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Introduction

An increase in support pressure and subse-
quent damage of the support and instability of sur-
rounding rock mass develop under mining-induced 
deformation of wall rocks. Drivage and, especially, 
shafting cause relaxation of enclosing rocks, which 
is accompanied by displacement of wall rocks to-
ward the axis of a mine opening (convergence) [1, 
2]. The zone of deformation of enclosing rocks in the 
course of making a vertical shaft (as in the present 
experimental investigation) begins ahead of the 
shaft bottom and embraces the bottom area of the 
shaft [3, 4]. The shaft bottom restrains full-degree 
displacement of wall rocks in the near-bottom zone 
[5, 6]. The shafting process induces displacement of 
rocks in the shaft walls towards the shaft axis, U. De-
formation of shaft wall rocks gradually grows as the 
shaft is advanced. 

Main part

Displacement of elastic surrounding rock 
mass in the course of advance of a shaft bottom 
is accounted for by an introduced corrective and 
reductive factor �*, which is a quantity of unreal-
ized deformation as the shaft is advanced [7, 8]: 

U = U�(1 – �*), (1)

where �* is given by: 

�* = A·exp(�·L/R). (2)

The overall displacement U� is realized in the wall rocks 
at a distance of 3 shaft radii from the shaft bottom (Fig. 1) 
[6]. 

Convergence of wall rock walls in a working face area in 
the course of the face advance was studied by such re-
searchers as M. Baudendistel, B. Amusin, N. Bulychev, 
A. Zubkov, A. Balek. 

Using the finite element method, Baudendistel obtained 
a load factor �* [7]:

�* = 0.64exp(–1.75L/R). (3)

In mining high-grade quartz veins, it is strictly required to produce pure 
quartz concentrate and to reduce loss and dilution of the useful mineral compo-
nent. Compliance with the requirements, in accordance with the specifics of 
quartz production, is in many ways dependent on stability of mine openings. It 
is known that mine support pressure mainly grows due to displacement of wall 
rocks toward the axis of a mine opening (convergence) in the course of the work-
ing face advance. The results of numerous studies into the mechanism of this 
process in an elastic rock mass allow optimizing stability of mine openings. On 
the other hand, the mentioned process in a post-limiting stress state rock mass 
yet remains to be studied. This article describes findings of investigation of sup-
port pressure in the working face area in the post-limiting state rock mass. The 
investigations involved in situ measurements of rock deformation in the face ar-
eas with the spacings conformable with the cross-section dimension of an open-
ing in terms of drivage a mine shaft using a combination technology in a hard 
rock mass in the post-limiting stress state. Based on the accomplished measure-
ments and using FSP-1 Trends program to construct nonlinear regression equa-
tions and function–factor trends, the mathematical model describes the change 
in the absolute deformation of wall rocks in the course of the working face ad-
vance. The mathematical model produces an exponential dependence of the con-
vergence factor �* and the ratio between the distance to the face, L, and the ra-
dius of the mine opening, R. The values of the factor �* determined in the post-
limiting stress rock mass differ significantly from the same factor values ob-
tained earlier for the elastically deforming rocks. The comparative analysis of 
the changes in �* in the host rock mass of Kyshtym quartz deposit subject to 
elastic deformation and in the rock mass in the post-limiting stress state shows 
significant difference between the two processes, which is to be accounted for 
when selecting support design and installation procedure. 
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Fig. 1. Displacement  

of shaft wall rocks  

at the bottom when  

А = 1: L — distance 

between the observation 

point and the shaft bottom; 

R — approximate radius of 

the shaft; U — deformation 

of the shaft wall rocks,  

U� — overall deformation  

of the shaft wall rocks 
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Amusin, based on the processed data of in situ monitoring 
of rock mass displacements in underground excavations, offered 
another empirical formula to calculate the discussed factor [7]:

�* = exp(–1.3L/R).  (4)

Bulychev also greatly contributed to the research into 
the influence exerted by drivage on stress state of surround-
ing rock mass and derived an exponential dependence 
based on the correlation analysis by Baudendistel [7]: 

�* = 0.6exp(–1.38L/R). (5)

Zubkov undertook comprehensive studies into the influ-
ence of the working face advance on the stress state of enclos-
ing rock mass using 3D simulation on foamed plastic material 
[9]. As a result, deformation of wall rocks around a circular 
cross-section excavation during working face advance was de-
termined (Fig. 2). The trend lines of tension (upper line) and 
compression (lower line) flatten at L/R = 2, i.e. the influence 
zone of an excavation is equal to two radii of the excavation. 

The Institute of Mining, UB RAS, accomplished the re-
search into convergence and stress state of rock mass and 
pressure exerted on shaft lining under conditions of elastic 
deformation of rocks in the course of mine shafting at Don 
Mining and Processing Plant. As a result, the exponential de-
pendence given below was obtained [5]: 

�* = 0,55exp(–1,75L/R).   (6)

The research and cal-
culation of �* were carried 
out on an elastic model of in-
tact rock mass subject to 
gravitational and tectonic 
stresses not higher than ulti-
mate strength of rocks. Such 
ground conditions are com-
mon in the territory of the 
Urals. In particular, at the 
quartz deposit developed by 
Kyshtym Mining and Pro-
cessing Plant, the jointed en-
closing rock mass deforms 
as in elastic uniform model. 
This is conditioned by good 
cohesion of rocks compos-
ing surface of joints and by 
comparatively low tectonic 
stresses, round 2–4 MPa. 

Rocks in post-limiting 
stress state, when tectonic 
stresses exceed ultimate 
strength of rocks, deform dif-
ferently. Rock mass disinte-
grates and rock blocks mutu-
ally displace and slide along 
their interfaces. The destruc-
ture and the post-limiting 
stress state change the regu-
lar pattern of convergence 
and induce related alteration 
of the factor �* [10]. 

In the Cage Shaft in Tsentralnaya Mine, Don Mining and 
Processing Plant, convergence of wall rocks was investigat-
ed in serpentinite rock mass. At the depth of 500 m below 
ground surface, the rocks experienced post-limiting stress 
state. Under the post-limit stress, higher rate displacement 
of rock blocks took place, which led to step-by-step defor-
mation [11, 12]. 

Deformation of the wall rocks was measured at the 
depth of 800–830 m, in tubbing rings nos. 348, 350, 354, 
357, 360, 363 and 365 in the Cage Shaft being driven using 
a combination technology. The measurements were taken at 
large spacings of plugs installed in enclosing rock mass 
through backfill holes 1 m long in the tubbing rings. The 
spacing of these plugs was measured in four directions be-
tween tubbings nos. 1–9, 3–11, 5–13 and 7–15, along diam-
eters arranged at 45°, as the shaft bottom was advanced 
from the installation points of the plugs (Fig. 3) [13]. 

The results of the in situ tests are depicted in Fig. 4. 
Each point stands for the measurement of rock mass defor-
mation at different distances between the measurement plug 
and the shaft bottom. 

Using the test results and FSP-1 Trends program to 
construct nonlinear regression equations of functions and 
factors [14], the relation presented below has been pro-
duced (at the coefficient of determination R2 = 0,80): 

U = 24(1 – exp(–0.48L/R)). (7)

Fig. 2. Radial deformation of sidewalls in a circular 

underground excavation (according to A. Zubkov) 

Fig. 3. Layout of measurement 

plugs in the Cage Shaft 

Fig. 4. The plot of the displacements U in the shaft wall rocks versus the ratio between  

the distance to the shaft bottom, L, and the approximate shaft radius R 
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The plot illustrates the change in the deformation U as 
the distance to the shaft bottom grows. An increase in U is 
gradual, 70% of deformation realizes when the distance to 
the shaft bottom is equal to two radii of the shaft. The plot 
flattens at U�=24 mm, which implies full realization of defor-
mation when the distance to the shaft bottom makes 7–8 ap-
proximate radii of the shaft. 

From the mathematical model of deformation (7), the 
exponential relation between the factor �* and the ratio be-
tween the distance to the shaft bottom and the approximate 
shaft radius is given by: 

�* = exp(–0,48L/R).  (8)

Values of the factor �* obtained in rocks in the post-limit-
ing stress state considerably differ from this factor evaluated 
earlier for the elastically deforming rock mass. Fig. 5 illustrates 
the comparison of the earlier and present test results. It is seen 
in the figure that the wellbore bottom zone in case discussed in 
this article is 2–2,5 times larger than in rocks under elastic de-
formation and makes 7–8 approximate radii of the wellbore. 

Conclusion

Thus, the values of the factor �*, that defines rock pres-
sure and stability in an underground excavation, and the be-
havior of this factor are different in the elastic and posit-lim-
iting state rocks, so, it is impossible to use the same value of 
�* for all types of rock masses. 

In order to maintain stability of excavations in mining 
high-grade quartz veins, it is required to select a support de-
sign and installation procedure in accordance with the ad-
vance of a work face based on the regularities of variation in 
the factor �* in compliance with the elastic or post-limiting 
stress state of rock mass. 

References 
1. Bolikov V. E., Kharisov T. F., Ozornin I. L. Napryazhenno-de-

formirovannoe sostoyanie betonnoy krepi pri stroitelstve ver-
tikalnykh stvolov (Stress-strain state of concrete support dur-
ing the construction of vertical shafts). Gornyy informatsi-
onno-analiticheskiy byulleten = Mining Informational and Ana-
lytical Bulletin. 2011.  No. S11. pp. 77–86.

2. Atsushi Sainoki, Hani S. Mitri. Dynamic behavior of mining-in-
duced fault slip. International Journal of Rock Mechanics & 
Mining Sciences. 2014. Vol. 66. pp. 19–29.

3. W. Ashley Griffith, James Becker, Krysta Cione, Tim Miller, Er-
nian Pan. 3D topographic stress perturbations and implica-
tions for ground control in underground coal mines. Interna-
tional Journal of Rock Mechanics & Mining Sciences. 2014. 
Vol. 70. pp. 59–68.

4. Ruud Weijermars. Mapping stress trajectories and width of 
the stress-perturbation zone near a cylindrical wellbore. Inter-
national Journal of Rock Mechanics & Mining Sciences. 2013. 
Vol. 64. pp. 148–159.

5. Bolikov V. E., Balek A. E. Issledovaniya povedeniya neustoy-
chivykh napryazhennykh gornykh massivov pri stroitelstve 
shakhtnykh stvolov (Investigations of behaviour of unstable 
strain rock massifs during the shaft construction). Gornyy 
vestnik = Mining bulletin. 1995. No. 4. pp. 45–48.

6. Sashurin A. D. Formirovanie napryazhenno-deformirovanno-
go sostoyaniya ierarkhicheski blochnogo massiva gornykh 
porod (Forming stressed-deformed state of hierarchically 
unitized rock mass). Problemy nedropolzovaniya = Soil use 
problems. 2015. No. 1 (4). pp. 38–44.

7. Bulychev N. S. Mekhanika podzemnykh sooruzheniy (Mechan-
ics of underground facilities). Moscow : Nedra, 1994. 382 p.

8. Pleshko M. S., Maslennikov S. A. O probleme issledovaniya 
raboty krepi vertikalnykh stvolov v prizaboynoy zone (About 
the problem of investigation of the effect of vertical shaft sup-
port in the critical area of formation). Gornyy informatsionno-
analiticheskiy byulleten = Mining Informational and Analytical 
Bulletin. 2009. No. 9. pp. 303–305.

9. Zubkov A. V., Afonin I. V., Vlokh N. P. et al. Razrabotka 
metodov i apparatury dlya otsenki napryazhennogo sostoya-
niya porod v netronutom massive (Development of methods 
and units for the assessment of stress state of rocks in tight 
rock). Sverdlovsk : Institute of Mining, 1979.

10. Bolikov V. E., Balek A. E., Til V. V., Zaytsev Yu. G. Geome-
khanicheskie problemy pri prokhodke i kreplenii kapitalnykh 
gornykh vyrabotok na shakhte «Tsentralnaya» (Geomechani-
cal problems during the driving and support of permanent 
workings on “Tsentralnaya” mine). Gornyi Zhurnal = Mining 
Journal. 1998. No. 6. pp. 15–17.

11. Sashurin A. D., Balek A. E., Dalatkazin T. Sh., Melnik V. V., Za-
myatin A. L., Konovalova Yu. P., Usanov S. V. Destruktsiya 
zemnoy kory i protsessy samoorganizatsii v oblastyakh silno-
go tekhnogennogo vozdeystviya (Destruction of Earth’s crust 
and processes of self-organization in the areas of strong tech-
nogenic impact). Novosibirsk, 2012. pp. 119–178.

12. Isik Yilmaz, Ozge Yucel. Use of the core strangle test for deter-
mining strength anisotropy of rocks. International Journal of 
Rock Mechanics & Mining Sciences. 2013. Vol. 66. pp. 57–63.

13. Kharisov T. F., Ozornin I. L. Formirovanie napryazheniy v krepi 
pri stroitelstve vertikalnykh stvolov v tektonicheski napry-
azhennom gornom massive (Formation of stress in attach-
ment in construction of vertical shaft in the tectonic stress of 
mountain range). Izvestiya vysshikh uchebnykh zavedeniy. 
Gornyy zhurnal = News of the Higher Institutions. Mining Jour-
nal. 2013. No. 6. pp. 60–67.

14. Antonov V. A., Yakovlev M. V. O programme dlya EVM «Trendy 
FSP-1» i ee primenenii v informatsionnykh sistemakh gornykh 
predpriyatiy (About the computer program “Trends FSP-1” 
and its application in information systems of mining enterpris-
es). Informatsionnye tekhnologii v gornom dele : sbornik 
dokladov Vserossiyskoy nauchnoy konferentsii s mezhdun-
arodnym uchastiem (Information technologies in mining : col-
lection of reports of All-Russian scientific conference with in-
ternational participation). Ekaterinburg, 2012. pp. 26–34. EM

Fig. 5. Relationship between х = �* and the ratio of 

lining-and-shaft bottom spacing to the approximate ra-

dius of the shaft, y = L/R: 1 — by Institute of Mining UB 

RAS; 2 — by Baudendistel; 3 — by Bulychev; 4 — by 

Amusin; 5 — Post-limiting state rock mass




