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Abstract. The results of the durability analysis of a complex
underground structure and surrounding multilayered rock massif are
presented. The research is conducted based on an applied stress-strain
state problem for a salt rock massif in the vicinity of an underground
cavity of a large cross-section which is in conjunction with a mine shaft.
The main aim of the research is to perform a comparative analysis of
various mathematical models of the creep process. The problem is solved
using finite element method to achieve this goal. Regularity in the
development of deformation processes of the enclosing rock massif is
established as a result of the study. According to this regularity, both
primary creep and primary-secondary creep models show that the main
increase of creep deformations occurs during a short initial time period
after which creep strain rate decreases sharply.

1 Introduction

Durability estimation of underground structures is one of the most common and at the same
time challenging problems of the mining industry. As examples of ongoing interest to the
problem, we mention recent publications and references therein [1 — 3].

It is well known that all rocks have creep property [4, 5]. It means that all of them are
deforming permanently under the influence of persistent mechanical stresses. Creep is a
crucial factor for long-term stability analysis of underground structures such as capital and
preparatory excavations, pillars, ceilings, and other rock outcrops. Here we refer to work
[6], which is establishing a consensus in creep modelling within geotechnical engineering
and summarizes creep data for some geomaterials.

Durability analysis of rock massifs in the vicinity of underground structures is
essentially determined by choice of rock mass creep model. Mathematical model of
rheological behavior of rock massif should be chosen reasonably based on laws and
features of the physical process under consideration. Studies [7, 8] are the examples of
modern approaches to mathematical modelling of rheological behavior of rocks. Work [9],
in turn, demonstrates the effect of temperature on the time-dependent behavior of
geomaterials.
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An important feature of the rheological processes is that deformation at any time point
depends on the previous history of loading. This property of real materials is called heredity
[4]. In this regard, the theory of hereditary creep is widely used in rock mechanics along
with technical theories (aging theory, hardening theory) [10, 11]. This theory fits the
experimental data [12 — 14].

The equation of Boltzmann-Volterra (hereditary creep equation) in case of a uniaxial
stress state can be written as [15]:

o\t 1
6(t)=£+—f6[((t—r)a(r)dr, (1)
E E
where o(?), &(f) are stress and strain at time £ 7 is a time moment before ¢, F is elastic
modulus of material; K(z — 7) is creep kernel (or influence function).
Creep equation (2) can be obtained from (1) in case of o(¢) = oy = const:

g(t)=a_;[l+j6K(r)dr} @)
After differentiation of (2) with respect to £ we obtain:
E de(t
K(r)=L.4e0), 3)
Oy dt

Therefore, function K(7) is proportional to the creep rate function.
Hereditary creep equation can in turn be written as follows:

e(t)=[\P(t-7)do(), 4)

where (7) is malleability or creep function which can be expressed via creep rate function
K(?) in the following form [15]:

P(0)=E"', P'(1)=E"'K (1), 5)

P(t)= ?P(t) while (1) =0y = const.
k

The largest value of g; for which malleability curves P(¢) coincide or fit into a narrow
bundle of curves for all values of g; and ¢ is called a bound of deformation linearity area.
Linear equations (1) and (4) can be applied in this area only.

The deformation of most rocks in the linear area corresponds to equations (1) and (4)
with a creep kernel in the form of a power function (Abelian kernel) [12, 16]:

K(t,7)=8(1-7)%, (6)
where 0 and « are creep parameters, which are derived as a result of experimental data
processing.

Creep kernel (6) is widely used within rock mechanics for a number of reasons. First of
all, the algorithm of finding parameters & and J is developed quite well [4, 17]. A
number of experimental studies show that the dimensionless parameter ¢ is close to 0.7
regardless of the rock type [12, 16]. Therefore, the main difficulty is to define the value of
the parameter ¢ which characterizes the creep rate. The value of & shows the activity of
rheological processes in various rocks. In addition, the experimental data on rocks creep is
characterized by a very significant dispersion [13, 16, 17]. Therefore, a decrease of
parameters number of the mathematical model is highly desirable.



E3S Web of Conferences 201, 01007 (2020) https://doi.org/10.1051/e3sconf/202020101007
Ukrainian School of Mining Engineering - 2020

However, the approximation of the creep kernel by the Abelian kernel has a significant
disadvantage. The Abelian kernel does not allow to describe a limited creep of rocks under
pressure which is less than the linearity limit. In addition, the numerical values of the
parameters o and ¢ are highly dependent on the time interval, for which they are derived.
This is very important because the period of creep experiments on rock samples usually
does not exceed a year. Also, the methods of the rocks rheological parameters assessing
under natural conditions do not allow to eliminate the influence of various mining and
geological factors.

The results of the studies on the approximation of the creep kernel of sylvinite samples
on the example of the Verkhnekamskoe deposit of potassium salts are presented in [13].
Abelian kernel, Koltunov’s kernel and spectral kernel were used for the approximation
[18]. Creep function or malleability function of the spectral kernel can be written as [13]:

u —ayt
P(t)=Cy+ Y Cre ¥, @)
k=1
where Cy, Cy, ..., C, and oy, a1, ..., @, are approximation parameters.

A comparison of the creep curves for all three types of creep kernels with the
experimental data showed that used creep functions adequately predict the creep of the
samples [13]. However, there are some deviations from the experimental curve [13]. The
Abelian kernel has shown the largest deviation from the experimental data, while the
spectral kernel has shown the most accurate prediction [13]. In addition, studies show that
the Koltunov’s and spectral kernels allow to describe a limited creep over ten years. The
Abelian kernel predicts the deformation that does not decay in time.

Thus, the Abelian creep kernel for rocks with significant rheological properties (such as
rock salt) gives an estimation of the creep deformations of pillars with a very large margin
[16]. In assessing the sustainability of capital excavations, such a large reserve makes
sense, because it compensates some mining or technical factors.

Earlier some authors [19] proposed the spectral type kernel to describe the uniaxial
creep of salt rocks. Due to the development of numerical methods and computing systems,
this idea can be revised.

In general, numerical methods are very popular in geomechanics nowadays. For
example recent works [20 — 23] perform numerical analysis of different geotechnical
problems. Authors of [24], in turn, use numerical methods to check and refine previous
analytical solutions of the problem.

Therefore, the problem of comparison of various mathematical models of the creep
process remains a pressing issue. This paper performs such a comparison using real
experimental data. The consideration below is a real applied problem, so the results may be
used as a representation of how various creep models predict massif deformations in natural
conditions.

2 Statement of the problem

As noted earlier, the main aim of the consideration below is to compare stress-strain states
of a rock mass in the vicinity of underground structure using various mathematical models
of the creep process.

The research is conducted based on an applied problem of determination of the stress-
strain state of a rock-salt massif around an underground cavity of a large cross-section
(chamber), which is in conjunction with a shaft (Fig. 1).
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Fig. 1. Underground chamber: a — longitudinal section; b — transverse section; ¢ — top view.

From the standpoint of long-term stability, pillar elements are the most dangerous parts
of the chamber contour. Excessive displacements of the rock mass on the sides of the
chamber can cause zones of discontinuity/destruction in the surrounding massif, which, in
turn, can cause fatal influence on the structure of the chamber in general.
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Fig. 2. 3D model of the problem: a — rock massif cross-section at initial stage; b — cross section of the
underground structure.

The chamber is located in a multilayered massif at depths of 1095 — 1102 m. Dolomite-
anhydrite, sylvinite and salt rock bed in the interval under consideration (Fig. 2).

3 Creep models and material properties

Creep model of salt rocks, which uses a nonlinear version of the hereditary creep theory is
offered by Konstantinova in work [15]:

S(Z)=%(O‘(T)+j6K(t—T,O'(T))O'(T)dT), (8)

where K(¢ — 7, o(t)) can be expressed as [15]:
K(t-7,0(7))=L(1-7)f(o(7)), 9)

where f(o(7)) is nonlinear function of stress, L( — 7) is creep kernel.
The most common form of K(¢ — 7, o(7)) is the next dependence of creep strain rate &€ on
equivalent stress g,,,:

é= Clo'eqvc2 3. (10)
Using (10), one can obtain the dependence of creep deformations £ on the equivalent
stress 0., in the following form by integrating this expression over time:

2443
e= Gy 1 +&. (11)
3

However, for a more correct description of creep deformations for nonstandard
engineering problems, a larger number of components is required.

As is well known, there are three general intervals on the creep curve. On the first
interval, the creep strain rate is relatively high, but decreases monotonically, starting from
some high value. This interval is called an interval of unsteady or primary creep. The
second interval is almost linear. The interval is called an interval of steady or secondary
creep. Creep strain rate is almost constant at this interval. Finally, one can observe a pre-
destruction interval, where the creep strain rate monotonically increases [10].
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Regarding this, one can also use the following dependence as a function K(¢ — 7, o(7)):

E= C]Geqv

CZZC3 +C40€

s
P S E.

(12)

The peculiarity of expression (9) is that it takes into account both primary and

secondary creep.

Material properties used for the calculations according to expressions (10), (11) and
(12) are presented in the tables below [25].

Table 1. Elastic properties of rocks.

s Ultimate Ultimate Ultimate Ultimate
Young’s . , . . . .
Poisson’s tensile compressive tensile compressive
Rock modulus, .
MPa ratio strength strength strength strength
(mom), MPa | (mom), MPa | (long), MPa | (long), MPa
Dolomite-anhydrite| 61552 0.357 5.9 95 2.95 47.5
Sylvinite 20614 0.222 1 37.2 0.4 14.6
Salt rock 22797 0.357 1 22.8 0.6 15.1
Table 2. Coulomb-Mohr parameters of rocks.
Initial Initial inner Residual Residual inner .
. o . - Dilatancy angle,
Rock cohesion, | friction angle, cohesion, friction angle, dearee
MPa degree MPa degree £
Dolomite-anhydrite 5.2 41 3.6 33 3
Sylvinite 5.1 70 3.4 50 3
Salt rock 3.8 60 3 51 3
Table 3. Creep constants for model (10).
Rock Creep constant C, Creep constant C, Creep constant C;
Dolomite-anhydrite 1:107° 42 0.7
Sylvinite 1-107° 42 -0.7
Salt rock 1-10°° 4.2 -0.68
Table 4. Creep constants for model (11).
Rock Creep constant C, Creep constant C, Creep constant C;
Dolomite-anhydrite 3.125-10™ 42 0.3
Sylvinite 3.33-107 42 0.3
Salt rock 3.125-107 4.2 0.32
Table 5. Creep constants for model (12).
Rock Creep constant | Creep constant | Creep constant | Creep constant | Creep constant
C C, G C, Cs
Dolomite-anhydrite] ~ 2.5-107" 13 0.8 5.1-107°% 42
Sylvinite 2.5:10" 1.3 0.8 5.1-107% 42
Salt rock 2.5:10" 1.3 -0.8 51107 4.2

4 Finite-element model of the problem

The solution of the problem is performed by a numerical method based on finite element
difference schemes in three-dimensional setting. Coulomb-Mohr elastic-plastic model is
used as basic mechanical model describing behavior of rock massifs.

According to Fig. 1, an iron grid with 3 m arch support on the walls and roof of the
chamber are used as safety measures in the interval of dolomite-anhydrite and sylvinite.
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Concrete lining together with reinforced concrete foundation is in the interval of rock salt.

Here we assume that arch support increases Young's modulus and ultimate compressive
strength of rocks by 20% [12].

The own weight of both considered and overlaying rock massif is taken into account in
all calculations.

The solution of the problem is divided into the following steps:

1) Calculation of the initial stress-strain state of the rock massif.

2) Calculation of the stress-strain state of the rock massif in total stresses and additional
displacements [10] in the area of the chamber. The calculation is performed step by step,
taking i construction stage into account.

3) Stress-strain state calculation of the system after arch support installation (in terms of
total stresses and additional displacements [10]).

4) Durability calculation considering creep.

5 Results and discussion

Fig. 3 shows static displacements which occur due to elastic and plastic deformations
during excavation works.

Fig. 3. Some results of static numerical calculations: a — displacements distribution in longitudinal
section; b — displacements distribution in transverse section.

Further we estimate normal displacements of the rock massif. These displacements
occur due to three types of deformations — elastic deformations, plastic (Coulomb-Mohr)
deformations and creep deformations. Total displacements of the massifs are calculated as a
sum of the following components:
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X,

=U +U ;
Xtotal Xelastic Xplastic creep’

Yiotal —  Yelastic + Uy plastic + UYcreep ’

13)
Ziotal — ° Zelastic +UZp1astic +Uzcreep >

where U, is maximum displacement at a short wall of the chamber; U, is maximum
displacement at a long wall of the chamber; U, is maximum displacement at the roof of the
chamber.

The results of the calculations are presented below (Figs. 4 and 5). The graphs bellow
show the comparison of stresses and displacements obtained according to models (10),

(11), (12).
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Fig. 4. Equivalent stress graphs according to various creep models: @ —on the long wall of the
chamber; b — on the short wall of the chamber; ¢ — on the roof of the chamber.
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Fig. 5. Normal displacements graphs according to various creep models: a — on the long wall of the
chamber; b — on the short wall of the chamber; ¢ — on the roof of the chamber.

6 Conclusions

The calculations of the stress-strain state of salt rock massif in the neighborhood of the
underground support beams chamber of a skip shaft are carried out within the framework of
the model studies. Moreover, a comparative durability analysis of the chamber is performed
using various mathematical creep models in this paper.

The results of this analysis allow us to conclude that various mathematical creep models
lead to completely different distributions of stresses and strains even when the predictions
are based on the same experimental data. The difference in stresses and displacements is
especially noticeable when comparing models that specify creep via creep strain, which is a
function of stress and time (11), (12), with a model that specifies creep via creep strain rate
which is a function of stress and time (10).



E3S Web of Conferences 201, 01007 (2020) https://doi.org/10.1051/e3sconf/202020101007
Ukrainian School of Mining Engineering - 2020

Figs. 4 and 5 establish an important regularity in the development of deformation
processes. According to this regularity, both primary and primary-secondary creep models
show that the main increase of creep deformations occurs in a small initial period of time,
after which the strain rate decreases sharply. Authors suppose that this regularity is due to
an ignorance of the scale factor during the conduction of creep experiments. The problem
of the scale factor has a wide resonance in modern geomechanics. For more details one can
refer to [26].

Thus, the problem of choosing a creep model for rocks that adequately describes
geomechanical processes in the neighborhood of underground structures requires special
studies and in-situ verification tests.

This work was conducted within the state research program “Convergence-2020” of the Republic of
Belarus (State registration No. 20161712). Task No. 1.8.01.1 “Development of mathematical models
and methods for solving new classes of boundary value problems of continuum mechanics as applied
to current contemporary problems of science and technology”.
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