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It is well known that the Strategic Petroleum Reserve in salt caverns is an important means to solve the potential petroleum
shortage. However, salt mines in China are mainly lacustrine-layered structures with many mudstone interlayers. Meanwhile, the
acid value of extracted crude oil has been increasing in recent years. Te acid erosion of salt cavern interlayers by crude oil would
afect the safety of bedded salt cavern oil storage. Terefore, combined with acoustic emission technology, the multistage creep
mechanical behaviors of natural mudstone interlayer samples and the mudstone interlayer samples treated by oil erosion are
studied in this paper. Te internal structures of interlayer samples before and after oil erosion were systematically analyzed by
SEM.Te results show that petroleum acid (naphthenic acid) plays a signifcant deterioration role in the mechanical properties of
mudstone interlayers during the petroleum reserve process. Compared with the uncorroded samples, the mudstone interlayers
after oil erosion show obvious brittle failure characteristics. At low stress levels, the axial strain grows stepwise and the lateral
strain is smaller than the axial strain. At high stress levels, however, the lateral creep is obviously higher than the axial creep. A
large number of AE signals were generated at the initial loading stage for diferent stress levels. After the creep stabilized, the AE
signals were signifcantly reduced. During the process of petroleum erosion, the internal pores in rocks continued to develop with
the dissolution of many mineral particles. Tis suggests that crude oil storage in the bedded salt rocks could accelerate the
deterioration of the surrounding rocks via erosion. Tis paper could provide basic research data and a reference for the
construction of oil storage in the bedded salt rocks.

1. Introduction

As a strategic resource, petroleum is dominant in the world’s
energy structure. Due to the outbreak of the new crown
epidemic in 2020, the global economic blockade has severely
disrupted international oil trade activities and caused an
imbalance in the structure of oil supply and demand. As the
energy lifeline of the country [1], the oil crisis will adversely
afect the economic security and social stability [2]. Because
salt rock has excellent characteristics, such as low perme-
ability, good creep performance, and stable chemical
properties, it is recognized internationally as a good place for

energy storage [3–5]. Te United States has stored 62
Strategic Petroleum Reserve (SPR) caverns in four diferent
places in Texas and Louisiana, accounting for 90% of its oil
reserves. About 42% of Germany’s oil is stored in under-
ground salt caverns [6]. According to the third stage plan of
China’s strategic oil reserves, the government will vigorously
support the construction of strategic oil reserve in under-
ground salt caverns, such as in Jiangsu Province [7].

Most of the salt caverns’ energy storage facilities are built
in huge salt domes. However, the salt mines in China are
mostly lacustrine sedimentary structures, which are char-
acterized by many interbedded interlayers and a thin single
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interlayer [8–10]. Due to the great diferences between the
geological conditions of salt rocks in China and those in
foreign countries, it is impossible to replicate and apply
existing research achievements in foreign countries.
Terefore, it is necessary to study the basic theories and
technologies of layered rock salt oil depot construction based
on the specifc geological conditions in China. A sketch map
of the salt rock in oil storage caverns in China, Europe, and
the USA is shown in Figure 1. Te existence of many
mudstone interlayers makes the physical and mechanical
properties of the salt mine more complex, such as unco-
ordinated strain caused by strength diferences between
layers. During the long-term creep of the salt cavern, lateral
tensile failure of the interlayer occurs before that of the salt
rock, although its strength is greater than that of the salt rock
[11]. Te bedding plane is a lithologic transition zone be-
tween the salt rock and the interlayer. Because of the stress
concentration, the bedded salt rock produces non-
conforming deformation. Te creep characteristics of the
layered salt rock are mainly derived from the salt rock part,
in which the interlayer has a good inhibitory efect on the
creep deformation of the salt rock [12]. Te mechanical
properties of the interface between salts and interlayers are
between the salt rocks and the interlayers [13]. Ślizowski and
Lank [14] studied the rheological properties of the mudstone
interlayer in the bedded salt rock and believed that the
mudstone interlayer with higher rock salt content (salt
content of 70%∼80%) is a good medium for nuclear waste
storage. Li and Yang [15] proposed a three-dimensional
extended Cosserat medium constitutive model of layered
rock salt and used it for the stability analysis of underground
salt caverns. Zhou et al. [16] established a fractional-order
model of salt rock, which can provide a certain reference
basis for the judgment of salt cavity failure. Yang et al. [17]
proposed a three-dimensional geomechanical model to
evaluate the feasibility of using underground gas storage
(UGS) in layered rock salt caverns and verifed its accuracy
through on-site sonar measurement of on-site data. In the
process of leaching cavities by water dissolution, brine in-
trusion has a signifcant weakening efect on the compressive
strength of the mudstone interlayer. Collapse is caused by
the swelling of mudstone, which has a certain impact on the
safety of construction [18, 19]. When the surrounding rock
exceeds its strength limit, it is very likely to induce a series of
disasters such as crack expansion and oil leakage, which will
lead to environmental problems such as groundwater
pollution.

In recent years, domestic crude oil has entered the
secondary and tertiary exploitation period, and the acid
value of crude oil in China has also increased year by year,
and the import of high-acid crude oil is also increasing [20].
Te Bohai Sea is the region with the greatest potential for
increasing the production of high-acid crude oil in China.
Te TAN of PL 19-3 crude oil reaches 6.02mg KOH/g,
which is a typical low sulfur, high acid crude oil. Although oil
can stably contact rock salt for a long time, the mechanical
properties of the mudstone interlayer in contact with oil are

still unclear. In particular, changes in operating pressure
during the processes of injection and production will ac-
celerate the destruction of the surrounding rock. Coupled
with the chemical erosion of oil on the mudstone interlayer,
the safety status is even more difcult to predict. In view of
the fact that there is no precedent for salt cavern oil storage
in China, there is a lack of theoretical basis and practical
experience in layered salt rock, such as the mechanical
properties of interlayers. Terefore, understanding the creep
mechanical behavior of mudstone interlayers is a prereq-
uisite for the design of operating conditions during the
operation of the salt cavern oil storage.

In this paper, the mudstone interlayer in the salt mine
area of Jiangsu is selected as the research object, and
multilevel creep tests are carried out on the natural mud-
stone interlayer sample and the mudstone interlayer sample
eroded by acid oil. Under diferent stress levels, acoustic
emission signals are collected synchronously from the initial
loading stage to the steady creep stage.Trough the scanning
electron microscope (SEM) test, the internal microstructure
changes before and after the oil erosion were analyzed. Based
on the test results, the creep characteristics of a natural
sample and a sample after oil erosion were studied. By
comparing the two samples, the infuence of oil erosion on
the damage evolution and creep characteristics of the
mudstone interlayer during the operation process of the salt
cavern oil storage is analyzed. Tis study provides a theo-
retical and experimental basis for the construction and
stability analysis of an underground oil storage cavern in
bedded rock salt.

2. Experimental Scheme

2.1. Sample Preparation. Te mudstone cores were taken
from the target stratum of the salt mine in Jiangsu Province at
a depth of about 500–2000m.Te target stratum is rich in salt
resources with high-grade deposits, and stable salt caverns are
formed after mining, which has the geological conditions for
large-scale construction of underground salt cavern. Te
cores show diferent colour textures due to the varying
compositions and contents (mainly limestone (CaCO3) and
hard gypsum (CaSO4)) and the surface of the specimens being
predominantly dark grey and grey, typical of muddy inclu-
sions. Te object of this work is to investigate the creep
behavior of the mudstone interlayers before and after oil
erosion. Herein, the samples were wire-cut by SM 150 sample
manufacturer equipment. Tis preparation method could
produce samples with high accuracy and less damage to the
rock samples. Te samples were machined into cylindrical
samples with a diameter of approximately 50mmand a height
of 100mm, and the accuracy is controlled within 0.2mm. All
samples meet the requirements of the International Society
for Rock Mechanics (ISRM) (ISRM, 2007). Te experiment
was divided into two groups, i.e., the natural mudstone
samples without oil erosion and the oil-eroded mudstone
samples. To ensure the comparability of test results, the
number of samples in each group was 3.
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2.2. Sample Pretreatment

2.2.1. TAN Preparation of Oil. Crude oil is a complex
mixture of many components, and its chemical composition
is very complex, consisting mainly of alkanes, cycloalkanes,
and aromatic hydrocarbons. During the operation of salt
cavern oil storage, petroleum acids in crude oil could react
chemically with mineral particles in the muddy interlayers in
the surrounding rock, causing some erosion damage to the
cavity’s surrounding rock [19]. Te acidity of crude oil is
usually expressed by its total acid number (TAN), which is
the milligrams of KOH consumed to neutralize acidic
substances in a 1 gram of crude oil sample. Tis parameter
represents the total content of acidic substances in crude oil.

With domestic crude oil having entered the second and
third exploitation periods, the acid value in the crude oil is
also increasing year by year. With reference to the Penglai
19-3 crude oil discovered in recent years, its acid value is
6.02mg KOH/g. In this test, sour oil prepared to this
standard was used instead of highly sour crude oil. TAN
determination is carried out in strict accordance with the
petroleum products’ determination (GB/T 264–1983). Be-
cause of the complex chemical composition of crude oil,
petroleum acid was selected in this experiment to avoid the
interference of other impurities in crude oil. Terefore,
acidic oil formulated in this ratio was used in this study
instead of a high sour crude oil for the oil erosion tests. In the
test, oil with an acid value of 6mg KOH/g was used for all oil
erosion tests.

2.2.2. Pore Pressure Interaction of Oil-Mudstone. To study
the creep mechanical properties of the mudstone interlayer
under uniaxial compression with pore pressure generated by
oil, our research group independently designed an oil pore
pressure erosion test device for the tests (Figure 2). Te
maximum pore pressure of the equipment reaches up to
30MPa. It can simulate the pore pressure generated by oil on
the rock surrounding the cavern within the SPR caverns
based on the actual operating conditions of the salt cavern.
Te oil erosion test was carried out for mudstone interlayers
at a pore pressure of 5MPa. Te immersion time was set at 7
days. Te pore pressure was set according to the hydraulic

pore pressure of the oil acting on the mudstone at a depth of
600m. Te hydraulic pressure of the crude oil on the
mudstone is about 4.92MPa (coil � 8.20 kPa/m).

2.3. SEM Tests. In order to analyze the changes in internal
structures before and after oil erosion. First of all, a small
representative rock sample was removed from the target
sample after pretreatment. After the spray was completed,
the sample was placed in a dry environment and sealed for
storage. After the sample preparation was completed, the
scanning electron microscope (SEM) Zeiss Auriga was used
to observe the structural characteristics of all rock slices and
then analyze the changes to the internal structures of the
rock samples.

2.4. Uniaxial Compression and Creep Tests. Uniaxial com-
pression and creep tests were carried out using the rock
mechanics test system. Acoustic emission (AE) signals were
monitored synchronously during the tests, using the PCI-2
Acoustic Emission Monitor of the American Physical
Acoustics Company.Te tests were divided into two groups.
Te frst group was composed of natural mudstone inter-
layers, and the second group was composed of mudstone
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Figure 2: Te loading paths of the creep tests [21].
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Figure 1: Salt caverns in diferent salt formations. (a) SPR caverns in salt dome. (b) SPR caverns in bedded salt rock.
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interlayers after oil-mudstone 5MPa pore pressure inter-
action.Te uniaxial compression experiment was carried out
at a speed of 0.1mm/min until rock failure. Te obtained
uniaxial compressive strength (UCS) could be used as a
reference for selecting the loading stress level in creep tests.
As a result, the UCS of the natural mudstone interlayer
sample was 25.6MPa, while the UCS of the sample after
5MPa pore pressure erosion was 16.3MPa.

Taking into account the long-term stability of the un-
derground salt cavern oil storage, it is of great signifcance to
identify the deformation and failure of the surrounding
rocks after oil erosion. Given that there are no engineering
examples of salt cavern petroleum storage reservoirs in
China, at the initial stage of the study, the short-term creep
characteristics of themudstone interlayer before and after oil
erosion were initially explored. In the subsequent study, the
long-term creep characteristics of the mudstone interlayer
will also be the main direction of research, and the infuence
of oil erosion on the long-term creep characteristics of the
mudstone interlayer will be fully considered. Terefore, a
series of uniaxial compressive creep tests were carried out,
and multiple stress levels were applied to each sample until
failure.Te loading levels were predefned as 0.4, 0.5, 0.6, 0.7,
0.8, and 0.9 UCS. Each level lasted 24 hours. Within 2.5
hours after the start of each stage, acoustic emission signals
were collected simultaneously. Te loading paths of the
creep test are shown in Figure 2. Here, we followed the
methods of Chen et al. [21].

Te ratio of the predetermined loading stress to the
uniaxial compressive strength (UCS) is defned as loading
ratio indicator (k), which is expressed as [22]

k �
σa

σucs
, (1)

where σa is the predefned loading stress and σucs is the
uniaxial compressive strength. Table 1 lists the loading ratios
and corresponding loading stresses of the two groups of
samples. Tis entire of the experimental procedure is pre-
sented in Figure 3.

3. Results and Discussion

3.1. Mechanical Parameters. According to the diference in
strain rates, the creep process can be divided into three
stages: the primary creep stage (strain rate keeps decreasing
with time), the secondary creep stage (strain rate remains
constant, also known as the steady-state creep stage), and the
tertiary creep stage (strain rate increases rapidly until fail-
ure), as shown in Figure 4. ε0, εc, and εt are the instantaneous
strain (i.e., initial strain) and creep strain, and the total strain
at each stress level, respectively, i.e., εt � ε0 + εc.

3.1.1. Te Evolution of Creep Strains. Figure 5 shows the
uniaxial compression creep test curves of the natural sample
and the sample after oil erosion (under the condition of a
pore pressure of 5MPa). At the loading moment of each
stress level, the sample experienced an instantaneous elastic
response, and then the creep deformation increased with

time. As shown in Figure 5(a), the natural sample was loaded
with 4 stress levels until creep failure occurred, and the
failure occurred after 81.824 h. When the loading ratio is 0.4
to 0.6, the sample shows an obvious initial creep stage and
steady-state creep stage.Te axial strain increased with time,
and the axial creep strain rate decreased with the increase in
time. After reaching a certain time, the creep rate gradually
stabilized and entered a relatively stable creep stage. As the
stress level increased, the creep rate and creep deformation
of the sample were diferent. Te greater the axial stress, the
faster the creep rate and the larger the corresponding creep
deformation. At the last level of stress (a load ratio of 0.7),
there are obviously three stages of creep deformation. After
the stable creep stage, the strain rate of the sample increases
rapidly, which eventually leads to the failure of the sample.

Te uniaxial compression axial creep curve of the sample
after oil erosion is shown in Figure 5(b). After 5 stress levels
are loaded, creep failure occurs, the failure time is 98.658 h,
and the failure time increases. Diferent from the natural
sample, at each stress level, the initial creep stage of the
sample after oil erosion is not obvious, and the corre-
sponding axial deformation is small. When the loading ratio
is 0.4∼0.5, the axial strain increases step by step, accom-
panied by a large mutation, showing obvious brittle char-
acteristics. With the increase of the stress level, the axial
strain of the sample also has a large mutation change during
the stress rise. When the loading ratio is 0.6 to 0.7, the axial
strain curve is relatively fat, and the initial creep stage and
stable creep stage of the sample are no longer obvious. At the
last level of stress (the loading ratio is 0.8), the failure du-
ration of the sample is shorter, and the transition from the
stable creep stage to the accelerated creep stage is not ob-
vious, showing the characteristics of brittle failure. In
general, in the creep deformation stage, the axial creep of the
sample after oil erosion is smaller than that of the natural
sample, and the brittleness of the sample is enhanced.
Terefore, based on engineering considerations, during the
operation of the salt oil storage cavern, frequent oil injection
and production should be minimized, and a constant op-
erating pressure should be maintained, as every injection of
oil makes the surrounding rock of the cavern sufer new
damage.

As it can be seen from Figure 5, the lateral strain and the
axial strain of the two groups of samples show the same
changing trend, so they are not repeated here. It is worth
noting that under diferent stress levels, the lateral strain of
the natural sample is higher than that of axial strain. Under
the last level of stress, the lateral strain and lateral strain rate
are signifcantly higher than the axial strain. Te creep
characteristics of the sample after oil erosion are not ob-
vious, and the strain is reduced. Te reason for this phe-
nomenon may be attributed to physical and chemical
erosion. When the interlayer samples were eroded with the
oil due to the action of pore pressure and chemical erosion,
the mineral particles were eroded, thereby reducing the
bonding force between the mineral particles. Terefore,
during the operation of the salt cavern oil storage, when the
operating pressure is low, the monitoring of the axial strain
of the surrounding interlayer should be strengthened, and
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when the operating pressure is high, the monitoring of the
lateral strain of the surrounding interlayer should be
strengthened.

In addition to considering the discreteness of the sample
itself and the infuence of the deviation in the test process, we
analyzed that the internal pores of the sample continued to

Table 1: Loading ratios (k) and the corresponding loading stresses.

Loading ratios Sample 0.4 0.5 0.6 0.7 0.8 0.9

σa (MPa) Natural sample 10.24 12.79 15.34 17.89 20.44 22.99
Sample after oil erosion 6.52 8.15 9.78 11.41 13.04 14.67

Data analysis

Oil erosion and
SEM test

Uniaxial compression
and creep test

Test process

Sample preparation

Oil sample

TAN text of oilInterlayer samples

Interaction of oil-mudstone Treated sample

Uniaxial compression and creep test Scanning electron microscope system

Capital
Huai’an Salt Mine
Bohai Oilfield

Figure 3: Experimental procedures.
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Figure 4: Typical creep curve of rock material [21].

Advances in Materials Science and Engineering 5



develop during the oil erosion process, causing signifcant
changes in the microscopic pore structure. At the same time,
the pore pressure makes it easier for oil to enter the inside of
the sample, thereby accelerating the internal erosion of the
sample, and many mineral particles are eroded, causing the
cement between mineral particles to become friable. In the
initial stage of the creep test loading, the stress level is low, the
internal pores of the sample are gradually compacted, and the
loose particles are continuously compacted, so that the strain
grows stepwise with time, accompanied bymutation, showing
the characteristics of brittle failure. Since the natural sample
interlayer and the salt rock particles are connected in series,
the time-varying characteristics are more obvious when
subjected to axial force. When subjected to axial force, the
radial strain of the sample after oil erosion is not obvious.
With the increase of the stress level, the friable particles inside
the sample are continuously crushed, the internal pores and
defects are gradually compacted, and the axial strain develops
in a stepped manner to be stable. Terefore, the time-varying
characteristics of the surrounding rock under oil erosion
should be fully considered when designing the operating
conditions of salt cavern oil storage.

3.1.2. Steady-State Creep Strain Rate. Tables 2 to 3 list the
uniaxial compressive strain parameters of the natural sample
and the sample after oil erosion under diferent stress levels,
where ε0, εc and εt are the instantaneous strain, creep strain,
and total strain at each stress level, respectively. Both the
axial creep and lateral creep deformation of the sample
increase with the increase of the stress level.

According to the previous study on the creep test of salt
rock under multistage creep test [23], the steady state creep
rate of the rock has nothing to do with the historical path of
loading. Terefore, applying multistage creep loading to the
same sample can not only avoid the infuence of the dis-
creteness of the sample on the test results but also analyze the
changes in the steady creep rate of the rock under diferent
stress levels.

As shown in Tables 2 to 3, with the increase in the
loading stress level, the steady state creep rate of the natural
sample shows an upward trend. For the sample after oil
erosion, when the loading ratio is 0.4 to 0.6, the axial steady
state creep rate shows two stages, that is, two stages before
and after the mutation. Before the mutation, the axial steady
state creep strain rate frst decreased and then increased with
the increase in the stress level. After the mutation, the axial
steady state creep rate frst increased and then decreased
with the increase in the stress level. At the same time, the
lateral steady state creep rate frst decreases and then in-
creases as the stress level increases. According to the con-
sistency of axial strain and lateral strain, the author thinks
that when the loading ratio is 0.4∼0.5, the mutation and the
creep strain at the end of the mutation will occur in the
corroded parts on the end face, and the surface particles will
be crushed gradually. When the loading ratio is 0.6, the
mutation of the sample and the part after the mutation
occurred inside the sample. From an engineering point of
view, the surrounding rock interlayer near the cavern is a
dangerous point. It is very important to strengthen the
monitoring of creep strain and steady state creep rate here.

Figure 6 shows the strain and strain rate of a natural
sample and the sample after oil erosion at the fnal stress
level. It shows the complete creep behavior of the sample at
the fnal stress level. Obviously, there are three creep stages
in the creep process of the natural sample and the sample
after oil erosion under the creep failure stress level. Tat is,
the initial creep stage when the strain rate decreases, the
steady state creep stage at a constant strain rate, and fnally
the accelerated creep stage. It can be clearly seen from
Figure 7 that the creep duration and the creep rate in the
steady state creep stage and the accelerated creep stage of the
natural sample are greater than those of the sample after oil
erosion. In the initial creep stage, the creep rate of the sample
after oil erosion is greater than that of the natural sample.
Tis is mainly because the internal tandem structure of the
natural sample and the sample after oil erosion are diferent,
which leads to the diference in creep duration. After the
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Figure 5: Creep strain curves by the step loading: (a) the natural sample and (b) the oil-eroded sample.

6 Advances in Materials Science and Engineering



natural sample is corroded by oil, the oil gradually penetrates
into the pores of the sample and the contact surface between
particles. It causes a reaction with the clay mineral particles
inside the mudstone interlayer, so that the mudstone in-
terlayer and the salt rock particles weaken the cementation,
and the integrity of the structure is destroyed.

Te axial creep strain of a sample after oil erosion is
sourced from two parts: one part is the strain of internal
mineral particles, while the other part is the strain of internal

pore compaction.Tis is also the fundamental reason for the
deterioration of the mechanical properties of the sample
after oil erosion. In the accelerated creep stage, the lateral
creep rate of the sample after oil erosion is greater than that
of the natural sample, and the absolute value of the lateral
creep rate of the two sets of samples is greater than the axial
strain rate. In the stage approaching failure, the lateral creep
rate change value is more sensitive than that of the axial
strain rate change.

Table 2: Creep parameters of natural sample under diferent stress levels.

Strain ε 0.4σucs 0.5σucs 0.6σucs 0.7σucs

Axial strain

ε0 2.490×10−3 3.625×10−3 4.930×10−3 7.042×10−3

εc 6.773×10−4 8.466×10−4 1.673×10−3 4.870×10−3

εt 3.167×10−3 4.472×10−3 6.603×10−3 1.191× 10−2

_ε 2.62×10−5/h 3.51× 10−5/h 7.02×10−5/h 6.32×10−4/h

Lateral strain

ε0 −1.731× 10−4 −6.798×10−4 −1.667×10−3 −4.900×10−3

εc −4.682×10−4 −9.171× 10−4 −3.123×10−3 −2.049×10−2

εt −6.413×10−4 −1.597×10−3 −4.791× 10−3 −2.539×10−2

_ε −1.81× 10−5/h 3.81× 10−5/h −1.31× 10−4/h −2.62×10−3/h

Table 3: Creep parameters of sample after oil erosion under diferent stress levels.

Strain ε 0.4σucs 0.5σucs 0.6σucs 0.7σucs 0.8σucs

Axial strain

ε0 3.382×10−3 4.765×10−3 5.620×10−3 9.897×10−3 1.068×10−2

εc1 4.076×10−4 1.904×10−4 1.064×10−3 3.779×10−4 3.581× 10−4

_ε1 2.47×10−5/h 1.36×10−5/h 3.60×10−3/h 1.56×10−5/h 2.67×10−4/h
Mutation 2.685×10−4 2.586×10−4 1.541× 10−3 — —

εc2 3.184×10−4 7.597×10−4 1.243×10−3 — —
_ε2 4.21× 10−5/h 7.38×10−5/h 5.07×10−5/h — —
εt 4.376×10−3 5.212×10−3 9.469×10−3 1.027×10−2 1.104×10−2

Lateral strain

ε0 −2.539×10−5 −8.254×10−5 −8.889×10−5 −4.176×10−2 −5.389×10−2

εc1 −5.715×10−5 −6.349×10−6 −1.269×10−5 −1.212×10−2 −2.952×10−3

_ε1 −3.46×10−6/h −4.56×10−7/h −4.89×10−5/h −5.02×10−4/h −2.12×10−3/h
Mutation — — −3.072×10−2 — —

εc2 — — −9.232×10−3 — —
_ε2 — — −3.77×10−3/h — —
εt −8.254×10−5 −8.889×10−5 −4.0×10−2 −5.389×10−2 −5.684×10−2
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Figure 6: Creep strain and the associated creep strain rate of the natural sample at the fnal stress level.

Advances in Materials Science and Engineering 7



3.1.3. Critical Stress Level for Creep Failure. Tables 2 to 3
show that the contribution of creep to samples deformation
increased with the increase of stress level, and there is a
critical stress level, demarking the beginning of a signifcant
increase in creep strain. Studying the critical stress level of
the mudstone interlayer is of great signifcance to the long-
term operation condition design of the salt cavern oil
storage. A variable to quantify the ratio of creep strain (εc) to
total strain (εt) is defned, which is expressed as [24]

β �
εc

εt

× 100. (2)

From Equation (2), an increase in β represents an in-
crease in creep performance, and a decrease in β represents a
decrease in creep performance.

Figure 8 shows the β value of the natural sample and the
sample after oil erosion at each stress level. For natural
sample, whether it is axial creep strain or lateral creep strain,
β decreased at low stress levels (loading ratios of 0.4 to 0.5).
With the increase in the stress level, the β value kept in-
creasing, and the higher the stress level, the larger the β
value. Te change law of the two shows consistency. For the
sample after oil erosion, the β frst increased and then de-
creased with the increase of the stress level for the axial creep
strain. In Figure 8(b), there is a critical point (when the
loading ratio is 0.6), and the curve is divided into two parts:
an increasing part and a decreasing part. Before the critical
point, the creep strain (εc) increased signifcantly, causing β
value to increase with the increase of the stress level, which
increased to 46.34% at one time. After this critical point
(when the loading ratio is 0.6), the creep strain decreased
signifcantly, causing β value to drop rapidly along with the
stress level. In the sample after oil erosion, for the change of
lateral creep, the change trend of β is roughly consistent with
the axial creep. When the loading ratio reaches 0.5, the β
value of axial creep increases, but the β value of lateral strain
decreases signifcantly.Tis is because when the stress level is
low (the loading ratio is 0.4∼0.5), the main corrosion parts of
the sample are gradually compacted or even crushed. In the

whole creep process (the loading ratio is 0.4∼0.7), the creep
strain is mainly concentrated here, which is consistent with
the results of the previous analysis. Te critical point of the
stress of the sample after oil erosion is 0.6σucs (also a
dangerous point). According to previous research on the
creep test, when the stress level is lower than the threshold
value (critical point), the damage is short-term and insig-
nifcant, but when the stress level exceeds the threshold
value, damage will occur [24]. When the load ratio is 0.6, the
β values of axial creep and lateral creep of the sample after oil
erosion are 46.34% and 99.9%, respectively, and the β value
of lateral creep is much larger than that of axial creep.
Terefore, when the stress level is at a critical point for a long
time, the proportion of lateral creep in the creep process is
much higher than that of axial creep.

According to Figure 8, the critical stress level can be
determined by a multistage creep test. Te results show that
long-term consideration of stress levels below 60% of peak
strength is safe. Te results show that it is safe to consider
stress levels below 60% of peak strength in the long term.
Beyond this point, the creep rate of the mudstone interlayer
depends on the stress level and the operating conditions of
the salt cavern oil storage.

3.1.4. Instantaneous Deformation Modulus. Since this test
adopts the method of stepwise loading of stress levels, the
pores of the samples are gradually compacted during the
loading stage of each level of stress. Accordingly, the samples
appear to have been hardened frst and then damaged. In
order to analyze the changes in the mechanical mechanism
during the entire creep process, the instantaneous defor-
mation modulus under the action of each stress level is
studied.

Te Hooke elastic model is used, and its constitutive
equation is written as

σ � Eε. (3)
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Figure 7: Creep strain and the associated creep strain rate of the sample after oil erosion at the fnal stress level.
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From Equation (3), the instantaneous deformation
modulus can be obtained as

Em �
∆σ
∆ε

�
σb − σa

εb − εa

, (4)

where Em is the instantaneous deformation modulus, σa is
the initial stress at each loading level, σb is the stress after
each loading level is stable, εa is the axial strain when the
stress is σa, and εb is the axial strain when the stress is σb.

Figure 9 shows the relationship between the deformation
modulus and the loading ratio during the stress loading
process.Te change trend of the deformationmodulus of the
natural sample and the sample after oil erosion are the same.
However, the deformation modulus of a natural sample is
higher than that of a sample after oil erosion. When the
loading ratio is between 0.4 and 0.5, the deformation
modulus increases, and the increase of the sample after oil
erosion is greater than that of the natural sample. Te de-
formation modulus decreased as the loading ratio increased.
However, when the stress level reaches the last level (that is,
when the loading ratio of the natural sample is 0.7 and the
loading ratio of the sample after oil erosion is 0.8), the
deformation modulus has an increasing trend.

Tis change trend of the deformation modulus indicates
that the mechanical mechanism of the sample has also
changed correspondingly under diferent stress levels.
Terefore, when the loading ratio is 0.4 to 0.5, the original
pores inside the sample are gradually compacted and the
internal microcracks are gradually closed. As the stress level
increases, the internal pores are gradually compacted, which
increases the load-bearing capacity of the sample and re-
duces the amount of deformation. When the loading ratio
reaches the last level, its internal structure is severely
damaged, and internal cracks continue to grow and develop,
which increases the amount of deformation and then slightly
increases the deformation modulus.

3.2. Acoustic Emission Characteristics. Under the action of
an external load, the strain energy stored in the rock is
released instantaneously to generate elastic waves, causing
internal cracks to initiate, expand, and generate AE signals.
AE signals can refect the evolution of microcracks inside the
rock [25].Terefore, in the test process, the AE technology is
used to monitor the damage characteristics of the rock
during the creep process. However, due to the limitations of
the experiment, the entire process of the creep experiment
cannot be monitored in real time; only part of the AE signal
can be monitored. Under each stress loading level, AE is
used to monitor the damage characteristics of rock from
initial loading to stable creep.
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Figures 10 and 11 show the relationship between the
loading time, strain, and AE signal of the natural sample and
the sample after oil erosion, respectively. It can be seen that
the natural sample and the sample after oil erosion have a
certain degree of damage at each loading stage. A large
number of AE signals were generated during the initial
loading stage of each stress level. After the creep is stabilized,
the AE signal is signifcantly reduced, and the last stage stress
level generates a large number of AE signals throughout the
stage. When the stress loading level is 0.4σucs, the AE signal
generated by the natural sample is signifcantly higher than
at other stress levels (except the last stress level). Tis shows
that at the initial stage of loading, the initial microcracks or
pores inside the sample are gradually squeezed and closed,
producing damage and many AE signals. When the stress
level is stabilized, the elastic strain caused by the imbalance
between the crystal grains has enough time to coordinate

with each other. Terefore, there will not be a large number
of AE signals as in the initial stage of loading, and only a
small amount of weaker AE signals will appear. However, as
the stress level rises, the sample behaves approximately
elastically, and the elastic deformation that is accumulated
instantaneously will have a certain rebound recovery space
due to the rapid generation of cracks and voids, and no new
cracks will occur [26]. When the stress loading level is at the
last level, the internal cracks of the sample develop rapidly,
the internal structure is unstable and damaged, and a large
number of AE signals are generated.

Comparing Figure 10 with Figure 11, it can be seen that
the sample weakened signifcantly after being corroded by
oil. In the loading stage of each stress level, the AE signals
generated by the natural sample were signifcantly higher
than those generated by the sample after oil erosion. When
the stress is stabilized, the natural sample produced a small

0.0 0.5 1.0 1.5 2.0 2.5
Time, t (hours)

St
ra

in
 (%

)

-0.0005

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0000

0

200

400

600

800

1000

r (
s-1

)

Axial strain
Lateral strain
Count rate

(a)

-0.001

0.000

0.001

0.002

0.003

0.004

St
ra

in
 (%

)

0

200

400

600

800

1000

r (
s-1

)

0.5 1.0 1.5 2.0 2.50.0
Time, t (hours)

Axial strain
Lateral strain
Count rate

(b)

0

200

400

600

800

1000

r (
s-1

)

0.5 1.0 1.5 2.0 2.50.0
Time, t (hours)

0.005

0.006

0.004

0.003

0.002

0.001

0.000

-0.001

-0.002

St
ra

in
 (%

)

Axial strain
Lateral strain
Count rate

(c)

0.010

0.005

0.000

-0.005

-0.010

-0.015

-0.020

-0.025

0 2 4 6 8
0

200

400

600

800

1000

r (
s-1

)

Time, t (hours)

St
ra

in
 (%

)

Axial strain
Lateral strain
Count rate

(d)

Figure 10: Te relationship between the loading time, strain, and AE signal of the natural sample at each loading stage. (a) 0.4σucs. (b) 0.5σucs.
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Figure 11:Te relationship between the loading time, strain, and AE signals of the sample after oil erosion at each loading stage. (a) 0.4σucs.
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amount of AE signals due to continuous adjustment of the
elastic strain of the internal crystal grains. When the sample
is eroded by oil, some of the internal mineral particles are
eroded, resulting in many or even larger cracks and holes.
Since the distance between the particles is large and the
contact area is small, the elastic strain generated between the
crystal grains has enough space to balance and adjust, so the
friction between the mineral particles and the internal cracks
is less. Many mineral particles react and migrate with the
petroleum acid (naphthenic acid) in the oil, causing the
cementation between them to become friable. Tis also
explains microscopically why the AE signals of the sample
will be signifcantly reduced after oil erosion. It is worth
noting that in Figure 11(c), the sample after oil erosion
produced a large number of AE signals at the moment of
strain mutation. Tis also shows that at the moment of the
strain mutation, it is also accompanied by the instantaneous
collision between the large internal cracks and the squeezing
and closing of the pores and the mineral particles because
the captured AE signals are the elastic energy released by the
internal microstructure failure [26–28]. Terefore, the large
reduction of the AE signals reveals that a large amount of
damage has been produced inside the sample after being
corroded by the oil [29].

3.3. Analysis of Microscope Mechanism before and after Oil
Erosion. Te analysis above shows that after the sample is
eroded by oil, the internal mineral particles are eroded,
resulting in more cracks and pores. In order to better
explain this phenomenon from amicroscopic point of view,
the microstructure of natural samples and samples after oil
erosion was studied by scanning electron microscopy
(SEM).

Figure 12 shows the microscopic observation results of
natural samples and a sample after oil erosion. For the
natural sample without oil erosion, when viewed at low
magnifcations, the mutual cementation between mineral
particles is more compact, indicating that the sample has
good integrity. With the increase in magnifcation, there are
some cracks between the mineral particles, and a few salt
particles adhere to the surface. When magnifcation was
increased 6000 times, the cracks between the particles
gradually appeared, but the size of these cracks is very small.
In general, the particles are still closely embedded, and many
salt particles are attached to the crack surface. To a certain
extent, the capillary resistance is increased and the per-
meability of the sample is reduced.

For the natural sample eroded by oil, the sample
gradually eroded from the outside to the inside. It can be
seen that there is a clear boundary between the severely
eroded area and the weakly eroded area on the sample
surface: the particles in the severely eroded area are loose,
while the particles in the weakly eroded area are dense.

In order to better understand the erosion mechanism,
this article has made further microscopic observations on
the typical microstructure of the erosion zone. It can be seen
from the microscopic observation comparison images
shown in Figure 12 that the microscopic observation of the

severely eroded area has more microscopic cracks and pores
than the weakly eroded area, and the cementation between
the particles is looser. In the severely eroded area, the
mineral particles are large and distributed in fakes, with
obvious cracks and holes, and themicrostructure is relatively
loose. Tis also explains, from the microscopic perspective,
that in the entire creep process, the severely corroded area of
the specimen is also the main concentrated area of creep
strain.

4. Analysis of the Deterioration Mechanism of
Oil-Mudstone Interaction

4.1. Chemical Damage Mechanism. Te creep test results
show that the oil has an obvious infuence on the deterio-
ration of the mechanical properties of the interlayer. Te
change in macromechanical properties of the interlayer after
oil erosion is due to the change in its internal microstructure
(including the composition, size, shape, and contact mode of
mineral particles). During the operation of the salt cavern oil
storage, the acidic substance in oil (petroleum acid) reacts
with the calcium sulfate in the interlayer of the oil phase to
generate calcium naphthenate, which dissolves in the oil
[30]. Te reaction equation is

CnH2n−1COO
−

+ Ca2+⟶ CnH2n−1COO( 􏼁2Ca. (5)

Te reaction between petroleum acid and calcium sulfate
(mainly anhydrite) in the interlayer is the main reason for
the damage and deterioration of the interlayer, which causes
damage to the physical and mechanical properties of this
part of the particle skeleton, resulting in the dissolution of
pores. In addition, the reaction products exist in the form of
ions, and some of the reaction products precipitate out of the
interlayer along with the fow of the solution, thus increasing
the porosity in the rock and changing the macroscopic
mechanical properties of the interlayer.

4.2. Physical Damage Mechanism. Te interlayer deterio-
ration caused by the acidic substances in oil (petroleum acid)
leads to a reduction of the bonding force between mineral
particles and the friction between the particles or fractures.
Te pore pressure produced by the oil reduces the com-
pressive stress between particles, which leads to the splitting
of micropores and the damage and degradation of me-
chanical properties.

4.3. Dissolution-Migration Process of Interlayer Particles of
Oil-Mudstone Interaction. Te deterioration process of the
interlayer of oil-mudstone interaction includes the disso-
lution of the interlayer particles and the migration of the
liquid phase after the dissolution. On the basis of a literature
study [31, 32], the dissolution process of interlayer particles
under oil-rock action can be shown in Figure 13. Te stress
inside the interlayer is σij, the stress acting on the interlayer
surface is σn, the pressure produced by the oil is p, and the
fow rate is u.
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Te process of dissolution and migration of interlayer
particles under oil-mudstone interaction can be divided into
three stages:

(1) Te external oil transports petroleum acid molecules
or H+ to the interlayer surface through physical
movements such as convection or difusion (the frst
stage in Figure 13).

(2) Te interlayer mineral grains undergo chemical re-
actions under the action of oil-rock (the second stage
in Figure 13), resulting in the dissolution of pores
(e.g., erosion zones).

(3) Te reaction product (calcium naphthenate) is dis-
solved in oil by difusion movement.

It is worth noting that in the second stage, the interlayer
mineral particles react chemically under the action of oil-
rock to form dissolved pores, which make the reaction
further penetrate the rock sample. Due to the diferent
degrees of internal and external erosion, the erosion area can
be divided into a serious erosion area in contact with oil and
a weak erosion area in the interlayer.

5. Conclusions

In order to explore the infuence of oil on the mechanical
properties of the interlayer around caverns during the op-
eration of the salt cavern oil storage, the interlayer from the
salt mines in Jiangsu was treated with oil erosion (under the
condition of a pore pressure of 5MPa). Multistage creep tests
were carried out on the natural sample and the sample after
oil erosion, respectively. Te main conclusions are as follows:

(1) During the operation of the salt cavern oil storage,
the naphthenic acid in the oil has a signifcant de-
terioration role on the compressive strength of the
interlayer. After the interlayer is eroded by oil (under
the condition of a pore pressure of 5MPa), the failure
duration is short, and the transition period from
stable creep to accelerated creep is not obvious,
showing obvious brittle failure characteristics.

(2) After the interlayer is eroded by oil, its lateral creep is not
obvious at a low stress level (the loading ratio is 0.4∼0.5),
which is less than the axial creep deformation. At the last
level of stress (the loading ratio is 0.8), the lateral creep is
signifcantly higher than the axial creep.

(3) Te critical stress level for creep failure of interlayers
after oil erosion also changes, and the corresponding
stress level is 0.6σucs. It is recommended that the
long-term operating pressure of the salt cavern oil
storage should be less than 60% of the peak strength
of the interlayer after oil erosion.

(4) During the operation of the salt cavern oil storage,
the oil migrates into the pores of the interlayer under
the action of operating pressure, which further ac-
celerates the reaction of petroleum acid and mineral
particles, thereby accelerating the erosion of the
surrounding rock. Tis is also the reason why the
infuence of operating pressure should be fully

considered in the design of working conditions for
salt cavern oil storage.

Taking the mudstone interlayer in the Jiangsu salt
mining area as the research object, the change of the
internal microstructure before and after oil erosion and
the infuence of oil erosion on the damage evolution and
creep characteristics of the mudstone interlayer were
studied. For engineering reference, bedded salt rocks in
underground SPR caverns are in direct contact with
petroleum during the operation. Petroleum erosion
might weaken the physical and mechanical properties of
interlayers. Tis could accelerate the damage to the
surrounding rocks, afecting the stability and sealing
ability of the reservoir as well as making its safety status
unpredictable. However, during the operation of the
underground SPR cavern in bedded rock salt, the oil
leakage and migration laws and the deterioration process
are still unclear, which is also a shortcoming of this
paper. Terefore, in order to better provide a certain
reference for the operation of the salt cavern oil storage,
this part needs to be further studied in future work.
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