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This paper presents the authors' computational methods based on Knothe's theory. The methods enable the
estimation of the reduction coefficient for effects which originate from mining operations performed via the
application of a longitudinal structure which is sunk in to the ground. It could be, for example, a partition, which
as a structural gap fulfils the function of an expansion grout, or via breaking the subsoil continuity (e.g. because
of creating a peat-filled ditch or using a natural gap). Demonstrative calculations have been carried out in a few
cases, i.a. to protect a structure situated in the vicinity of a planned tunnel. Additionally, some examples of the

discontinuity zone which impact the obtained deformation values have been presented. The calculation method
has been tested in case studies. The results of the calculations clearly show the positive influence of the applied
geotechnical solutions on the minimisation of mining damage.

1. Introduction

This manuscript deals with the problem of underground mining's
influence on building structures. The strains in subsidence trough can
cause damages to buildings and technical infrastructure (Dai et al.,
2010; Florkowska, 2012; Grygierek & Kalisz, 2018; Hegemann, 2018;
Hejmanowski & Malinowska, 2016; Jakubowski, Stypulkowski, &
Bernardeau, 2017; Karmis, Agioutantis, & Jarosz, 1990; Kowalski &
Jedrzejec, 2015; Malinowska, 2017; Peng, 1992; Preusse, Miiller, &
Beckers, 2018; Rusek, 2017).

Each interference within the rock mass in the form of mining op-
erations leads to changes in its original stress and strain state. This
applies also to tunnelling work by means of mining methods, which
results in movements of rock and soil, both inside the rock mass and on
the ground surface (Migliazzaa, Chiorbolib, & Giania, 2009; Schmidt,
1974; Strokova, 2009). Such movements can frequently result in great,
and sometimes disastrous, damage to the building infrastructure (Deck
& Singh, 2012; Gayarre, Alvarez-Fernandez, Gonzélez-Nicieza, Alvarez-
Vigil, & Herrera Garciad, 2010; Kwiatek, 2010; Rusek & Firek, 2016).
Mining operations are prone to experiencing indirect costs during the
execution of works. Damage caused is a direct part of the compensa-
tions that mining operators have to provide to third parties, i.e. due to
damage in building infrastructure (compensation for the affected
communities).

* Corresponding author.

This paper proposes some technical solutions like “a longitudinal
structure sunk in the ground, e.g. concrete or steel made of thin-wall
sections”, which can prevent damage to the structure of buildings. This
paper presents a method of calculating the reduction of strains in the
objects protected by those technical prevention solutions.

2. Material and methods

A significant increase in the construction of underground transport
workings is a noticeable part of the current development of urban in-
frastructure (Ilin, Kalinina, Iliashenko, & Levina, 2016; Li & Yeh, 2000;
Yigitcanlar & Teriman, 2015). It is anticipated that this trend will
continue to increase, both due to the limited land resources on the
ground as well as due to the increasing traffic volume.

With such a growing issue, actions aimed at the minimisation of
underground mining operations’ impact on the surrounding environ-
ment is essential and justifiable. Operations aimed at finding technical
solutions, which would enable the effective protection of civil struc-
tures against the effects of underground mining have been carried out
for many years (Dai, Yang, & Zhao, 1997; Guo, Zhu, Zha, & Wang,
2014; Huang, Zhang, Xu, & Dai, 1996; Luo & Peng, 1991; Zhang et al.,
2016). To reduce the impact of construction of, for example, a tunnel on
the surface, it seems rational to build a longitudinal structure sunk in to
the ground, e.g. concrete or steel made of thin-wall sections. Building
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Fig. 1. Rock mass subsidence in the case of mining on the upper (1) and lower
(2) level of the gap.

such a structure, referred to as a double partition and named a Tren-
nfuge (structural gap), at some distance from the boundary of mining
operations, leads to smaller values of ground subsidence and de-
formation beyond the partition being obtained as compared to the size
of deformations which would occur if such a partition had not been
constructed. This structure may protect surface facilities from mining
damage (mainly horizontal deformations). Budryk (1954) and Knothe
(1954), in fact, suggested such protections during the planning of the
metro construction in Warsaw in the 1960s.

2.1. Analytical calculations for mining operations

This article presents a proprietary method to calculate the reduction
of deformations in the situation of building a separating partition in an
area where mining is being carried out (Sroka, Tajdus, Misa,
Hejmanowski, & Florkowska, 2012). An application of an existing
method is presented and described. In the case study analysis the shape
of mining operations corresponded with the so-called infinite half
plane. For the situation presented schematically in Fig. 1, the mean
value of reduction coefficient p,, for the deformation coefficients of
land situated beyond the gap (also a natural fissure in the form of an
active fault zone) as against the normal course, i.e. without the parti-
tion or gap, may be determined according to formula (1) (Sroka et al.,
2012).

Py (x5, H — hy)

1 m(xm H, hsc) =
? Py(x;, H) @

where:

U.m — coefficient of carried out mining impact reduction,

H - depth of mining,

hs. — depth of gap,

X — gap situation against the working boundary,

P, (x5,H-hs)) — cross-section area of a subsidence trough situated
beyond the gap on the level of its bottom horizon,

P; (x5,H) - cross-section area of a subsidence trough situated beyond
point x; at ground surface level, not considering the gap influence.

The cross-section area of a subsidence trough situated beyond the
gap may be calculated according to a general formula:

P(x,2) = [wix 2) dx
x5 2

where:
w(x, ) — course of function describing the subsidence trough profile.

For the gap situated above for the working boundary, i.e. for x; = 0,
assuming that the subsidence trough profile is described according to
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Knothe's theory, we obtain:

agr(z)

Brax =0, =
Ce=00= ®

where:

a - subsidence coefficient,

g — seam thickness,

r(z) — radius of the main influences on any level (2) in the rock mass
(for the surface horizon r(z) = r should be assumed).

The value of the main influence's radius is determined according to
the following general formulae:

— for z = H (ground surface):

r=H cotf3 4

— for any position in the rock mass:

— £ ¥ — 1-n-n
r(z)—r(H) = H'""z" cot f ©)

where:

B - angle of main influences according to the Knothe definition
(1954),

n — coefficient of boundary influence surface, affecting the sub-
sidence trough shape, whose value is within the range of
0.45 < n < 0.70 (Table 1), (Sroka, Knothe, Tajdus, & Misa, 2015).

The formula describing the cross-section area of the subsidence
trough can be, assuming that subsidence is described by Knothe's
theory, calculated from the formula:

P(x;, z)=me<z)¢( % )

r(z) ©

Values of function ¢ calculated numerically for % every 0.05 are

presented in Fig. 2 and in Table 2.
Moving to the reduction coefficient and substituting (3) to (6), and
then substituting the obtained equation to formula (1), we obtain:

agr(z)¢(£) ¢(£)
Hom (XS, H, hsc) = e (xs’ H - hSC) = il r© = r(Z) '@

Py(x,, H) s g (ﬁ) r ¢(ﬁ)

2 r r

<1

)
s or@ _ [z _ (H=hse\" _ _ hse\? .

Values of ratio == = (H) = (—H ) = (1 H) , and of ratio
Xs

()

(%)

Table 1

Value of coefficient n depending on various hypotheses.

are less than 1.0.

Author Year Value

Budryk 1953 n = 7 tan B
Mohr* 1958 n = 0.65
Krzysztofi 1965 n=1.0
Drzezla® 1972 n = 0.525
Sroka, Bartosik-Sroka 1974 n=0.50
Drzezla 1975 n = 0.665
Gromysz" 1977 n=0.61
Drzezla® 1979 047 <n <049
Kowalski® 1984 0.48 < n <0.66
Drzezla® 1989 0.45<n<0.70
Preusse” 1990 n = 0.54

@ Papers provide values of coefficient n determined based on in situ mea-
surement results.
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1 ‘\ and varying gap width. In the case of installing (performing) geo-
0.9 technical protection in the form of a “gap” (partition), the distribution
08 \ of subsidence behind the partition is described by:
07 \\ S IS S S— Wi (x > x5) = WX > Xy, (X5, se) 8)
~06 where:
fos L1 N
& 04 ] ws (x > x;) — subsidence behind the partition,
< w(x > x;) — subsidence without the partition,
b U.m — coefficient of impact reduction depending on the partition's
02 \ position in relation to the tunnel axis and to the partition depth,
041 o X; — coordinate of the partition's position in relation to the tunnel
B NNN&Q._‘L ~ — axis,
0 01 02 03 04 05 06 07 08 09 1 hsc - depth of partition driving.
x/r(z)
. . The reduction coefficient y,,, is defined by means of a general for-
Fig. 2. Calculated values of function ¢ for x/r(z).
mula (1).
Assuming that the ground surface subsidence is described by (9)
Table 2 (Horich & Sroka, 2004):

Table of function ¢(sz))

X2
w(x) = wy exp(—ﬂ—z)
r

x/r(z) @(x/r(2)) x/r(z) @ (x/1(2)) x/r(z) @ (x/r(2)) 9
0.00 1.0000 0.35 0.2629 0.70 0.0403 where: wy = %,
0.05 0.8510 0.40 0.2083 0.75 0.0294
0.10 07174 0.45 0.1632 0.80 0.0211 wy — subsidence above the tunnel's vertical axis,
0.15 0.5991 0.50 0.1263 0.85 0.0150 £ th K D in th ¢
0.20 0.4953 0.55 0.0967 0.90 0.0105 4F ~ convergence o the working (tur.me ) in t e sense of cross-sec-
0.25 0.4053 0.60 0.0731 0.95 0.0073 tion reduction, AF = AxF, where Ak is a relative convergence coef-
0.30 0.3282 0.65 0.0546 1.00 0.0050 ficient; according to Peck (1969) its value ranges from around 1% to
a maximum of 3%,
Both values show the influence of the gap depth and the influence of we obtain:
its position in relation to the working boundary on the average value of . -
. . . . . o . AF x2
reduction coefficients of deformation coefficients for the land situated P(x,) = f wix) d = 28 f exp (_ ”7) dx
beyond the gap. r r 10
X5 x5 (10

and finally:
2.2. Methods of the protection of civil structures ®
P(x,) = AFf exp(—7n€?) d¢ = AFY(E)

As shown by in-situ observations, the application of a tight partition Py r an
or breaking the subsoil continuity (e.g. due to making a ditch filled with
peat) results in reducing the influence impact beyond the partition
(Fig. 3), where line A marks the influence behind the partition and line etal, 2012):

Function Y(%) may be described by an approximate formula (Sroka

B the influence without it. X x X
'S S S
At the gap edge there is discontinuous distribution of deformation at Y (7) =0.5exp {—1-22(7) [2(7) + 157] }

point x;. This can be observed by a disturbed subsidence distribution 12)

N Z
z=H x=0

| 7 r(z)=Hz"cotB
. A - disturbed course of subsidence
; caused by partition

Tunnel B - undisturbed course of subsidence
(without the influence of the partition)

z=0

Fig. 3. Rock mass subsidence on the level of partition foot (C) and subsidence of the surface without the partition (B) and beyond the partition, if driven (A).
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Table 3
Table of function Y(?), described by an accurate formula (Knothe, 1984).

Xs/T Y(xy/1) Xs/T Y(xy/1) xs/T Y(xs/1)
0.00 0.5000 0.45 0.1297 0.90 0.0120
0.05 0.4501 0.50 0.1050 0.95 0.0086
0.10 0.4010 0.55 0.0840 1.00 0.0061
0.15 0.3535 0.60 0.0663 1.10 0.0029
0.20 0.3080 0.65 0.0516 1.20 0.0013
0.25 0.2654 0.70 0.0397 1.30 0.0006
0.30 0.2260 0.75 0.0300 1.40 0.0002
0.35 0.1902 0.80 0.0225 1.50 0.0001
0.40 0.1580 0.85 0.0166 1.60 0.00003

Values of function Y(%) described by an accurate formula are
presented in Table 3.

When considering upper P;(x,;, H) and lower P,(x,, H-hy.) point of
tight partition (Fig. 3) we obtain:

P (x,, H) = AFY(E)

n 13)
PGt H—h )—AFY(ﬁ)
2\As» SC. 7 (14)
and as a result:
_¥(3)
“(xs: hsc) - —Xs
v(3) as)
where:
n=r=Hcotf (16)
_ n n
n= r(iH hsc) = r(l - &)
H H a7n

h. — effective depth of partition.
3. Results of the research

3.1. Estimation of the influence of the discontinuity zone on the course of
deformation — examples

As experience and in situ observations have shown, a gap may be
understood also as natural tectonic disturbances existing in rock mass,
e.g. faults, which in the past resulted in numerous discontinuous de-
formations on the surface. In this case the overburden layer's thickness
should be taken as the depth of the gap.

To illustrate the gap influence on the distribution of deformation
coefficients in the ground tension zone situated beyond the gap, a
theoretical example was analysed and the following data was assumed
in relation to the natural gap position and depth, in addition to data
related to the planned mining operations:

e parameters characterising the fault:
x =100m, H = 700 m, h,, = 150 m,

e parameters characterising the rock mass quality:
n=0.5 =634

The value of the radius of the main influence on the ground surface
iss n=r=H cotf =351 m. The ratio of the gap distance from the
working boundary to the value of the radius of the main influence for
the ground surface is: fff = 0.285 ~ 0.29. Using Table 2, by means of

interpolation, we obtain ¢(%) = 0.3509.
For the lower limit of the gap we obtain the following results: z = H
— h,. = 550 m. To calculate the value of the radius of the main influence
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we assume that the value of the boundary surface coefficient is n = 0.5
and we obtain:

Z n
= r(—) = 310.7 m.
H

The ratio of the gap distance from the working boundary to the
value of the radius of the main influence inside the rock mass is:
X5 _ 100

= —— =0.322 ~ 0.32.
r 310.7

Using values presented in Table 2, by means of interpolation, we

obtain ¢(i2) = 0.2997.
The value of reduction coefficient is therefore:

5 (xs)
r; 310.7 0.2997
m (XS: ”SC) - 2 i

= = 0. 7571
n Xs 350.5 0.3509
B(2

which results in approximately a 1.3 times reduction of the mining
impact as compared with the normal course (not disturbed by a natural
gap).

A detailed example, using the actual data, is presented below. On
the basis of geodetic-geological data presented by Tyrata (1979), cal-
culations were performed for the mining of longwall no. 120 in seam
414a of the Dymitrow coalmine (current name: Bobrek Centrum), si-
tuated at the depth of H = 470 m. The mining has been carried out
close to a normal longitudinal fault, with inclination opposite to the
direction of the mining front. Fig. 4 presents the location of measuring
points (observation line + scattered points) against the panel and the
fault.

The following values of parameters were used for calculations:

e parameters characterising the fault:
Xs1 = 50m, X;o = 100 m, hy, = 300 m,

e parameters characterising the rock mass quality:
n=0.5, =634

The value of the radius of the main influence for the ground surface
is: r; = 235.4m. For the first case (x;; = 50m) the ratio of the gap

Fig. 4. Mutual situation of the mine working, observation line and fault ‘A’
(Tyrata, 1979).
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distance from the working boundary to the value of the radius of the
main influence for the ground surface is: ? = 0.212 = 0.21. Using
Table 2, by means of interpolation, we will obtain the value of the
function for the specific ratio %1 and it is: (p(’%l> = 0.4729. For the
second case (x;; = 100 m) the function value will be: %2 = 0.425 ~ 0.43
and <p(’j—12 = 0.1859.

Further calculations were carried out for the lower boundary of the
fault, i.e. for the vertical distance: z = H — h,, = 170 m, assuming the
value of the boundary surface coefficient to be n = 0.5. The following
were obtained for such assumptions: r, = r(%)n = 141.6 m. , and then

for both cases the following values were obtained:

X 0 _ 3535 035and 22 = 2% _ 9706 ~ 0.71.
r 141.6 r 141.6

Using the values presented in Table 2, by means of interpolation, the
following were obtained:

¢(@) = 0.2594 and (@) = 0.0389.
n n

Finally, the value of the reduction coefficient for two cases is:

141.6 0.2594 141.6 0.0389
=2 = 0.3299 and p,, (g, Hge) = ———
235.4 0.4729 Hon (22 i) 235.4 0.1859
=0.1258

Hom (xs1, hge) =

which results in approximately a 3 times reduction in the mining im-
pact as compared with the normal course (not disturbed by a natural
gap) for the first case and an almost 8 times reduction in the impact for
the second case.

3.2. Blocking wall in the vicinity of a planned tunnel — a computational
example

The presented example concerns a situation in which a partition was
driven in the vicinity of the underground tunnelling which had been
carried out, where the tunnel has the shape of a circle with a radius Ry
= 4m, is situated at the depth of H = 30 m and the partition distance
from the tunnel axis is x; = 12m (Fig. 3). In addition, the overburden
features properties which correspond to the adoption of the following
parameter values: 3 = 45°, n = 0.5 and the tunnel convergence coeffi-
cient Ax = 1.5% (AF = 0.75m?).

Calculations were carried out using an approximate formula (12).
Two cases were considered, in the first the partition depth was
hs.; = 16.7 m, and in the second h,.» = 10.8 m. The course and results
of the calculations are presented in Table 4.

The results show that if a partition is driven to a depth of 16.7 m, the
tunnel impact for x > x; (x > 12 m) will be reduced by approximately
2.4 times when compared to the impact which would occur without the
partition application, while for the partition which is 10.8 m deep the
impact will be reduced by 1.5 times (in the area beyond the partition).

4. Discussion

The above examples confirm that the nature of natural gaps’ be-
haviour and their impact on the surface is similar to cases which use
decompression ditches. In both cases differences in deformation values
“before and behind” the gap/ditch are observed. When comparing the
measured deformation coefficients with theoretically calculated coef-
ficients (Fig. 5), following Tyrata (1979), it is possible to notice that:

— the right-hand side of the profile, belonging to the subsidence
trough was shortened, (it is visible that the impact is not transferred
beyond the fault),

— the disturbances covered the section of the subsidence trough profile
between points 118-126; the disturbances are most visible in the

Table 4

Calculations of ground surface deformation reduction for the driven tunnel.

Calculations for hy., = 10.8 m:

Calculations for hy.; = 16.7 m:

S = 0.40) = 0.1580

0.40Y (ﬁ
r

©_
30

Xs _
s

ry=r=Hcotf = 30m

Point (1)

S = 0.40) = 0.1580

Xs
r1

0.40Y (

12
=%=

Xs
n

rp=r=Hcotf=30m

Point (1)

= 0.50) = 0.1050
r2

Xs

= 0.50Y(

n s 12
= r(iz) =240m™ = 2
H rp 240

19.2mr;

Z2=H — hye2

Point (2)

= 0.60) = 0.0663

Xs
2

12 _ O.6OY(
19.97

n «
) =19.97m™ =
r

21
(%L
(3

=13.3mr =

H — hsr

1=

Point (2)

Value of deformation reduction coefficient
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= 0.4196

00663 _

X; ) 0.1580

u(xs, hsc)
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Fig. 5. Comparison of measured and calculated subsidence (Tyrata, 1979).
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Fig. 6. The discontinuity zone's impact on the deformation values in the
Niederberg mine (Geitling 2 seam) (Griin, 1995).

vicinity of point 121 situated at the fault fissure outcrop,
— towards point 126 the measured subsidence clearly decreases when
compared to the forecast values.

Griin (1995), while analysing the data from the Niederberg mine for
seam Geitling 2, presented an example of the discontinuity zone's im-
pact on the results of obtained deformations. In the zone of existing
discontinuities (Fig. 6) the deformation values exceeded 2 mm/m and
were much higher than the forecasted values (the broken line). It is
noticeable in Fig. 6 that in around a 100-m zone of discontinuities the
deformations cumulated and outside this zone (to the right hand side)
there are practically no deformations. A similar effect (deformation
reduction) is observed when looking at a geotechnical ditch protecting
a civil structure.

Tectonic faults are not a single surface, but a system of many sur-
faces. They create a fault zone, whose width can reach a few dozen
millimetres. From the mining operation point of view, tectonic faults
are an element which limits mining operations. At the excavation of
many seams in the fault zone the tensile deformations sum up, which
can result and — as shown by the mining practice — do result in releasing
such zones. They then create “a structural gap” in the rock mass, which
transfers only part of the mining impact. However, this “protective
impact” results in the occurrence of discontinuous deformations in the
fault zone outcrop on the surface. In numerous cases this is a “protec-
tive” action used in planning the mining operations in terms of their
impact minimisation.

The methodology of proceeding, suggested by Sroka (2008), using
the symmetry of the horizontal displacement course disturbance and
subsidence, caused by the gap, is an example of such a solution. Using
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the formulated mathematical model, the threshold heights created (Aw)
or the width of the formed gaps (Au) may be determined according to
(18) and (19) (Sroka, 2008):

threshold height: Aw (x,) = 2(1 — w)w(x;) (18)
gap width: Au(x;) = 2(1 — wu(x;) (19)
where:

u - coefficient (based on observations p = 0.10-0.15 can be taken),
w(x) — subsidence values,
u(x) — horizontal displacement value (without the fault fissure).

5. Conclusions

The idea of geotechnical protections consists of separating the civil
structure from the deformed subsoil (Misa, 2016). The use of this idea
enabled the present analytical computations by means of a proprietary
method. According to the considerations in the case of the analysis of
partition impact on the surrounding ground, the partition effectiveness
depends on its position in relation to the tunnel axis and on its depth.

Both for the situation of natural gaps existing in the soil and for the
performance of partitions in the vicinity of a tunnel, the reduction of
deformation values and subsoil displacements is higher when using
geotechnical protection of greater depth. The effectiveness of such so-
lutions has been confirmed by the calculation examples presented. In
his doctoral thesis Misa (2016), carrying out numerical computations,
fully confirmed the applicability of the analytical solutions presented in
this paper.
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