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Abstract: The long-term response and stability of underground mining works are crucial for ensuring the
safety of workers, preventing costly accidents, and maintaining efficient operations. This is primarily due to
the critical role these structures play in various industries, including mining, construction, and transportation.
Understanding the long-term response and stability of such structures is an important factor for ensuring their
durability and safety. Additionally, advancements in technology and engineering practices have allowed for
more accurate assessments and predictions of long-term behaviour, leading to improved design and
maintenance strategies. By examining the creep and relaxation behaviour, scientists can gain insights into the
mechanical properties and stability of rocks under different conditions. The time-dependent experiments
involve subjecting the rocks to varying rates of loading or deformation to understand their behaviour under
different conditions. These methods provide valuable insights into the time-dependent properties of rocks,
allowing researchers to better understand their response to various geological processes and engineering
applications. This study was carried out in order to determine the rheological characteristics of the rock salt
from Slanic Prahova mine, horizon X1V, and to analyse the local stability and the general stability of the
resistance structures. The results of the experimentally determined rheological characteristics showed that the
analysed salt has a pronounced tendency to creep, being able to be classified in creep category 5, which is a
pronounced creep. The values obtained for the dilatancy threshold confirm the fact that salt is a material
system that exhibits dilatancy.

Keywords: salt, creep, rheological coefficients, dilatancy, stability, stress-strain isochronous curves, load
degree

1. Overview of the rheological behaviour of salt

The behaviour of rocks in relation to time is a particularly important problem in the field of underground
structures performed in rock massifs. There are many factors that affect the rheological behaviour and stability
of rooms and pillars.

All rocks, including salt rock, exhibit time-dependent behaviour. Understanding the time-dependent
behaviour of rocks is a particularly important problem for engineers to ensure the stability, durability and
safety of engineering structures performed in rock massif. This knowledge enables them to accurately predict
and mitigate potential long-term deformations or instabilities that may arise over the lifespan of these
structures. Additionally, it allows engineers to implement appropriate maintenance and monitoring strategies
to ensure the continued stability and performance of underground structures carried out in rock massif.

The extraction of minerals in room and pillar mines can lead to the formation of voids and subsidence,
which can pose significant risks to the surrounding areas. Furthermore, once the mines are abandoned, the
stability of the remaining pillars and roof becomes also of great concern in order to prevent collapse and ensure
long-term safety [1], [2]. The earlier studies of Jaeger & Cook (1979) [3] and Cristescu & Hunsche (1998) [4]
aimed to understand how rocks respond to changes in temperature, pressure, and stress over time. They laid
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the foundation for further research in the field of rock mechanics and have been instrumental in developing
models that predict the rheological behaviour of rocks under various geological conditions. These studies
aimed to assess the long-term stability and integrity of halides under various environmental conditions. The
results provided valuable insights into the potential for creep or migration of radioactive materials from the
waste repositories. Most of the salt creep tests were carried out under uniaxial and/or triaxial compression at
different constant temperatures [5], [6]. Creep characteristics and rheological parameters of rocks are very
important for assessing the long-term stability of underground mining works.

Some inelastic effects are frequently observed, both in the laboratory and especially in underground
works. Among the materials, or, more correctly, the rocks that present such effects, salt is the most studied
example, due, in particular, to the numerous underground works (drilling, salt mining, underground storages)
carried out in the saline underground formations. The behaviour of this material is very complex [7].

In order to obtain the equation of state that describes the rheological behaviour, we must establish from
the beginning the particularities of the mechanical behaviour of the salt, namely: the non-linearity stress—
deformation under a constant load; creep strain variation under a constant load; the presence of microcracks;
and, consequently, the increase in volume, phenomena that depend on dilatancy.

The characteristic stress-strain curve offers the possibility of classifying the rocks into a certain behaviour
class; this is also useful for choosing the rheological behaviour law. The studies carried out on rock salt show
that it has an elastic-viscous-plastic behaviour. The three phases of creep with a plastic-inelastic flow are
currently observed, which sometimes occurs with dilatancy. Even at the same stress level, inelastic rheological
deformations can be superior to instantaneous deformations and are characterised by quasi-total irreversibility.

Mineral composition is one of the factors that influence the creep properties of salt rock. The impurities
can affect the creep properties of salt rock by altering its crystal structure and introducing defects. Additionally,
impurities can also impact the mechanical strength and stability of salt rock, further influencing its creep
behaviour [1], [4]. From a microstructural point of view, in the salt rock structure, between the rock salt
crystals, there are cleavage planes that are easy to separate. And rock salt crystals easily slide along these
planes; this is a reason why salt rock has very good rheological properties. For impurity salt categories, the
existence of associated minerals can limit the overall deformation capacity of the salt rock. Therefore, the purer
the salt rock, the better the rheological properties [7]-[10].

As one of the most important mechanical properties of salt rock, rheological behaviour is a main factor
influencing the lifetime, safety, and stability of underground works carried out in salt massifs. Salt has
pronounced creep properties. Salt creep occurs due to the rearrangement of salt crystals over time. Because of
this fact, salt can generate large creep strains even under lower deviatoric stress after a long period of time.
Therefore, to ensure the long-term safety and stability of underground works carried out in salt massifs, it is
necessary to study their creep properties.

The factors influencing the creep characteristics of salt rock are: stress level, stress path (in the case of triaxial
stresses), temperature, mineralogical composition, the presence of stratification, and its mechanism of deformation
on a microscopic scale. In general, during creep, the stress and temperature are constant, but the structure and, at
the same time, the internal state of stress will be (or can be) changed with increasing strain and therefore creep rate.
Hence the empirical laws of transient creep (primary) and stationary creep (secondary) result [7].

Compared to most rocks, the behaviour of rock salt depends on the active mechanisms present in the grain
structure. The deformations of halite crystals are: displacements of dislocations; diffusion, which produces a
plastic deformation due to a diffusion of matter inside the rock; solution-precipitation; crystallisation at the
crystal boundary.

The influence of these mechanisms on the total creep is different depending on the nature of the salt, the
structure, the stress conditions, and the temperature. The decisive deformation mechanisms are dislocation
glide, polygonization, diffusion, and grain boundary sliding. Dislocation slip exists at high stresses and low
temperatures relative to the fusion temperature, T = 1074 K = 801 °C. At an accentuated increase in the strain
rate or for high temperatures, creep by diffusion is dominant; it appears for a maximum stress ¢ = 4.5 bar and
depends on the temperature [7].

In general, transient (primary), stationary (secondary, stabilized), and tertiary creep and the corresponding
laws are related to certain deformation mechanisms. Salt is characterised by a complete creep curve (figure 1):
under a stress and temperature deviator, primary (transient) or attenuated creep occurs where the strain rate
decreases continuously; secondary (stationary) or stabilised creep occurs at the stage of set flow or viscous-
plastic flow zone; tertiary creep occurs at the stage of progressive flow, an area in which the rock salt will
register the appearance of cracks and therefore a structural change. For rock salt, secondary (stationary) creep
iS most important.
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Figure 1. Creep curves

Primary (transient) creep. At low stresses and low temperatures, logarithmic creep occurs; dislocations
are considered obstacles. Due to the creep phenomenon, creep will occur in successive stages. In this case, the
movement of dislocations does not play an important recovery role, with the latter mechanism becoming more
apparent at high stresses and temperatures.

Secondary (stationary) creep. The creep rate is constant if the hardening process occurs at the same rate
as the recovery process. Such recovery processes can be observed by the rotation of dislocations, diffusion of
voids, polygonization, migration of fine grains, and recrystallization [7].

Tertiary creep (fracturing creep, breakage creep) is characterised by high stresses and the activation of an
additional deformation mechanism called grain sliding. Such a mechanism causes a gradual decrease in grain
boundaries and will produce their separation. Due to the fact that fracturing creep is mainly dependent on the
occurrence of inelastic deformations, this dependence must be considered in the fracturing phenomenon by a
flow criterion. Mainly, fracturing or breakage depends on the maximum strain. Consequently, for tertiary creep,
the failure criterion will not be chosen according to the stress state but in relation to the strain state. For example,
Bach's old hypotheses can be mentioned here, namely: the maximum normal principal strain, respectively the
shear strain; the condition of stored strain energy before fracturing — the Druker-Prager criterion.

Fracture occurs at high strain rates, or creep strains, that are attributed to loading stresses very close to
breaking strength. In this case, high stresses are concentrated at the grain boundaries, and the mechanism
(Griffith's theory) of fracturing will be activated (unstable propagation of existing cracks or the appearance of
new cracks).

Laboratory tests are the simplest way to analyse the creep behaviour of any type of rock. Compared to in
situ measurements, even if these laboratory tests are time-consuming, they allow long-term observation of rock
behaviour, do not involve high costs, and can be repeated by considering only the main factors and strictly
controlling the experimental conditions. The results of laboratory tests can not only reveal the creep behaviour
of salt under different experimental conditions but also provide relevant parameters for establishing the
constitutive creep model. Current studies on the creep properties of salt are mainly focused on aspects of the
macro creep properties and microscopic deformation mechanisms of rock salt.

Currently, uniaxial and triaxial creep tests are most often used in the study of the rheological behaviour
of salt and, implicitly, in determining the rheological parameters that characterise this behaviour.

The formation of salt rock deposits is closely related to geological movement; therefore, their appearance
and shape are different. Depending on the thickness of the salt deposit, it can be divided into salt domes and
extended salt deposits. A salt deposit refers to interbedded salt composed of salt layers with different structures,
different components, and different physical-mechanical properties, which usually contain intermediate layers.
Due to the difference in lithology, different deformation easily occurs between salt layers and intermediate
layers under external loads. This leads to the development of additional stress on the contact plane between
the salt layer and the interlayers, which can cause breakage of the salt in the layer.

Many researchers have compared the difference in creep properties between pure salt and layered salt
under the same experimental laboratory conditions [11, 12, 13, 14, 15, 16, 17]. The test results showed that the
stress sensitivity and creep properties of pure salt are stronger than those of salt with intercalations; in other
words, the creep strain of the first type of salt is greater than that of the latter (figure 2). Results were also
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reached where the constant creep rate of the pure salt was about 7 times higher than that of the salt with
intercalations, located under the same experimental conditions [15].

salt (NaCl)

interlayer

Figure 2. Flowchart of interlayered salt creep failure

According to theoretical studies and based on rheological tests on salt, shear stress is generated at the
interface between two rocks due to the difference in physical and mechanical properties and different
deformation between pure salt and interlayers [1], [4], [18], [19]. As the creep time increases, the shear stress
increases progressively. Only when the shear stress exceeds the shear strength of the interface does creep
failure of the intercalated salt occur. The rupture of this type of salt occurs in combination with the additional
stress resulting from the difference in creep strain and stress in the same direction of effect. Only when this
pressure exceeds the tensile strength of the interlayer does a rupture of the salt intercalation occur.

Salt is a typical crystalline material, and its creep behaviour under stress is basically a macroscopic
reflection of the internal microstructural changes that take place. This means that, under the action of external
conditions, important changes will occur in the microstructure of the salt, which can lead to variations in its
mechanical properties [18], [19].

The main purpose of micromechanics studies on salt during the creep process is to distinguish the
mechanisms of creep deformation under different conditions [20]. The first studies on the deformation
mechanism at the micro-creep level of salt were carried out until the 1970s. Ashby (1972) [21] first proposed
the microstrain mechanism diagram for metal, ceramic, and alkali halides under different stress levels and
temperatures. Munson and Dawson [22] use this diagram to describe the creep deformation mechanism of salt.
The salt creep process (Figure 3) is mainly governed by dislocation mechanisms (dislocation slip and
dislocation climb) or diffusion processes, depending on temperature and deviatoric stress. We note that the
undefined mechanism in Figure 3 is different from dislocation and diffusion mechanisms but also contributes
to the creep process of rock salt. Regarding the association of these mechanisms with micromechanical models,
as stated by many scientists, there are still many unclear aspects [2], [4], [8], [21], [23].
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Figure 3. Salt deformation mechanism map: G is the elastic shear modulus of the salt
and T is the melting temperature of the salt, taken as 1077 K ([23], [24])
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The creep phenomenon of salt can be controlled by several mechanisms that occur in parallel in most
cases.

Analysing the variation of the characteristics of the acoustic emission signals, the change in the
characteristics of a salt sample during uniaxial compression creep tests, and the evolution of the appearance
and development of cracks until rupture can be represented as in figure 4. From the laboratory tests carried out
by different researchers [25, 26, 27, 28, 29], following the evolution of the axial deformation, it was found that
the whole process of salt creep is divided into three stages: diminishing creep stage (creep time
0 <t<200 days), constant creep stage (creep time 200 < t <320 days), and accelerated creep stage (creep time
t > 320 days). From figure 4, it can be observed the quantities and distribution of points in space-time of the
acoustic emission signals in a salt sample at different creep times, quantities that show an obvious difference.
(1) In the diminishing stage, these points are distributed in the middle and at the two ends of the salt sample
due to the closure of the initial defects of the salt and the stress effect, and the activity of the acoustic emission
signals of the salt is relatively active. (2) In the steady creep stage, the stress effect of the salt sample gradually
weakens, and splotches in the space-time of the acoustic emission signals develop towards the middle of the
sample. The interaction between the salt crystals is in dynamic equilibrium, and these points in space-time of
the acoustic emission signals gradually decrease with increasing creep time. (3) In the tertiary creep stage, a
lot of cracks are generated in the salt, and the spatial-temporal points of the acoustic emission signals grow
rapidly, extend to both ends of the sample, and finally cover the entire salt sample. The long-term damage and
breakage path of the salt is in the form "end part - center part - whole sample".

€)) (b) () (d) (e)

® () (h) @ ()
Figure 4. Variation law of time-space acoustic emission characteristics of salt during creep time: (a) 0-30 days;
(b) 6066 days; (c) 66-96 days; (d) 96-136 days; (e) 136-176 days; (f) 220-260 days; (g) 260-300 days;
(h) 260-300 days; (i) 300-330 days; (j) 330-359 days ([29])

To conclude, we can indicate here some of the current research trends: under a small stress (load) (of the
order of o <3 MPa, T = 300 K), creep seems to occur at higher speeds than those predicted by extrapolation
of the stabilised creep law, with important practical consequences. On the other hand, we specified that
stabilised creep occurs without volume variation; in fact, if the applied stresses leave (or exceed) a domain
described by a parabolic shape criterion in Mohr's plane, then an associated dilatancy occurs with a diffuse
microcracking of the material. Its effect is to spectacularly increase the influence of the ambient hygrometry
(humidity) or the permeability of the salt, with important practical consequences since the permeability of the
salt is one of its essential qualities for which it is exploited. The relationships between the stress state, pore
fluid pressure, and permeability are an important topic of current research related to the problem of liquid
waste storage in underground cavities [7].
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2. Constitutive model of salt creep

The constitutive model is the most basic and important part of the rock mechanics theory of rheology, and
it is also an imperative link that applies experimental results to engineering practice. Currently, based on
experimental creep results, a large number of constitutive models are proposed by researchers to describe the
creep behaviour of salt [1], [7], [30], [31]. Generally, the constitutive creep models of salt established by
different researchers can be divided into the following categories, presented below.

2.1. Empirical model

The empirical model is an expression of the function established by the mathematical regression method
through the statistical processing of a large number of results from salt creep tests. However, the parameters
of the model lack a clear physical meaning [1], [4], [7], [8, 9, 10, 11], [41], [42]. Empirical models describe
the creep response of salt based on a relationship between a constant creep rate and deviatoric stress, energy,
and temperature. For the empirical model, the variation law expression that describes the creep response of the
salt is either of the form of the exponential function, of the power-type function, or of the form of the
logarithmic function [12], [27], [30], [32, 33, 34, 35, 36, 37]. Most empirical models can only reflect the creep
response of salt in the primary and secondary stages but cannot describe the creep behaviour in the tertiary
creep stage. The empirical model has been widely used to describe the creep properties of rock; however, with
the development of the theory of rheological mechanics of rocks, the application of this method is becoming
less and less common [1], [4], [8, 9, 10, 11], [39, 40, 41, 42, 43, 44].

2.2. Combined model

The combined model is one of the most important constitutive models in rock rheology theory. The
fundamental principle consists of the assumption that several basic elements describe the specific mechanical
properties of the rock. The basic elements (elastic, plastic, and viscous) are used to reflect the three properties
of rock [7], [38], [39]. The model can be established by combining these basic elements in different forms
(series, in parallel, or mixed connection: series-parallel or parallel-series) depending on the specific mechanical
properties of the rock (Figure 5).

Viscous-elastic-plastic
model

Viscous-plastic model

Figure 5. Flowchart of basic elements

Due to the explicit physical meaning of the parameters and the ability to visually represent the complex
mechanical properties of rocks, the combined creep model has been widely used in the field of rheological
rock mechanics [40]. Currently, a lot of component combination models have been established by scientists
[71, [41, 42, 43] to reflect the creep response of salt. The Burgers model is one of the most frequently used.
For example, some authors [7], [40], [41], [43], [44] found that the Burgers model can be used to describe the
creep behaviour of glauberite, anhydrite, and rock clay. Tang et al., Mansouri & Ajalloeian and Wang et al.
[15], [38] described the creep behaviour of salt under uniaxial compression, triaxial compression, and low-
frequency cyclic loading (constant axial stress and limited cyclic pressure) using the Burgers model.
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Figure 6 shows the isochronous stress-strain curves of salt, curves also obtained by Toderas (1999, 2015)
[7], [42] on different types of rocks, including rock salt.
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Figure 6. Isochronous stress-strain curves of salt

It can be seen that when the axial stress is less than 14 MPa, the isochronous stress-strain curves can be
seen as a straight line that practically overlaps, indicating that the modulus of elasticity (E) of the salt does not
change with increasing levels of stress and lengthening the creep time. When the axial stress exceeds the value
of 14 MPa, a phenomenon observed by M. Toderas in the case of the salt samples from the boreholes taken
from Slanic Prahova that were rheological analysed, the isochronous stress-strain curves gradually deviate
towards the axis of the deformation, indicating that the modulus of elasticity (E) of the salt gradually decreases
with increasing stress level and increasing creep time.

As previously stated, we can say that: (1) salt shows clearly non-linear deformation characteristics during
the creep phenomenon; the higher the axial stress and the longer the creep time, the more pronounced the
nonlinear deformation characteristics; (2) when the axial stress is less than 14 MPa, the modulus of elasticity
of the salt does not change with increasing stress level and creep time. Contrary, the modulus of elasticity
decreases gradually with increasing stress levels and creep time [7], [8], [42], [44]-[47]. As the creep time
increases, the variation law of the axial creep rate during the rock sample loading process can be divided into
the following three types: (1) under a low stress level, the axial creep rate gradually decreases and then tends
to zero in a short time; (2) under medium and high stress levels, the axial creep rate gradually decreases and
then rapidly tends to a stable, non-zero value; (3) below the stress level close to the breaking strength, the axial
creep rate gradually decreases to a stable, non-zero value, is maintained for a relatively short period, and then
shows a rapid increase.

2.3. Integral type of creep constitutive model

In this case, the approach to the interpretation of the deformation behaviour in time (creep and relaxation)
is based on the theory of heredity or integral equations. This direction offers the possibility of determining the
parameters of the type of coefficients, which by their nature and significance, according to the principles of
the hereditary theory, facilitate the possibility of using the theory of elasticity and plasticity in the rheological
approach to the problems that must be solved by rock mechanics in its fields of applicability. Such a possibility
is created through the nuclei of the integral equations of hereditary creep and relaxation, which have the
property of indirectly introducing the influence of time into the geomechanical processes to be studied
rheological based on the theories of elasticity and plasticity, respectively [7], [42].

For a more correct analysis of the rheological behaviour, the studies must be carried out according to the
two research directions, namely, the interpretation of the deformation behaviour over time based on the use of
the classical (elastic-viscous) theory, i.e., the use of differential equations, and, respectively, the theory of
heredity, because today, these two research directions or theories complement and intertwine [44, 45, 46].
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Researchers in the field of rheology specify that the deformation of material systems up to the level
determined by the stress can be reproduced by the integral operators made explicit by means of creep kernels,
given by different types of functions [7], [42], [44, 45, 46]. In the case of rocks, and implicitly also of salt, the
same specialised literature states that the most appropriate types of kernels are ABEL's kernel and
ROZOVSKI's kernel, respectively. However, in certain situations, as Toderas (2015) mentions, salt seems to
lose its memory.

e  ABEL's kernel belongs to the fractional-exponential function and has the form:

Lt-7)=01-7)" (1)

Using this kernel involves replacing it with a creep function ®aper established based on Abel's kernel. In
the case of creep, we have:

(o2 (o)
e)==(1+L,)=— 2
M=2(+L)=7 2

where: La = L(t, t) as an integral operator of Volter type, and E is a time operator. Substituting the Abel
kernel, we obtain the time function @, of the elastic characteristics (E, ®):

Et= E ; ﬂt:0’5_0'5—_lu (3)
1+, t+®,
where:
®A=-fi-ﬁﬂ (4)
l-o

represents Abel's creep function or kernel, where & and o are the creep parameters that do not have a well-
defined physical meaning [7], and as a result, o is a dimensionless rheological parameter, while & is considered
to have a dimension t*1,

e Rozovski's kernel considers the expression of Voltaire-Rabotnov and makes it explicit in the form:
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where I'(n) is gamma function.
Rozovski's kernel is given by the relationship:
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where the Rozovski function ®rezov has the form:
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2.4. Constitutive model of nonlinear creep

In the case of the traditional model of combining the basic elements, the parameters are all considered
fixed constants. This leads to a weak correlation between the theoretical curve and the curve obtained based
on the results of experimental tests. In fact, the rheological properties of rock are closely related to time, stress
level, state of stress, and temperature [40], [41], [48, 49, 50]. It was pointed out that the strength, deformation,
and rheological parameters of rock are clearly time-dependent, and rheological parameters such as elastic
modulus (E), shear modulus (G), and viscosity coefficient (1)) should be a function of time. Sun (2007) [51]
considered that the creep strain of rock exhibits a non-linear increasing trend with increasing stress level, creep
time, and stress-strain state.

3. Quantitative parameters that define the rheological behaviour of rocks

The research of the deformation behaviour of rocks different in age, structure, and resistance under the
action of long-term stresses currently constitutes a sinequanon condition for solving the problems of stability
of mining constructions, problems that involve and demand knowledge of the theory, the laws of rheology,
and the parameters of the rheological properties of rock massifs and which must be evaluated in a wide range
of concrete problems of rock mechanics, implicitly of current mining. In the last period of time, the mining
technical literature has given a series of works in which most of the problems related to the mining pressure,
stability, and reliability of the mining works are recommended or even solved, taking into account the
behaviour of the rocks over time [7], [42]. All these problems involve and demand a study, experimental
determination, and interpretation of the rheological parameters of the rock massif, such as the deformation
properties of the rocks, instantaneous or elastic deformation, the law of deformation and relaxation in time, the
deformation in the stabilised domain, strain rate in the field of stabilised creep, viscosity coefficient value, rock
yield strength, delay time, relaxation time, modulus of elasticity due to creep, and Poisson's ratio due to creep.
Based on them, it must be possible to write the law or the equation of the rock creep and relaxation, to establish
the long-term limit strength, the creep parameters and the creep coefficients that can explain the creep
functions, as well as classify the rock from a rheological point of view, all of which find their applicability in
solving different problems in the mining field. All these properties and parameters must be evaluated according
to the recommendations given by the specialized literature.

4. Determining the rheological behaviour of salt from Slanic Prahova literature

The study of the rheological behaviour of the salt cores obtained from the boreholes extracted from Slanic
Prahova deposit, P1-P11 and B1-B13, was carried out in the laboratory through uniaxial compression tests,
which also offer the greatest possibilities for making the necessary equipment for testing. The compression
creep test was carried out at the existing testing devices in the Rheology Laboratory of the University of
Petrosani, equipment that works on the principle of levers (Figure 7).
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Figure 7. Testing device: Mechanical installation for compression creep tests: a) with a single arm; b) with two arms

The deformation measuring device actually used in solving the problem addressed was of a mechanical
type, consisting of eight measuring devices: four to measure axial deformations with a precision of 0.01 and
four for transversal deformations with a precision of 0.001 mm (Figure 8).

gure 8. Deformations measuring device

During the uniaxial compression creep test, the following stages were completed: (1) geological
characterization and establishment of the main physical properties of the analysed rock type; (2) determination
of the uniaxial compression strength oic; (3) determining the main momentary deformation parameters of the
respective rock (characteristic curve o - ¢, dilatancy, modulus of elasticity, deformation modulus, Poisson's
ratio, etc.); (4) depending on the breaking strength in uniaxial compression, the choice of the instantaneous
deformation behaviour, and the degrees of load over time (Aj); (5) establishing the requested number of samples
that must be tested for creep in order to obtain the most correct results; (6) wax removal of the sample bases
(the side faces are kept waxed to prevent changes in humidity during the tests); (7) prior checking of creep
equipment; (8) after measuring the dimensions, mount the samples in the shortening and lengthening
measuring devices; (9) placement of the sample-measuring device system in the testing installations; (10)
recording the initial readings of the transverse and longitudinal measuring devices; (11) creating the proposed
stress load, keeping it constant, and measuring the instantaneous shortenings and lengthening at time t = to =
0; (12) monitoring and periodically noting the deformation of the specimen in the test sheet over time; (13) the
stage of processing the data obtained from the test.
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To obtain data comparable to the compressive strength limit, modulus of elasticity, etc., and rheological
parameters, samples of the same shape with a corresponding slenderness coefficient (1) were used. Within the
test methodology, the specialised literature recommends degrees of load A = (0.2 + 0.95)o, depending on the
nature of the rock, and for rocks with o > 40 MPa additional load degrees: 0.93-0.77. The measurements
were made with respect to the time intervals in relation to the mode and intensity of the development of the
deformations. The results of creep tests at stress levels of 0.6cy are used to establish the laws of time-stabilised
deformation and the computation of the creep parameters. The results obtained for stress degrees greater than
0.6c1c are used to establish the dependence between the stress state and time before failure by plotting the long-
term limit strength curves oig. The creep curves, the isochronous curves, those of the deformation rates, etc.,
were drawn in order to establish the links that exist between the creep parameters and os. We must specify
here the fact that the study of the rheological properties of rocks in the laboratory has its peculiarities related
to a limited volume of samples, and, of course, these tests are very time-consuming.

5. Results and discussion

We will further present the experimental and analytical results obtained over a period of 5 months in order
to establish the rheological properties of the main categories of salt from the B1-B13 and P1-P11 wells. In
order to be able to analyse the rheological behaviour and determine the rheological parameters of the salt, we
made a classification of the types of salt encountered in the extracted boreholes. The classification was carried
out by salt categories, and within each category, a grouping was carried out according to the breaking strength
in uniaxial compression [52].

Analysed on a macroscopic scale through the prism of components and structure, it was found that
different varieties of salt were found along the boreholes, from pure white salt with variable grain size to salt
with white-grey or grey-white impurities, saccharide with small, medium, or large grain, with or without the
presence of phenocrysts, up to varieties of banded salt, some of these varieties appearing in a more compact
or less compact form. Taking into account the range of variation of the compressive strength determined in the
Rock Mechanics Laboratory of the University of Petrosani, on the extracted cores found in the B1-B13 and
P1-P11 boreholes, uniaxial compression creep tests were performed on the salt varieties according to Table 1.
The choice of these varieties of salt was made so that the entire range of values obtained for the uniaxial
compressive strength could be covered.

Table 1. Rheological analysed varieties of salt

. ... |Mean uniaxial compressive
No Variety of salt Drilling strength, MPa
1 | Rock salt with impurities, grey colour, saccharide, and medium grain size P1 19.96
2 | Rock salt with impurities, grey-white colour, saccharide, medium grain P3 22.76
3 | Rock salt with impurities, grey-white colour, saccharide, medium grain size P4 25.05
4 | Rock salt with impurities, grey colour, saccharide, medium grain B3 14.7

The results of the uniaxial compression creep tests are shown below on each salt specimen (Figures 9—
12). Three long-term creep tests were carried out for the samples from boreholes P1, P4, and B3, and for
borehole sample P3, a short-term creep test was carried out. Following the procedure for computing the
rheological coefficients presented in sections 2 and 3, their centralised values are shown in table 2.

Figure 9. Salt samples from the experimentally analysed varieties
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Figure 10. Characteristic rheological curves: drilling sample P3
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Cumulative creep curves - sample drill P4
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Cumulative creep curves - drilling sample B3
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Table 2. The values of the rheological coefficients on the varieties of salt analysed
. Long-term
Drilling Rheological coefficients Creep Deformation | i ;e Stability
- at the elastic .
sample coefficient, Cr limit. % strength, field
Y a B X ' oid, MPa
P1 0.695651 0.57 0.26834 0.16588 0.61816 0,016524 12.35617
P3 0.719779 0.45 0.53847 0.32931 0.611574 0.017246 14.18615 0.2-0.3
P4 0.692259 0.64 0.37307 0.22714 0.608833 0,019172 15.66898 o
B3 0.701271 0.53 0.3879 0.25254 0.651044 0,014619 8.683657

From the analytical calculations, it results in a stability time between 7 and 11 years in certain situations,
which can reach 15 years, after which the salt enters the field of medium instability with a fairly rapid transition
to instability.

6. Conclusions

From the analysis of the rheological behaviour of the salt extracted from boreholes P1-P11 and B1-B13
from Slanic Prahova, the following conclusions can be stated:

1. The instantaneous strain, creep strain, and constant creep rate of salt increase with increasing axial load.
The relationship between the constant creep rate of the salt and the axial stress can be described by an
exponential-type function and a power-type function. The creep behaviour of salt is particularly related to the
state of stress, and we can state that it is independent of the loading path.

2. The rheological properties of impurities in salt are different from those of pure salt grains. The existence
of impurities in the salt mass can effectively limit its overall deformation capacity. Therefore, the rheological
behaviour of the salt obviously improves with increasing NaCl content. Due to the influence of the geological
environment, the more microscopic-scale defects and the more irregular the boundaries between salt grains,
the more the salt grains will have the opportunity to interact with each other. This can obviously lead to the
phenomenon of strain hardening during the creep process, i.e., the hardening phenomenon.

3. Due to the differences in creep properties between the salt mass and the interlayers or sterile
intercalations, the creep deformation of the pure salt mass and interlayers (intercalations) is uncoordinated,
leading to the generation of additional stress at the interfaces of the two materials. Only when the additional
strength exceeds the stress on the contact planes does creep failure of the salt occur.

4. The creep process of rock salt is very complicated, being mainly governed by dislocation, diffusion, and
polygonization mechanisms. The creep process of rock salt can be controlled individually by one mechanism
under certain specific conditions, while it is controlled by several mechanisms in parallel in most cases.

5. As for the creep constitutive model, the empirical model can better describe the creep behaviour of rock
salt, but the model parameters lack physical meaning, as we specified in the chapter dedicated to the rheological
characteristics. The basic elements in the component combination model and the fractional derivatives
model—models based on heredity theory—are all linear, and no matter how we try to combine them, the final
models established still cannot accurately reflect the non-linear creep behaviour of salt.

6. From the uniaxial compression creep tests of the salt samples, a creep coefficient was found in the range
0.608833-0.651044, with higher values of this parameter for the salt varieties having lower uniaxial compression
breakage strengths, which confirms the trend accentuated by the creep of the salt from Slanic Prahova.

7. The long-term limit strength obtained from tests under constant compressive load was found to be
included in the range of variation from 8.7 MPa to 15.7 MPa, with an average value of 13.52 MPa.

8. From the results of uniaxial compression creep tests carried out in the laboratory on the samples
extracted from the boreholes provided, it turned out that the salt falls into creep category V, i.e., pronounced
creep, and the creep behaviour under constant load can be classified in the group of Il rheological. After
exceeding a degree of stress of 0.28-0.3, in time, the deformations tend to an oblique asymptote.

9. The dilatancy threshold of the salt from Slanic Prahova, for the areas where the cores were extracted
from the boreholes, varies from 5.212 MPa to 14.62 MPa. This verifies the statement that salt is a material
system that exhibits dilatancy (dilatancy also being a rheological process).

10. The isochronous stress-strain curves gradually deviate towards the strain axis, indicating that the
modulus of elasticity (E) of the salt gradually decreases with increasing stress level and creep time. The creep
behaviour of these varieties of salt falls into the category of an elastic-viscous-plastic behaviour, which can be
described by a complex model corresponding to the 2™ rheological group, a model that can be derived from
the Burgers model.
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