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A B S T R A C T

To analyze stress sensitivity of tight reservoirs and the boundary conditions for oil filling, core samples of tight
clastic reservoirs in the Lower Cretaceous Nantun Formation in the Hailar Basin were selected. The measure-
ments include optical observation of thin sections, changes of porosity and permeability under overburden
pressure, together with physical simulation experiments of oil filling. The results show that the stress sensitivity
coefficient of permeability is a product of two parameters including the power exponent of porosity-permeability
and pore compressibility, which reflect the geometric and mechanical characteristics of pores. The stress sen-
sitivity and pore geometry of tight reservoirs of different lithologies vary greatly. Medium-coarse sandstones-
conglomerates have relatively small stress sensitivity coefficient and large power exponent of porosity-perme-
ability, indicating stronger anti-compaction, weaker stress sensitivity and dominated fissure-type pores. Fine
sandstone with large stress sensitivity coefficient and small power exponent of porosity-permeability, indicating
that stress sensitivity is high, and matrix circular/elliptical pores predominate. Oil filling in tight reservoirs
displays two pressure gradient points with threshold characteristics (i.e., starting pressure gradient and critical
pressure gradient) and two flow characteristics (i.e., low-speed nonlinear seepage and quasi-linear seepage).
Only when the actual pressure gradient breaks through the critical pressure gradient into the quasi-linear see-
page zone can oil saturation in the tight reservoir reach the lower limit of 30%, attaining higher oil saturation
levels gradually during the subsequent filling process. The favorable tight reservoir is characterized by a low
stress sensitivity coefficient and a high power exponent of porosity-permeability, and oil exhibits rapid filling
characteristics with quasi-linear seepage. Another type of tight reservoir is characterized by a high stress sen-
sitivity coefficient and a low power exponent of porosity-permeability, and oil exhibits slow filling rate with
nonlinear seepage. It is therefore difficult in actual geological conditions for such reservoirs to achieve high oil
saturation. Increase in oil saturation during the filling process is controlled by a combination of initial perme-
ability, pore geometry, stress sensitivity and the displacement pressure gradient. These factors affect and
compensate each other, comprehensively controlling the accumulation of tight oil, and could be used to classify
the reservoir types.

1. Introduction

Tight oil has become an important study field in global petroleum
exploration and development (Zhang et al., 2015a,b; Yang et al., 2017).
During the process of burial diagenesis, gradual densification occurs
within the reservoir due to increasing effective stress. When reservoir
properties are reduced to a certain extent, the tight reservoir has formed

with a unique pore structure and fluid transport properties. At this
stage, traditional hydrocarbon migration and accumulation theory
based on Darcy's law is no longer applicable for research on the filling
and accumulation mechanism of tight oil (Liu et al., 2016; Bernabé
et al., 2003; Cao and Zhou, 2015). As a result, it is necessary to further
study the stress sensitivity phenomenon and its mechanism in tight oil
reservoirs and to analyze the influence of reservoir stress sensitivity on
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the filling and seepage characteristics of crude oil (Ranjith and Viete,
2011). Chinese and international scholars have carried out a great deal
of research into the stress sensitivity of tight sandstone reservoirs, but
these studies are predominantly intuitive analyses of experimental re-
sults (Chalmers et al., 2012; Bustin et al., 2008; ). There has been re-
latively little analysis of the numerous influencing factors, such as mi-
croscopic pore structure and rock compressibility. Only few studies
have been carried out on the filling and seepage characteristics of crude
oil during the densification process of reservoirs (Agheshlui, 2019).

The Hailar Basin is a large fault basin developed on Paleozoic folded
basement in Northeast China and is part of the Central Asian-Mongolian
geosyncline (Fig. 1). The thickness of the sedimentary strata is greater
than 6000m. The Lower Cretaceous Sudert Formation, Tongbomiao
Formation, Nantun Formation, Damoguaihe Formation, Yimin Forma-
tion, Upper Cretaceous Qingyuangang Formation, Neogene Huchashan
Formation and Quaternary were deposited successively from bottom to
top (Fig. 1d). The main hydrocarbon-bearing formation is the Lower
Cretaceous Nantun Formation (You et al., 2009; Wu et al., 2015), which
is divided into two members. The first (lower) member (K1n1) is com-
posed of gray-black mudstones intercalated with light gray sand-shales,
or interbedded with light gray siltstones and argillaceous siltstones,
with unconformity with the underlying Tongbomiao Formation. The
second (upper) member (K1n2) consists of light gray fine-siltstones,
gray-black sand-shales, partly is interbedded with sand-shales and ar-
gillaceous siltstones (Cao, 2018). Oil and gas exploration of the Hailar
Basin gradually changes from conventional reservoir to tight sandy
conglomerate reservoir. According to measured results of reservoir
properties in the Nantun Formation, porosity is largely between 10%
and 15%, and permeability is generally less than 1mD, which equates to
a low porosity/ultra-low permeability reservoir (A et al., 2013; Zheng
et al., 2018). To date, there has been no research into the related stress
sensitivity of the reservoirs and the characteristics of filling and seepage
of crude oil in the study area.

In this study, sandstone samples with different grain size from the
Nantun Formation were selected on which to carry out porosity and
permeability tests under overburden pressure, together with physical
simulation experiments in crude oil filling. These experiments were
carried out to study stress sensitivity in tight reservoirs and the char-
acteristics of seepage curves of filling and migration of crude oil in
reservoirs. This approach will reveal the growth characteristics of oil
saturation in order to determine the starting pressure and critical
pressure gradients of crude oil migration. The corresponding

determination plate of the flow regime is therefore obtained, which
provides a theoretical basis for selection of favorable tight oil ex-
ploration.

2. Experiment and method

2.1. Experiment

The cores used in the experiment were mainly collected from clastic
reservoirs in the Nantun Formation of the Hailar Basin (Fig. 1). Eight
samples from eight boreholes were selected, with a diameter of
2.50 ± 0.03 cm and a length of 2.67–7.05 cm (Fig. 2). The lithology of
the samples was mainly gray fine sandstone, medium-coarse sandstone
and gray-green conglomerate. All the samples were subjected to optical
observation of thin sections and measurement of porosity and perme-
ability under overburden pressure. Physical simulation of crude oil
filling was also carried out (Table 1).

A blue liquid was injected into the pore spaces of the rocks under
vacuum pressure, and the rocks were then ground into thin sections
after solidification. The reservoir structure was observed using a Leica
DMLP polarizing microscope with a DFC450 camera system. The re-
servoir spaces showed blue under the polarizing microscope. And the
grain size analysis was based on the microscopic images.

A stress sensitivity test was conducted using a PoroPDP-200 type
instrument from the Core-Lab, USA to measure porosity and perme-
ability by pulse method under overburden pressure. The gas used for
the porosity test was helium and, for the permeability test, nitrogen.
When measuring permeability, the confining pressure was initiated at
5MPa and gradually increased at intervals of 5MPa until the perme-
ability was less than 0.001 mD and the confining pressure was max-
imized at 45MPa. The confining pressure was then gradually reduced.
The experimental results of porosity and permeability of the samples
measured by raising and relieving pressure in this way are shown in
Table 2.

The device used for the physical simulation of crude oil filling in
tight reservoirs was self-developed (Fig. 3). The apparatus is composed
of four parts: a fluid injection system; a fluid displacement system; a
fluid measurement system, and a data acquisition and processing
system. Each system is automated and wholly controlled by computer.
A US ISCO100DX micro-injection pump is used in the fluid injection
system with a minimum injection rate of 0.01 μL/min and a maximum
injection pressure of 68.9MPa. ISCO pump can pumps water to pistion

Fig. 1. Location of the Hailar Basin (a) and the study area (b). The position of the borehole in this study (c) and lithological sketch (c). Abbreviations: Fm., formation;
Mem., member; S., seal; R., reservoir; C., cap; 1st, the first member; 2nd, the second member; 3rd, the third member.
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container with constant pressure or constant velocity. The fluid dis-
placement system has an intermediate container and a core holder in an
incubator. The water pushes the pistion to move upward and then as-
sure the oil flow into core gripper. The hand pump is used to apply the
confining pressure to the rubber sleeve inside the gripper to wrap the
core. The working pressure ranges from 0 to 30MPa, and the operating
temperature ranges from 20 to 150 °C. The measurement range of oil
and water is 0.05–5.00mL/min, and the allowable error is less than or
equal to 1%. The core clamp's ring crush (which simulates the pressure
of grain formation) is controlled by an automatic ring crush pump and
is automatically tracked to maintain the ring crush differential (the
difference between the ring crush and the injection pressure of the core)
constant. By pre-setting temperature and pressure values by computer,
the required temperature and pressure in the core holder of the fluid
displacement system are maintained by the temperature-pressure
system. The fluid flow rate at the outlet end is gauged by the fluid
measurement system using an automatic fluid measure instrument, and
gravitative differentiation is used to automatically separate the oil and
water, with an allowable error of 1%. The data acquisition and pro-
cessing system is composed of a data collection instrument and a
computer, and the parameters required are automatically collected
during the experiment.

After washing and drying, the porosity and permeability of the 8
cores under overburden pressure was measured according to their for-
mation water salinity. Experimental water at 19534mg/L (with the
composition of K++Na+, 4399mg/L; Ca2+, 40mg/L; Mg2+, 40mg/L;
Cl−, 1296; SO4

2−, 1143mg/L and CO3
2−, 12616mg/L) was used to

saturate the cores for 48 h under a pressure of 20MPa, with the tem-
perature set to 66 °C. The outlet pressure was one atmosphere. The
injection pressure was then set to increase in turn and simulated oil

with a viscosity of 1.4 mPa s was injected into the cores. Flow stability
was maintained for 10 h. The pressure difference, the amount of water
and oil produced were recorded until a linear relationship was estab-
lished between the flow velocity of oil phase and the pressure differ-
ence.

2.2. Analysis method of stress sensitivity

At present, the evaluation method for permeability damage rate is
generally applied in measuring the stress sensitivity of reservoirs (Zhao
et al., 2013, 2015). The advantage of this method is that it only requires
measurement of initial and final permeability and is convenient to use.
The disadvantage is that the change characteristics of permeability
through the whole process of variation of effective stress is in-
sufficiently understood. Many scholars have responded to these short-
comings by characterizing stress sensitivity of permeability by applying
the permeability modulus (David et al., 1994; Kikani and Pedrosa,
1991) as follows:

= −γ
K

dK
dσ

1
K (1)

where, K is the permeability, mD; σ is the effective stress, MPa.
The definition of the permeability modulus indicates that changes in

permeability with effective stress are in accordance with the ex-
ponential relationship. The higher the Stress sensitivity coefficient, the
more obviously permeability decreases with effective stress. The pore
compressibility, defined according to the Kozeny capillary model
(David et al., 1994; Jabbari et al., 2011), is as follows:

= −C
φ

dφ
dσ

1
φ

(2)

Fig. 2. Photo of the samples with numbers used for the experimental work.

Table 1
Basic information of samples.

Rock sample No. Formation Depth/m Lithology Diameter/cm Length/cm

H1 K1n1 2726.65–2726.80 Fine sandstone 25 5.80
H2 K1n2 2590.66–2590.80 Silty mudstone 25 4.05
H3 K1n2 2675.13–2675.27 Fine sandstone 25 6.70
H4 K1n2 2670.58–2670.79 Fine sandstone 25 6.91
H5 K1n1 2780.08–2780.25 Medium sandstone 25 2.67
H6 K1n2 1472.12–1472.28 Conglomerates 25 6.90
H7 K1n2 1809.02–1809.12 Gritstone 25 7.05
H8 K1n2 1654.62–1654.73 Gritstone 25 6.72
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where φ is the porosity; σ is the effective stress, MPa.
In diverse pore systems, the Stress sensitivity coefficient γK varies,

but as multiples of the pore compressibility Cφ (Zhang et al., 2015a,b;
Tian et al., 2015). This can be defined as α, i.e. the power exponent of
porosity-permeability (Faruk, 2000; Petunin et al., 2011), expressed as
follows:

⎜ ⎟= ⎛
⎝

⎞
⎠

K K
φ
φ

α

0
0 (3)

where, α is the power exponent of porosity-permeability, K0 is the

permeability of the initial state (mD) and φ0 is initial porosity.
The value of the power exponent of porosity-permeability is de-

termined by the distribution characteristics, the shapes and sizes of
pores. Because fractures are more easily compressed under the action of
effective stress, resulting in drastic changes in permeability. Therefore,
the power exponent of porosity-permeability of rock with a fracture as
the main reservoir space is greater than the power exponent of porosity-
permeability derived from the capillary model. For fracture-porous dual
porous media such as rock, the magnitude of the power exponent of
porosity-permeability depends on the ratio of matrix porosity to

Table 2
Measurement results of porosity and permeability under overburden pressure of samples.

Sample No. Confining pressure (MPa) Process of increasing pressure Process of decreasing pressure

Permeability (mD) Porosity (%) Permeability (mD) Porosity (%)

H1 5 0.008 4.786 0.007 4.654
15 0.001 2.523 0.000 2.485
20 0.000 1.864 0.000 1.864

H2 5 0.032 1.228 0.030 1.185
15 0.001 0.947 0.001 0.965
20 0.000 0.808 0.000 0.808

H3 5 0.172 14.308 0.172 14.085
15 0.044 13.522 0.040 12.548
20 0.012 12.772 0.012 11.485
25 0.009 11.899 0.008 10.895
30 0.007 10.891 0.007 10.152
40 0.005 9.596 0.006 8.000
45 0.004 8.947 0.004 8.947

H4 5 0.060 11.266 0.048 10.526
15 0.002 5.300 0.001 4.998
20 0.001 4.356 0.001 4.215
25 0.000 3.660 0.001 3.660

H5 5 0.013 6.662 0.011 6.641
15 0.001 5.283 0.001 5.065
20 0.000 4.409 0.000 4.251
25 0.000 3.608 0.000 3.608

H6 5 0.112 22.395 0.113 22.845
15 0.013 21.475 0.012 21.845
20 0.011 21.227 0.011 21.525
25 0.010 20.657 0.011 20.886
30 0.009 20.561 0.010 20.985
40 0.009 20.227 0.009 20.385
45 0.009 20.092 0.009 20.092

H7 5 14.460 16.720 14.865 16.487
15 13.376 16.336 13.747 16.254
20 13.076 16.252 12.985 16.115
25 12.596 16.121 12.887 16.054
30 12.627 16.076 12.548 16.145
40 12.088 15.987 12.045 15.256
45 11.943 15.952 11.943 15.952

H8 5 0.260 12.851 0.264 12.477
15 0.190 12.558 0.184 12.284
20 0.173 12.499 0.182 12.855
25 0.160 12.445 0.158 12.485
30 0.156 12.398 0.155 12.425
40 0.156 12.320 0.145 12.452
45 0.137 12.274 0.137 12.274

Fig. 3. The schematic of the device for the physical simulation.
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fracture porosity. According to research results (Zhang et al., 2015a,b),
when α=2, this indicates the theoretical capillary model and when
α=3, it indicates the parallel fracture system model. When the frac-
ture scale is much larger than the pore scale, α is likely to be greater
than 3. That is to say, in these circumstances the fracture system plays a
leading role in contributing to the permeability of the whole system.
Although matrix pores comprise a certain proportion of total pore vo-
lume, their contribution to total permeability is not significant. When
the core is compressed, the decrease in porosity is mainly due to the
decrease in fracture porosity, while matrix porosity does not change
significantly. However, permeability controlled by fractures varies
greatly due to decreases in fracture porosity.

2.3. Parameters of characteristics of crude oil migration and seepage

In medium-high permeability reservoirs, the flow rate is in direct
proportion to pressure gradient ( p LΔ / ), and the seepage curve is a
straight line through the origin. Tight reservoirs have complex pore
structures and very low permeability. The fluid flow characteristics are
quite different from the seepage which occurs in medium-high perme-
ability reservoirs. The most obvious feature is that flow characteristics
no longer conforms to Darcy's law. Fluid seepage manifests as low-ve-
locity non-Darcy seepage and liquid flow only occurs when the starting
pressure gradient is first broken (Kamensky, 1955; Ren et al., 2018). So
the seepage curve of low-velocity non-Darcy seepage shows a two-
section curve which does not pass through the origin. The pressure
gradient corresponding to the intersection of the two sections of the
characteristic curve is defined as the critical pressure gradient. Con-
sidering that seepage of fluid in rock is a continuous process of reten-
tion, low-velocity non-Darcy seepage, Darcy seepage and high-velocity
non-Darcy seepage (Zhu et al., 2016), the slope of the nonlinear seepage
section is equal to that of the quasi-linear seepage section at the in-
tersection point ( =p L bΔ / ). A three-section non-Darcy seepage model
is therefore established, expressed as follows:

=
⎧

⎨
⎩

≤ <
− ≤ <

− − + − ≥
v

p L a
λ p L a a p L b

λ b a p L b λ b a p L b

0, 0 Δ /
(Δ / ) , Δ /

3 ( ) (Δ / ) ( ) , Δ /

3

2 3 (4)

where, v is the seepage velocity (cm/s); pΔ is the pressure difference
between the ends of the core (MPa); L is the core length (cm); λ is the
characteristic coefficient (10−3μm2/(mPa·s)); a is the starting pressure
gradient (MPa/cm), and b is the critical pressure gradient (MPa/cm).

When the pressure gradient is <p L aΔ / , the flow regime of the
crude oil is stagnation; when it is ≤ <a p L bΔ / , the flow regime is
nonlinear seepage; when it is ≥p L bΔ / , the flow regime is the quasi-
linear seepage (Yao et al., 2005; Zheng et al., 2016). Because the geo-
logical process is protracted, the flow of underground fluid can be
considered to be steady and neither high-velocity non-Darcy seepage
nor the above flow regimes are significant. According to this method,
the relevant seepage characteristics parameters (Table 3), such as

characteristic coefficient (λ), starting pressure gradient (a) and critical
pressure gradient (b) of each core, are obtained.

3. Experimental results

3.1. Grain size

In 1934, Krumbein changed the quantized evaluation method of
grain-size classification (Krumbein, 1934), which was firstly proposed
by Udden-wentworth, into the value of Φ that was defined as Φ=-
log2D (D=diameter of the clastic particles). According to the classifi-
cation, particles with Φ less than −1 (D > 2mm) are defined as
gravels; particles with Φ between −1 and 0 (1 < D < 2mm) are
defined as giant sands; particles with Φ between 0 and 1
(0.5 < D < 1mm) are defined as coarse sands; particles with Φ be-
tween 1 and 2 (0.25 < D < 0.5mm) are defined as medium sands;
and particles with Φ more than 2 (D < 0.25mm) are defined as fine
sands.

The probability distribution curves of the 8 studied samples shows
the curve of sample H6 is characterized by negative skewness while that
of sample H8 is bimodal, indicating the relatively fine-grained partici-
pation and mixture of poorly sorted clasts with two ranges in particle
size, respectively (Fig. 4a). In contrast, the other samples are relatively
well sorted as indicated by the unimodal normal distribution curves.
Specifically, the samples of H6–H8 are coarse sandstones to conglom-
erates as evidenced by the fact that most Φ values of are between −2
and 1. However, the samples of H1–H5 are fine sandstones due to the
2–4 values of the Φ. Generally, there exist fine-grained components in
each studied sample (Fig. 4b).

3.2. Stress sensitivity coefficient

According to Formula (1), the stress sensitivity coefficient of a rock
is a term of the exponential fitted formula. The measured stress sensi-
tivity curve of permeability of sandstone and its exponential fitting
results show that the stress sensitivity coefficient of the rock is
(0.005–0.379)× 10−2MPa−1, and the fitting correlation coefficient is
generally above 0.90 (Fig. 5). According to the value distribution of the
stress sensitivity coefficient, the samples can initially be divided into
two groups - A and B. Group A includes samples H1–H5, and group B
includes samples H6–H8. The stress sensitivity coefficient of the sam-
ples in group A is (0.090–0.379)× 10−2MPa−1, which is generally
higher than that of group B (0.005–0.049)× 10−2MPa−1.

3.3. Pore compressibility

According to Formula (2), rock pore compressibility is the constant
coefficient term of the stress sensitivity curve of porosity. The measured
stress sensitivity curve of porosity and its exponential fitting results
show that the rocks' pore compressibility is
(0.001–0.063)× 10−2MPa−1, and the fitting correlation coefficient is

Table 3
Parameter list of stress sensitivity and seepage parameters of crude oil.

Rock
sample
No.

Stress sensitivity
coefficient
/10−2MPa−1

Power exponent of
porosity-permeability

Pore
compressibility
/10−2mpa−1

Apparent mobility
/10−3μm2·(mpa·s)−1

Characteristic coefficient
/10−3μm2·(mpa·s)−1

Starting
pressure
gradient
/Mpa·cm−1

Critical
pressure
gradient
/Mpa·cm−1

Maximum oil
saturation
/%

H1 0.280 4.430 0.063 0.00006 593.72 12.56
H2 0.379 4.647 0.028 0.00023 617.44 35.26
H3 0.090 6.696 0.012 0.00123 0.000000008 22.36 74.46 77.38
H4 0.307 5.199 0.057 0.00043 579.12 45.26
H5 0.315 8.409 0.030 0.00007 748.22 31.85
H6 0.049 21.151 0.003 0.00080 0.000000006 21.68 72.27 63.07
H7 0.005 1.228 0.001 0.10329 0.007567549 0.99 3.45 73.87
H8 0.013 13.499 0.001 0.00186 0.000001504 29.81 44.71 75.63
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generally above 0.90 (Fig. 5). According to the sample classification,
the pore compressibility of group A samples is
(0.012–0.063)× 10−2MPa−1, which is generally higher than the
samples in group B ((0.001–0.003)× 10−2MPa−1).

3.4. Power exponent of porosity-permeability

According to Formula (3), and the porosity and permeability data
measured in the experiment under different confining pressure condi-
tions, a pore-permeability double logarithmic curve was drawn. The
power exponent of porosity -permeability of tight reservoirs obtained
by curve fitting is 1.228–21.151, with a fitting correlation coefficient
greater than 0.75 (Fig. 6). According to the sample classification, the
power exponent of porosity-permeability of the samples in group A is
4.430–8.409, which is generally lower than that of the samples in group
B (13.499–21.151). It is worth noting that the power exponent of
porosity-permeability of sample H7 in group B is 1.228, which is sig-
nificantly lower than the other values.

3.5. Characteristic parameters of nonlinear crude oil migration and seepage

The seepage curves of the samples in the experiment do not pass
through the origin and display nonlinear features (Fig. 7). According to

Formula (4), the seepage curve was calculated by section and in this
way the apparent mobility, characteristic coefficient (λ), starting
pressure gradient (a) and critical pressure gradient (b) of each set of
experiments were obtained (Fig. 8). The apparent mobility is the ratio
of reservoir permeability to crude oil viscosity. The seepage curves of
the samples H3, H6, H7, and H8 have obvious two-section character-
istics, with a starting pressure gradient of 0.99–29.81MPa/cm and a
critical pressure gradient of 3.45–74.46MPa/cm (Fig. 7). When the
experimental pressure gradient is greater than the starting pressure
gradient, the oil phase begins to fill, oil saturation begins to increase
and displacement pressure has a one-to-one correspondence with oil
saturation. When displacement pressure increases, resulting in a pres-
sure gradient greater than the critical pressure gradient, the flow rate of
the oil phase linearly increases, developing quasilinear seepage char-
acteristics. At this time, most of the pores of the reservoir rock have
already been occupied by crude oil and oil saturation will not continue
to increase as maximum oil saturation has been reached, with values
ranging from 63.07% to 77.38%. The seepage curves of samples H1,
H2, H4, and H5 show single-section characteristics without passing
through the origin and the starting pressure gradient is
579.12–748.22MPa/cm. Under experimental conditions they remain in
the low-velocity non-Darcy seepage stage, indicating nonlinear seepage
characteristics. In this state the experimental pressure gradient cannot

Fig. 4. The probability distribution curves (a) and the probability accumulation curves (b) of grain-size.

Fig. 5. Stress sensitive curve between porosity and permeability. (a) Stress sensitive curves of porosity for the samples in group A; (b) stress sensitive curves of
permeability for the samples in group A; (c) stress sensitive curves of porosity for the samples in group B; (d) stress sensitive curves of permeability for the samples in
group B.
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reach the critical pressure gradient and oil saturation is low, ranging
from 12.56% to 45.26%. According to the two-section seepage curve,
the characteristic coefficient is positively correlated with apparent
mobility, and the starting pressure gradient and critical pressure gra-
dient are negatively correlated with apparent mobility (Fig. 8).

4. Discussion

4.1. Relationship between stress sensitivity of rock and types of reservoir
space

Because the size distribution, stress sensitivity coefficient, pore
compressibility and power exponent of porosity-permeability of the
samples exhibit grouping characteristics. The stress sensitivity coeffi-
cient and pore compressibility of the samples in group A (H1–H5)
(dominated by fine sandstones) is greater than that of samples in group
B (H6–H8) (predominantly coarse sandstones and conglomerates). In
addition, the power exponent of porosity-permeability of samples in

group A is smaller than that of the samples in group B. The grouping
results of the samples in the study area indicate that, on the one hand,
particle size in the rocks is the principal factor affecting stress sensi-
tivity. On the other hand, the stress sensitivity of the rock is inversely
related to the reservoirs' pore structure, as reflected by the power ex-
ponent of porosity-permeability.

The larger the power exponent of porosity-permeability, the greater
the effect, after change, of pore geometry on permeability. It is gen-
erally believed (Zheng et al., 2016; Zhang et al., 2018) that the impact
on permeability of radial change of pore shape in the capillary model is
lower than the influence of change of pore shape in the tabulate frac-
ture model, indicating that the control action of fracture-type pores on
permeability is greater than that of matrix-type circular or elliptical
pores (Er et al., 2015). That is to say, with a larger power exponent of
porosity-permeability and more developed natural fractures in the core,
the difference in scale between natural fractures and pore scales be-
comes much greater. The relatively high stress sensitivity and small
power exponent of porosity-permeability of samples in group A indicate

Fig. 6. Pore-permeability double logarithmic curve shows the power exponent of porosity-permeability.

Fig. 7. Relationship between the flow rate of the oil phase, oil saturation and pressure gradient of the experiment samples. Figures (a)–(h) represent the experimental
results of the samples H1–H8, respectively, and the pressure gradient is the ratio of the pressure difference between the ends of the core to the core length.
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Fig. 8. Scatter plot of crude oil nonlinear seepage characteristics of crude oil, apparent mobility, and average pore radius. (a) Mode chart of seepage curve of crude oil
in tight reservoirs. Green segment: stagnation, red segment: nonlinear seepage, blue segment: quasi-linear seepage. Abbreviations: a: starting pressure gradient, b:
critical pressure gradient, c: quasi-starting pressure gradient; (b) corresponding relation between characteristic coefficient and apparent mobility; (c) corresponding
relation between starting pressure gradient and apparent mobility; (d) corresponding relation between critical pressure gradient and apparent mobility; apparent
mobility is the ratio of permeability to crude oil viscosity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 9. Characteristics of microscopic pore structure of casting thin sections of typical samples. (a) H1, fine sandstone, development of a few intergranular micropores
between grains; (b) H4, fine sandstone, development of dissolved pore, rare fractures; (c) H3, fine sandstone, development of dissolved pore, rare fractures; (d) H3,
fine sandstone, development of dissolved pore, strong support of clastic particles; (e) H7, coarse sandstone, development of grain boundary micro-fracture; (f) H6,
conglomerate, development of intra-gravel and gravel edge microfractures.
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that the micro-fracture scale in the fine sandstones of the study area is
comparable to the micro-pore scale (Fig. 9). During the compression
process, the change of geometry of reservoir space has little effect on
permeability.

In contrast, the fracture scale of coarse sandstones and conglomer-
ates rich in coarse-grained minerals is much larger than the pore scale.
Although each pore makes a greater contribution to total porosity,
permeability is clearly controlled by the existence of the fracture
(Fig. 9). However, fractures, due to lack of propping, will close rela-
tively quickly during loading pressure, causing the sample to exhibit
weak stress sensitivity during compression. Therefore, the contribution
of microfractures lacking propping to permeability of the whole rock
needs to be evaluated under the precondition of confining pressure.

The effect of microfractures on the stress sensitivity of rocks can be
further confirmed by characteristic variations of porosity and perme-
ability under loading-unloading conditions generated by confining
pressure (Fig. 10). For fine sandstones with the same scale of micro-
fracture-pore, porosity and permeability gradually decrease with in-
creasing confining pressure. Porosity displays the characteristic of
linear reduction; permeability exhibits exponential curve reduction.
When confining pressure is gradually reduced, porosity and perme-
ability gradually increase. The change curve of permeability is essen-
tially coincident with the curve under pressure. Porosity is slightly
lower during reducing pressure than it is under varying confining
pressure conditions. For conglomerates with obvious development of
fractures, porosity and permeability also decrease with increasing
confinement pressure. Porosity exhibits linear reduction, while per-
meability exhibits a scarp-type drastic decrease after initial pressure,
which may be a result of closure of the fracture. The subsequent com-
pression process is characterized by linear reduction. When the con-
fining pressure is gradually unloaded, porosity and permeability sub-
sequently gradually increase. The change curve of permeability
basically coincides with the curve under compression conditions. Por-
osity is slightly greater during unloading pressure than during loading
pressure under diverse confining pressure conditions, which may reflect
the influence on porosity of gradual fracture opening.

4.2. Influencing factors for seepage characteristics of crude oil in tight
reservoirs

The seepage characteristics of crude oil in tight reservoirs are sig-
nificantly affected by rock grain size, reservoir space type and scale
allocation relationships, which together control maximum oil satura-
tion (Fig. 11). Anti-compaction of rocks is mainly affected by grain size.
Fine sandstones have poor resistance to compaction compared to coarse
sandstones-conglomerates and thus possess high stress sensitivity, with
crude oil filling displaying a high starting pressure gradient (Fig. 11a)
and low maximum oil saturation (Fig. 11c).

Reservoirs are dual pore-fracture mediums, and the degree of de-
velopment and the scale allocation relationships of pores and fractures
are reflected by the power exponent of porosity-permeability (Higgs
et al., 2007). Fractured reservoirs have lower starting pressure gra-
dients and stress sensitivity coefficients, and crude oil fills easily to
achieve higher maximum oil saturation (Fig. 11a and c). The stress
sensitivity coefficient and starting pressure gradient of matrix pore-type
reservoirs have a significant positive correlation, but a negative corre-
lation with maximum oil saturation. When the power exponent of
porosity-permeability is increased and the scale of micro-cracked pores
is greater than that of matrix-type circular/elliptical pores, the starting
pressure gradient during crude oil filling is lower, and maximum oil
saturation is higher, reflecting the fact that large scale micro-cracked
pores also have a favorable transport effect on the crude oil filling of
matrix pore-type reservoirs (Fig. 11b and d). Sample H3 in group A and
sample H7 in group B have different power exponents of porosity-per-
meability from other samples in the same groups. The large power
exponent of porosity-permeability of H3 reflects that the sample has
developed more microfractures and thus has a lower starting pressure
gradient and higher maximum oil saturation. Sample H7 in group B
may have developed an abundance of single-direction fractures
(Fig. 9e), so the fractures in the sample are more easily closed under
initial pressurization resulting in an exceptionally low exponent of
porosity-permeability. Seepage characteristics of crude oil are mainly
determined by the stress sensitivity of the matrix.

Fig. 10. Porosity and permeability changes with loading and unloading pressure. (a) changes of porosity of the selected sample in group A with confining pressure;
(b) changes of permeability of the selected sample in group A with confining pressure; (c) changes of porosity of the selected sample in group B with confining
pressure; (d) changes of permeability of the selected sample in group B with confining pressure.
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4.3. Regional division of seepage characteristics of crude oil in tight
reservoirs

Based on analysis of the factors influencing crude oil seepage in
tight reservoirs, parameters such as apparent mobility, starting pressure
gradients and critical pressure gradients were obtained from the see-
page curves of samples H3, H6, H7 and H8 with complete and con-
tinuous seepage changes. In order to determine the zoning boundaries
of the stagnation area, the nonlinear seepage area and the quasi-linear

seepage area, analytic results of four samples were applied to fit the
relation curves between starting pressure gradient and apparent mo-
bility and between the critical pressure gradient and apparent mobility.
And a determination plate for the characteristics of crude oil migration
and seepage was established (Fig. 12). Increase of oil saturation in the
process of crude oil seepage is controlled by a combination of initial
permeability, reservoir space type, stress sensitivity, displacement
pressure gradient of reservoirs and the physical properties of crude oils.
These factors affect and compensate each other, and comprehensively
control the accumulation of tight oil. The required pressure gradient is
negatively correlated with apparent mobility to reach a certain level of
oil saturation, indicating that high pressure gradients should be re-
quired during filling of high-viscosity crude oil in low-permeability
reservoirs, while only low pressure gradients are required during filling
of low-viscosity crude oils in high-permeability reservoirs.

4.4. Reservoir classification standard

According to the stress sensitivity of samples and the seepage
characteristics of crude oil, reservoirs can be divided into four types:
conventional reservoir; tight reservoir I; tight reservoir II, and in-
effective reservoir (Table 4). The permeability of conventional re-
servoirs is generally greater than 1 mD, and oil and gas migration
conform to the Darcy seepage law. Tight reservoir type I displays a low
stress sensitivity coefficient and a high power exponent of porosity-
permeability, with permeability between 1 and 0.1 mD. Crude oil has
rapid filling quasi-linear seepage characteristics when the pressure
gradient reaches a critical pressure gradient. A highly promising

Fig. 11. Relationship between stress sensitive characteristics, crude oil seepage characteristics and oil saturation. The data points of different color in the figure
reflect the sample grouping, the dotted lines distinguish the reservoir characteristics of the pore type and the fissure type, and the arrows reflect the change trend of
the reservoir characteristics of the pore type. H3 and H7 are the special samples discussed in the paper. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 12. Determination plate for flow regime of crude oil in tight reservoirs.

Table 4
Reservoir classification standard for Nantun Formation.

Type Lower limit of physical property/mD Seepage characteristics Oil saturation Characteristics of hydrocarbon filling Representative samples

Conventional reservoirs 1 Linear seepage > 55% Rapid filling H7
Tight reservoirs I 0.1 Quasi-linear seepage > 55% Rapid filling H3, H6, H8
Tight reservoirs II 0.01 Nonlinear seepage 30%–55% Slow filling H2, H4, H5
Ineffective reservoirs – Stagnation < 30% Difficult to fill H1
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prospect for tight oil exploration occurs when oil saturation exceeds
55%. Tight reservoir type II displays high stress sensitivity coefficients
and low power exponents of porosity-permeability. Crude oil displays
slow filling non-linear seepage characteristics. It is difficult to form high
oil saturation under actual geological pressure conditions. Oil satura-
tion is generally between 30% and 55%, and type ll tight reservoirs are
therefore a less promising exploration target. The permeability of in-
effective reservoirs is less than 0.01mD, with a high stress sensitivity
coefficient. Under actual geological conditions, it is difficult for oil and
gas to fill the reservoirs, and oil saturation is less than 30%.

5. Conclusions

(1) Grain-size in rocks is the main factor affecting stress sensitivity. The
stress sensitivity coefficient of fine sandstone in the Nantun
Formation in the Hailar Basin is (0.090–0.379)× 10−2MPa−1. Pore
compressibility is (0.012–0.063)× 10−2MPa−1, and the power
exponent of porosity-permeability ranges 4.430 to 8.409. The stress
sensitivity coefficient of coarse sandstone and conglomerate is
(0.005–0.049)× 10−2MPa−1, with pore compressibility in the
range of (0.001–0.003)× 10−2MPa−1 and a power exponent of
porosity-permeability ranging between 13.499 and 21.151.
Compared with coarse sandstone and conglomerate, fine sandstone
has higher stress sensitivity and a smaller power exponent of por-
osity-permeability.

(2) The migration and seepage curves of crude oil in the samples from
the Nantun Formation in the Hailar Basin exhibit two-section
characteristics. For samples with a starting pressure gradient of
0.99–29.81MPa/cm, the seepage characteristics change from non-
linear seepage to quasi-linear seepage when the pressure gradient
reaches a value greater than the critical pressure gradient of
3.45–74.46MPa/cm. Due to a large starting pressure gradient
(579.12–748.22MPa/cm), the seepage curves of crude oil migra-
tion in some samples do not pass through the origin, i.e. they dis-
play nonlinear characteristics.

(3) The microfracture scale of fine sandstone is equivalent to the mi-
cropore scale. During the compression process, changes of geometry
in the reservoir have little effect on permeability, which is char-
acterized by a low power exponent of porosity-permeability, a high
stress sensitivity coefficient and high pore compressibility, in-
dicating poor anti-compaction. In contrast, the fracture scales of
coarse sandstone and conglomerate are much larger than the pore
scales. Although the pores make a greater contribution to total
porosity, permeability is clearly controlled by the existence of the
fracture. However, fractures which lack propping will close more
quickly during loading pressure, causing those samples to exhibit
weak stress sensitivity during subsequent compression. Such sam-
ples generally have a high power exponent of porosity-perme-
ability, but the development of single-direction fractures will lead
to an exceptionally low exponent of porosity-permeability for the
sample.

(4) Reservoirs with high stress sensitivity have large starting pressure
gradients and a small power exponent of porosity-permeability,
resulting in lower maximum oil saturation. The larger the micro-
fracture scale and the greater the number of fractures developed,
the lower the stress sensitivity and starting pressure gradient of the
reservoirs after initial pressurization and closure, and the higher the
maximum oil saturation.

(5) To reach a certain level of oil saturation during tight oil accumu-
lation, the required pressure gradient is negatively correlated with
apparent mobility, indicating that a high pressure gradient is re-
quired during accumulation of high-viscosity crude oils in low-
permeability reservoirs, while only a low pressure gradient is re-
quired during accumulation of low-viscosity crude oil in high-per-
meability reservoirs.

(6) According to the stress sensitivity of rocks and crude oil seepage

characteristics, reservoirs can be divided into four types: conven-
tional reservoir; tight reservoir I; tight reservoir II, and ineffective
reservoir. Among these types, crude oil in reservoirs of the tight
reservoir type I have fast filling quasi-linear seepage characteristics
when the pressure gradient reaches the critical pressure gradient. At
this point, such reservoirs present a highly promising prospect for
tight oil exploration.
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