formed, forming large
pore channels, and the intergranular pores were enlarged.

In conclusion, before waterflooding, the reservoir pores
were mainly intergranular pores with weak dissolution,
smooth grain edges and developed mesopores, narrow distri-
bution range, and single type. After long-term injection water
erosion, reservoir properties changed. The dissolution and
destruction of rock particles and the migration of original fill-
ing materials mainly expanded the intergranular pores and
dissolution pores, and large intergranular pores, dissolution
pores, and even macropores appeared, but there were also
partly dissolved, broken content of settling down in the
fine pore throat, made pore become smaller. Therefore,
long-term water washing could increase the variation
range of pore-throat distribution, with various types,
macropore throat and micropore throat appeared and
accompanied one after another, and the distribution of
pores and throats were very different in vertical and trans-
verse directions.

3.2. Results of Core Pore Structure by Mercury Injection Test
before and after Waterflooding. In order to find out the influ-
ence of long-term waterflooding on the pore structure of
cores in different permeability ranges, we selected 20 cores
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from different types of reservoirs in the No. 1 oil production
plant of Daqing Oilfield for this study. In addition, in order to
ensure the accuracy of the experimental results, we per-
formed long-term waterflooding on these core samples at
standard displacement rates, and the injection volume was
up to 1500 times the pore volume.

3.2.1. Changes of Permeability and Pore Radius before and
after Waterflooding. Figure 7 showed the relationship
between the maximum pore-throat radius and permeability
of these core samples before and after waterflooding.
Figure 8 shows the relationship between the median pore-
throat radius and permeability before and after waterflooding
of these core samples.

The results showed that the pore-throat size of the reser-
voir changed obviously after long-term waterflooding. On
the whole, the median and maximum pore-throat radius
increased. It could be seen from Figures 7 and 8 that after
long-term waterflooding, the median pore-throat radius of
rock sample increased by 1.62 ym and 0.97 um on average,
with an increase of 15.2%; the maximum pore-throat radius
increased by 3.72uym and 2.64um on average, with an
increase of 12.9%. Moreover, there was a good correlation
between the median radius of pore throat and core perme-
ability before and after waterflooding. As is known to all,
the median value of pore-throat radius is an important index
to evaluate the quality of reservoir, which reflects the lowest
value of pore radius accounting for more than 50% of the
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pore volume of rock sample. That was to say, the increase of
the median pore-throat radius indicated that the radius of
large pore throat, which accounted for more than 50% of
the pore volume of rock sample after waterflooding, was
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increasing. After long-term waterflooding, the pore-throat
structure of sandstone changed, the pore-throat radius of res-
ervoir increased, and the permeability was enhanced.

3.2.2. Pore-Throat  Distribution and  Permeability
Contribution Rate before and after Waterflooding. In order
to compare and analyze the variation of pore-throat distribu-
tion frequency and permeability contribution rate of rock
samples with different permeability before and after water-
flooding, the distribution variation of pore-throat distribu-
tion frequency and permeability contribution rate of rock
samples with different permeability levels were compared
and analyzed by using constant velocity mercury injection
experimental parameters of rock samples. Figure 9 showed
the distribution of pore-throat distribution frequency and
permeability contribution rate before and after waterflood-
ing, taking core A with lower permeability (k=195 x 1073
pm?) as an example. Figure 10 showed the distribution of
pore-throat distribution frequency and permeability contri-
bution rate before and after waterflooding, taking core B with
higher permeability (k = 1610 x 107> ym?) as an example.
The results showed that on the whole, for high-
permeability core samples, the increase of pore-throat distri-
bution frequency and permeability contribution rate after
waterflooding was greater; on the contrary, for low-
permeability core samples, the change of pore-throat distri-
bution frequency and permeability contribution rate before
and after waterflooding was small or even slightly decreased.
This was because the core with large permeability was
denuded by fine particles after long-term waterflooding and
forms more connected dominant seepage channels, which
enhanced the flow ability of fluid and increases the apparent
permeability. For the core with low permeability, the sorting
of rock particles was poor, and the small particles stripped by
long-term waterflooding had filled the larger holes to a cer-
tain extent, so it was possible to reduce the permeability.

3.2.3. Results of Constant Rate Mercury Injection Test. In
Dagqing Oilfield, three typical cores were taken from the
type-1 formation, the type-II formation, and the type-III for-
mation, respectively, and the permeability was 145 x 1072
pm®, 627 x 1073 ym®, and 1548 x 107> ym”, respectively.
The influence of long-term waterflooding on their respective
pore-throat structure was analyzed. The original imbibition
and drainage curves were shown in Figure 11. The pore dis-
tribution before water driving was shown in Figure 12, and
the throat radius distribution before water driving was shown
in Figure 13. Under different permeability conditions, the
pore radius distribution of rock sample had no obvious
change, and the pore structure distribution tended to be nor-
mal distribution. Different from this, the throat radius distri-
bution of samples was different with different permeability
and presented certain regularity. For the samples with high
permeability, the throat radius distribution was relatively
wide; for the samples with low permeability, the throat radius
distribution became narrow, and the peak value was concen-
trated in the small throat. The throat radius corresponding to
the throat distribution peak value of three rock samples with
different permeability is 10.3 ym, 14.7pym, and 17 ym,
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TasBLE 1: The fractal dimension analysis results of different water cut stages of core B.
Scope Water cut Slope Intercept D Prin (MPa) R?
0 0.5786 0.8422 2.437 0.036264 0.9919
0.75 0.6258 0.9183 2.3892 0.035141 0.9966
Larger pores
0.85 0.6597 0.9808 2.357 0.033487 0.9982
0.95 0.7393 1.1480 2.206 0.030154 0.9955
0 0.1990 0.5192 2.801 0.001712 0.9988
0.75 0.1728 0.5545 2.827 0.000942 0.9972
Smaller pores
0.85 0.1534 0.5908 2.844 0.000742 0.9980
0.95 0.1229 0.6202 2.878 0.000044 0.9968

respectively, and the throat radius increased with the increase
of rock sample permeability. This shows that the throat char-
acteristics, rather than the pore characteristics, control the
seepage characteristics of rock samples. The throat radius
distribution of the cores above after water driving was shown
in Figure 14.

According to Figure 14, the contribution of throat with
small radius to permeability decreased in lower permeability

core and increased slightly near the peak value, but some
throat was blocked. For the medium permeability core, the
pore passage of some throat was unobstructed due to the clay
falling off after waterflooding, which enhanced the fluid seep-
age ability. It was possible that some relatively large throat
appears after long-term waterflooding. For high-
permeability core, the main flow path changed before and
after waterflooding. The throat with radius of 1-11 ym and
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F1GURrk 15: Double logarithm curves of core capillary pressure and water saturation.

17-20 ym increased the contribution to the flow after water-
flooding, and there was a new throat with radius of 21-25
um, which indicated that the pore channel of some throat
was unobstructed due to the clay falling off after waterflood-
ing, so that the flow capacity of fluid was enhanced. It was
possible that some relatively large throat appeared after
waterflooding. At the same time, part of the pore throat
was blocked. This showed that high-permeability reservoir
was very conducive to the development of dominant perme-
ability channel.

3.3. Fractal Description of Core Pore Structure after Long-
Term Waterflooding. In order to study the influence of
long-term waterflooding on micropore structure, it is neces-
sary to calculate the fractal dimension of core pore structure
at different water cut stages and analyze the fractal character-
istics. Core sample B had experienced a long-term water-
flooding experiment, which was taken as an example to
analyze the influence of long-term waterflooding on micro-
pore structure. Based on the constant pressure mercury injec-
tion experimental data of core sample B (permeability
1548 x 1073 um?) in four different water cut stages of initial
nonwater driving, water driving at water cut of 75%, water
driving at water cut of 85%, and water driving at water cut
of 95%, the fractal dimension of core pore was analyzed by
Equation (4). Under the double logarithm coordinate system,
S, and p_. should be in line with each other. The fractal
dimension D could be obtained from the slope of the straight
line, and the entrance capillary force p, . could be obtained
from the intercept.

The fractal characteristics of core pore structure in four
water cut stages of core sample B were analyzed by two-
stage fitting method. The upper section reflected the pore
structure characteristics of large pore throat and the lower
section reflected the pore structure characteristics of small
pore. The analysis results were shown in Figure 14. The frac-
tal dimension analysis results of different water cut stages of
core B were shown in Table 1.

According to Figure 15, the fractal dimension of macro-
pore in different water cut stages was obviously smaller than
that of small pore throat, which indicated that the pore struc-
ture of macropore throat was better than that of small pore
throat; more importantly, after long-term waterflooding,
the fractal dimension of macropore throat decreased with
the increase of water cut, the macropore throat would
become larger and larger, the inner wall would be smooth,
and the homogeneity coeflicient would increase; the fractal
dimension of small pore throat would increase. The number
increased with the increase of water content, reflecting the
enhancement of micro heterogeneity driven by water.
According to the analysis results of mercury injection data,
with the increase of water cut after long-term waterflooding,
the radius of pore throat increased, but the complexity of
pore-throat structure increased. The macropore throat
became larger and larger, and the micro heterogeneity of
small pore throat became stronger and more complex. In this
way, the injected water would preferentially enter into the
macropore throat, which also created conditions for the for-
mation to have a dominant channel. The change range of
fractal dimension was small before the water content was
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75%, but the change range of fractal dimension was large
between 75% and 95%.

The fractal dimension of macropore throat and pinhole
throat had the following relation with the fractal dimension
of total pore throat as shown in Equation (7).

(Dhigh + Dlaw)

Dy = 220, )

where D, denotes the fractal dimension of total pore
throat, Dyigh denotes the fractal dimension of the larger pore
throat, and D, ,, denotes the fractal dimension of the smaller
pore throat.

The formation process of macropore can be seen as two
processes: the increase of local reservoir permeability and
the decrease of local reservoir permeability at the same time.
However, the microscopic essence of macropore is reflected
in the change of fractal dimension of pore structure. More-
over, the evolution law of fractal dimension of pore structure
with the change of water cut in different reservoir rock prop-
erties is different. Therefore, the reservoir pore structure is
established. The mathematical model of dynamic evolution
mode of fractal dimension of structure can combine macro
and micro to quantitatively solve the problem of mathemat-
ical description of the formation and evolution of
macropores.

Under the condition of short-term waterflooding in Daq-
ing Oilfield, the effect of injected water on reservoir erosion
and immersion is not obvious, which shows that the fractal
dimension of reservoir rock changes little in the initial stage,
and it belongs to a gentle increasing stage. With the increase
of injected water and waterflooding time, the long-term ero-
sion and immersion of injected water has a great effect on
pore structure. However, due to the limitation of rock cemen-
tation strength and clay content, the change of reservoir frac-
tal dimension tends to be gentle from the end of ultrahigh
water cut to 98% water cut. In general, the evolution of fractal
dimension of pore structure in Daqing Oilfield is first gentle,

then rising, and then gentle. According to the change of frac-
tal dimension, the exponential evolution model can be used
to characterize the evolution of fractal dimension in the mid-
dle and low water cut stage, but after the high water cut stage,
the change model of fractal dimension can be established
according to the half rising half ridge distribution function
[41] as shown in Equation (8) and Equation (9).

For the reservoir dominated by larger pores and throats,

fo < 80%,

Dmaxeic‘f‘“
D= 11 n 1+1/2
Diax = Db "‘“{E - sin (m (fw - )) } 80% < f,, < 98%,

(8)

and for the reservoir dominated by smaller pores and
throats,

[ <80%,

Dminelew
D=
4 1-1/2
D,in + DpinAp mm{l/Z +1/2 sin <m <fw - T)) } 80% <fw < 98%,

©)

where D, ;, and D, ,, are both the fractal dimension at
the water cut of 75%; C, is a fractal coefficient; A, ..., denotes
a multiple decrease of fractal dimension, which is determined
by rock properties; A, ,.;, denotes a multiple increase of frac-
tal dimension, which is determined by rock properties; f,,
denotes the water cut, fraction.

Based on the fractal evolution model of pore structure
under different water cut conditions, the relationship
between fractal dimension and water cut was calculated by
using the data in Table 1, as shown in Figure 16. It can be
seen that the fractal evolution mathematical model of pore
throat is in good agreement with the actual test data. There-
fore, it can quantitatively characterize the evolution of fractal
dimension of reservoir micropore structure.
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4. Conclusions

(1) Long-term waterflooding will lead to the dissolution
of some minerals; part of the clay minerals filled in
the pores will be washed away, the average total
amount of clay minerals will be reduced, the overall
pore structure of the core has changed greatly, and
most of the pores will become larger. At the same
time, due to the erosion and migration of clay min-
erals, local pores are also blocked, making a small
part of pores smaller

(2) Long-term waterflooding and scouring will cause
complex changes in the microscopic pore structure
of the reservoir, and the overall pore characteristics
will tend to become better. The connectivity of larger
pores becomes better, and the degree of heterogeneity
decreases. On the contrary, the microscopic hetero-
geneity of small pores becomes stronger and stron-
ger. In general, the heterogeneity of the reservoir
with low porosity and permeability increases with
the passage of water injection time. These evolution-
ary characteristics will undoubtedly lead to the
injected water preferring to enter the larger pores
and throats, which will create conditions for the for-
mation of dominant channels

(3) Based on the fractal theory and the evolution model
of pore structure in different water cut stages during
long-term water injection, a micropore-throat struc-
ture evolution model of core was established, and
the mathematical relationship between water cut
and fractal dimension of pore structure of core was
obtained, which quantitatively characterized the
complexity and evolution law of pore structure. The
larger the fractal dimension was, the more serious
the microscopic heterogeneity was
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