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Both the characteristics of pore structure and movable fluid are significant properties in controlling the flow regularity in pores in
tight sandstones. However, the governing factors that affect the fluid flow features will still be a myth. In our research, the western
area of the Sulige gas field was chosen as the research region, and various kinds of experiments were conducted. Three reservoir
groups, including intergranular-dissolved pore type, dissolved-intercrystalline pore type, and pore plus microcracks type were
identified on the basis of pore development features. The results suggest that the intergranular-dissolved pore type has a more
prominent influence on the high movable fluid saturation and larger pores. Both large throat sizes and homogeneous pore-
throat degree demonstrate high movable fluid saturation. The increment of the thickness of water-film resulted from
hydrophilic enhancement, indicating that an increased hydrophilic will decrease the movable fluid saturation and block the
throats. The reservoirs of different pore combination types are closely related to the gas content of the reservoir.

1. Introduction

As the representative of the unconventional gas reservoir,
tight sandstone reservoir is being paid attention to by
researchers with the progress of exploration and exploitation
and the depletion of conventional reservoir [1–5]. Under-
standing the pore structures of tight sandstones was the basis
of investigating storage, transport properties, and develop-
ment capability of oil and gas reservoirs [6–9]. The tight
sandstone reservoir has the characteristics of poor physical
property (porosity range between 8% and 10%, permeability
generally less than 1 × 10−3 μm2), small radius of pore and
throat (the proportion of pores which radius fewer than
1μm generally over 50%), complex pore structures, and seri-
ous heterogeneity [10–14]. In addition to physical property
analysis, rock core observation and so forth, casting sections

(TS), scanning electron microscope (SEM), drainage and
imbibition tests, small-angle and ultrasmall-angle neutron
scattering (SANS and USANS), and other techniques were
applied for pore-throat structure analysis purposes in tight
sandstone reservoirs for several decades [15–19]. Therefore,
the pore structures and its governing factors of tight sand-
stones need further study.

The movable fluid percentage is one of the significant
parameters for recoverable reserves, and pore-throat charac-
teristics have an important impact on it [20–22]. The nuclear
magnetic resonance (NMR) technique has been extensively
used for studying movable fluid saturation in porous media
[23]. The irreducible water saturation in a tight sandstone
reservoir is commonly higher than that in a conventional
one, which generally in micropores corresponding to T2 cut-
off less than 10ms and the combination of small throats and
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large pores. Hence, it is of great significance to evaluate the
pore network and fluid flowability for the purpose of hydro-
carbon development strategies.

In this research, the core samples from the Lower Shihezi
group and Shanxi group of Sulige gas field are tested using
casting sections and SEM to observe the characteristics of
the pore-throat structure, clay minerals content and pore-
throat structures parameters are determined on the basis of
X-ray diffraction (XRD) and mercury injection data, a com-
prehensive study is carried out with NMR technique to study
the characteristics of movable fluid saturation, and an exper-
iment is conducted with gas-water relatively permeability
technique to elucidate the wettability. The effect of pore-
throat characteristics on the movable fluid percentage is dis-
cussed in the end.

2. Materials and Methods

2.1. Geological Setting. Sulige gas field is located in the north-
western part of Ordos basin in China, and the tectonic is sim-
ple, which is a west-dipping monoclinal structure with an
inclination of 1 degree (Figure 1(a)). The main producing
formations in the Ordos basin include the Lower Shihezi
group and Shanxi group of the Permian system [24–27].
Their porosity ranges from 4.11% to 15.19%, with an average
of 8.76%; their permeability ranges from 0.17 to 6.88mD,
with an average of 0.46mD, which indicates that the reser-
voir is a typical tight sandstone gas reservoir [28].

2.2. Samples. Eight tight sandstone true cores with a length of
5.50 cm and a diameter of 2.54 cm were collected from 8th

Member of Permian Lower Shihezi (He 8) and the 1st Mem-
ber of Permian Shanxi (Shan 1) tight sandstone reservoirs of
the Sulige gas field of the Ordos basin in China (Figure 1(b)).
The simulated formation water with a CaCL2 salinity of
25000mg/L is prepared. Before the tests, all the samples were
oil washed, dried, and vacuum for the purpose of the experi-
ment procedure. The porosity and permeability were tested
followed by casting sections, SEM, CL, constant-rate mercury
injection, clay mineral X-ray diffraction, high-pressure mer-
cury injection, gas-water relative permeability, and NMR
experiments.

2.3. Experimental Methods

2.3.1. Casting Section (CS). ZT-1F Casting Instrument was
used to make the casting sections in vacuum conditions.
The samples were polished by sandpapers, then using T-
1502 glue to shape it, and the thickness of the samples should
be 0.03mm. The Leica Dmrxhc polarizing microscope was
used to examine the particle characteristics, pore structure
types, and clay mineral features.

2.3.2. Scanning Electron Microscope (SEM). FEI Quanta 400
FEG SEM was used to study pore structure characteristics
and mineral features of samples. The fragments were
polished by sandpapers, and the thickness of the samples is
less than 0.15 cm. The samples were gold-coated and placed
for secondary electron imaging (SE). The resolution of SEM
was 3.5 nm.

2.3.3. Cathode Luminescence (CL). CL8200MK5 Cathodolu-
minescence was used to examine clay mineral features of
samples after the casting sections were produced. The beam
current was 15 kV, and the beam voltage was 300μA for all
samples because of the relative high calcite content.

2.3.4. High-Pressure Mercury Injection (HPMI). The pore
structure quantitative characteristics were performed on a
Micromeritics AutoPore IV 9520 mercury porosimeter fol-
lowing the standard SY/T 5346-2005 of China [29]. The max-
imum intrusion pressure was 200MPa. This corresponds to a
pore radius of 3:6 × 10−3 μm. The mercury was intruded into
the samples with the pressure increased. There were only
intrusion curves obtained.

2.3.5. Constant-Rate Mercury Injection (CRMI). The subtle
differences of pore and throat were performed on ASPE730
Coretest Systems following the standard SY/T 5346-2005 of
China [29]. Maximum intrusion pressure was 6.2MPa, cor-
responding to a pore-throat size of 0.12μm under the condi-
tions of a quasistatic constant injection rate of
5 × 10−5 mL min−1.

2.3.6. Clay Mineral X-Ray Diffraction (XRD). RIX2100 fluo-
rescence spectrophotometer was used to analyse the quantitative
features of clay minerals. The content of the element has a posi-
tive relationship with diffraction intensities, and the clayminerals
types and content can be calculated by element combination.

2.3.7. Wettability Tests. The Dataphysics contact angle appa-
ratus was used to determine the wettability. The pendant
drop method was applied, and the contact angles were calcu-
lated three times. All samples were polished first, and the ini-
tial and stable contact angles were measured. Averaged
contact angles were used to determine the wettability.

2.3.8. Nuclear Magnetic Resonance Technique (NMR). The
MINI-MR NMR apparatus was used to measure the movable
fluid percentage. The samples were first saturated for more
than 24h with simulated formation water after being
vacuumed for 24h following the standard SY/T 5336-2006
in China [30]. Then put the samples into the NMR apparatus
to examine the T2 spectrum.

3. Results and Discussion

3.1. Reservoir Classification. The NMR test and other experi-
ments results show that the tight sandstone reservoirs of the
Sulige gas field can be divided into three types based on pore
types: reservoirs with the intergranular-dissolved pore type
(RIDP), reservoirs with the dissolved-intercrystalline pore
type (RDIP), and reservoirs with pore plus microcracks
(RPPM). The pore type is an important parameter of the
microcosmic characteristics of the reservoir, which is a com-
prehensive characterization of the microscopic pore struc-
ture. Therefore, the classification of reservoirs based on the
pore type combination is an important reference for the
rational development of reservoirs, which takes full advan-
tage of microparameters and macroscopic properties. The
reservoir type classification is based on the shape of T2
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Figure 1: Continued.
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distribution, the estimation of particle size and sorting, the
amount and type of cements, and pore and throat structure
characteristics.

3.1.1. Images. The main pore types of RIDP are intergranular
and dissolved pores, which have undergone mechanical com-
paction and dissolution [10, 11]. The radius of the intergran-
ular pores is generally between 30μm to 80μm, and the
radius of the dissolved pores which is caused by acid fluid dis-
solution is generally between 10μm to 40μm (Figures 2(a)
and 2(b). According to the CL pictures, the type of reservoir
interstitial is mainly kaolinite (Figure 2(c). The overall poros-
ity of the residual pelletized reservoir is high, and the pore
size and connectivity are good.

The dissolution of the study area is common, the feld-
spar and lithic fragment dissolution are the main, which

indicates that the study area is the mainly acidic hydrocar-
bon for RDIP (Figure 2(d)). The effect of dissolution on
the reservoir properties is improved to a certain extent,
and the porosity is increased. But the secondary dissolu-
tion has increased the nonhomogeneity of the reservoir
to a certain extent and provided the material basis for
the later clay mineral cementation to form intergranular
micropores that have no reservoir and seepage capacity
(Figures 2(e) and 2(f)).

The microcracks of the study area are almost diage-
netic microcracks (RPPM), which are usually caused by
strong mechanical compaction, so the quality and the
porosity of the rock samples which have developed micro-
cracks are pretty low (Figures 2(g) and 2(h)). Porosity
caused by compaction becomes smaller, meanwhile, the
development of compaction enhances the pressure-
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Figure 1: (a) Location map of the research area with inset map of the Ordos basin region (upper right) and (b) stratigraphic column from
Ordovician Majiagou formation to Triassic Liujiagou formation in the northern Ordos basin [24, 28].
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dissolving effect. Therefore, pores such as kaolinite, car-
bonate, and the like are filled with pores, resulting in fur-
ther reduction of pore space (Figure 2(i)).

3.1.2. HPMI. The average porosity of the samples with the
RIDP is 13.82%, and the average permeability is 0.58mD
(Table S1). The capillary pressure curve shows that the
threshold pressure and the median pressure of the reservoir
are both low. Some sample of the capillary pressure curve is
divided into obvious two-stage type. Low discharge
pressure is regarded as a sign of microcrack development.
The platform segment of the curve is clear, and the final
mercury saturation is high, the main proportion of the
radius ranges from 0.80 to 4.16μm (peak around 2.64μm),
while the most contribution value of the pore-throat radius
to permeability is 4.15μm, the great difference in peak
means the seepage capacity of this reservoir type is mainly
contributed by relatively large pores (Figure 3(a)).

The average porosity of RDIP in the study area is 8.12%,
and the average permeability is 0.13mD (Table S1). The
capillary pressure curve shows that there is an increase both
in the threshold pressure and median pressure of the
reservoir with the dissolved pores compared with the
reservoir with intergranular pores. However, the capillary
pressure of this type of reservoir changed significantly.
Meanwhile, it has a shorter and less obvious platform
segment, and the main proportion of the radius ranges
from 0.10 to 0.63μm (peak around 0.40μm), while the
most contribution value of the pore-throat radius to
permeability is 0.63μm (Figure 3(b)).

The average porosity of RPPM in the study area is 7.44%,
and the average permeability is 1.42mD (Table S1). The
median radius is lower than that of the first two types of
samples, indicating that this type of reservoir has the least
pore throat development and the maximum mercury
saturation. Pore throat mercury saturation at 0.008~7.100μm
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Figure 2: Casting section (a, d, g), SEM (b, e, h), and CL (c, f, i) images of the three typical samples.
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has developed, indicating strong pore throat heterogeneity, but
high permeability is mainly contributed by microcracks
(Figure 3(c)).

3.1.3. CPMI. For RIDP, the distribution of throat radius
obtained by constant-rate mercury injection shows that
the distribution of the throat in this kind of reservoir is
more homogeneous. There are mainly the small-middle
throats with a small number of large throats. The hetero-
geneity of the throat is medium, but the distribution is
homogeneous with the large average throat radius.
(Table S1, Figure 4(a)).

For RDIP, the distribution of throat radius obtained by
constant-rate mercury injection shows that the distribution
of the throat is simpler with regard to this kind of reservoir
mainly consisting of small throats and relatively rare throats
with a radius longer than 1μm (Table S1, Figure 4(b)).

For RMMP, the throats of less than 0.1μm and more
than 10μm all developed to a certain degree. Generally
speaking, these reservoirs are dominated by micropores, but
the development of microcracks made certain macroporous
laryngeal development with the characteristics of dual pla-
teaus in pore body curve (Table S1, Figure 4(c)). Although
there are distinct differences among the three types of
reservoirs in throat parts, the pore curves are relatively
unformed, indicating that throats are predominant

governing factors on pore networks, when compared with
the pores.

3.1.4. NMR. For RIDP, the state of nuclear magnetic reso-
nance T2 spectrum is bimodal which is high in right and
low in left. The irreducible water saturation of these samples
is relatively low, the movable fluid saturation is relatively
high, and the movable fluid mainly occurs in the mesopores
and a small number of macropores. Taking <10ms,
10~100ms, and >100ms as the threshold of clay mineral
micropores, mesopores, and macropores [31–33], the major
pore type of this reservoir is macropores and mesopores;
the proportion of micropores are low (Figure 5).

For RDIP, the magnetic resonance T2 spectrum is unim-
odal. This kind of reservoir is mainly composed by micro-
small pore, the irreducible water saturation of these samples
is relatively high, and the movable fluid saturation is rela-
tively low. Taking <10ms, 10~100ms, and >100ms as the
threshold of clay mineral micropores, mesopores, and
macropores, the major pore type of this reservoir are micro-
pores and mesopores; the proportion of macropores is low
(Figure 5).

For RMMP, the magnetic resonance T2 spectrum is
bimodal. The microcracks increase permeability through
fluid penetration. However, the increase of porosity cementa-
tion and throats make the lowest movable fluid saturation in
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Figure 3: High-pressure mercury injection curves of the three types of reservoirs.
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this kind of reservoir. The peak amplitude and slow decline at
100ms can be used as the identification mark of such micro-
cracks (Figure 5).

3.2. Effect of Reservoir Pore and Throat Parameters on
Movable Fluid Parameters. Table S1 and Figure 6 show
the correlations of movable fluid percentage, average
throat radius, mainstream throat radius, sorting
coefficient, and pore-throat ratio. It can be found that,
apart from sample 5 which microcracks developed, the
movable fluid percentage has good correlation with other
parameters, the R-squared are greater than 0.5, and the
R-squared of the mainstream radius is greater than that
of the average radius. It demonstrates that the
mainstream pore-throat radius is more closely related to
the movable fluid percentage than the average ones, and
the greater the difference between the mainstream and
average radius is, the higher the movable fluid percentage
is. These results show that the average throat radius has
some limitations in characterizing the trend of movable
fluid percentage, but the mainstream throat radius, which
represents the seepage capacity [34], is more effective in
reflecting the trend of movable fluid.

Apart from pore and throat size, the pore and throat
heterogeneity also have a significant effect on movable

fluid percentage, while their relationship depends on
which experiment be chosen. Figure 6 shows that the
pore-throat ratio from constant-rate mercury injection
and the sorting coefficient from high-pressure mercury
injection has a negative and positive relationship with
movable fluid percentage, respectively. Due to the limited
maximum injection pressures, the low limits of the pore-
throat radius of those experiments are different (the radius
derived from HPMI were larger than that of CRMI) [35].
These demonstrate that the larger pores which corre-
sponding to a high sorting coefficient have a great impact
on high movable fluid percentage.

3.3. Effect of Reservoir Clay Minerals on Movable Fluid
Parameters. The relationships between clay minerals and
movable fluid percentage were vague, therefore, whether clay
minerals promote, deteriorate, or had no impact on high
movable fluid percentage need to be discussed (Figure 7).
As Figures 7(a) and 7(b) have shown, high chlorite could
both promote (sample 1 and 2) and deteriorate fluid flowabil-
ity (sample 7 and 8), that is to say, few chlorites could prevent
compaction while abundant chlorite would occlude the pore
spaces (Figures 8(a) and 8(b)). The development of kaolinite
was one of the indicators of feldspar dissolution, abundant
dissolution pores corresponding to high porosity, and

0.01

0.1

1

10

100

020406080100
Mercury intrusion saturation (%)

In
tr

us
io

n 
pr

es
su

re
 (M

Pa
)

Total intrusion
Throat intrusion
Pore body intrusion

(a)

Mercury intrusion saturation (%)

0.001

0.01

0.1

1

10

100

020406080100

In
tr

us
io

n 
pr

es
su

re
 (M

Pa
)

Total intrusion
Throat intrusion
Pore body intrusion

(b)

Mercury intrusion saturation (%)

0.01

0.1

1

10

100

020406080100

In
tr

us
io

n 
pr

es
su

re
 (M

Pa
)

Total intrusion
Throat intrusion
Pore body intrusion

(c)

Figure 4: Constant rate mercury injection curves of the three typical samples.
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Figure 6: Correlations of movable fluid percentage and pore-throat related parameters.
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therefore, represents high movable fluid percentage
(Figure 8(c)). Illite and I/S mixed layer have distinct negative
relationships with movable fluid percentage, suggesting that
abundant illite and I/S mixed layer would deteriorate fluid
flowability (Figure 8(d)).

3.4. Effect of Reservoir Wettability on Movable Fluid
Parameters. Wettability has a great impact on NMR test
[36–38]. As shown in Figure 7 and Table S2, the contact
angle has a strong positive relationship with movable fluid
percentage, indicating that hydrophile was generally
corresponding to low fluid flowability. In order to detailing

the reasons, four samples (3, 4, 7, and 8), which have
similar pore-throat size, heterogeneity parameter, and
permeability with similar movable fluid percentage were
selected.

Figure 9 shows the spot variation of the droplet with dif-
ferent wettability. It illustrates that the displacement distance
of the droplet with the same force varies a lot, suggesting that
the interfacial tension has great impact on the fluid flowabil-
ity. With the decrease of contact angle (increase of interfacial
tension), the fluid movability increases, revealing that the
wettability determines the movable fluid percentage by inter-
facial tension.
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Figure 7: NMR, XRD, and wetting tests showing the variations of different samples.
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4. Conclusion

(1) The reservoir could be divided into three types based
on pore types, and the reservoirs with intergranular-
dissolved pore type are better than that of the
dissolved-intergranular and pore plus microcrack
pore type in terms of both the mobile fluid saturation
and the pore-throat size

(2) Large throat and homogeneous pore-throat network
would promote fluid flowability. Generally speaking,
the higher the proportion of macropores are, the
greater the saturation of the movable fluid is. The
increase of hydrophilic clay mineral makes the water
film thickness increases, which leads to the small
throat stuffed and the mobile fluid percentage reduced

(3) Wettability has a significant impact on movable fluid;
high flowability is resulted from weak wettability due
to the reduction of interfacial tension.

Data Availability

The experimental data used to support the findings of this
study are included in the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This research was financially supported by Open Fund of Key
Laboratory of Coal Resources Exploration and Comprehen-
sive Utilization, Ministry of Land and Resources (KF2019-1,
KF2020-2, KF2021-7); Engineering Research Center of Devel-
opment and Management for Low to Ultra-Low Permeability
Oil & Gas Reservoirs in West China (Ministry of Education)
Xi’an Shiyou University, grant number KFJJ-XB-2019-2;
Young science and Technology Talents Foundation of Shaanxi
province, grant number 2019KJXX-054; National Natural Sci-
ence Foundation of China, grant numbers (41702146,
51934005); Open Fund of Shaanxi Key Laboratory of
Advanced Stimulation Technology for Oil & Gas Reservoirs,
grant number 20JS120.

Supplementary Materials

Table S1: statistics of macro- and microparameters in the
research area. ((+) means positive correlation, (-) means neg-
ative correlation, A represent reservoirs with the
intergranular-dissolved pore type, B represent reservoirs with
the dissolved-intercrystalline pore type, C represent reser-
voirs with pore plus micro-cracks). Table S2: statistics of clay
content and wettability index in the research area.
(Supplementary Materials)

References

[1] J. Dai, Y. Ni, and X. Wu, “Tight gas in China and its signifi-
cance in exploration and exploitation,” Petroleum Exploration
and Development, vol. 39, no. 3, pp. 277–284, 2012.

[2] T. Wang and B. Lin, “Impacts of unconventional gas develop-
ment on China’s natural gas production and import,” Renew-
able and Sustainable Energy Reviews, vol. 39, pp. 546–554,
2014.

[3] Z. Rui, K. Cui, X. Wang et al., “A quantitative framework for
evaluating unconventional well development,” Journal of
Petroleum Science and Engineering, vol. 166, pp. 900–905,
2018.

[4] H. Y. Pan, D. W. Yin, N. Jiang, and Z. G. Xia, “Crack initiation
behaviors of granite specimens containing crossing-double-
flaws with different lengths under uniaxial loading,” Advances
in Civil Engineering, vol. 2020, Article ID 8871335, 13 pages,
2020.

[5] X.Wang, C. Liu, S. Chen, L. Chen, K. Li, and N. Liu, “Impact of
coal sector's de-capacity policy on coal price,” Applied Energy,
vol. 265, p. 114802, 2020.

[6] H. Gao and H. Li, “Pore structure characterization, permeabil-
ity evaluation and enhanced gas recovery techniques of tight
gas sandstones,” Journal of Natural Gas Science and Engineer-
ing, vol. 28, pp. 536–547, 2016.

[7] M. Schmitt, C. P. Fernandes, F. G. Wolf, J. A. Bellini da Cunha
Neto, C. P. Rahner, and V. S. Santiago dos Santos, “Character-
ization of Brazilian tight gas sandstones relating permeability
and Angstrom-to micron-scale pore structures,” Journal of
Natural Gas Science and Engineering, vol. 27, pp. 785–807,
2015.

[8] J. Wang, Y. Zhang, Z. Qin, S. G. Song, and P. Lin, “Analysis
method of water inrush for tunnels with damaged water-
resisting rock mass based on finite element method-smooth

46°

40°

F

F

40°

High movability due to
weak interfacial tension

Low movability due to
strong interfacial tension

46°

Figure 9: Schematic diagram of models for the droplet used to interpret the fluid movability.

10 Geofluids

http://downloads.hindawi.com/journals/geofluids/2020/8820023.f1.doc


particle hydrodynamics coupling,” Computers and Geotech-
nics, vol. 126, p. 103725, 2020.

[9] J. T. Chen, J. H. Zhao, S. C. Zhang, Y. Zhang, F. Yang, and
M. Li, “An experimental and analytical research on the evolu-
tion of mining cracks in deep floor rock mass,” Pure and
Applied Geophysics, vol. 177, no. 11, pp. 5325–5348, 2020.

[10] A. Legchenko, J. M. Baltassat, A. Beauce, and J. Bernard,
“Nuclear magnetic resonance as a geophysical tool for hydro-
geologists,” Journal of Applied Geophysics, vol. 50, no. 1-2,
pp. 21–46, 2002.

[11] B. Cowan, “Nuclear magnetic resonance and relaxation,” Jour-
nal of Chemical Physics, vol. 45, no. 5, pp. 185–187, 2010.

[12] A. Dillinger and L. Esteban, “Experimental evaluation of reser-
voir quality in Mesozoic formations of the Perth Basin (West-
ern Australia) by using a laboratory low field nuclear magnetic
resonance,” Marine and Petroleum Geology, vol. 57, pp. 455–
469, 2014.

[13] C. X. Wang, B. T. Shen, J. T. Chen et al., “Compression char-
acteristics of filling gangue and simulation of mining with
gangue backfilling: an experimental investigation,” Geomecha-
nics and Engineering, vol. 20, no. 6, pp. 485–495, 2020.

[14] N. Jiang, C. X. Wang, H. Y. Pan, D. Yin, and J. Ma, “Modeling
study on the influence of the strip filling mining sequence on
mining-induced failure,” Energy Science & Engineering,
vol. 8, no. 6, pp. 2239–2255, 2020.

[15] D. Ren, D. Zhou, D. Liu, F. Dong, S. Ma, and
H. HuangFormation mechanism of the Upper Triassic Yan-
chang Formation tight sandstone reservoir in Ordos Basin–
Take Chang 6 reservoir in Jiyuan oil field as an example,”
Journal of Petroleum Science and Engineering, vol. 178,
pp. 497–505, 2019.

[16] H. Ming, W. Sun, L. Zhang, and Q. Wang, “Impact of pore
structure on physical property and occurrence characteristics
of moving fluid of tight sandstone reservoir, taking He 8 reser-
voir in the east and southeast of Sulige Gasfield as an example,”
Journal of Central South University: Science and Technology,
vol. 46, no. 12, pp. 4556–4567, 2015.

[17] G. Feng, Y. Kang, X. C. Wang, Y. Hu, and X. Li, “Investigation
on the failure characteristics and fracture classification of shale
under Brazilian test conditions,” Rock Mechanics and Rock
Engineering, vol. 53, no. 7, pp. 3325–3340, 2020.

[18] G. Feng, X. C. Wang, M. Wang, and Y. Kang, “Experimental
investigation of thermal cycling effect on fracture characteris-
tics of granite in a geothermal-energy reservoir,” Engineering
Fracture Mechanics, vol. 235, article 107180, 2020.

[19] H. Huang, T. Babadagli, X. Chen, H. Li, and Y. Zhang, “Perfor-
mance comparison of novel chemical agents for mitigating
water-blocking problem in tight gas sandstones,” SPE Reser-
voir Evaluation & Engineering, vol. 23, no. 4, pp. 1150–1158,
2020.

[20] J. Xu, A. Haque, W. Gong et al., “Experimental study on the
bearing mechanisms of rock-socketed piles in soft rock based
on micro X-ray CT analysis,” Rock Mechanics and Rock Engi-
neering, vol. 53, no. 8, pp. 3395–3416, 2020.

[21] D. Xiao, S. Jiang, D. Thul, S. Lu, L. Zhang, and B. Li, “Impacts
of clay on pore structure, storage and percolation of tight sand-
stones from the Songliao Basin, China: implications for genetic
classification of tight sandstone reservoirs,” Fuel, vol. 211,
pp. 390–404, 2018.

[22] C. Zhu, M. C. He, M. Karakus, X. B. Cui, and Z. G. Tao, “Inves-
tigating toppling failure mechanism of anti-dip layered slope

due to excavation by physical modelling,” Rock Mechanics
and Rock Engineering, vol. 53, no. 11, pp. 5029–5050, 2020.

[23] F. Wu, J. Zhao, S. Yan et al., “Geological characteristics and
exploration prospect of Upper Paleozoic reservoirs in Yan-
chang area, Ordos Basin,” Petroleum Exploration and Develop-
ment, vol. 34, no. 4, pp. 401–405, 2007.

[24] Q. Yin, H. Jing, G. Ma, H. Su, and R. Liu, “Investigating the
roles of included angle and loading condition on the critical
hydraulic gradient of real rock fracture networks,” Rock
Mechanics and Rock Engineering, vol. 51, no. 10, pp. 3167–
3177, 2018.

[25] W. Zhao, C. Bian, and Z. Xu, “Similarities and differences
between natural gas accumulations in Sulige Gasfield in Ordos
Basin and Xujiahe Gasfield in Central Sichuan Basin,” Petro-
leum Exploration and Development, vol. 40, no. 4, pp. 400–
408, 2013.

[26] H. Y. Wang, A. V. Dyskin, E. Pasternak, P. Dight, and
M. Sarmadivaleh, “Experimental and numerical study into 3-
D crack growth from a spherical pore in biaxial compression,”
Rock Mechanics and Rock Engineering, vol. 53, no. 1, pp. 77–
102, 2020.

[27] H. Wang, A. Dyskin, and E. Pasternak, “Comparative analysis
of mechanisms of 3-D brittle crack growth in compression,”
Engineering Fracture Mechanics, vol. 220, p. 106656, 2019.

[28] H. Yang, J. Fu, X. Wei, and X. Liu, “Sulige field in the Ordos
Basin: geological setting, field discovery and tight gas reser-
voirs,” Marine and Petroleum Geology, vol. 25, no. 4-5,
pp. 387–400, 2008.

[29] SY/T 5346-2005, “Petroleum and natural gas industry stan-
dard. Rock capillary pressure measurement,” National Devel-
opment and Reform Commission of China, 2005, in Chinese.

[30] SY/T 5336-2006, “Petroleum and natural gas industry stan-
dard. Practices forcore analysis,” National Development and
Reform Commission of China, 2006, in Chinese.

[31] W. Liu, Z. Xiao, and S. Yang, “Comparative studies on
methods of evaluation of reservoir pore structure by using
NMR (nuclear magnetic resonance) well logging data,” Oil
Geophysical Prospecting, vol. 44, no. 6, pp. 773–778, 2009.

[32] H. Li, H. Guo, and Q. Liu, “NMR experimental study of water
displacing oil of tight oil reservoir,” Journal of Central South
University: Science and Technology, vol. 45, no. 12, pp. 4370–
4376, 2014.

[33] D. Xiao, S. Lu, Z. Lu, W. Huang, and M. Gu, “Combining
nuclear magnetic resonance and rate-controlled porosimetry to
probe the pore-throat structure of tight sandstones,” Petroleum
Exploration and Development, vol. 43, no. 6, pp. 1049–1059, 2016.

[34] L. Ye, B. Zhong, and W. Xiong, “An integrated evaluation
method of Xujiahe low-permeability sandstone gas reservoirs
in middle Sichuan Basin,” Natural Gas Industry, vol. 32,
no. 11, pp. 43–46, 2012, in Chinese.

[35] S. Yang and J. Wei, Reservoir Physics[M], Petroleum Industry
Press, Beijing, 2004, in Chinese.

[36] W. Looyestijn, “Wettability index determination from NMR
logs,” Petrophysics, vol. 49, no. 2, 2008.

[37] N. Zhang, W. Liu, Y. Zhang, P. Shan, and X. Shi, “Microscopic
pore structure of surrounding rock for underground strategic
petroleum reserve (SPR) caverns in bedded rock salt,” Ener-
gies, vol. 13, no. 7, p. 1565, 2020.

[38] D. Liu, Z. Gu, R. Liang et al., “Impacts of pore-throat system
on fractal characterization of tight sandstones,” Geofluids,
vol. 2020, Article ID 4941501, 17 pages, 2020.

11Geofluids


	Insight into the Pore Structures and Its Impacts on Movable Fluid in Tight Sandstones
	1. Introduction
	2. Materials and Methods
	2.1. Geological Setting
	2.2. Samples
	2.3. Experimental Methods
	2.3.1. Casting Section (CS)
	2.3.2. Scanning Electron Microscope (SEM)
	2.3.3. Cathode Luminescence (CL)
	2.3.4. High-Pressure Mercury Injection (HPMI)
	2.3.5. Constant-Rate Mercury Injection (CRMI)
	2.3.6. Clay Mineral X-Ray Diffraction (XRD)
	2.3.7. Wettability Tests
	2.3.8. Nuclear Magnetic Resonance Technique (NMR)


	3. Results and Discussion
	3.1. Reservoir Classification
	3.1.1. Images
	3.1.2. HPMI
	3.1.3. CPMI
	3.1.4. NMR

	3.2. Effect of Reservoir Pore and Throat Parameters on Movable Fluid Parameters
	3.3. Effect of Reservoir Clay Minerals on Movable Fluid Parameters
	3.4. Effect of Reservoir Wettability on Movable Fluid Parameters

	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

