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Aiming at the stress sensitivity problem of tight reservoirs with different microfractures, the cores of H oilfield and J oilfield with
different microfractures were obtained through the fractures experiment, so as to study the change of gas permeability in tight
sandstone core plug during the change of confining pressure. Besides, we use the nuclear magnetic resonance (NMR) spectra of the
core before and after saturation to verify whether the core has been successfully fractured. Based on Terzaghi’s effective stress
principle, the permeability damage rate (D) and the stress sensitivity coefficient (Ss) are used to evaluate the stress sensitivity of the
core, which show consistency in evaluating the stress sensitivity. At the same time, we have studied the petrological characteristics of
tight sandstone in detail using thin section (TS) and scanning electron microscope (SEM). /e results show that the existence of
microfractures is the main factor for the high stress sensitivity of tight sandstone. In addition, because of the small throat of the tight
reservoir core, the throat closes when the overlying stress increases. As a result, the tight sandstone pore size is greatly reduced and the
permeability is gradually reduced./erefore, in the development of tight reservoirs, we should not only consider the complex fracture
network produced by fracturing, but also pay attention to the permanent damage of reservoirs caused by stress sensitivity.

1. Introduction

/e tight reservoir has the typical characteristics of low
porosity and low permeability [1]. Generally, tight oil and
gas usually have no natural productivity, and their pro-
duction capacities development often depends on large-scale
hydraulic fracturing [2–6]. Fracture system is the main
channel of fluid seepage in tight reservoir. Compared with
pores, fractures have more unstable bracing structure and
are more vulnerable to the change of effective stress. At the
initial stage of production, most fractures are keeping open
and act as the high-speed way for oil and gas transportation.
With the continuous production and the decrease of for-
mation pressure, some fractures are closing and the high-

speed access to the production well is gradually cut off,
resulting in a significant reduction in reservoir permeability
and well production [7, 8]./erefore, it is of great theoretical
and practical significance to investigate the stress sensitivity
of fractured tight reservoirs.

It has been nearly 70 years since Fatt and Davis first
observed permeability stress sensitivity, and stress sensitivity
theory has been further developed and widely applied in the
field of underground engineering [9]. Currently, petroleum
engineers pay more attention to the tight reservoir stress
sensitivity, with the development of unconventional oil and
gas resources [10–12]. Some reports have also documented
the stress sensitivity of fractured reservoirs. Jones discussed
the stress sensitivity of fractured carbonate rocks and
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showed that the fracture permeability decreases logarith-
mically with the change of effective stress [13]. Chen et al.
studied the stress sensitivity of shale and established the
relationship between matrix permeability and effective stress
and the relationship between fracture permeability and
formation pressure [14]. Zhang et al. used the nuclear
magnetic resonance (NMR) method to investigate the
nonuniform change of pores and fractures with stress
condition and divided it into two phases [15]. Although the
predecessors have done a lot of work, the stress sensitivity of
fractured tight sandstone reservoirs is not sufficiently
studied, and there are many research studies focused on the
evaluation of matrix sandstone reservoirs [16–21].

In this study, we employ the triaxial compression system
to fabricate microfractures in tight sandstone core plugs,
mimicking the hydraulic fracturing reservoirs. In addition,
microfractures (<0.1mm), which can only be characterized
fully using optical and electron microscopy of core samples
[22], are commonly observed in these tight oil sandstone
reservoirs [23–25].

We double-check the microfracture formation by
comparing the T2 spectra of saturated water cores before
and after fracturing. In addition, we adopt Terzaghi’s ef-
fective stress to evaluate the core plugs stress sensitivity and
also compare and use the D [26] and the Ss [27] methods to
evaluate the stress sensitivity of core plugs with micro-
fractures. Finally, we analyzed the effects of reservoir pet-
rological characteristics on stress sensitivity. /is work
contributes to the calculation and the evaluation of stress
sensitivity of fractured tight sandstone reservoirs.

2. Samples and Experimental Methods

2.1. Tight Sandstone Samples. At present, the exploration
and development of tight oil has made significant progress in
the Ordos Basin, China. /e Upper Triassic Yanchang
Formation in the Ordos Basin is a multisource sedimentary
basin that evolved in the lake basin in the Ordos Inland
Depression. According to the characteristics of the sedi-
mentary cycle, the Yanchang Formation is divided into 10 oil
layer groups from the top to the bottom (Chang 1 to Chang
10) [28, 29]. /e Chang 8 and Chang 9 reservoirs in the H
oilfield and J oilfield are the main layers of tight oil de-
velopment. Among them, the Chang 8 reservoir tight
sandstone type is dominated by feldspar lithic sandstone and
lithic feldspar sandstone and contains a small amount of
feldspar sandstone. /e lithology of the Chang 9 reservoir is
dominated by lithic feldspar sandstone, followed by feldspar
sandstone and feldspar lithic sandstone [30]. A total of 14
cores were selected for this study, including 5 cores in the
Chang 9 reservoir and 9 cores in the Chang 8 reservoir.
According to the measured porosity/permeability data, i.e.,
the porosity between 6.23% and 17.00% with average po-
rosity is 11.96%. In addition, the permeability between
0.115×10−3 μm2 and 4.238×10−3 μm2, and the average
permeability is 1.082×10−3 μm2. Hence, these core plugs are
typical tight sandstone in target block. /e detailed pa-
rameters information of the core plugs are shown in Table 1.

2.2. ExperimentalMethods. To mimic the tight sandstone of
hydraulic fracturing reservoirs, a triaxial core compression
test system is designed, as illustrated in Figure 1. /e ex-
perimental system mainly consists of six parts: nitrogen
cylinder (N2), pressure stabilization device (voltage regu-
lator), triaxial core holder, confining pressure pump
(manual pump), axial pressure pump (Quizix pump), and
micro flow meter. /e nitrogen cylinder provides dis-
placement pressure. /e pressure stabilization device pre-
cisely regulates displacement pressure. /e manual pump
controls the confining pressure of cores. Quizix pump
provides the axial pressure of cores. Triaxial core holder fixes
and compresses cores. Micro flow meter included can
measure the fluid flow rate with high accuracy.

/e steps of artificial microfracture experiment in cores
are as follows:

(1) First, the length, diameter, and dry weight of the core
are measured.

(2) Close all valves and fix the prepared dry core in a
triaxial core holder.

(3) After giving a certain confining pressure (3MPa) and
axial pressure, open the valve of the nitrogen bottle
to allow the nitrogen to pass through the core stably.
Observe the gas flow meter and record the data after
stabilization. /en, calculate the permeability.

(4) Constantly increase the axial pressure. When the gas
flow has reached a steady state, we begin to record
the flow data and calculate the value of the
permeability.

(5) By calculating the core permeability change rate of
about 20% (Figure 2, point B), the experiment is
stopped. At this point, close the valve of the nitrogen
cylinder and remove the axial and confining
pressures.

Figure 2 shows the relationship between gas permeability
and axial pressure of typical cores; permeability change rate
RK is calculated by

RK �
Ki − K0

K0
× 100%, (1)

where K0 is the gas permeability without the axial pressure,
×10−3 μm2, and Ki is the gas permeability under different
axial pressures, ×10−3 μm2.

It is found that when the axial pressure is less than
15MPa, the core plug permeability change rate is negative
and remains in a small range; this is because as the axial
pressure increases, the tight sandstone pores are compressed
and the permeability decreases slowly. When the axial
pressure is 15–38MPa, the permeability change rate grad-
ually changes from negative to positive and has a greater
change range; this indicates that microfractures are forming
in the cores. Additionally, when the axial pressure is greater
than 38MPa, the increase in permeability change rate is very
obvious; this is due to the formation of visible cracks in
cores. Because in the process of volume fracturing, a large
number of microfractures are formed in underground
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reservoirs. /e purpose of our work is to study the stress
sensitivity of microfracture reservoirs, so we use point B
(Figure 2) as the upper limit for fracturing.

Nuclear magnetic resonance (NMR) technology is to
detect the presence of hydrogen nuclei in the target ma-
terial (in the field of petroleum industry, we often study
core plugs that are saturated with water or oil.), which
results in the occurrence of NMR phenomenon. In this
study, the NMR experiment was performed using the
RecCore 2500 NMR core analyzer independently devel-
oped by the Institute of Porous Flow and Fluid Mechanics,
CAS, China. /e main test parameters are as follows:
resonant frequency was 2.38MHz, echo time was 0.25ms,
and waiting time was 3000ms; echo number was 2048;
experimental temperature was 25°C. /ree selected core
samples were saturated with water before and after frac-
turing experiments, and then their T2 spectrums were
tested.

/e stress sensitivity of reservoir is caused by the de-
formation of tight sandstone and the change of permeability
[31]. /e change of reservoir permeability is the result of the
change of effective stress, so the study of reservoir stress
sensitivity is mainly about the relationship between per-
meability and effective stress [32, 33]./e change of effective
stress is realized by controlling the change of confining
pressure while the injection fluid pressure remains un-
changed. In the specific experiment process, we refer to the
oil industry standard SY/T 5358-2010.

Table 1: Depth, porosity, and permeability of selected samples.

Samples Depth (m) Subsection (—) L (cm) D (cm) Poro. (%) Perm. (mD)
HH56-7 2099.40 Chang 9 6.533 2.532 17.00 3.619
HH56-9 2100.34 Chang 9 6.869 2.532 16.80 4.238
HH56-15 2102.54 Chang 9 6.987 2.533 14.45 1.062
HH56-16 2102.90 Chang 9 6.969 2.532 15.02 1.154
HH56-18 2104.07 Chang 9 7.013 2.533 16.64 2.104
HH190-4 2256.29 Chang 8 6.864 2.526 15.74 0.447
HH190-25 2258.15 Chang 8 7.155 2.525 10.86 0.459
HH107-4 2234.65 Chang 8 7.139 2.533 14.43 0.202
HH17-17 2242.24 Chang 8 6.601 2.532 8.53 0.113
JH36-4 1375.09 Chang 8 7.260 2.534 7.95 0.359
JH36-13 1379.22 Chang 8 6.503 2.531 9.47 0.710
JH23-17 1443.41 Chang 8 6.995 2.532 6.39 0.235
JH23-24 1445.62 Chang 8 6.848 2.533 7.89 0.330
JH23-28 1447.25 Chang 8 6.747 2.534 6.23 0.115

N2

Triaxial holder

Manual pump

Computer

Micro flow meter

ValveValve

Quizix pump

Voltage regulator

Figure 1: Core casting experiment diagram.
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Figure 2: Diagram of permeability change with axial pressure.
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In addition, we use the Terzaghi effective stress to
evaluate the core stress sensitivity./e calculation formula is
as follows [10]:

σp

eff � σ − pp, (2)

where σp

eff is the effective stress, MPa; σ is the overburden
pressure, MPa; and pp is the pore pressure, MPa.

In this paper, the effective stress in evaluating the stress
sensitivity of tight sandstone refers to the Terzaghi effective
stress. /e tight sandstone permeability calculation formula
under any internal pressure p is as follows [34]:

K � Kfe
−b pi−p( ), (3)

where K is the tight sandstone permeability, 10−3 μm2; Kf is
the tight sandstone permeability under the original for-
mation pressure, ×10−3 μm2; b is the stress sensitivity con-
stant, MPa−1; pi is the original formation pressure, MPa; and
p is the internal pressure of the tight sandstone, MPa.

3. Results

3.1. Core Fracture Test Results. We used a triaxial com-
pression test system to perform microfractures-forming
experiments on cores with different permeability. /e result
is as follows. It can be seen from Figure 3 that a total of three
stages are experienced in the process of continuously in-
creasing the axial pressure. When the axial pressure starts to
increase, the permeability decreases slightly. /en, as the
axial pressure increases, the permeability begins to increase,
and then the inflection point occurs. At this time, the core
has micro microfractures that cannot be observed by the
naked eye. As the permeability change rate continues to
increase, the more microfractures are created in the core. In
order to verify whether the core is fractured after the
microfractures are formed, we also use the nuclear magnetic
resonance technique to test the T2 spectrum of the tight
sandstone sample under saturated water before and after the
microfractures. From Figure 4, we can see that the T2
spectrum of the core in the saturated water state after the
microfractures is higher than the T2 spectrum in the sat-
urated water state before the microfractures formation. /e
higher T2 spectrum is partly due to the saturation of the
fractures in the core. /is also indicates that the core will
have microfractures after the microfractures are formed./e
proportion of the microfractures in the three cores after the
microfractures is 11.12%, 15.67%, and 12.33%, respectively.
At the same time, NMR testing indicates that core micro-
fractures create or open microfractures. If a large-scale
fracture occurs, a third peak appears at the right end of the
NMR spectrum.

Besides, different cores have different fracturing pres-
sures. /e fracturing pressure of all cores is between 20 and
30MPa. Among them, the HH56-18 core has the lowest
fracturing pressure of 20MPa and the HH190-25 core has
the largest fracturing pressure of 30MPa. Moreover, the
HH190-25 core has the highest rate of change in perme-
ability as the axial pressure increases. /is may be the result
of the development of high-angle microfractures in the core.

3.2. Stress Sensitivity. /ree typical cores were selected and
stress sensitivity experiments were performed before and
after microfractures formation (see Figure 5). /e stress
sensitivity curve is divided into two phases. /e effective
stress is steeper before 20MPa, but as the effective stress
increases, the curve becomes slow. In addition, the sensi-
tivity curves of the core before and after the microfractures
are not coincident, and the stress sensitivity after the core is
stronger than before the microfractures are created. As the
permeability decreases, the stress sensitivity of the core
increases. During the loading process, there is a good power
relationship between the change in permeability and the
effective stress (R2> 0.9).

/ere is stress-sensitive hysteresis in the experimental
core. After the effective stress is released, the core plugs
permeability cannot be completely recovered, and there is a
certain degree of permeability loss. When the effective stress
exceeds a certain value, the change curve of the permeability
retention rate of the pressurization phase and the pressure
relief phase coincide. /is indicates that the effective stress
increases early, the core undergoes structural deformation
and body deformation, and the permeability changes sig-
nificantly. However, when the effective stress exceeds a
certain value, the core pore structure changes tend to be
stable, and the core deformation is the body deformation. At
the same time, the change in permeability has also become
stable. /is phenomenon is consistent with that studied by
Cao et al. [11].

4. Discussion

4.1. Evaluation of Stress Sensitivity. /ere are many studies
on the evaluation methods of stress sensitivity. In China,
scholars usually use the industry standard SY/T 5358-2010 to
evaluate the stress sensitivity of tight sandstones [26, 35]. It is
believed that tight sandstones are generally strongly stress
sensitive. In this study, we also use this evaluation method
and combine it with the Ss to determine the stress sensitivity
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Figure 3: Permeability change rate with axial pressure curve.
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of reservoir tight sandstones to study the stress sensitivity of
tight sandstone. First, we use equation (4) to calculate the
rate of change of permeability under different effective
stresses during the effective stress increase process (SY/T
5358-2010):

D �
Km − Kn

Km

× 100%, (4)

where D is the rate of change of permeability under different
effective stresses during the effective stress increase process,
%; Km is the core permeability under the initial effective
stress, 10−3 μm2; and Kn is the core permeability under
different effective stresses during the effective stress increase
process, 10−3 μm2.

In addition, we also use the stress sensitivity coefficient Ss
proposed in [27] to classify the stress sensitivity of reservoir

rocks. /e calculation method of stress sensitivity coefficient
is as follows:

K

Kref
 

1/3

� 1 − Ss ln
σre
σref

 , (5)

where K is the core permeability, 10−3 μm2; Kref is the
permeability under reference effective stress σref, 10−3μm2; Ss
is the stress sensitivity coefficient of the logarithmic model,
dimensionless; σre is the effective stress, MPa; and σref is the
reference effective stress, MPa.

We use the Ss to classify the stress sensitivity of tight
sandstones, where Ss > 0.40 is the strong stress sensitivity;
Ss < 0.25 is the weak stress sensitivity; and 0.25≤ Ss ≤ 0.4 is
the medium stress sensitivity [27].

/e calculation and evaluation results are shown in
Table 2. It can be seen from Table 2 that both D and Ss

After seaming
Before seaming

0

1000

2000

3000

4000

5000
A

m
pl

itu
de

1 10 100 1000 10,0000.1
T2 (ms)

(a)

After seaming
Before seaming

0

500

1000

1500

2000

2500

3000

3500

A
m

pl
itu

de

1000100 10,0000.1 1 10
T2 (ms)

(b)

After seaming
Before seaming

0

200

400

600

800

1000

1200

1400

A
m

pl
itu

de

1 10 100 1000 10,0000.1
T2 (ms)

(c)

Figure 4: Nuclear magnetic resonance T2 spectrum of tight sandstone samples before and after fracturing. (a) HH56-15 core sample. (b)
HH190-25 core sample. (c) JH36-4 core sample.
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methods can be used to assess stress sensitivity. When the
permeability of the core plug is less than 1× 10−3 μm2, the
two methods can have good consistency. When the core
permeability is more than 1× 10−3μm2, the Ss method shows
that the core has medium and weak sensitivity. But D
method shows that there is weak stress sensitivity in core.
Although the two methods have different evaluation results
in different permeability intervals, the industry standard
only uses the maximum permeability and minimum per-
meability values when evaluating stress sensitivity. /e Ss
method is obtained by fitting all experimental data. A tight
sandstone sample corresponds to one Ss, which is holistic
and unique, and the evaluation is more objective.

Furthermore, we can see from Figure 6 that when the core
plug permeability is less than 1× 10−3 μm2 and the porosity
is less than 10%, the core exhibits strong stress sensitivity.
/is is consistent with the results of previous studies on tight
sandstones showing strong stress sensitivity.

4.2. Effect of Petrological Characteristics of Reservoir on Stress
Sensitivity. Deformation under effective stress is the main
factor for stress sensitivity of core [36]. It can be seen from
Figure 7 that the pore system of the study block mainly
includes intergranular pore space, intragranular pore space,
and microfractures. /e deformation is influenced by tight
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Figure 5: Permeability retention rate of cores at different effective pressures.
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sandstone composition, contact mode of tight sandstone
particles, and pore type. /erefore, this part compares the
control of stress sensitivity with tight sandstone composi-
tion, tight sandstone particle contact mode, and pore type of
reservoirs in the two oilfields (H and J oilfields). Firstly,
microfractures of different scales are developed in reservoir
cores of H and J oilfields (Figures 7(b) and 7(e)). /is is the
main reason for the strong stress sensitivity of reservoirs
(Table 2). /e tight sandstones in H oilfield are mainly
composed of quartz, feldspar, and cuttings, of which the
quartz content is less than 50%. /e contact between par-
ticles is mainly linear contact and concave-convex contact.
/e proportion of fine and medium-sized detrital particles is
more than 90%, and their respective proportions are roughly
the same. At same time, intergranular pore in core is not well
developed and its connectivity is poor. Some tight sand-
stones have intragranular dissolved pore with less porosity
(Figure 7(a)). /e pore size distribution ranges from
0.02mm to 0.21mm. In addition, based on the scanning
electron microscopy (SEM) analysis of reservoir rock

samples in H oilfield, it is found that parts of the grain
margins are eroded and there are a few intergranular dis-
solution pore and dissolution micropore (Figure 7(c)). In-
tergranular fillings are mostly composed of authigenic
kaolinite, illite, illite-montmorillonite mixtures, and mud
(Figure 7(c)). Moreover, the intercrystalline micropore of
the fillings is less, and the inter-granular pore of the tight
sandstones is not developed. /e face percentage is less than
1%, and the average clay content is about 15%. /e clay
minerals kaolinite and illite distributed in J oilfield can make
the porosity of sandstone decrease and the physical prop-
erties of reservoir deteriorate. /e contact relationship be-
tween particles is mainly point and line, where pore size
ranges from 0.01mm to 0.08mm. In addition, the segre-
gation of reservoir rock particles in J oilfield was found to be
moderate by scanning electron microscopy (SEM)
(Figure 7(f)). Intergranular fillings are mostly illite, illite-
montmorillonite mixed layer, kaolinite, and authigenic
quartz. Because the intergranular pore is not developed, the
facial porosity is low. Quartz in some tight sandstones

Table 2: Core stress sensitivity evaluation results.

Samples b D Results S Results
HH56-7 0.0121 23.56 Weak 0.0801 Medium
HH56-9 0.0130 18.63 Weak 0.1509 Weak
HH56-15 0.0101 33.60 Moderate 0.1217 Medium
HH56-16 0.0030 27.81 Weak 0.1066 Medium
HH56-18 0.0157 25.06 Weak 0.4604 Medium
HH190-4 0.0135 76.70 Strong 0.4115 Strong
HH190-25 0.0170 71.98 Strong 0.4859 Medium
HH107-4 0.0193 79.60 Strong 0.5342 Strong
HH17-17 0.0297 83.23 Strong 0.7117 Strong
JH36-4 0.0244 93.38 Strong 0.6314 Strong
JH36-13 0.0271 89.63 Strong 0.6767 Strong
JH23-17 0.0261 91.11 Strong 0.6587 Strong
JH23-24 0.0306 91.33 Strong 0.7256 Strong
JH23-28 0.0121 93.83 Strong 0.0801 Strong
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Figure 6: Core sample stress sensitivity coefficient and permeability and porosity intersection diagram. (a) Relationship between per-
meability (K) and stress sensitivity coefficient (Ss). (b) Relationship between porosity (φ) and stress sensitivity coefficient (Ss).
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increased slightly and feldspar was dissolved in some tight
sandstones. /ere are fewer intergranular pore and inter-
granular dissolved pore. /e average clay content is about
20%. Tight sandstone has a small throat and is very sensitive
to pressure [37, 38]. When the overlying stress is slightly
increased, the small throat is extremely vulnerable to
pressure closure, which results in a large reduction in pore
throat size and a rapid decrease in permeability.

5. Conclusions

In this work, we designed a core-made fractures experi-
mental system and obtained cores with different micro-
fractures development. Stress sensitivity of different
microfracture development cores was studied by means of
fixed confining pressure and stress sensitivity of pore
pressure. We conclude that tight sandstone cores have
strong stress sensitivity. /e more developed the micro-
fracture is, the stronger the stress sensitivity is. At the same
time, we used D and Ss to evaluate the sensitivity of the tight
sandstone core plugs stress; only when the permeability of
core is less than 1× 10−3 μm2 can the twomethods have good
consistency. Both methods suggest that tight sandstones
have strong stress sensitivity. But when the core permeability
is more than 1× 10−3 μm2, the Ss method shows that the core
has medium and weak sensitivity. In addition, SEM and thin
section (TS) tests suggest that microfractures are well de-
veloped in tight sandstones of H and J reservoirs. /rough
the analysis of petrological characteristics, it is considered
that the core particle contact relationship, pore throat size,
and pore throat type of tight oil reservoir have a certain
degree of influence on stress sensitivity.
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