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Physical and numerical model simulations have been performed to determine
the surface subsidence induced by underground opening under super-critical
conditions. The study is focus on the effects of opening geometry and depth and
block size of the overburden on the angle of draw (y) and the maximum subsidence
(Smax)- Clean and uniform granular materials with three different sizes (3, 6 and 12
mm) are used to simulate individual blocks. A trap door apparatus is used to
represent the scaled-down three-dimensional simulations. The opening width (W) is
maintained constant at 5 cm. The block size-to-width ratio (Bs/W) vary from 0.06,
0.12 to 0.24, opening depth-to-width ratios (Z/W) from 1 to 5, opening height-to-
width ratios (H/W) from 0.2 to 1, and opening length-to-width ratios (L/W) from 1 to
5. The results indicate that y and Spax decrease with increasing Bg/W ratios. The
angle of draw increases with opening height (H/W) and length (L/W). The Spau/W
ratios and y approach constants when L/W is beyond 3. Under the same opening
geometry, increasing the opening depth results in a reduction of y and Spax, primarily
because new voids has been created in the overburden above the opening when the
opening depth increases. The empirical solution given by Peck (1969) and the PFC®

simulation are compared with the physical models. The empirical solutions for
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cohesionless material provided by Rankin (1988) and O’Reilly and New (1982) fit
well to the physical model results, particularly when Z,/W greater than 2. It indicates
that the trough volume is usually less than the opening volume. The results of PFC*°
agree reasonably well with those obtained from the physical models for all cases.
These verified numerical models can be extrapolated to predict the super-critical

subsidence behavior of fractured rock mass above mine openings.

School of __Geotechnology Student’s Signature

Academic Year 2014 Advisor’s Signature




ACKNOWLEDGMENTS

| wish to acknowledge the funding supported by Royal Golden Jubilee Ph.D.
scholarship awarded by the Thailand Research Fund under the office of the Prime
Minister, the Royal Thai Government.

| would like to express my sincere thanks to Prof. Dr. Kittitep Fuenkajorn for
his valuable guidance and efficient supervision. | appreciate his strong support,
encouragement, suggestions and comments during the research period. I also would like
to express my gratitude to Prof. Dr. Jaak J.K. Daemen for supporting, teaching and
advice during my research at University of Nevada, Reno, United States. My heartiness
thanks to Dr. Decho Phueakphum, Assoc. Prof. Ladda Wannakao, Dr. Prachya
Tepnarong and Dr. Anisong Chitnarin for their constructive advice, valuable
suggestions and comments on my research works as thesis committee members.
Grateful thanks are given to all staffs of Geomechanics Research Unit, Institute of
Engineering who supported my work.

Finally, I would like to thank beloved parents for their love, support and

encouragement.

Thanittha Thongprapha



TABLE OF CONTENTS

Page

ABSTRACT (THAI coceeeeeeeeeeeeeeeeetee st sss s as s |

ABSTRACT (ENGLISH) ..ttt Il

ACKNOWLEDGEMENTS ...ttt et s Vv

TABLE OF CONTENTS . ...ttt VI

LIST OF TABLES ...ttt e et X

LIST OF FIGURES ..ottt Xl

SYMBOLS AND ABBREVIATIONS. ..ot L\
CHAPTER

| INTRODUCTION. ...ttt e 1

1.1 Background and rationale ............c.ceoeeeienineniineneseeeeeee 1

1.2 ReSearch ODJECTIVES.......cccooiiiiiiiiieeee e 2

1.3 Scope and lMitationS ..........cccoveiiiiiiiieiee e 2

1.4 Research methodology .........ccocoviiiiiiiiiic e 3

1.4.1 Literature reVIEW.........cooeiueriiiieeeieie e 5

1.4.2 Sample collection and preparation.............cc.ccocvvvrvenne 5

1.4.3 Design and fabrication of the test frame...........c.ccccenee. 5

1.4.4 Physical model simulation.............cccooevenininniicinnn 5

1.4.5 Empirical Subsidence Calculations..............cccccceevveiennen. 6



\l

TABLE OF CONTENTS (Continued)

Page

1.4.6 Computer SIMUIAtioN ..........cccvvvieieiie e 6
1.4.7 Analysis and COMPAriSONS .........ccccvevveieereeieeseeseereesenas 6
1.4.8 Discussions and coNClUSION ..........ccccceverininineieeieenen, 6
1.4.9 TheSiS WIILING ....ccveivieieiic e 6

1.5 ThesiS CONENES.....ccviiiiiieiiiccre e 7
LITERATURE REVIEW ... 8
2.1 INtrOdUCTION .....ooviiiiiiiic e 8

2.2 Calculation, prediction and monitoring of surface subsidence..8

2.2.1 Calculation with profile function method....................... 8
2.2.2 Calculation with SALT SUBSID program.................. 12
2.2.3 Prediction with PFC 2D software.........ccccccevververvennnnn. 13

2.2.4 The monitoring and prediction of mining subsidence ..14

2.3 Physical Modeling.......ccocooviiiiiiiiiiieeee e 17
2.4 Empirical subsidence calculations...........ccccccoocenininiiininnnn 22
2.5 Computer Modeling ......ccocereiiiiiiiieeee e 23

2.6 Effect of underground opening geometries and overburden

properties on surface sUbSIAENCE ........cccovveveeieieeie e 26
2.7 Previous relevant reSearChesS .......veveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenees 30
MATERIAL CHARACTERISTICS ... 35

3.1 INTrOAUCTION ... e e e e e 35



Vi

Vil

VI

TABLE OF CONTENTS (Continued)

Page

3.2 Sample preparation ........ccccccceieeieeiieseese e 35
3.2.1 Grain Size analysiS........cccvieeiieiieiieie e 35
3.2.2 Direct Shear teSt.........oooviiirieiiniceses e 38
TRAP DOOR APPARATUS ... 44
4.1 INrOAUCTION ....cveiiiiiiicc s 44
4.2 Design and fabrication of the test apparatus............c.ccccevenenne. 44
PHYSICAL MODEL SIMULATION .....cceiiiieiiiee e 49
5.1 INrOAUCTION ...t 49
5.2 Physical model teSting .......cccccovveieevieiieiece e 49
5.3 TESETESUILS ...t 53
EMPIRICAL SUBSIDENCE CALCULATION ......ccccoocviiiieiens 62
6.1 INTrOAUCTION....c..oiiiiiiiiiiece s 62
6.2 Previous studies on settlement trough ..........ccoceviiiiiiinienn, 62
6.3 Comparisons of subsidence trough profiles...........c.cccceoenennn. 64
6.4 Volume of surface settlement ............ccoceveiiiiiniiiiien, 66
NUMERICAL ANALYSIS ... 72
7.1 INTrOAUCTION....c.eiiiitiiiieee s 72
7.2 Discrete element analyses.........ccocovviiiiiieieneieneeseeeeeen 72
7.3 Comparison of numerical and physical models...................... 77

VIIT DISCUSSIONS AND CONCLUSIONS ..., 82



TABLE OF CONTENTS (Continued)

Page

8.1 Discussions and CONCIUSIONS.........ocevueeeeeeeeeeee e, 82

8.2 Recommendations for future StUdies .........cccveeeveeeeeceieeeeeeeenn, 84

REFERENCES ... .ottt e e e 85

BIOGRAPHY . 93



LIST OF TABLES

Table Page
3.1 Grain Size analysSiS . 38
3.2 Mechanical properties of tested granular materials_______ 43
6.1  Empirical solutions for estimation of settlement trough width____ 65

6.2  Estimation of the settlement trough width using different approaches

when BJ/W =0.10, Z/W = 2, H/W = 0.5 and L/W =2 69

7.1 PFC? simulation parameters 75



Figure

11

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

3.1

3.2

3.3

3.4

3.5

3.6

LIST OF FIGURES

Research methodology

Influence of extraction width on subsidence

Schematic of ground movements caused by subsidence
Small-scale experimental model
Classical trap door problem
Surface settlement profiles induced by the trap door apparatus
Surface subsidence curves of different unconsolidated layers thickness
Schematic of the trap door apparatus
Graph suggested by NCB
Physical model for prediction of subsidence
Variables used by Aracheeploha et al. (2009)

Grain size distribution curves of tested materials

Granular materials used to simulate overburden

Estimation of roundness and sphericity of sedimentary particles
Direct shear device SBEL DR44 used in this study
Shear stresses as a function of shear displacement
Shear strength as a function of normal stress obtained from direct shear

testing

Page

19

19

21

28

28

32

32

34

36

37

39

39

40

41



Figure

4.1

4.2

4.3

4.4

4.5

4.6

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

6.1

6.2

Xl

LIST OF FIGURES (Continued)

Page
Trap door apparatus used in this study 45
Perspective view of trap door apparatus. 46
Front view of trap door apparatus 46
Side view of trap door apparatus 47
Plan view of trap door apparatus. 47
Measurement system of trap door apparatus______ . 48
Variables used in physical model simulations and analysis____ 51
Example of three-dimensional laser scanned image of surface subsidence 52
Definition of angle of draw 54
Angle of draw as a function of the opening length-to-width ratio__ 55
Angle of draw as a function of the opening height-to-width ratio____ 56
Angle of draw as a function of the opening depth-to-width ratio 57
Maximum subsidence as a function of the opening length-to-width ratio___ 58
Maximum subsidence as a function of the opening height-to-width ratio. 59
Maximum subsidence as a function of the opening depth-to-width ratio 60
Properties of error function curve to represent cross-section settlement
trough above tunNnel 65
Comparison of the surface settlement trough calculations using values
of Z; and Z. for BJ/W = 0.10, H/W = 0.5 and L/W =2 67



X

LIST OF FIGURES (Continued)

Figure Page

6.3  Example of comparison of the model simulation subsidence trough and
the troughs calculated by different empirical formulae, where

Bs/W =0.10, Z/W =2, H/W = 0.5 and L/W = 2 67

6.4  Surface settlement troughs for different values of Z,/W where

Bs/W =0.10, H/W =1 and L/W =5 68

6.5  Volumetric ratios as a function of opening height ratio, opening length

ratio and opening depth ratio 71
7.1  Surface subsidence before the opening simulation with predefined

overburden thickness 74

7.2 Example of PFC?° model for surface subsidence after the opening

simulation 74

7.3 Surface subsidence under various opening depth-to-width (Z/W) ratios 76

7.4  Characteristics of each particle size under the same underground opening

geometry 78

7.5  Failure characteristic on first step of the overburden after the opening

simulation 79

7.6 Comparisons of the angle of draw (y) obtained from PFC®® and

physical model test 80

7.7 Comparisons of the Sma/W obtained from PFC?® and physical model test 81



SYMBOLS AND ABBREVIATIONS

Stmax = Maximum magnitude of subsidence

Y = Angle of draw

S(x) = Vertical displacement

G(X) = Slope (or tilt)

p(X) = Vertical curvature

u(x) = Horizontal displacement (lateral movement)

e(x) = Horizontal strain

b = Arbitrary constant

c = Arbitrary constant

X = Horizontal distance

B = Radius of critical area of excavation

Y = Model parameters represents the steady-state closure rate
Y, = Model parameters represents the ultimate transient closure
B = Empirical constants used to model the transient closure rate
N = Empirical constants used to model the transient closure rate
t = Time since excavation

E = Extraction ratio of the mine

Z, = Ultimate surface displacement at any location

Cu = Uniformity coefficient

Ce = Coefficient of curvature



D1o
D30

Deo

GOn

Ks

Os

On

Bs

Z:
Z

AV

SYMBOLS AND ABBREVIATIONS (Continued)

Particle size at 10% finer
Particle size at 30% finer
Particle size at 60% finer
Shear strength

Normal stress

Cohesion

Friction angle

Joint shear stiffness

Joint normal stiffness

Shear displacement

Normal displacement
Underground opening width
Underground opening length
Underground opening height
Underground opening depth (or overburden thickness)

Block size (or particle size)

XV

Width of settlement trough, defined as distance from center to

point of inflection of curve
Distance measured from surface to mid-height of opening
Distance measured from surface to opening roof

Change of surface settlement volume



Vs
Vi

Vo

SYMBOLS AND ABBREVIATIONS (Continued)

Volume of surface settlement

Volume of lost ground

Volume of underground opening

XVI



CHAPTER I

INTRODUCTION

1.1 Background and rationale

Surface subsidence as a consequence of underground mining and tunneling
can impact the environment and surface structures within the mine area (Asadi et al.,
2005). Sometimes this subsidence is of little importance to green field sites (i.e.,
those without surface structures), but it may cause significant damage where surface
structures are present. However, even without structures, subsidence can do damage.
Many scholars have studied the mechanisms of land subsidence caused by
groundwater withdrawal (Murayama, 1961; Lofgren, 1968; Helm, 1975, 1976;
Poland, 1977; Holzer, 1981, 1984; Shen et al., 2006). It is widely accepted that the
compression of soft clay layers and the compaction of sand is a main cause of land
subsidence and time delay of deformation. In order to minimize the environmental
impact, a reliable subsidence prediction is essential. One key parameter for
subsidence analysis and prediction is the angle of draw, which defines the limits of
the area affected by subsidence. Determination of the extent of surface subsidence due
to underground mining is important for deciding whether a particular structure is
located within the subsiding area or not. It is known that, for particular extraction
geometry, the area affected by subsidence is controlled predominantly by geologic
conditions in the overburden and by the mining geometry, i.e. lateral extent,

thickness, depth, and dip of the seam mined.



Even though extensive study has been carried out in an attempt to understand
and predict the surface subsidence behavior induced by underground excavations, the
effects of opening geometry under super-critical condition have rarely been
addressed. The difficulty in predicting the subsidence under super-critical condition

IS due to the complexity of the post-failure behavior of the overburden.

1.2 Research objectives

The objective of this study is to develop a trap door apparatus for use in three-
dimensional simulations of surface subsidence under various underground opening
configurations. The investigation is focused on the angle of draw, maximum
subsidence and volume of trough as a function of the opening geometry. The results
are obtained from the overburden simulated by using granular materials (cohesionless
materials). The simulations are under super-critical conditions, i.e. in plan view the
excavation dimensions are sufficient to induce maximum possible subsidence. The
test results are compared with subsidence profile predictions obtained from empirical
methods for tunnels in fractured rock mass and from discrete element analyses
(PFC?).

The findings can be useful to evaluate the subsidence magnitude and profile

for underground mining in fractured rock mass.

1.3 Scope and limitations

1. Scaled-down physical model is constructed in the laboratory with the size
of 95x95x60 cm.

2. Subsidence of the model is induced by real gravitational force.



3. Granular materials are selected to simulate the overburden.

4. All tests are made under ambient temperature.

5. Each opening configuration is simulated at least 3 times to verify the
repeatability of the results.

6. The opening width is simulated from 50 mm to 250 mm with an increment
of 50 mm. The opening length is simulated from 50 mm up to 500 mm
with 50 mm increment. The opening height is selected from 10, 20, 30,
40, to 50 mm. The overburden thickness is varied from 50 to 200 mm (at
25 mm intervals).

7. The observed results are compared with numerical analysis (using PFC*"
software) and with the empirical calculation of Peck (1969).

8. The main focus is on the super-critical subsidence induced by manmade

underground openings (e.g. mines, tunnels and caverns).

1.4  Research methodology

The research methodology shown in Figure 1.1 comprises 6 steps; including 1)
literature review, 2) sample collection and preparation, 3) design and fabrication of
the test frame, 4) analysis and comparisons the model simulation with computer
simulation and empirical calculation, 5) discussions and conclusions and 6) thesis

writing and presentation.



Literature Review

A\ 4
Sample Collection and Preparation

(Grain Size Analysis and Direct Shear Test)

A
Design and Fabrication of the Test Frame

v \ 4

Physical Empirical Subsidence Computer Simulations
Model Simulations Calculations (PFC®™)

A 4
Analysis and Comparisons

A 4

Discussions and Conclusions

\4

Thesis Writing

Figure 1.1 Research methodology.




1.4.1 Literature review
Literature review is carried out to improve an understanding of surface
subsidence knowledge and case studies in Thailand and abroad. The sources of
information are from text books, journals, technical reports and conference papers. A
summary of the literature review is given in chapter two.
1.4.2 Sample collection and preparation
Granular materials are primarily selected for model testing. Sample
preparations are carried out in the laboratory at the Suranaree University of
Technology. Before model testing all materials are subjected to two tests; grain size
analysis and direct shear test. The grain size analysis is performed to determine the
percentage of different grain sizes contained within a material. The objective of direct
shear test is to determine the cohesion and the friction angle of the material.
1.4.3 Design and fabrication of the test frame
A test frame for physical model simulation is designed and constructed
in Geomechanic research unit at Suranaree University of Technology. Solid Work
program is used to design the test frame. The testing space (area) is about 95x95x60
cm. The physical model is allowed to vary widths, lengths, heights and depths of the
underground openings.
1.4.4 Physical model simulation
The physical model is used to simulate subsidence of overburden in
three-dimension. The varied parameters are widths, lengths, heights and depths of
underground openings and the mechanical properties (¢ and c) of the overburden. The

laboratory testing is measured the maximum magnitude of subsidence (Smax) and the



angle of draw (y), and hence allowing to study the effect of opening geometries and
mechanical properties of overburden.
1.4.5 Empirical Subsidence Calculations
The empirical method given by Peck (1969) is used to predict the
subsidence trough profile. Various expressions have been proposed for calculating
the trough width at inflection point. Results obtained from this empirical method are
compared with the physical simulation results.
1.4.6 Computer simulation
The computer program is used to calculate the characteristics of the
subsidence model by considering the effects of underground opening geometries.
Calculation is used Particle Flow Code in 2 Dimensions (PFC?P). Discrete element
modeling is employed for this study due to its advantages in analyzing large
deformations and discontinuous processes.
1.4.7 Analysis and comparisons
Results obtained from model simulations are compared with the
computer simulation results and with the empirical solution given by Peck (1969).
1.4.8 Discussions and conclusion
Discussions are made on the reliability and adequacies of the
approaches used here. Future research needs are identified. All research activities,
methods, and results are documented and complied in the thesis. The research or
findings are published in the conference proceedings or journals.
1.4.9 Thesis writing
All study activities, methods, and results are documented and complied

in the thesis.



1.5 Thesis contents

This research thesis is divided into nine chapters. The first chapter includes
background and rationale, research objectives, scope and limitations and research
methodology. The second chapter presents results of the literature review to improve
an understanding of surface subsidence knowledge and case studies in Thailand and
abroad. The Chapter three describes sample preparation. Design and fabrication of
the test frame described in chapter four. Physical model simulation in laboratory
using a trap door apparatus is explicated in chapter five. Chapter six presents the
empirical subsidence calculation for use to predict the subsidence profile in each case.
Chapter seven proposes subsidence prediction using discrete element analyses by
PFC?P. Comparison and analysis between the results obtained from physical model,
empirical method and computer simulation describes in chapter eight. Chapter nine

presents discussions, conclusions and recommendation for future studies.



CHAPTER II

LITERATURE REVIEW

2.1 Introduction

Relevant topics and previous research results are reviewed to improve an
understanding of surface subsidence and case studies. These include the effects of
underground opening geometries on surface subsidence, surface subsidence
prediction, physical modeling, empirical subsidence calculation and computer

modeling. Initial review results are summarized below.

2.2  Calculation, prediction and monitoring of surface subsidence

2.2.1 Calculation with profile function method

Singh (1992) states that subsidence is an inevitable consequence of
underground mining — it may be small and localized or extend over large areas, it may
be immediate or delayed for many years. During recent years, with the expansion of
urbanization and increased concern for the environment, it is no longer possible to
ignore its aftermath.

The major objectives of subsidence engineering are

1) Prediction of ground movement.

2) Determining the effects of such movements on structures and
renewable resource.

3) Minimizing damage due to subsidence.



Whenever a cavity is created underground, due to the mining of minerals or for any
other reason, the stress field in the surrounding strata is disturbed. These stress
changes produce deformations and displacements of the strata, the extent of which
depends on the magnitude of the stresses and the cavity dimensions. With time,
supporting structures deteriorate and the cavity enlarges, resulting in instability. This
induces the superjacent strata to move into the void. Gradually, these movements
work up to the surface, manifesting themselves as a depression. This is commonly
referred to as subsidence. Thus mine subsidence may be defined as ground
movements that occur due to the collapse of overlying strata into mine voids. Surface
subsidence generally entails both vertical and lateral movements.

Surface subsidence manifests itself in three major ways:

1) Cracks, fissures, or step fractures.

2) Pits or sinkholes.

3) Troughs or sags.

Surface fractures may be in the form of open cracks, stepped slips, or
cave - in pits and reflect tension or shear stresses in the ground surface.
Based on cover depth and panel extraction width, a longwall panel may be classified
as being of sub-critical, critical or super-critical width (Figure 2.1). Panel critical
width is defined as the panel width for which maximum possible subsidence for a
given extraction height is developed. The critical width represents the cross-over point
from a “wide and/or shallow” longwall panel to a “narrow and/or deep” longwall
panel, the width and depth being determined relative to one another. The magnitude
of the critical width depends upon the geological characteristics of the overburden and

can range from 1.4 to 2 times the mining depth.
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Figure 2.1 Influence of extraction width on subsidence.

Subsidence consists of five major components, which influence damage to surface

structures and renewable resources are vertical displacement, horizontal displacement,

slope, vertical strain, and vertical curvature (Figure 2.2).
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Figure 2.2 Schematic of ground movements caused by subsidence.

Calculation by profile function;

Vertical displacement:

S(X) = % Smax [1 — tanh (cx/B)]

Slope (or tilt):

G(X) = S'(X) = ¥ Smax (C/B) sech® (cx/B)

Vertical curvature:

p(X) = S”(X) = Smax (c*/B?) [sech? (cx/B) tanh (cx/B)]

Horizontal displacement (lateral movement):

U(X) = -% Spax (bc/B) sech? (cx/B)

2.1)

(2.2)

(2.3)

(2.4)
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Horizontal strain:

&(X) = Smax (bc?/B?) [sech? (cx/B) tanh (cx/B)] (2.5)

where Spax 1S the maximum subsidence,

D is depth of cavern,

v is angle of draw,

X is horizontal distance,

c is arbitrary constant, where ¢ = 1.8 for critical and supercritical widths, and ¢
= 1.4 for subcritical widths

b is constant, and

B is maximum radius of cavern area.

2.2.2 Calculation with SALT_SUBSID program

SALT_SUBSID code developed by RE/SPEC Inc. (Nieland, 1991) has

been used to predict the three-dimensional surface subsidence for predicting
configurations of solution cavern on top of salt bed. SALT_SUBSID is designed to
calculate the subsidence profile induced by dry mining (underground openings) and
solution mining (brine caverns). The key parameters used in SALT_SUBSID
including Yss, Yo, p and N have been calibrated using the subsidence results computed
by the finite element analysis. This makes the predicted subsidence profile over the
cavern field more site-specific. Definition of these parameters is described in details

by Nieland (1991).

Z (x,y,0) = Zu(x,y).G(t) (2.6)
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G(t) = Y.t +Yo[1-exp(-BE™t)], and (2.7)

G(t) = 1; if Y.t +Yo[l-exp(-BEND)] > 1 (2.8)

where Y Yo, B, N are model parameters,
t is time since excavation,
E is extraction ratio of the mine, and
Z, is ultimate surface displacement at any location
The condition that G(t) = 1 is applied when a cavity is completely
closed. The parameter Y represents the steady-state closure rate and Y, represents
the ultimate transient closure. The parameters 3 and N are empirical constants used to
model the transient closure rate. In the case of dry mining, the parameter Y is set to
zero.
2.2.3 Prediction with PFC 2D software
PFC?® (Particle Flow Code in 2 Dimensions) developed by Itasca
Consulting Group Inc. (2008). PFC? is a discontinuum code used in analysis,
testing, and research in any field where the interaction of many discrete objects
exhibiting large-strain and/or fracturing is required. Because PFC?" is not designed to
examine a particular type of problem, its range extends to any analysis that examines
the dynamic behavior of a particulate system.
In PFC?®, materials may be modeled as either bonded (cemented) or
unbonded (granular) assemblies of particles. Though the code uses circular particles
by default, particle shape may be defined in a PFC?® model through use of the built-in

clump logic.
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The efficient contact detection scheme and the explicit solution method
ensure that a wide variety of simulations — from rapid flow to brittle fracture of a
stiff solid — are modeled accurately and rapidly. All the equations used in PFC?° are
documented. The user has access (via the powerful built-in programming
language, FISH) to almost all internal variables. The codes are not “black boxes,” but
open software that can be used with confidence.

PFC?® uses an explicit solution scheme that gives stable solutions to
unstable processes. It can describe non-linear behavior and localization with accuracy
that cannot be matched by typical finite element programs. This makes PFC?®, along
with its three-dimensional counterpart PFC3D, the only commercially available codes
of their kind.

2.2.4 The monitoring and prediction of mining subsidence

Donnelly et al. (2001) have developed the SWIFT (Subsidence With
Influence Function Technique) mining subsidence prediction program, was used to
predict mining subsidence across four survey traverses. These were initially installed
to monitor mining subsidence during the long wall working of a coal seam. The
SWIFT program produced subsidence curves that were similar to the observed data in
terms of subsidence trough morphology and general characteristics. However, the
SWIFT program overestimated the magnitude of mining subsidence in each case by
0.17£0.20 m. This can be explained by the geological differences between the
Carboniferous coal measures of Britain, where the SWIFT program was devised, and
the Tertiary coal measures in Colombia.

SWIFT calculations are based entirely on mathematical and

geometrical principles. Basically, the subsidence characteristics are derived from the
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geometry of the extracted volume and its relationship to the surface. Subsidence is
influenced by the geology, stratigraphy, structure, and geotechnical properties of the
strata, engineering behaviour of the ground and tectonic setting of the coal basins, but
these factors are not included in the subsidence calculations. In Colombia, there are a
greater number of igneous horizons, such as intrusive sills and extrusive lava flows, in
the region between the mined horizon and the ground surface. In comparison, the coal
measures in the Britain Isles do not contain igneous sequences in such abundance.
The stronger and more competent igneous horizons would effectively span a greater
distance before subsiding. It is likely that this causes bed separation during
subsidence, resulting in a reduction in the subsidence of the ground surface.

This research has shown that British-based mining subsidence
techniques can be used to predict mining subsidence in Colombia. However, the
SWIFT program must be calibrated to suit the local geological and geotechnical
conditions. Furthermore, if the subsidence predictions are carried out in conjunction
with local geological expertise, and are verified by field observations and monitoring,
then can then be a reliable and cost-effective method of subsidence prediction.

Tan et al. (2009) introduce the subsidence coefficient which is a key
parameter for ground movement and deformation prediction when mining under the
building, water, and railway; so how to get exact subsidence coefficient is one of the
most important problems in the discipline of mining subsidence. Support vector
machine (SVM) is a new algorithm of machine learning based on statistical learning
theory. Compared with traditional method, SVM can be established under condition
of deficient samples and abnormal observation result can be rejected effectively.

Based on comprehensive analysis of effect factors on subsidence coefficient such as
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mechanical characteristics of upper rock stratum, thickness of alluvium deposit, ratio
value of mining deepness to thickness, mining method and roof control method, etc,
data from tens of typical observation stations was used as training samples, by means
of electing kernel function, insensitive loss function, proper penalty factor, regression
relation model of SVM was designed between subsidence coefficient and affecting
factors. Finally, testing and analyzing was done, and research results show that the
SVM relation model can calculate subsidence coefficient and reliable precision can be
got, which can meet the requirement of engineering. Research findings prove that the
method to calculate subsidence coefficient based on SVM method is feasible.
Besides, multiple effect factors can be comprehensively considered with this method,
thus a new approach of efficient and accurate calculation of subsidence coefficient is
provided for future research.

Oh and Lee (2010) study the weights-of-evidence model that one of
the Bayesian probability models was applied in evaluating a ground subsidence
spatial hazard near abandoned underground coal mines (AUCMSs) at Magyori area,
Samcheok City in Korea using GIS. Using ground subsidence location and a spatial
database containing information such as mining tunnel, borehole, topography,
geology, and land use, the weights-of-evidence model was applied to calculate each
relevant factor's rating for the Magyori area in Korea. Seven major factors controlling
or related to ground subsidence were determined from the probability analysis of the
existing ground subsidence area; depth of drift and distance from drift from the
mining tunnel map, slope gradient obtained from the topographical map, ground
water level and permeability from borehole data, geology and land use. Tests of

conditional independence were performed for the selection of factors, allowing 6
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combinations of factors to be analyzed. For the analysis of mapping ground
subsidence spatial hazard, the contrast values, W+ and W—, of each factor's rating
were overlaid spatially. The results of the analysis were validated using receiver
operating characteristic (ROC) with the previous ground subsidence locations. In the
case of all factor used, the area under the ROC curve (AUC) showed 0.9667, which
corresponds to an accuracy of 96.67%. In the case of the combinations, the case of
distance from drift, depth of ground water and land use used, showed the 90.71%
(AUC: 0.9071) accuracy which is the best result produced in this analysis. The results
can be used for hazard prevention and land-use planning near AUCM areas.

Li et al. (2010) introduced a new fuzzy probability measures (FPM)
method for prediction of surface subsidence due to inclined coal seam mining. Based
on the non-symmetric membership function and the definition of the fuzzy probability
measure, the mathematical model for the two-dimensional problem is developed and
applied to the analysis of ground subsidence due to underground mining of inclined
coal seam. The new method (fuzzy probability measure method) has the following
advantages: (1) it is simple, and the theoretical prediction results can be obtained by
numerical intergral; (2) it is suitable for the study of ground subsidence due to
inclined coal seam and flat seam mining in mountainous areas; and (3) results are
presented to demonstrate the advantages of the proposed method over traditional
stochastic medium theory (SMT) procedures in terms of accuracy and stability. The
results of calculation with the new model indicate that the predicted value has good

agreement with the measured data.
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2.3 Physical modeling

Physical modeling has played an important role in studies related to stability
of underground mines and tunnels. A variety of modeling techniques have been
developed all over the world to study ground response to underground excavation and
tunneling. These techniques range from the two-dimensional trap door tests to the
miniature tunnel boring machines that simulate the process of tunnel excavation and
lining installation in a centrifuge (Meguid et al., 2008).

Caudron et al. (2006) studied soil-structure interaction during a sinkhole
phenomenon using an analog two-dimensional soil and a physical model and a
numerical method. They use bidimensional Schneebeli material (Figure 2.3) in a
small-scale model allowing fully controlled test conditions. The Schneebeli material
is modified in order to exhibit a cohesive frictional behavior. The physical model
allows to represent a case of study and to determine it completely with a limited set of
parameters.

Terzaghi (1936) used a model, characterized as the trap-door model. He
explained the arching theory based on the translation of a trap door into the soil
(passive mode) or away from it (active mode) as shown in Figure 2.4. The passive
mode can be used to evaluate of the uplift force of anchors and other buried structures
that can be idealized as anchors. The active mode can be used to study the silo
problem or the earth pressure on a tunnel lining. According to this model, the
deforming arch of a tunnel can be investigated by a downward moving trap-door
while the soil above the tunnel can be represented by a layer of granular or slightly
cohesive soil. Based on this simple model, the evolution of the mean vertical pressure

acting on the trap-door during its downward movement can be studied.



Figure 2.3 Small-scale experimental model (Caudron et al., 2006).
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Figure 2.4 Classical trap door problem (Terzaghi, 1936).
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The physical model allowed him to represent a case study and to determine it
completely with a limited set of parameters.

Park et al. (1999) conducted a series of trap door experiments to investigate
the response of inclined layers to tunnel excavations. The tested material consisting
of aluminum rods and aluminum blocks was arranged in layers making angles with
the horizontal. Figure 2.5 shows an example of the surface settlement profiles
induced by lowering the trap door 2 mm for different layer inclination angles and
overburden pressures. The inclination angle was found to have a significant effect on
the surface settlement trough. Symmetrical settlement profiles were observed for the
vertically arranged blocks. For the inclination angles = 30 degrees, the maximum
surface settlement shifted towards a direction normal to the layer inclination angle
(left of the trap door). Different behavior was found for the case of inclination angles
= 60 degrees where the maximum surface settlement shifted in the direction of the
layer inclination angle (right of the trap door).

Park et al. (2004) states that surface subsidence causes damage such as the
failure and deterioration of buildings, infrastructures, dams, underground utility lines,
ground water regimes, etc., resulting in severe economic loss and environmental
hazards. The major cause of subsidence is underground mining activities. In order to
minimize or prevent subsidence damage, it is necessary to understand subsidence
phenomena. It is difficult to simulate or predict subsidence development because of
the complexity in physical characteristics such as rock failure and yield behavior,
dimensional variations and time dependent behavior. In this paper a new physical

subsidence modeling technique is introduced. The method utilizes laser optical
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Figure 2.5 Surface settlement profiles induced by the trap door apparatus

(Park et al., 1999).

triangulation distance measurement devices, which can scan the surface of any
material, including granular or viscous materials, and digitally measure vertical
distances with an extremely high accuracy and resolution. With this new technique,
the effect of cavity shape and size, depth, and material parameters can be analyzed.
Using this unique technology and method of analysis, significant results were
produced. Subsidence profiles, subsidence factors, and angles of draw were analyzed.
This research is being continued using the same technique for simulating subsidence
with different model materials for various underground cavity dimensions, tunneling,
and time dependent subsidence phenomena.

However, the cost of construction and time constraints relative to the

immediate needs of an active mine often limit the usefulness of physical modeling.
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2.4  Empirical subsidence calculations

Empirically derived relationships are one of the principal methods of
predicting mining and tunneling subsidence. This technique is based on the
experience gained from a large number of actual field measurements. The empirical
methods are quick, simple to use, and yield fairly satisfactory results.

Migliazza et al. (2009) studied the soil subsidence induced by the construction
of a shallow underground excavated in a sandy soil by using a mechanized tunnel
technique has been undertaken by using empirical, analytical and numerical methods.
Also, the purpose of the work was to analyze the performance of the different
methods utilized in order to foresee the soil settlements induced in an urban area by
the EPB-S machine. The evaluation of the predictable capabilities of the different
methods was determined through a comparison of empirical, analytical and numerical
results, and the experimental measurements gathered during the examined tunnel
construction.

The 3D FEM that considers an elasto-plastic soil behaviour was designed to
simulate about 38 m of tunnel construction. The histories of the evolution of the
vertical settlements and the subsidence basin were computed, and the numerical
results compared with the experimental measurements. The optimum agreement
between the numerical and experimental data confirms the 3D elasto- plastic FEM to
be a valid tool for evaluating the stress—strain behaviour of the subsoil and for
designing interactive support structures.

Fattah et al. (2013) compared the shape of the settlement trough caused by
tunneling in cohesive ground by different approaches: analytical, empirical, and

numerical. Their study showed that the finite element method overpredicted the
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settlement trough width compared with the results from empirical solutions of Peck
(1969) for soft and stiff clay, but are in excellent agreement with Rankin’s (1988)
estimation. An empirical profile or influence function method requires knowledge of
maximum possible subsidence (Smax) Or maximum subsidence occurring (S), which is
related to Smax by a function related to width: depth ratio of extraction (Baghuguna et

al., 1991).

2.5 Computer modeling

Numerical methods have a distinct advantage over physical modeling in terms
of cost and time. However, extreme care must taken to insure that the numerical
model is an accurate reflection of physical reality.

Mcnearny and Barker (1998) compared physical and numerical models of the
block-caving mining methods. PFC?® program was used in an attempt to better
understand the deformations and flow within each of the physical models during the
draw procedure. Bridging and interlocking of the blocks occurred in approximately
the same places and similar times during the draw sequence. The results show that
the draw down patterns and the rate of draw generated within the numerical models
were very similar in development of the physical models. For the given cases of the
physical model, the numerical model simulated the behavior of the physical model
quite well. The only constraints that were placed on the numerical models were the
initial boundary conditions of the physical models. By inspection, the overall shape
and flow lines of both the numerical and physical models were extremely close in area
removed and flow characteristics. The numerical results as reported in this study are

the result of the internal algorithms of the PFC?® program.
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Ren and Li (2008) studied the extent of mining subsidence affected area is
defined by the limit angles, which is predominantly controlled by geological
conditions of the overburden strata and the mining configurations, including seam
inclination angle. From observational data worldwide and numerical modeling
analysis the following conclusions are drawn: The stiffness, strength and failure of the
overburden play an important role in the characteristics of subsidence limit. When
overburden rocks are sufficiently strong and no major failure or break up taking place
in the roof, the limit angle would tend to be greater in roof rocks with higher stiffness.
However, if the roof collapses, stronger strata would produce lower limit angle at the
surface and weak roof strata would result in greater limit angle. When there is an
adequately strong and stiff rock bed in the overburden, it is possible for a sub-critical
subsidence profile to be developed over a panel of super-critical width. The rock
strength and stiffness also affect the magnitude of the maximum subsidence.
Generally the maximum subsidence over a strong overburden is less than that over a
weak overburden. Numerical model has demonstrated that the effect of seam
inclination is such that it increases the limit angle at the dip-side of the panel and
reduces the limit angle at the rise-side. The values of limit angles over inclined seams
may be established from observed data set. Empirical relationship between the limit
angles and the seam inclination angle may be derived either using numerical modeling
techniques or observed data set in a specific mining field.

Shahriar et al. (2009) studied the surface subsidence due to inclined very
shallow coal seam mining of two underground coal mines in Parvadeh (Tabas)
coalfield was simulated by FLAC®" code which is based on finite difference method

(FDM). FDM results were compared with measured profile and profile function
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method. FDM underestimated Syax Up to three per cent in comparison with surveying
and profile function. The reason is that the residual subsidence is neglected in this
research but the profile function method predicts final subsidence trough. Furthermore
in both cases, FDM in contrast with measured profiles obtained by surveying and
profile function method, predicted uplift over the panels rise side at the surface in
which was confirmed by local observations. The reason that no uplift was observed in
measured profile provided by Asadi et al (2005) was due to their efforts just have
been focused on measuring downwards subsidence. The Position of Spax in shallow
coal seams shifted towards panel rise side which was totally in contrast with deep
seam mining. Sensitivity analysis showed that by increasing the depth, this point
gradually shifts toward the panel dip side. It was also found that critical width to
depth ratio range is between 1.0 and 1.4 for both panels. This range is a little lower
than the range of critical W/H ratio. This might be related to very low depth situation
of both panels. Numerical methods can illustrate subsidence mechanism better than
profile function due to taking into account the geomechanical material properties.
Accordingly profile function results can hardly be extrapolated from one coal mining
area to another, and even sometimes from panel to panel. Empirical methods have
their own advantageous because of their simple and inexpensive applications.

Li and Wang (2011) used Particle Flow Code (PFC) to simulate the process of
subsidence and to calculate the distribution of contact force and displacement of ore
particles, which have a good consistency in comparison with the actual survey data in
Shandong province. PFC®" well simulates the process of the mine collapse. Particle
flow method has unique advantages in the simulation of mechanical behavior of

broken ore particles, in the mechanical analysis of collapse process and in the collapse
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displacement of ores. Discrete element modeling is employed for this study due to its
advantages in analyzing large deformations and discontinuous processes.

Guo et al. (2011) used numerical models to simulate the surface subsidence of
the strip pillar mining. Numerical simulation models were set up to simulate the
surface subsidence in different mining depths. The simulated results were compared
and analyzed. They found that the surface subsidence law of strip pillar mining is
similar to that of full extraction, but the surface subsidence mechanism of strip pillar
mining is different from that of full extraction. The result demonstrated that the
subsidence of strip pillar mining increases with the increase of mining depth by
logarithmic relationship.  This is because the weight of the overburden strata
increases. Then the loads acted on strip coal pillars and gob material become larger.
The strip coal pillars are more compressed and gob materials are also densely
compressed. Therefore, both the surface subsidence value and the subsidence factor

become larger.

2.6 Effect of underground opening geometries and overburden

properties on surface subsidence

Jiang and Yin (2014) investigated the influence of soil conditions on the
ground deformation during longitudinal tunneling using discrete element modeling.
Different cases of soil conditioning were modeled by reducing the inter-particle
friction of soils in the specified zone around the cutter head of the tunnel. The results
show that the distance between the biggest surface settlement and the final cutter face
is decreasing with the increase of inter-particle friction and the surface settlement

increase with increasing fluidity in the conditioning zone.



27

Dai et al. (2011) studied the relationship between the unconsolidated layers
thickness and surface movement by employed FLAC®®. They found that the surface
subsidence extends widely and the surface deformations are decreased with the
increase of the unconsolidated layer thickness (Figure 2.6). This study is significant
to predict surface subsidence of thick unconsolidated layers for coal mine and take
effective measures to control surface subsidence.

Papamichos et al. (2001) investigated the consequences of the large reservoir
compaction on the surface subsidence of the overburden formations using circular
retracting trap door (Figure 2.7) under various overburden heights. Tests with various
overburden heights showed the formation of shear bands starting almost vertically at
the trap door edges and converging successively to the symmetry axis. In the shallow
mechanism, the shear bands reach immediately the upper surface and thus the trap
door displacement is felt immediately at the surface as subsidence. In the deep
mechanism, at low trap door displacements the shear bands meet initially each other
forming an arch and thus only part of the trap door displacement is felt at the surface.
The surface subsidence bowl is concentrated primarily above the trap door area.

Yao et al. (1991) introduced an analytical calculation model for the angle of draw by
the use of a finite element model proposed by Reddish (1989) at the Nottingham
University. They studied the influence of overburden strength and different rock mass
properties, and the presence of a distinct bed, on subsidence limit characteristics.
Their results show that the angle of draw is related to the overburden properties, depth

and configurations of the mine openings.
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Figure 2.6 Surface subsidence curves of different unconsolidated layers thickness

(Dai et al., 2011).
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Figure 2.7 Schematic of the trap door apparatus (Papamichos et al., 2001).
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Five cases have been studied in order to investigate the effect of different rock
mass properties on the angle of draw. The relationship between the percentage of
maximum subsidence and the relevant angle of draw for each case has been
examined. The results show that increasing the strength of the cover rock mass
reduces the angle of draw.

For the effect of strong and weak beds in the overburden on the angle of draw,
it can be seen that the weak bed in the overburden increases the angle of draw.
Additionally, it is also important to note that a decrease in the uniaxial compressive
strength in the weak bed causes a significant increase in the angle of draw. However,
it seems that with an increase in the uniaxial compressive strength of the strong bed,
the angle of draw decreases only slightly.

Ren and Li (2008) studied the mechanism of stratum movements and the
associated subsidence limit at ground surface. The results indicate that the extent of
surface subsidence is defined by the limit angles, which is controlled by geological
conditions of the overburden strata and the mining configurations. When overburden
rocks are sufficiently strong and no major failure or break up taking place in the roof,
the limit angle would tend to be greater in roof rocks with higher stiffness. However,
if the roof collapses, stronger strata would produce lower limit angle at the surface
and weak roof strata would result in greater limit angle. The rock strength and
stiffness also affect the magnitude of the maximum subsidence. The maximum
subsidence over a strong overburden is less than that over a weak overburden.

Thongprapha et al. (2015) used physical model simulations to determine the
effects of underground opening configurations on surface subsidence under super-

critical conditions. A trap door apparatus has been fabricated to perform the scaled-
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down simulations of surface subsidence. Clean gravel is used to represent the
overburden in order to exhibit a cohesionless behavior. The effects of opening length
(L) and opening height (H) are assessed by simulating the L/W from 1, 2, 3, 4 to 5
and H/W from 0.2, 0.4, 0.6, 0.8 to 1, where W = 50 mm. The effect of opening depth
(2) is investigated here by varying Z/W from 1 to 3 to 4. The results indicate the
angle of draw the maximum subsidence and the volume of trough are controlled by
the width, length, height and depth of the underground openings. The angle of draw
and maximum subsidence increase with increasing L/W ratio and tends to approach a
limit when L/W equals 3. For the same L/W ratio and H/W ratio, increasing the Z/W
ratio reduces the angle of draw and maximum subsidence. The volume of subsidence
trough observed from the physical model is always less than the opening volume.
This is due to settlement in the physical model has created new voids above the
opening. However, the subsidence trough volume tends to decrease as the opening

depth increases, particularly for short opening.

2.7 Previous relevant researches

Asadi et al. (2005) proposed a new profile function. It is formed from the sum
of two negative exponential functions that have been adjusted to three survey lines in
a case study in the Negin coalmine east of Iran. Because of the simplicity of the
profile function, the use of the new model decreases the calculation time for
predicting surface subsidence and enhances the precision of subsidence prediction.
The results gained from surface subsidence measurements at Negin coalmine show an
excellent correlation between the measured and the predicted subsidence by using the

new model. The correlation coefficient was 0.999, which is very high.
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In the empirical method, different graphs and tables are given for different
conditions and geometrical shapes. It is possible to predict the amount of subsidence
using these graphs and tables. The National Coal Board (NCB) has suggested one of
the most well-known graphs for the prediction of subsidence. For example, a graph
for the prediction of surface subsidence in horizontal stopes is given in Figure 2.8.

In the physical method, by combining different materials such as sand and
gelatin, a real model, but smaller than the extracted area, has been built. By precise
monitoring and processing of data, the amount of subsidence in a real condition is
calculated. An example of the physical model is given in Figure 2.9. In numerical
methods, displacements and subsidence of ground surface can be calculated by using
finite elements, boundary elements, distinct elements, and finite difference methods.
Application of a computer for solving very complex equations in diverse initial and
boundary conditions with different material behaviour made numerical methods more
popular in the prediction of subsidence. In this regard, different software has been
developed to consider inhomogeneous and anisotropic behaviour of rock mass worldwide.

Aracheeploha et al. (2009) developed an analytical method to predict the
location, depth and size of caverns created at the interface between salt and overlying
formations. A governing hyperbolic equation is used in a statistical analysis of the
ground survey data to determine the cavern location, maximum subsidence, maximum
surface slope and surface curvature under the sub-critical and critical conditions. A
computer program is developed to perform the regression and produce a set of
subsidence components and a representative profile of the surface subsidence under
sub-critical and critical conditions. Finite difference analyses using FLAC code

correlate the subsidence components with the cavern size and depth under a variety of
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Figure 2.8 Graph suggested by NCB (Asadi et al., 2005).

Figure 2.9 Physical model for prediction of subsidence (Asadi et al., 2005).
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strengths and deformation moduli of the overburden. Set of empirical equations
correlates these subsidence components with the cavern configurations and
overburden properties. For the super-critical condition a discrete element method
(using UDEC code) is used to demonstrate the uncertainties of the ground movement
and sinkhole development resulting from the complexity of the post-failure
deformation and joint movements in the overburden. The correlations of the
subsidence components with the overburden mechanical properties and cavern
geometry are applicable to the range of site conditions specifically imposed here (e.qg.,
half oval-shaped cavern created at the overburden-salt interface, horizontal rock units,
flat ground surface, and saturated condition). These relations may not be applicable to
subsidence induced under different rock characteristics or different configurations of
the caverns. The proposed method is not applicable under super-critical conditions
where post-failure behavior of the overburden rock mass is not only unpredictable but
also complicated by the system of joints, as demonstrated by the results of the discrete
element analyses. The proposed method is useful as a predictive tool to identify the
configurations of a solution cavern and the corresponding subsidence components
induced by the brine pumping practices as shown in Figure 2.10.

Even though extensive study has been carried out in an attempt to understand
and predict the surface subsidence behavior induced by underground excavations, the
effects of opening geometry under super-critical condition have rarely been
addressed. The difficulty in predicting the subsidence under super-critical condition

is due to the complexity of the post-failure behavior of the overburden.
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CHAPTER 111

MATERIAL CHARACTERISTICS

3.1 Introduction

This chapter describes the material used to simulate overburden in the physical
model simulations. The types of material used in this study are granular materials
(cohesionless soil). The granular materials are used to simulate the settlement of
overburden under super-critical condition. The materials are subjected to grain size
analysis and direct shear testing. Their mechanical properties are used as parameters

in the computer simulations.

3.2 Sample preparation

Three size ranges of clean granular materials are used to simulate the
overburden in the physical model.
3.2.1 Grain size analysis
The grain size analysis is performed to determine the percentage of
various particle sizes and to classify the material (Figure 3.1). The test method and
calculation follow the ASTM (D422-63) standard practice. The materials are as
follows:
Sample 1 has particle diameters from 0.425 to 2.36 mm, with more than
65.20% of 2 mm diameter (Figure 3.2(a)).
Sample 2 has particle diameters from 2.00 to 6.35 mm, with more than

72.32% of 4.75 mm diameter (Figure 3.2(b)).
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Figure 3.2 Granular materials used to simulate overburden.

Sample 3 has particle diameters from 9.50 to 13.50 mm, with more than
75.43% of 12.5 mm diameter (Figure 3.2(c)).

The unit weights of the materials are 1455, 1530 and 1567 kg/m®,
respectively. To classify the gravel in accordance with ASTM (D2487-06) the
uniformity coefficient (C,) and the coefficient of curvature (C.) are determined as

follows:

Cu = D60/D10 (31)

Ce = Dao*/ (D10 % Deo) (3.2

where Dg is particle size at 60% finer, D3 is particle size at 30% finer and Dy is
particle size at 10% finer. The uniformity coefficient and the coefficient of curvature
for all materials are shown in Table 3.1.

The following classification criteria are in accordance with the Unified
Soil Classification System:

For a well graded, the following criteria must be met:

Ci>4&1<C:<3
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Table 3.1 Grain size analysis.

Average Grain Shape
Samples size C C Type of soil
P (mm) ! ‘ yp Sphericity | Roundness
Poorly- High

1 2.0 1.29 | 1.07 graded sand sphericity Subangular

2 475 |162| 134 | Poorly- Low Rounded
graded gravel sphericity

3 125 |150]| 119 | Poorly- Low Well-rounded
graded gravel sphericity

If both of these criteria are not met, the gravel is classified as poorly graded or GP. If
both of these criteria are met, the gravel is classified as well graded or GW.

For a well graded, the following criteria must be met:

Ci>6&1<C.<3
If both of these criteria are not met, the sand is classified as poorly graded or SP. If both
of these criteria are met, the sand is classified as well graded or SW.

The material in this study is classified as poorly graded sand (SP) and
poorly graded gravel (GP). Additionally, the gravels are distinguished the grain shape.
Estimation of roundness and sphericity of granular particles is compared with the Power
(1953) classification system (Figure 3.3), as shown in Table 3.1

3.2.2 Direct shear test

The direct shear test is performed to determine the cohesion and friction
angle of the materials. A circular shear box with 190.5 mm diameter and 152.4 mm
thick is used. The test method and calculation follow the ASTM (D5607-08) standard
practice. The constant normal stresses are 80, 160, 240, and 320 kPa. Each specimen is
sheared once under the predefined constant normal stress using a direct shear device

(SBEL DRA44), as shown in Figure 3.4. The shearing rate is 20 kPa/s. The shear force is
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Roundness Very Sub- Sub-
angular rounded

Angular Rounded

classes angular

High sphericity

Low sphericity

Figure 3.3 Estimation of roundness and sphericity of sedimentary particles (adapted

from Powers, 1953).

Figure 3.4 Direct shear device SBEL DR44 used in this study.

continuously applied until a total shear displacement of 8 mm is reached. The applied
normal and shear forces and the corresponding normal and shear displacements are
monitored and recorded.

Figure 3.5 shows shear stress as a function of shear displacement. The
peak and residual shear strengths as a function of the normal stress of each material are
shown in Figure 3.6. The shear strength (t) is calculated based on the Coulomb’s

criterion (Jaeger et al., 2007: section 4.5) as follows:
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Figure 3.5 Shear stresses as a function of shear displacement.
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Figure 3.6 Shear strength as a function of normal stress obtained from direct shear

testing.

T, =Cp+ontan ¢, for peak shear strength (3.3)

where o, is the normal stress, ¢, is the peak cohesion and ¢, is the peak friction angle.
The cohesion for both peak and residual shear strengths the friction angle. The angle
of shearing resistance is generally increasing with increasing median particle
diameters.

The granular materials are classified as cohesionless soil according to
the size of particles with diameter greater than 0.067 mm. Here, the peak friction
angle is equal to the residual friction angle. This is because the gravel sample is
lightly packed in the shear boxes before shearing primarily to obtain the condition
similar to the gravel sample used in the physical model simulation. The loose gravel

under low normal load can maintain the same shearing constant from peak through
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the residual region. Similar results have been obtained by Raymond (1997) and Kim
and Ha (2014) who perform shear tests on cohesionless materials.
The shear stiffness for various normal stresses is calculated at the 50%

peak stress using an equation (Jaeger et al., 2007):

Ks = To/Ss (3.4)

where K is the joint shear stiffness (MPa/m), s is the shear stress (MPa), o is the
shear displacement (m).

The normal stiffness is calculated by (Jaeger et al., 2007):

Kn = on/Sn (3.5)

where K, is the joint normal stiffness (MPa/m), o, is the normal stress (MPa), o, is
the normal displacement (m). These properties are used in the discrete element
analyses (PFC?P). The mechanical properties of granular materials used in this study
shown in Table 3.2.

Granular materials are composed of particles of complex shape which
are common in nature and also in various fields of science and engineering. These
particle shape angularity characteristics strongly affect to the rheology (flow) of
particles and to the behavior of sheared granular materials. The existing research
results suggest that the internal friction coefficient decrease rapidly with decreasing
angularity (Azéma et al, 2012). The more angular particle the greater resistance to the

forcing loads and the flowability is reduced (Wang et al., 2011). This is due to a low



Table 3.2 Mechanical properties of tested granular materials.
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sample Bulk Normal Shear
mp . Cohesion | Friction stiffness, stiffness,
Samples | sizes density

(mm) | (KN/m) (kPa) angle (¢) Kn K
(MPa/m) (MPa/m)

1 2.0 1455 15.61 24.7 1590.72 26.07

2 4,75 1530 23.42 30.9 901.80 34.39

3 125 1567 46.83 34.2 617.86 45.54

angularity particle can rolls and slides more readily than the high angularity particle.

The effect of particle size however is also important here.



CHAPTER IV

TRAP DOOR APPARATUS

4.1 Introduction

A trap door apparatus has been developed for use to simulate subsidence of
overburden in three dimensions and to assess the effects of the geometry of
underground openings on the surface subsidence. This chapter describes the design

requirements and components of the apparatus.

4.2  Design and fabrication of the test apparatus

The functional requirements for the test frame are (1) to simulate subsidence
of overburden in three-dimension, (2) to assess the effect of overburden properties
and of the geometries of underground openings on the surface subsidence, (3) to
observe subsidence of overburden in three-dimension, and (4) to induce subsidence of
overburden using real gravitational force.

The physical model (Figure 4.1) comprises three main components: the
sample container, the mine opening simulator, and the surface measurement system.

The sample container is filled with materials, in this case, granular materials
used to simulate overburden. A custom-made 95x95 cm? clear acrylic plate with 15
mm thick is placed in the grooves of the square steel frame. Four acrylic sheets are

secured with a steel plate at each side. The testing space is 95x95x60 cm?®.
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Figure 4.1 Trap door apparatus used in this study.

The mine opening simulator is an array of wooden blocks with sizes of
5x5x10 cm®. The wooden blocks are arranged in ten columns with five blocks for
each column. Fifty small blocks can be gradually and systematically moved down to
simulate underground openings with different geometries and hence inducing the
subsidence of the overburden. The mine opening simulator is installed underneath the
sample container.

The measurement system of the surface subsidence includes a sliding rail with
a laser scanner. To measure the surface subsidence under various underground
opening geometries, the laser scanner is moved horizontally in two directions. The
precision of the measurements is one micron. The results are recorded and plotted as
three-dimensional profiles. The maximum subsidence values, angles of draw, slopes
and volume of the subsidence trough can be readily determined for each opening

configuration. Figures 4.2 through 4.6 illustrate the schematic drawings of the test apparatus.
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Figure 4.6 Measurement system of trap door apparatus.



CHAPTER V

PHYSICAL MODEL SIMULATION

5.1 Introduction

Physical modeling has played an important role in studies related to stability
of underground mines and tunnels. A variety of modeling techniques has been
developed all over the world to study ground response to underground excavation and
tunneling. The objective of the physical model testing in this study is to assess the
effects of underground opening geometries and block size of the overburden on
surface subsidence. The laboratory testing is performed to reveal the maximum
magnitude of subsidence (Syax) and the angle of draw (y), and hence allowing to study

the effect of opening geometries and mechanical properties of overburden.

5.2 Physical model testing

Physical model simulations have been performed to determine the effects of
underground opening configurations (widths, lengths, heights and depths) and block
size of the overburden on surface subsidence under super-critical conditions. This
study indicates the importance of the main factors that control the extent of
subsidence produced on the surface and determines the effects of geometry of
underground openings on the angle of draw, the maximum subsidence and the volume
of the subsidence trough. Three size ranges of clean and uniform granular materials

with selective sizes (2, 4.75 and 12.5 mm) are used to simulate individual blocks in
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overburden. A trap door apparatus used to represent the scaled-down three-
dimensional simulations of surface subsidence which allows fully controlled test
conditions. The underground opening is simulated by systematically pulling down the
wooden blocks underneath the sample container. The opening width (W) can be
simulated from 50 mm to 250 mm with an increment of 50 mm. The opening length
(L) can be simulated from 50 mm up to 250 mm with 50 mm increment. The opening
height (H) is selected from 10, 20, 30, 40, to 50 mm. The overburden thickness (Z) is
varied from 50 to 200 mm.

In this study, the opening width (W) is maintained constant at 5 cm. The
block size-to-opening width ratios (Bs/W) are varied from 0.06, 0.10 to 0.25 for the
gravel particle sizes at 2.0, 4.75 and 12.5 mm, opening depth-to-width ratios (Z/W)
from 1, 2, 3, 4 to 5, opening height-to-width ratios (H/W) from 0.2, 0.4, 0.6, 0.8 to 1,
and opening length-to-width ratios (L/W) from 1, 2, 3, 4 to 5. Figure 5.1 shows the
test parameters and variables defined in the simulations. All blocks equivalent to the
predefined W and L are simultaneously moved down. The effect of the mining
sequence is not investigated in this paper. For each series of simulations the sample
container is filled with the materials to a pre-defined thickness. The thickness of the
material layer represents the opening depth or the thickness of overburden. The
material is lightly packed and the top surface is flattened before beginning the test.
Each opening configuration is simulated at least 3 times to verify the repeatability of
the results.

While the underground opening is simulated, the settlement of the top surface
of the granular materials occurs. The laser scanner measures the surface profile of the

overburden before and after the subsidence is induced. An example of a scanned
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Figure 5.1 Variables used in physical model simulations and analysis.

image under various the opening lengths are shown in Figure 5.2. The simulation
results are focused on the variation of the angle of draw and the maximum surface
subsidence as affected by the opening geometry block size and frictional resistance of

the gravel particles.
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Figure 5.2 Example of three-dimensional laser scanned image of surface subsidence.
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5.3 Test results

Super-critical subsidence usually occur where the mine depth is less than the
width of the mined-out area. This type of subsidence is induced by the shallow
mining, and affects the ground surface substantially. Collapse of cavern roof and
overburden can occur when the subsidence reaches its super-critical condition, which
is dictated by the cavern height. If the cavern height is equal to or less than the roof
deformation, the immediate roof rock will touch the cavern floor. If the cavern height
is however significantly greater than the critical roof deformation, failure of the
cavern roof can occur under the super-critical condition. The failure can progress
upward and leads to a sinkhole development.

The results obtained here are presented in terms of the angle of draw (y) and
the maximum subsidence (Smax). The angle of draw is a parameter used for defining
the position of the limit of subsidence at the surface. The angle of draw is the angle
between a vertical line from the edge of the underground opening and a line from the
edge of the opening to the point of zero surface subsidence (Figure 5.3). The point of
maximum surface subsidence is located in the center of the trough.

Figure 5.4 shows the angle of draw as a function of the opening length-to-
width ratio (L/W). The angle of draw increases with increasing L/W ratio and tends
to approach a limit when L/W is beyond 3. This is probably because the effect of the
opening ends decreases and eventually disappears when the L/W is beyond 3. Figure
5.5 shows the angle of draw as a function of the opening height-to-width ratio (H/W).
The results indicate clearly that the angle of draw increases with increasing H/W ratio.
This is because under super-critical conditions, the material can collapse (flow) into

the opening more and induce larger angle of draw and trough width. Under the same
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Figure 5.3 Definition of angle of draw.

L/W and H/W ratios, increasing the Z/W ratio can reduce the angle of draw (Figure
5.6). This is due to that the settlement in the physical model has created new voids in
the overburden above the opening.

The maximum subsidence-to-opening width ratio increases with increasing
L/W ratios (Figure 5.7). The maximum subsidence however tends to be independent
of the opening length, when L/W is 2 or greater because the effect of the opening ends
is reduced. The Spya/W ratio increases with increasing H/W ratio (Figure 5.8)
because the material can collapse into the opening more when the volume of opening
becomes larger, particularly for Z/W = 1 (Figure 5.8(a)). The maximum subsidence
tends to decrease as the opening depth increases (Figure 5.9). This is because of the
inter—locking of gravel particles above the opening.

The subsidence of granular material (non-cohesive soils) is contingent on the
granulometric composition, grain shape and grain roughness above the opening. The

angularity and the particle size of the overburden can affect to the surface subsidence
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magnitude and volume. This is because of the inter—locking of gravel particles above
the opening during flowing of particles. The surface subsidence is less when particles
of overburden have more angularity and larger particle size.

To evaluate the effect of particle size, a series of block size are performed
considering. The y and the Spa/W ratio decrease with increasing of block size or
particle size (Bs/W ratios) for all cases (Figures 5.4 through 5.9). This agrees with
numerical simulation by Yao et al. (1991). This is because smaller particles tends to
move easier than the large ones. The larger particles tend to interlock above the
opening. The surface subsidence is less when particles of overburden have more
angularity or larger particle size. This is identified by the test results of Sakulnitichai
et al (2009). They found the maximum span increases with decreasing joint spacing.

Particle size is one of the important properties which plays a dominant role on
the stress, strain and strength responses of granular materials. Alteration of grain size
results in the change of void ratio as well as particle effective contact area
revolutionized and the load distribution mechanism of particle to particle contact

(Islam et al., 2011). These changes directly affect to the volume of suface subsidence.



CHAPTER VI

EMPIRICAL SUBSIDENCE CALCULATION

6.1 Introduction

Empirically derived relationships are one of the principal methods of
predicting mining and tunneling subsidence. This technique is based on the
experience gained from a large number of actual field measurements. The empirical
methods are quick, simple to use, and yield fairly satisfactory results. In this study,
the laboratory test results are compared with subsidence profile predictions obtained

from empirical methods for tunnels in fractured rock mass.

6.2 Previous studies on settlement trough

Other empirical or quasi-empirical methods have been proposed recently
(Verruijt and Booker, 1996; Loganathan and Poulos, 1998) that show good
correlations between observations from actual tunnels and predictions. Empirical
methods, however, have significant shortcomings: (1) they have been developed or
have been validated from a limited number of cases; (2) they should be applied only
to tunnels that fall within the scope of the cases from which the method was
developed; (3) only few soil and geometry parameters are taken into account; (4) they
do not consider construction methods; and (5) they cannot give the complete solution
of a tunnel with support.  Empirical methods are still widely used; however,
predictions of ground movements based on such methods are insufficient for most

practical applications. There are a limited number of analytical and numerical tools
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that can be used to predict ground deformations, but there is a growing demand for
developing practical rational methods for tunnel design. Peck (1969) (See also
McCusker, 1982; Monsees, 1996) established an empirical method for calculating
surface settlements due to tunneling. Based on data from over twenty case histories,
his results showed that the settlements above a tunnel are approximately symmetrical
about the vertical axis of the tunnel. Peck showed that the short-term transverse
settlement trough in a ‘greenfield’ could be approximated by a normal probability or
error function curve. Although the use of this curve has no theoretical justification, it
provides a method for estimating the settlements at varying distances from the
centerline of the tunnel. Peck’s investigation provides a guideline for the prediction
of ground loss and settlement that occur in connection with tunneling.

While Peck (1969) saw no theoretical justification for the description of
surface subsidence by means of an error function, others, in particular Litwiniszyn
(1965, 1966) derived this subsidence function based on the random ‘walking’ of
particles into a void space created underground. The Gaussian distribution curve has
been used very widely in Eastern Europe for a very long time for the calculation of
surface subsidence induced by mining (e.g. Martos, 1958 and Kratzsch, 1983, who
give many more references). Scheidegger (1966) demonstrated that the Litwiniszyn
derivations could be generalized, reducing the assumptions required. In recent years
the stochastic approach has found renewed interest, notably within the context of
discrete particle simulations of granular flow (e.g. Vairaktaris and Stavropoulou,

2013; Désérable, 2002).



64

6.3 Comparisons of subsidence trough profiles

The pertinent properties of the error function and its relationships to the
dimensions of the tunnel are shown in Figure 6.1. R is the radius of the (circular)
tunnel, and Z is the depth to the center of the tunnel. The maximum ordinate of the
curve is the empirically determined maximum settlement Spa. The points of
inflection of the error curve are located at distance i on either side of the center line.
If the value of i can be established, any table of the ordinates of the normal probability
curve can be used to establish the ordinates at any other distance.

The empirical method given by Peck (1969) is used to predict the subsidence
trough profile. Results obtained from this empirical method are compared with the
physical simulation results.

Peck’s equation representing the assumed trough shape is:

S = Spax exp (-X%/2i%) (6.1)

where S is the surface settlement, Syax is the maximum vertical settlement, x is the
transverse distance from the tunnel centerline, and i is a measure of the width of the
settlement trough, defined as the distance from the center to the point of inflection of
the curve (corresponding to one standard deviation of the normal distribution curve),
and is determined by the ground conditions.

Various expressions have been proposed for calculating the trough width at
inflection point (i) as given in Table 6.1. Peck (1969) proposes that depth of the
opening Z. is measured from the gravel surface to the mid-height of the opening.

However, it is found here that a closer agreement between the test results and the
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Figure 6.1 Properties of error function curve to represent cross-section settlement

trough above tunnel (Adapted from Peck, 1969).

Table 6.1 Empirical solutions for estimation of settlement trough width.
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Author Width of settlement trough, i | Basis for empirical solution
O’Reilly and New | i =0.28Z-0.1m Field observations of UK
(1982) (granular soil) tunnels

i=043Z+11m
(cohesive soil)

Rankin (1988)

i=k-Z

(k = 0.25 for cohesionless
soils,

k = 0.50 for clay)

Field observations
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predictions was obtained if the depth is measured to the roof of the opening, as show
in Figure 6.2. As a result this study will consider Z, as the depth to opening roof.
Rankin (1988) and O’Reilly and New (1982) provide empirical solutions for
“1” for both cohesionless material and cohesive soil. Their solutions are used here to
compare with the settlement profiles obtained from the physical model simulations.
The results indicate that the solutions of Rankin (1988) and O’Reilly and New (1982)
for cohesive soil overpredicted the settlement trough measured from the physical
model simulation, while their solutions for cohesionless soils is in good agreement
with the measurement results. Figure 6.3 shows the settlement trough profiles
predicted by different solutions of Rankin (1988) and O’Reilly and New (1982). The
good agreement is obtained for Z/W = 2, 3 and 4, while for Z/W = 1, the predicted
trough profiles are smaller than the physical model results, as shown in Figure 6.4.

Table 6.2 gives the parameter “i” and their corresponding coefficients of correlation

for the simulations mentioned above.

6.4 Volume of surface settlement

Until the 1970s, not much data concerning ground movements above tunnels
had been obtained. Since then, the available information has increased, primarily
because of measurements and observations on the Baltimore and Washington, D.C.
subway systems. These studies have defined the following terms:

- Volume change (AV). Increase or decrease in soil volume caused by the
tunneling.
- Volume of surface settlement (Vs). The volume of the settlement trough at the

ground surface.
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Physical Model
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-100-! Z (mm)

Figure 6.2 Comparison of the surface settlement trough calculations using values of

Z.and Z.for B4W =0.10, H/W = 0.5 and L/W = 2.

Physical Model

O'Reilly and New ~ Rankin

Rankin (For Clay) (For Clay)

'SOj (For Cohesionless Soil)

O’Reilly and New
(For Granular Soil)

-100— Z (mm)

Figure 6.3 Example of comparison of the model simulation subsidence trough and
the troughs calculated by different empirical formulae, where Bs/W = 0.10,

ZJ/W =2, H/W =0.5and L/W = 2.
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Figure 6.4 Surface settlement troughs for different values of Z,/W where BJ/W =

0.10, H/W =1 and L/W =5.
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Table 6.2 Estimation of the settlement trough width using different approaches when

Bs/W =0.10, Z/W =2, H/W = 0.5 and L/W = 2.

Author Width of settlement trough, i (mm) R®
O’Reilly and New (1982)
- Cohesive soil 87.10 0
- Granular soil 55.90 0.789
Rankin (1988)
- Clay 100 0
- Cohesionless soil 50 0.867

- Volume of lost ground (V). The volume of all ground movements taking

place about the tunnel.

Vs=V_-AV (6.2)

The relationship among these three quantities is complex and incompletely
defined. However, for most purposes it is usually possible to assume that the volume
of surface settlement is equal to the volume of lost ground. This assumption is
generally workable except in soils exhibiting significant increases in soil volume
(bulking) or decreases in soil volume (consolidation).

For a single tunnel, the volume of surface settlement for the individual tunnel
is assumed equal to the volume of lost ground. Generally, the shape of the resultant
settlement trough at the ground surface resembles that of the bell-shaped probability
curve. This concept was used by Peck (1969) and others (Schmidt, 1979; McMusker,
1982; Monsees, 1996) to correlate field measurements of trough width for several
cases. In all cases in the calculations, the ground surface is assumed at the bottom of

the building footing and the influence of building footing and building stiffness is
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ignored. The volume of subsidence trough per unit length (Vs) is obtained from

Peck’s (1969) equation as:

where Spax is the maximum vertical settlement and i is the width of settlement trough,
defined as the distance from the center to the point of inflection of the curve, which is
obtained from Rankin’s solution.

An attempt is made here to determine the effects of opening geometries on the
volume of the subsidence trough. Figure 6.5 plots the subsidence trough volume
normalized by the opening volume (Vs/V,) as a function of opening height-to-width
ratio (H/W), opening length-to-width ratio (L/W) and opening depth-to-width ratio
(Z/W). The physical model results show clearly that the trough volume is less than
the opening volume. This holds true for all opening geometries used here. The largest
trough volume is obtained for Bs/W = 0.06 (smallest particles size) for all cases. This
is because of the inter—locking of gravel particles above the opening during flowing of
particles. The V¢/V, ratios are greater if finer gravels are used in the simulation. This
is due to the angularity and the particle size of the overburden can significantly affect
to the surface subsidence magnitude and volume. The small particles size has been
obtained the effect of the angularity less than the large size. The subsidence trough
volume tends to decrease as the opening height (Figure 6.5(a)) and opening depth
increase (Figure 6.5(c)) because the physical model has created new voids above the
opening, and trough volume eventually constant when the L/W is beyond 3 (Figure

6.5(h)).
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CHAPTER VII

NUMERICAL ANALYSIS

7.1 Introduction

This chapter describes the discrete element analyses performed by using
Particle Flow Code (PFC?P-Itasca, 2008) to simulate the surface subsidence profile
correlated with the overburden mechanical properties and underground opening
configurations. The results obtained from the PFC?° are compared with the physical

models simulations.

7.2  Discrete element analyses

PFC®" simulates the movement and interaction of circular particles by the
distinct element method (DEM). The original application of this method was as a tool
to perform research into the behavior of granular material; representative elements
containing several hundred particles were tested numerically. The particle model was
used to understand element behavior (in which conditions are “uniform”), and a
continuum method was used to solve real problems that involve complicated
deformation patterns (with the element behavior derived from the particle-model
tests). In this study, discrete element analyses are performed to compare the results
with those of the physical models.

The walls are generated in order to be used to simulate the boundary
conditions of the overburden and the underground opening. All walls of the models

are considered smooth and nonrestrictive with regards to material movement. The



73

boundary conditions used in the simulation are identical to those of the physical
model tests.

The generate command placed particles within the boundary specified such
that no overlap occurs. The tries keyword specified 400,000 attempts to add the
desired number of particles within the defined area. It simply created the desired
underground mining region and increased the number of tries to fit all of the particles
within the specified area. This method is slow to achieve the initial equilibrium state,
since particles move large distances to come to rest of overburden. Once all of the
particles were at rest and the model was at equilibrium, the top of the particle
assembly is leveled by deleting all particles above a specified thickness of overburden
(Figure 7.1).

The command codes define the generation of the overburden model and the
boundaries, as well as perform the extraction operations similar to those in the
physical models. Each particle is assigned by the same property values as those of the
physical granular materials. The material properties of the PFC*® models are shown
in Tables 7.1. After the particles are at rest and the model is at equilibrium as
predefined overburden thickness, the wall above the opening (roof) is deleted for
simulation the extraction of material from each case using the equivalent procedures
used in the physical model. The particles are continuously flowed into the opening
floor until the opening completely filled and hence the surface subsidence is induced
(Figure 7.2). Each numerical model has a processing of approximately 20,000-40,000
cycles until each particle is not flowing and moving. The subsidence of overburden,

both physical and numerical, was governed by gravity.
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i BJ/W =0.10
%0 ZIW =2
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Figure 7.1 Surface subsidence before the opening simulation with predefined

overburden thickness.

(cm) 40
q BJ/W = 0.10
ZW=2
aaly HW = 1
20 -

0 10 20 30 40 50 60 70 80 90 (cm)

Figure 7.2 Example of PFC?® model for surface subsidence after the opening simulation.



Table 7.1. PFC?P simulation parameters.
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Particle Ball radius Bulk Frigtipn _Normal _ Shear
size (mm) densitg/ coefficient | stiffness, K, | stiffness, K
(mm) (KN/m?) (tan ¢) (MN/m) (MN/m)
2.00 1.00 1455 0.46 44,54 0.73
4.75 2.38 1530 0.59 25.25 0.96
12.5 6.25 1567 0.68 17.30 1.28

Physically, each extraction removed the material in three dimensions. PFC?®
modeling, however, is limited to two dimensions. Although a three-dimensional
version (PFC®P) is available, it was not used in this study. Few cases have been
studied in order to investigate the effect of underground opening geometries on the
angle of draw and the maximum subsidence. The effects of opening length is assessed
by simulating the L/W from 3, 4 to 5 and opening height H/W from 0.2 to 1, where W
=50 mm. The effect of opening depth is investigated by varying Z/W ratios from 1 to
4. The Bg/W vary from 0.06, 0.10 to 0.25 to study the effect of block size. The results
obtained from PFC?" simulations are compared with the physical model results under
the opening length-to-width (L/W) ratio beyond 3 for reducing the problem of the
missing dimension of opening lengths due to that the angle of draw and the maximum
subsidence tend to be constant as the L/W ratio is sufficiently large.

The relationship between the angle of draw, maximum subsidence and the
opening depth-to-width (Z/W) ratios has been examined and is illustrated in Figure
7.3. The results show that the angle of draw and the maximum subsidence decrease
with increasing opening depth. Particle size is the property that plays a dominant role

on the displacement responses of granular materials. Alteration of grain size results in

the change of void ratio as well as particle effective contact area revolutionized and
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Figure 7.3 Surface subsidence under various opening depth-to-width (Z/W) ratios.
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the load distribution mechanism of particle to particle contact. These changes directly
affect to the volume of suface subsidence due to the inter—locking of gravel particles
above the opening during flowing of particles. Figure 7.4 shows the arrangement
characteristics of each particle size under the same underground opening geometry.
The surface subsidence is less when particles of overburden have larger particle sizes.

According to the results of particles flow numerical simulation, some
conclusions can be reached. When the underground opening is occurred, the particle
immediately collapsed into the opening. The particles above the opening show cone
of failure at the first step (Figure 7.5), and then the particles continuously flowed into
the opening, eventually the surface collapsed, causing surface subsidence. Based on
the surface subsidence mechanism of full extraction, the point of maximum surface

subsidence is located in the centre of ground surface above the opening (Figure 7.2).

7.3  Comparison of numerical and physical models

After several trials, the angle of draw and the maximum subsidence can be
determined for each opening configurations. The PFC?® results are compared with
those observed from the physical models in Figures 7.6 and 7.7 for various opening
depths.

The PFC? simulations show the decreasing trends of the angle of draw with
overburden thicknesses which are similar to those observed from the test models. For
all cases the predicted angle of draw slightly over-estimates the test results (Figure
7.6). This is probably because the circular particles models in the discrete element
analyses are perfectly shaped with identical joint properties while in the test models

the gravels shapes are not perfect and the frictional strength is unlikely to be identical
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Figure 7.5 Failure characteristic on first step of the overburden after the opening

simulation.

for all contacts (granular surfaces). The angularity and the particle size of the
overburden also affect to the surface subsidence magnitude and volume. The inter—
locking of gravel particles during flowing in physical simulations more than found in
the PFC?®. As a result the circular particles constructed in the PFC*® models can
subsidence easier than those tested in the physical models, and hence yield a wider
angle of draw (the extent of the surface subsidence are over). Figure 7.7 shows the
maximum subsidence-to-opening width ratio (Smax/W) decreases with increasing Z/W
ratios in each particle sizes. For all cases the predicted maximum subsidence agrees
well with the test results. From the results found that the numerical models can be

extrapolated to predict the super-critical subsidence behavior of fractured rock mass.
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CHAPTER VIII

DISCUSSIONS AND CONCLUSIONS

8.1 Discussions and conclusions

The effects of underground opening configurations and block size of the
overburden are determined to predict the super-critical surface subsidence. The
surface subsidence has been simulated using physical models, empirical calculations
and numerical analyses. From the results the following conclusions can be drawn.
The physical model results clearly indicate that the angle of draw and the maximum
subsidence are controlled by the geometrical characteristics of underground openings,
overburden thickness and the mechanical properties of the overburden. The extent of
the mining subsidence affected area is defined by the angle of draw, which is
controlled predominantly by geological conditions of the overburden strata and the
mining configurations.

The angle of draw and maximum subsidence increase with increasing L/W
ratio and tends to approach a limit when L/W is greater than 3. For the same
underground opening geometry, increasing the Z/W ratio reduces the angle of draw
and the magnitudes of maximum subsidence. The y and Sya/W ratio decrease with
increasing block size or particle size of granular materials that are used to simulate the
overburden.

The empirical solutions for cohesionless material provided by Rankin (1988)

and O’Reilly and New (1982) fit well to the physical model results, particularly for
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Z,/W greater than 2. In general the results of our physical model simulation agree
reasonably well with the conclusion drawn by Fattah et al. (2013) that Rankin’s
solution can provide the best production of the subsidence settlement profiles for
cohesionless materials. However, to evaluate the width of the settlement trough,
using the distance Z, from surface to the roof of the underground opening gave better
predictions than using the distance Z. from the surface to the center of the tunnel.

The volume of subsidence trough observed from the physical model is always
less than the opening volume. The largest trough volume is obtained for smallest
particles size (BJ/W = 0.06) for all cases. This is because of the inter—locking of
granular particles is reduced if the finer gravels are used in the simulation. The
overburden angularity can also significantly affect to the surface subsidence
magnitude and volume. The effect of the angularity is less for the smaller particles
size. The subsidence trough volume tends to decrease as the opening height and
depth increase because the physical model has created new voids above the opening,
and trough volume eventually constant when the L/W is beyond 3. The subsidence
trough volume decreases as the Z/W ratios increases beyond 3. The results of discrete
element analyses agree well with those obtained from the physical models. The
predicted angle of draw however slightly over-estimates the test results due to the
PFC?® cannot identify the effect of the angularity of particle which is different from
the gravels shapes in the physical model. The numerical models can be useful to
predict the super-critical subsidence behavior of fractured rock mass above mine

openings, particularly when the block sizes are much less than the opening width.
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8.2 Recommendations for future studies

The scope of this study is relatively narrow. The uncertainties of the
investigation lead to the recommendations for further studies.

The physical model simulations should be performed on a greater opening
geometries ratio to confirm the effect of opening depth, width, length and height on
surface subsidence extent. More simulation is also required on a variety of materials
with different mechanical properties.

The effect of the excavation rate and mining sequence on surface subsidence
should be studied under various opening configurations and overburden properties.

The overburden material with different angularities and particle shapes should
be tested to study their relation with the surface subsidence. The knowledge of the

surface subsidence under sub-critical condition is also desirable.


https://www.google.co.th/search?q=mining+sequence&biw=1366&bih=643&tbm=isch&tbo=u&source=univ&sa=X&ei=aYwmVezLCsq7uATYiIDIAQ&sqi=2&ved=0CC4QsAQ
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