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CONVERGENCE MONITORING AS A BASIS FOR NUMERICAL ANALYSIS OF CHANGES
OF ROCK-MASS QUALITY AND HOEK-BROWN FAILURE CRITERION PARAMETERS DUE

TO LONGWALL EXCAVATION

POMIARY KONWERGENCJI JAKO PODSTAWA ANALIZY NUMERYCZNEJ ZMIAN JAKOSCI
GOROTWORU I PARAMETROW KRYTERIUM WYTRZYMALOSCIOWEGO HOEKA-BROWNA

WYNIKAJACYCH Z EKSPLOATACJI SCIANOWEJ

In the longwall exploitation system, the main gates are subject of the most intensive movements of
the rock mass, where the proximity of the excavation front is a key factor. The paper presents the results
of a research on the constants mb and s of Hoek-Brown failure criterion for the rocks surrounding the
gallery: shale, sandy shale, coal and medium-grained sandstone, in relation to the distance to longwall face.
The research comprised numerical modeling based on convergence monitoring records. The convergence
measurements were carried out on three stations in a selected maingate in a coal mine from Upper Silesia
Coal Basin near Jastrzgbie-Zdroj, concurrently with changing distance to the longwall face. The measu-
red were the width, the height and the heave of the floor of the gate. The measurements showed that the
convergence at the longwall-maingate crossing was 1.5-3 times greater than in the locations much further
from the longwall face. It was demonstrated that this effect was due to continuously changing properties
of the rock-mass surrounding the gallery that can be expressed as decreasing empirical parameters mb i s
of Hoek-Brown’s criterion. These parameters are decreasing exponentially together with the distance to
the longwall face The consistency between the theoretical and factual curve varies between 70% to 98%.
The change of each of the parameters can be described by general equation P = a-exp(-b-d), where a,
b are constants, and d is the distance to the excavation face. The authors highlight that during the me-
asurements period the horizontal stress was 1.45 to 1.61 times greater than the concurrent vertical stress.
The so high horizontal stress causes heave of unsupported gallery floor which is commonly observed in
the mines in Silesia.

Keywords: Hoek-Brown failure criterion, back analysis, convergence of mining gallery, longwall exca-
vation, m and s parameters

Chodniki przyscianowe w systemie eksploatacji §cianowej sa najbardziej narazone na intensywne
przemieszczenia skal. Wraz ze zmiana potozenia frontu eksploatacji skaly przechodza wolno w stan
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zniszczenia, coraz bardziej przemieszczajac si¢ do srodka wylomu. Aby mozna bylto skutecznie prze-
widywac¢ konwergencj¢ wyrobisk przyscianowych nalezy whasciwie okresli¢ wlasciwosci skat w fazie
pozniszczeniowej. Wybierajac warunek wytrzymatosciowy Hoeka-Browna — state mb 1 s, zalezne od
wskaznika jako$ci gorotworu RMR lub wskaznika GSI.

W artykule wyznaczono spadek parametréw pozniszczeniowych skal budujacych gorotwor w rejonie
omawianego wyrobiska —tupkow ilastych, tupkow piaszezystych, wegli i piaskowcow srednioziarnistych —
w zaleznosci od odlegtosci od frontu $ciany. W tym celu wykonano symulacje numeryczne, wykorzystujac
wyniki pomiaréw konwergencji. Pomiary konwergencji wykonano w wyrobisku przyscianowym jednej
z kopaln wegla GZW w rejonie Jastrzgbia na trzech bazach pomiarowych wraz ze zmieniajaca si¢ odlegloscia
baz pomiarowych od czota §ciany. Badania obejmowaly wyznaczenie szerokosci, wysokosci i wypigtrzenia
spagu chodnika. Pomiary wykazaly, ze konwergencja na skrzyzowaniu $ciana — chodnik osiaga wartos¢
1,5-3-krotnie wigksza, niz dla przypadku, gdy front eksploatacji znajduje si¢ w znacznej odlegtosci od baz
pomiarowych. Stwierdzono, ze przyczyna takiego stanu rzeczy jest stale zmieniajaca sig jakos¢ goérotworu,
ktora skutkuje obnizeniem parametréw empirycznych warunku wytrzymatosciowego Hoek’a-Browna mb
is skat wystgpujacych w otoczeniu wyrobiska. Parametry te maleja eksponencjalnie wraz ze zblizaniem sig¢
frontu $ciany, a zgodno$¢ pomigdzy krzywa rzeczywista a teoretyczng dla wystgpujacych przemieszczen
wyrobiska waha si¢ od 70% do 98%. Zmiang dowolnego z powyzszych parametrow P mozna opisaé
funkcja o ogélnym roéwnaniu: P = a-exp(-b-d), gdzie a i b to stale, a d to odleglos¢ od frontu Sciany.

Na uwagg zastuguje rowniez analiza napr¢zen poziomych w gorotworze, jakie musiaty wystapié
podczas prowadzenia pomiarow, ktore sa 1,45-1,61 razy wigksze od wystepujacych wowczas naprezen
pionowych. Tak duze naprg¢zenia poziome maja istotny wptyw na warto$ci wypigtrzania nieobudowanego
spagu, co znajduje potwierdzenie podczas prowadzenia prac gorniczych w kopalniach JSW.

Stowa kluczowe: konwergencja wyrobiska, eksploatacja $cianowa, kryterium wytrzymatosciowe Hoeka-
-Browna, parametry m i s, analiza odwrotna

1. Introduction

Longwall with roof fall is the prevailing system of coal exploitation in Poland hence the
coal production depends largely on the stability and uninterrupted functioning of the gateroads.
Together with the exploitation reaching deeper coal beds and related growing of geological and
mining difficulties, the prevention of the main gates from collapse or deformation becomes the
major challenge for the engineers and the designers to ensure cost-effective production and
safety of the crew.

Among various types of mining galleries, the most intense deformation of the rock-mass,
such as roof caving, heaving of the floor, or converging of the sidewalls is observed in the gater-
oads. These deformations depend on many mining and geological factors identified by experts
(Bieniawski, 1987; Brady & Brown, 2006; Chudek & Duzy, 2002; Lubosik & Walentek, 2016;
Majcherczyk & Matkowski, 2003; Peng, 2006; Prusek 2008; 2015; Matkowski et al., 2016a;
Mohammadi et al., 2018): strength parameters, excavation history (e.g. goaves and boundaries
of mining fields), presence of pillars and abandoned deposits, geological features like faults or
presence of weak rocks, groundwater condition, dynamic phenomena (rockbursts), and the type
and construction details of the support. The authors indicate that in the case of gateroads the main
factor affecting the convergence is the excavation front — its advance rate and length. They all
point out (Bieniawski, 1987; Junker & Achilles, 2006; Majcherczyk & Matkowski, 2003; Peng,
2006; Prusek, 2008; Niedbalski et al., 2013) that the highest stress in the bed excavated with the
caving method may reach a value six times the initial stress related to the depth of the coal bed.
It has to be noted that the highest stress develops not at the exact longwall face but at distance L
from it (Fig. 1), due to formation of fractures. Apparently, the destruction of the rock mass starts
ahead of the longwall face and intensifies with the decreasing distance to the face.
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Therefore, for the analysis of the stability of the gate, the three key questions need to be
answered:
1. In what distance from the longwall face its impact on the rock mass becomes significant?
2. How big are the vertical and horizontal stress that cause the deformation and fracturing
of the rock mass in its vicinity?
3. What is the degree of rock mass deterioration and what is the change of its quality?
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Fig. 1. Distribution of stress ahead and behind the longwall face

Once the change of the rock parameters is determined it would be feasible to develop geo-
mechanical model utilizing failure criterion (either Coulomb-Mohr or Hoek’s-Brown), and further
forecast with a good confidence the destruction zones and the deformations.

This paper presents the results of the numerical analysis based on convergence measurements
carried out in the gateroad D-2 in Zofidéwka mine in Upper Silesia Coal Basin (USCB). The back
analysis allowed for determination of the change of the empirical rock mass quality parameters
my, and s of the Hoek-Brown failure criterion, for the carboniferous rocks. The alteration of these
parameters was evaluated for shale, sandy shale, coal and medium grained sandstones. By back
analysis there were also determined the magnitudes of the horizontal stress that developed in the
gallery surround and could produce the recorded values of convergence.

2. The change of rock mass properties around
the longwall excavation, and deformation of the gates
in the stress condition

2.1. Stress condition around the opening

The modern technologies allow for in sifu stress measurements around the mining workings.
Therefore, the analytically obtained values can be verified. The so far carried out measurements
(Brown & Hoek, 1978; Han & Zhang, 2010; Nemcik et al., 2006; Stas et al., 2011; Handley,
2013; Butra et al., 2013; Makowka, 2015; Waclawik et al., 2017) confirm the rise of the vertical
stress with depth. Whereas, there is no such explicit relationship between the horizontal stress and
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depth or vertical stress (Fig. 2-4). The researches from other continents report that the horizontal
stress may by higher than the vertical component, which leads to problems with roof and floor
stability (Brown & Hoek, 1978; Mark, 1991; Nemcik et al., 2006; Stas et al., 2011; Handley,
2013; Makéwka, 2015).
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Fig. 2. Value of k, coefficient versus depth (Brown & Hoek, 1978)

The k, coefficient, defined as a ratio between average horizontal stress o, , ;¢ and vertical
stress o, varies with depth and shows the highest values at shallow locations (Fig. 2-4). Only at
depths greater than 2500 m the range of its variation becomes smaller and the horizontal stress
does not exceed the vertical (Fig. 2). The quoted results show the value of horizontal stress may
exceed 3 to 5 times the theoretical vertical stress, and, as highlighted by Nemcik (et al. 2006),
significantly increase in fault zones.

It can be read from Fig. 2 that for the average exploitation depth (approx. 800 m) and for
the deepest exploitation (approx. 1200 m) in Poland’s coal mines, the horizontal stress may be
expected up to two times higher than vertical stress. Up today, the few researches carried out
in the Upper Silesia Coal Basin in Poland and in Czech Republic show that the stress in one
of the horizontal directions is higher than the vertical stress (Stas et al., 2011; Makowka, 2015;
Waclawik et al., 2017). In addition, the stress condition starts varying at some distance to the
approaching longwall face (Stas et al., 2011; Waclawik et al., 2017), that is linked to fracturing
and weakening of the rock. The research shows this distance is in the range from 20 to 160 m
and depends on exact position of the stress measurement point, yet the proportion between the
maximum and minimum stress remain. Concentration and high value of horizontal stress have
the major effect on stability of the gates and are the cause of squeezing.
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Fig. 3. In-situ stress measurements in mines in South Africa (Handley, 2013)
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Fig. 4. In-situ stress measurements in mines in Australia (Nemcik et al., 2006)

2.2. Change of the rock mass quality around
the longwall face

In the zones where stress concentrates and exceeds the tension and shear strength the rock
breaks. The network of fractures starts developing in the rock mass and is the most intensive at the
boundary of collapsing roof (Fig. 5). The changes within the rock structure appear at the distance L
from the longwall face as shown in the Fig. 1, where the increase of stress indicates the rock
bears the load and remains intact. The decrease of stress signs the progressing failure of the rock.

The quality of the rock mass changes due to development of fractures. Intensity and char-
acteristics of fractures are the major quality factors in the rock mass geotechnical quality clas-
sification systems like RMR, GSI, Q, RMI, and others. Subsequently, the mechanical parameters
of the rock mass can be inferred from the quality evaluation by these systems, and in case of
Hoek’s-Brown strength hypothesis (Equation 1), the empirical parameters m,, and s also can be
determined (Equations 2 and 3 — Hoek, 2016). It is important notion because this hypothesis is
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currently commonly applied to solve geomechanical problems and is often in-built in numerical
software. The equations are:

o :o]+[mbﬁ+s] (1)
O-C
GSI -100
my, =m; exp| ———— 2
b p(28—14Dj @
GSI-100
s=exp| ——— 3
p[ 93D j 3)
where:
0, — uniaxial compressive strength, MPa,
D — disturbance factor,
a — the constant which depends upon the rock mass characteristics.

The GSI index can be determined from RMR index using the relationship:

GSI = RMRgg — 5 (4)
v RMR
Mo 13—~ _/mbm Mb1.1
~—S¢3 -~ S1g, S11

m s

Fig. 5. Development of fractures in the rock mass approaching the longwall face

The parameters m;, and s for each rock layer (from 1 to ) continue changing together with
the approaching longwall face. It can be described as my;_; and s,_;, m,_; and s,_;, and so on
for the undisturbed rock mass, and with decreasing values my;_, and s;_,, my,_, and s,_, and so
on towards the longwall face (Fig. 5).

Obviously, the change of GSI index corresponds with the change of parameters m1; and s of
Hoek’s-Brown criterion. Both of these parameters will decrease together with decreasing GSI
index due to concentration of stress ahead of the exploitation face. Therefore, the assumption of
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invariable quality of the rock and constant m;, and s parameters in the exploitation zone is incor-
rect. Unfortunately, in many cases the numerical models of rock mass in exploitation zones are
simplified (Islam et al., 2009; Lian-guo et al., 2009; Basarir et al., 2015). Moreover, as brought
up by Singh (2015), there is no evaluation of the changes of rock properties in the analytical
solutions of the stability of the openings, and most often the rock mass is considered homogene-
ous without even differentiating between rock beds. The quantitative results obtained from such
simplified assumptions are inadequate.

Faria Santos and Bieniawski jointly stated in 1989 that the key concern for proper solution of
geotechnical problems and design of the support is the evaluation of RMR index. Some research-
ers resolve to apply time related reduction of the mechanical rock parameters to take into account
the effect of erosion and propagation of fractures (Yasitli & Unver, 2005; Hosseini et al., 2014).
This reduction is empirical. The others introduce in the solutions the so-called expansion factor
(Madji et al., 2012) or buckling factor (Sabanimashcool & Li, 2015) that reflect the destruction
of rocks induced by the excavation.

The determination of parameters m,, and s requires investigation in triaxial compression
condition (Faria Santos & Bieniawski, 1989; Toraiio et al., 2002; Hoek, 2016) yet this kind of
test on fractured rocks may not be feasible. In these circumstances, the back analysis of measure-
ments of convergence of the gallery becomes the practical solution.

2.3. Deformation of gates

Two stages in the gate functioning time need to be discerned for the analysis of its conver-
gence: first stage when the gate is beyond the excavation impact, and second stage when it is
within the impact zone.

In the first stage the gate can be considered as any other gallery, yet having on mind that
its life span is much shorter than the main galleries, and its convergence is small until the com-
mencement of longwall excavation (Prusek, 2008; Niedbalski et al., 2013; Matkowski et al.,
2016 a,b). Secondary stress and strain conditions form around the opening (concentration of
compressional stress within the walls and tensional stress in the roof and floor) under static and
deformational load.

In the second stage the approaching longwall face causes intense deformation of the working
due to increasing compressional stress in the sidewalls, then increased load on the floor rocks
and sometimes additional dynamic loads (Madji & Hassani, 1989; Toraiio et al., 2002; Prusek,
2008). The deformation process of the gates is determined largely by the horizontal extent of
the abutment zone.

In the conditions of the Upper Silesia Coal Basin the measurable deformations of gateroads
related to a longwall excavation appear at 160 m distance from the longwall face, become most
intense at 20-80 m distance, and then the rock mass movement stabilizes at 60 to 200 m behind
the excavation face (Chudek & Duzy, 2002; Majcherczyk & Matkowski, 2003; Nietacny, 2009;
Prusek, 2008; Wardas et al., 2013; Herezy, 2013).

The deformation of gateroads in the USCB were subject to many researches and the results
are compiled in Table 1. The compilation shows the scale of the problem of maintaining stability
of the gateroads, particularly in cases when the main gate is planned to be used twice for two
adjacent longwall panels. In some instances, the deformations of the rock mass and support are
too big for the reuse of the main gate. The deformations may reach 30-40% of the initial dimen-
sions of the gate, as it is brought up in works by Madji & Hassani (1989) and Torafio (et al. 2002).
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Magnitudes of convergence measured in gateroads in Upper Silesian Coal Basin

Reference Measured value Results

Vertical convergence 30780 mm

Prusek, 2008 Incl. floor heaving 10580 mm

Horizontal convergence 10+300 mm

Vertical convergence 100870 mm

Nielacny, 2009 Incl. floor heaving 40+580 mm
Horizontal convergence 240+590 mm

Vertical convergence 80+900 mm

Herezy, 2013 Horizontal convergence 50+400 mm
Vertical convergence 670810 mm

1., 201 ;

Wardas et al., 2013 Horizontal convergence 320+840 mm
Niedbalski, Matkowski, Vertical convergence 840+1260 mm
Majcherczyk, 2013 Horizontal convergence 300+710 mm
Vertical convergence 240+1332 mm
Prusek; 2015 Horizontal convergence 299+1871 mm
Vertical convergence 250+2150 mm
Lubosik & Walentek, 2016 Incl. floor heaving 225+1800 mm
Horizontal convergence 250+2100 mm

Vertical convergence 80+1450 mm

P k, 201

Wrana & Prusek, 2016 Horizontal convergence 110+2050 mm

coal

shale

sandy shale

medium grained sandstone

Fig. 6. Geological column at the site

3. Convergence measurements
in the maingate D-2

3.1. Mining and geological conditions
in the research location

The working subject to the research was within coal
bed of a total thickness 4.4. Its floor was 998 to 1030 m
deep, and the length of the gate was 1500 m.

The geological column of the rocks above the gate’s
roof is shown on Fig. 6 and includes (in sequence): shale
with laminas of coal, sandy shale, shale with locally sand
content, medium grained sandstone, sandy shale and an-
other coal bed (the vertical distance between the coal beds
is approx. 28 m).

The samples of rocks exposed directly in the roof,
floor and walls were collected and laboratory tested to
determine their geomechanical properties. The tests were
carried out in accordance with the guidelines by ISRM
(Ulusay & Hudson, 2007). The parameters of rocks located
further from the contour of the gallery were assumed after
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the available technical documentation (Technical documentation, 2016). The values of geome-
chanical parameters of all rock types around the maingate D-2 are presented in Table 2.

The laboratory results show, for the rock from the immediate roof, the average uniaxial
compressive strength 29.9 MPa with the spread of the individual results 18.84+40.96 MPa. The
average elastic modulus of this rock is 5.62 GPa (the range of results 2.96+7.01 GPa), while
Poisson ratio 0.35 (the range of results 0,31+0,39).

The rock in the floor of the gallery is generally stronger than the rock exposed in the roof,
and its parameters derived from laboratory testing are:

* uniaxial compressive strength

Rc-=50.3 MPa (37.77+56.05 MPa),
* Young’s modulus

E=4.55GPa (3.01+6.24 GPa),
¢ Poisson ratio

v=0.32 (0.1650.37).

It needs to be pointed out that for each rock type, and for each bed in the roof and floor the
values of geomechanical parameters were determined from laboratory testing.

TABLE 2

Geo-mechanical parameters of the rocks in the surround of the maingate D-2

Spot Rock type Bed thickness | Unit weight ucCs Young’s modulus | Poisson ratio
h; [m] 7i [KNm’] | 6,; [MPa] E; [GPa] vi [-]
Coal 1.0 13.02 10.2 1.57 0.30
Shale 1.4 25.87 51.7 7.17 0.32
Sandy shale 3.2 25.32 60.4 10.78 0.28
Roof | Medium grained 7.8 25.41 58.2 9.52 0.26
sandstone
Shale 10.5 25.87 51.7 7.17 0.32
Sandy shale 3.2 25.01 41.2 6.98 0.32
Shale 0.6 25.16 29.9 5.62 0.31
Sidewall Coal 4.4 12.81 12.4 1.86 0.30
Shale 8.5 24.97 50.3 4.55 0.32
Meg;iglstggséned 5.9 26.97 70.1 6.59 0.28
Floor
Sandy shale 2.8 25.78 58.9 8.87 0.29
Coal 3.5 12.48 11.9 1.69 0.30
Shale 9.2 26.73 50.2 6.23 0.29

3.2. Methodology of the research

Convergence measurements were carried out in a period of one and half year in the main-
gate D-2 in purpose to determine the impact of the exploitation on the gate. The measurements
started in April 2015 with one-month frequency and continued during formation of the gallery
and later — during its use as a main gate. The results were analyzed in reference to nominal initial
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dimensions of the contour: 6.5 m width and 4.225 m height (the working cross-section amounts
to 21.58 m?). The support of the working was steel yielding arch type EPCBor 12/4/V34/A at
0.6 m spacing.

Three convergence monitoring stations were installed: at chainage 650KM, 714KM and
735KM. Each station comprised four measurement points MP1, MP2, MP3, MP4 (Fig. 7) that
allow for measurement of changes of the contour height /, width ¥, and heave of the floor uy
(Fig. 7). The floor heave was measured as a change of the distance between the floor and MP1
— MP3 line in 10 locations.
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Fig. 7. Diagram of the convergence monitoring station and the distances measured

3.3. Results of convergence measurements in maingate D-2

3.3.1. Monitoring Station 735KM

In the first 420 days period, the measurements on 735KM station showed very little conver-
gence of the opening. The recorded values of the changes were: width of gallery AW,, =34 cm,
height AH,, = 45 cm, and the maximum heave of the floor u,, = 40 cm. After 600 days since
the formation of the gallery its height was 372 cm i.e. approx. 88% of the nominal height of the
support. In June 2016 (about 570 days since formation) the width of the gallery was 95.2% of
the nominal width. The increase of the deformation around station 735KM was recorded when
the excavation face was at 110 m distance to the station. Significant changes of maingate D-2
dimensions were observed when the longwall face was 70 m close. The abutment pressure caused
almost threefold increase of the vertical convergence i.e. 94 cm. At the same time the heave of
the floor practically doubled from 40 cm to 85 cm. The dynamics of the convergence versus the
distance to the longwall face is shown on the Fig. 8, and the values recorded on station 735KM
are compiled in Table 3.
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TABLE 3
Convergence of the gallery versus distance to the long wall face
— Station 735KM
Width Height | Distance to Gate convergence
Date w, H, the longwall Horizontal Vertical
[m] [m] face L[m] | AW[m] | AW [%] | uz[m] | AH[m] | AH [%]

04/2015 6.40 4.00 765 0.10 1.5 0.11 0.23 54
06/2015 6.33 3.97 765 0.17 2.6 0.13 0.27 6.3
08/2015 6.28 3.92 635 0.22 34 0.16 0.31 7.3
10/2015 6.21 3.84 519 0.29 4.5 0.21 0.39 9.2
12/2015 6.18 3.81 419 0.32 4.9 0.26 0.42 9.9
01/2016 6.16 3.78 381 0.34 5.2 0.28 0.45 10.7
04/2016 6.15 3.78 223 0.35 5.4 0.31 0.45 10.7
06/2016 6.15 3.74 122 0.35 54 0.33 0.50 11.7
07/2016 6.09 3.72 110 0.41 6.3 0.34 0.51 12.1
08/2016 6.02 3.62 72 0.48 7.4 0.40 0.61 14.4
09/2016 591 3.41 27 0.59 9.1 0.54 0.82 19.4
10/2016 5.82 3.29 0 0.68 10.5 0.61 0.94 22.2

3.3.2. Monitoring Station 714KM

Convergence recorded on station 714KM, until the symptoms of approaching exploita-
tion, was higher than on the station 735KM. It is suggested that this effect was due to presence
of excavation edge of the above coal seam. The distance from the station to the edge was ap-
prox. 35 m. The record shows that the convergence, before the stage of intense deformations,
was about 70 cm horizontally which is 11% of the initial width. In the same period the change
in height was 15.4% (65 cm), of which 95% was the heave of the floor (62 cm). The first impact
of the approaching abutment front was recorded when the distance between the station 714KM
and the wall was approx. 90 m. The deformations increase when the distance reduces to approx.
50 m. The horizontal convergence of the side walls reached 102 cm, i.e. 1.5 times the value when
the gate was still beyond the influence of the abutment pressure. Also, the vertical convergence
increased to 115 cm. The rather small downward movement of the roof is noteworthy and it is
the floor heave that contributes mostly to the vertical convergence. Table 4 shows the results of
measurements on station 714KM.

3.3.3. Monitoring Station 650KM

There was minute horizontal squeezing observed on station 650KM in the period before the
first signs of approaching wall exploitation. The change of horizontal dimension of the support
was 6%, while 4 cm drop of the roof and u; — 82 cm heave of the floor was recorded. In this
period, the vertical convergence reached 86 cm that constituted one fifth of the initial height of
the gate. The decrease of cross-sectional area of the gate due to the longwall excavation started
when the excavation front was approx. 110 m from the station. The decrease accelerated when
the distance to the front was 80 m. The stress in the rock mass increase, induced by the ap-
proaching longwall excavation, was manifested by accelerating convergence that was measured
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on station 650KM. The vertical convergence reached 29% (123 cm) of the initial dimension of
the support. The floor heave increased 1.5 times to reach 117 cm, which was 94% of the vertical
convergence. Whereas, twofold increase of the horizontal convergence was recorded which was
87% of the initial width.

TABLE 4
Convergence of the maingate D-2 versus distance to longwall face
— Station 714KM
Width Height | Distance to Gate convergence
Date w,, H, the longwall Horizontal Vertical
[m] [m] face L [m] AW [m] | AW[%] | ug[m] | AH[m] | AH [%]
04/2015 6.03 3.77 786 0.47 7.2 0.30 0.46 10.9
06/2015 5.96 3.76 786 0.54 8.3 0.31 0.47 11.1
08/2015 5.96 3.69 656 0.54 8.3 0.37 0.54 12.8
10/2015 5.90 3.67 540 0.60 9.2 0.40 0.56 13.3
12/2015 5.89 3.63 440 0.61 9.4 0.43 0.60 14.2
01/2016 5.86 3.61 402 0.64 9.8 0.44 0.62 14.7
04/2016 5.82 3.60 244 0.68 10.5 0.47 0.63 14.9
06/2016 5.80 3.58 143 0.7 10.8 0.50 0.65 15.4
07/2016 5.78 3.49 131 0.72 11.1 0.53 0.74 17.5
08/2016 5.74 3.44 93 0.76 11.7 0.60 0.79 18.7
09/2016 5.61 3.20 48 0.89 13.7 0.61 1.04 24.5
10/2016 5.48 3.08 0 1.02 15.7 0.62 1.15 27.2
TABLE 5
Convergence of the maingate D-2 versus distance to longwall face
— Station 650KM
Width Height | Distance to Gate convergence
Date W, H, the longwall Horizontal Vertical
[m] [m] face L[m] | AW[m] | AW [%] | uy[m] | AH[m] | AH [%]
04/2015 6.23 3.61 850 0.27 4.2 0.45 0.62 14.7
06/2015 6.23 3.53 850 0.27 4.2 0.49 0.71 16.7
08/2015 6.21 3.52 720 0.29 4.5 0.54 0.71 16.8
10/2015 6.19 3.47 604 0.31 4.8 0.57 0.76 18.0
12/2015 6.15 3.45 504 0.35 54 0.61 0.78 18.5
01/2016 6.14 343 466 0.36 5.5 0.63 0.80 18.9
04/2016 6.13 342 308 0.37 5.7 0.67 0.81 19.2
06/2016 6.11 3.40 207 0.39 6.0 0.70 0.83 19.6
07/2016 6.11 3.39 195 0.39 6.0 0.71 0.84 19.9
08/2016 6.10 3.37 157 0.40 6.2 0.73 0.86 20.4
09/2016 6.05 3.30 112 0.45 6.9 0.77 0.94 22.1
10/2016 5.99 322 85 0.51 7.8 0.84 1.01 239
04/2015 5.82 3.08 33 0.68 10.5 0.93 1.15 27.2
06/2015 5.69 3.00 0 0.81 12.5 1.04 1.23 29.1
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The dynamics of the changes of the gate’s dimensions versus the distance of the convergence
stations to the exploitation front is shown on the Fig. 8.

= Station ch. 735 - vertical convergence = Station ch. 735 - horizontal convergence
== Station ch. 714 - vertical convergence == Station ch. 714 - horizontal convergence
= Station ch. 650 - vertical convergence == Station ch. 650 - horizontal convergence
Distance from the longwall face, m
1000 800 600 400 200 0
1 1 1 0’00
- 0,20
€
[
o
S
- 0,40 &
o
>
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Fig. 8. Convergence of the gallery versus distance to the longwall face; monitoring period
from the commencement of the excavation

In all three stations the vertical convergence was mainly due to heave of the floor (Fig. 9),
while lowering of the roof ranged from several to dozen or so centimeters. The cross-sectional
area of the maingate D-2 at station 735KM decreased by 6.44 m?, i.e. approx. 28% of the initial
area; at the station 714KM it decreased by 8.72 m?, i.e. 38% of the initial value, and by 8.90 m?
at station 630KM which was almost 40% of the initial value (Fig. 9). The average values of
convergence at the longwall-maingate crossing is shown in Table 6.

Station Station Station
chainage 735 chainage 714 chainage 650
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Fig. 9. Diagram of final convergence at monitoring stations



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

106
TABLE 6
Final convergence due to longwall effect recorded at monitoring stations
Convergence Cross-sectional
Convergence n " Floor heave
. Horizontal Vertical area of the gallery
station 2

[m] [m] [m] [m?]

735 0.68 0.94 0.85 16.77

714 1.02 1.15 1.09 14.49

650 0.81 1.23 1.17 14.27
Average values 0.84 1.11 1.04 15.18

4. Numerical calculations

4.1. Model assumptions

Computer program Phase2, that utilizes the method of finite elements, was used to model
the deformations measured in the gallery D-2. In the model, the rock mass was depicted as 2D
chart consisting of ca. 12000 elements and ca. 24000 nodes (Fig. 10). Zero dislocation in hori-
zontal and vertical direction on all boundaries of the chart was assumed as a boundary condition;
taking into account initial stress related to 1000 m depth of the gallery and the average specific

A'l.l'l'l'..l‘.""'l"'.‘\

Fig. 10. The numerical model scheme
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weight of the overburden. The yielding arches support LPCBor 12/4/V34/A,4.225 m high, 6.5 m
wide (at base), at 0.6 m spacing, and made of steel S480W (o, = 480 MPa and o, = 650 MPa)
was represented in the model as a Reinforced Concrete with the only selected option Reinforce-
ment.

The physical parameters of the rock types around the gate D-2 were obtained from labora-
tory tests as averaged values for all four distinguished rock types: coal, shale, sandy shale and
medium grained sandstone (Tab. 7). Elasto-plastic and isotropic character of the rock mass was
assumed for modeling of its behavior under the stress. The Hoek’s-Brown failure criterion was
selected to be used in the model. The method proposed by GIG (Prusek, 2008, 2015) was applied
to evaluate post-failure parameters m;, and s of Hoek’s — Brown criterion. In accordance with this
method, the m;, and s parameters were gradually reduced in the course of numerical modelling
until the computer-generated convergence values, also corresponding to various distance to the
longwall face, were consistent with the in-sifu measurements. Therefore, these two parameters
are a function of the distance to moving excavation front.

TABLE 7
Values of rocks geomechanical parameters applied in the model
Unit weight UCS Young’s modulus | Poisson ratio
Rock type 3
2 [KN/m”] 6. [MPa] E; [GPa] vi [
Coal 12.70 12.0 1.76 0.30
Shale 25.86 50.4 6.12 0.31
Sandy shale 25.35 533 8.88 0.30
Medium grained sandstone 26.08 63.3 8.26 0.27

Since the analysis of deformation and stress allows for calculation of the stress needed to
for the deformation, the authors compared the normal component of stress of individual stress
condition, in purpose to determine the ratio between vertical and horizontal stress that were
present at the observed deformation of the gallery.

4.2. Results of the computation

4.2.1. Evaluation of rock mass quality and m;, and s parameters

For the determination the values of m,;, and s parameters the appropriate RMR (Rock Mass
Rating) index needs to be evaluated. These vales have to be determined for the rock mass before
and during the impact of the longwall excavation. Therefore, the RMR index was obtained by
both: the direct evaluation in the gallery at the stations location, and indirectly by back analy-
sis. Comparison of these two evaluations shows very little difference, usually 1-2 score points
(Tab. 8) and always the direct evaluation was higher than the inferred value. Despite that the
direct evaluation is subjective, the results in Table 8§ indicate that the Carboniferous rock mass
is generally more fractured than it is determined by directly obtained RMR.

Figures 11-13 present charts of total displacements around convergence stations 735KM,
714KM 1 630KM. It is visible that the modelled displacements increase together with closing
distance to the longwall face which well compares with the in-situ measurements.
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TABLE 8
RMR index determined directly and obtained from the back analysis
Station RMR determined directly RMR from reverse analysis
735 50 48
714 46 45
650 43 41

Total
:upxacemnc

Total
31:placemenc

Al

0.000
0.045
0.090
0.135
0.180
0.225
0.270
0.315
0.360
0.405
0.450
0.495
0.540
0.585
0.630
0.675
D 720

.765
0 810
0.855

0.000
0.045
0.090
0.135
0.180
0.225
0.270
0.315
0.360
0.405
0.450
0.495
0.540
0.585
0.630
0.675
0.720
0.765
0.810
0.855

Total
Displacement
n

Displacement

0.000
0.045
0.090
0.135
0.180
0.225
0.270
0.315
0.360
0.405
0.450
0.495
0.540
0.585
0.630
0.675
0.720
0.765
0.810
0.855
0.900

0.000
0.045
0.090
0.135
0.180
0.225
0.270
0.315
0.360
0.405
0.450
0.495
0.540
0.585
0.630
0.675
0.720
0.765
0.810
0.855
0.900

Total
Displacerent

0.000
0.045
0.090
0.135
0.180
0.225
0.270
0.315
0.360
0.405
0.450
0.495
0.540
0.585
0.630

Fig. 11. Charts of the total displacement around station 735KM: a) 0 m before the longwall face,

b) 27 m before the longwall face, ¢) 72 m before the longwall face, d) 110 m before the longwall face,
¢) 122 m before the longwall face

Through the process of adjusting the m;, and s parameters to obtain convergence values similar
to in-situ measurements it was also possible to draw the relationship between these parameters
and the distance to the longwall face for all types of rock present around the gallery, i.e. coal,
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Total Total
Displacement Displacement

0.000
0.055
0.110
0.165
0.220
0.275
0.330

m
0.385
0.440
0.495
0.550
0.605
0.660
0.715
0.770

Displacement Displacement

E]

0.000
0.055
0.110
0.165
0.220
0.275
0.330
0.385
0.440
0.495
0.550
0.605
0.660
0.715

0.000

Total
Displacement

0.000
0.055
0.110
0.165
0.220
0.275
0.330
0.385
0.440
0.495
0.550
0.605
0.660
0.715
0.770
0.825
0.880
0.935
0.990
1.045
1.100

Fig. 12. Charts of the total displacement around station 714KM: a) 0 m before the longwall face,
b) 48 m before the longwall face, c) 93 m before the longwall face, d) 131 m before the longwall face,
e) 143 m before the longwall face

shale, sandy shale and medium grained sandstone (Fig. 12-17). Table 8 presents the post-failure
values of m;, and s as well as the equations that could be used to calculate their change after the
failure versus the distance to the longwall face. The analysis of the obtained m, and s values
shows the that the biggest drop is in case of shale and coal. The value of parameter s for coal at
the crossing longwall face — main gate is 5 times lower than in the zones beyond the impact of
the longwall excavation (Fig. 13, 15 and 17). Parameters m;, and s for medium grained sandstone
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Total
Displacement

Total
Displacement
m

0.000
.060
.120
.180
.240
.300
.360
.420
.480
.540

0.000
0.060
0.120
0.180
0.240
.300

Total

Displacement Displacement
m

0.000
0.060
0.120
0.180
0.240
.300
.360
.420
.480

0.000
0.060
0.120
0.180
0.240

Displacement
m

0.00)

Fig. 13. Charts of the total displacement around station 650KM: a) 0 m before the longwall face,
b) 33 m before the longwall face, ¢) 85 m before the longwall face, d) 112 m before the longwall face,
e) 157 m before the longwall face

show approx. 35+45% drop in value. The least drops of the values appear for shale and sandy
shale reaching approx. 28+33%.

It is noteworthy that the coefficient of determination R* for the equations cited in Table 9 is
very high, and it varies from 0.7 to 0.98 for m; parameter, and from 0.86 to 0.99 for s parameter.
The correlation between the parameters and the distance to the longwall face is comparable for
all investigated rock types that confirms the paramount effect of the longwall excavation on
destruction of the surrounding rocks.
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Fig. 12. Change of the parameter m,, versus distance to the wall front — station 735KM
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Fig. 13. Change of the parameter s versus distance to the wall front — station 735KM
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Fig. 14. Change of the parameter m,, versus distance to the wall front — station 714KM
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Fig. 15. Change of the parameter s versus distance to the wall front — station 714KM
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Fig. 16. Change of the parameter m,, versus distance to the wall front — station 650KM
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Fig. 17. Change of the parameter s versus distance to the wall front — station 650KM
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TABLE 9

The empirical rock parameters m and s of the Hoek-Brown failure criterion without the longwall effect
and the regression equation representing their changes versus the distance to the longwall face

Hoek-Brown empirical parameters

Station Rock type Intact rock Fractured rock next to the longwall face
my, N mbf R2 Sf R2
shale 1.327 | 0.0022 | m,=0.454¢0%% | 0978 | s=10.0007¢ %% | 0.974

sandy shale | 1.873 | 0.0031 | m,=0.658¢"% | 0.984 | s=10.0010e"%7 | 0.902
735 | mediumgrained

2.810 | 0.0060 | my=1.042¢2% | 0.980 | s=0.0022¢"%7 | 0.947

sandstone
coal 1.561 | 0.0080 | m,=1.632¢%2¢ | 0818 | s=0.0070e"%" | 0.971
shale 1.192 | 0.0022 | m,=0.404¢2%2¢ | 0931 | s=10.0008¢"%% | 0.886

sandy shale | 1.683 | 0.0031 | m,=0.696¢%%¢ | 0.937 | s=10.0001e""* | 0.861
714 | mediumgrained

2.525 | 0.0060 | m,=0.979¢7%%4 | 0855 | 5=0.0010¢0117 | 0.981

sandstone
coal 1.403 | 0.0080 | m;=0.933¢%%¢ | 0.860 | s=0.0032¢"%% | 0.975
shale 1.033 | 0.0022 | my=0.420e0% | 0.982 | s=0.0008¢"%7 | 0.988

sandy shale 1.459 | 0.0031 | my=0.647¢2%% | 0.869 | s=0.0001e "> | 0.936

650 | mediumgrained
sandstone

coal 1.355 | 0.0080 | my=1.153¢2%3 | 0.965 | s=0.0032¢"%37 | 0.966

2.189 | 0.0060 | m;=0.899¢0%4 | 0701 | 5=0.0067¢"%¢ | 0.961

From the results in Table 9 it can be concluded that the average drop in value of the Hoek-
Brown failure criterion parameters depends on the rock types building the rock mass. In case of
the rock types around the main gate D-2 the regression equations are as follows:

for shale: my, = 0.426¢ 00234

5 =0.0008¢0-0043d
— for sandy shale: my, = 0.667¢ 0-0030d
5 =0.0004¢0:0113¢

— for sandstone:  my, = 0.974¢ 00043
s =0.0033¢ %0077
— for coal: my = 1.240¢ 000234

5 =0.0045¢ 0007

The obtained regressions are different than the so far published by Prusek (2008, 2015) for
the Upper Silesia Coal Basin. The differences of the exponent and the constant term are up to
10%, and occasionally up to 100%. This observation proves that the diversity of properties of
the Carboniferous sedimentary rocks, even within relatively small mining area, is too big for
formulating universal equation to describe each rock type behavior during destruction.

4.2.2. Evaluation of the ratio between horizontal and vertical stress

Figures 18-20 present charts of principal stresses o, and o, at all three cross-sections of the
main gate D-2. The stress condition depicted on the charts was the cause of earlier described de-
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Fig. 18. Charts of the principal stresses around convergence station 745KM at the zero-distance
to the longwall face a) principal stress oy, b) principal stress o,

Fig. 19. Charts of the principal stresses around convergence station 714KM at the zero-distance
to the longwall face a) principal stress oy, b) principal stress o,
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formations of the gallery. It was assumed that the stress values in the zones beyond the contour of
the gallery, at the point when failure of the rock and dissipation of stress was observed, represent
the maximum stress the that the rock can bear. The analysis of the stress direction (Fig. 18-20)
shows that further from the gallery the vectors assume vertical and horizontal direction, hence
the principal stresses in such locations can be considered as vertical and horizontal stress. At
the same time, the stress trajectories show the horizontal stresses are bigger. The differences of
stress between all three stations are insignificant because the simulation took into account the

different initial stress in these locations related to their different depths.

That way obtained maximum values of principal stresses (Tab. 10) show that in all three cases
the horizontal stresses are greater than vertical stresses. The horizontal stresses range between

The ratio of the principal stresses at the convergence stations

TABLE 10

Station Oimax = Ox G2max = Oy o/ o,
735 39.85 24.68 1.61
714 37.28 24.56 1.52
650 35.50 24.46 1.45

Fig. 20. Charts of the principal stresses around convergence station 650KM at the zero-distance

to the longwall face a) principal stress oy, b) principal stress o,
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35.5 MPa and 39.8 MPa, while the vertical between 24.5 MPa to 24.7 MPa. Therefore, the ratio
horizontal to vertical stress remains in 1.4-1.6 range, hence for the measured deformations in
the D-2 gate the horizontal stress had to be approx. 1.5 times biger than the vertical stress. The
performed analysis confirmed the observations in the mining galleries of JSW (Jastrzgbie Coal
Company) where common are undercutting of arch legs, inward buckling of the sidewalls, and
downward bending of crown arch.

5. Summary and discussion

The effect of progressing longwall excavation on the process of destruction of the rocks
in its vicinity is significant. Fracturing of the rock causes a change of stress conditions in the
rock mass which in consequence leads to convergence of the gateroads. The destruction of rock
intensifies together with the approaching excavation front. The development of fractures together
with the decreasing distance to the longwall face cause the change of the parameters of the failure
criterion as the rock mass is not able to withstand the increasing stress. Therefore, the assumption
of the same geomechanical properties of rocks within and beyond the longwall impact zone is
incorrect.

The Hoek’s-Brown hypothesis implies that the empirical parameters m;, and s for each rock
type change continuously with the approaching excavation front. Despite the continuous character
of this change it is difficult to provide ad hoc the true values of these parameters However, it
is feasible based on in-situ investigation and convergence measurements. This approach allows
for determination at what distance the longwall excavation starts affecting the stress condition
and deformation of the rock mass, and for determination of empirical parameters m; and s of
Hoek-Brown criterion from the measured convergence. The numerical analysis carried out by
the authors shows that the change of these parameters versus distance d to the longwall face can
be described by exponential equation:

P=a-e?d %)

where: P is the parameter of Hoek-Brown hypothesis, while a and b are the constants of the
equation.

The obtained functions representing the change of m; and s parameters for shale, sandy
shale, coal and medium grained sandstone are significantly different from the earlier works by
Central Mining Institute (Prusek, 2008; 2015) as to the value of exponent and constant term. This
observation proves that the diversity of properties of the Carboniferous sedimentary rocks, even
within relatively small mining area, is too big for formulating universal equation to describe each
rock type behavior during destruction. The research and development of this kind of equation
should be limited to individual lithotypes (based on earlier mineralogical investigation), or limited
to one exploitation field. From practical point of view, a research carried out in the first of the
designed gateroads should be sufficient for reliable evaluation of the parameters characterizing
the failure properties of rocks. This evaluation should be valid for all other galleries if assuming
relatively uniform geological conditions all over the mining field.

In the case of maingate D-2, and based on in-situ measurements it was found that the rock
mass deformations started at approx. 100 m from the longwall face, and intensified at the distance
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of approx. 40-60 m. The recorded convergence at longwall-maingate crossing reached values 1.5-3
times higher than at the same stations yet far from the longwall face. From the gallery stability
point of view these magnitudes are particularly high, and could not be obtained from numerical
modeling without lowering the geomechanical properties of the rock mass.

Noteworthy are also the values of horizontal stress generated from the numerical analysis,
which are 1.5 times greater than the corresponding values of vertical stress. Such a high hori-
zontal stress significantly contributes to the rock mass deformation process, especially causing
the heave of unsupported floor of the gateroad.
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