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Аннотация: Представлен способ податливого крепления междукамерных целиков в по-
родах, склонных к проявлению реологических свойств. Разработана методика прогноза 
деформаций закрепленных целиков на примере системы разработки десятой западной 
панели по пласту АБ на Верхнекамском месторождении калийно-магниевых солей. Чис-
ленная реализация модели выполнена методом конечных элементов в программном ком-
плексе Simulia Abaqus с использованием вязко-упруго-пластической геомеханической 
модели сильвинита. Параметрическое обеспечение реологической модели выполнено на 
основе результатов инструментальных наблюдений за деформациями междукамерных 
целиков. Прогноз выполнялся на срок в 150 лет после проходки камер. Установлено, 
что величина горизонтального смещения боковой поверхности незакрепленных между-
камерных целиков равна 123 мм за период прогноза. Произведен сравнительный анализ 
работы тросовой крепи при различных диаметрах канатов и величинах реакций крепи в 
податливом режиме работы. Выявлен экспоненциальный характер зависимости продол-
жительности податливого и жесткого режимов работы крепи и критерия эффективной ее 
работы. Из представленных данных видно, что увеличение эффективности работы крепи 
возрастает при использовании каната большего диаметра, однако выбор максимально-
го диаметра каната ограничивается конструктивными особенностями крепи. Приведено 
уравнение зависимости горизонтальных смещений боковой поверхности закрепленного 
целика от времени и реакции крепи. Прогноз напряженно-деформированного состояния 
закрепленных целиков показал положительный эффект податливой крепи по увеличению 
несущей способности целика как во время ее работы, так и после ее разрушения. 
Ключевые слова: устойчивость, междукамерный целик, податливая крепь, способ подат-
ливого крепления целиков, тросовая крепь, соляные породы, ползучесть, водозащитная 
толща.
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Introduction
Rheological properties of salt rocks 

play a key role in predicting the stability of 
inter-chamber pillars. Under the influence 
of stresses, both time-independent elastic 
deformations and time-dependent creep de-
formations appear in them [1, 2]. In works 
[3, 4] the necessity of applying measures to 
preserve bearing capacity of inter-chamber 
pillars at salt deposits is shown. In some 
cases, deformation of inter-chamber pil-
lars may lead to occurrence of hydrauli-
cally connected system of cracks in wa-
ter-protective strata (WPS) [5—7]. Water 
breakthrough into the mined-out space of 
water-soluble ores can lead to an avalan- 

che-like accident at the plant, followed by 
the formation of karst sinkholes on the sur-
face [8—10]. In practice, hydrofilling of 
the mined-out space is used as measures to 
ensure the integrity of the WPS [11]. Such 
measures do not take into account the 
rheological nature of the deformation of 
inter-chamber pillars, the backfill does not 
provide sufficient resistance to the trans-
verse deformation of inter-chamber pillars 
in salt formations [12, 13].

The operational period of the mine is 
about 50 years, and the realization of the 
subsidence of the surface after full exca-
vation — 100 years, which leads to a long 
period of subsidence of the ground surface 

Abstract: The method of compliant fixing of inter-compartment pillars in the rocks prone to 
the exhibiting of rheological properties is presented in this article. The method of forecast-
ing the deformations of anchored pillars is developed using the example of the development 
system of the tenth western panel of the AB formation, Verkhnekamskoe deposit of potassium-
magnesium salts. Numerical realization of the model is performed by the finite element method 
in the software package Simulia Abaqus with the use of visco-elastic-plastic geomechanical 
model of sylvinite. Parametric support for the rheological model was made on the basis of 
the results of measurements of horizontal displacements of contour benchmarks interchamber 
pillars. The forecast was carried out for a period of 150 years after the chambers were fully 
developed. It has been established that the value of horizontal displacement of lateral surface of 
unlined interchamber pillars is equal to 123 mm for the forecast period. A comparative analysis 
of wire rope fastening operation with different rope diameters and fastener reaction values in 
the undercut mode of operation has been carried out. The exponential character of dependence 
between the duration of underlay and rigid regime of the roof support and the criterion of its 
effective work was revealed. It is evident from the presented data that the increase of the fas-
tener efficiency increases with the use of a larger diameter rope, but the choice of the maximum 
rope diameter is limited by the design features of the fastener. The equation of dependence of 
horizontal displacements of the side surface of the anchored pillar on time and fastener reac-
tion is given in the work. The forecast of the stress-strain state of the anchored pillars showed 
a positive effect of the supple support to increase the bearing capacity of the pillar both during 
its operation and after its destruction. 
Key words: stability, interchamber pillar, compliant fastener, method of compliant fastening of 
pillars, rope fastener, salt rock, creep, water-protective strata.
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and the emergence of hydraulically con-
nected system of cracks in the WPS [1, 
14]. A compliant support in salt rocks was 
considered in [15—17], where its positive 
effect due to the decrease of rheological 
processes intensity is noted. The monitor-
ing of changes in the stress-strain state 
(STS) of the anchored section of the bulk 
is a time-consuming and sometimes dan-
gerous task. In this regard, the rheological 
prediction of stress-strain state makes it 
possible to select the support parameters 
on the basis of given parameters of defor-
mation [17, 18].

The purpose of this work is to develop 
a method of forecasting deformations of 
inter-chamber pillars secured by compli-
ant cable lining.

Key stages of numerical modelling
Prediction of geomechanical processes 

occurring in interchamber pillars and in 
the vicinity of chambers was performed in 
Simulia Abaqus software package by fi-
nite element method [12, 16, 19]. Forecast 
was carried out for a period of 150 years 
after sinking of chambers. The numerical 
model was made in the 2D plane defor-
mation formulation with discretization of 
the considered area into quadrangular ele-

ments of the second order. Fig.  1 shows 
the computational scheme reflecting pa-
rameters of the development system of the 
tenth western panel in the AB formation at 
the SKRU-1 mine at an average depth of 
366 m. The model includes overlying rock 
pressure and boundary conditions: the lat-
eral faces of the model are constrained to 
move horizontally and the lower face is 
constrained to move vertically.

The use of the visco-elastic-plastic 
model of sylvinite behavior is caused by 
geomechanical processes in the salt rocks 
of inter-chamber pillars, which occur in 
a time perspective [4, 20]. Deformation 
of inter-chamber pillars is determined by 
both stress value and strength, deforma-
tion and rheological properties of rocks. 
Instantaneous strength and strain proper-
ties of rocks prone to rheological proper- 
ties are determined by analyzing the diag- 
rams of total deformation of rock samples 
[1, 21]. It is known that in saline rocks, the 
strain modulus value nonlinearly decreas-
es with increasing load on the sample [22]. 
In the sylvinite model, this dependence of 
deformation properties is obtained from 
the results of laboratory tests described 
in [23] (Fig. 2, a) and is tabulated. On the 
diagram of complete deformation, the fol-

1 — WPS rocks, 2 — inter-chamber pillar, 3 — rocks of productive strata

Fig. 1. Calculation scheme: section along the panel section (a); modeled area (b)
Рис. 1. Расчетная схема: разрез по участку панели (а); моделируемая область (б)
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lowing sections can be distinguished: I — 
linear section of elastic behavior of the 
rock under loading; II — section of inelas-
tic behavior of the rock, accumulation of 
plastic deformations and plastic hardening 
of the sample; III — prohibitive branch — 
process of destruction of the sample with 
stress decay; segment AB — section corre-
sponding to unloading of the rock sample 
to determine the value of elastic deforma-
tions. The angle of slope of the segment 
AB determines the modulus of elasticity 
of the rock. The final ef and initial ein rela-
tive longitudinal strains for a given range 
of loading during unloading (s1f  — s1in) 
determine the value of elastic strains. The 
plastic hardening diagram (Fig. 2, b) is ob-
tained by subtracting the elastic strain val-
ue from the total strain diagram. At stress-
es higher than sc, the rock sample fails.

Since in the presented work only inter-
chamber pillars and their anchoring are 
considered in detail, to model the mechan-
ical behavior of the host rocks, it is ac-
ceptable to use the geomechanical model 
of a linearly deformed body eliminating 
unnecessary complication of the model [3, 
24, 25]. To describe the behavior of salt 
rocks, we used the Drucker-Prager model, 
where the rate of relative creep deforma-
tion depends on the equivalent creep stress 

according to (1). The model is based on 
the notion that isosurfaces of creep stress 
points exist which have the same «inten-
sity» of creep as measured by the equiva-
lent creep stress (scr). The model combines 
visco-elastic-plastic deformations of the 
material; a schematic representation of the 
rheological model is shown in Fig.  3,  a. 
The material is plasticized over an equiva-
lent creep surface, which coincides with 
the yield surface [20, 26, 27]. Selection of 
model parameters was based on the results 
of instrumental observations made at un-
derground observation stations located in 
workings along the AB formation in the 
tenth western panel at the SKRU-1 mine. 
In the course of measurements, which las- 
ted more than five years, horizontal dis-
placements of contour benchmarks in the 
opposite walls of the chambers — on the 
surfaces of interchamber pillars were de-
termined. Fig.  3 shows a graph of hori-
zontal displacements of the pillar surface 
in the presented rheological model and 
results of instrumental observations aver-
aged over the panel [23].

� � �cr cr
n

cr

m mA m� � � �� ��� ��� � �1
1

1 ,	 (1)

where ecr  — the rate of relative creep de-
formation; scr  — equivalent creep stress; 

Fig. 2. Analysis of the deformation diagrams of sylvinite samples: diagram of the total deformation of the 
rock (a); diagram of the plastic hardening of the rock (b)
Рис. 2. Анализ диаграммы деформирования образцов сильвинита: диаграмма полного деформирования 
породы (а); диаграмма пластического упрочнения породы (б)
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ecr — creep deformation value; A, m, n — 
material creep parameters set as functions 
of temperature and stress state.

From Fig. 3, b show that the simula-
tion results showed good qualitative cor-
respondence between the calculated and 
measured displacements of the contour 
benchmarks. It can be concluded that the 
parameters of the salt rock model correctly 
reflect the rheological character of defor-
mation of inter-chamber pillars under the 
conditions in question [20, 28]. The instan-
taneous strength and strain properties of 
salt rocks in the massif are determined by 
the results of laboratory tests, since there is 
no scale effect. The rheological properties 
of salt rocks directly depend on the dura-
tion of the load, and the results of modeling 
such properties depend on the geometric 
dimensions of the model [29]. A such ap-

proach to the prediction of the stress-strain 
state of rocks prone to the manifestation 
of rheological properties is widely used in 
practice [1, 15, 16, 23]. The values of the 
physical and mechanical properties of gan- 
gue in the model are taken as average for 
the deposit [1, 3]. Physical and mechanical 
properties of rocks are presented in Table 1.

Supple wire rope support (RF patent 
No. 2788185) is installed on inter-cham-
ber pillars in order to increase their carry-
ing capacity by creating resistance to the 
cross deformation of pillars. The support 
arises due to the tension of ropes, the ends 
of which are put through the drilled holes. 
The rope is fixed that there is a node of 
suppression on the surface of the pillar in 
the excavation, and the tension of the rope 
is transmitted to reinforcing rods installed 
horizontally on opposite sides on the sur- 

eel, epl, ecr – elastic, plastic and viscous deformations, respectively; C – contour reference point

Fig.  3. Verification of the rheological model of sylvinite: schematic representation of the Drucker-Prager 
rheological model (a); horizontal displacements of the side surface of the target (b); layout of reference points 
of the measuring station (c) 
Рис.  3. Верификация реологической модели сильвинита: схематическое представление реологической 
модели Друкера-Прагера (а); горизонтальные смещения боковой поверхности целика (б); схема располо-
жения реперов замерной станции (в)

Table 1
Physical and mechanical properties of rocks
Физико-механические свойства пород

Name Density,  
kg/m3

Elastic 
modulus, MPa

Poisson's 
ratio

Angle of internal 
friction, °

Creep constants
A n m

Sylvinite 2500 200 0,35 40 1.9·10–10 1 –0,59
Gangue 2500 400 0,32 51 —
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face of the pillar. The described construc-
tion works as a «coupler» with the pos-
sibility to determine the response of the 
fastener in the suppression mode and the 
magnitude of the suppression, as well as 
the bearing capacity. Pre-tensioning of 
the rope is created in the process of fas-
tening the underflexion knot, it provides 
compression of all fastener elements and 
momentary inclusion of it in the work. The 
response of the fastener in the underrun 
mode depends on the adjustment of the un-
derrun knot. The value of the compliance 
is equal to the length of the clamped rope 
loop in the compliance node. The carrying 
capacity of a roof support is limited by the 
carrying capacity of the rope. Fig. 4 shows 
the design of inter-chamber pillar anchor-
age tier.

The anchorage works in the follow-
ing way. Loaded interchamber pillars are 
deformed over time, expanding [30—32], 
which leads to an increase in rope tension. 
When a given force is reached, the fasten-
ing compression is realized by slippage of 
the rope in the compression node. As the 
suppleness is exhausted, the rate of growth 
of transverse deformations and stresses in 
the pillar is damped. When the compli-
ance is exhausted, the load is fully trans-
ferred to the ropes — the shoring works 
rigidly: as the rope tension increases, the 
shoring back pressure increases. When the 
load on the shoring exceeds it’s carrying 
capacity, the ropes plastically deform and 
rupture, which is accompanied by the dis-
appearance of the support of the shoring. 
A typical graph of stress change in the rope 
and a schematic representation of the cor-
responding deformation of the anchored 
pillar are shown in Fig. 5. The section of 
change in the rate of stress increase in the 
rope shows the occurrence of plastic de-
formations. The duration of underlay op-
eration is determined by the magnitude of 
underlay and the rate of deformation of 
the pillar at the corresponding pillar back-

ing [15, 16, 33]. The strength of the steel 
rope, which depends on its cross-section 
and steel properties [34, 35], has the great-
est influence on the duration of the hard 
mode of fastener operation and limits the 
maximum value of the fastener reaction in 
the underrunning mode. The choice of the 
maximum diameter of the rope is limited 
by the design features of the fastener: the 
passage of both ends of the rope through 
the well, and the wrapping of the rope loop 
around the reinforcing bar.

For a comparative analysis of the fas-
tening work with different rope diameters 
and values of fastening reactions in a com-
pliant mode of operation four versions of 
ropes with a diameter of 5.6, 12, 16.5 and 
22.5  mm according to GOST 2688-80  
and three values of fastening reactions in 
a compliant mode of operation 40, 60 and 
80 kN for a rope diameter of 12 mm and 
five — 40, 60, 80, 120 and 160 kN for a 
rope diameter of 16.5 mm are considered in 
this work. The values of the rope reactions 
for the 5.6 and 22.5  mm ropes will cor-
respond to their breaking tension, namely 
19.3 and 303.5 kN. These variants are giv-
en for analysis of obtained results and for 

1 – pillar; 2 – target; 3 – steel rope;  
4 – reinforcement mesh; 5 – support slab;  

6 – load-bearing support slab;  
7 – reinforcement bar; 8 – suppression node

Fig. 4. Design of the anchoring tier
Рис. 4. Конструкция яруса крепления
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revealing of regularities in development 
of the deflected stress of anchored inter-
chamber pillars. Characteristics of support 
elements accepted for the calculation: wire 
rope is made of steel grade 50 with yield 
point 330 MPa; reinforcement mesh, made 
of steel grade A500 with diameter of lon-
gitudinal and transverse reinforcement of 
16 mm and a step of 200 mm; reinforcing 
bar with diameter 80  mm, made of steel 
grade A500.

Results discussion
Based on the results of forecasting the 

deformations of unanchored inter-chamber 
pillars, the displacement value of their lat-
eral surface equals 123 mm over 150 years 
(Fig. 6). The value of rock contour displace-
ment for the pillars during the period of 
supple mode is assumed to be equal to half 
of the value of displacement of loose pillar 
62 mm. Duration of rigid mode of support 
operation is determined from calculations.

Fig. 5. Characteristic graph of the change in axial stresses in a steel wire rope: pre-tensioning (a); fastener 
reaction in the suppressed mode of operation (b); breaking force of the rope (c)
Рис. 5. Характерный график изменения осевых напряжений в стальном канате: предварительное натяже-
ние (а);  реакция крепи в податливом режиме работы (б); разрывное усилие каната (в)

Table 2
Duration of fastener operation
Продолжительность работы крепи

Rope  
diameter, mm

Fastening 
reaction, kN

Fastener operating time, years Remaining 
time, yearsin compliant mode in hard mode total

5.6 19.3 28.3 40.7 69 81
12 40 28.8 48.5 77.3 72.7
12 60 29.6 49.7 79.3 70.7
12 80 30.4 50.5 81.0 69.0

16.5 40 28.8 58.4 87.1 62.9
16.5 60 29.6 59.6 89.2 60.8
16.5 80 30.4 60.8 91.2 58.8
16.5 120 31.6 63.3 94.9 55.1
16.5 160 33.3 65.7 99 51
22.5 303.5 39.0 104.0 143.0 7.0
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Table 2 shows duration of fastener ope- 
ration and remaining forecasting time for 
each variant under consideration. Fig. 6 
shows graphs of changes in horizontal dis- 
placements of the side surface of the pil-
lars from time. The relative increase in the 
rate of pillar deformation after failure of a 
compliant support is clearly visible (Fig. 6) 
in the case with the greatest response of 
the support in the compliant mode of ope- 

ration, which is explained by the least de-
formations of the pillar during the previ-
ous stages of the forecast.

Fig. 7 shows calculated horizontal dis-
placements of pillar surface at given time 
intervals, corresponding to the maximum 
permissible values of support reactions in 
the suppressed mode of operation. They lie 
on exponential approximating curves (2), 
connecting which forms the surface (Fig. 8).

Fig. 6. Calculated horizontal displacements of the side surface of the pillar
Рис. 6. Расчетные горизонтальные смещений боковой поверхности целика

Fig. 7. Resulting values of side surface of the pillar horizontal displacements
Рис. 7. Результирующие величины горизонтальных смещений боковой поверхности целика
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u A t e C t F� � � �( ) ( ) ,	 (2)

where u — horizontal displacements of the 
side surface of the pillar at the end of the 
forecast period, mm; F  — limit reaction 
of the fastener for the used rope, kN; A(t), 
C(t) — coefficients reflecting the forecast 
time.

Coefficients A(t) и C(t) are reliably ap-
proximated by a third-degree polynomial 
(3), (4).
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Substituting equations (3) and (4) into 

(2), we obtain a surface equation charac-
terizing the dependence of horizontal dis-
placements of the anchored pillar lateral 
surface on time and fastener reaction in 
the compliant mode of operation (Fig. 8)

Increasing the fastener's reaction in the 
compliant mode leads to an increase in the 
duration of the compliant and hard mode 
of the fastener and, accordingly, to an in-

crease in the service life of the fastener. The 
choice of a larger rope cross-section leads 
to an increase in the duration of the rigid 
mode of the fastener. This is explained by 
the condition of the hard mode of support 
operation. A wire rope with a larger cross-
section can bear heavier loads, which in-
creases both the back pressure and the du-
ration of the work of the roof support. The 
support to the cross-sectional deformation 
of pillars, created at the initial stage of the 
service life of the pillar, affects the growth 
rate of cross-sectional deformations and 
stresses in the pillar both during the cur-
rent stage and during the subsequent stag-
es. Consequently, the most effective way 
to increase load-carrying capacity of the 
pillar would be to choose a larger cross-
section rope and create maximum permis-
sible value of pillar reaction in the compli-
ant mode of operation.

Fig.  9 shows graphs showing the de-
pendence of specific horizontal displace-
ments of the rock contour of the pillar, the 
duration of compliant and hard mode of 
support operation on the diameter of the 
rope used. Specific horizontal displacement 

Fig. 8. Surface of horizontal displacements of the lateral surface of the lined pillar: the color indicates the 
displacement value
Рис. 8. Поверхность горизонтальных смещений боковой поверхности закрепленного целика: цветом обоз- 
начена величина смещения
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of the rock contour of the pillar is the ratio 
of the displacement value to the diameter 
of the rope. The graph shows approximat-
ing exponential equations of dependence, 
they have a good enough convergence with 
the predicted data. The reduction of spe-
cific horizontal displacement of the rock 
contour of the pillar when selecting a lar- 
ger cross-section rope indicates a more ef-
ficient operation of the roof support, but 
in practice the value of the maximum di-
ameter of the rope is limited by the design 
features of the anchorage.

Conclusion
In this work a method of compliant an-

choring of inter-chamber pillars in rocks 
prone to the display of rheological pro- 
perties, as well as a method of predicting 
deformations of anchored pillars are pro-
posed. The study considered one tier of 
pillar fixing, this method allows using sev-
eral such tiers distributed along the height 
of the pillar. A  comparative analysis of 
wire rope fastening operation at different 
fastener reactions in the compliant mode 
and rope diameters is provided. 

The dependences of changes in the hor-
izontal displacement of the rock contour 

on the fastening reaction in the compliant 
mode of operation and time are revealed. 
The parameters of the surface equation 
and its graphic representation have been 
obtained. The exponential character of de-
pendences of the duration of underlay and 
hard mode of the roof support operation 
on the diameter of the rope used has been 
established. The analysis of the stress-
strain state of the fastened massif showed 
an increase in the fastening efficiency at 
larger rope diameters — a power depen- 
dence.

Forecasting of stress-strain state of an-
chored pillars showed the positive effect 
of compliant anchorage on the increase of 
bearing capacity of pillar both during its 
operation and after its destruction. The de-
scribed results indicate that the presented 
method of inter-chamber pillar fixing in 
salt formations may be used as measures 
to ensure the integrity of water-protective 
formation and to reduce losses of mineral 
resources in the chamber system of devel-
opment. The method of predicting the in-
tegrity of water-protective strata using the 
described method of compliant fixing of 
inter-compartmental pillars is a promising 
area for research development.

Fig. 9. Changes in the stress-strain state of the lined pillar depending on the diameter of the rope used
Рис. 9. Изменение НДС закрепленного массива в зависимости от диаметра используемого каната
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