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Knothe’s theory parameters — computational models
and examples of practical applications

1. Introduction and mathematical model

For over seventy years (Jiang et al. 2006; Malinowska et al. 2020; Polanin et al. 2019),
Knothe’s theory, published in 1951 (Knothe 1951), has been successfully improved and prac-
tically applied in various areas, including coal mining (Kowalski et al. 2021; Strzatkowski
2022), salt mining (Blachowski 2016; Hejmanowski and Malinowska 2017) and ore exploita-
tion (Niedojadto et al. 2023; Zhang et al. 2020).

Geometric integral methods as an example of influence function methods, especially
Knothe’s method, have been successfully used in Europe, e.g. in Poland, Germany, Czech
Republic, Slovakia, Great Britain and Spain (Diez and Alvarez 2000; Jirankova et al. 2020;
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Kwinta et al. 1996; Marcak and Pilecki 2019; Sedlak et al. 2018; Sroka et al. 2015). Knothe’s
theory was also adapted to mining conditions in the United States and Canada (Karmis
et al. 1990; Szostak-Chrzanowski et al. 2006). This theory is still successfully used in Aus-
tralia and Asia, e.g. China, Vietnam, Thailand, India and Iran (Asadi et al. 2004; Han et al.
2019; Jiang et al. 2020; Kapp 1980; Sheorey et al. 2000). In the following considerations,
a generalization of Knothe’s Theory was utilized, which involves analyzing the interaction
of a complex element. The size of such a complex element is determined in order to create
a basin on the surface of the terrain that closely resembles a Gaussian function. By using
such a solution, it is possible to accurately consider the shape (geometry) of the exploited
deposit. Among other factors, the influence of depth and thickness is taken into account in
such cases; also included is the inclination of the adjacent rock mass, its anisotropy, and
the progress of mining over time through accurate recording of the element selection time
(Hejmanowski 2001; Sroka 1984; Sroka et al. 1988). The general scheme of dependencies is
presented in Figure. 1.

Fig. 1. Conceptual diagram of the computational model (Sroka et al. 2018a)

Rys. 1. Schemat ideowy modelu obliczeniowego

The two-stage diagram was used to illustrate the computational idea, which enables
a better understanding of the concept and serves as a generalized scheme for various forms
of mining. In the presented conceptual computational model, the cause is human mining
activity associated with: the extraction of solid, liquid and gas resources; the construction
of caverns for oil and gas storage; the exploitation of geothermal deposits for “heat” extrac-
tion; inundation by raising the water level in mining areas; areas of rock mass disintegration
due to previous mining operations. The first consequence is the convergence of the selected
cavity within the complex element during the block caving mining of coal deposits or the
pillar-room mining of sulfur or metal ore deposits, the compaction of a porous fluid deposit
caused by a decrease in pore pressure, the convergence of salt caverns, volume change due
to the cooling of rock mass during “heat” exploitation, or vertical expansion (decompaction)
of post-mining disintegrated porous areas due to increased pore pressure caused by rising



Misa 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(4), 157-180 159

water levels in mining areas. The second consequence is the deformation of the rock mass
and the surface terrain.

Assuming that the influence function takes the form of a Gaussian function (Figure 2) in
the parameterization given by Knothe (Knothe 1951), for a complex element, we obtain (1):

a-K(t-At) r? O
s(r,1) =—— S5 —exp| —n—
R R
Loa — the vertical scale parameter, which is a subsidence coefficient

dependent on the mining technology and roof protection method,
representing the proportion of the expected subsidence basin volume
to the volume change in the reservoir zone caused by convergence or
compaction (consequence 1) — also referred to as the exploitation
coefficient, describing the actively settling part of the post-mining
void, and is also known in the literature as the surface subsidence
coefficient, subsidence coefficient and roof control coefficient
(dimensionless value);

r — the distance from the computational point to the complex element;

t — time;

K(7) — the volume change of the complex element over time ¢;

a- K({t—Af) — the volume of the subsidence basin on the surface at time #;

At — the time shift (delay) caused by the delayed interaction of the adjacent
rock mass;

R — the radius of main influence range (R = H - cot ), a parameter
indicating the spread of mining influences;

H — the mining depth;

B — the angle of main influence range (Knothe 1953a).

Fig. 2. Idealized distribution of displacements and deformations with the influence function (own work)

Rys. 2. Wyidealizowany rozktad przemieszczen oraz deformacji wraz z funkcja wptywow
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In Knothe’s theory, we can generally distinguish four scale parameters, including the rel-
ative scale parameters: the vertical scale parameter a, the horizontal displacement parameter
A, the horizontal range scale parameter cotf3, and the time scale parameter c.

2. Subsidence coefficient resulting from mining technology

The method of mining is one of the mining factors that can be used to minimize surface
deformations. Among them, full and partial mining can be distinguished. Full mining in-
volves the complete extraction of the seam, while partial mining includes methods such as
pillar-and-panel mining or longwall mining. Both full and partial mining can be conducted
with or without backfilling the post-mining voids, or with hydraulic or pneumatic stowing.

2.1. Full mining with roof caving
Full mining with roof caving is a frequently utilised coal mining technique, particularly
in Polish mining. In this type of mining, the subsidence coefficient is defined as the ratio
of the volume M of the resulting subsidence basin to the volume V of the extracted deposit:
M @
Y M — the volume of the subsidence basin;

V' — the volume of the extracted deposit.

In the professional literature, the subsidence coefficient is also defined as the ratio of the
maximum subsidence of the full or overfilled basin to the average thickness of the mined

seam.
s
g = ~max 3)
g
Y smax — maximum subsidence of the basin;
g — thickness of the mined seam.

If we take a value of a = 0.8, it indicates that only 80% of the chosen volume results in
a subsidence basin, while the remaining 20% creates relaxation zones in the rock mass. The
contraction and compaction of this zone depend on the depth of mining, i.e. the pressure ex-
erted by the overlying rocks. For greater depths, the value of this coefficient is higher. More-
over, in the case of multi-seam mining, the activation of “old works” often occurs, which
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refers to additional subsidence caused by the extraction of a seam located below previously
mined seams. In such cases, the value of the subsidence coefficient can reach 1.0. This has
been confirmed by, among other things, in-situ observations in the German Prosper Haniel
mine in Bottrop. For predictive calculations, the value of parameter a is then assumed within
the range:

09<a<10

2.2. Full mining with backfilling

One of the methods to minimize deformations caused by underground mining, in addi-
tion to partial mining, can be the use of pneumatic or hydraulic backfilling. By employing
backfilling, waste disposal is facilitated, fire prevention is ensured, and the exploitation of
thick seams becomes possible while minimizing the impact on the surface.

One way to determine the mining coefficient is through the analysis of geodetic meas-
urements of deformations in a given area. In cases where appropriate geodetic deformation
measurement results are not available, it is recommended to adopt the value of the coefficient
from Table 1 (GIG 1996) assuming typical mining-geological conditions for coal mining and
assuming a parameter of coffy = 0.5 (tan = 2.0). For copper mines in the Legnica-Glogdéw
Copper District (LGOM), the value of cofp is taken as 0.760 (tanf3 = 1.3).

It should be noted that various natural and technical factors influence the values of min-
ing coefficients, and for hydraulic backfill, the following natural factors are the most im-

Table 1. Compilation of mining coefficient values for coal mining conditions in Poland (GIG 1996)

Tabela 1. Zestawienie warto$ci wspolczynnika eksploatacji dla warunkow zaglebi weglowych w Polsce

Method of selected space closure — mining system The value of the coefficient
Roof caving 0.7-0.85%*
Dry backfill — full with supplied material 0.5-0.6
Pneumatic dry backfill 0.4-0.5
Hydraulic backfill with sand 0.15-0.25
Hydraulic backfill with crushed stone 0.3
Partial mining with 50% strip mining and hydraulic backfill 0.02-0.03
Partial mining with 50% strip mining and roof caving 0.1

* Higher values should be assumed for multiple mining operations.
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portant: mining depth, tilt and thickness of the seam, and the geological structure of the
adjacent strata. Mining technology can be considered to be the most significant technical
factor influencing the value of the mining coefficient a.

2.3. Room-and-pillar mining with and without backfill

For room-and-pillar mining, the value of the mining coefficient depends on factors
such as:
¢ the load-bearing capacity of the remaining pillars,
the strength of the roof rocks,
the width of the mining excavations,
the depth of the planned mining operation,
the deposit utilization coefficient.
In the context of analyzing, for example, the values of mining coefficients for room-

* & 0o o

and-pillar mining in the case of copper mining in KGHM mines (Poland), we can men-
tion the study by Sroka and Hejmanowski from 1996 (Sroka and Hejmanowski 1996),
which relates the value of this coefficient to the strata loss coefficient ng (Tajdus et al.
2012).

a(ng)=ag(1-m;)" =am® “@

% ay — s the subsidence coefficient dependent on the adopted excavation closure system
for full mining;
Ty — is the strata loss coefficient (n, =1 —n);
n — isthe deposit utilization coefficient;
® — isthe power coefficient, with a value ranging from 1.5 to 2.0.

The above formula is purely empirical in nature.

For room-and-pillar systems in KGHM copper mines, the following values of the mining
coefficient are typically assumed:

¢ for caving systems, a = 0.5;

¢ for systems with hydraulic backfill, a = 0.2.

Recent verifications of this parameter based on in-situ subsidence measurements indi-
cate that the values of this coefficient have much wider ranges and are dependent on the
increasing degree of deposit utilization and the growing depth of mining operations. The
ranges of subsidence coefficient values described by Niedojadto (Niedojadto 2008) are ex-
pressed by the following inequalities:

¢ for caving mining: 0.45 <a < 0.80;

¢ for mining with hydraulic backfill: 0.20 < a < 0.35.
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The mining coefficient is generally also dependent on the value of the large-area deflec-
tion of the roof rock panels on the remaining pillars, i.e. the convergence of the roof rocks.
In LGOM mines, the following relationship between the convergence rate and the face ad-
vance rate can be observed (Figure 3). This relationship is linear, although its exact form
may vary depending on the size of the mining field.

Fig. 3. Relationship between convergence velocity and advancement velocity of the mining front
(Hejmanowski 2004)

Rys. 3. Zalezno$¢ predkosci konwergencji od predkosci postepu frontu eksploataciji

The exploitation coefficient in the case of room-and-pillar mining with backfill is deter-
mined based on the results of laboratory and engineering studies. Laboratory tests involve
determining the physical and mechanical properties of rocks, including their compressive,
shear, and impact strength. Engineering studies involve determining the influence of ge-
otechnical factors, such as stress levels, rock strength and load-bearing capacity, on the
subsidence of pillars.

2.4. Salt caverns

In the mid nineteen-eighties, surface subsidence due to convergence liquefied storage
caverns in salt formations reached measurable values in Germany. As part of a project fund-
ed by the Lower Saxony government, Sroka and Schober (Sroka and Schober 1982) provided
a solution based on Knothe’s theory (5) regarding the distribution of subsidence above a sin-
gle cavern (Figure 4).

: 5
S(r’t)zsmax(t)'R:,,IZf'tanB' F é —F(L) ©)
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Fig. 4. Subsidence basin above a salt cavern (Tajdus et al. 2021)

Rys. 4. Niecka obnizeniowa nad kawerna solna

where:
< 6
F[Lj = I exp(—a‘tkz)dk ©
R
r/R
Ry=Hp-cop, R.=H, cotp (7)
S(r,f) — a surface point subsidence at time located at a distance from the axis of the

cavern;
Smax(®— maximum subsidence at time

h — height of the cavern;

R,  — radius of the main influence range measured from the cavern roof;
Ry — radius of the main influence range measured from the cavern floor;
H,  — the cavern roof depth;

Hy - the cavern floor depth.

The detailed solution regarding the volume of the subsidence basin M(f) was presented,
inter alia, in the work of (Tajdus et al. 2021).

Typical convergence coefficients, characteristic for Epe, one of the German cavern fields,
(corresponding to the percentage annual volume loss of the cavern), are presented in Table 2.
The importance of the convergence rate of gas caverns for the observed subsidence above
these caverns is noticeable in the Table 2.

The value S,,,,4(?) of also depends on the shape of the cavern and the geometric conver-
gence model, including (Hartmann 1984; Haupt et al. 1983; Sroka et al. 2017). Comparative
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Table 2.  Typical annual convergence rates in Epe (Meyer et al. 2019)

Tabela 2. Typowe roczne wskazniki konwergencji w polu Epe

Cavern filled with Convergence & (%/year)
Brine 0.5-0.9
Oil 0.2-0.3
Natural Gas 0.6-2.5

calculation results lead to the conclusion that the maximum subsidence can be accurately
approximated using the following equation (8):

g (t)_a-K(t—At) ®)
max R2
Despite the necessary geometric and physical idealizations regarding the cavern geom-
etry, convergence behavior, and usage phases, comparative calculations performed for the
EPE cavern field fully confirmed the usefulness of the presented solution (Hengst 2014).

2.5. Fluid deposits: gas, oil and water from aquifers

According to the presented computational scheme for an element of a fluid deposit, the
corresponding elementary basin on the ground surface can be described by the Knothe’s
theory equation (1). In this case, the variable K(f) represents the volume compaction of the
porous element of the fluid deposit at time .

The horizontal dimension of the deposit element, which has a square shape, should not
exceed the value of L <0.1 - R (Sroka 1984). A crucial stage is the division of the exploited
fluid deposit into elements with parameters:

¢ coordinates x, y, z;
¢ depth H,;
¢ thickness of the reservoir layer g;
¢ porosity n;
¢ stiffness modulus £;
¢ pore pressure for different time moments p(?).

This discretization of the deposit (Figure 5) enables the complete consideration of the
spatial shape of the deposit and its spatial distributions of properties necessary for the cal-
culation process.

According to the cause-and-effect model, when the pressure in the pores of porous res-
ervoir rocks decreases, they become more compacted, resulting in surface subsidence. This
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Fig. 5. Scheme of discretization of a fluid deposit into reservoir elements (Sroka and Tajdus 2009)

Rys. 5. Schemat dyskretyzacji ztoza fluidalnego na elementy ztozowe

compaction also leads to the creation of an elementary basin, described by equation (9) in
the case of a deposit element (as shown in Figure 6).

2 2 ©
Ag;(t)-L T
S,A(r’t):&exp _ni
Jot 2
Rj, Rj.i
% Agif) — absolute vertical compaction of the i-th element at time

s;,i(r,1) — subsidence of the j-th surface point caused by the compaction of the i-th
reservoir element;

rji  — distance of the j-th computational point from the i-th reservoir element.

The total subsidence of any surface point is calculated assuming linear superposition, i.e.
as the sum of point depressions caused by individual reservoir elements:

Fig. 6. Surface subsidence above the exploitation of the i-th deposit element (Zimmermann et al. 2018)

Rys. 6. Obnizenie terenu powstajace nad eksploatacja i-tego elementu ztoza
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i=N (10)
Sji= 28]

i=1
% N — number of reservoir elements.

For reservoir rocks in the form of sandstone with porosity up to 20%, reservoir compac-
tion can be estimated using Biot’s consolidation theory:

Ag; (t)=Cpi| Po—pi (1)]- M; an
c k() (12)
mi E .
S
% C,; — compaction coefficient of the i-th reservoir element, representing vertical
deformation of the deposit per unit pressure change;
Po — initial pressure;
pi) — pressure in the i-th reservoir element at time #;
M;  — poroelasticity of the porous deposit;
E stiffness modulus of the reservoir rocks;
Ai{m) — Biot coefficient dependent on the type of reservoir rocks and their porosity

(Nowakowski and Nurkowski 2021).

Fig. 7. Comparison of the measured and theoretically calculated subsidence basin for the Groningen gas field
(as of 1987) (Sroka et al. 2018a)

Rys. 7. Por6wnanie niecki pomierzonej i obliczonej teoretycznie dla ztoza gazu w Groningen (stan na 1987 rok)
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The compaction coefficient’s value varies based on the type of rock and its deformation
parameters. The literature often provides relationships between the value of the compaction
coefficient and porosity (Schutjens et al. 1995; Teeuw 1973).

Figure 7 shows a comparison between the theoretically calculated and measured subsid-
ence basin profile for the Groningen gas field in the Netherlands (Sroka and Schober 1990).

2.6. Flooding of mines

After the deactivation of dewatering pumps, the process of flooding occurs naturally
through the influx of water from adjacent rock strata, leading to a gradual rise in the level
of mine water. It is assumed that the increase in pore pressure in the consolidated caved
zone, caused by the rise in mine water level, results in the vertical expansion of this zone
and is directly responsible for the observed surface uplift. The pressure also increases in
the disintegrated rock zone, causing a change in the volume of this zone (Dudek et al. 2022,
2020; Dudek and Tajdus$ 2021; Sroka et al. 2021; Tajdus et al. 2023). This volume change in
an element of the disintegrated zone can be described by the equation:

K(t)=d,,-Ap(t)-\-M-I? (13)
SY — relative height of the disintegrated rock element (e.g. A = 3 corresponds to an
absolute height three times the thickness of the depleted deposit);
Ap(f) — increase in pore pressure in the disintegrated zone, dependent on the height of
the water column above this zone;
d, — expansion coefficient.

In 2012, Sroka and Preusse conducted a surface uplift forecast for the Kénigsborn mine
area (Ruhr District — Germany). The uplift prediction analysis was verified (Preusse and
Sroka 2015) through field measurements in 2015 (Figure 8), confirming the accuracy of the
applied methodology (Sroka and Preusse 2009a).

Table 3 presents exemplary values of characteristic parameters d,,, A and vy,, for selected
areas of hard coal. y,, represents the critical angle of mine water uplift used in calculations
for the Ruhrkohle method.
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Fig. 8. The uplift development along the east-west profile for a sample coal mine (Preusse and Sroka 2015)

Rys. 8. Rozw¢j wypigtrzen wzdtuz profilu z zachodu na wschod dla przyktadowej kopani wegla kamiennego

Table 3.  Comparison of characteristic values d,,, A and v,, for selected areas of hard coal (Sroka et al. 2022)

Tabela 3. Zestawienie warto$ci charakterystycznych d,,,, A i y,, dla wybranych okregéw wegla kamiennego

Coalfield d,, (m%/MN) d,, - ) (m%/MN) ¥, (gOn)
Siidlimburger Revier (Péttgens 1985) 0.350 - 1072 1.40 - 1072 -
Ibbenbiiren/Westfeld (Goerke-Mallet 2000) 0.460 - 102 1.38 - 1072 -
E:lef:zzzegolzzx)/ier/Sophia Jacoba (Sroka and 0.265 - 10-2 1.06 - 102 5—1:512
Ruhrrevier/Koénigsborn (Preusse and Sroka 2015) 0.364 - 1072 1.092 - 1072 12

3. Evolution of the main influence angle range

The main influence angle range f3 is a characteristic quantity in Knothe’s theory (Knothe
1953b) that describes the physico-mechanical properties of the rock mass undergoing defor-
mation. Cotf} represents the horizontal extent of the main influences relative to the mining

depth.

The initial geometric-integral solutions (Bals 1931; Keinhorst 1925; Schmitz 1923) in-
troduced the concept of the angle of refraction, which indicated that deformation indicators
outside the boundaries of this angle were zero on the terrain surface.
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3.1. Knothe method and Ruhrkohle method

As previously mentioned, Knothe’s theory (Knothe 1951) has found significant appli-
cation in the description of the effects of broadly understood mining both in Poland and
worldwide, while the Ruhrkohle method based on it is used in German mining (Ehrhardt
and Sauer 1961).

Both computational methods rely on the influence function, which is parameterized dif-
ferently as a Gaussian function. The different parameterization arises from the different
descriptions of the so-called influence range angle. Utilizing the provided relationship be-
tween the main angles (y and 8) of the Ruhrkohle and Knothe’s methods given below (14),
the same results are obtained regardless of the chosen computational method.

n-tanP = k -tan®y (14
% B - angle of the main influences according to Knothe’s theory;
y — angle of the boundary influences according to the Ruhrkohle method;

k — the Ruhrkohle method constant (k =—1n0.01 = 4.60517...).

In contrast to the methods mentioned earlier by Schmitz, Keinhorst and Bals, these meth-
ods are characterized by non-zero deformation indicator values at the boundary determined
by the limiting value of the influence angle. One such example is the Ruhrkohle method, in
which the relative subsidence at the boundary of the influence angle is 0.1% of the maximum
subsidence, and the tilts and horizontal displacements are 1.0% of their maximum values,
while the curvatures and strains at the boundary of the main influence angle contribute 5.0%
of their maximum values (Sroka 2011).

The values of displacements and deformation indicators at the edge of the main influ-
ence angle on the ground surface in the classical Knothe method have values of 0.6% of the
maximum settlement for subsidence and 4.3% of their maximum values for tilts and strains
(Knothe 1984).

Example empirical results regarding the values of the main influence angle range 3 for
German cavern fields are presented in Table 4.

Assuming an average mining depth of approximately 700 m, the relative parame-
ter of the main influence range in the Upper Silesian Coal Basin falls within the range:
0.385 < cotf} <0.588 (2.60 > tan > 1.70). Therefore, it can be assumed that the angle of the
main influence range varies within the value range of 59.53° < tanf} < 68.96°. However, for
mining areas of the LGOM mines, the parameter of the main influence range falls within
the range of 0.588 < cotf3 <0.714 (1.70 > tanf3 > 1.40), and in accordance with this, the values
of the angle of the main influence range should fall within the range of 54.46° < 3 < 59.53°
(Konopko and Bukowska 2008).
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Table 4. Example empirical values of the main influence angle range for German cavern fields

Tabela 4. Przyktadowe wartosci empiryczne kata zasiggu wptywow gtownych dla niemieckich pol kawern

No. Author/Year B ()
1 Hartmann (1984) 27.0-29.7
2 Sroka (1984) 30.0
3 Schober et al. (1987) 30.0
4 Quasnitza (1988) 35.1
5 Diisterloh (1993) 22.5-25.2
6 Eickemeier (2005) 34.8
7 BGR-Hannover (2016) approx. 26.0
8 Sroka et al. (2017) 34.0

4. Knothe’s time-related solution

The assumption of the proportionality between the subsidence rate of a point at a specific
time ¢ and the difference between the final subsidence that the point can undergo due to the
selected elementary coal seam and the subsidence value of point s(¢) at any given moment,
formed the basis of Knothe’s proposed solution (Knothe 1953b) (15).

. os(t (15)
s(t) = 6( ) =c[se —s(t)]
t
% §(f)— subsidence rate (velocity);
s, — final subsidence (established, asymptotic);
¢ — subsidence-rate coefficient representing the average relative rate of influence

transfer by the surrounding rock mass with respect to the underground mining
depth — rock mass properties affect the value of this coefficient;
s(f)— actual, instantaneous subsidence value.
By solving the following equation (16) with the initial condition s(¢ = 0) = 0, we obtain:
s(t):se [l—exp(—ct)]zsef(t) (16)

Y f)=1—exp(~cf) — the so-called time function.

Knothe’s solution presented the starting point for numerous theoretical and practical
studies on the dynamics of mining influence (Dzegniuk and Sroka 1978; Schober and Sroka
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1983; Trojanowski 1973, 1970) and (Cheng et al. 2021; Lian et al. 2011; Zhang et al. 2020).
In 1974, Sroka (Sroka 1974) stated in his doctoral thesis that the main cause of damage to
structures is the excessive speed (dynamics) of mining operations. Based on several years of
research, Hejmanowski and others (Hejmanowski et al. 1997) confirmed that the dynamic
effects of rapidly advancing mining faces are a fundamental threat to surface structures.
They suggested the following elements to minimize the harmful impact of mining dynamics:
¢ adjusting the mining speed and duration of mining breaks to the resistance of pro-
tected surface structures;
¢ ensuring a uniform advancement of the mining face while avoiding sudden and sig-
nificant changes in speed;
¢ applying a reduction in the length of mining breaks, assuming that continuous min-
ing is optimal, preferably seven days per week.

5. Parameter of horizontal displacement A

The fundamental indicator of surface deformation describing the risk to building struc-
tures is horizontal displacement. Assuming the premise of Awierszyn (Awierszyn 1947) and
the formulas of Knothe’s theory (Knothe 1951), Budryk (Budryk 1953, 1952) provided the
following method for calculating the standard value of the coefficient , called the coefficient
of horizontal displacement or the coefficient of horizontal deformation:

B=—2 _040-R a7

J2n

A comprehensive description of the development of previous research results regarding
the magnitude of the coefficient B and parameters of horizontal displacement can be ob-
tained from several publications (Gtabicki et al. 2020; Knothe and Sroka 2010; Niedojadto
et al. 2014; Puniach et al. 2023; Tajdus$ 2015). They mainly relate to the relationships de-
scribed by the formula:

B=\-R (18)

For both the exploitation of fluid deposits and for salt cavern fields, when analyzing
measurements of rock movements (mainly horizontal displacements on the surface), Sroka
et al. (Sroka et al. 2018b) noted that the value of the obtained coefficient of horizontal defor-
mation B is greater compared to the value traditionally given by Budryk. In his doctoral
thesis, Quasnitza (Quasnitza 1988) provides an equation for calculating the value of this
coefficient for one of the German salt cavern fields (Etzel):

B=10-R%+0.1-R (19)
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Sroka et al. (Sroka et al. 2018b) provided a formula (20) which is identical to the formula
given by Drzgzla (Drzezla 1989) for n = 0.665. The value of the coefficient A (for B=2A - R)
depends on three quantities: the angle of influence range f3; the Poisson’s ratio v of the
near-surface soil layer; the value of the boundary surface coefficient of influence in the rock
mass .

)\‘ :i.l__v.cotﬁ

2 v (20)

This formula can be successfully used to calculate surface deformations in the case of
open-pit mining in the salt rock mass, deformations caused by cavern convergence for stor-
age energy resources and deformations during the exploitation of fluid deposits.

Witkowski et al. (Witkowski et al. 2021) utilized the established Knothe’s theory, which
relies on a geometric integral model, along with the Multi-Temporal InSAR technique using
Sentinel-1 data. They investigated a novel method for calculating the horizontal strain tensor.
The new approach was demonstrated and validated through a case study of an underground
copper mine (LGOM) in Poland. This involved decomposing satellite radar interferometry
observations into vertical and azimuthal displacements in the look direction.

Conclusions

The issue of forecasting the impacts of mining operations on the surface and on objects
located in mining areas remains relevant in practically all active or closing mining facilities,
not only in Europe but also in other continents. The accuracy of the calculations largely
depends on the adopted model and the correctness of the input parameters. This work char-
acterized the parameters of Knothe’s theory necessary for the spatiotemporal description
of subsidence and other deformation indicators. Several examples of practical application
were presented, demonstrating that the current use of Knothe’s theory is much broader than
its classical use in coal mining. The solution for a single element enables consideration of
the tilt of adjacent layers, anisotropy, time and convergence distribution near the exploited
deposit. Knothe’s theory is a universal tool that enables simple and transparent solutions to
many issues related to calculations of subsidence and other deformation indicators caused by
the extraction of volume from the rock mass due to mining or post-mining activities.

This work was performed in 2023 as a part of statutory works executed at Strata Mechanics Re-
search Institute of the Polish Academy of Sciences in Cracow, funded by the Ministry of Science and
Higher Education.
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KNOTHE’S THEORY PARAMETERS - COMPUTATIONAL MODELS
AND EXAMPLES OF PRACTICAL APPLICATIONS

Keywords
Knothe’s theory, salt caverns, uplift, surface movement, post-mining
Abstract

The theory of Professor Stanislaw Knothe, known as Knothe’s Theory, has been the foundation
for practical predictive calculations of the impacts of exploitation for many years. It has enabled the
large-scale extraction of coal, salt and metal ores located in the protective pillars of cities and prime
surface structures. Knothe’s Theory has been successfully applied in Polish and global mining for
over seventy years, making it one of the most well-known and recognized achievements in Polish
mining science. Knothe’s Theory provides a temporal-spatial description of subsidence that relies on
four essential parameters: the vertical scale parameter a, the horizontal displacement parameter A, the
horizontal range scale parameter co?f} and the time scale parameter c.

This article characterizes the parameters of Knothe’s Theory used in various current applications
for calculating subsidence, surface and rock uplift, and other applications of the theory, even beyond
its classical form. The presented solutions are based on a mathematical model of the interaction of
a complex element and cover topics such as subsidence during full exploitation with roof collapse and
full exploitation with backfilling, pillar-room mining, the effect of salt caverns on the surface and salt
rock, and fluid deposits and surface uplift caused by changes in the water level within closed coal
mines. The article also discusses the evolution of the range angle of the main influences and presents
Knothe’s solutions related to time, describing the horizontal displacement parameter A.
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PARAMETRY TEORII KNOTHEGO - MODELE OBLICZENIOWE
I PRZYKLADY PRAKTYCZNEGO ZASTOSOWANIA

Stowa kluczowe

teoria Knothego, kawerny solne, wypigtrzenie powierzchni terenu,

przemieszczenia powierzchni, problemy pogornicze

Streszczenie

Teoria Profesora Stanistawa Knothego zwana teorig Knothego jest od wielu lat podstawa do prak-
tycznych obliczen prognostycznych wptywow eksploatacji, a tym samym umozliwita podjecie na
szeroka skale wydobycia duzych zasobow wegla, soli i rud metali znajdujacych si¢ m.in. w filarach
ochronnych miast i waznych obiektow na powierzchni. Teoria Knothego jest z powodzeniem stoso-
wana w polskim i §wiatowym gornictwie od ponad siedemdziesigciu lat. Jest ona jednym z najlepiej
znanych 1 uznanych na $wiecie osiagni¢¢ polskiej nauki goérniczej. Do czasoprzestrzennego opisu
osiadania wg teorii Knothego konieczna jest znajomos$¢ wartosci czterech podstawowych parame-
trow: parametru skali pionowej a, parametru skali zasiggu poziomego cotf3, parametru przemieszcze-
nia poziomego A oraz parametru skali czasu c.

W artykule scharakteryzowano parametry teorii Knothego stosowane przy réznych wykorzysty-
wanych aktualnie zastosowaniach teorii Knothego do obliczania m.in. osiadania oraz podnoszenia
powierzchni i gérotworu oraz innych zastosowan teorii, rowniez poza jej klasyczna forma. Przed-
stawione rozwigzania bazuja na matematycznym modelu oddziatywania elementu ztozowego i doty-
cza, m.in. osiadania przy eksploatacji petnej z zawatem stropu oraz eksploatacji peinej z podsadzka,
eksploatacji filarowo-komorowej, wptywu kawern solnych na powierzchnig i géorotwor solny. W pra-
cy poruszono takze kwesti¢ zt6z fluidalnych oraz podnoszenia powierzchni terenu spowodowanego
zmiang poziomu wod kopalnianych w obrebie zamknigtych kopaln wegla kamiennego a takze opisa-
no ewolucje kata zasiggu wptywow glownych oraz przedstawiono rozwigzania Knothego zwigzane
Z czasem 1 opisano parametr przemieszczenia poziomego A.



