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1.0 Executive Summary

Global underground failure in a US coal mine has not occurred since 2006, and injuries and fatalities from
local fall of ground continue to decreaseer time thanks to widspread implementation of empirical and
analytical methodHowever, the mechanics governing these complex systems remain poorly understood.
Existing empirical and analytical methods for engineering design in underground coahmaimgsically
considered conservative, and therefore, safe. However, if the assumptions or observations these methods
are based on do not represent thaiin conditionseven supposedly conservative approaches will not
ensure safety

Previous researdims suggested that the issue of global ground stability is a composite problem that should
account forboth overburden and pillabehavior Failure to account for the interaction between system
components could lead to catastrophic mine failure as obsertbd cases of the Crandall Canyon and
Coalbrook mine disasters. There is, therefore, a pressing need to investigate the interdependence of the
pillars and overburden and to identify critical parameters that have historically been ignored in piltar desig
methodologies.

The Alpha Foundation identified five key research questions related to this topic, all of which are addressed
herein. Investigating roof stability and its purported-seibporting capacity will provide insight into the
impact that roof enditions such as intact material and discontinuity properties, heterogeneities, constitutive
models, irsitu stress ratios, mining depths, and DFN properties have on roof stability and pillaifsiess.
study addressthe shortcomings ofurrent statef-practice by using humerical models to enhance the
mechanical understanding of the interaction between the overburden and pillars.

A methodical approach was implemented, increasing complexity while relating numerical model results to
existing empirical ad analytical approaches to confirm realistic behavibe critical inputs governing

roof stability and the calibrated coal pillar constitutive model were combined in-singleand panel scale
models. Panetcale models introduced heterogenous stigiiigs, various pillar propertieandsimulated

both in and out of plane depillarin@oth production and barrier pillar stresses, as well as local entry
stability, and propagation of yield were monitored to identify critical failure mechanisms.

The findngs of this studydentify key considerations for analyzing roof stability, roof support design, and
pillar design that account for overburden material properties and other pertinent geomining coitigions.
model inputs significantly controlling roofagtility includedepth and intact material type, particularly the
presence afmallscaleplanes of weaknegse. between major beds)s depth increasesther inputs such

as horizontal stress ratio, presence of-weittical jointing, and bedding thickresall become more
significant controls on roof stabilitfzurthermore, TAT and MB are showngicovideinaccurataesults

with TAT tending to overestimate pillar loads and MB overestimating pillar strefit.question of
Awhich el emengl ghal dsi mersaili mr @, ,ishsweprddadedaans or
the unique loading conditions studied herein. The findings indicate that at thacalaeyield initiates in

the overburden, but global mine failure initiates in the pillars.

This grant from the Alpha Foundatigmoduced conference papeend?2 journal articles, anfunded2
presentations at academic conferences. The research presented herein will impact the future of mining
health and safety by advancing the state of practiceaff support andpillar design to account for
overburden mechanical propertigmplementation othe design considerations presented herein have the
benefit of making underground mining saferth the ultimate goal atero injuries and fatalities



2.0Problem Statement & Objective

The current statef-practice for designing underground workingsriming applications relies heavily on

simplifying assumptions regarding the mechanical behavior of rocks and roeeniasgarticular the

mechanical interaction between roof, floor, and suppertdillars, liners, bolts, etc.) is poorly understood

dueto isolation of these interdependent systems in both research and design app{Ragdret al., 2016)
Conventional pillar design assesthat the overburden has no-selpporting capacity, which is generally

invalid. The studydocumented in this repodddresses the research questions raised in the Alpha
Foundation proposal solicitation under the topit) n der st andi ng tdmn Meckanidsén o f Ov
Pill ar Design and .Gl obal Ground Stabilityo

Although a catastrophic globalld. total) underground failure has not occurred in the United States of
America (USA) since the Crandall Canyon mine disaster in 2006, and mine fatalitiestéadidy s
decreased since 1990, roof and pillar failures still kill and injure miners every{Maess et al., 2011)
Improving our undetanding of mechanical interaction in the subsurface will help reduce the negative
impacts to health, human safety, and productivity that affect undergmwaridngs Analytical and
empirical methods for roof and pillatability evaluation(e.g.Evans, 1941; Molinda and Mark, 1993; Mark

et al., 2005; Mark, 201%ave been developed and anajor components igurrent industrystandard
practices for groungontrol. However, despite the large and diverse body of research regarding ground
control,ground falls accourtdfor 112 fatalitiesn underground bituminous coal mifaalitiesfrom 1995

to 2008 (Mark et al., 2011) During the same time period, smaller ground falls between roof support
elements injured up to 400 miners annuéifiark et al., 2011)

Given the limitations of common empirical approaches and the inherent scaling issues associated with
laboratory studies, nurrieal models were used to analyze the pitleerburden relationship. The majority

of numerical modelingn academia and industig conducted using continuum methods, which require
some of the same assumptions as analytical methods (namely approxiniati@ rockmass as a
continuous body).

Coal measurei.g. sedimentary) rock can be highly discontinuous; depending on depaositional environment,
tectonic history, and current mininigduced stresses, the network of bedding planes, laminations, and
fracturesets violate the continuum material assumption on which most research and practice relies on.
Discontinuum modeling allows for explicit separation of intact blocks and more accurately captures large
strain behavior of a discontinuous rockmg@lsg, 2003) The use of discrete fracture networks (DFNs) can
mimic the distribution of joints and bedding ptenfound in the subsurfack this study the discrete
element method (DEMgs implemented n |1t ascads Uni versal Distinct EI
modelingthe explicit separation of horizontal bedding planes and vertical joimgerburden materials.

Due to the complex nature of the research, the project begin with relatively simple studies focused on well
constrained problems that can be readily compared agaisgtiinbservations and analytical methods
documented in the litetare (i.e. deformation characteristics of individual pillars/entries; immediate roof
stability in individual entries; settlements associated with full panel extradi@ngasing complexity was

then introduced to mimic more realistic geomining conditi¢ns. paneiscale production loads,
depillaring, gob formation, and abutment loading)

Ultimately, there should be no falls of groun@ ik i s ¢onsargativBidesign methods are accounting for
all relevant aspects of rockmass mechanical behavior apgpri This is clearly not the case, and



additional complexity must be accounted for to attempt to capture a more realistic representation of local
and global stability in underground coal mines.

There is a pressing need to investigate the interdependétioe pillars and overburden and to identify
critical parameters that have historically been ignored in pillar design methodologies. The Alpha
Foundation identified five key research questions related to this tbpse are

1 Can pillar strength be astated from tributary area loading at collapse and arpiiter capacities
being overestimated in conventional tributary area design evaluations?

1 Do coal pillars fail or yield prior to overburden failure or does the overburden faduse pillar

failure?

Do coal pillars act to reinforce the overburden, and how?

1 What effect does horizontal stress, horizontal bedding, and vertical joints ptayeiburden
stability?

1 What effect does the 4situ vertical stress have on pillar responkls®v does the isitu stress
effect the miningnduced compression required to produce pillar yigldind failure?

=

These are addressed in this studyrwestigating roof stability its purported sslipporting capacityand

its effect on pillar loadingdentifying how the roof and pillar interact to maintain local and global stability
can bepracticallyincorporated into analysis methaasincrease their accuracy with a limited increase in
complexity. Theseanalyses arprimarily based on estimations piflar load at collapse using the tributary
area theory (TATand an estimation of pillar strength using the MBir&niawski (MB) equation, both of
which are used compared to numerical model results in this dtlehtifying the controls on local and
global stability will allow for increased safety in underground room and pillar mines.

The following assumptions were utilized in the research presented herein.

1 The studyonly consides two-dimensional approximations of real mining conditions; pillar load
increases associated with hypotheticaljpde | | ar i ng efppdraanteioo nwsi |Aoubte si
through added loads at the top of the model (e.g. per Mohamed et al., 2016)

1 Although fracture networks corresponding to-psésting natural rock fractures (imcling bedding
planes) will be represented in the models, the growth/development of new fractures cannot be
explicity modeled using the proposed approach; we assume that an inelastic continuum
representation of blocks between-grasting fractures is suffient to allow the overall overburden
mechanics to be represented

1 The explicit representation of overburden fractingsanelscale models were nektended fully
to surfacerontinuum propertiewere applied to the uppportion of theoverburden

1 The study only consideed cases where pillar deformation and strength charactensdosnot
controlled by discrete structural featuveéi¢hin the pillar

1 Given that the pillararemodeled as a continuum, no pillar support will be explicitly modeled (per
Sinha & Walton, 2017)

1 Model cases presented in this research represent a large range of behavior. Some are used as end
member cases to isolate and investigate mechanical behavior of indsydieahcomponents (i.e.
pillar, and overburderrelative to behavi theorized in the literature (Frith & Reed, 2018), while
others approach potentially realistic geomining conditions.

Thefour Specific Aimsas outlined in theriginal projectproposal are as follows:

1. Establish an approach for numerical representatiquillar strength



2. Establish an approach for numerical representation of roof and overburden mechanics
3. Develop baseline numerical models to test illustrative conceptual model cases
4. Quantify parametric interactions and influences on overburden and paltélitgt

3.0Research Approach

The following section outlines the specifitns andasks and their respectivieackgroundmethods and
analysesimplemented in accomplishing the aforementioned specific alfashnical results are also
discussed in this section, whilee broader impastregarding the goals of the research are discussed in the
following sectiors.

Specific Aim 1i Establish a Numerical Representation for Pillars

Task 1.17 Parameter Determinatio

The numerical investigation of complete pilarerburden systems requires that appropriate model
representations for each system component are developed. The objective of this section is to select a
constitutive model and corresponding input parametersis capable of simulating coalmass behavior.
Sinha and Walton (2018) recently developed a rock yield criterion, called the progresbkiaped yield
criterion, that is based on a mechanistic understanding of damage processes in brittle rocksat@ivain th
behaves in a brittle mannévlishra and Nie, 2013; Kim et al., 201&he authors used this yield criterion

to model the damage evolution in the pillar.

The progressive-Shaped criterion is built upon the precursory works of Kaiser et al. (2D@)erichs

(2003) and Kaiser and Kim (2008), and combines @ehesioAWeakeningFrictionalStrengthening
(CWFS) strength model (Martin and Chandler, 1994; Martin, 1997; Hajiabdolmajid et al., 2002) at low
confinement and a shear yield model at high icemient (Hudson and Harrison, 1997). The criterion has
three major thresholds: (a) Yield threshold: The low confinement portion corresponds to the Crack Initiation
threshold, while the high confinement hresholdiTheon i s
low confinement portion corresponds to the Spalling Limit (Diederichs, 2007), while the high confinement
portion is the Crack Damage threshold (Martin and Chandler, 1994); (c) Residual threshold: This is a
degraded variant of the peak thrdshand corresponds to a-80% reduction in friction angle (Martin and
Chandler, 1994¥-igurela shows the different components of the progresssiegsd criterionThe yield
threshold evolves to the peak threshold over a specific range of plastic shear straif valyeexy for
damagepnd then ultimately decays to the residual threshold.

To determine a set of coal mass parametersised the yield criterion to model the damage evolution in a
longwall pillar in Australia (West Cliff mine)The particular panel under consideration is located 480 m
below surface and is a part of a teotry chain pillar system. Based on the mine geometry, a 1 m thick
(pseudo planstrain condition) FLAG® model was developed and simulation was conducted in three
stages(1) In the first stage, the model was run without any excavation until mechanical aguilibas
achieved. Prenining horizontal stresses of 16.3 MPa and 3.6 Ntedohamed et al., 2016) and a vertical
stress equivalent to the depth of mining were applied to the model. (2) The next stage consisted of
developing the entry using the tracti@duction method (Mohamed et al., 2016). In this method, elements
inside the excavation are removed while applying forces equivalent to therpng load on the boundary
gridpoints. The forces are progressively relaxed until they become negligible.cimel stage replicates

the development loading condition in field. (3) In the final stage, the vertical stress along the top of the



model was increased by 0.2 MPa/step to simulate the retreat of the longwall face. The model was brought
to equilibrium aftelreach increment of vertical stress.

The model input parameters were constrained by matching the extensometer and stress measurements made
at the site by Colwell (2006) through an iterative manual faaektysis processzigure 2 compares the

model results with the field measuremenihe excellent correspondence between the model predicted
displacements and stresses and those obtained thresigh instumentation provides confidence that the

newly developed criterion can be applied to coal and coal measure rocks.

During the course of model runs in the later sections, it was found that the paraméieated to theoal

at the West CIiff minaveretoo strongfor general applicatiariThe reason is likely related to the fact that

the parameters were developed initially for a deep coal mine (480 m) but is used here for a maximum
overburden depth of 200 m. To resolve this issue, the authoadilbeatedthe progressive-Shaped yield
parameters to match the peak strengths predicted by theBitariawski equation for width to height radio

(W/H) of 2, 4 and 6.

In these pillar compression models, theratoobf and
8 GPa and 0.2respectively, and a constant velocity boundary condition was applied to the model top
boundary while keeping the bottom boundary fixéidurelb shows the stresdrain curves obtained after
calibration. The corresponding peak pillar strengths, as predicted by-Biariawski equation (pillar

length set to infinity as UDEC operates in a platrain mode), are also shown using edttines. The

models were able to match the peak strengths well and they also exhibited a transition from brittle to pseudo
ductile behavior with increase in W/H ratio (Esterhuizen et al., 2010).
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Figure 1: (a) Thresholds for progressive Sshaped yield criterion (Sinha and Walton, 2020); the red line shows the ultimate

strength envelope(upper bound for all damage statespt each confining stress, whichistd i near , or approxi mai
shapedo, rstresdstrain Burveslfar W/H=2, 4, and 6. The dotted lines represent the corresponding strength as

predicted by the Mark-Bieniawski equation.
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Figure 2: (a) Rib displacements from extensometer in FLAC3D model, (b) Displacemengs a function of stress change
from field data and the FLAC3D model (Sinha and Walton, 2020).

Since the purpose of this calibration was to obtain a representative set of coal mass parameters, no interface
or joints were incorporated between the host rouk the pillar. However, as models ran in subsequent
sections were focused on the interaction between the overburden and the pillar and consequently included
interfaces, an analysis wasrformedto understand how the interfaces might affect the responte of

pillars. For that purpose, the W/H=3 model was chosen and the boundary between the pillar and the host
rock was simulated using a Continuously Yielding (CY) joints with initial and intrinsic friction swngle

15°. With inclusion of the joints, the ak pillar strength dropped from 14.7 MPa (corresponding Mark
Bieniawski strength is 14 MPa) to 11.6 MPa. Such a drop in strength is expectaterfaces allow for

slippage and deonfinement of the pillar (lannacchione, 1990).

Specific Aim 2i Establsh an Approach for Numerical Representation of Roof and Overburden Mechanics

Frith & Reed(2018)r ecent |l y argued that the coal i nddustry m
6overburden stabilityd design parameterso than col
on assumptions that neglect overburden beha@ompletion of Specific Aim 2 hadevelogd 10,368

unique modelsand confirmed their behavior is realisticrough the use of welletted analytical and

empirical methods. These include the voussoir beam af@lederchs & Kaiser, 1999)Coal Mine Roof

Rating (CMRR)G. M. Molinda &Mark, 1994) andAnalysis of Roof Bolt Systems (ARB@yark et al.,

2001) Results were analyzed using binary logistic regression to identify the most significant inputs
governing roof stability to inform future portions of the study.

Task 2.11 Develop and Validate Individual Entry Voussoir Beam Models

Prior to developing singientry voussoir beam modelsuti-jointed elastic voussoir beam models were
created in UDEC basl on the range of material and discontinuity properties presented in Diederichs &
Kaiser (1999)gs a calibration steffhe presence of multiple joints, rather than a single midspan joint (i.e.
traditional voussoir theory), more closely resembles roof itiond that will be modeled in futurtasks

The assumptions and boundary conditions utilized in this study adhere closely to those in Diederichs &
Kaiser (1999) with one exception: once voussoir arching is allowed to develop with effectively elastic joint
(i.e. high cohesive strength, namro tensile strength), joint constitutive models were changed to
continuously yielding in order to capture the effect of inelastic joints on voussoir beam mechanics. The
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continuously yielding joint model has been shawmmore accurately capture joint displacement under
large displacement@oeck, 2016kand is implemented in future, more complex, modeling effarts
thick, jointed voussoir beams of various length apdiere tested; initially, all intact material was modeled
as elastic. General modetge and magnified block deformation of a voussoir beam at equilibrium is shown
below inFigure3.

E: 10-100 GPa
jkn: 5-100 GPa/m
spacing: 0.5-1.0 m
K Erm: 3.3-33.3 GPa d

& & - &

Figure 3: Simple voussoir beam model boundary conditions shown at equilibrium state with a deformation magnification.
Range of parameters modeled are listed above.ilEY o u n g 6 s M oidaint normal stiffn&ss, Em T rockmass modulus.

The model solution method in Diederichs & Kaiser (1999) was replicated by running models in multiple
stages; the first stage featured extremely strong joints to allow deflection to occur and horizontal stresses
to develop in the voussoir beam. Subsequiagtes altered the intigpan joints to realistic MoHEoulomb
strengths and continuousyyelding joints to model the impact of more realistic discontinuities once
voussoir arching has developed. Every time joint parameters were altered, the modetovesguilibrium.

Initially, model results matched expected deflections; however, model results of stress magnitude deviated
significantly from analytical predictions. Further investigations into material properties and model
conditions were conducted on @Dlong, 3.3 GPa & beams and found that the interaction between mesh
size and block rounding had a significant effect on both deflection and stress magnitude results.

Following establishment of optimal mesh size and block rounding, the initial modelsewen, and their
results confirmed UDECG6és ability to capture vouss
previous results provides a foundationdtieration of voussoir beam geometry irsitu loading conditions

such as a single entry.

The voussoir mechanical response was then tested in multiple-simigtenodels. In order to confirm that

the voussoir beam analog could be applied in more realistic loading conditions and future modeling efforts
the previously tested voussoir beam getyn(i.e. 10 m span, 3.33 GPaBvas modeled as the immediate

roof and overburden in multiple singéatry models. End member cases are shoslow inFigure4.
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Equivalent elastic moduli were assigned to the-waussoir areas in the pillar and floor. Half coal pillars
were modeled using elastic properties to isolate the impact of yielding pillars from the impact of explicit
VOussoir representation, as well agssrmagnitudes and ratios in the subsurface. The models were tested
at entry depths of 30 and 100 m below surface withitim stress ratios ranging from 0-2%. Model
overburden ranged from a single voussoir layer in the roof to a discrete fractuoekn@®N) composed

of voussoir blocks spanning the entry and extending to the top of the model. Models were analyzed in
unsupported and bolted configurations.

Maximumverticaldeflectionand maximum midspan stress from timenediate roof layers of unsupported
singleentry voussoir models are compared to analytical predictions and results from the litef@iguesin
5.
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Figure 5: Unsupported singleentry voussoir model immediate roof displacement (a) and midspan horizontal stress
results showing the impact of in situ stresses and the increase in horizontal stress on elastic voussoir beam mech

response.



Note that in the maximum midspan stress plogre 5b) results are compared with tlieussoir beam

models featuring horizontal confining stresses of identical magnitudes, isolating the effect of-seituer in

loading conditions (i.e, surcharge loading, abutment influence, pillar influéha#hermore, based on the

linear increase in stss observed ithose modelghe analytical solution from Diederichs & Kaiser (1999)

was adjusted by adding the applieesitu horizontal stress to the predicted stress, showing a clear trend.
Results deviate from the modified analytical solutions byrestamt margin; however, recall that voussoir
analytical predictions overestimate midspan stresses and underestimate abutment stresses. Stresses shown
in Figure5b are from the midspan of the immediate roof.

These results indicate that the height of the explicit voussoir DFN and associated additional surcharge
loading has a significant impact on voussoir beam mechanical behavior. Most significantipptis is

observed at lower stress ratios in shallow entries where limited stress arching occurs in the roof, and
surcharge loads incurred by the presence of contiguous voussoir beams create additional displacement via
discontinuous sliding along abutmeribdks. Even at higher horizontal stress where deflection of the
voussoir beam is continuous (i.e. no abutment slip occurs), the minimum differences in roof displacement
and maximum midspan stress are 57% and 6.1%, respectively, for varying heightsoif voydisoir in

the roof. This indicates that surcharge loading can also significantly increase expected displacement and
stress development of voussoir beams in high horizontal stress conditions.

The voussoir singkentry models were then run with rockbelements installed on 1.5 m spacinging

calibrated input parameters fronBahrani & Hadjigeorgiou(2017) Results weresimilar to their
unsupported counterpadgscussed aboyexcept for an average decrease in stdisiglacement by 33%

and an approximately 1 MPa decrease in midspan and abutment horizontal stress across all models tested.
However,bolting did not reduce displacements for low horizontal sttasesvhere high surcharge loads

and lack of confinemen¢dto abutment slip failuref the immediate roof and overburden

Boltedvoussoirsingleentry model resultsdicate that bolt parameters are behaving as expeetaging

loads in the boltand reducing thetress magnitude in the immediate robfie oveall behavior remains

true to voussoir mechaniesd expected bolt behavjowhere an increase in the stiffness of the system
leads to a decrease in displacement and maximum expected stress. Bolted model results further confirm
that insitu roof conditionsand mechanical behavior can be generally represented by the voussoir beam
analog. However, if bolts do not extend into a competent layer that is supported-gigopelft or irsitu
horizontal stresses in the roof, theof displacement®nly decrease bwn average of% from the
unsupported case due to abutment slip failiuie neither beam building nor suspension support is
activated) Rockbolt elements decrease horizontal stresses in the midspan of the immediate roof by
approximately 50%. However, theagnitude of stress at the abutment remains largely unchanged,
indicating that standard vertical roof bolts may have little effetdrms ofpreventing crushingt the roof

pillar boundary Figure6).
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Figure 6: Comparison of horizontal stress distribution in immediate roof of unsupported (a) and bolted (b) models at 30

depth (ko = 1.0) The maximum load carried by therockbolts is approximately 11.3 kN.

Systematic analysis of voussoir beam mechanical behavior under a large range of loading conditions has
provided a reliable, repeatable analog for analysisaufelroof stability. Parametric sensitivity analysis of
baseine voussoir models has identified a key interaction between block rounding and zone size. A
foundation for analyzing more complex roof behavior has been successfully developed through simple
adjustments to existing analytical solutions. Accounting foliegynorizontal stresses, orthogonal joints,

and the presence of rock bolts is a practically applicable use of the voussoir analog in more realistic
scenarios. Furthermore, the voussoir beam analog is a useful tool in the analysis of more complex numerical
model results (i.e. predicting or classifying stability). Analysis of a voussoir DFN has provided a repeatable
discontinuous medium that can act as a control case for the effect of changes in random joint distribution
due to changes in model geometry. @etion of Task 2.1 has successfully provided an understanding of
roof stability mechanics and offer a foundation by which we shall further investigate how pillars reinforce
that stability in the roof and overburdérhe findings of Task 2.1 validate theeuof the voussoir beam

analog for model analysis and identification of jointed roof stability. Voussoir beam mechanics may not be
applicable to all coalnine roofs insitu (i.e. massive, or heavily jointed), hapresent a valuable reference

case for thenore complex geominingonditions considered in the explicit joint models in this study.

Task 2.2 Develop and Validate Individual Entry Rockmass Model

The previouslyusedsingleentry model with elastic pillaravas utilized to investigate more realistbof

and overburden condition®\s shown inFigure 7, the singleentry model geometry consists of two
bounding haHpillars of w/h 8.0 (w/h=4.0 modelegikplicitly due to symmetry conditions6.0 m entry

span, 2.5 m entry height, and features a simplified, homogeneous overburden (i.e. no geologic heterogeneity
other than thetochastic DFN).
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Figure 7: Example single entry model depicting boundary conditions, model geometry, mesh density, and overburden DFN.

Modeling half of each bounding pillar imposes a horizontal symmetry condition, allowing the models to
focus on local roo$tability. This assumes that deformation is mirrored to an infinite set of additional entries
on either side of the model. The top of the model is a free surface for 30 m deep entries and a fixed velocity
boundary for deeper cases. The remaining boundaaieszero velocity conditions imposed in the direction

of their normal.

Contacts between the pillar and the roof were modeled with the same strength and stiffness properties as
the roof DFN. The model floor was considered elastic with a stiffness dalduia approximate an
equivalent continuum rockmass modulus of the fractured roof. While some coal mine roofs do not exhibit
crossjointing as pronounced as is shown Rigure 7, such geometries are necessary to allow block
separation to occur in the models. This is one of the stated limitations of DEM modeling. However, jointed
roofs have been documented by Molinda & M@&R10)and are described as contributing to roof failure.

Coal pillars were modeled using an inelastic constitutive model from Sinha anch\(28li8)and were

initially assigned parameters that led to negligible pillar yield in the models at the depths considered
isolate roof behavior

Model parameter combinations were selected basedaisting literature (Hsiung et al., 1993, Esterhuizen

et al., 2010; Bastola and Chugh, 2015) to cover a range of realistic possible behaviors. Overburden material
parameters were selected to approximate the mechanical behavior of sedimentary rocknggrsgdoran
laminated shale to massigandstoneTablel).
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Table 1: DEM overburden parameters analyzed in this study for parametic sensitivity analyses;note that variables in
rows highlighted with the same color were varied concurrently.

Geometry

Depth to Entry (m) 30 100 200

Span (m) 6

Pillar w/h 8

In-Situ Stress Ratio 0.5 1 2

BT (m) 0.5 1

Rock Material Properties (Field Scale)
WeakSUBI  Strong SUBI EBP Elastic Soft Elastic Stiff

G (Pa) 4.17E+08 3.33E+09 1.25E+10 4.17E+08  1.25E+10
K (Pa) 5.56E+08 4.44E+09 1.67E+10 5.56E+08 1.67E+10
E (Pa) 1.0E+09 8.0E+09 3.0E+10 1.0E+09 3.0E+10
Poi ssonbds Ra0.2 0.2 0.2 0.2 0.2
Density (kg/m3) 2.35E+03 2.35E+03 2.35E+03 2.35E+03  2.35E+03
Cohesion (Pa) 2.50E+06 7.50E+06 1.50E+07  ---
Tensile Strength (Pa) 5.00E+05 1.00E+06 2.00E+06  ---

i (U) 25 32 39

y (0) 4 8 12

Cr (Pa) 1.00E+05 1.00E+05 1.00E+05  ---

ar (U0) 25 30 35

Tr (Pa) 0 0 0

SUBI jci (Pa) 1.00E+05 2.00E+06

SUBI jt (Pa) 2.00E+04 4.00E+05
suBIl jdi (U) 10 20
suBl jdil (CO 4

CY Joint Material Properties

jkn (Pa/m) 5.00E+10

jks (Pa/m) 5.00E+09

jenljes 0/0

I nitial (Gi) 3530 25/20 15/15

jr (mm) 0.001

Joint Network Geometry

Angl e <sd> ( 90<0> 90 <10>

Gap <sd> (m) 2BT <2BT> 2BT <2BT>

Trace <sd> (m) 4BT <2BT> 2BT <0.75BT> ---
Spacing <sd> (m) 0.25<0.5> 1<1.5>

BT=Bedding Thickness sd=standard deviation

Three zone constitutive models were ugmdthe different material case$he SUBI constitutive model

was selected to implicitly account for closely spaced bedding planes between explicitly modeled
discontinuities. Stronger, massively bedded rocks were modeled using dbaitie-plastic (EBP) and
elastic constitutive models. The continuously yielding (CY) joint constitutive model was implemented to
gradually decay joint strength from an initial (i.e. peak) nardrinsic (i.e. residual) friction angle as a
function of plastic shear displacemdaight distinct DFNs are created based on the joint network geometry
parameters, their geologic characteristics are described in
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Table2.

Table 2: DFN ID and qualitative description of vertical joints.

CMRR Spacing

DFEN ID Cross Joints Persistence Spacing Persistence Rating*
1 Vertical High Close 20
2 Vertical High Wide 25
3 Vertical Low Wide 27
4 Vertical Low Close 21
5 SubVertical High Close 20
6 SubVertical High Wide 25
7 SubVertical Low Wide 27
8 SubVertical Low Close 21

* DFN-based CMRR spacingersistence rating superseded by use of SUBI material properties

All combinations of the parameters listed above, coupled with 2 rabidseeds resulted By184unique
models. Each case was run unsupported and with a starmamhtiern(4 per row)resulting in10,368
unique models.

Note thatwoc o n st ant swereused for DFNidreatien, and each model had the same geometry,
so joint network randomization did not influence the results between different modelsenstmtie DFN

and random seed valueurthermore CMRR only accounts for the persistence, spacing, and condition of
joints, not their orientation.

Initial model results featuring the Weak SUBI material properties listdciobe 1 werefound to be too
weak for use in modeling an entire homogeneous overbuadien unrealistic plastic deformatiomas
observed in the corresponding moddi® amount of realistic bolting catd prevent the roof from
deforming in a highly plastic manneAn additionalModerate SUBImaterial property was developéul
allow for more robustnalysis within the ARBS systemithout implementing other spprt types. The
Moderate SUBI material progées are listed below imable3.

Table 3: Moderate SUBI material properties.

Moderate SUBI Material Properties

G (Pa) 3.33E+09
K (Pa) 4.44E+09
E (Pa) 8.0E+09
Poi ssonbds 0.2
Density (kg/m3) 2.35E+03
Cohesion (Pa) 5.00E+06
Tensile Strength (Pa) 7.50E+05
Gi (0) 30

y (U) 6

Cr (Pa) 1.00E+05
Gr (0) 28

Tr (Pa) 0

SUBI jci (Pa) 7.50E+05
SUBI jt (Pa) 1.50E+05
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A two-stage solution method was implemented for all unsupported model runs. Stage 1 consisted of
applying an internal stress boundary equivalent to 70%itunstress following excavation. 70% was
selected based on the longitudinal displacement profibes ¥lachopoulos & Diederichs (2009%tage 2

removed the internal stress boundary and solved in accordance with the methods discussed above. Note that
in some cases this twaiage approach mayfinence model stability relative to a more gradually staged
relaxation process. However, this is only expected to be the case for models with borderline stability. Stage

1 model states were then utilized to mimic ground relaxation prior to bolt instalfatithe bolted model

runs.

In order to compare UDEC models with empirical observations, a CMRR valuestwastedor each

model. Intact material cohesion and friction angle values were used to determine intact strength ratings,
explicit joint (i.e. noRubiquitous joints) friction angle was used to determine the cohesimhness rating,

and DFN spacing and persistence, bed thickness, and presence of the SUBI material model were used to
determine both the spachpgrsistence rating and multiple disconiity set adjustment. The groundwater
sensitivity rating was not considered, as groundwater was not incorporated in the models.

Unsupported models were developed to isolate roof behavior from support influence and to identify model
parameters that resutt either seHsupporting or unstable roof behavior. Models were organizedtalbe

and unstableategories based on vertical displacetneelocity, andhorizontal stress arch development

the immediate roofFigure8 depictsa model case where horizontal stress arching through the previously
validated voussoir beam analog was used to confirrrstaility in the immediate roof.

Major Principle
Stress (MPa)

1.80
1.60
1.40
1.20

1.00
0.80 30m Entry
0.60 k,=0.5

0.40
0.20 L Oin-situxc=-0.346 MPa
0.00 :

N

Figure 8: Development of major principal stress arching in immediate roof exceeding the isitu horizontal stress (iin-situ,xx),
indicating stable conditions; stresses were extracted from zones located in the area delineated by the red box

Understable conditions, as the immediate roof deflects downwards, internal horizontal stresses develop
based on the voussoir beam analog desciib&dsk 2.1 andby Diederichs and Kaiser (1999) and others.
Analytical voussoir solutions predict that if tmemediate roof layer irFigure8 were a voussoir beagnt

would generate approximately 0.7 MPa of horizontal compression. Theuirhorizontal stress is
approximately 0.35 MPa, and the resultant maximum stress at the midspan is approximately 1f0 MPa.
the horizontal stress in the immediate roof does not excesitliimorizontal stress levels, this indicates

that the immediate roof is not effectively tréarsing horizontal stress, and is therefore likely unstable. This
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unstable classification is confirmed by checking maximum displacenaents/elocitiesin the roofat
equilibrium Note that manual inspection of multiple stable models at equilibrium iedichat some nen
negligible velocities were present in the immediate rAdhird model solution stageas implemented to
chek the average velocity of the immediate rabthe target solution ratiand force the model to step
forward if non-negligible \elocities were still present in any of the roof zones

Bolted models featured rockbolt elememased on models calibrated by Bahrani and Hadjigeorgiou (2017)

to laboratory axial and shear load tests on fgllguted rockbolts installed in concrete blackse model

inputs used are listed fable4. Modeledbolts were 2.4 m lond,9 mm diameter, and installed on 1.2 m
spacing with associated f acepl a(Figuse 9).dAsfpievicasy usi ng
mentioned, bolts/ere installed after relaxation of the excavation boundaries to 78%tistress to account

for nonzero displacement prior to support installation; tyiroacheffectively assumes that any roof
deformation ahead of the excavation is elastic in nature (Walton and Diederichs, 2015).

Table 4: UDEC parameters for rockbolt and structural elements (from Bahrani & Hadjigeorgiou, 2017).

. Bolt . Shear Normal  Shear Normal
,E-\nr%a (I?(er/]r‘;"%/ (EG Pa) YS ?glé l\P/llgrsﬁg:m Stiffness Stiffness Cohesion Cohesion
9 (kN) (N/m?) (N/m?) (N/m) (N/m)

Bolts 3.0x10* 8.05x1G 200.0 176.0 0.15 2.0x1¢ 5.0x10  1x10“ 1.2x1¢ 8.0x1C¢
Plates  6.0x10*  8.05x1G 200.0 - - --- --- == — -

E = Young0Ys = ¥addStrdngthtdFS = Tensile Failure Strain

Vertical
Displacement (mm) Unsuorted Bolted

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Figure 9: Example of unsupported and bolted entry model showing vertical displacement contours; 30entry depth, k=0.5,
soft elastic material model, weak joints, sutvertical crossjoints, 0.5 m beds, high joint persistence, and close spacing (DFN
5).

Using the model CMRRestimates alonguith depth to entry and intersection spamdal results for
unsupprtedentries were analyzed in relation to the ARBS discriminant (Mark et al., Z00&)ARBS
discriminant is a linear relationship betwede difference between actual recommended ARBS the
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difference between actual and recommended Intersection Bpanvas empirically determined to
approximately separate stable roof cases from unstable roof cases

Unsupportednodels correspond tn actualbolt intensity value of Oand an actual Intersection Span of

6 m (19.7 ft). Suggested values were calculateddrd on model depth and the model CMRR estimates
according to Mark et al. (2001Although the ARBS empirical data set has no unsupported entries,
assuming an ARBS of 0 for unsupported models represents anenber casand allowed for a broader
evaluaton of the model behavioResults of the comparative analysis for both DFN random seeds are
presentedn Figure10. A higher negative ARBS Difference-axis) value indicates that a given entry is
more supportedi.e. higher bolt intensity)hanwhatthe empiricaldiscriminant is needed fatablity . A
negative Span Difference {gxis) indicates that the actual span is larger thaat is recommended based

on empirical relationshipgLases that plot above the ARBS discriminant are predicted to be stable, and
caseghat plot below are predicted to be ungtab

a b
60 ) | . ()
— 90.4% Correct 89.4% Correct
£ 40 L
]
e
% 207 Q@ % 1 r °OQ) ?
b=
o 0 - [
S Stable Stable
& -20 © Unstable 1 I © Unstable
— ARBS Discriminant — ARBS Discriminant
-40 . e . ‘ J L . e . . '
-30 -20 -10 0 10 20 -30 -20 -10 0 10 20
ARBS Difference (Unsupported) ARBS Difference (Unsupported)

Figure 10: Results of unsupported models with random DFN seed 100 (a) and 1234 (b) and their predicted stability based
on empirical formulae from Mark et al. (2001); models that plot above the ARBS discriminant ar@redicted to be stable
by the empirical relationship; marker size indicates the number of models represented by a single data point.

The results indicate that empirical calculations pretlictions based on model inputs accurately captured

the relationshipbetween CMRR, ARBS, entry depth, and intersection span with 90.4% correct
classification for random seed 100 and 89.4% for random seed 1234. This also indatates random
distribution of joints in the immediate roof is not a critical control on statbility for the DFN cases tested

(i.e. where there is no distinct major discontinuity/fault that dominates roof behaitugh a direct
comparison between empirical and numerical results is not possible, the results are consistent with the
empiricdly derived ARBS discriminardnd indicate that the models are behaving realisti¢isléyk et al.

2001).

Based on bolt parameteand installation geometry utilized in thelted modelsan ARBS value of 16.08

for the model support system was calculated from equation 5 given by Mark et al. (2001). Based on the
relationships defined by Mark et al. (2001), it was predicted that all bolted models would bdsstable
Figurell).
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Figure 11: Results of bolted models with DFN random seed 100 (a) and 1234 (b) and their predicted stability based on
empirical formulae from Mark et al. (2001); models that plot above the ARBS discriminant are predicted to be stable;
marker size indicates the number of models represented by a single data point.

However, resultshowed 81.4% correct classification for random seed 100 a2&o7®r random seed

1234. Weak SUBI models airecludedin the bolted analysis, bittwas foundthat excessive bolting with

an ARBSratingof32.16 (i.,el8ol t s) coul d-cracste 0s tweehaikl NeleBtlah (200Bite | s .
noted that somef thecase studiewhich make up the ARBS empirical data lextremely weakoofs that

could not be supporteldy only roof bolts These caseare outside of the empirical range that ARBS is

valid. Again, this relates to the inability of bolt systems to stabilize_of cases wi th extr eme
material (Mark et al., 2001y boththe real world and ithe models

Following confirmation of realistic behavior using established empirical methods, statistically significant
model inputs governing roof stalyliwere identified using &inary Logistic RegressiorBLR). BLR is

used to identify the impact categorical input variables (e.g. material type, DFN ID Number) have on a
binary output (i.e. stabl e, unstabsée, ropoc¢h. aB8LRhe
SUBI material type, where every model featuring Weak SUBI material properties was unstable. BLR fits a
multi-dimensional surface of predicted stability probability between 0 and 1 that provides a predicted
stability based on a giventsef selected inputs. Two such slices of this mdithensional surface are

plotted inFigure12 belowto illustrate the findings of the statistical analysis.
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