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Structural Analysis of the Sago Mine Accident”

The original intent of the Computational Fluid Dynamics (CFD) study performed under
contract for the Mine Safety and Health Administration’s (MSHA) Technical Support
Directorate (Technical Support) by the U.S. Army Corps of Engineers (USACE) was to
use a sophisticated computer simulation as a way to mathematically model the methane
explosion at the Sago Mine and potentially establish the seal overpressures. The report
was not finalized for the following reasons:

» From the outset, Techmcal Support recognized that the contract for the CFD
study may be pioneering and had initially hoped, as stated in the contract, that
..the study may serve as a basis for future agency decisions. MSHA will have a
Comprehenswe scientific study that may serve as the platform for future mine
regulatlon concerning the design, construction, testing, and maintenance of
-seals...” However, Technical Support did not fully realize at the onset the
difﬁculty of accurately modeling the explosive atmosphere. The results of the
computer simulations are highly dependent on knowing the concentration and
distribution of methane in the sealed area. At the time when the scope of the
study was planned, the lack of detailed information on these parameters was not
appreciated.

» Although MSHA'’s Sago Mine investigation team gathered as much information

~ as possible by conducting methane liberation studies and by contracting with
Sandia Laboratories to evaluate the possible ignition sources, the detailed
information needed to complete the CFD model and create an accurate
simulation was simply not available. '
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o The study consisted of only three mathematical simulations of explosions in the

sealed area. The first two analyses were conducted using 9.5% methane _
distributed throughout the whole sealed area. This is a worst-case condition, and

. is extremely unlikely to occur. Methane can be introduced into a sealed area

from the surrounding strata at over 90% concentration. Therefore, the actual
concentration of methane within any particular area varies, and can be further
affected by other factors such as changes in elevation, differences in atmospheric
density, and exchanges of air that would make it virtually impossible for a
uniform percentage of methane to exist throughout a sealed area.

The third and final run was made with 8% methane mixture up to elevation 1408
and 17% methane above this level. This was to be the most realistic analysis, but
again, this distribution of methane was a simplification for the modeling and
extremely unlikely to occur. More importantly, factual observations from the
mine did not match the model results. The third run of the model predicted “the
loads on the seals ranged from 51 psi at seal 8 to 225 psi at seal 1”. The MSHA
Sago investigation team conducted an extensive review of the damage in the
underground portions of the mine. All of the seals were destroyed, but the
extent of the debris from the seals indicated a higher pressure occurred near seals
5 through 10 than in the area from seals 1 through 5. Furthermore, the third run
of the model indicated a pressure of at least 21 psi at the location of one of the
victims, while an evaluation of the conditions indicated a pressure of
approximately 5 psi. These comparisons again brought the practical applicability
of results of the study into question.

The USACE made every effort to complete the study as it was designed, and
eventually submitted a draft report for review. Technical Support decided not to
publish the study because the critical information necessary to develop an
accurate simulation was not available, and therefore, any results could not be
relied upon for decision-making. Much of the data provided to the USACE for
the three simulations described in the draft report was speculative, involving:

o Uncertainty of quantity of methane in sealed area.
o Uncertainty of distribution of methane in sealed area.
o Uncertainty of composition of the atmosphere other than methane in the
- sealed area.
o Uncertainty of the level of energy of the ignition source.
o Uncertainty of the conditions required for the explosion to transition to a
detonation.

It should be noted that the USACE cited limitations in the draft report as well, for

example:




“There are many unknowns associated with the Sago Mine explosion.”

““The concentration.and location of this methane in the sealed area could |
dramatically affect the blast loads on the seals.”

“It is not possible to say with assurance at this time, that any particular
configuration of methane concentration and location was present at the time of
“the explosion. Further analysis could establish the range of possible.
- configurations and their effects on the seals.” ’

“The conditions under which a combustible concentration of methane-air can
transition to a detonation are not well understood. A series of experiments in a
simulated or actual mlne should be conducted in order to further understand
these phenomena.”

The bottom line is that it turned out that vital pieces of information that the USACE
needed in order for the study to truly simulate the conditions that existed in Sago Mine
- when the explosion occurred could not be known and therefore could not be provided.
MSHA would like to monitor the atmosphere and collect data in a recently sealed area
of an underground coal mine in order to learn more about how methane diffuses in a
sealed area; a better understanding of this type of information is needed for
mathematical modeling to be more representative of actual conditions.

Therefore, with regard to the Sago investigation, Technical Support believes that the
full-scale testing of seals at Lake Lynn, following the Sago accident, provided more
relevant information, and for rulemaking purposes on the issue of seal overpressures,
the NIOSH report “Explosion Pressure Design Criteria for New Seals in U.S. Coal
Mines” provided MSHA the most up-to-date scientific reference material.



Final Draft

US Army Corps

of Engineersg,
Engineer Research and
Development Center

CFD Study and Structural Analysis of the Sago
Mine Accident

G. W. McMahon, J. Robert Britt, James L. O'Daniel, May, 2007
L. Kim Davis, and Robert E. Walker

Distribution Statement F: Further dissemination only as directed by Mine Safety Health Administration



Final Draft

Final Draft




rinail vrait

ERDC/GSL TR-06-X
June 2006

CFD Study and Structural Analysis of the Sago
Mine Accident

Gordon W. McMahon, James L. O'Daniel, L. Kim Davis, and Robert E. Walker

Geotechnical and Structures Laboratory

U.S. Army Engineer Research and Development Center

3909 Halls Ferry Road
Vicksburg, MS 39180-6199

J. Robert Britt
SAIC

ion only as directed by Mine Safety Health Administration

r U.S. Department of Labor, Mine Safety and Health Administration, Pittsburgh Safety and Health

Prepared fo

Technology Center

Final Draft



Final Draft

ERDC/GSL TR-06-X

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
1 of the use of such commercial products.

Citation of trade names does not constitute an official endorsement or approva
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to

be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




Final Draft

ERDC/GSL TR-06-X iii

Contents

Figures and Tables v

Preface ix

Unit Conversion Factors X

1 Executive Summary 1

2 [ntroduction 5

Research Requirement g reeeeeesesessseareanararttinneerannases 5

ObJECHIVES «euvrcerrtrsrresssrnrnisisisanssarssnanas RSN 7

3 Background and Approach ...cccanieuee 8

Information Provided by MSHA ...l ooereconeenens st T, 9

MiING SUIVEYS covveveeesseemsersrsssearsaranes Ll . R, . . . WO SO 9

DAMAZE SUIVEYS vovvrrerecerrsrisssmsesssssasasssssssssrs By gl ars g ssscnmrmssseseens ggisessssmsnmssserss 9

MGLEHIA! PIOPEILIES wourereqggeerssersrssnrersrssssessssssssssss Wigiig s sessssssssssmssssssmssssssmssssmss s onas 10

LLEM Experiments..... OO, - . SRR B 10

The S0 MiNE.eurursesreeseseerers il gl ovevereereeeees trespeeesestesaenarenesEsshesanesnens 12

12

Description of the Mine ...... Ny eeerer e e coenssnen A s

Comparison with Russian Pipe Tests

SAGE Validation against LLEM Experiments 33
PODIEIT SEE-UD suvseeuenessserssserssssssrassssmsssessasessssssassssess s ass s s 39
Basic assumptions of SAGE CAICUIBLIONS w.vwureresiserssmsrenssmssiressssssssssnsssnse s 39
Computer resources used in SAGE CAICUIBLIONS euvurercrcrriresssesssrenesssssssassmstsnscasssessasspamsessassaceses 40
SBEO IMNE MOUEI vvvverversssssesssssssssssssssssssssssessssesrrssrss s 0 41
Results of Calculations or the Sago Mine.....c.cueersnaees PPN OTS 48
Runs 1 and 2: Second Left Mains with 9.5% MELHANE/AIT cccrrcrnimrensnreecrsisnssnimsmnesssssmsnceseras 48
Run 3: Sago Mine with 8% and 17% MEENANE/@IT covvrverrcssirissrasasescasissessransisssss s sssssrnacs 66
MAJOF FINCINES 11reecrrsssssessssssssssssssssssssssasssmsssssss s iss st s 86

Final Draft




Final Draft

ERDC/GSL TR-06-X iv
4 Structural Damage Calculations ' 87
Constitutive Material MOGEIS ..o ressssissssimssss st e 87
FINIte EISMENT ANGIYSES crvurererrrssissressmmsssesssssissssssssssss s s s 91
Procedures 91
Finite Element Mode! DESCHPHONS wvwruveerereissmmsssssssrsssisssssssssssmaseassrs st 93
Characterizing Blast Loads 94
ROOF SUPPOIt SUITACE PIALES wovvuusrsererssssermissssssssissssssssssmssssnasss sz s e 95
Belt hangers 101
ROCKDOMS cveveerssorarssesraesessnsasmssssntsssasssssasasassmsssasacsssssanasmassnss
MiNG SBAIS ...currrssmmsrsasssasrsessssisenssmsrmserssssssssssssamsssesessse
Significant Findings from the FE AnalysiS:..coeeeennes
SDOF Analysis of Mine Structures.........ccovcienennnns
MiNE SEAIS .cvevirveressvssisssreesesesessiisnsssrnssnras
Belt Hangers and RoCk BOIS........cov..:

5 Conclusions

6 Recommendations

7 References

Final Draft




Final Draft
ERDC/GSL TR-06-X

Figures and Tables

Figures

Figure 1. Sketch of layout for Test No. 6 at the LLEM (from Ref 7) corecrsimnmssmsscssmmmsansnsscanmisensniess 12
Figure 2. Layout of the Sago Mine, showing sealed off areas and aclie working areas.

The “Recently Sealed Area” shown at the top is the 2 Left MaiNGdiir.... Ry wereresemmersmmimsssmsnsiannes 14
Figure 3. Close-up view of the 2nd Left Mains. The red mar| the tunnels,

between the shaded (sealed) area and the unshaded (ac

. the incident blast wave, whose arrival time after the exp Is ta, d
t he incident wave will

Figure fiine modeled in the SAGE Calculations; biue sealed area; red,

portion of ains and part of Second Left Mains; yellow, remainder of

PO IS W R————E Rt 43
Figure 16. Horizqjtal cut of the Second Left Mains region where initiation OCCUITE. rvrserersssnnnass 43
Figure 17. Output stations in inby portion of Second Left Mains (a) and corrésponding

e L1115 s LY () ————_CRLN 44
Figure 18. Output stations inby of seals (a) and corresponding spad numbers (o) FEPT— 45
Figure 19. Output stations in Second Left Parallel and Second Mains, including

stoppings and overcasts (a) and the corresponding Spad NUMDEIS. o isrsresseesmmss s 46
Figure 20. View of the placement of seals and cribs, with flOOr CONOUNS. cumirmssseensrrsssesssrssneeess 47
Figure 21. SAGE calculation of the expansion of the methane burn and explosion through
e £ A =1 1 T ———SEE LU 50
Figure 22. Pressure at Station 82 Runs 1a and 1, with 12.5 and 25-Cm CElIS. vwrerrermsesmseersesrnnsnes 51

Final Draft




Final Draft

ERDC/GSL TR-06-X vi
Figure 23. Early time pressure for Runs 1 and 2 at Station 1, Seal 10. .. 51
Figure 24. Long duration pressure for Runs 1 and 2 at Station 1, Seal 10 e 52
Figure 25. Early time particie velocity Seal 10, RUNS 1 aNd 2. cocuumrrmmssssenssrissssssassmssssessessssssesess 52
Figure 26. Pressure at Station 10, Seal 9 for RUNS L 8N 2. wccirirenssinersssessissssn st 53
Figure 27. Pressure at Station 20, Seal 8 for RUNS L aNd 2. e enieereesesesesssnissemsnisassssessnssessass 53
Figure 28. Pressure at Station 30, Seal 7 from RUNS L AN 2. coceriversmsrsinssnssssmsssrasssesssessssness 54
Figure 29. Pressure at Station 39, Seal 6 from RUNS L AN 2. ceevieierismscrssssssssm i 54
Figure 30. Pressure at Station 48, Seal 5 from Runs 1 and 2. ...... SRS & 1=
Figure 31. Pressure at Station 57, Seal, from 4 RUNS 1. @nd 2. e censBpenneemsssminssssemssasemnsessens 55
Figure 32. Pressure at Station 60, Seal, from 3 RUNs 1 and 240 ..rvvwrerssreessessmmmsmsesssesssssimnees 56
Figure 33. Pressure at Station 69, Seal, from 2 Runs 1 . N 56
Figure 34. Pressure at Station 78, Seal, from L RUNGELEIL 2p.....coveeens Sl enersesmseeseress S 57
Figure 35. Long duration pressure at station 784581 L Runs 1 and 2. ..oy e cvverseeamersneseranmass 57
Figure 36. Pressure at station 79, Runs (ICTC 0. WIS, WED R 58
Figure 37. Pressure at station 80, RUNS 1 aNd 2. cooo il vre e g omererssrenssssss e iiecesssssnesennese 58
Figure 38. Pressure at station 81, Runs 1 and 2......

Figure 39. 2.

'Figure 40. TN N RO
Figure 41. i ‘ SR 60
Figure 42. oI i O RRTE R PR 61
Figure 43. Ribrature at stalin 103, RUN 2. viverenssmrsrrscsssssnstssasessessssassess 61
Figure 44. ; '

Figure 45. Lilat] : EE e s 62
Figf OSgiand 1N BABIIBEBTAION 162, RUN 2. 63

n 169, Run D e s r e 63
.............................................................. 64
............................................................................. 64
65
Figure S % (lower) and 17% (upper) methane/air mixtures in SLM for
Run 3...... T . AU SRR SR R 70
Figure 52. essure approaching seals at 446 msec in RUN 3. eecermereammnsesmarssmeresssanes 70
Figure 53. Absolute pressure approaching seals at A56 MSeC IN RUN 3. civirmmarsssnensasensesss 71
Figure 54. Absolute pressure approaching seals at 546 msec in Run 3; Seals 1-4 have
been BreaChed at thiS POIML. cerrressresrmssssreressisssmssssssrsssas s asss s s e 71
Figure 55. Absolute pressure approaching seals at 561 msec TN RUN 3. v resessisamrsnneesssssasas 72
Figure 56. Absolute pressure approaching seals at 610 msec IN RUN Butireerreerrermmessisssmrenenrsssssasas 72
Figure 57. Absolute pressure approaching seals at 720 msec N RUN 3. ccrressrmnssssnsssnenesanssases 73
Figure 58. Absolute pressure approaching seals at 1139 msec in Run 3..... et 73
Figure 59. Pressure at Stations 124, 84, and 83 74

Figure 60. Pressure at_Stations 80, 81, ANA B2. cerrcrirmseersmmssrsssssssssa s s s 75

Final Draft




‘Final Draft

ERDC/GSL TR-06-X vil
Figure 61. Pressure at Stations 78 @nd 79 wewwumsmsss s R 76
Figure 62. Pressure merging from two drifts to produce 0ad on Seal L. 77
Figure 63. Pressure in one drift on SEAI 2eveeereevereeesssassase s erasessa et s s R 77
Figure 64. Early time pressure at Seal 2 for RUNS 1, 2, aNd 3. s 78
Figure 65. Long duration pressure at Seal 2 for RUNS 4, 2, 3. v 78
Figure 66. Early time particle velocity at Seal 2 for Runs 1, 2, 8N B e 79
Figure 67. Detailed particle velocity and temperature at Station B9 RUN 3. eeceeereeeemssensansssmsesenesess 79

Figure 68. Pressure waveforms at all seals for time 440 10 840 MSGGhvvcrssrivnserimressssssssssseeers

Figure»69. Pressure waveforms at stations 39-42 that lead 10 SGEEO. v Rewwrrerrrssessreemenss
Figure 70. Early time particle velocity at StAtion 40. v IR B rerrserssessssssmsenem s
Figure 71. Long duration particle velocity at Station 40, B e gl seerssssnemessemsmrssssssessens 81

Figure 72. Pressure, velocity, and temperature at s
Figure 73. Pressure and temperature at statio . £ ————

' Figure 74. Pressure and temperature at statk . O A
Figure 75. Pressure at stations 172-178 in Second KEERaralBl . Sy v rverenereisrer s G nrnncnsesseees 84
Figure 76. Pressure at stations 172-178 in Second LEft REERIIEL. ...vvovemeeivemcrnmssce st 85

Figure 77. Pressure-volume curves (right) for Sago seal
materials, estimated from available , or similar .
materials in the ERDC materials l1orary. Q.- e eveseseersemss e essomsssssssessssemsssssssmmssers 90

S s 97
ing a spider plate. c..ereeinrserens o7
_ (in red) moves from left to right across a
2dge OF the Plate.. s 98
.................................................................... 99
.................... 929
.................................. 99
............. 100
Figug matiaft observed in LLEM Test 506, from measured blast
press se assumed in the FE SIMUIALION. 1rereeeevesnereresisrsassanmssssssasastsssasanssassane 100
Figure 86 d of a the conveyor belt hanger used in the ANAlYSIS..ccvreirerereneniiens 101
Figure 87. velopment of belt hanger configuration for @aNalySiS. ....cuwummscensssssinees 103
Figure 88. ediate (top) and final deflected shape of the belt hanger. .ersensnns TR 104
Figure 89. Load-deflection (left) and loading-time history (right) applied to pelt hanger. .- 104
Figure 90. Dynamic pressure loading applied to belt hanger from Run 1 CFD Sta 32 (1
cross cut back from seal number 7) (a) and the corresponding displacement time history
from the FE analysis (D) ....... o eeeresseresesoessaee e R RS RSO EERR AR ER SRR R 105
Figure 91. Initial and final poSition of the extended portion of the rockbolt (a), and the
horizontal displacement of the boltand a function of time (b), under the applied blast
e A ———————E LI 106
Figure 92. Omega blocks (left) and Blochond mortar {center) components usedto
construct the Finite Element model of a complete mine seal (MM i 106
Figure 93. Pressure record measured at the seal in LLEM Test BOA. oeeeiriseansersencssmsesenanensasanins 108

Final Draft




» Final Draft :
ERDC/GSL TR-06-X _ viii

Figure 94. Simulation of seal response in LLEM Test 504, with deflection scaled up 100

HITTYES. e +ovvmssessessmmesaeessessssne s Rs £ ER S8R RS RSS2 108
Figure 95. FE-<calculated displacements with the seal wall unconstrained (top) and fully
constrained (center), compared to the measured record (bottom) from LLEM Test 504..eeienr 110
Figure 96. Simulated Lake Lynn Test 504 (a) before deflection jump, (b) b) after deflection

[TV T —————EEESL 110
Figure 97. Loading conditions (left) and comparison of calculated and measured

displacement response (right) of Omega seal in C drift for LLEM Test BOB.....ccomerrrerrismririnnereens 112
Figure 98. FE simulation of Omega seal breakup in LLEM Test BOBES ....corerrererncesmenessennsinnins 112

Figure 99. Load on Seal No. 1, from the SAGE CFD calculatio e eree s nereas 113

Figure 104. SDOF-calculated shear dlsplacement 3
to those recorded on LLEM Test 505 (upper curves). DUV - . A

Figure 105. Pl curves calculated byihe
measurements on LLEM Tests 504 - NRIIRTTTTUTD:. U RPN RS EY 120

Figure 107. SDOFr

resistance fuUNCiONGEREERGEE M. v veverrvenees A 123
ence cross-cuts from

......................................................................................... 124

........................................ 125

s bolt distance from explosion Source. ......... 125

........................ 128

................................................. 128

6 Seal Tests at the Lake Lynn Experimental Mine (from Ref7) e 11

Table 2. Paramelgss at the Chapman-Jouget and constant VOIUME SLALES. wveeemrsersssassmsrmecsssmnaenns 26

Table 3. Coefficients of the Grlneisen equations of state for methane/air MIXIUIES oo 30

Table 4. Steel Material PrOPEITIES wwwremwsssrerssssmessasssss st 89

Final Draft




Final Draft
ERDC/GSL TR-06-X ix

Preface

The study reported herein was performed by personnel of the Structural
Engineering Branch, Geosciences and Structures Division, Geotechnical
and Structures Laboratory (GSL), U. S. Army Engineer Research and
Development Station (ERDC) at the Waterways Experiment Station,
Vicksburg, MS, during the period 28 August, 2006 and 4 April, 2007. The
study was conducted for the Department of Labor, Mine Safety Health
Administration, Pittsburgh Safety and Health Technology Center, under
Interagency Agreement IA-AR600012. Mssers Terrence Taylor and
Richard Allwes were the technical monitors for MSHA.

Dr. Will McMahon was the team leader for this study. Dr. McMahon, Mr.
J. Robert Britt, Dr. Jim O’Daniel, Mr. Kim Davis, and Mr. Robert Walker
authored this report. Mr. J. Robert Britt, SAIC, was responsible for the
CDF Study, under contract to ERDC. Dr. James L. O’Daniel was the lead
analyst for the structural calculations. Mr. R. E. Walker provided material
models for both the CFD Study and the Structural Study in addition to the
SDOF models for the structural calculations. Mr. Thomas Rendine and
Mr. Dale Ranta, SAIC, developed the 3-D stereolithograph (STL) files for
the Sago Mine including detailed elevation contours of the Second Left
Mains. Dr. Michael Stephens and Mr. Kevin George of the ERDC HPC
Scientific Visualization Center developed the 3-D STL model of Run 3, and
processed the spatial data into animations and still frames used in this
report. Professor C.William Kaufman, University of Michigan and
consultant to SAIC, provided valuable insight into methane explosions in
mines and tunnels. Ms. D.B. Rowland assisted in the preparation of this
report.

The work reported herein was performed under the supervision of
Mr. Steve Shore, Chief of the Structural Engineering Branch.

During the period of the preparation of this report, Dr. Robert L. Hall was
the Chief, Geosciences and Structural Division, Dr. David W. Pittman was
Director, GSL, Dr. James R. Houston was Director of ERDC, and

COL Richard Jenkins was the ERDC Commander.
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Multiply By To Obtain
feet 0.3048 meters
grains 0.06480 grams
inches 2.54 centimeters
pounds 0.454 kilograms
pounds (force) per square inch 0.006895 megapascals
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1 Executive Summary

Methane gas slowly seeps out of coal seams, so underground coal mines must be
ventilated to maintain a safe working atmosphere. When a large section of a coal
mine is abandoned, it is often sealed off to avoid the cost of ventilation. Methane
gas is flammable and, if triggered by a spark, will burn when mixed in a critical
level of concentration with air. If certain conditions are present, the burn rate can
accelerate, and even possibly transition to a detonation. The mine seals are
therefore intended to contain a possible explosion in the sealed area, as well as to
prevent gas intrusion into the ventilated areas.

It became clear that mine seals could be subjected to blast loads well above those
expected under current safety standards when the seals, constructed of light-weight
concrete blocks and mortar, were completely blown away by the methane explosion
accident in the Sago Mine in January 2006, resulting in a number of casualties to
miners beyond the sealed area. The study reported here was funded by the Mine
Safety and Health Administration of the U.S. Department of Labor to aid in
establishing realistic standards for mine seal designs by (a) investigating the possible
blast loads that were produced in the Sago accident, and (b) analyzing the structural
response of the Sago seals and other items damaged by the blast.

A highly advanced, computational fluid dynamics (CFD) computer code was used
to simulate the methane burn and explosion in the sealed area of the Sago Mine.
The code was first validated by calculating blast levels that matched measurements
made by the National Institute for Occupational Safety and Health (NIOSH) in
methane explosion experiments at a test mine. In the code run modeling the Sago
mine, the simulation propagated the burn and blast throughout the sealed area to
the locations of the ten mine seals, and then into the working area of the mine after
the seals failed. The three-dimensional calculation provided graphic depictions of
the multiple reflections and collisions of blast waves as they traveled through the
complex of entries and cross-cuts, sometimes producing a number of pressure
fronts that arrived successively at a given point from different directions. Time
histories of pressure, particle velocity and density, from which dynamic pressures
are calculated, were also produced at many locations throughout the mine.

ERDC also performed both finite element (FE) and dynamic single-degree-of-
freedom (SDOF) analyses of the response of the seals to different levels of blast
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loads. Similar calculations were performed to reproduce observed damage to rock
bolt plates and belt hangers in the Sago Mine and to determine the structural
capacity of those components.

The good correlation between the CFD calculations and the NIOSH experiments
showed that such codes can predict complex blast phenomena in underground
systems. The simulation of the Sago accident indicated that the blast pressures
exceeded the current criteria for mine seal designs, and confirmed the indications
of successive blast wave impacts from multiple directions. The results of the FE
models demonstrated the utility of this technique for evaluating the capability of
mine seal designs to resist and survive blast loads, while the SDOF calculations
showed that this simple approach can quickly provide reasonable predictions of the
failure levels of mine seals and other structural items.

In summary, the study demonstrated the potential value of these computational
techniques as aids in the development and evaluation of new seal designs to
provide effective protection against accidental methane explosions in underground
coal mines. The study results indicated the following conclusions:

e FE models of seals showed that shear strength was the dominant factor in
the seal failures. Little to no arching action from bending was observed. The
FE analysis of the LLEM Sago seals provided validation of the models.

e Foam concrete block seals like those in Sago mine have been tested to
withstand blast loads of 20 psi. The analysis showed that at higher loadings,
there is an abrupt shear failure around the seal perimeter. This is due both
to the low strength of the block material and the lack of any shear
reinforcing where the seals abut the mine walls.

e The results of the analysis show that the belt hangers attached directly to the
roof respond primarily to the directional dynamic pressure environment,
not the overpressure. They began to fail in bending when subjected to a
dynamic pressure (i. e., the blast “flow”, or drag pressure) of about 150 psi
normal to the face of the hanger.

e Rock bolts with belt hangers attached to their ends also respond primarily to
the dynamic pressure environment and can be permanently bent at much
lower dynamic pressures. The length of the bolt extending below the roof |
surface is a factor in the response of the bolts. Considering all the bolts ,
surveyed in the mine after the accident, the dynamic pressures required to : ‘
bend them to their observed level ranged from 10psi to 120 psi.
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e Spider plates and pie plates used with rock bolts to support the roof begin to
deform under dynamic pressure when the peak overpressure at the plate
location reaches about 30 psi. The damage sustained by these items is
dependent on many variables, including the roughness of the tunnel ceilinig
in the general area, the orientation of the pan, whether there is a gap
between the back of the pan and the rock surface, and the uncertainty of the
blast loading conditions at the exact point of the plate location. The plates
can be bent on multiple sides by blast waves arriving successively from
different directions. This complex blast wave effect was observed at many
plate locations in the CFD calculations.

e Runs 1 and 2 of the CFD study were designed to investigate a “worst case”
situation, in which a methane concentration of 9.5% completely filled the
sealed area. The results of these runs indicated that an initial methane
burn would transition to a detonation at some intermediate distance
between the ignition point and the seals. However, these conditions have
not been validated against an actual full-scale methane mine explosion
event.

e In order to define the maximum blast loadings on the seals, Run 1 assumed
that the seals were non-responding. This run indicated that the confined
volume pressure behind the seals would have reached the theoretical
maximum value of 120 psi static pressure. The reflected shock pressures,
however, which indicate the load that a non-responding seal would
experience, were much higher.

e Run 2 contained a limited structural response model that allowed the Sago
seals to fail, and then calculated the blast environment in the Second Left
Parallel beyond the seal locations. The static pressures in this case were
lower than in Run 1, due to the reduction of the blast confinement as the
seals failed. Run 2 calculations showed that the blast pressure loads on the
seals ranged from 156 psi at Seal 3 to 629 psi at Seal 8.

¢ Run 3 was designed to determine the explosion environment from an 8%
concentration of methane dispersed in a volume less than the full volume
behind the seals. The volume chosen was based on methane liberation
studies and ventilation studies, following the accident. The results of this
calculation indicated that the loads on the seals ranged from 51 psi at seal 8
to 225 psi at seal 1.
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There are many unknowns associated with the SAGO mine explosion.
MSHA determined the likely amount of methane that was present behind
the seals, including the amount that was consumed during the event. The
concentration and location of this methane in the sealed area could
dramatically affect the blast loads on the seals. The Run 3 calculations
represent only one possible configuration of methane concentration and
location (8% methane initiated near Spad 4010 and contained in slightly
more than half of the volume in the sealed area). It is not possible to say
with assurance, at this time, that any particular configuration of methane
concentration and location was present at the time of the explosion.
Further analysis could establish the range of possible configurations and
their effects on the seals.
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2 Introduction

Research Requirement

Methane is a naturally-occurring gas that slowly seeps out of exposed seams of
coal. Although it is flammable, it is quickly diluted and dispersed in air under
normal circumstances. In the confinement of underground coal mines, however,
the gas can accumulate in significant concentrations if not flushed away by a
ventilation system. In addition to being flammable, methane can also become
explosive when mixed with air in concentrations between approximately 5 and 15
percent (Reference 1). Safety regulations mandated by the Mine Safety and Health
Administration (MSHA) set forth specific requirements for ventilation and other
precautions to protect personnel in the U.S. mining industry from methane
hazards, in accordance with Title 30, Part 75.335 of the U.S. Code of Federal
Regulations (CFR).

Although coal seams are usually relatively shallow in thickness, they can extend
horizontally over many square miles. Consequently, underground coal mines can
be very extensive, with excavations running for miles in different directions to
follow the seams. Maintaining ventilation over such large areas to the level
required by safety regulations can become quite difficult and expensive, especially
when portions of the mine have played out, and are no longer actively mined. It
has therefore become a common practice to seal off these abandoned areas, for
both safety and economic reasons. The sealing off of an abandoned area of a mine
(called a “gob”) can produce a new risk, however. Over a period of time, the
seeping methane can build up within the sealed area to the level of concentration
that can explode, if ignited by a flame or a spark.

Until recently, the seals used to close off the abandoned areas have often been
simple walls constructed of light-weight concrete blocks, extending from floor to
ceiling across the width of a tunnel. Since the main purpose of the seals was to
prevent leakage of methane into the working area of the mine, the CFR and MSHA
regulations only required such walls to resist an applied pressure of 20 psi. In
January 2006, however, a methane gas explosion in a sealed area of the Sago Mine
in West Virginia blew out seals built to this standard, resulting in a number of
deaths of miners in a nearby active area of the mine. In view of the catastrophic
failure of the seals in the Sago Mine incident, and considering data gathered from
experiments involving deliberate explosions of methane in small underground test
areas, the MSHA criterion for a seal wall resistance was recently increased to the
50 psi level (that is also now required by several other countries).
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The National Institute for Occupational Safety and Health (NIOSH) has conducted
full-scale tests of mine seals at their Lake Lynn Experimental Mine (LLEM) test
facility near Pittsburgh, PA. Reference 2 describes tests that were designed to
evaluate the explosion resistance of new seal designs for rapid deployment in mine
emergencies. The LLEM has a complex of drifts and crosscuts that replicate those
in actual coal mines, such as the Sago Mine. The seals were subjected to blast loads
from the explosion of a critical methane/air mixture in a chamber at the end of a
drift. The test seals were located in cross-cuts from about 5 to 70 meters away.

The gas mixture was contained in the chamber by a diaphragm hung across the
entrance.

Although the tests described in Reference 2 provided excellent data on the
performance of full-scale seals in a realistic coal mine environment, the loadings
applied to the seals were limited to the 20 psi (138 kpa) level used, at that time
(2004), as the blast load criterion. The small volume of the methane/air mixture,
and the distance of the gas chamber from the test seals, gave no indications of the
loading levels that could be generated in an actual mine accident, where the gas
may fill an entire sealed volume, all the way up to the face of the seals.

In order to establish realistic requirements for the resistance of mine seals to
methane blast loads, it is essential to know what those loads might be in a
reasonable “worst case” situation; i.e., when a large volume of the gob is filled with
a critical methane/air mixture. It is also important to know whether certain
features of the blast environment might enhance the blast load applied to the seals.
Such features might include, for example, piles of mine debris, timber cribs used to
provide additional support to the tunnel crown, irregularities in the tunnel profiles,
and the presence of mined-out pits, sudden reductions in the tunnel height, and
constrictions in the tunnel diameter. The surfaces of these features may produce
reflections, constrictions, and expansions of the moving blast wave that could
possibly result in significant increases in the loads applied to the seals. In addition,
the multiple tunnels, pillars, bays, and cross-cuts in a mine could contribute to
turbulence in the moving blast wave that might enhance the peak pressures or
impulse levels.

To experimentally study these effects by reproducing them in a full-scale mine
environment would be prohibitively expensive. However, the field of
computational fluid dynamics (CFD) has advanced in recent years to the point that
explosion events can be accurately modeled mathematically, even in complex
environments such as an underground coal mine. The U.S. Army Engineer
Research and Development Center (ERDC) has many years of experience in the
investigation of explosion blast effects, both experimentally and by the use of
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advance computer models. ERDC was therefore tasked by MSHA to establish
credible levels of blast loads from methane explosions in coal mines by using state-
or-the-art CFD programs to model the Sago Mine incident, and to correlate the
calculated loads with damage effects observed in the Sago Mine. The results of the
study are intended to provide a scientific reference in support of the Sago Mine
Investigation Team’s assessment of the Sago explosion and the subsequent failure
of the seals.

Details of this tasking are provided in the Interagency Agreement between the
Mine Safety and Health Administration and the U.S. Army Corps of Engineers, and
the accompanying Statement of Work (Reference 3).

Objectives

The overall purpose of this study was to develop and demonstrate a computer-
based method of predicting the blast environment in underground coal mines from
methane gas explosions. The specific objectives were to use CFD models to:

o Establish the possible pressure-time histories in the Sago Mine that could have
been produced by the January 2006 methane gas explosion that occurred in the
sealed Second Left Mains

o Account for the effects on the blast propagation of specific features of the mine,
such as non-uniformities in the tunnel and pillar geometries, debris piles,
berms, cribs, stoppings, sudden changes in tunnel height or depth, etc.

e Account for failure of the seals and the effect on blast propagation into the
nearby unsealed area of the mine

e Calculate the blast loads required to produce the damage effects observed in the
mine, such as damage to blast seals, timber cribs, rock bolt plates (spider plates
and pie pans), and belt hangers, as well as debris transport distances

e Compare the calculated blast levels to those required to produce the damage
observed at different locations in the mine, and in the experiments conducted
at the Lake Lynn Experimental Mine, as a means of validating the accuracy of
the CFD models -
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3 Background and Approach

Description of the Explosion

In order to perform the CFD calculations, it was necessary to assume a location for
initiation of the methane in the Second Left Mains, and the amount of methane
that was involved in the explosion event. MSHA conducted a survey to address
these issues by examining the mine for clues. The origin of the event was based on
indications of the direction of the blast flow from bent belt hangers and rock bolt
plates, scattering of debris, and other evidence. From signs of charring on the
tunnel surfaces, it was possible to ascertain the distances in different directions
from the origin that burning of the methane gas mixture apparently occurred.

The explosion occurred in the sealed area 22 days after sealing. Based on
measurements of the rate of methane liberation in the mine, it was estimated that
the sealed area contained about 347,000 cu. ft. of methane at the time of the event
(Reference 4). It was estimated that approximately 205,000 cu. ft. of methane
remained in the Second Left Mains after the event, leaving approximately 142,000
cu. ft. to have been involved in the explosion.

[Note: It should be mentioned here that, prior to the initiation of this study, there
was some question as to whether the use of the term “explosion” in regard to the
Sago Mine accident was entirely appropriate. In many instances, large volumes of
methane have been known to simply burn, without detonating. Therefore one of
the secondary objectives of the study was to utilize the CFD calculations to
determine if, in fact, an initial burn could have transitioned into a detonation
under the conditions existing at the Sago Mine. This issue will be addressed later
in this report, but for convenience, use of the terms “explosion” and “detonation”
will be continued here. The word “explosion” refers to a violent burn but may not
necessarily transition to the higher levels of pressure in a “detonation”]

It was further assumed that a higher methane concentration would be lighter than
a lower concentration and therefore would rise to the higher elevations near the
seals. Based on the detailed survey of the Second Left Mains, the volumes of the
tunnels and crosscuts in the sealed area were known. MSHA therefore concluded
that methane/air mixture assumed to be consumed in the explosion could be
accommodated by the mine volume lying below the 1408-ft elevation, with the
volume above that elevation representing a higher concentration of inert
methane/air mixture.
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The final piece of information needed was the methane/air concentration level. As
mentioned in Chapter 2, the critical values of this ratio range between 5 and 15
percent. MSHA determined that the CFD calculations should assume a
methane/air concentration level of 8 percent contained in the volume below
elevation 1408.

Information Provided by MSHA

This study could not have been performed without the extensive amount of
necessary information and data provided by MSHA. Much of this information was
obtained by special investigations conducted by MSHA in the months following the
January 2006 accident at the Sago Mine. Other information was developed in a
series of explosive tests funded by MSHA and conducted by NIOSH at their LLEM
facility in Pennsylvania. The following sections list most of the categories of
information provided, with additional details given at appropriate locations within
this report.

Mine Surveys

An initial step in the CFD calculations reported in Chapter 4 is the construction of
a three-dimensional geometric model of the mine area involved in the simulation
(the Second Left Mains and the Second Left Parallel). To provide a basis for this,
MSHA provided a digital copy of a 3-D contour mine survey of the sealed area
(Reference 5). The mine map contained contours of the sealed area at one-foot
intervals. The survey was sufficient to capture the changes in the tunnel width and
height along the entries and cross-cuts, including voids from rockfalls or secondary
mining below floor levels, piles of debris, and other changes in the tunnel
configurations.

Damage Surveys

MSHA conducted extensive and detailed surveys of damaged items in the Sago
mine after the explosion, with the idea in mind that they could provide clues as to
magnitude and direction of propagation of the blast wave. These included belt
hangers, rock bolts and their roof plates, cribbing, seal debris, and other items.
Each item was given an identification number, its location was plotted on a map of
the mine, the type and degree of damage was recorded, and, in many cases, the
item was photographed.
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Material Properties

In some of the initial CFD calculations, the tunnel boundaries and the seals were
assumed to be infinitely strong, non-yielding materials. This allowed impacting
blast waves to be perfectly reflected, giving a “worst case” situation with regard to
the intensity of the reflected blast. To represent a more realistic case in later
calculations, however, these materials were allowed to yield under a blast load in
the calculations in a manner consistent with their actual strength properties, which
reduced the intensity of the reflections. Limited material properties were available
for the Omega block material. These included the unconfined compression
strength, tensile strength, direct shear strength, density, and porosity (References
6 and 7). These data were not sufficient for the complete material descriptions
required in structural analysis, so additional data were used to describe the omega
material. Development of the material models used in the analysis is covered in
more detail in Section 6.

LLEM Experiments

In order to aid the Sago investigation team, a series of experiments named the
2006 Seal Tests were performed by the National Institute for Occupational Safety
and Health (NIOSH) at their Lake Lynn Experimental Mine (LLEM) in
Pennsylvania (Reference 8). The purpose of the experiments was to investigate the
blast effects produced in mine tunnels and crosscuts by deliberate initiations of
critical methane/air mixtures, and the level of damage sustained by seals similar in
construction to those that were destroyed in the Sago Mine accident and other
more robust designs.

The LLEM contains of a number of tunnels and cross-cuts that are similar in size
and configuration to those in the Sago Mine, but in limestone, rather than a coal
bed. Since the Sago seals failed so catastrophically, it was surmised that the blast
load applied to them by during the accident must have far exceeded the 20-psi
standard to which the seals had been designed. To verify this conclusion, a series
of methane blast tests were conducted at the LLEM against seals identical to those
in the Sago Mine. The pressure-time histories along the tunnel were recorded,
along with the damage to the seals. This information was provided to ERDC to use
as a basis for evaluating the accuracy of blast pressures calculated for the LLEM
tests using the CFD code.

A total of six tests were conducted, as described in Table 1. For all tests, a critical
methane/air mixture of 9.5% was confined in an area at the end of a tunnel similar
in cross-section to those at the Sago Mine. The methane volumes were increased
with successive tests to provide a range of blast loads on the seals. Airblast gages
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were used to record the pressure histories along the blast travel path down the

tunnel.

Three types of 40-inch thick Omega block seals were tested: a “Sago”-type design, a
“proper” design, and a “hybrid” design. In addition, a solid concrete block seal was
tested. In most of the tests, all of the seals were installed in crosscuts near their
intersections with the charge tunnel, except for the Sago seal, which was placed
across the tunnel at a distance of 320 feet from the methane charge. This is
illustrated in the layout for Test 6, shown in Figure 1.

Table 1. Summary of 2006 Seal Tests at the Lake Lynn Experimental Mine (from Ref7)

Date ELEM g : Soak Max. Prgssure Result
test # Igcations type psi

: X-2 ‘proper' 40" Omega 23 survived

i 4/15/2006 501 X-3 ‘hybrid' 40" Omega 25 survived

X2 ‘proper’ 40" Omega, 2001 design 22 survived
. 6/15/2006 502 X-3 ‘hybrid' 40" Omega 39 failed
' C-320ft 'proper' 40" Omega, 2001 design 51 failed

X-2 ‘proper' 40" Omega, 2001 design 13 survived

8/4/2006 503 X3 ‘Sago-like' 40" Omega 16 survived

C-3201t 'Sago-like' 40" Omega 17 survived

X-2 ‘proper’ 40" Omega, 20071 design 15 survived

i 8/16/2006 504 X3 ‘Sago-like' 40" Omega 18 survived

C-320ft 'Sago-like' 40" Omega 21 survived

X-2 ‘proper' 40" Omega, 2001 design 26 survived
8/23/2006 505 X-3 ‘Sago-like' 40" Omega a5 failed
‘ C-320ft 'Sago-like' 40" Omega 57 failed

X-2 'proper' 40" Omega, 2001 design 51 survived

£ 10/19/2006 506 X3 salid-block’ 49 survived
C-320f 'Sago-like' 40" Omega? 93 failed

Mitchell-Barrett solid-cancrete-block seal {(w/Type S mortar & no wedges).

zzsagu 4D-inch_thick Omega block seal using the block from the Sago Mine.

;Nnte: a Mitchell-Barrett saliﬂ—conéfete-bluck‘seal {w/BlacBond mortar & no wedges) was installed in X-1 for ali tests.
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i 1 Test No. 6 - Sketch of NIOSH s Lake Lynn Laboratory
: Duift
B
Luift B
| Diift A
CB ssmsz=s - Conerete Block Seal
OR WM - 40-inch Omega Block Seal
SB MMM - 40-inch Sago Omega Block Seal
s = Roof Bolt Plates with Pie Pas and Belt Hangers Armnged Altematively
B8 - Holiow Concrste Block Stopping
T Cibs 90 psi

Figure 1. Sketch of layout for Test No. 6 at the LLEM (from Ref 7)

The Sago Mine

Description of the Mine.

The Sago Mine is an underground coal mine located near Buckhannon, WV. The
bituminous coal is part of the Pittsburgh Bed. The principal seam is 4 to 7 feet
thick, and is excavated using the room-and-pillar mining method. Figure 2 shows
a layout of the Sago Mine. The explosion accident of January 2006 occurred in an
area called the Second Left Mains, which is located at the north end of two mile-
long strip of excavation called the 2 North Mains. Figure 3 shows, in more detail,
the Second Left Mains and the adjacent area, the Second Left Parallel.

The mine walls and ceiling are relatively rough from the cutting made by the
excavator machine, or from later rock falls. Rock rubble is scattered over the floors
of the tunnels and crosscuts, and in small piles in some locations. Where the
tunnel ceilings seemed to be weak, timber cribbing was placed to provide
additional support. Cribs were also placed on each side of the seals to prevent any
settlement of the ceiling from cracking the concrete blocks in the seals. At some
locations, the floor or ceiling of a tunnel or crosscut makes a sudden change in
elevation. For the ceilings, these are usually places where a rockfall occurred. For
the floors, they are locations where the coal seam dipped below the main floor
level, and the excavators dug sloping pits to recover the coal there.

The intersections of tunnels and crosscuts usually require additional ceiling
support. Inthe Sago mine, rockbolts are emplaced to reinforce the overhead rock,
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with metal plates bolted against the rock surface at the bottom ends of the bolts.
The two kinds of plates used in the Sago Mine are called “pie pans” and “spider
plates”, because of their shapes. Both are made of sheet metal. The pie pans are
about 18 inches in diameter, and the spider plates are about 18 inches square.
Short steel angle irons welded to the bottom ends of rock bolts are also located at
points along some of the tunnels. These are “belt hangers” that were used to
suspend the conveyor belts which carried the coal out, when those areas were being

actively mined.

Description of the Seals.

The locations of the seals for the Seco i re shown in Figure 3.

over the full width and hejght of the tunn | croé—cut, with"a coat of mortar
placed over the front and o seal off any small openings
between the blocks.

nstructio eal ng Omega blocks in accordance
sed in th#Sago Ming"Reference 9). Each course consisted

of two rd iMone row being laid side-to-side, and those in
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Recently
e Sealed
Area

2 Lef"t Working Eéction
. \

1 Left VT/orking Section ——%
Sago Mine )

Older Sealed
Areas

Trave:| ‘Rou
Inte Ming

r/ Prior to Accident on 1/2/06
3-8 a.m. - Section preshift exams conducted.
6:00 a.m. - 1 Left & 2 Left crews enter mine.
8:30 a.m. - Explosion occurs as. 1 Left crew
reaches section entrance.

e Entrance

ago Mine, showing sealed off areas and active working  areas. The “Recently
Sealed Area” shown at the top is the 2Md Left Mains.

order to stagger the joints, so that all joints between blocks in one course were
covered by the blocks in the next course. All joints were a minimum of Va-inch -
thick, and were mortared using an approved mortar sealant.

The walls were not hitched (i.e., they were not keyed into recesses in the tunnel
walls). When necessary, the blocks in the top course were sawed to reduce their
thickness, so that the gap between the blocks and the tunnel crown was less than
two inches. Three rows of wood planks were then laid on the top course, and
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wedges were driven on one-foot centers or less between the planks and the tunnel
crown. All gaps between the wedges were filled with sealant.

Ignition Pt.

Care Hole

ins. The red marks across the tunnels, between the shaded
king) area indicate the locations of the walls used to seal off
h of ventilation air in the working area.

Figure 3. Close-up view of the 2nd Left Ma
(sealed) area and the unshaded (active wor
the methane gas in the sealed area. The arrows show the pat
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The January 2006 Accident.

On January 2, 2006, an explosion occurred in the Second Left Mains. The blast
completely blew out the seals in all ten tunnels leading into the sealed area, and
penetrated deep into the unsealed working area. One miner was killed by the blast
beyond the seal locations, and sixteen escaped. Twelve miners were trapped in the
Second Left Parallel, but only one survived long enough to be rescued. The others
were overcome by the toxic gases produced by the explosion before rescuers could

reach them.

In the months following the accident, severa ations were made into the

th the total volume of the area, and the changes in volume or
as the blast wave progressed through the passageways.
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b. Staggered block courses in a wall, with planks and wedges on top.

Figure 4. Construction method for 40-inch thick Omega block seals in the Sago Mine, with the blocks
laid in staggered courses and mortared.
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Study Rationale, Assumptions, and Procedure

The study rationale approached the problem from two different directions: first, to
define the blast environment in the Sago Mine from the postulated explosion; and
second, to determine the blast forces that would be required to produce the
structural damage observed from the incident. The physics and phenomenology
involved in these two approaches are quite different, so different computational
methods were used in order to take advantage of each method’s unique attributes

and capabilities.

Defining the blast environment.

blast environment produced in the ‘ oas explosion, the
blast loads that would be applied | ' iorfs in the mine,

terial properties of the wall and gas. Empirical formula
§ explosions in air can be found in (Reference 11).
against a rigid surface at 9o degrees (normal

ion factor ranges from 3 at 20 psi (60 psi reflected) to 6.4 at
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incident
Wave
’ Reflected
Wave

Py

Pressure ~———

ta

shown in Figure 5. The purpose of the CFD
vel of blast loading on the seals, in a

area after ent was measured during the re-ventilation.

Using this information, MSHA’s Sago Accident Investigation Team determined
that, for this analysis, it should be assumed that there were two volumes of
methane with different concentration levels in the sealed area at the time of the
explosion. Above an elevation of 1,408 feet was roughly 1,750,000 cubic feet of
methane at a concentration level of 8.1%, and below that elevation was roughly
1,188,000 cubic feet of methane ata concentration of 17.3% (Reference 12).

The ignition point for the Sage calculations of the methane consumed in the event
was supplied by MSHA from an analysis of the flames and forces observed in the
mine. This point was determined to be near Spad 4010.
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In order to have confidence in the results of a complex computer calculation, it is
necessary to validate, in some way, the model’s ability to calculate the phenomena
of interest. This was done by using the SAGE code to calculate the pressure-time
histories at various locations from methane gas explosion tests conducted at
NIOSH’s LLEM facility in Pennsylvania. The experiments involved the explosion
of 9,0% and 9.5 % of a methane/air mixtureina 7 -foot high, 20-foot wide tunnel,
with adjacent tunnels connected by crosscuts. The accuracy of the SAGE
caleulation results was indicated by comparing them with the pressures recorded

in the tests.

Relating Blast Forces to Structural Damag

area were damaged by the blast. )
spider plates and pie pans had corners some cases, ol
If the blast¥

he damage level observed at any
point. This value could

ions by any of the three SAGE calculations,
ane/air mixture assumed for that calculation must be

hangers ref tative of those in the Second Left Mains. As with the finite
element anal§sis, the purpose was to establish a rough correlation between a level
of loading and the degree of bending that would it would produce. Although notas
accurate, the SDOF technique provides a relatively quick and easy way to estimate
blast levels as a function of the bending damage to the belt hangers that was
observed in the Second Left Mains.
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I

esigfls for mine seals. With such a method, the degree to which
initial design will improve or degrade the performance of a

While FE techniques provide accurate and detailed information on a structures
response to dynamic loads, they require a great deal of time and effort to set up
and run. A much easier and quicker method to determine the genéral
performance level of a simple structure is to conduct an SDOF analysis. Ifan
SDOF analysis indicates that a design is close to the performance level desired,
then a more rigorous finite element analysis can be performed to refine the
response assessment. An SDOF analysis was made of the Sago seal designs to
demonstrate the potential usefulness of this technique.
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The following chapters provide details on the procedures and results of the CFD
and the Finite Element model calculations.
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4 Computational Fluid Dynamics Study

SAGE Code Description

The calculations of this study were performed with the SAGE (SAIC Adaptive
Gridding Eulerian) hydrocode (Reference 13) on Cray XT3 Computers. SAGE is a
multi-material Eulerian finite difference code with strength and special boundary
condition treatments for concrete/air and other solid/fluid interfaces. The code has
a wide selection of equations of state that may be used to model many diverse
materials. The Nobel version of SAGE has the capability to model chemical
explosions and use time-dependent detonation and burn models. SAGE applies
second order, directional-splitting, Godunov-Riemann solver (shock following)
techniques (Reference 14, 15). The code has automatic mesh refinement (AMR),
and runs on massively parallel computers. Calculations have been shown to scale
well for thousands of central processing units (CPUs).

There are available several time-dependant burn models --Arrhenius, Ignition
and Growth (Reference 16), and Forest Fire (Reference 17). The code has been
optimized for the strong shock environment and large material deformations.
SAGE has a number of other capabilities that were not used in this study, such as
heat transfer, radiation transport, and combustion (or afterburn) of explosion
products as they mix with air.

One key capability of SAGE that was essential in this study is the ability to read a 3-
D geometry from a single or multiple stereolithograph (STL) files that were
generated from AutoCAD files. The calculations could not have been done without

this type of capability and a very robust code for generating the calculational grid.

SAGE has been well validated for a wide range of applications, including the
following;:

(1) Explosions in and around multi-room buildings, in or near tunnels,
underwater with/without concrete dams

(2) Explosions from unusual explosive compositions
(3) Noise around shoulder-fired weapons

(4) Shaped charges

Final Draft




ERDC/GSL TR-06-X 5/9/2007

Final Draft
24

(5) Armor penetration
(6) Asteroid impact in the Gulf of Mexico
(7) Supernova

(8) Tsunami motion

(9) Fluid instability problems

Agency for modeling underwater nucl
from the ocean bottom.

-J) détonation theory and the adiabatic expansion (the
! |diabat). From these calculations were obtained the C-J
Alocity, shock propagation velocity, temperature, density, sound
al components. Also obtained were pressure-density pairs for a
number of peéssures, from the C-J level down to atmospheric pressure along the
adiabat (constant energy) that were used to develop equations of state (EOS) for

burned methane-air mixtures.

Cheetah was also used to compute the static pressure and temperature for a
“constant volume explosion”; that is, the chemical and thermodynamic state
obtained when a material is burned or exploded in a confined volume. This is the
condition that develops in late time when there is no heat loss and no venting.
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NIST REFPROP Code

The code REFPROP (REFerence fluid PROPerties) Version 7.0 (Reference 21) was
developed by the National Institute of Standards and Technology (NIST). It
provides tables and plots of the thermodynamic and transport properties of many
fluids and their mixtures, including hydrocarbons. According to the on-line
information (Reference 21), “REFPROP is based on the most accurate pure fluid
and mixture models currently available. It implements three models for the
thermodynamic properties of pure fluids: equatigfighof state explicit in Helmholtz

re components; it uses a

applies mixing rules to the Helmbholtz
mixing. Viscosity and

departure function to account for th

method.” REFPROP, along with
state for methane/air mixtures.

ot (C-J) state and the adiabatic expansion. The
i density. The shock velocity is matched to

Cheetah®to€
EOS exactly

Cheetah. Note that methane/air mixtures of 8.0 % and
4% and 6% by mass, respectively. Figures 7a and 7b
with the Cheetah values. The EOS for unburned
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Table 2. Parameters at the Chapman-Jouget and constant volume states.

C-J Parameter 8.0 % Methane/Air 9.5% Methane/Air ]
Overpressure, MPa 1.610 1.695
Overpressure, psi 233.5 245.8
Shock Velocity, m/s 1783 ' | 1830.1
Particle Velocity, m/s 789.8 | 814.9
Sound Velocity, m/s 10
Temperature, Deg K 2808u
Density, kg/m3 2.0488
Energy R  J/kg 1.8505 x 106
lume 0.8437
Explosion Stat a
C ant Volume 112.4 122.4

Explosiorsiate

The Cheetah calculations are performed for a temperature of 25 deg C. The
ambient temperature in the mine is closer to 15 deg C (59 deg F). The EOS for
burned methane/air mixtures were revised to 15 Deg C using NIST REFPROP

calculations.

There are several formulae called “Griineisen” equations of state. The simplest
form that is suitable for some applications with gases is
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P=(y-1)pl (1)
Where
P = absolute pressure

p = density

I = specific internal energy

y = Cp/ Cy (ratio of specific heats)

(2)

3)

(4)

s = a parameter related to the shock velocity and particle velocity on the
Rankine-Hugoniot adiabat.

The coefficients s, ¢ and y may be considered “fit parameters” that may be varied to
optimize the equation of state for a particular application. For example, ¢ and y

may not always be chosen to be the values at ambient conditions.

After dividing numerator and denominator of Equation 2 by V2 and defining p as

Final Draft




Final Draft

ERDC/GSL TR-06-X 5/9/2007 28

n=p/po—1
Equation 2 may be expressed as follows
P=pcrpfi-o05G-Dpl/l+pG-s)l+-1pl | (5)
SAGE uses the following variation of this equation:

Wy p I (©)

The significant differences are the po out frdhtt i ation 6 rather than p in

Equation 5 and the extra p in Equatio i ese changes, Equation 6
provides a more accurate fit to the
5, especially at the higher pressu
calculations described in this report.

fit coefficients.

Selection of Burn Model

The initial S ition and growth explosive burn
model (R ations Were compared with measurements of
pressure in i erformed by M. Kuznetsov, et al.(Reference

: ignition and growth models are not appropriate for
aeration and Yie trarfSition to detonation. Subsequent calculations used the
del described below, that more accurately models the

n-up to detonation.
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Table 3. Coefficients of the Griineisen equations of state for methane/air mixtures
» » ;‘
Material Density po | Y = Cp / Cv | Sound Speed| S
kg/m3 m/s

8.0% Methane/Air Unburned |  1.1775 0.3919 346.00 0.9

8.0% Methane/Air Burned 1.1775 019 | 346.00 0.885

9.5% Methane/Air Unburned | 1.1 0.3901 347.06 0.9

9.5% Methane/Air burned 689 .3901 2.50 0.877

17% Methane/Air burned 1.124 0.3812 352.64 0.9
Arrheniu 2Model

niuSedur imces 17 and 24), the burn fraction F in a
ell 1 nction oFthe local temperature T, as follows:
FdFAW= -Z eE*/T (7)

M; + Mu)
ass unreacted
M; = mass reacted
| 7 and E* are coefficients that determine the burn rate.

Burn occurs only when T is greater than an activation temperature Ta of 0.07 ev
(812.31 deg K or about 1000 deg F).

The coefficients Z and E* were chosen to match the burn rates reported by M.
Sapko, et al., Reference 25, (about 14 m/s at distance 0 — 4 m and 100 m/s for 4 —
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26 m) for Tests 347 and 506 in the LLEM. The flame propagation speed was found
to be approximately linearly proportional to the minimum computational cell size
of the calculation. Hence, when the minimum cell size was changed, the coefficient
7 was varied accordingly. Calculations in the Sago mine and in Test 506 in the
LLEM used a minimum cell size of 25 cm after the initial spherical or
hemispherical initiation. In this case, the value of Z was 0.000336/sec and E* was

1614 ev (1.8730 x 107 deg K).
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Validation of the SAGE Code for Methane/Air Explosions
Comparison with Russian Pipe Tests

Experiments performed by Kuznetsov, et al. (Reference 23) investigated the
deflagration-to-detonation transition in methane/air mixtures in pipes with
diameters of 174 mm and 520 mm. The pipes had orifice plates spaced at one tube
diameter. Tests were conducted with blockage ratios of 0.3 and 0.6 (the ration of
baffle area in the pipe to the pipe cross-section). Ingthe larger pipe with 0.3
blockage, the authors observed what they called gftia i-detonation” for methane
concentrations from 8.5 to 12%. The burn acgggs qted to a steady-state speed just
below the CJ detonation velocity by abou Motn, the ignition end. Mixture
concentrations of 7, 8, and 13.5% develd]

We used the experimental data from
methane concentration for our initial in
SAGE. The first calculati
burn models that are com

it was clear that the IG model was not ideal for use in
calculations gave confidence that SAGE, using our

Wen ghn Arrhenius burn model, in which the burn rate is a function of
temperatglg, rajiter than density and pressure as in the IG model. Coefficients Z
and E* (Eqigition 1) were chosen to match the burn rates reported by M. Sapko, et

al. (about 14 m/s at distance 0 to 4 m and 100 m/s for 4 to 26 m) for Test 347 in
the LLEM.

A SAGE calculation was performed for the test of M. Kuznetsov, et al. in a 520-mm
diameter pipe with 9.5% methane and an obstruction ratio of 0.3. The Arrhenius
coefficients were set as above for the 0 to 4 m range. The turbulence caused by the
orifice plates generated a transition to detonation and a flame speed acceleration
very close to the measurements, as shown in Figure 8. L
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Flame Speed Versus Distance (Kuznetsov etal.}
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Figure 8. Flame speed versus distg i i ine (Kuznetsov et al.).

igure g is a drawing of the testing area of the
190-m3 (6710 ft3) zone of 9% methane/air

in a zonewhat extended 71 ft from the end. This test was
xignately 9o psi pressure on a 40-in thick Omega Block
ft 320 ft from the end. Pressure sensors were located
804, 403, 501, 598, and 767 ft from the end of the drift.

ascribed above, and in Test 347 in LLEM. After our initial efforts
with Test 347, we concentrated our final modeling on Test 506 that used the 9.5%
methane concentration of our Sago Runs 1and 2, and had a larger methane zone
and higher pressure levels. Various zoning schemes (minimum cell dimensions) in
SAGE were investigated and Arrhenius coefficients Z and E* were optimized (see
table 3) to match the burn rates and pressure waveforms of Test 506. These
calculations also modeled the Omega Block seal, two cribs inby and two outby the
seal, and a CMU ventilation stopping wall (at location 384 ft). Also treated were
open crosscuts 4-7 that connected C-Drift and D-Drift. crosscuts 1-3 and E-Drift
were closed off from C-Drift. The initial burn to 316 msec was performed as a 1-D
spherical event, using an initial burned energy of 2500 J (ina hemisphere) to
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represent an electric match. This calculation was performed with a fine grid zoning
in the region of the electric match. Three hemispherical regions (2.3 m diameter)
were then overlaid onto the full 3-D grid. The grid along the length of the C and D-
Drifts extended 525 m (1722 ft) from the end of ignition (y = 0). A uniform ceiling
height of 2.1 m was used, and the slope of the floor up to the blast door was
modeled. The water-filled barrels used as turbulence generators in the test were
also modeled. The roughness of the floor, ceiling and side walls was ignored.
Because the SAGE calculations for the Sago mine d a 25 cm minimum cell size,
a similar size (26.25 cm) was selected for the fin M calculations. The largest

close-up of the model, from ignitj$tg
red at the top. The five dots near the gl
the methane/air mixture extended out p

ge C71is y the CMU stopping wall. In the Gage C5
sulse is th@gifle-on (or incident) wave propagating from
Ise at 644 ms is the reflection from the seal

26 measurement, the reflection from the seal arrives
pulse. The reflection, first from the seal and then the
es at 854 ms. The pressure behind the CMU wall was reduced
psi, whi¢h was much lower than the pressure at Gage C6. Since there is
etween the seal and the stopping, the blast obviously

$6und the wall, before it failed, as well as later going through the
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ALy R il boce robe
1o B-gas shub

Figure 10. Inby view of Test 506 seal and cribs.
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506: ignition end to stopping, full view, and a close-up of

Figure 11. Three views of SAGE model of Test
the seal, the cribs, and the stopping (at the top).

Final Draft




, Final Draft
ERDC/GSL TR-06-X 5/9/2007

Test 506 Gage C5 234 ft
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Figure 13. Pressure at Gage C6 in LLEM Test 506.
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Probleni Set-up

Basic assumptions of SAGE calculations

In all of the SAGE calculations of methane/air explosions, the walls, floors and
ceilings of the mines were treated as non-conforming (rigid walls) and heat
conduction was ignored. Water that existed in some of the lower elevations of the
Sago mine was not explicitly modeled other than affecting the floor-to-ceiling
height. Steam produced by the heat of the burned methane was ignored. In Run 3,
the 17% methane/air mixture was treated as ine was not allowed to mix with

burn that matched the burn rate4 g
Experimental Mine using 9.5% meth
used for 8.0% methane/ajr. The initial
overlaid into the 3-D grid

(about 1.3% water at 15 deg C) showed that the CJ
»changed from the dry air values by less than 0.6%.
Mecreases in temperature of 0.68% and 1.86% for 9.5%
r, respectively. Dust entrainment was not treated in these
amounts of dust can lower the temperature and pressure and

Because of the minimum cell dimension of 25 cm (9.84”) used in the Sago
caleulations, the CMU walls were modeled as only one cell width thick. In
caleulations of wall response, several cells across the thickness are desired.

The cribs are constructed out of 6"x6” hardwood timbers 30” long. Since 6” (15.24
cm) is somewhat less than the minimum cell size, it was not practical to model the
detailed shape of a crib. All of the wood in a crib was lumped into a single column
that was connected to the floor and the ceiling. Because of the high strength of the
wood, the columns did not break and move with the gas flow. Ina future
calculation it would be desirable to use a smaller cell size and a more realistic
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model of the cribs, with blocks that can separate and move with the flow. Inthe
present calculations, movement of the cribs and other debris by the high velocity

gas flows was not considered.

For the Second Left Mains(SLM), MSHA provided floor and ceiling elevation
contours at 1-ft increments. This roughness is modeled in the calculations as
closely as can be realized with the 25-cm minimum cell dimensions. There was no
information provided on side wall roughness; conggquently, these walls were

propagation through the mine.

Computer resources used in SA

methane/air explosions in’ (o ental Mine with various mine
configurations, burn model ¢
of minimum computational cell
size were i ct of thii parameter. Calculation 25 (Test

° ith a 25-cm minimum cell size and modeled 420
uts, required 3,260 cpu-hrs using up to 128
he pipe tests of Kuznetsov, et al were

ss than 100 hrs, even with very fine zoning.

mine were all 3-D and consumed much greater

inaf¥ calculation, Run 1a, of the sealed SLM filled with 9.5%
sing 12.5-cm minimum cells required 23,700 cpu hrs to obtain
Jation time. The calculation used 512 cpus and from 49 to 59
million celti®fhe final Run 1 with 25-cm minimum cells required 12,000 cpu hrs
to obtain 1,395 ms of simulation time using from 12 to 14 million cells. Time steps
varied from 0.02 msec when high-pressure shock waves were active to 0.094 msec
near the end of the calculation.

Runs 2 and 3 modeled a much larger portion of the mine and also treated the solid
materials of the Omega Block seals, CMU ventilation stoppings, and cribs, and
required much larger resources. Run 2 was carried to 1,539 msec of simulation
time and required 137,700 cpu hrs. From 31 to 40 million cells were used on 512
cpus. Time steps varied from 0.02 msec to 0.03 msec for most of the calculation

~ but increased to 0.048 msec in the last 500 msec of the simulation.
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Run 3 was carried to 2,233 msec of simulation time and required 330,000 cpu hrs
using from 512 to 1024 cpus. The number of cells ranged from 30 to 34 M. The
time steps varied from 0.02 to 0.048 msec in the first 800 msec of the simulation,
and then decreased to 0.025 msec around 1000 msec of the simulation. From that
time on, the time step continued to decrease (rather than increase as in Run 2) and
was 0.018 msec at the end of the calculation. '

Sago mine model

The geometry of the portion of the Sago ming

sealed area did not contal
ceiling height of 2 m (6.56

: #éd regions, were produced and merged as
calculatiofis. The sealed SLM is shown as the turquoise-
me of air was connected at the upper left of the rose-
rve agil vent sink simulating the remainder of the mine. The
ough the region of the seals. In Run 3 the SLM was split into
o files) at the Elevation 1408 ft, which is 30.5 ft above the
/M. Tn SAGE this height was rounded off to 930 cm (30.512 ft).

The final SAGE calculations, designated Run 1, Run 2, and Run 3, used a minimum
computation cell that was a cube 25 cm (0.8202 ft) on each side. Thus, the
resolution of any dimension was to the nearest multiple of 25 cm. In Runs 2 and 3
the model of the mine outside the seals contained 16,100,000 ft3 of air. In Runs1
and 2 the methane/air volumes from SAGE were 3,320,000 and 3,280,000 fts,
respectively. In Run 3 the volume of gas in the SLM obtained by SAGE was
3,300,000 ft3 which is 12.4% higher than the value of 2,038,157 ft3 obtained from
the survey by Alpha Engineering. Ina preliminary calculation of a sealed SLM
(Run 1a) using a smaller cell dimension of 12.5 cm, the volume computed by SAGE
~ was 3,147,000 ft3 (7.09% higher than the measured value), indicating that as the
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cell size is decreased, the SAGE volume approaches the measured value. In Run 3
the realized distribution of 8% methane/air and 17% methane/air was 62.5% and

37.5%, respectively.

Figure 16 shows a horizontal cut through a portion of SLM near Spad 4010, where
initiation of the explosion was assumed to occur. The drawing shows an example
of the floor contours as modeled in the SAGE calculation. The blue hemisphere
represents an initiation region. As shown here, th ion intersects the floor.

Subsequently, the region was reduced to 1 m diggffbterand positioned so that it did
leulations for the Sago mine,

mixture. An Arrhenius burn model wj ) -ate of 1 m/sec was used
for this initial burn. At the time th

% 1-134 were used in Run 1,
s were used in Run 3. The
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ns: blue sealed area; red, portion of

Figure 15. Area of Sago Mine
i remainder of Second Left Mains.

Second No ains and part ogbeco

on occurred.

Figure16. Horizontal cut of the Sécond Left Mains region where initiati
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3566 )\

Figure 17. Output stations in inby portion of Second Left Mains (a) and corresponding spad numbers (b)
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Figure 18. Output stations inby of seals (a) and corresponding spad numbers (b)
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Figure 19. Output stations in Second Left Parallel and Second Mains, including stoppings and

overcasts (a) and the corresponding Spad numbers.
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Figure 20. View

e placement of & nd cribs, with floor contours.
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Results of Calculations or the Sago Mine
Runs 1 and 2: Second Left Mains with 9.5% methane/air

Runs 1 and 2 were intended to investigate what could be considered the “worst
case” pressure loads that could be generated from a methane explosion in the
mine. The volume of the Second Left Mains (SLM) was filled with 9.5%
methane/air mixture (by volume) that is near the ideal mixture for combustion and
detonation. In Run 1, rigid walls were placed at thedocations of the seals and only

2, Omega Block seals, cribs, ventilation stoppifféighand overcasts outby the seals
were added. Venting to the mine outby th ’

eter sphere (centered

at Elevation 650 cm, or 21.33 ft) Bailation started with a

2.5 J spark and representing he first 1
there was little overpress
the burn spreads slowly re
acoustic out-running motiort

d vlocity (abdut 10 ft/sec Initially,
ft away) at 261 msec. The

@inapshots as the burn propagates out from
only when the pressure exceeds 200 psi, as

presgiite waveforms at Station 82, Spad 3985 for preliminary
em minimum cell size, with results from Run 1, using 25-cm
smaller cells are desirable but would require about 16 times as
#t-ources. From this and other comparisons we concluded that 25
( tdequate, and were the smallest that were practical for Runs 2 and 3,
using larger portions of the Sago mine. The arrival times of Runs 1a, 1, and 2 differ
slightly because the output stations are not at identical locations, and because
SAGE gridded the two problems differently. Also, the presence of the solids
(Omega Blocks, CMU, and wood) in Run 2 caused finer time stepping at some
times. In all direct comparisons, the arrival times of Run 1 have been shifted to

align with the curves from Run 1a and 2.

Figures 23-24 compare pressure and particle velocity at Station 1, Seal 10 for Runs
Land 2. Late time quasi-static pressure is much higher in Run 1 because the hot
_gases cannot vent out through the seals. In Run 1, the “seal” wall is rigid and the

Final Draft




Final Draft

ERDC/GSL TR-06-X 5/9/2007 49

reflected pressure (592 psi) is about 2.1 times the pressure (280 psi) incident to the
wall. Consequently, the total pressure (incident plus reflected) is 872 psi, or about
3.1times the incident. In contrast, the Omega Block seal of Run 2 is light weight
with a low acoustic impedance (density x sound speed), and the reflection is much
lower than in Run 1. The total pressure on the seal is about 445 psi. Further, cribs
(modeled in Run 2 but not in Run 1) attenuated the blast impacting the seal, to

some degree.

amplitude decreases bec
direction because the O
about 3 ft in 5 msec.

and 124) j
sequence
distance fro

the pressure attenuation in Entry 5 outby Seal 6. There are
drops as the pulses destroy Seal 6 and ventilation Stoppings E
iire, temperature, and particle velocity at Station 162 are shown
in Figures he high temperature gas from the burned methane passes this
location at about 1 sec. Velocities exceed 1000 ft/s and the pressure is over 50 psi.
Figures 47 and 48 show that the pressures at Stations 169 and 171 are still in the
00-25 psi range, but the temperatures are much lower than at Station 162.

Figures 49 and 50 summarize the pressure and temperature at stations in the
Second Left Parallel. Burned gas at at temperature over 2000 deg I pass Station
172 at about 1100 msec and Station 173 at about 1460 msec. By the end of the
calculation, the peak pressure had exceeded 20 psi at all the stations.
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Figure 21. SAGE calculation of the expansio

n of the methane burn and explosion through the Second
Left Mains.
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Figure 23. Early time pressure for Runs 1 and 2 at Station 1, Seal 10.
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Figure 25. Early time particle velocity Seal 10, Runs 1 and 2.
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Figure 27. Pressure at Station 20, Seal 8 for Runs 1 and 2.
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Figure 29. Pressure at Station 39, Seal 6 from Runs 1and 2.
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Methane/Air (9.5% Vol) Sago Second Left Mains
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Figure 31. Pressure at Station 57, Seal, from 4 Runs 1 and 2.
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Figure 33. Pressure at Station 69, Seal, from 2 Runs 1 and 2.
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Figure 35. Long duration pressure at station 78, seal 1 Runs 1 and 2.
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Methane/Air (9.5% by volume)
Station 79 (xyz)= 1796.8 11117 3221t
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Figure 37. Pressure at station 80, Runs 1 and 2.
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Figure 39. Pressure at station 82, Runs 1 and 2.
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Methane/Air (9.5% Vol) Sago Second Left Mains
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Figure 41. Pressure at station 84, Runs 1 and 2.

Final Draft




Final Draft
ERDC/GSL TR-06-X 5/9/2007

Methane/Air (9.5% Vol) Sago Second Left Mains
Station 124 (xyz)= 19278 1397.0 29.5ft
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Figure 43. Pressure and temperature at station 103, Run 2.
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Methane/Air (9.5% by volume) Run 2
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Figure 45. Pressure at statjons on entry 5, Run 2.
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Methane/Air (9.5% by volume) Run 2
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Figure 47. Pressure and temperature at station 169, Run 2.
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Methane/Air (9.5% by volume) Run 2
Station 171 (xyz)= 1367.3 329.2 37.2ft
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Figure 49. Pressure in Second Left Paraliel, Run 2.

Final Draft

1600

Temperature, F

64




ERDC/GSL TR-06-X 5/9/2007

Final Di‘aft

Methane/Air (9.5% by volume) Run 2
Stations in Second Left Parallel

3000

2500

2000

1500

Temperature, F

1000 |

500 |-~ -

i

——— Station 172
---- Station 173
- - = Station 174

- Station 175

Sta

1000
Time, ms

00 1400 1600

‘Methan&fAir (9.5% by volume) Run 2

ns in Second Left Parallel

-=== Gtation 177 |
Station 178 |-

!
|
.
|
!
i
-1
!
1
i
]
4

900

Time, ms

950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

Figure 50. Temperature in Second Left Parallel.
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Run 3: Sago Mine with 8% and 17% methane/air

Run 3 assumed that the Second Left Mains (SLM) sealed area was filled with 8%
methane/air up to Elevation 1408 (from the bottom of SLM up 30.5 ft) and 17%
methane/air above this level. Figure 3 shows the extent of each mixture. There is
8% gas near the floor at Seals 1, 3, and 4. Only Seal 1 has any significant amount of
this gas — from 2 to 3 ft out of a ceiling height of 7to 8 ft. Seals 3 and 4 had 1 ft of
8% gas. The floor level of Seals 2, 5, and 7 was 30.5 ft. The regions of SLM around
the ignition point (Spad 4010) and inby (toward tg of the figure) were all filled

floor-to-ceiling with 8% gas. Because the SL ined less mass of methane
ing wre than in Runs 1 and 2, there

napshots at times between 446 and 610 msec.
ehing seal 1 from two directions but have
both Seals 1 and 2 are experiencing strong

comitie from both Seals 1 and 2. By 610 msec blast has

ot Seal 10. At 720 msec (Figure 57) Seal 10 experiences a

blast has penetrated the seal and loaded a crib outby. The blast
_ ventilation stoppings A-E and is approaching stopping F. By
1139 msec re 58) the blast has reached stations 162, 163 and 188 in the
Second Left Mains and stations 172-174 in the Second Left Parallel.

Figures 59-62 show the development of the pressure waveforms from the ignition
point to Stations 124, 84, 83, 82, 81, 80,79, and 78 at Seal 1. The high pressures |
(such as at Station 81) are not detonations, but are produced by colliding shock |
pulses whose arrivals nearly coincide. For example, a pulse going from Station 111
to 81 will reflect from the side wall near 81. Station 79 is not in an intersection and
does not have high pressure spikes. Figure 63 illustrates how pressure pulses
coming from two directions (79 and 89) combine to produce the load on Seal 1
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Station 78. Neither pulse is normal to the seal, so reflections are less than for

normal incidence.

Compare the load at Seal 1 with the pressure at Seal 2 in Figure 64, where the wave
propagation is normal to the seal and coming down one drift. Note, however, that
because the Omega Block seals are so light weight and have such a low acoustic
impedance (density x sound speed), the reflections in both cases are small. Note
the more gradual rise of the initial pulse at the sea where the shock pulse has

o for all three calculations. The reflected pr from Run 2 (with Omega seals)
is much lower that in Run 1, where the sez esented as rigid walls. In
Runs 1 and 2 the incident pressure p ock detonation wave, while
the pulse in Run 3 has a much mo lower peak pressure.

Figure 65 compares the same wa#
quasi-static pressure. In Run 1 the g

out in the other two runsg estroed. The effect of less mass of

e in the mixture was a lower

seal. Ingkuns 2 and 3 the seal begins moving .
b no longer obstructs the flow. Figure 67

waveforms for all ten seals. In general, the peak

1 to Seal 10 as the distance from the explosion
Jhere are two exceptions: (1) seal 3 is side-on to the

blast propagation and has a pressure considerably lower than
and (2) the pressures at Stations 9 and 10 are higher than at 7
o clear evidence that the bottom mining inby several seals makes
anges in the pressure waveforms.

statio
and 8.
significan

Figure 69 shows the sequence of pressure waveforms at stations 39-46 leading up
to Seal 6 (station 39). The floor has been bottom-mined inby with floor elevations
down to 24.8 ft, compared to 30.5 ft near the seal. Because of pressure waves
coming to this Entry 5 through crosscuts inby toward the ignition point, it is
difficult to identify effects of the changing floor elevations in the complex pressure
waveforms. Figures 70 and 71 show particle velocity at Station 40. Again there is

no clear evidence that the inby bottom mining increases the loads on the seal.
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In a single drift of a tunnel, pressure changes proportional to V(A: / A2) when

‘propagated from one region with cross sectional area A, to another region with area

A, (Reference 26). Thus pressure drops when A, > A;. However, when the blast
wave propagates out of the larger region back into the region with smaller cross
sectional area, the pressure rises by the inverse factor and there is no net effect.
Near the areas of transition, the environment is much more complex, with local
pressure wave reflections depending on the detailed tunnel] geometry.

to @etonation outby the ignition
occurred at Stations 108, 109,

Extent of detonation. There was no transi

d past Station 165 from 2079 to

2094 msec. At Station 15 flowing at 1177 msec and

continued (with a few sho

methane began , and at 1394 msec the

oint of methane. Both unburned

bn. Figure 72 displays pressure and temperature
and pressure, temperature, and velocity at station 162.
ssure and temperature at Stations 168 and 171.

stations shdWs that, at the end of the calculation, burned 8% methane/air had -
penetrated Entries 5-9 as far as Station 163 (at 2092 msec), but not to Stations
168-171. There was no burned gas outby Seals 7-10 in Entries 1-4. There was no
burned gas inby Seal 10 in Entry 1 and at stations 10-13, 20, 21, and 30. Thus no
burned gas had reached Seals 7-10. In the Second Left Parallel, burned gas had
reached Stations 172-174 but not 175-178. At the end of the calculation,
temperatures exceeding 3000 deg F had reached only Stations 140-143, 152, and

172.

Conditions in the Second Left Parallel. Figures 75 and 76 compare pressure

- and temperature at Stations 172-178 in the Second Left Parallel. By 2000 msec all
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locations have reached quasi- static pressures of about 12 psi. At Stations 172 and
173 there are significant pulses in early times that exceed 14 psi. These pulses are
associated with a large flow that brings the hot burned gases with temperatures
above 2000 deg F as shown in the temperature plot. In contrast, at Station 178 the
pressure rises gradually, as would be expected from steady venting of gases, and
the temperature has risen to less than 400 deg F at the end of the calculation.
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% (upper) e/air mixtures in SLM for Run 3.

n Run 3.

Figure 52. Absolute pressure approaching seals at 446 msec |
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n Run 3; Seals 1-4 have been breached

Figure b4. Absolute pressure approaching seals at 546 msec i
at this point.
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Figure 56. Absolute pressure approaching seals at 610 msec in Run 3.
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Figure 58. Absolute pr

Final Draft

essure approaching seals at 1139 msec in Run 3.
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Run 3 Methane/Air (8.0% and 17% by Volume)
Station 124 (xyz)= 1927.8 13970 29.5 ft
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Figure 59. Pressure at Stations 124, 84, and 83.
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Methane/Air (8.0% and 17% by Vol) Run 3
Station 82 (xyz)= 1883.8 12427 3221t
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Figure 60. Pressure at Stations 80, 81, and 82.
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Run 3 Methane/Air (8.0% and 17% by Volume)
Station 79 (xyz)= 1796.8 1111.7 32.21t
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Run 3 Methane/Air (8.0% and 17% by Volume)
Stations 78 (Seal 1), 79 and 80
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Figure 63. Pressure in one drift on Seal 2.
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Figure 67. Detailed particle velocity and temperature at Station 69 Run 3.
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Methane/Air (8.0% and 17% by Vol) Run 3
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Figure 69. Pressure waveforms at stations 39-42 that lead to seal 6. .
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Figure 71. Long duration particle velocity at station 40.
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Figure 72. Pressure, velocity, and temperature at stations 138, 156, and 162.
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. Figure 74. Pressure and temperature at station 171, Run 3.
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Figure 75. Pressure at stations 172-178 in Second Left Parallel.
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Major Findings

Pressures on seals -- Pressures on the seals varied considerably between Runs
1, 2 and 3. In Run 1 with rigid walls at the seal locations, pressures were generally
about twice those computed in Run 2 with Omega Block seals that deform and fail.
Pressures ranged from 360 to 1300 psi in Run 1, with the lowest pressure at Seal 3

where the blast propagation was side-on, with li

e. In Run 2, peak pressures on
t pressure was again at Seal 3.

> highest pressures at Seals 1
hne/air region. The lowest

and 2, which were the seals closest g
; ore than the design

pressures occurred at Seal 8. In aldées

ane/air mixture penetrated Entries 5-9 as far as Station
but not to Stations 168-171. There was no burned gas outby

s 1-4. There was no burned gas inby Seal 10 in entry 1 and at

, 50, 21, and 30. Thus, no burned gas had reached seals 7-10. Inthe
Second LeftéParallel, burned gas reached Stations 172-174 but not 175-178. At the
end of the calculation, temperatures exceeding 3000 deg F had reached only

Stations 140-143, 152, and 172. -
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4 Structural Damage Calculations

Two types of structural response calculations were performed to correlate the
damage levels observed in the Sago Mine accident with applied levels of blast
loadings: Single Degree of Freedom (SDOF) analyses, and Finite Element (FE)
analyses. Both required very specific and detailed descriptions of the physical
properties and characteristic behavior of the materials which comprised the
structural elements to be analyzed. This information was developed in the form of
“constitutive” models of each material.

This chapter describes the development of the constitutive properties information,
and the FE and SDOF model analyses performed to define the response of the
structural elements to the postulated loadings produced in the Sago Mine incident.

Constitutive Material Models

All first principal numerical codes require a constitutive model of the materials
used in the response calculations. As complicated as some of these models are,
they are still a macroscopic approximation of the microscopic mechanics of the
material response to external loads. This is the case when developing models of
complex, non-homogenous, non-isotropic, elastic, plastic, viscous, visco-plastic
materials. The models used for the seal material in these calculations fall into the
categories of “hypo-elastic/perfectly plastic in shear”, and “hypo-elastic in
compression” models. They are represented by a compacting, hysteretic pressure-
volume relationship and a shear failure surface. Lacking a complete set of material
test data, the models for this study were constructed by scaling known properties
data from similar materials.

The data supplied by MSHA (or gleaned from other literature sources) for the
Omega Block and the Blocbond Grout (i.e., the mortar) included the unconfined
compression strength, tensile strength, direct shear strength, density, and porosity
of the materials. While these data provided the basic properties, they were not
sufficient for the complete material descriptions required for constitutive models.
With this information, however, it was possible to identify both a foamed, light-
weight concrete and a high-strength grout in the materials library at ERDC that
had properties that closely matched those of the blocks and mortar of the Sago
seals. The ERDC laboratory test data for those materials was sufficient to construct
representative material models. An average unconfined compression strength was
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used for the Omega Block material, since the existing test data showed
considerable scatter in the test results.

One of the controlling material properties of both the Omega Block and the
Blochond Grout is the tensile strength. From a material property viewpoint, the
mortar is significantly stronger in compression, tension and shear than the foam
concrete of the Omega Blocks. This forces the failure of the seal system into the
Omega Block material — a result that is borne out in the literature from tests of

(Reference 27).

i lads, and do not vary with

All of the material properties in the
pression or shear; hence

Three key issues of materk , erved from the material models.
First, the non-linear compdg gteretic unloading absorbs

energy during the load-unlo

gessure-volume relationship is due
ing of th material matrix, and then a locking
ced out of the material and the load is carried by

drawn from the yield or failure surface. In Figure 77b and
Jond invariant of the deviatoric stress tensor (J.) is plotted as a

hydrostatic compression of the material. This dependence persists
with increasing pressure until the shear planes are “oiled” with entrapped water, or
with the crushed material itself. This is referred to as the “yon Mises Limit”, as
shown in Figure 77 d. The third item of interest is also demonstrated in the yield
surface curves of Figure 77b and Figure 77d. Note that, as the pressure is reduced
into the tension domain (negative in the figure plots), the material will lose shear
strength. When the negative pressure becomes greater than the material’s tensile
strength, a tensile fracture will occur and the shear strength will drop to zero.
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The material properties for the steel structural items evaluated in the study were
provided by MSHA (Reference 28). These were taken from the West Penn Testing
Group Report No. 29589-1, and are detailed in Table 4.

Table 4. Steel Material Properties

Component ID | Yield Strength (psi) | Ultimate Strength (psi) | Total Elongation (%)
Belt Hanger 47,140 37.0
Bearing Plate 46,510 23.3
Spider Plate 27,370 43.1
Pie Plate 33,7550 36.3
Rockbolt 59,3 ' 33.5
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Figure 77. Pressure-volume curves (left) and fits of yield surfaces (right) for Sago seal materials,
estimated from available properties data and failure surfaces for similar materials in the ERDC materials
library.
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Finite Element Analyses
Procedures

Several advanced computer codes were used in combination to analyze the
performance under blast loadings of specific structural items that were damaged or
destroyed in the Sago Mine incident. These items included the spider plates and
pie pans, the belt hangers, rock bolts, and the mine seals. The results would
provide important indications of the explosion enyjronment in the mine that lead
to the type and extent of damage observed. Co
data when available (LLEM experiments), buf

other components were
se to possible blast loads

cases.

All of the structural elements wi
formulations; specifically, the codes
(Reference 30), dependipg on the loadi

pressure boundary condi berform the simulation, but when
the flow field needed to be & alculation, Dynan_3d was
used in conjunction with the mini, within the suite of codes
called DYSMAStHE ' Bgtion of LS-DYNA and DYSMAS

follows.

perfo ‘analyses of structural response to impact and
@d for shared and distributed memory on Unix, Linux,

nge of engineering materials, from steels to composites and
oncrete. The new Version 971 features updated models for shell
fits, with an extensive element library, including membrane, thin-

LS-DYNA has many solution procedures to simulate the physical behavior of 3D
structures: nonlinear dynamics, thermal, failure, crack propagation, contact, quasi-
static, Eulerian, arbitrary Lagrangian-Eulerian (ALE), fluid structure interaction,
real-time acoustics, multi-physics coupling, etc. The lower order finite elements in
L.S-DYNA are accurate, efficient, simple and fast.

DYSMAS. The coupled code DYSMAS was developed by NSWC/Indian Head and
the Germans to calculate the response of structures under explosion blast loadings
. involving fluid-structure interaction (note: air is treated as a compressible fluid in
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these problems). DYSMAS is based on the use of three modules: the Eulerian code
Gemini, to perform the fluid flow calculations; the Lagrangian code DynaN (a
derivative of Dyna3d), to perform the structural response calculations, and a
coupler module that interfaces information between the two codes. This enables
DYSMAS to execute simulations that include explicit shock fronts, structural
fracture, and fluid breakthrough, among other things. Gemini is capable of
handling both compressible and incompressible fluids. The Gemini code can be
run in parallel on HPC systems to enable the calculgtion of very large simulations;
i.e., with several million elements.

components (steel gates, gravity s etc.), large water
tanks, bridge structures, blast d ¥

if Ons were perfor d on various
aource Centers (MSRC). The primary

Computational Resources.
systems at two of the DOB
location for the use of LSD¥
Systems Center (ASC) MSR

1 was 1o geometrically very complicated. Each conveyor

. on took less than 24 hours on 16 processors.

( i resp of the Omega Block seals were larger (300k elements),
egp the actual physical size of the seal wall that needed to be modeled, but still
an 24jours on 32 processors. Considerable time and effort was used

For the DYSMAS calculations, the structural response portion of the rock bolt and
surface plate simulations took very little time compared to the calculation of the
fluid flow around the structure. These coupled simulations took approximately 24
hours on 28 processors.
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Finite Element Model Descriptions

Fach modeled structure consisted of finite elements, either four-noded shells — as
_ in the case of the spider and pie plates — or eight-noded solid elements — as were
used for the ventilation seal walls, the conveyor belt hangers, and the rock bolts.
Loads were applied as pressure boundary conditions to the seals and hangers; i.e.,
a pressure-time history was applied to the faces of f specific element faces to
snnulate the loadlngs The plate loads were generated by the coupled calculations,

Two different types of loading were used;
or taken from experimental data, or a li

boundary, which gathered
applied them to the elemen

simulation, approximating failure of the steel at that location
@1 A strain rate enhancement curve taken from the DAHS manual
(Reference $2) was used as typical for all the steel models, providing a higher stress
level as the strain rates increased within the simulations.

Specific descriptions and pictures of the models for each structural component —
ventilation seal walls, conveyor belt hangers, and spider and pie plates — are
provided in the following sections.

The following sections describe the application of the FE technique to describe
- damage response as a function of the applied loads. The response of a structure to
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a highly dynamic loading, such as from an explosion, can be represented by a load-
deflection curve, defining resistance function for use in simplified analysis. This
function can be generated using a Finite Element (FE) model by applying a linearly
increasing, uniform pressure to one side of wall from the virgin state to the failed

condition.

Characterizing Blast Loads

gage would cause no dis
do cause some disturbanc
combination with the dyna

, thgiflow stagnates on the upwind side of the

ting a to#ge on the structure. This force is usually referred to

Qd) on the structure, and is equal to the dynamic
#ficient, Cd. This coefficient is experimentally

Qd®)=Cd *Q) =Cd *(0.5* pt)* U(®?) (8)

Where, p(t) is the fluid density time history, and U(t) is the particle velocity normal
to the surface of the structure.

The value of Cd is approximately 2 for both the Sago hangers, and the rockbolts.

The CFD code SAGE generates the complete flow field. Using the fluid density and
particle velocity time-histories defined by the code, the complete dynamic pressure
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history can then be calculated, along with the drag pressures on the hangers and
bolts, as detailed above. These loads were then applied to the hanger and rock bolt

FE models.

Roof Support Surface Plates

FE simulations were performed to evaluate the response of two types of rock bolt
plates used in the Sago Mine -- spider plates and pje pans -- to the blast flow field
in a mine tunnel. Figure 78 shows the 3-D modég ¢ spider plate used in the FE
passes through the plate

is location completely rigid

olt

and fixed.

The structural model contained

interactive response was captured.
pents are given in Table 4.

bfluid-structure interaction becomes important.

he plates in an environment where the

, plane of the structure is not simple, and
teraction between the structure and the surrounding flow
bending changes its profile within the flow field,

\er load® The structure responds fast enough to affect the

By coupling the blast environment to the structural model, this
aptured and a more representative response can be calculated.

An importdiiPconsideration for these calculations was the generation of the flow

* field at the plate locations. Using the pressure time history recorded at 304 feet
from the blast chamber in LLEM Test 506 as a reference base, several methods
were used to generate this field. Figure 79 shows an example of the flow field
mapped into three-dimensional space and about to strike a spider plate. This
figure depicts a cross-section of the flow field, where the change in color represents
the boundary between the undisturbed environment and the blast environment, as
the blast moves from left to right. Since a properly calibrated growth and ignition
model for the methane air mixture was not available within DYSMAS, an
equivalent flow field was generated by assuming the detonation of a TNT explosive
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charge of a size and standoff distance that would produce the same pressure-time
history as recorded at the 304-ft range on LLEM Test 500.

One and two-dimensional analyses were used to generate the initial blast
environment calculations and were run out to the point where the flow field was
about to reach the plate location. At this point the flow field was mapped into 3-D
space and a calculation performed where the flow field moved across the plate.
The starting point for this 3-dimensional calculation,is shown in Figure 79.

spider plate can be seen in the
wre 80. The areas of higher

B ff the ridge of the plate,

y and green, OCCUTS

as shown in Figure
[Bivard deflection (at

The initial interaction between the flow field
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Figure 79. DYSMAS 3-D representation of blast wave approaching a spider plate.
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Multiple iterations of these calculations were performed in an attempt to model the
response over a longer time period; i.e., until the initial blast wave has passed the
plate location and its reflection is coming back from the seal. However, numerical
problems only allowed the simulations to be carried out to approximately 15 msec
after the blast wave first strikes the plate. The calculated plate deformation at that
point in time is shown in Figure 82. The velocity of the plate deformation had not
dropped to zero in the simulation at the point shown in Figure 82, 50 the final
configuration of the plate deformation could not begexactly determined. However,
the calculated deformation shown in Figure 82 : resembles that observed in
LLEM Test 506, as shown in Figure 83. The j £ uan calculations were doneina
similar manner as the spider plates. The d “ G field was the same as was
used for the spider plates, and the pla ¢ suratiofgas developed in a manner
Mlations. The caliig

R4, the bearing

plate is bent, which is si Test 506 (see

Figure 85). Again, since ) .
velocities dropped to zero, L the simulation captured the
entire response, but the calct fpoint in time certainly resembles

Figure 80. Early-time flow field as the blast wave (in red) moves from left to right across a spider
plate. Note the turbulence at the leading edge of the plate.
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Figure 84. Lo

Figure 85. Pie pan deformation observed in LLEM Test 506, from measured blast pressures
equivalent to those assumed in the FE simulation.
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Belt hangers

Conveyor belt hangers are steel angles 4 inches wide and 0.25 inches thick. They
are normally held against the tunnel ceiling by rock bolts 0.75 inches in diameter
that are grouted into the tunnel ceiling. When an area is being mined, conveyor
belts are hung from the belt hangers by a cable. After the belts are removed, the
hangers are left in place. In areas where coal was later excavated from the tunnel
crown, some of the rock bolts to which the belt hangers were attached were left
exposed over a length of one to five feet above thed#fgger. A typical hanger is

L :‘\"""": - ,,,_.___ﬁ-l _
e e 3207 ol W
ﬂ.q-u”“‘ 0! iu.u

86. Dimensions and of a the conveyor belt hanger used in the analysis.

LSDYNA % ed to perform dynamic analyses to determine the structural
response oftthe conveyor belt hangers under several loading conditions. From an
original flat plate, the hanger was first numerically “formed” into its finished shape
" in order to retain the strains generated by the forming process. Figure 87a shows
the initial configuration of the belt hanger before the forming process. Included
here are the tool and the form, and the process used by Broene (Reference 33) and
Maker (Reference 34) was replicated here by imparting a defined displacement to
the tool to push down and bend the hanger plate against the form to get the final
configuration shown in Figure 87b. The form was rigid and fixed in space, while
the tool was rigid and confined to only move along the vertical forming line. Each
of these parts consisted of shell elements, while the belt hanger was constructed of
- solid elements to better capture the response as it deformed. After the plate was
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bent to a 9o-degree angle, the tool and form were removed, a representation of the
ceiling was added, and the plate was fixed to the tunnel ceiling at the hole to
represent the complete belt hanger, (Figure 87c).

The hanger plate was subjected to linearly increasing levels of loadings to develop a
resistance function, which allowed the generation of a load-displacement plot for
the belt hanger and roughly determine the load levels required to produce various
levels of response. The horizontal load was put on ghe hanger structure ata

hsto

&

ry from¥§n 1 (Station 32) of the

helt hanger. This

dynamic pressure is the quantity acti !
belt hanger and is derived from the addi e vector compoifents of the x-and y-

is more ¢onstrained than reality, and that affects the
issctually seen in the test. A second point is that the
or forces on the front face of the hanger. This means

The load deflection response indicates that significant plastic strain exists in the
plate before the blast loading (as is known from the forming process). This was
determined due to the low amount of deformation followed by sudden extreme
deflection and failure. Since the plate had already been work-hardened by the
formation process, it had an increased stress level before going into further plastic
deformation, but the capacity of plastic work remaining was diminished, leading to
the observation that the load-deflection behavior was indicative of the stress states
within the hanger. This response resulted in a capacity of approximately 200 psiin
the hanger before it failed.
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a. Simulation of the ini efore bending.

c. Belt hanger in position on tunnel ceiling before blast load was applied.

Figure 87. Numerical development of belt hanger configuration for analysis.
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Figure 89. Load-deflection (left) and joading-time history (rig'ht) applied to belt hanger.
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Figure 90. Dynamic pressure ger from Run 1 CFD Sta 32 (1 cross cut back
from seat number 7) (a) an ement time history from the FE analysis (b)
Rockbolts
Calculation. r rockb8li®that extended from the tunnel
ceiling, cing exposed to the blast environment. A belt

ockbolt to provide the correct amount of

c blas generated by the CFD calculations was applied to the
L ihe rekbolt, significant bending was seen in the response. The
itions of the rockbolt are shown in Figure 91a, along with the
lacement time history (horizontal deflection for the end of the
rockbolt) g 91b. Although the bolt experienced some plastic strain, the levels
did not appfoach those necessary to cause failure beyond the bending deformation.
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Figure 91. Initial and final po Jaition of the rockbolt (a), and the horizontal
displacement of the bolt i ime (K &r the applied blast loading.

Mine Seals

Figure 92. Omega blocks (left) and Blocbond mortar (center) components used to construct the Finite
Element model of a complete mine seal {right).
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Each block was composed of 325 solid elements. Each layer of BlocBond mortar
was a single element thick, with the layout of the mortar elements coincident with
that in the adjacent block. Each block and the surrounding BlocBond were
numerically tied to the surrounding blocks, so any failure of the wall system was
constrained to a failure within the models of the Omega and BlocBond materials.

A failure criterion of 75 percent strain was added in later calculations for
visualization purposes, and to allow the seal to fail and separate as it actually did in
the NIOSH experiments at the LLEM. The material properties of the blocks and

@a block seals to the
ations were designed to

realizations of the areas where elements have failed and no longer have any
strength, thus allowing some spurious motion of their nodes. This is not
consequential to the overall response of the seal described herein. It can be seen in
Figure 94 that arching action is not present in the vertical direction but, while it is
not clearly seen, some horizontal arching is present across the width of the seal.

In Figure 95 the displacement at the center of the seal in the simulation is
compared with the measured displacement at a corresponding location in Test 504.
Two versions of the simulation were performed to represent the bounding cases for
the fixity of the top of the seal. The wood slats that are usually wedged between the
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Figuré 94. Simulation of seal response in LLEM Test 504, with deflection scaled up 100 times.
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seal and the roof of the drift were not modeled. The cases modeled had either the
nodes on the top of the wall free to move (unconstrained) or completely fixed in
space (constrained). The unconstrained case resulted in unrealistically large
deflections, while the corresponding peaks in the constrained case matched the
measured results fairly well. Both simulation cases qualitatively track the
excursions in the experiment record, with the constrained case showing an
excellent match to the track of the experiment displacement pattern. Note that the
displacement records all follow the oscillations of th easured pressure applied to

the wall Figure 93.

Figure 96 shows the discrepancy between tk ool and experimental cases
can clearly be seen at about 0.6 sec whe Tl

of the wall (represented by elemer? ; zero in the
picture). This clearly shows the differe
tion, where el

|t did duriffs the experiment. The failure of the
on resulted in the 0.10 inches of permanent
permanent displacement of about 0.05
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Figure 96. Simulated Lake Lynn Test 504 (a) pefore deflection jump, (b) after deflection jump
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Simulation of LLEM Test 506. The FE simulation of LLEM Test 506 was performed
in order to compare the calculated response with the measured response for the
case where a seal fails completely. Figure 97a shows the measured pressure and
impulse loads from Test 5006, which were also applied in the FE model to the

simulated seal.

Figure 97b shows the calculated displacement at the center of the back of the seal,
compared to the measurement obtained in the expegiment at the same location.
Unfortunately, the LVDT gage used in the exper] ¥gopuld only measure a
maximum of six inches of displacement, so t record is not valid beyond that
point. For the FE calculations, only the ca Wwith%he constrained top of the seal is

ens to the Omega block seal under

- To provide a better under:
cluded in the FE

the loading of Test 506, bre

s; a 15.0-psi tensile strength for
for the BlocBond. A strain erosion

1 to Test 504, but then quickly begins to breakup. The
sed by the BlocBond mortar, until the wall is broken
ces which would be propelled down the tunnel (which is not
litatively compares well with the debris field produced by Test
difficult to quantitatively compare these without explicitly

el as well as the seal, which would show some of the interaction
between the geal debris and the tunnel boundaries. The difficulty of doing so did
not seem justified by the value of the information that would be gained.
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Pressure, Psi
Impulse, Psi-sec
Displacement, In

08
Time, sec
MANPR Ri R A RRE

a. Measured pressure (spiked curve)

impulse (smooth curve).

Figure 97. Loading conditions (

a. Deflections at 20 msec. h. Deflections at 80 msec.

Figure 98. FE simulation of Omega seal breakup in LLEM Test 506.
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Effect of the Loading Derived from the CFD Calculation. A pressure time history was
generated by the Sago Mine CFD calculation at Seal 1 from Run2 (shown in Figure
99). This time history was then applied to the seal model to demonstrate the
response that would occur from that loading level. The response was similar to that
seen in Test 506, in that the seal failed (Figure 100) and the debris was propelled at

high velocities down the tunnel (Figure 101).

Pressure, psi

Figure 100. Early time response of Seal No. 1 to loading from SAGE Run 2.
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#he loading from SAGE Run 2.

- A resistance function for use in SDOF analysis was generated for the belt
hangers

- Spider plate and Pie pan calculations provided insight into the failure
mechanism, time of response, and directionality of damage.

_ Rock bolt calculations captured responses similar to those documented in
damage surveys
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- Specific correlation of FE results with the responses seen in Sago is difficult
since the exact loading on each structural component within the mine is
unknown and the pre-incident state of these components is also unknown (bent

before incident?).
- Seal calculations compared well against LLEM tests 504 and 506.

11 by the models

. General failure of the seal seemed to be capture

- CFD loads produced extreme failure and the debris at high velocities

away from the original seal location.
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SDOF Analysis of Mine Structures

Mine Seals

The results of the FE calculations have shown that the dominant response of the
Sago seals is shear, as opposed to bending, of the block material around the
perimeter of the seal. By definition, a single-degree-of-freedom (SDOF) model can
approximate only on mode of response, therefore, a shear mode] was chosen.

n (SPOF) model, it should be
omplex behavior of a multi-
one-dimensional. The
the system stiffness.

) as the entire mass of

In the development of any single-degree-of-fre
remembered that we are trying to approxim

the section undergoing shear disp
being approximated is used to determiné ?
mode, the entire mass is ngwing. This sar roach is used to determine the

) ; ut again, {6@#he shear response the entire area

analysis tha

ess; L.e., the apparent spring response of
Wisplacement curve. For the shear SDOF, the

d along with an estimate of the shear strength, fs, of the
# construct the “elastic” portion of the load-

on. BV dividing the shear modulus into the strength (fs/ G), we
baring strain at “yield”. Knowing this strain and the thickness

e shear plane, we can calculate the displacement, de, at yield.

: ear test are needed to establish the ultimate shearing strain.

W ltimate shearing strain and the thickness, we can compute the

ultimate displacement, dy, for the system.

We are left with only one more displacement point to construct for our load-
displacement curve. Since the shearing strain occur across the entire shear plane,
the shearing forces result in a failure mode that is very abrupt, and we must choose
a value of displacement where the load capacity of our model is zero. To
minimized numerical instabilities during the solution of the SDOF, this point may
be taken to be equal to the “elastic” yield point plus the ultimate displacement (de +
dw). The purposed construct will generate design-conservative results for external

loads that are sufficient to cause a shear failure.

Final Draft




Final Draft

ERDC/GSL TR-06-X 5/9/2007 117

The final step is to establish the loads on the system that are to be paired with the
system displacement points derived above. Since we know the yield strength of the
material, fs, and the available shear area, As, we can calculate the shear capacity of
the system, Fs, as fstimes As. Using the external loaded area, A;, the external load,
Py, required to cause yield is equal to Fs/A1 Thisis also the load to be paired with
dy. The resulting load-displacement curve determined through the above process

is shown in Figure 102.

ime-varying loads were
time history result of the
Test 504. The calculated

To demonstrate the Shear SDOF, two calculati
performed. Shown in Figure 103 is the disple
Shear SDOF using the pressure loading hi

located in the C drift, as an evalu he model. The
agreement is quite good. Itis int peasured
response does not follow the decay in th&g e times, whereas
the SDOF model does. If ¢ he considered accurate, then the seal

is exhibiting a softening in "2t loads below the shear strength.
This complex behavior is not

as perfo ‘using exg ptly the same model of the Shear
th the 18 &ling from BLEM Test’505. A comparison of the SDOF- -
: d the LVDT om the Test 505 (seal located in C-drift)

A second ¢

! e initial velocity of the seal up to the same 6-inch
lacement. Again, t parison is quite good. Note that the SDOF appears
iohtly over-padict e displacement and velocity at the end of the LVDT

To demo the Shear SDOF model as a rapid assessment tool, the model was
used to genérate pressure-impulse (PI) curves and to compare the calculated
response with data from the LLEM Tests 504, 505, and 506. Figure 105 presents
the comparative results in PI format. The two criteria chosen for the PI’s are the
“yield” displacement(0.16 inch), to segregate the elastic response region from
initiation of shear damage, and the “ultimate” displacement (0.86 inch), which
represents the displacement from which the system cannot recover, and brittle
failure is imminent. The PI curve was generated using the WAC code (Reference
35). WAC iterates on a wide range of open air charge weights, calculating free-air
pressure and impulse pairs to drive the SDOF computation, and determining the
P-1 pair that matches the response level desired. Strictly speaking, the P-I curves ,
generated should only be used for free-air pressure pulses where the wave-shape
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exponentially decays from the peak to ambient pressure over the duration of the
pressur pulse. However, the wave shapes measured in the LLEM experiments
closely approximate this shape. Therefore, plotting the results of the LLEM Sago
wall results against the calculated P-I curves for the Sago walls gives us some
insight into the response of these walls.

Firstly, we see that the tests in which the Sago walls did not fail fall to the left of the
“vield” curve, indicating that the SDOF shear mod: uld have predicted that they
remained elastic. Secondly, All but one test in the walls failed fall to the
right of the “ultimate” curve indicting that t i shear model would have
predicted that the walls would have faile between the “yield” and
“ultimate” curves is close to the failed

The other observation we can make fro
PI curve is the relative posi]

iencet Sstire loadings from 23-, 22-, 15-, 26-, and 51-psi
er” Omega wall. The differences in a Sago wall and a
fction process, namely the Sago wall used a dry
he fi#tt course, and in the Proper wall, much more attention to
edging and mortaring the top of the wall. Using the SDOF
sis dedifribed above, the result would have been failure of the wall for
Rssure was above about 20 psi. Possible explanation of why this
wall did not#ail include, better construction practices, the Omega blocks used had
a higher average strength, stronger bloc bond material, increased thickness of bloc
bond mortar beds, increased thickness of block bond face coatings, and more
attention to wedging in the top of the wall and applying the block bond at the top of
the wall. Further analysis of these parameters would be required to definitively
answer why the “Proper” was significantly stronger than the “Sago” wall.
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Figure 105. Plcurves caloulated by the SDOF model compared with those from measurements on

LLEM Tests 504 - 506.
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Belt Hangers and Rock Bolts

Many of the belt hangers and exposed bolts in the Second Left Mains were bent by
the force of the methane explosion. It would first appear that the direction and
degree of bending would indicate the direction and force of the blast wave as it
passed down the tunnel. The bending of a hanger or a bolt requires a large
differential between the pressure on one side of the hanger and that on the
opposite side. But the thickness of these items is sogmall, and the blast wave
moves so fast, that they are quickly engulfed by thet®
pressures on all sides to be essentially equali

o he blast front. This is

the “dynamic” pressure that beha e wind. Unlike the

pressure immediately behind the blast
pressure is highly directio 1, with the belt
- the “upwind” side. Ifthe ic pressure
the manner observed in the 3§
established between the appli

ers and bolts B
ceat enough, it can bend them in
ifa relationship can be

nalysis, SDOF models of the belt hanger and rock bolt
ce the procedures for both structures are similar,
ere treated@ygethegiand any differences are noted. The hanger resembles a
and the Tt is a simple right circular rod, but both can be treated as a
ese structures were exposed to the drag forces generated by

r deformations were recorded during the post-event damage
survey as foliffisic evidence. While the hangers are a very uniform structure, their
observed deformations yield inconclusive information. The bolts, on the other
hand, vary significantly in length, yielding a large range of frequency response

samples.

Belt Hangers. By assuming a uniform loading in the simple cantilever beam
formulas, a load-resistance curve for the belt hangers can be approximated. The
loading is the drag load from the explosion blast wave, and it can be constructed as
previously discussed. The SDOF calculation was performed using the simple
cantilever beam resistance function, and also using the FE derived load
displacement curve (numerically produce resistance function). Both resistance
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N

functions are shown in Figure 106. A comparison of the results of the three
calculations is presented in Figure 107 for representative dynamic pressure
loading. The deflection is measured at the tip of the belt hanger and is measured
on a radial arch, where a displacement of 6.9 inches represents a belt hanger bent
flat (180 degrees). As can be seen, there is an acceptable agreement with the first
and more simple model, resulting in a conservative estimate of the displacement of

the belt hanger.

The SDOF model developed in this analysis re
analysis of belt hanger response to dynamic

5 useful tool for further

Sago mine have uniform materialan ariable lengths
provide a variable frequency “oage”. is is¥hsed on the
frequency of the fundame 1 bending mo the bolt-cantilever. The objective is
to construct an estimate o o forces re d to deform the bolts to the

survey (Refenghy b residual angle from the vertical, and plotted
i ‘ the distance of the bolt location from the
#y from the seals and toward the working face

e at there is an order of magnitude spread in the residual

first bending mode for each bolt was calculated from its

: and its length. The distribution of these frequencies is shown
in Figure gt can be seen that there is a two orders-of-magnitude spread in the
frequencies¥ To collapse this data into a reasonable and systematic measure of the
estimated drag loads, the frequency of our “bolt-gage” must be taken into account.
Returning to the cantilever model of the bolt, the plastic moment can be calculated
and used with the residual angle of deformation to obtain an estimate of the plastic
work absorbed by each bolt. This plastic work is presented in Figure 111. Note that
the plastic work value has an average excursion of about six units about the mean
curve at any locator point. This plastic work and the ideal cantilever model give an
estimate of the ductility experienced by the bolts.
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Figure 107. SDOF results compared to 3D FE calculation and SDOF with FE generated resistance
function .
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Figure 110. Primary mode frequency of bolts versus bolt distance from explosion source.
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Himate of the loading required to deform the bolts as observed, it

To construct an es
is necessary to assume a load-time history shape. Based on the SAGE calculations

reported in the previous chapter, a triangular loading with a duration of 20 msec is
ding would have an impulse (I) equal to 0.5%Q0*0.02. Now if

appropriate. This loa
we tacitly assume that the bolts are impulse sensitive, the following expression

gives the impulse necessary to develop a specific ductility or plastic response:

I2 = [Re2/(2*pi*D2]*(2%d-1) (9)

Where

Ry, = theultimate resistance

f = the frequency of the mo

ce the peak drag load is the dynamic
oefficiént, which in this case is 1.0, we can also
rescit@lEk was necessary to create the drag force. The
derived by introducing appropriate Rankine-Hugoniot
ergy, and momentum conservation (Reference 37)

(10)
(11)
(12)

C. = 14/5 *Q*Po

Where P, = Peak Overpressure
Q = Peak Dynamic Pressure

Po = Atmospheric Pressure
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However, this overpressure is not necessarily the peak overpressure in the drift.

The results of the above analysis are presented in Figure 112. Note that there is still
a spread in the data, but it has been significantly reduced from the frequency plot.
Based on the results shown in Figure 112, it can be seen that the calculated
dynamic pressures that it took to deform the bolts are lowest between cross cuts 8
and 9. This is consistent with the CFD calculated dynamic pressures in this area
being lower than further up the entry where the floywgjg more in line with the entry.
The highest dynamic pressures are seen betweengdtried12 and 13, beyond which

the the pressure drops off slightly.
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Figure 112. SDOF calculated peak dynamic load required to produce the recorded bending
displacement, based on a triangular 20 msec blast pulse.
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5 Conclusions

A complicated, fully three-dimensional computational fluid dynamics (CFD) model
of the Sago Mine was generated and several possible event scenarios were
simulated within that model. The validity of this model was based on good
comparisons of data for similar calculations performed of LLEM tests. Structural
finite element analysis was performed for several components that are contained
within the mine system, including Omega wall seals, conveyor belt hangers, rock
bolts, and spider and pie plate support systems. Simplified methods were also
developed for several of these components both through analytical methods and
using the high fidelity finite element results.

The CFD study provided significant insight into the effects of the methane
explosion in Sago Mine. Using the 3-dimensional model and the SAGE code, the
study was able to demonstrate the highly complex propagation of the burning
methane. It clearly shows the multiple pressure waves interacting from multiple
directions to form higher pressure regions as the burning methane front expands
in a radial direction through the entries and cross-cuts.

The results of the CDF simulations provide not only the spatial plots of pressure,
but complete time histories of the field variables in the calculation at up to 191
locations within the sealed area and outby of the seals. These field variables
include overpressure, temperature, particle velocities, and density in the x-, y- and
z-directions. These time-history data are analogous to an experiment where
measurements were recorded at 191 locations, but at each location all of the field
variable “data” are available. While many of these time histories have been
analyzed in this study, it is outside of the scope of this study to analyze it all. These
time history data will be provided to MSHA for future analysis.

Also available from the CFD simulations are the “snap shots in time” of the
complete grid that are used to generate computer movies. Several of these frames
are shown in the report to illustrate the development of the explosion. For
example, for Run 3 there are 452 frames available at about 4 ms increments. In
each of these frames there is the complete information of the physical state,
material distribution, and other information of each of over 30 million cells
(locations) in the mine model.

The theoretical worst case scenario of the sealed area of the 2nd Left Mains in Sago
mine completely filled with methane provides an upper bound of seal loading for
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non-failing rigid (Run 1) and failing seals (Run 2). These bounding cases
demonstrate the very high loads on perfectly rigid seals (Run 1) compared to seals
constructed of foam concrete and having realistic material properties and finite
failure imes (Run 2). However, as Run 2 shows, if the sealed area had been filled
with a 9.5% methane-air mixture and initiated near the location defined by MSHA,
the loads on the Sage seals could have ranged from 629 psi on Seal 8 to 156 psiat
seal 3. The constant volume pressure calculated within the sealed area from Runt1
reached the theoretical maximum value of 120 ps 9.5% mixture of

methane/air.

Run 3 represented what can be considerg Bekind case in terms of loads on
the seals. Itis a lower bound becaus M hir mixture volume is
located away from the seals, is a legg B ation of methane, and
had to propagate through an inert mis Bmgbrder to reach the

D calc s showed the 9.5% methane air mixture

both inby and outby the ignition point. In Run 3 the 8%
etonate between the initiation point and the seals.

r, as the ysis Shows significant pressures can still be developed in the
ethane Mir mixture as well as in the pressure wave that propagated

ed 17% methane.

failed in Runs 2 and 3, the pressures generated dropped quickly as
one moved outby of the seals. In the case of Run 2 this is primarily due to the fact

that the fuel stopped at the seals. In Run 3 the seals had the effect of reflecting the
short duration “shock” pressures back into the sealed area. As the seals failed and
were displaced, they are driven by the remaining gas pressures from the expanding
burned methane. This pressure build up in the sealed area can only be relieved by
expanding outby through the failed seals. The venting generates a significant
velocity of air and burned and unburned methane that lasts for a considerable
amount of time. Run 3 was stopped at 2233 ms (2.233 seconds) and the gas
pressure at each of the seals was still about 30 psi. :
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Based on the LLEM tests of Sago seals and confirmed by the structural analysis,
the Sago seals have the capacity to resist about a 20psi load before they start to fail.
The failure mechanism is dominated by shear response around the perimeter of the
wall. Since the Sago walls were unreinforced and constructed of individual blocks,
once failure occurs there is an abrupt loss of strength and complete failure, as is
commonly seen in other articulated wall systems, Failure of the Sago walls occurs
at perimeter displacements of about 0.2 inches. For a 9o psiload such as
measured on LLEM test 506 the wall has displacegébipches in about 20 msec. At
this point the wall is broken up and is in free Dué to the different strength
materials used within the seals (Omega blogd
Omega material fails prior to the high
complicated failure conditions exist
both materials and the disparity by

The analysis of the spider plates and pie Yiggdof stipport pla
~ limitations of the couple the roof support plates is affected

by many variables, includi nnel ceiling, the orientation of
the plates, the amount of gap¥ [

the pressure erting loatg fvever, the analysis did provide
important i he respo fthese ms. It was determined that
dynami predomingte load affecting response of the plates. LLEM

ites are defG od when subjected to overpressures above

pan against the roof. If there is a slight gap,
essure, or a tilt to the pan, the dynamic pressure,
the pressure propagation, can exert a force causing
the pan deflects, more area is exposed for loading, resulting
ecessitating the use of coupled codes to analyze these

 these loading conditions. The calculations showed the response
time for a ¢ plate to be completely bent, using loads measured in LLEM test
506 at station 304 ft. is about 15 msec. This short respense time and low
overpressure value partially explain the many instances in the mine where roof
support plates are bent in multiple directions. As the CFD calculations show, the
intersecting entries and cross-cuts produce complex pressure waves with
components bouncing around and coming from many directions.

compone

The analysis of the conveyor belt hangers and the bolts extending from the roof
provide insight on the loadings required to damage these items. The FE analysis
showed that it would take a dynamic pressure of about 150 psi to begin to
permanently deform a belt hanger. Howeyver, this dynamic pressure must act ina
direction normal to the face of the belt hanger. Loads are highest on a belt hanger
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when the pressure wave is traveling directly down the conveyor entry. Based on
the FE modeling a resistance function was developed for in a SDOF model of the
belt hangers. It was shown that the SDOF model provides results comparable with

the FEM calculations.

Analysis was performed for the conveyor belt hangers under several loading

conditions and included numerically cold forming the hanger. This analysis
e loading conditions; but

ental data, especially the
case of a cold formed hanger subjected to a - would permanently deform

deflects, the dynamic load continties
deformations, the load can be significa

" The analysis of the rock bo i ers showed that the bolts can be
permanently bent by much 164 It hangers attached directly
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6 Recommendations

The conditions under which a combustible concentration of methane-air can
transition to a detonation are not well understood. A series of experiments in a
simulated or actual mine should be conducted in order to further understand these
phenomena. A much larger region of the methane mixture than previously used in
LLEM should be used to allow the burn rate to accelerate toward detonation levels.
Additional experiments should be conducted with concentrations of methane
ranging the explosive limits. These experiments would also provide data for
improvement of and validation for further CFD studies, increasing the confidence
in the results of future CFD studies.

Seal design tests should be conducted in the same proposed mine in order to
validate whether candidate seal designs can withstand the maximum design loads.
This work requires a facility where a large volume of methane can be ignited in
entries that are hundreds of feet long. The case of the methane cloud against the
seals and various ignition locations within the entry should also be investigated.

As a result of this study a very detailed 3-dimensional model of the Sago Mine was
created. Only two of many plausible methane distribution scenarios were
computed in this study. Others scenarios that investigate various methane — air
concentrations and distributions within the sealed area of Sago Mine should be
accomplished. Calculations should also investigate the impact of the simplifying
assumption used in the CFD calculations. For example, calculations could
determine whether heat conduction to the walls of the mine is a significant factor
and whether mixing and burning of mixtures, such as the 17% methane of Run 3, is
important.

Material Properties should be better characterized for the materials used in seal
construction if advanced finite element or other structural calculations are to be
used to analyze these structures.

Alternate seal designs should be investigated that incorporate shear reinforcing
and materials other than foam concrete. This research should include numerical
analysis of candidate designs in order to understand failure modes and focus on
the most promising designs, experiments in a simulated mine environment under
realistic loading conditions, and material properties testing in order to better
develop design specifications.
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Validation data are needed for the belt hangers and rock bolt components. This
includes experiments where the loads are known and the response has been
documented. The process by which the hangers were numerically cold formed also
should be confirmed and validated in order to ensure the hangers contain the
correct stress/strain pre-event state. Load deflection tests to determine the
resistance of the cold formed belt hanger should also be done for comparison to the
analytically generated resistance functions.

finitively established. A CFD

The effect of bottom mining on the seals was 1y
‘ without bottom mining, for

study should be performed on a single ent
several methane concentrations and ex
the whether bottom mining and the
seal loads.
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