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Abstract: Based on the results of rate-controlled mercury-
injection experiments, the microscopic pore-throat struc-
ture characteristics of tight sandstone in Sha-1 Section
and tight limestone in Da’anzhai Section of Sichuan Basin
were quantitatively characterized. The results show that
the pore radius distribution characteristics of tight oil
reservoirs are similar. The main distribution is between
100~190 pm, and the average pore radius is 160 pm. While
the distribution of the throat radius of tight sandstone and
limestone is quite different, the distribution of the throat
of sandstone samples is relatively concentrated, and the
distribution of the throat of limestone samples is relatively
sparse. There is a good positive correlation between the av-
erage throat radius and permeability, but the correlation
between fractal dimension and permeability is not obvi-
ous. This indicates that the permeability is mainly affected
by the radius of the throat. The pore-throat ratio in tight
oil reservoirs is relatively large, and the resistance to seep-
age is greater during development. Therefore, during the
development of tight oil, measures should be taken to in-
crease the radius of the throat, reduce the ratio of pore ra-
dius to pore-throat radius, and improve the seepage capac-
ity of the reservoir, thereby improving the development of
tight oil.
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1 Introduction

Tight oil is new area for unconventional oil and gas explo-
ration and development after shale gas [1, 2]. It is praised
as "black gold" by the oil industry [3]. Tight oil refers
to the accumulation of petroleum in the system of dark
shale, argillaceous silt and sandstone intercalation that
are rich in organic matter and have very poor permeability,
which occurs in the form of adsorption or free state [4]. The
boundary of the physical properties of the tight layer is de-
termined. The surface air permeability is < 1.0x10~> pm?,
the underground pressure permeability is < or equal to
0.1x1073 pm?, and the porosity is less than 10% [5]. The
Jurassic unconventional oil in the Sichuan Basin is con-
tinuously distributed over a large area and has a large re-
source potential. The tight oil reservoirs in Sichuan Basin
have poor pore-throat structure and strong heterogeneity.
The tight reservoir pore-throat geometry (pore type, shape,
size, and distribution) not only controls the physical prop-
erties of the reservoir, but also directly affects the produc-
tion and recovery of tight oil. It has been a popular topic
for scholars [6-8].

Xiao Qianhua [9] used cryogenic nitrogen adsorp-
tion technology to study the microscopic pore structure
characteristics of reservoir rocks in typical tight oil re-
gions. Li Bo [10] visualized the pore type of tight oil reser-
voirs in the Da’anzhai Section of the Middle Jurassic Zil-
iujing Formation using thin-slide observation and scan-
ning electron microscopy techniques. CT scanning tech-
niques were used to reconstruct the three-dimensional mi-
croscopic pore-throat model of reservoir-dense limestone.
It was found that a large number of nano-sized pores ex-
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Table 1: Thecharacterization parameters of rate-controlled mercury injection
Sample Lithology D/% K Re/ pm  Rp/ pm n S¢/% Sp/% St/ % P;/MPa
H19 Sandstone 6.13 0.556 1.26 158.29 156.79 56.37 20.95 35.42 0.252
H21 Sandstone 5.65 0.283 0.91 156.12 194.94 50.35 16.62 33.73 0.523
52 Sandstone 3.47 0.082 0.80 152.91 186.48 39.53 4.31 35.22 0.516
58 Sandstone 3.96 0.415 1.33 136.69 114.63 45.08 5.89 39.20 0.171
60 Sandstone 3.95 1.41 1.43 135.49 106.03 56.79 10.72 46.07 0.130
89 Limestone 2.14 0.014 0.54 145.48 282.12 8.80 1.11 7.70 1.025
103 Limestone 3.06 0.265 0.92 151.44 187.79 17.84 5.08 12.76 0.442
108-2 Limestone 2.14 0.287 0.79 144.72 216.12 27.98 8.06 19.92 0.483
109A Limestone 1.76 0.059 0.47 150.51 335.07 14.70 2.11 12.58 1.09
114A Limestone 2.25 0.632 1.21 144.47 145.23 37.23 14.11 23.12 0.294
132-1 Limestone 2.24 0.241 0.85 147.13 188.11 13.61 2.24 11.38 0.565

®@-porosity; K-permeability, 10~ um?; R¢-average throat radius; Ry - average pore radius; n-pore-throat radius ratio; Sy-final total mercury

saturation; Sp-pore mercury saturation; S¢-throat mercury saturation; P,-displacement pressure. (the porosity of the rock samples is the con-

ventional gas measurement porosity using the nitrogen test, and the permeability is the Klinkenberg permeability measured when the net

confining pressure is 2MPa [18, 19]).

ist within the reservoir matrix, and pore-throat connectiv-
ity was poor. Zhou Shangwen [11] applied the NMR tech-
nique to carry out movable fluid tests on the samples of the
Jurassic tight oil reservoir in the Sichuan Basin. The results
of the study showed that the fluid content of the tight oil
reservoir is very low and mainly distributed in small pores;
its fluid availability is poor and difficult to develop. The
above studies mainly focused on pore-throat type analysis
based on the experimental results, but the pore and throat
radius distributions were not quantitatively characterized.
The influence of pore-throat structure on seepage capacity
was also not discussed. Due to capillary pressure, the con-
ventional mercury-intrusion technique will exhibit a low
numerical value when the microscopic pores and throats
of tight oil reservoirs are characterized. High-pressure mer-
cury intrusion has an extremely high mercury-inlet pres-
sure, which can cause artificial cracks. Large errors per-
sist in the testing of small pores [12]. The rate-controlled
mercury-injection technology ensures the quasi-static pro-
cess of mercury ingression at a very low mercury ingres-
sion rate. According to the rise and fall of the mercury
ingression, the microscopic pore structure parameter in-
formation can be obtained and the number of pores and
throats can be directly obtained. Capillary pressure curves
of the pores and throats are provided and the microscopic
pore structure parameters, including the pore-throat ra-
dius distribution, are given. It also provides information
that reflects the development of pores, throats, and the
degree of development (the ratio of pore-radius to pore-
throat radius) between pores and throats [13]. Taking the
tight reservoirs of the Sha-1 and Da’anzhai sections of the

Shaxiamiao Formation in the middle-lower Jurassic in the
Sichuan Basin as an example, the authors used the RMI
test technique to analyze the porosity, throat, and throat
ratios of tight reservoirs. The microscopic pore structure
of these reservoirs was finely characterized and the pore
structure was studied using fractal theory. To provide a
theoretical basis for the efficient development of tight
reservoirs in the research region, the influence of the pore-
throat structure of tight reservoirs on the seepage capacity
was explored.

2 Sample

The Jurassic in the Sichuan Basin is mainly a set of inland
fluvial and lacustrine deposits. Oil and gas are mainly dis-
tributed in the Middle-Lower Jurassic. The middle section
of the Shaximiao Formation in the Lower and Middle Juras-
sic, the Liangshang Section and the Da’anzhai Section of
the Liangshan group are three main production zones.
Over 90% of the crude oil in the Chuanzhong area is pro-
duced from these three sections [14-16]. The samples for
this study were taken from the Sha-1 Section of the Shax-
imiao Formation and the Da’anzhai Section, and the con-
stant velocity mercury intrusion data of the core (Table 1).
The selected lithology of the sand sample from the first sec-
tion was sandstone with a porosity of 3% to 6% and per-
meability between 0.082x10~> pm? to 1.41x10~> pm?. The
lithology of the reservoir in the Da’anzhai Section is in the
form of shell limestone. Six of the samples were selected
for study and the porosity is between 1.76% and 3.06%,
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the matrix permeability is between 0.014x10~> pm? and
0.287x107 pm?, and the Da’anzhai Section is the source
of hydrocarbons. The type of rock organic matter is mainly
type II, and the value of R, is between 0.9% and 1.5%.
The abundance of petroleum resources with a source rock
thickness > 20m is (6~10)x10*t/km? [17]. It can be seen
from the above data that the main strata of the Shahemiao
Formation and the Da’anzhai Section in the Sichuan Basin
have extremely poor physical properties and are typical of
tight oil reservoirs.

3 Experimental method

During the experiment, when the injected mercury enters
the main throat (Figure 1a), the pressure gradually rises.
The pressure drops rapidly after breakthrough (Figure 1b).
The first pressure drop can be seen at P;. Then mercury
gradually fills up the first pore and enters the next sec-
ondary throat, resulting in a second pressure fluctuation

, 3, and 4 represent pore body

Capillary pressure/ psi

1,2
a, b, ¢, and d represent throat

L%
r g

Mercury intrusion volume/cc

Figure 1: Rate-controlled mercury injection testing reservoir pore
structure schematic. (a) Simplified schematic of pore body and
throat configuration and (b) capillary pressure fluctuation and pore
volume response
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at P,. Next, all the secondary pores controlled by the main
throat are filled successively until the pressure rises to the
pressure at the main throat, which is a complete pore unit.
The radius of the throat is determined by the pressure
value of the breakthrough point, and the size of the pores
is determined by the volume of mercury ingress, thus sep-
arating the pores and the throat in the core [13]. The rate-
controlled mercury-injection instrument used in this ex-
periment was an ASPE 730 rate-controlled mercury ana-
lyzer, manufactured by the United States Coretest Corpo-
ration. The mercury feed pressure was 0-1000psi (about
7MPa), the mercury feed rate was 0.00005mL/min, and
the contact angle was 140°. The interface tension coeffi-
cient was 485dyn/cm. The experimental sample was ob-
tained by drilling a plug rock sample with a diameter of
2.5cm, drying it after washing oil and taking a small rock
sample from the plug rock sample. The average volume
of the sandstone sample was 3.7cm’ and the average vol-
ume of the limestone sample was 6.5cm?>, and then a rate-
controlled mercury injection experiment was performed
after vacuuming.

4 Results and discussion

4.1 Pore-throat distribution characteristics
4.1.1 Pore radius distribution characteristics

By analyzing the results of RMI experiments, we can see
that the pore radius distribution of tight sandstones in the
5 sands (Figure 2a) is similar to the distribution of the pore
radius of the tight limestones in the 6 Da’anzhai Sections
(Figure 2b). Distribution in 100 pm~190 pm, the peak is
about 160 pm. The predecessors found that their pore ra-
dius was distributed in the range of 100 pm~200 pm in
the experiment of ultra-low permeability and tight perme-
ability reservoirs. The peak value was about 140 pm [20-
22]. Comparing the pore radius distribution characteristics
of tight sandstones of Chang 6 and Chang 8 in the Ordos
Basin, the main distribution is 100 pm~160 pm, and the
peak is about 150 pm [23]. Thus, for ultra-low permeabil-
ity [24] and tight reservoirs, the effect of pore radius distri-
bution on reservoir permeability is not significant.

4.1.2 Throat radius distribution characteristics

The experimental results show that the characteristics of
the distribution of the tight sandstone throat of the Sha-1
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Figure 2: Pore size distribution by rate-controlled mercury injection of the samples
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Figure 3: Throat size distribution by RMI of the samples

Section (Figure 3a) and the characteristics of the distribu-
tion of the limestone throat of the Da’anzhai Section (Fig-
ure 3b) are quite different. The distribution of throats in
sandstone samples is relatively concentrated. The distri-
bution of throats in limestone samples is relatively sparse.
The radius of the throat of the sandstone is generally dis-
tributed between 0.2 pm and 1.8 pm with an average of
approximately 0.5 pm. The main body radius of the lime-
stone throat is 0.1 pm to 2.1 pm, with an average of 0.7 pm.
As can be seen in Figure 3(b), the greater the permeabil-
ity, the wider the distribution range and the more the peak
distribution shifts to the right. Figure 4 shows the cumu-
lative frequency distribution of five sandstone cores with
different permeabilities. The cores with poor permeability
and the small throats occupy a small part. When the value
of permeability is 0.632x107> pm? and 0.014x10> pm?,
the throat with a radius < 1 pm occupies 40% and more
than 90% respectively. There is a positive correlation be-
tween the average throat radius and permeability (Fig-
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ure 5). The correlation coefficient is greater than 0.9 (R? =
0.918), indicating that the permeability of tight oil reser-
voirs is greatly affected by the throat, which is consistent
with previous research results [25]. Waterflooding is an im-
portant technology for oilfield development [26]. However,
with the decrease of permeability, the pore-throat of ultra-
low permeability reservoir is smaller and the fluid-solid
coupling is stronger [27, 28]. The higher the irreducible
water saturation, the larger the starting pressure gradi-
ent. Therefore, the ability of porous media to allow fluid
to flow through is becoming weaker [29]. At the same time,
when the mainstream throat radius is < 1 pm, the actual
permeability of waterflooding will be reduced exponen-
tially; therefore, the likelihood of waterflooding will be
increased [30]. Some studies also have suggested that a
throat radius >1.0 um has an important influence on core
fluid flow. When the proportion of throats with a radius
>1 pm is less than 40%, it is considered that the develop-
ment of reservoir water injection is not feasible [31]. The
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Figure 4: The cumulation frequency curves versus the throat radius
of limestone
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Figure 5: Correlationship between average throat radius and perme-
ability

proportion of the total pore volume occupied by the throat
with a radius > 1.0 pm in tight reservoirs in the central
Sichuan region is between 3% and 35%. Therefore, it is
difficult for the tight reservoirs in this area to be water-
injected and it is easy to cause various sensitive injuries,
affecting single well productivity.

4.2 Capillary curve features

The pore and throat pressure and total capillary pressure
curves, provided by the rate-controlled, mercury-injection
test, can be used to visually reflect the relationship be-
tween mercury-inlet pressure, effective pore volume, ef-
fective throat volume, and total effective pore-throat vol-
ume [32, 33]. According to the tight rock sample, capil-
lary pressure test results in the study area, there are 4
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main types of pressure curves for rate-controlled mercury-
intrusion capillary tubes, as shown in typical sandstone
samples H19 and 52 (Figure 6a), and typical limestone
samples 89 and 1082 as shown in Figure 6b. The de-
tailed pore structure parameters are shown in Table 1.
For the sandstone sample H19, the expulsion pressure is
0.252MPa, and the overall capillary drag-force curve in the
early stage of mercury ingression is consistent with the
pore capillary pressure curve. This indicates that mercury
saturation is mainly controlled by pores in the early stage.
As the pressure of incoming mercury increases, the pore
capillary pressure curve becomes steep, and the overall
mercury-influx curve is consistent with the capillary pres-
sure curve of the throat. For sandstone sample 52, the ex-
pulsion pressure is 0.516MPa, which is higher than the
expulsion pressure of sample H19. In the early stage of
mercury ingression, the total mercury saturation is mainly
controlled by the throat. The capillary pressure curve of
89 in the limestone sample is similar to that of the sand-
stone sample H19, and the capillary pressure curves of 108-
2 and 52 are similar. However, the final mercury saturation
of the limestone sample is lower than the final mercury
saturation of the sandstone sample, which is related to its
lithology. On the whole, for all rock samples in the study
area, the pore mercury pressure curve gradually became
steeper, parallel to the vertical axis, as the mercury-inlet
pressure gradually increased (Figure 6).

4.3 Pore structure fractal features

Fractal geometry is a branch of mathematics [34]. It can
describe complex things in detail. The pore structure of
reservoir rocks has fractal features [35-40], which can be
characterized quantitatively by fractal dimension. Based
on the capillary beam model, the capillary pressure is cal-
culated as follows:

_ 20cos 0 )

P -

In the formula: P, is the capillary pressure, MPa; o is the
interfacial tension, N/m; 6@ is the contact angle, (°); r is
pore radius, pm.

The relationship between capillary force and wetting
saturation can be written as [37]:

logS = (D - 3)log Pc + (3 - D) log Ppyin @

In the formula: S is the cumulative pore volume fraction
in the rock, whose pore radius is smaller than a certain
value. In the mercury-.injection test, saturation of the wet-
ting phase corresponding to the capillary pressure, P, %;
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Figure 6: Capillary pressure curves of the representative samples
Table 2: Fractal dimension of sandstone and limestone
Sample Lithology D/% K n D R?
H19 Sandstone 6.13 0.556 156.79 2.7393 0.989
H21 Sandstone 5.65 0.283 194.94 2.7066 0.994
52 Sandstone 3.47 0.082 186.48 2.7812 0.997
58 Sandstone 3.96 0.415 114.63 2.8035 0.986
60 Sandstone 3.95 1.41 106.03 2.7311 0.982
89 Limestone 2.14 0.014 282.12 2.9530 0.979
103 Limestone 3.06 0.265 187.79 2.9261 0.998
108-2 Limestone 2.14 0.287 216.12 2.8664 0.999
109A Limestone 1.76 0.059 335.07 2.9051 0.999
114A Limestone 2.25 0.632 145.23 2.8544 0.998
132-1 Limestone 2.24 0.241 188.11 2.9413 0.995

®@-porosity; K-permeability,10~3 pm?; n-the ratio of pore radius to pore-throat radius;D-fractal dimension

D is the fractal dimension, dimensionless number; P,,;, is
the capillary pressure corresponding to the largest pore-
throat, MPa.

From formula (2), it can be seen that there is a linear
relationship between the logarithm of the reservoir capil-
lary pressure and the corresponding logarithm of the sat-
uration of the wetting phase. Therefore, we can use the
mercury-intrusion test results for linear regression anal-
ysis to obtain the pore fractal dimension D that reflects
the pore structure characteristics. According to the fractal
theory, the fractal dimension in the three-dimensional Eu-
clidean space is between 2 and 3. The smaller the fractal di-
mension is, the more regular the pore shape, the smoother
the pore surface, the better the reservoir pore permeability.
However, the pore permeability of the reservoir is poor. A
fractal dimension greater than 3 indicates that the corre-
sponding pores do not have fractal features [41, 42].

For rocks with better porosity within the reservoir,
there is a good linear relationship between the logarithm

of capillary pressure and the logarithm of the saturation
of the wetting phase (Equation 2). The pore structure has
good statistical self-similarity. As the fractal dimension de-
creases, the pore structure becomes better. The fractal di-
mension of the sample is shown in Table 2. The fractal di-
mension of the five sandstone samples is 2.7066 to 2.8035,
with an average of 2.7523. The fractal dimension of the
six limestone samples is 2.8544 to 2.9530, with an aver-
age of 2.9077. Moreover, the fractal dimension of sandstone
is smaller than that of limestone, so the pore structure of
sandstone is more regular than limestone. Taking the two
representative samples H19 (Figure 7a) and 58 (Figure 7b)
in the target layer of the study area as examples, the poros-
ity of the two samples was 6.13% and 3.96%, respectively.
The relationship between the logarithm of the capillary
pressure and the logarithm of the saturation of the wetting
phase is:
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H19 sample:

log Sw = -0.261log Pc + 1.835 R%*=0.989 (3)
58 samples:

log Sw = -0.1991log Pc + 1.901 R%*=0.982 (4)

Using linear regression analysis, the fractal dimension
of the pore structure of the two rock specimens is 2.7393
and 2.8035, respectively. Comparison shows that the frac-
tal dimension of the H19 rock sample is smaller than the
fractal dimension of the 58 rock sample. According to the
foregoing rules, we can see that the pore structure of H19
is better, and the correlation between porosity and perme-
ability is also better. The physical properties of the test of
rock samples showed that the permeabilities of H19 and 58
samples were 0.556x10 > um? and 0.415x10~> um?, respec-
tively, confirming that the fractal dimension can reflect
the quality of the rock pore structure. There is a good lin-
ear relationship between reservoir rock permeability and
average throat radius (Figure 5), but the correlation be-
tween fractal dimension and rock reservoir permeability
is not obvious (Figure 8). This is consistent with previous
research [43]. It can be seen from Figure 9 that there is a
certain correlation between the fractal dimension and the
ratio of pore radius to pore-throat radius. As the fractal di-
mension increases, the ratio of pore radius to pore-throat
radius increases.

4.4 The ratio of pore radius to pore-throat
radius distribution characteristics

The reservoir’s ratio of pore radius to pore-throat radius
is one of the important parameters in the analysis of rock
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pore-throat characteristics. When the ratio between pore
radius and throat radius is small, the throat’s ability to re-
strain oil (gas) is small. The connection of large throats is
conducive to the recovery of oil and gas in pores. On the
contrary, when the throat radius is relatively large, it indi-
cates that the pores are connected by the smaller throats,
and oil and gas must overcome relatively large capillary
forces when passing through the narrow throats. This is
not conducive to the recovery of oil and gas in pores [44,
45]. It can be seen from Figure 10 that the sandstone’s ratio
of pore radius to pore-throat radius (Figure 10a) is mainly
distributed between 30 and 300, and the limestone’s ratio
of pore radius to pore-throat radius (Figure 10b) is mainly
distributed between 40 and 480. Therefore, compared to
the conventional reservoir ratio of pore radius to pore-
throat radius, the ratio of pore radius to pore- throat radius
of tight oil reservoirs is relatively large. Advanced techno-
logical transformation measures must be adopted to in-
crease the radius of the throat and reduce the ratio of pore
radius to pore-throat radius , so as to improve the develop-
ment effect of the tight oil.

5 Conclusions

1. The oil reservoirs of the Sha-1 Section and Da’anzhai
Section in the Shaxiamiao Formation of the Lower-
Middle Jurassic in the Sichuan Basin are typical tight
oil reservoirs. The permeability is < 0.1x107> pum?.
The distribution characteristics of the pore radius of
sandstone and limestone are similar, and the main
distribution is between 100 pm and 190 pm, the av-
erage pore radius is 160 pm.

2.

The distribution of the throats of sandstone and
limestone is quite different. The distribution of the
throat of sandstone samples is relatively concen-
trated, and the distribution of the throat of lime-
stone samples is relatively sparse. The throat ra-
dius of sandstone is generally between 0.2 uym and
1.8 um, and the average throat radius is about
0.5 pm. The throat radius of limestone is mainly be-
tween 0.1 pm and 2.1 pm, and the average throat
radius is about 0.7 pm. A good positive correlation
exists between the average throat radius and per-
meability, indicating that the permeability is mainly
controlled by the throat.

. The pore structure of reservoir rocks has fractal fea-

tures that can be characterized quantitatively by
fractal dimensions. Studies show that the smaller
the fractal dimension, the better the pore structure.
The fractal dimension of sandstone is smaller than
that of limestone, so the pore structure of sandstone
is more regular than limestone. The correlation be-
tween the fractal dimension and the rock reservoir
permeability is not obvious.

. The ratio of pore-throat radii between sandstone in

the first sand section and the Da’anzhai Section is
relatively large, indicating that the pores are con-
nected by the smaller throat, and oil and gas pass-
ing through the narrow throat need to overcome rel-
atively large capillary forces, resulting in low oil dis-
placement efficiency. For tight oil reservoirs, during
the development process, emphasis was placed on
increasing the radius of the throat and reducing the
radius of the pores. Therefore, the pore-throat radius
ratio can be reduced so that the development effect
of tight oil can be improved.
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