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Many of the exploration and development theories derived for conventional clastic rock reservoirs are not applicable to pore-
fracture lacustrine carbonate reservoirs. The fluid flow mechanisms under reservoir conditions are still unclear. Therefore, in
this study, the rock samples were characterized using X-ray diffraction (XRD), porosity-permeability analysis, scanning
electron microscopy (SEM), plain thin sections, and casting thin sections. The core samples were classified into two types
(fractures and matrix pores) based on their reservoir spaces. The core flow experiments were performed under reservoir
conditions using reservoir core plugs. The experimental results demonstrate that the cores, especially the fractured cores, have
a strong stress sensitivity. The oil phase flow in the core has the characteristics of non-Darcy flow, and the threshold pressure
gradient is 0.01–0.003MPa/m. Additionally, for the oil-water two-phase flow in the fractured core, the water phase relative
permeability of the residual oil is high. In contrast, the water phase relative permeability of the matrix core is less than 0.2. The
nuclear magnetic resonance (NMR) transverse relaxation time (T2) spectra were used to analyze the differences between the
water flooding characteristics of the two pore structures. The experimental results show that the peaks of the T2 spectra after
water flooding are lower than those before water flooding, and the matrix cores have a better oil displacement effect. The
relaxation time of 0.1–10ms makes the greatest contribution to the water flooding efficiency. The micropores smaller than
10 μm in diameter play an important role in the water flooding of the matrix core. These results will provide theoretical basis
for solving the difficult problems of developing deep lacustrine carbonate reservoirs.

1. Introduction

Carbonate reservoirs play an important role in global oil and
gas resources [1, 2]. China is also rich in carbonate oil and
gas resources. According to the dynamic evaluation results
of the national oil and gas resources, the amount of geolog-
ical petroleum resources is 340 × 108 t, and the amount of
geological natural gas resources is 24:3 × 1012m3, accounting
for 27.0% and 26.9% of the total oil and gas resources,

respectively. Carbonate rocks can be formed in different sed-
imentary environments. After decades of exploration, many
lacustrine carbonate reservoirs have been discovered in
China and abroad [3–5]. Under the comprehensive influ-
ence of the Cenozoic paleostructure and paleoclimatic con-
ditions, a typical plateau saline lake basin was developed in
the Qaidam Basin [6, 7].

The Yingxi region is located in the northwestern section
of the Yingxiong ridge, Qaidam Basin (Figure 1). The Earth’s
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surface is dominated by wind-eroded mountains, with
ravines at altitudes of 3000–3900m. The Yingxiong ridge
tectonic belt is controlled by fold deformation, a slip fault,
a basement fault, and lithologic difference; the regional trap
is characterized by a large area and diverse types. The upper
section of the Xiaganchaigou Formation, which is a semi-
deep lake deposit, is the main oil-producing section in the
deep layer in the Yingxi region, and it is also one of the best
source rocks in the western Qaidam Basin [8, 9]. Combined
with the saline lake basin evolution stage, the types of rocks
in the upper section of the Xiaganchaigou Formation in the
Yingxi region can be classified as clasolites, carbonates rocks,
and evaporitic rocks. The clasolites were formed in the lacus-
trine dilution stage. The dark fine-grained deposits are the
most common, and fewer silty fine sandstone and mudstone
deposits are developed. The carbonate rocks were formed
during the initial salinization of the lake water. The carbon-
ate rocks mainly include micritic dolomitic limestone and
micritic calcite dolomite, containing silty and mud terrige-
nous clasts. The mixed evaporites and salt rocks were
formed during the transitional stage and the salinization
stage of the lake water. As the climate became drier, evapo-
ration began to outstrip the freshwater replenishment, the
salinity of the lake water increased rapidly, the evaporation
salt mineral content increased, and evaporites were devel-
oped, including (gray matter or dolomite) anhydrite, (gray
matter or dolomite) calcium mirabilite, and salt rocks.

The E2
3 carbonate reservoir in the Yingxi region is a high-

pressure-fractured carbonate reservoir. As shown in
Figure 2, it is overlain by a thick layer of salt rocks. The res-
ervoir’s pressure coefficient is 1.7–2.1. The reservoir space
mainly includes intercrystalline pores in the dolomite and
fractures, making this a pore-fracture reservoir [6]. In the
early stage of production, the daily oil output was more than
100 tons, and then, it decreased to dozens of tons and main-
tained stable production for a long time. This carbonate res-
ervoir, which is located in a saline lake basin, is controlled by
the sealing of the tight salt layer, which is characterized by a
strong heterogeneity, a high formation pressure, containing
oil throughout, and a high local yield. Moreover, the prob-
lems of a fast decline in production and large planar differ-
ences have been encountered. Thus, it is necessary to
analyze and study the flow characteristics of this reservoir
in detail from an exploration point of view.

The flow mechanism of carbonate reservoirs has always
been a difficult and important research topic in petroleum
engineering [10–13]. Zhao et al. [14] used the rock mechan-
ics analysis method and medium series and parallel models
to establish a scale model of a stress-sensitive reservoir.
Zhang et al. [15] compared five types of stress sensitivity
equations via experiments and theoretical analysis and con-
cluded that this stress sensitivity model for a fractured reser-
voir can be described by a power law function. However,
little research has been conducted on the effects of the
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Figure 1: The location of the Yingxi region in the western Qaidam Basin [6].
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complex pore structures of pore-fracture carbonate reser-
voirs on their stress sensitivity. At present, many studies
have focused on fracture-cavity carbonate reservoirs. A great
deal of research has been conducted on the flow mechanism,
equivalent continuum, and reservoir and flow models [2, 16,
17]. However, the current research on the low-velocity flow
characteristics of pore-fracture carbonate reservoirs is insuf-
ficient. Previous studies of the nonlinear flow mechanism
mainly focused low permeability sandstone or shale reser-
voirs, and a non-Newtonian fluid, tight pores, and a bound-
ary layer were used to explain the basic mechanism of
nonlinear flow [18–22]. The low velocity flow mechanism
in pore-fracture carbonate reservoirs has seldom been stud-
ied. It is unclear whether pore-fracture carbonate reservoirs
have threshold pressure gradients. Furthermore, the oil and
water displacement mechanism during water flooding of a
pore-fracture carbonate reservoir is still unclear.

Many of the exploration and development theories
derived for conventional clastic rock reservoirs are not appli-
cable to the lacustrine E2

3 carbonate reservoir in the Yingxi
region, so it is urgent to further develop and improve these
theories. In this study, first, the basic characteristics of the
reservoir rocks’ mineral properties, physical characteristics,
and pore structure features were analyzed. Then, the oil
phase flow was investigated, and the water-oil phase flow
characteristics were studied. Finally, based on experimental
investigations, the stress sensitivity, non-Darcy flow mecha-
nism, and oil and water displacement characteristics were
analyzed. The results of this study can not only effectively
guide oil and gas exploration and deployment in the western
Qaidam area, but they also provide a reference for research
of other lacustrine carbonate reservoirs.

2. Experimental Methods

2.1. Samples and Materials. In this study, carbonate rock
samples were obtained from the E2

3 carbonate reservoir in
the Yingxi region in the western Qaidam Basin. In the
Yingxi region, the upper section of the Xiaganchaigou For-
mation can be divided into seven cycles (Psq1–Psq7) based
on the sedimentary sequence. The E2

3 carbonate reservoir is
developed under the first set of salt layers at the top of the
third sedimentary cycle (Psq3), and it is the primary high-
yield strata in the upper section of the Xiaganchaigou For-
mation in the Yingxi region. The depths of the samples used
in our experimental work ranged from 3729 to 4559m. The
samples were sealed and transported to the laboratory. In the
laboratory, the samples were all drilled into columnar cores
with a diameter of 2.5 cm and were washed with a mixture
of benzene and anhydrous ethanol (3 : 1) in preparation for
the experiments. Simulated formation water (salinity of
315,624mg/L at 25°C) and simulated oil (density of
0.741 g/cm3 at 25°C) were used in the experiments. The sim-
ulated formation water was prepared based on the test
results for the actual formation water. The simulated oil
was composed of crude oil, kerosene, and n-decane.

2.2. Core Flow Experiments

2.2.1. Experimental Setup and Conditions. As shown in
Figure 3, conventional experimental core displacement
equipment was used in this study. This equipment consisted
of an ISCO pump, a confining pressure tracking pump, an
intermediate container, a core holder unit, a flowmeter,
two pressure gages, and a data collection system. Kerosene
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Figure 2: Geologic profile of the Yingxi deep zone.
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was used as the working medium in the ISCO pump. The
kerosene was inhaled from the inlet of the ISCO pump and
pumped out from the exit to provide a driving force. Nitro-
gen was used in the pneumatic valves of the ISCO pump. In
the course of the experiment, the simulated formation water
or simulated oil that was preinstalled in the intermediate
container was pressurized and injected into the core in the
core holder unit using the ISCO pump. The pressure gage
and flowmeter were connected to a computer to monitor
and record the changes in the inlet pressure and outlet flow
of the core holder unit. The system’s pressure could reach
100MPa.

Since the pressure of the E2
3 carbonate reservoir is high

under the formation conditions, the overburden pressure is
also high. The effective stress can reach 30MPa according
to calculations based on test data. Thus, the experiments
were needed to be performed with a suitable effective stress
on the core sample in order to stimulate the actual reservoir
conditions. In this study, the confining pressure reached a
maximum of 30MPa.

2.2.2. Experimental Procedures. First, flow experiments using
single-phase oil were conducted under different effective
stress conditions to obtain the change rule of the oil phase
permeability of the core sample. The experiment proceeded
as follows. (1) The core was dried in a drying oven at 80°C
for 12 hours. (2) The gas permeability of the core was mea-
sured using N2 with a purity of greater than 99.9%. (3) After
the core sample was placed in vacuum for 12 hours, the sim-
ulated oil was injected into the core. (4) An electronic bal-
ance was used to weigh the core saturated with simulated
oil, and its porosity was calculated. (5) The core was placed
in the holder, and the confining pressure tracking pump
was used to apply the confining pressure. (6) The ISCO
pump was opened to set the displacement pressure. (7)

The ISCO pump and data collection system were started.
(8) Under a constant displacement pressure, the confining
pressure was continuously increased within the interval of
3–5MPa. Each confining pressure point was maintained
for more than 30 minutes, and the oil phase permeability
was measured until the confining pressure reached 30MPa.
Next, the flow curve of the core was measured to analyze
the threshold pressure gradient and to study the flow charac-
teristics of the oil phase. The initial displacement pressure
was generally set to 5–8.5MPa, and the confining pressure
was 30MPa. The confining pressure and displacement pres-
sure should decrease synchronously. The descending inter-
val of the two should be the same. Generally, the
descending interval was 0.5–1MPa. That is, under constant
effective stress on the rock sample, the relationship between
the flow and the pressure gradient was measured until the
displacement pressure dropped below 0.5MPa. Finally, the
water flooding experiment was carried out to investigate
the two-phase oil-water flow. Before and after the water
flooding, the NMR T2 spectra of the cores saturated with
simulated oil were obtained. During the displacement, the
oil, water, and cumulative fluid production were recorded
accurately. When the water cut reached 99.95%, the water
phase permeability under the residual oil saturation was
measured, and the experiment was completed.

In addition to the flow experiments, the samples were
also sent for related tests. The mineral composition was eval-
uated using a D/max-2500 X-ray diffractometer (XRD).
Scanning electron microscopy (SEM) was conducted on
plain thin sections and casting thin sections in order to
observe and analyze the mineral and pore characteristics.
In this study, NMR measurements were used to obtain the
microscopic pore structure and the oil-water distribution
characteristics. The specific methods are described in detail
below.
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Figure 3: Schematic of the core flow experiments. Labels: 1: ISCO pump; 2: simulated oil; 3: simulated formation water; 4: pressure relief
valve; 5: nitrogen cylinder; 6 and 7: kerosene tank; 8: confining pressure tracking pump; 9 and 11: pressure gages; 10: core holder; 12:
flow meter; 13: effluent container; 14: computer.
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2.2.3. Theory of NMR Measurements. NMR records the
relaxation times of hydrogen protons in static and pulsed
magnetic fields [23], and the petrophysical properties
(porosity, pore size distribution, permeability, and fluid sta-
tus) of rocks can be evaluated via NMR [24–26]. There is a
correspondence between the T2 relaxation time and the pore
radius r. At present, the conversion between the transverse
relaxation time and the pore throat radius obtained via mer-
cury intrusion experiments is mainly conducted using the
theoretical formula r = CTn

2 [27–31]. In this study, according
to the research results of Lai et al. [32], we evaluated the pore
structure and determined the oil-water displacement charac-
teristics of different types of pore spaces.

3. Experimental Results

3.1. Reservoir Characteristics and Classification

3.1.1. Lithology and Mineral Composition. Overall, E2
3 is a

semideep lake fine-grained sedimentary facies with a weak
water energy. As shown in Figure 4, its lithology is mainly
gray and black fine-grained peperite, which is one of the
main hydrocarbon source strata in the western Qaidam
Basin. Under the comprehensive control of the tectonic
and climatic factors, many rock types, such as mudstone,
limestone, and dolomite, were formed during the periodic
changes in the nature of the lake water. The horizontal lam-
inae are well developed. Evaporite minerals are generally
developed in or interbedded with the dark fine-grained sed-
iments. A large amount of strawberry pyrite, which is pro-
duced in reducing environments, was developed. As can be
seen from Table 1, the mineral compositions are very com-

plex. The abundant minerals include dolomite, feldspar,
quartz, and clay minerals. The dolomite content is the high-
est, reaching 72.8%. Soluble minerals, such as glauberite,
gypsum, and halite, were found in some of the rock samples.

3.1.2. Physical Characteristics. As shown in Figure 5, the per-
meability and the porosity of the reservoir have wide distribu-
tion ranges. The permeability refers to the gas permeability of
the samples. The porosity of the reservoir is 0.3–16.3%. The
permeability is 0:0269 – 324 × 10−3 μm2. Overall, in the study
area, the reservoir’s permeability is low, and the reservoir
can be classified as a low-permeability tight carbonate reser-
voir. The test results show that the naturally fractured cores
have a high permeability. In contrast, the permeabilities of
the matrix cores are small, and most of them have permeabil-
ities of less than 1 × 10−3 μm2.

3.1.3. Pore Structure Characteristics and Classification. The
reservoir space is mainly composed of intergranular pores,
intergranular dissolution micropores, macropores (residual
pores), and fractures. As can be seen from Figures 6(a) and
6(d), the carbonate and clay minerals contain a large num-
ber of intercrystalline pores and intercrystalline dissolution
micropores, which are the main types of reservoir space
and are widely developed. As shown in Figure 6(e), the
residual pores are mainly the pores formed by the incom-
plete filling of the structural fractures, which have a low
degree of development and a high availability and are almost
full of oil. In addition, the fractures are also well developed
and are structural microfractures with conjugate characteris-
tics and good connectivity (Figures 6(b) and 6(c)). It was
also found that some of the fractures are filled with gypsum

(a) (b)

(c) (d)

Figure 4: Petrological characteristics of the reservoir rocks. (a) Dolomitic mudstone, sampling depth of 4138m, (b) calcite dolomites with
gypsum, sampling depth of 3731m, (c) silty mudstone with dolomite, and (d) dolomicrite with gypsum.
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(Figure 6(f)). Figures 6(g) and 6(h) are thin section images
of the matrix pore throats. Considering the complexity of
the lithology and pore structure of the reservoir and the dif-
ferences in the flow characteristics arising from this, based
on the core observations and petrological characteristics,
the reservoir space can be classified into two types: fractures
and matrix pores (Table 2).

3.2. Oil Phase Flow Law

3.2.1. Permeability under Different Stress Conditions. The
Yingxi E2

3 reservoir is deeply buried, and the effective stress
on the carbonate rocks is high. Therefore, the permeability
under different stress conditions during the oil flow process
was tested and analyzed. Two fractured and two matrix
cores were selected for the oil phase flow experiments under
different stresses. As shown in Figure 7, the oil phase perme-
ability decreases with increasing effective stress. The oil
phase permeability decreases exponentially. Thus, an expo-
nential function was used to fit the experimental data, and
the fitting correlation coefficient is greater than 0.98. The
variations in the permeabilities of the fractured and matrix

cores exhibit significant differences. The permeabilities of
the fractured cores decrease faster than those of the matrix
cores. Furthermore, the oil phase permeabilities of the frac-
tured cores are more sensitive to stress.

3.2.2. Flow Curve and Threshold Pressure. The flow curve
represents the relationship between the displacement pres-
sure gradient and the flow velocity and is a direct reflection
of the flow equation. Under the simulated overburden pres-
sure of the actual reservoir, the oil phase flow curves of the
four cores were determined, and the corresponding flow
curves were obtained. As can be seen from Figure 8, none
of the oil phase flow curves is a straight line, i.e., they are
all curves. In order to further determine the flow law, the
relationship between the permeability and the pressure gra-
dient was obtained using Darcy’s equation. Figure 9 shows
that the oil permeability decreases as the pressure gradient
decreases, which indicates that the single-phase oil flow has
the characteristics of non-Darcy flow. Furthermore, the
dimensionless permeability was obtained by dividing the
apparent permeability value (Ko) at each point by the max-
imum apparent permeability value (Kmax) of the curve, and
then, the relationship between the dimensionless permeabil-
ity and the pressure gradient was analyzed (Figure 10). The
smaller the dimensionless permeability, the more serious
the effect of the pressure gradient on the single-phase oil
flow. Therefore, the decrease in the pressure gradient may
be the main reason for the decrease in well production.

The low velocity non-Darcy flow equation for a single-
phase fluid has many forms. For example, the modified
Darcy’s equation describes non-Darcy flow due to a
pseudo-threshold pressure gradient [33]. More complex flow
equations have also been derived, and they can describe the
nonlinear part of the flow [27, 34–37]. Power functions were
obtained by matching the nonlinear part of the experimental
data [27, 34]. In summary, these equations are power func-
tions, exponential functions, or linear functions with multi-
ple parameters. In this study, by matching a large number
of single-phase fluid flow experimental data, we determined
a reasonable low velocity flow equation for a single-phase
fluid:

y = ae−x + bx + c, ð1Þ

Table 1: Mineral compositions of the samples.

Sample
Mineral composition (wt.%)

Dolomite Feldspar Calcite Anhydrite Quartz Glauberite Clay minerals Others

Sy36 49.6 2.5 25.1 11.6 2.7 N/D 4.6 3.9

Sy2 25.0 12.3 13.8 N/D 12.0 N/D 29.7 7.2

Sy35 28.1 14.8 N/D 3.0 6.1 31.1 16.9 -

Sy30 62.3 6.7 N/D 1.0 6.2 N/D 20.5 3.3

Sy27 45.8 10.8 8.7 4.2 9.2 5.6 12.4 3.3

Sy42 72.8 9.7 N/D 1.6 10.9 N/D 5.0 -

Sy29 38.5 10.5 9.8 1.1 12.9 5.3 18.3 3.6

Sy21 23.5 16.3 16.5 5.4 12.6 N/D 20.2 5.5

Sy18 5.1 9.8 29.5 1.5 26.6 N/D 24.2 3.3

N/D: not detected. Others include pyrite, gypsum, and halite.
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where y is the experimental flow rate (mL/min); x is the pres-
sure gradient (MPa/m); and a, b, and c are the fitting parame-
ters. a and c reflect the influence of the fluid at the boundary
layer on the flowwhen the core permeability is low and the pore

throats are small. b is the Darcy flow coefficient, which is related
to the permeability of the core and the viscosity of the fluid.

For the four cores, according to the obtained flow fitting
equation, the pressure gradient value was calculated when

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6: Pore structure of the carbonate reservoirs. (a) Sy35, carbonate and clay mineral intercrystalline pores; (b) Sy30, micro-nano
conjugate fractures; (c) Sy60, complex microfractures; (d) Sy42, dissolution pores; (e) Sy18, fracture and residual pores; (f) Sy2, fracture
filled with gypsum; (g, h) Sy29 and Sy27, thin section analysis of the matrix pore throats.
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the flow rate was zero, and based on this, the threshold pres-
sure gradients of the cores were obtained. The results are
shown in Table 3. Under the effective stress of the reservoir,
the cores with different types of pore structures have differ-
ent threshold pressure gradients. The threshold pressure
gradient of the fractured core is basically similar to that of
the matrix pore core.

3.3. Oil-Water Two-Phase Flow

3.3.1. Oil and Water Relative Permeability. The relative per-
meability is the ratio of the effective permeability of each
phase to a reference permeability when multiphase fluids
coexist. The relative permeability is actually the dimension-
less effective permeability, which allows for the comparison
of the ratio of the flow capacity of each phase to that of a sin-
gle phase. The oil and water relative permeability curves of
the core samples are shown in Figure 11. There is a certain

relationship between the morphology of the oil-water per-
meability curve and the type of pore structure. For the frac-
tured cores, the oil phase permeability decreases sharply
with increasing water saturation. The water phase relative
permeability when there is residual oil is large. The satura-
tion range of the two-phase flow zone is narrow, with an
average of 11.1%. For the matrix pore cores, the saturation
of the oil-water two-phase flow zone is 14.8–27.1%. The
water phase relative permeability when there is residual oil
is less than 0.2. The water saturation at the isosmotic point
is higher. The rate of decrease of the oil phase permeability
is slower. Thus, the influence of the type of pore structure
on the oil-water two-phase flow is significant.

3.3.2. Analysis of NMR Results. The NMR T2 spectra before
and after water flooding are shown in Figure 12. The blue T2
in Figure 12 represents the initial saturated oil, and the red

Table 2: Classification of the core samples’ storage and flow spaces.

Sample
No.

Ka
(10−3 μm2)

Porosity
(%)

Type of pore
structure

Description

Sy60 112 9.9

Fractures
Brown-gray, lime-bearing mudstone or dolomicrite, fractures developed and half-filled

with crystalline salt, partially filled with gypsum.

Sy30 1.68 7.8

Sy21 1.17 9.7

Sy18 1.69 12.8

Sy2 0.679 10.0

Sy29 0.434 5.9

Matrix pores
Gray dolomicrite, hard, brittle. Gypsum or calcium mirabilite fills the cores.

Intergranular pores and dissolution pores are developed.

Sy36 0.115 6.1

Sy35 1.21 5.3

Sy27 0.852 6.5

Sy42 1.50 7.0

Ka: gas permeability of the core sample.
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T2 shows the residual oil distribution after water flooding. It
can be seen that the NMR T2 spectra are mainly character-
ized by bimodal distributions and are mostly left-skewed.

As mentioned above, NMR can be used to evaluate the pore
structures of rocks. The larger the NMR T2 value, the larger
the corresponding pore throat size [38, 39]. Lai et al. [40]
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Table 3: Threshold pressure gradients of the cores with different pore structures and their fitting parameters.

Pore structure Sample No. Ka (10−3 μm2)
Fitting parameters × 103

Threshold pressure gradient (MPa/cm)
a b c

Fractures
Sy60 112 36.68 50.55 36.71 0.00216

Sy21 1.17 1.53 2.00 1.54 0.0205

Matrix pores
Sy36 0.115 0.473 0.573 0.480 0.0579

Sy29 0.434 3.04 4.15 3.07 0.0261

Ka: gas permeability of the core sample.
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Figure 11: Continued.
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found that the very low T2 components (<50ms) are associ-
ated with small intracrystalline pores (<10μm). In this
study, the left peaks with T2 components ranging from
0.1ms to 10ms are related to the <10μm intracrystalline
and intergranular pores. Thus, it is concluded that lacustrine
carbonate reservoirs mainly develop micropores, and
macropores are less abundant. The right peaks with T2 com-
ponents ranging from 10ms to 500ms are related to the
intercrystal pores and dissolution pores with pore sizes rang-
ing from several microns to about 100μm. Previous studies
have shown that microfractures have tailed T2 distributions.

In carbonates, the signals of long T2 components
(>1000ms) in NMR measurements originate from micro-
fractures or vugs. The NMR T2 spectra of sample Sy18
exhibit this characteristic.

In the NMR measurements, no water signal was detected
and only oil was detected. The differences in the NMR T2
spectra represent the differences in the oil phase saturation
before and after water flooding, reflecting the displacement
effect [41, 42]. Figure 13 shows that there is a positive corre-
lation between the displacement efficiency and the variation
in the amplitude of the peak area of the T2 spectrum before
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Figure 11: Oil-water relative permeability curve. Sy18 and Sy2 are fracture type, and Sy35 and Sy42 are matrix pore type.
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Figure 12: NMR T2 spectra before and after water flooding. The red line represents the T2 spectrum before water flooding, and the blue line
represents that after water flooding.
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and after water flooding. In addition, as can be seen from
Figure 13, there is no obvious correlation between the gas
permeability and the displacement efficiency or the variation
in the amplitude of the peak area. As can be seen from
Figure 12, the peak of the T2 spectrum after water flooding
is lower than that before water flooding. In contrast, before
and after water flooding, the T2 spectrum of the matrix pore
core exhibits more noticeable changes. This suggests that the
matrix core has a good oil displacement effect.

4. Discussion

4.1. Stress-Sensitive Mechanism. For the fractured cores,
under the simulated effective formation stress, the oil phase
permeability at low pressure dropped significantly faster as
the effective stress increased. The oil phase permeability
decreased slowly in the high-pressure section. According to
the results of previous studies, the stress-sensitive mecha-
nism of the reservoir is controlled by the pore structure,
mineral composition, etc. The flow channels in this type of
core are microfractures (Figure 6(c)). The fractures have
conjugate characteristics, and their connectivity is very good
(Figure 6(b)). There are micro/nano- and microfractures,
but the micropores are mainly nanoscale pores, in which
fluid flow is difficult. The fluid mainly flows in the micro-
fractures. The micropores are carbonate and clay mineral
intergranular pore, and there are few large dissolution pores
(Figures 6(a) and 6(f)). The microfractures closed first as the
stress increased, and thus, the oil phase permeability
decreased rapidly. As the stress continued to increase, it
mainly affected the connectivity of the micropores. Because

the carbonate intercrystalline pores have a strong supporting
capacity and are not easily compressed, their stress sensitiv-
ity is completely different from that of the microfractures.
This led to a slower decrease in the permeability. In other
words, the stress sensitivity of carbonate reservoirs, espe-
cially the fractured reservoir in the Yingxi region, is strong.
This may be one of the reasons for the rapid decline in the
well yield.

4.2. Threshold Pressure Gradient. In general, the fluid flow in
medium-to-high permeability porous media obeys Darcy’s
law. However, in low permeability tight reservoirs, the fluid
flow is usually classified as low velocity non-Darcy flow. In
this study, the lacustrine carbonate reservoir in the Yingxi
area is a low permeability tight reservoir. The flow process
exhibits non-Darcy flow characteristics. According to previ-
ous theoretical and laboratory studies, low velocity non-
Darcy flow mainly results from tight pores and a boundary
layer [19, 21]. It is generally acknowledged that low velocity
non-Darcy flow is affected by the interaction forces between
the fluid and the tight pores for small pressure gradients and
low velocities [18]. The fluid in a porous medium can be
divided into internal free fluid and boundary fluid. The
boundary fluid has a higher density and viscosity and is
the main cause of the nonlinear flow in low permeability
tight reservoirs. The smaller the pore size is, the stronger
the rock-fluid interactions are [43]. The lacustrine carbonate
reservoir in the Yingxi area contains a large number of
micro- and nanointercrystalline pores and dissolution pores.
When crude oil flows through these smaller pore throats, a
boundary layer is inevitably produced. In the early stages

100

10

1

0.1

Pe
rm

ea
bi

lit
y 

(1
0–

 3
 μ

m
2 )

0.01

1E-3

0.08

0.07

0.06

0.05

0.04

0.03

0.02

Th
re

sh
ol

d 
pr

es
su

re
 g

ra
di

en
t (

M
Pa

/c
m

)

0.01

0.00

Threshold pressure gradient

Gas permeability
Oil phase permeability

Sy60 Sy21

Sample No

Sy29 Sy36

Figure 14: The relationship between the threshold pressure gradients and the air permeabilities of the core samples.

15Geofluids



of development, the reservoir’s pressure is very high, the
pressure gradient is larger, and the permeability of the reser-
voir is large, and thus, the oil wells have high productions.
As the formation pressure drops, the permeability of the res-
ervoir also decreases due to its stress sensitivity. In addition,
the non-Darcy flow is obvious, and some of the crude oil in

the pore throats even fails to flow. Thus, the oil well produc-
tion is affected by these two factors and exhibits a rapid
decline. The threshold pressure gradient has important
guiding significance for oilfield development. In addition,
the threshold pressure gradient obtained in this study is
0.00216–0.0579MPa/cm. Diwu et al. [18] calculated a
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pseudo-total produced gas (TPG) of 0.104MPa/m for a
homogeneous model with artificial fracturing and an average
permeability of 11mD. The results for a typical well
obtained using the numerical method revealed a close
pseudo-TPG value of 0.27MPa/m [35]. These values are
close to the lower bound (0.00216MPa/cm) in this study.
Another comparison can be made with the TPG values
reported by Yan et al. [44], i.e., a TPG of 0.15–3.5MPa/m
for K = 0:3 – 10mD. The lower bound (0.15MPa/m) is close
to the lower bound (0.00216MPa/cm) in this study. How-
ever, the upper bound in this study (0.0579MPa/cm) is
higher than their upper bound (3.5MPa/m). This is reason-
able because the permeability in our experiment (0.115mD)
is smaller than their lower bound (0.3mD). The above com-
parison validates the ability of the proposed method to cal-
culate the threshold pressure gradient. The physical
properties have a great effect on the threshold pressure gra-
dient. As can be seen from Figure 14, there is a certain cor-
relation between the threshold pressure gradient and the air
permeability of the core samples, i.e., the larger the air per-
meability, the smaller the threshold pressure gradient.

4.3. Oil and Water Displacement Characteristics. It should be
noted that one of the main questions regarding water flood-
ing is where the oil and water displacement occurs. In other
words, we need to obtain a clear understanding of which
pores play a major role. The variations in the peak area at
different relaxation times before and after water flooding
are different. Thus, the contribution rate of the water flood-
ing at different relaxation times is also significantly different.
In this study, the relaxation times were divided into four
stages. The proportion of the difference in the peak area in
each stage is defined as the contribution rate of the water
flooding. The relaxation times in the range of 0.1–10ms
made the greatest contribution to the water flooding effi-
ciency in these core samples (Figure 15). Thus, a fixed T2
value can be related to the pore size directly [40, 45]. As dis-
cussed previously, T2 components ranging from 0.1ms to
10ms are related to the <10μm pores. In other words, the
<10μm intracrystalline and intergranular pores play a major
role in the oil and water displacement.

Fractures can play an important role in the fluid storage–
migration properties of carbonate reservoir [46–48]. The oil-
water two-phase flow experiments revealed that during
water flooding, the water permeability of the fractured cores
increased rapidly, and the water flow capacity was strong;
however, the effect of the water flooding was poor. The rea-
son for this is that after the water phase enters the fractured
cores, it flows along the fractures and a little may enter the
large or small pores connected with the fractures. The lim-
ited amount of the oil phase in the micropores is displaced.
Yang et al. [2] conducted experiments on water injection
optimization for fractured-vuggy carbonate reservoirs. They
proposed the use of water flooding because the heteroge-
neous connections between the fractures and vugs formed
the dominant water flow pathways in some of the fracture
channels. The water flowing through these channels only
displaced part of the oil in the connected vugs. When the
water phase flowed in the matrix core, although the flow

was relatively slow, the water phase spread to more of the
oil in the porous medium, and the effect of the water flood-
ing was better. As shown in Figure 12, the micropores
smaller than 10μm in diameter play an important role in
the water flooding of the matrix core. In contrast, for the
fractured cores, the contribution of the micropores smaller
than 10μm in diameter to the water flooding is weak. Thus,
for the fractured cores, it is essential to start up the residual
oil in the micropores.

5. Conclusions

In this study, lacustrine carbonate rocks from the Yingxi
area of the Qaidam Basin were investigated. This study was
aimed at determining the flow mechanism of the carbonate
reservoir under reservoir conditions. According to the com-
prehensive characterization of the rock samples, the pore
structure was classified into two types: fractures and matrix
pores. The fluid flow experiments under reservoir conditions
showed that the reservoir has a threshold pressure gradient,
and the flow does not obey Darcy’s law due to the interac-
tion forces between the fluid and the tight pores. There is a
certain correlation between the threshold pressure gradients
and the air permeabilities of the core samples. The perme-
abilities of the fractured cores decreased faster than those
of the matrix pore cores with increasing effective stress.
The type of pore structure has a significant effect on the
oil-water two-phase flow. The water phase relative perme-
ability when there is residual oil in the fractured core is
higher than that of the matrix pore core. There is a positive
correlation between the displacement efficiency and the var-
iation in the amplitude of the peak area of the T2 spectra
before and after water flooding. Before and after water flood-
ing, the T2 spectra of the matrix pore cores exhibited notice-
able changes, and they had a good oil displacement effect.
For the matrix cores, the oil phase in a large number of the
small pores was displaced. For the fractured cores, it is
essential to start up the residual oil in micropores less than
10μm in diameter.
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