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Tight reservoirs are sensitive to stress changes during fracturing and oil and gas production. Facing different production modes, the
variation characteristics of rock permeability and pore structure need to be further clarified. In this study, using a self-built high
temperature and pressure physical simulation device and NMR equipment, the influence of the stress loading method, cyclic
loading, and loading rate on rock permeability and pore characteristics were analyzed, and the relationship between them was
clarified. The permeability sensitivity under variable confining pressure (63.3%) was greater than that of variable flow pressure
(46.4%). The damage rate decreased with repeated loading (63.3%-35.8%) and increased loading rate (53.1%-42.3%). As for the
pore features, when the net stress increased, the volume variation range of micropores was greater than that of mesopores. The
damage rate of permeability (63.3%) was obviously larger than that of pore volume (10.4%). The slope of the fitted curve of
permeability and pore volume decreased evidently with loading times. The structure deformation of rock skeleton and the
migration of cement had a great influence on permeability in the first loading. Later, it was mainly the bulk deformation of rock
particles, the particles’ contact surface increasing and the seepage space shrinking slowly. Eventually, the permeability remained
stable due to the limited pore compression. This study can provide a reference for designing reasonable production parameters and

reducing formation damage.

1. Introduction

As a considerable part of unconventional energy, tight oil
resources are abundant and widely distributed, making it a
new hot spot for global oil exploration and development
[1-3]. The Chang 6 reservoir, an important exploration tar-
get in the Ordos Basin, is a typical tight oil reservoir, which
is characterized by poor physical properties and strong het-
erogeneity [4-6]. The matrix permeability is generally less
than 0.1 mD and porosity is less than 10%, which shows
obvious stress-sensitive features [7, 8]. To realize the indus-
trialized exploitation of tight oil, the formation is generally
reformed through staged fracturing and other engineering

[9, 10]. Considering the whole production process, the
pressure on formation rocks is in dynamic change. During
fracturing, the pressure increases rapidly until fractures are
formed. With the extraction of crude oil, the flow pressure
gradually decreases, the net stress on the rock increases,
and the rock permeability decreases, a large amount of
fluid is trapped in the micronanopore and throat, affecting
the ultimate recovery [11-13]. It is necessary to investigate
the influence of pressure change on porosity and perme-
ability of formation rock in different stages of production
process [14, 15].

Researchers have carried out related research on the
change of permeability with net stress for different blocks
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and different types of rocks [16-20]. The stress sensitivities
of rocks were evaluated by various methods, such as the
industry-standard method and the stress sensitivity coeffi-
cient method [21, 22]. At the same time, fitting the
permeability-net stress change with a function, the empirical
formula of permeability change with net stress was obtained
and the corresponding mathematical model was established
[23, 24]. In addition, the influencing factors of the stress-
sensitive characteristics of rocks were analyzed, mainly
including the properties of the rock itself (such as pore struc-
ture, mineral composition, and cementation characteristics)
and external environmental factors (such as the state of rock
stress and temperature) [25-29]. The main reason for the
permeability change under different stress is the deforma-
tion of porous media, which is usually divided into bulk
deformation and structural deformation [30-33]. Bulk defor-
mation refers to the shrinkage of the volume of rock particles
under compression, whereas the relative spatial position of the
particles does not alter. Structural deformation means that the
arrangement and relative position of particles change. Bulk
deformation is generally regarded as elastic or elastic-plastic
deformation, while structural deformation is plastic deforma-
tion, with a low possibility of recovery.

When the rock is compressed, its pore structure changes,
throat narrows, seepage space shrinks, and permeability
decreases, forming stress sensitivity damage [34-37]. The
stress sensitivity study mainly focuses on the change of core
permeability, but it lacks the description of pore throat
structure characteristics, especially under different stress
conditions. Low-field NMR technology can accurately catch
internal pore and throat characteristics in tight cores. Com-
bined with online displacement, the variation features of
pores with different sizes can be obtained under different
working conditions [38-40].

In this study, the tight sandstone of Chang 6 reservoir
was taken as an example to investigate the influence of load-
ing method, cyclic loading, and loading rate on its perme-
ability. Combined with low-field NMR online displacement
technology, the variation characteristics of pores microstruc-
tures under different working conditions were obtained,
which contributes to clarifying the internal mechanism of
permeability changes. Finally, a theoretical reference is pro-
vided for reasonably setting up production parameters and
reducing reservoir damage.

2. Experimental Section

2.1. Experimental Materials. The core samples were obtained
from Chang 6 reservoir of Triassic Yanchang Formation in
Ordos Basin. The basic physical parameters and mineral
composition of core samples are shown in Tables 1 and 2,
respectively. The average porosity of the rock sample is
12.35%, the average permeability is 0.25 mD, and the main
mineral components are quartz and feldspar.

The fluid used in this study was brine with a total salinity
of 23003 mg/L. Its components include NaHCO,, Na,SO,,
CaCl,, MgCl,, NaCl, and KCI (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) and its ion content is shown in
Table 3.
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2.2. Equipment and Procedure. Nuclear magnetic resonance
(NMR) is used to detect the pore structure of rock by mea-
suring the amplitude and relaxation rate of the NMR relax-
ation signal of the hydrogen nucleus in the rock pore fluid
[41, 42]. When single-phase fluid is satisfied and the echo
interval of CPMG sequence is short enough, the transverse
relaxation rate of NMR in porous media can be approxi-
mately written as

I W
T_2~T =Py
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where T, is the transverse relaxation time, T . is the sur-
face relaxation time, p, is the transverse surface relaxation
strength, S/V is the surface to volume ratio of the examined
core samples. This equation describes the relationship
between relaxation time and surface to volume ratio, which
can be used to divide pore size. The T, spectrum area reflects
the pore size. When it changes, it means that the pore size
and structure change.

The experiments were mainly divided into two parts.
Firstly, a self-built physical simulation device was used to
measure permeability under different net stress. Then, the
low-field NMR online analysis system (MacroMR12-150H,
Suzhou Niumag Analytical Instruments Co., Ltd., Suzhou,
China) was utilized to study the variation of pore volume
under the same conditions. The experimental parameters
and device diagram are shown in Table 4 and Figure 1.

(1) The cores were cut, put into the ultrasonic cleaning
instrument for 1min, and put into the oven at 100°C for
8h. Then, a vacuum saturation device was used to saturate
the core with salinity water. (2) Put the core into the holder
and connect the salinity water at the inlet, and the experi-
mental temperature was 70°C. (3) Variable confining pres-
sure operation: the outlet of the holder was connected to
the atmosphere. The net stress was adjusted by increasing
confining pressure to 2.5, 5, 8, 11, 15, 20, and 30 MPa,
respectively. The salinity water was injected into the core
at a rate of 0.1 mL/min. When the net stress reached
30 MPa, reduce the pressure according to 20, 15, 11, 8, 5,
and 2.5MPa. Each pressure point lasts 40-60 min during
loading and 60-90 min during unloading. (4) Variable flow
pressure operation: the outlet of the holder was connected
to the back pressure valve. Reduce the backpressure to adjust
the net stress, whose setting was the same as the variable
confining pressure. (5) At each net stress, the steady inlet
pressure was recorded and the core permeability was calcu-
lated by Darcy’s formula [43]

(Pin + Pout)
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where o, is the net stress, MPa [44]; P, is the confining pres-
sure, MPa; P}, is flow pressure, MPa; P, is the pressure of
holder inlet, MPa; P, is the pressure of holder outlet, MPa.
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TaBLE 1: Parameters of core samples.

Serial number Length/mm Diameter/mm Porosity/% Permeability/mD
1 49.94 25.30 11.13 0.28
2 48.09 25.37 12.32 0.32
3 50.85 25.45 12.78 0.31
4 49.58 25.34 12.02 0.26
5 50.33 25.34 13.17 0.21
6 49.17 25.37 12.98 0.28
7 48.93 25.36 11.74 0.32
8 49.21 25.25 12.92 0.15
9 48.36 25.37 12.54 0.24
10 49.56 27.37 11.89 0.25

TaBLE 2: The mineral composition of cores.

Component Quartz Potassium feldspar Plagioclase Calcite Clay minerals
Proportion/% 50 6 21 14 9

TaBLE 3: Composition of the formation brine.

Tons Na* K* Ca®* Mg HCO, SO,* cr
Concentration/(mgL'l) 8563 94 209 52 1486 1800 10799

TaBLE 4: Different net stress change modes and their correspondence with actual working conditions.

Corresponding working

Modes Net stress/MPa .
conditions

Variable confining Overburden pressure

2.5-5-8-11-15-20-30-20-15-11-8-5-2.5

Loading pressure change
method i
Variable flow 2.5-5-8-11-15-20-30-20-15-11-8-5-2.5 Reservoir fluid-producing
pressure

Energy supplement-

Cyclic loading 2.5-5-8-11-15-20-30-20-15-11-8-5-2.5-5-8-11-15-20-30-20-15-11-8-5-2.5 .
production process

2.5-5-7.5-10-12.5-15-17.5-20-30

Loading rate 2.5-5-10-15-20-30 Different oil production rate
2.5-10-20-30
where k is permeability, mD; Q is flow, mL/min; p is fluid vis-  cyclic loading, and different loading rates on rock permeability

cosity, MPa-s; L is core length, cm; d is core diameter, cm; Ap is and pore features, and clarified the correlation between them.
the pressure difference across the core, MPa.

When analyzing pore variation characteristics, (1) turn ke —k
. : _ KoK
on the heating device and set the holder temperature to E = o
70°C and ensure the temperature of the test coil was 32°C. 0 (4)
(2) Calibrate NMR instruments and acquire substrate sig- kg
nals. (3) Repeat the above steps to adjust net stress and test Ey, = k.’
i

the T, curve to obtain the volume change of the different
sizes pores under each net stress.

where E_ is the permeability damage rate; Ej, is the permeabil-
3. Results and Discussion ity recovery rate; k; is the permeability under different net

stress during loading, mD; k;, is the permeability at the initial
Combined with the actual production condition in the field, =~ 2.5MPa, mD; k; is the permeability under different net stress
this study analyzed the effects of stress loading methods,  during unloading, mD.
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FIGURE 1: Schematic diagram of the experimental device.
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where R; is the porosity damage rate; R), is the porosity recov-
ery rate; A, is the peak area of T, spectrum under different net
stress during loading, A, is the peak area at 2.5 MPa; A ; is the
peak area of T, spectrum under different net stress during
unloading.

3.1. Effect of Net Stress on Permeability

3.1.1. Loading Method. There are two methods for measur-
ing stress sensitivity, variable confining pressure and variable
flow pressure. The former experimental device is simple and
easy to operate, while the latter is more in line with the pres-
sure changes in the actual production process. The influence
of the two loading methods on permeability will be analyzed
in this section.

As shown in Figure 2(a), when the net stress increases
with the change of confining pressure, the permeability
decreases rapidly. The turning point is around 8 MPa,
beyond which the change of permeability slows down and
then gradually stabilizes, indicating that the compression of
the core skeleton has a certain limit. The permeability
recovers slowly during the unloading process. Similarly, the
permeability recovers quickly before the critical point, but
cannot return to the initial state. Figure 2(b) depicts the
damage rate and recovery rate of permeability under differ-
ent net stress. The initial change rate is relatively fast. The
damage rate reaches 55.1% at 8 MPa and the final damage
rate is 63.3%, meaning that the later stress changes have little
effect on permeability. With the increase of net stress, the
recovery rate gradually increases, ranging from 54.7% to
94.5%. After 8 MPa, the recovery rate remains almost
unchanged, all exceeding 95%. It illustrates that the
permeability changes obviously and is difficult to recover at

the initial stage of loading, which is the main permeability
damage region.

Figure 3 demonstrates the relationship between perme-
ability and net stress by adjusting the flow pressure. Like-
wise, permeability decreases with increasing net stress. The
initial decline rate is slightly faster, the overall decline rate
is relatively uniform. The final permeability damage rate is
46.4%, lower than that of variable confining pressure. In
terms of recovery rate, there is also an irrecoverable section
in the variable flow pressure test. Except that the recovery
rate is 83.3% at 2.5 MPa, the others are more than 90%. In
this study, the net stress is calculated according to the classical
Terzaghi method, in which the effective stress coefficient is
regarded as 1. However, the effective stress coeflicient of tight
sandstone is less than 1, so the net stress of rock under variable
flow pressure is less than the variable confining pressure.
Correspondingly, the permeability damage rate is lower.

3.1.2. Cyclic Loading. The formation pressure decreases
gradually during the production process. By some energy
supplement measures, such as shut-in for energy storage or
water injection, the pressure will recover slowly. There is a
dynamic change of increase-decrease in the net stress on
the rock. To clarify the influence of this cyclic on permeabil-
ity, repeated core loading and unloading experiments have
been done.

Figure 4(a) illustrates that during the second loading,
although the changing trend of permeability is the same as
the first time, fast followed by slow, the amount of change
is significantly reduced. Figures 4(b) and 4(c) show the dam-
age rate and recovery rate of core permeability during
cycling. The final permeability damage rate of the first load-
ing (63.3%) is much higher than that of the second loading
(35.8%). After repeated loading, the stress sensitivity turns
moderately weak. As for the recovery rate, during the initial
loading, the recovery rate increases with net stress and grad-
ually remains unchanged exceeding the critical stress. While
the secondary recovery rate has no marked change and
maintains a high level, with a minimum value of 94.4%. It
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FIGURE 2: Variable confining pressure: (a) the relation between dimensionless permeability and net stress; (b) permeability damage and

recovery rate under different net stress.

indicates that after the initial loading, the overall structure of
the core is stable and the elastic deformation increases, thus
the permeability is easy to recover.

3.1.3. Loading Rate. Different oil production rates are set in
the production process, resulting in different change rates
of flow pressure. In this section, the net stress loading rate
was adjusted at the rates of 2.5, 5, and 10 MPa/h, respec-

tively, which helps to clarify the influence of the change rate
of the net stress on the permeability.

It can be seen from Figure 5 that with the increase of
loading rate, the variation of permeability decreases, ranging
from 53.1% to 42.3%. Under the loading rate of 2.5MPa/h
and 5MPa/h, the stress sensitivity damage rate is close,
and the stress sensitivity degree is moderately strong. How-
ever, when the loading rate is set to 10 MPa/h, the damage
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FIGURE 3: Variable flow pressure: (a) the relation between dimensionless permeability and net stress; (b) permeability damage and recovery

rate under different net stress.

rate is the smallest and the stress sensitivity is moderately
weak. Before the critical stress, the permeability decreased
rapidly with the increase of the net stress. When the core
is compressed, the particles near the larger pore throat first
slip and deform, resulting in a great decrease in permeability.
The particles around the micropores are closely arranged
and stable and the stress needs to be conducted gradually.
The longer the loading time, the more obvious shrinkage

of the pore space, and the greater impact on the pore throat
structure.

3.2. Effect of Net Stress on Pore Characteristics with LFE-NMR.
The low-field NMR device can be used to obtain the T, spec-
trum of the core saturated with salinity water. By collecting
the T, spectrum of cores under different net stress and
counting the peak areas, the volumes of pores of different
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sizes and total pore volume can be obtained. Then, the var- As shown in Figure 6, the T, spectrum of the core used
iation law of pore microstructures and the corresponding  in this study presents a double-peak structure, and the relax-

relationship with permeability can be analyzed.

ation times corresponding to the peaks are 1.2ms and
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31.1 ms, respectively. According to the relationship between  size ranges from 0.25 to 1.6um, and the mesopore size
relaxation time and pore size, the core pore is divided into  ranges from 6.3 to 24.8 ym. With the increase of the net
two parts, micropores and mesopores. Combining the T,  stress, the peak areas of the micropores and mesopores show
spectrum with pore size distribution curve, the micropore = a downward trend, indicating that the two types of pores
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have different degrees of shrinkage. In addition, affected by
the pressure resistance of the core holder in the NMR instru-
ment, the maximum net stress of the core in the NMR
experiment is 20 MPa.

3.2.1. Loading Method. There are differences in permeability
changes under the two different loading methods. This sec-
tion will further analyze the variation characteristics of the
internal pore structures.

Figure 7(a) demonstrates the pore volume of micropores
and mesopores both present a decreasing trend with the
increase of net stress under variable confining pressure load-
ing. The damage rate of micropores (14.59%) was higher
than that of mesopores (8.54%). At the same time, the recov-
ery rate of micropores (96.6%) is also higher than that of
mesopores (93.5%). It is revealed that the deformation of
the rock skeleton around the micropores is mainly the bulk
deformation, occurring when the stress is large and
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recovering after the stress is removed. The recovery rate of
mesopores is small, indicating that when the core is sud-
denly subjected to a large stress, the relative position and
shape of the rock particles around the mesopores will
change, resulting in a decrease in pore volume and irrevers-
ible recovery. As shown in Figure 7(b), the damage rate of

micropores (10.5%) is significantly higher than that of meso-
pores (4.3%), but both are lower than the variable confining
pressure test results. The recovery rate of the two is similar,
and the overall recovery level is relatively high, all exceeding
97%. When the net stress changes due to flow pressure, the
force application process is relatively gentle. These results
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also correspond to the permeability test results, the change
of permeability under variable flow pressure is smaller than
that of variable confining pressure.

3.2.2. Cyclic Loading. The core was repeatedly loaded to
count the pores volume and calculate the damage rate and
recovery rate, clarifying the change characteristics of micro-
pores and mesopores.

According to Figure 8, after cyclic loading and unload-
ing, the damage rate shows a downward trend, with micro-
pores dropping from 14.6% to 8.5% and mesopores from
12.1% to 4.8%. While the damage rate of micropores is
always higher than that of mesopores, the damage rate rises
rapidly and then gradually stabilizes. The recovery rate
maintains a high level overall, especially during the second
loading. The recovery rate of the mesopores is 93.5% at the
first loading and the rest were more than 95%. The above
content is consistent with the permeability test results. Dur-
ing the second compression, the overall skeleton structure is
relatively stable and not prone to large plastic deformation.
The rock is mainly elastic deformation and easy to recover.

3.2.3. Loading Rate. The low-field NMR device was used to
analyze the volume change characteristics of micropores
and mesopores under different loading rates.

Figure 9 depicts that with the increase of loading rate,
the damage rate of micropores decreases (20.4%-6.8%), an
approximately linear change. Whereas the damage rate of
mesopores is similar, with an average of 8.6%. It demon-
strates that there are some unstable structures near the
mesopores, which are easy to deform but limited in degree.
The particles around the micropores are evenly and closely
arranged, which has strong resistance to deformation and
the sudden increase of pressure has little influence on it.

However, with the extension of loading time, the pressure
conduction becomes more homogeneous and the particles
are gradually compressed. Besides, when the mesopores are
deformed, the surrounding cementitious substances will
migrate to around micropores, which have low hardness
and are easy to be compressed.

3.3. Correlation between Permeability and Pore Volume. It
can be obtained that both pore volume and permeability
are damaged to varying degrees when the net stress changes.
This section will further discuss the correlation between
them and analyze the internal mechanism of permeability
change under different net stress.

A summary of permeability and pore volume damage
rate under different net stresses is shown in Figure 10. Under
the same net stress, the damage rate of permeability is higher
than that of the pore volume. The maximum damage rate of
permeability is 63.3%, while that of the pore volume is only
10.4%. The permeability damage rate decreased significantly
after repeated loading, but the pore volume damage rate
remained the same for the two loadings. The cores used in
this study are all dense matrix cores, in which the main min-
eral components are quartz and feldspar, which are difficult
to compress, only slight elastic deformation occurs in most
regions. The larger permeability damage rate is mainly due
to the structural deformation inside the rock and the clogging
of small pores by rock components such as clay minerals.

From right to left in Figure 11, the net stress increases
gradually. During the first loading, the initial change of pore
volume is small, while the change of permeability is large. In
the later stage, the change range of pore volume increases sig-
nificantly, while the change of permeability is small in the
meanwhile. The slope of the fitted curve of permeability and
pore volume at the initial stage of loading is ten times higher
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FIGURE 12: Schematic diagram of pore throat deformation.
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FIGURE 13: Schematic diagram of deformation, fragmentation, and
migration of cement or clay particles.

than that at the later stage of loading. During the second load-
ing, the slopes of the fitted curves are close, implying that the
permeability and pore volume maintain a relatively consistent
change. After the initial loading, the pore structure of the rock
is damaged and it is almost impossible to recover. During the
subsequent loading process, the permeability change is mainly
caused by the compression deformation of the rock particles
themselves.

During the loading process, the change of rock pore
structure is shown in Figure 12. Under normal circum-
stances, rock particles form a stable structure in different
arrangements. When the external force increases, the rock
particles are compressed and gradually deformed [32, 45,
46]. The contact surface between particles increases, and
some of the particles slide and dislocation, which will lead
to a larger decrease in permeability. Besides, clay minerals
and other particles are attached to the sandstone surface
[16], whose hardness is low, these particles will deform and
migrate under the action of external force, blocking small
pores and causing a decrease in permeability, as shown in
Figure 13. As the pressure continues to increase, most of
the skeleton structures tend to be stable. The compression
of the rock particles leads to the reduction of the seepage
space, which in turn reduces the permeability. The deforma-
tion is mostly elastic deformation, with a low degree of
damage and a high degree of recovery.

4. Conclusion

In this paper, considering the stress sensitivity of tight sand-
stones and formation damage in the actual production pro-
cess, the variation characteristics of core permeability under
different stress conditions and the corresponding with pore
throat microstructure were investigated by a series of physi-

cal simulations and NMR experiments. The main conclu-
sions are as follows.

(1) As the net stress on the rock increased, its permeabil-
ity decreased rapidly and then remained stable, and
the net stress of the turning point is 8 MPa. The
stress sensitivity of rock under variable confining
pressure (63.3%) was greater than that of variable
flow pressure (46.4%). Repeated loading process,
the damage rate decreased (63.3%-35.8%), the recov-
ery rate increased, and the irreversible damage to the
core mainly occurred during the initial production

(2) When the net stress on the core increased, the volume
damage rate and recovery rate of micropores (14.6%,
96.6%) were higher than that of the mesopores (8.5%,
93.5%), indicating that the micropores were more
mainly elastic deformation and easy to recover. The
plastic deformation of mesopores resulted in a decrease
in permeability. After repeated loading, the micropores
and mesopores were mainly elastically deformed

(3) With the increasing loading rate, the damage rate of
matrix permeability decreased (53.1%-42.3%). The
volume damage rate of mesopores was the same,
while the damage rate of micropores gradually
decreased (20.4%-6.8%). The matrix core has a stable
structure, when the loading rate is fast, the force can-
not be transmitted to the entire core in time, which is
likely to cause local deformation. The slow loading is
conducive to the uniform transmission of the force,
resulting in the overall larger-scale deformation

(4) Based on the above results, in the initial stage of
loading, the deformation of rock structure and the
migration of cement have a great influence on per-
meability and it is almost impossible to recover.
Later, rock particles mainly undergo bulk deforma-
tion, the contact surface between particles increasing,
the seepage space shrinking, and the permeability
decreasing slowly. But the compression has a certain
limit, and the final permeability remains unchanged.
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