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MEMORANDUM FOR: THE FILE

FROM: LINDA F. ZEILER
Acting Director of Technise¥Support
SUBJECT: U.S. Army Corp of Engineers Draft Report: “CFD Study and

Structural Analysis of the Sago Mine Accident”

The original intent of the Computatlonal Fluid Dynamics (CED) 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 Engmeers (USACE) was to
_use a sophisticated computer simulation as a way.tc

e e R e

exp osion at the Sago Mine and poten’aally estabhsh the seal overpressures The report »

s ot firtalized fort wefollowing reasonst

* From the outset, Technical 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 mme

reoulatmn mnr‘ermncr the desi Zn, eonstruetlon—testmg, and - maintenance o
seals ” However, Techmcal 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. ‘

You can now file your MSHA forms online at www.MSHA.gov. It's easy, it's fast, and it saves you money!



e  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

= 'affecte'd—byfother—fact@rs-fs-uehﬂ&ehaﬂges{—ne—le—vati@H,V—di-,flfeﬁenc_es;inﬂa:tr,nosp.hericr
density, and exchanges of air that would make it virtually impossible for a
* uniform percentage of methane to exist throughout a sealed area.

s 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
Joads 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

indicated a-pressure m;qm:@,,,,,e ofoneofthe. oo

al ns indicated a pressure of

of results of the study into question.

e 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 couldnotbe-

* 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 blastloads 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 mine 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 ina

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.
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Preface

The study reported herein was performed by personnel of the Structural
Engineering Branch, Geosciences and Structures Division; Geotechnieal
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
"“a]ys,’r:for:the;s,tmgural,,cglculations. Mr. R. E. Walker provided material

____models for both the CFD Study and the Structural Study in addition to the
SDOF models for the structura ~calculations— M —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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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 Mme in J anuary 2006 resultlng in a number of casualties to

dhiere was funded by the-Mine-

Safety-and-Health-~ Admlmstratlen of- th&U—S —Department-of-Laborto-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

_____ tosimulatethe-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 5ago 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 siﬁl‘a‘tifﬁof’the—‘%agefaccid ent 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:

. rEﬁﬁﬁi&el%@f;seals;showedﬂxat shear strength was the dominant factor in
-__the-seal failures. Little to no arching action from tﬁdﬁﬁfwa&ebse,medﬂh e

FE analysis of the LLEM Sago seals provided Vv alid&’eien-,gf_,the;models.

« 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

—tothelow-strength of the block material and the lack of any shear
reinforcing where the seals abut the mine walls: :

o 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.

« 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 inthe 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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¢ 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 ceiling
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
blastloading 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 offect was observed at many
plate locations in the CFD calculations.

o 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.

_ o Inorder to define the maximum blast loadings on the seals, Run 1 assumed

that the seals were non-responding. 'Tlii’:'-"=’1’*1i=ﬂ=i=r=xéie&teé;tihaztihe,cgiﬁned

yolume pressure sehimd-the-seals-weuld 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 Run2 contained a limited structural response model that allowed the Sago

1 1

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 ina 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 psiatseal 8
to 225 psiat seal 1.
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e 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—).—I—t—i—s-net_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.

o
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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

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).

Final Draft



Finat urart

ERDC/GSL TR-06-X 5/9/2007 ' 6

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 theend of a

drift. The test seals were located in cross-cuts from about 5 to 70 metersaway:
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.

i C'Eé@rzt@;eﬁtablish,,reﬂgstig requirements for the resistance of mine seals to
methane blast loads, it is essential to know what those loadk -might-beina ,

reasonable “worst case” situatior; i.e., wien-a Jarge-volume-of the gob is filled with
a critical methane/air mixture. Itis 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 i the loads applied to the geals. 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 Of
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 offects observed in the 5ago 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:

0 11,s‘tﬁﬁlﬁhﬁ‘fﬁeip@s%ibl&p;;ess,ure;time,histories in the Sago Mine that could have
been-produced by the January 5006 methane gas explosion

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, ete.

« Account for failure of the seals and the effect on blast propagation inte-the

nearby unsealed area of the mine

o (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

o Comparethe calculated blast levels to th_osé 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-inthe.-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 CED calculations should assume a
methane/air concentration level of 8 percent contained in the volume below

elevation 1408.

information provided by MISHA

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 2000 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

apter4.isthe construction of

An initial step in the CFD calcula%ﬁn;%fsﬁ‘%pf@ﬁeééiﬁé(%h
delofthe mine area involved in the simulation

o three-dimensional geometricmodet

(the Second Left Mains and the Second Left Parallel). To provide a Dasis 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, pilesof 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 0
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.
Fach 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 photo graphed.
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Material Properties

In some of the initial CFD caleulations, 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 amore realistic case in later
calculations, however, these materials were allowed to yield under a blast load in

the calculations in a manner consistent wi?th'theiraetual—strengthfprgla_(art_heg, which
reduced the intensity of the reflections. Limited material properties were available
for the Omega block material. These included the uncorfined 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 Expetiments

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

__Pennsylvania (Reference 8). The purpose of the experiments was,

amid-Health-(NIOSH)-at their Lake Lynn Experimental Mine (LLEM) in
Fetorinvestigatethe e —o
blast effects produced in mine tunne ’S’aﬁdmt?b}rdeﬁberﬁt&i-nitia,tio;li of
critical methane/air mixtures, and the level of damage sustained by seals similar in o
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 lititestone; Tather-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:—TFhisis
lustrated 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)

LLEM | o Sealg -~ . Pressure
Dato tost#: | jocations T wype ' B ME,,X ‘[Dar5| " Resul ‘
X2 ‘proper’ 40" Omega 23 survived
aispoos | 01 | X3 | yond 40"OMeOa . 25 | _suvived |
| K2 "proper 40" Omega, 2001 design survived
'i 6/1542006 502 X-3 ‘hybrid' 40" Omega 38 | failed
! C-320it 'proper’ 40" ©Omega, 2001 design 51
i *-2 ‘proper’ 40" Omega, 2001 design survived
8/4/2006 503 X3 'Sago-like’ 40" Omega . | 16 survived
o i C-320ft 'Sago-like' 40" Omega survived
i = o===|=1F par402.0me 12,.2001 design
| /1612008 504 %3 'Sago-like' 40" Omega ' o | sgvived——|—
| 0T | Sagolike-40-Omega Y survived \
X2 'proper’ 40" Omega, 2001 design 26 _survived
‘ 8/23/2006 505 7._&__._ 'Sago-like' 40" Omega o - failed
H C-320ft 'Sago-like' 40" Omega failed
‘proper’ 40" Omega, 2001 design | 51 | survived
10/19/2006 g;(_‘,lid_blo(;l(1 survived

'Sago-like' 40"
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Test No. 6 - Sketch of NIOSH’s Lake Lynn Laboratory

Drift C

Drift B

Drift A

ChB =====- Conhcreta Block Seal
OF HlEl - 40-inch Omega Block Seal

Sp WEEEE - 40-inch Sago Omega Block Seal

o -Roof Bolt Flates with Pie Pans and Belt Hangers Agranged Alternatively
B ——= - Hollow Concrete Block Stapping
# - Cribs

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 Buckl ernon AV e=The e

bituminous coal is part of the PItts Furgh "B'e—'d".TLPhe:p]?i'ﬂ(%i’P&LS@3.—11145,—,4:1;@?7&#

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 1n 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,
he 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. In the 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 bein
13 2 ’ 3

actively mined.

Description of the Seals. %

i
i

The locations of the seals for the Secondy iﬁeﬁ Mains a
The seals were constructed of light-weight concrete blockg
name as “Omega” blocks. The mdﬁ%ugl Omega blocks areghout |
by 16 inches wide by eight inches thickiThey ;ﬁ;iéfégormally Mo

over the full width and height of the tunn wieross-cut, with 4 coat of mortar
placed over the front and E?% fac o seal off any small openings

between the blocks. i,

;|
7

Omega blocks in accordance

1sed in thepsago Mi ﬁ—fe%e%en@eé}};—EﬂCh:coulsi,e;,cl(),rl,s,iﬁtﬁd,7

of two ToWE j locks, , firthose-indgne-row-being laid side-to-side, and those in

the other row laid end 1 was reversed in alternate courses i

; %%gé 4
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7 Left Workin Section
= g>= T, “‘& — Recently
3 - .&":. h.[ ‘L" k" 4 e. i 'ﬂ i — _S ! ed
1 Left Working Section L0 ‘.ﬁ’gg@;};k/ ——5eal
" 'f‘:‘,._‘e ’fi 4 'x.{‘\. Area

Older Sealed
Arsas

. ___Travel Route

, Prior to Accident on 4/2/06

W /3.6 a.m. - Section preshift exams conducted.
6:00am.-1Left&2 Left crews enter mine.

Mihe | - & : 6:30 a.m. - Explosion occurs as. 1 Left crew

e ' ¥ X é » reaehes section entrance.

&1Sago *lﬁeﬁlﬁiﬁgé’ealedfoﬁeareasfand:an’rive working areas. The “Recently

Sealed Area” shown at the top is the 2d 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 werea minimum of ¥4-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 wete 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.

od. Gos Wal

Core Hole

&

i bl
P Prod. Gos ¥ell
SRS O ‘ ~ )/ 3L

r 2

Figure 3. Close-up view of the 2nd Left Mains. The red marks across the tunnels, between the shaded
(sealed) area and the unshaded (active working) area indicate the locations of the walls used to seal off
the methane gas in the sealed area. The arrows show the path of ventilation air in the working area.
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The January 2006 Accident.

On January 2, 2006, an explosion occurred in the Second Left Maiﬁs. 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 escape

Second Left Parallel, but only one survived long eno

A\CATAC o S

d. Twelve miners were trapped in the

ugh to be rescued. The others

dueced by the explosion before rescuers could

were overcome by the toxic gases pro

reach them.

In the months following the accident, several

cause of the explosion, the damage

and other aspects of the incident. Relg
report of a study commissioned byt
investigations indicated that the €xp
Mains may have been triggered by a light

lightning found a path int,@ﬁ%he Second Le

bt

however.

L1 i
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1tey*was made of

Agv‘
QE byt

Ll

A
prod&, el
jetieg 10, for

s

S

¢ governor of West®
sion of tlg%g methane
2 v};@«‘?} -

ggstrﬂﬁ,e on the syz

igations were made into the

ast, the rescue operations,
exd
“ﬁ » .
inia. The

heSecond Left

*},i

ins is unknown, at this time,

dence of damage from the explosion
PN Rl :
gion point:flie volume of methane involved, and

rough the array

of tunnels and crosscuts to o=

ongincluded athage to spiderplates; pie-Pansy——————
i@fother items, as well the distribution of
cribbing, and the seals themselves.

: the entire Second Left Mains area to
Be tunnels and cross cuts along their lengths. This was

oth the total volume of the area, and the changes in volumeor——————

the blast w

ave progresse
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planks and wedges on top.

b. Staggered block courses in a wall, with
a block seals in the Sago Mine, with the blocks

Figure 4. Construction method for 40-inch'thick omeg;
laid'in staggered COUrses and mortared. .
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Study Rationale, Assumptions, and Pracedure

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 phenoménology
involved in these two approaches are quite different, so different computational

methods were used in order to take advantage—of-each—me’éhodis-unique_attributes
and capabilities. ‘

Defining the blast environment.

A computational fluid dynamics (CFD) ‘ was used to calculate the
blast environment produced in the sed xplosion, the
blast loads that would be applied"ég%jﬁst( s in the mine,
and the blast environment beyond the se
blast environment at any lgcationis definet
and a dynamic pressure. Thef
described in the form of a press

ffér their failure {{
a peak pressure, a total impulse,

teggure and impulse are normally

R
gy

hiagithat shown in Figure 5. The

_ dynamic pressure s essentially: xerted by the gas flowing behind the
Dblast front, asgbis diiyen by the egpar sionproducts. When this incident
wave reaclj gt s £ the wave ptopagation, the incident wave is =

reﬂected%'p, ulti her pressure loading on the seal. 1he
J CE pare:%‘gt% the incident wave is a function of the
) Eﬁi fe angle of incidence between the wall and the
2 aterial properties of the wall and gas. Empirical formula
p p

i explosions in air can be found in (Reference 11).

kteflecting againstarigid surface at 90 degrees (normal

Etction factor ranges from 3 at 20 psi (60 psi reflected) to 6.4 at
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Incident
Wave
' Reflected

P Wave

Pressurg ——

—
—_—

ta

1 is the peak pressure of the incident
£ whose decay is shown by the
fant wave will follow behind, giving a

Figure 5. Characteristic pressure-time history of a bLQ \ﬁaeng

blast wave, whose arrival time after the g ' Q_Ssion is a,;‘f"

dashed curve. In some situations, %@gﬁ‘e‘éﬂgﬁﬁof the incl
total pressure of P2 at its arrival tinde. M :

i

In a typical mine, the non—uniformi ofithe Us:e%proﬁles, th 6ughness of the

tunnel walls, the presence of debris on theiinnel floor, and dther factors tend to
A thmultiple reflections behind the blast

create turbulence in the blage
n initiation POIMLEO other locations in the mine.
meéans that multiple wave fronts can

o rrivefrom-difiel directionsiat agpoint aost. Consequently, the pressure-

<

¢ idealized F'Tgure= __ThepurposeoftheCFD
tiallevel of Dblast loading on the seals,ina
ities of the Sago Mine environment.

onment &: *h s the Sago Mitfe will-bemteh=ssmms s

8nt gecurred 22 days after the Second Left Mains area was
bere taken quarterly of the methane liberation rate in the mine

year, and during the recovery operatioll after-the-accident, and at

githe accident. The amount of methane remaining in the sealed
$dent was measured during the re-ventilation.

Using this iﬁgformation, 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 mixture in a 7 —foot high, 20-foot wide tunnel,

\A.fiﬂradj'acent—mnnels-g@nn.ected by crosscuts. The accuracy of the SAGE

calculation results was indicated by comparing they with the pressures recorded
in the tests. 2 %&%

Relating Blast Forces to Structural Damag}%@

Damage to Steel Support [tems. Inveﬁ%%@%s con

i ted after the explosion
rs, spider plates, an

revealed that many of the belt hange ‘bie pans in the sealed
S vanyinig degrees, and the

area were damaged by the blast. 9T %%gfe bent to
&'folded back —4n some cases, OIl

spider plates and pie pans had corners ¢, !
more than one side (Figur@@. If the blastiforce required to cause a given level of

damage to these items cou‘:;i. d%e-termined,‘ Ten the damage level observed at any
location could be used to indicateitlieblast forc‘ej‘;?%glfﬁt point. This value could

_ thenbe compared with the SA“;E cal

1s to @fhrther verify the accuracy of the

lts. Chaptéfzstescriota Second:set-ofcalc lations using two_

S SDYNA-anid DYSMAS, to calculate the damage to the spider

helt hangers that ;ould be expected from different levels of
iistlevels reqiired to produce the damage matched the .

A (_:g’i;g}aﬁons by any of the three SAGE calculations,
hane/air mixture assumed for that calculation must be

3t levels were higher or lower, then the assumed

‘*h'avefbeen:toe:gr—eatior;too,,small-ﬁ S

in, a Siggle Degree of Freedom (SDOF) analysis was performed for belt
hangers repy sé;%?ative of those in the Second Left Mains. AS with the finite
clement analysis, the purpose was to establish a rough correlation between a level
of loading and the degree of bending that would it would produce. Although not as
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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alysis was performed on the Sago

randing "~ w.they failed, and the levels of

+ desreds of failure in that seal design. AnFE
the loading history and distribution over the
s of the structure materials and design to
t1d8%0 a complex loading. Itis particularly useful
sfficult) for analyzing a dynamic response to a blast load.

et 1 g technique, once it is validated, is to enable

“mine-seals with such a method, the degree 1o which
) initial design will improve or degrade the performance ol d

%cg antified in order to produce the best compromise between
iordability.

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 general
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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details on the procedures and results of the CFD

The following chapters provide
ations.

and the Finite Element model calcul
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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-(Reference16);-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
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(5) Armor penetration

(6) Asteroid impact in the Gulf of Mexico

(7) Supernova

Fa$

18) TFsunami-metion

(9) Fluid instability problems ;g’%g%

air explosions in mines

2

’ E& 2, F. v: ;?g»
SAGE has been developed by SAICa 6;11 os Alamos Nﬁ?f‘?’g
Crestone Project. Early developmehtvas perf@i_‘lggled for theD

n,

Agency for modeling underwater nu logions, includir%’%%gck reflections

from the ocean bottom.

ode developed by the Energetic

- — = = R —— 0 s
ore N ;«.ﬁ?fﬁ"%ﬁébangam;ry;( References 18 andwr: -
i EI,QR GFPT%ilce 20)- Cheetah has a wide Variety —

%ﬂ%gqrials community, and a large library of
galcu?ﬁons may be obtained for arbitrary mixtures

{4ne in air.

84 to calculate the explosive detonation point from
corv-and the adiabatic expansion (the

ugoniotjddiabat). From these calculations were obtained the C-J
rticle yelocity, shock propagation velocity, temperature, density, sound

-' %@i‘cal components. Also obtained were pressure—density pairs for a

number of pl\ﬁé sures, from the C-J level down to atmospheric pressure along the
adiabat (constant energy) that were used to develop equations of state (ROS) 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 o1) 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: equatigﬁ%, of state explicit in Helmholtz
P : p

energy, the modified Benedict-Webb-Rubin e%;ga jon of state, and an extended
gl ions employ a model which

corresponding states (ECS) model. Mixturggég‘ale ol

applies mixing rules to the Helmholtz e%g% gy of théihixture components; itusesa
departure function to account for thﬁ%,dﬁf)éﬁﬁ% from tdeal mixing. Viscosity and

thermal conductivity are modeled; ;th eithéruid—speci q?grrelations or an ECS

1:\5;‘&%‘{% S . Yo .
method.” REFPROP, along with"Cheet Jused in developing equations of

state for methane/air mixtures.
&

Equation of State for Methane/Ai

%y

e (EOS) W

%

4 density. The shock velocity is matched to
] sihe values of the C-J and constant volume state
Cheetah. Note that methane/air mixtures of 8.0 % and

bir,04% and 6% by mass, respectively. Figures7a and 7b

sare-the EOScurve @Tswﬂl the Cheetah values. The EOS for unburned

ve fit to caleulations from the NIST RIEE PROP-7-0code- Thefit
Griineisen equations of state for the methane/air mixtures are

Final Draft

Variations of Grilneisen equaﬁ%ns of jvere used for both burned and
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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

Qverpressure, psi

Shock Velocity, m/s

Particle Velocity, m/s

Sound Velocity, m/s

Temperature, Deg K

Density, kg/m3

1.8505 xxlo6

0.8437

T ']_44.-4 T T R

The Cheetah calculations are performed for a temperature of 25 deg C. The
ambient temperature in the mine is closer t0 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 simpleét
form that is suitable for some applications with gases is
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P=w-Dpl (1)
Where
P = absolute pressure
p= density
I = specific internal energy
v=Cp/Cv (ratio of specific heats) £
The expression y-11s often called the )
(2)
(4)

= a parameter related to the shock v

s
Rankine-Hugoniot adiabat.

The coefficient
optimize the equation of state for a particular

~ may not always

After dividing numerator and denominator of Equ

s s, c and y may be considered “fit

be chosen to be the values at ambi

elocity and particle velocity on the

parameters” that may be varied to
application. For example, ¢ and Y
ent conditions.

ation 2 by V2 and defining [ as
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p=p/pPo—1
Equation 2 may be expressed as follows
p=pcpli—0.5 -1 wl/li+p(-s)le+ (y-Dpl (5)

SAGE uses-the-following variation of this equation:

,)’]%(m pl ©6)

P=poc2'u[1—o.5cv—1>u+u]/[1+u(1

guation 6 rather than p in

fthese changes, Equation 6

Hiabat than does Equation

: é%ll %f the SAGE

e ﬁs%gf higher powers of
a’*—i’f%ng with additional

The significant differences are the po out
Equation 5 and the extra pin Equationg
provides a more accurate fit to the
5, especially at the higher pressuk
calculations described in this report. 82
u in both the numerator and denominato:
fit coefficients. @

inition and growth explosive burn

fere compared with measurements of

model (Ref ‘ence
pressure in a{520-m? fidi

iWere needed. This model can reproduce
yut because the burn rate is a function only of pressure and
L N .

#76) ignition and growth models are not appropriate for

‘e trarsition to-detonation. Subsequent calculations used the

erformed by M. Kuznetsov, et al:(Referenee————

hius burn model described below, that more accurately models the
s

deflagra

Final Draft



riar wialy

ERDC/GSL TR-06-X. 5/9/2007 29

Gruneisen EOS for Burned 8.0% Methane/Air at 15C

i I -

16 | _~ Gruneisen EOS |-
" 0 OO Cheetah
% 14 |- - : : :
= * i | .
o ! : ; : ; :
E | o
I, ‘:
- IV : i
"] B |
5 !
o gl Lo -
k) ! i
et i H
o '
‘9‘ 61— Av, e O
2 ; a
o : ;
2 4y R
< | :

; i
o — AU S

! 1 i
o1z 00014 0.0015400018 0002 0.0022

.‘ = —GruneiserrEQ : : : ; .
n Cheetah AR T D ——=

“Absolute Pressure,,

018 0.002 0.0022

0 . i ; : :
o  0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 - 0.0
Density, gm/cm”3

b. Comparison for 9.5% methane/air

Figure 7. Gruneisen Equation of State compared to the Cheetah values for 8.0% (a) and 9.5% (b) w
methane/air mixtures. .
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tions of state for methane/air mixtures

Table 3. Coefficients of the Grilneisen equa

fofnces 17 and 24), the burn fraction F in a
\e local temperature T, as follows:

(7)

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 Kor about 1000 deg F).

es reported by M.

e chosen to match the burn rat
d 100 m/sfor 4 -

The coefficients Z and E¥ wer
out 14 m/s at distance 0 — 4 m an

Sapko, et al., Reference 25, (ab
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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

1614ev(1:8730-%107 deg IO
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validation of the SAGE Code for Methane/Alr 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 M. 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). Iggthe larger pipe with 0.3

blockage, the authors observed what they called%ﬁ&si;detonation” for methane

concentrations from 8.5 t0 12%. The burn aceg ’é ,;ted to a steady-state speed just
i, the ignition end. Mixture

ds close to the speed of

below the CJ detonation velocity by about&fm
concentrations of 7, 8, and 13.5% deve @&e‘zﬂame s
sound, which is about half the CJ det i@%a ?3?1 velocity.

@"fﬁ %, o,
We used the experimental data from hq&520 mm.tube with SidiBlockage and 9.5%
methane concentration for our initial in ation of the bufn models used in

SAGE. The first calculatio! 18 snition and Growth (IG) reactive
burn models that are commQIIVHSe Bxiplosiyes such as TNT. Inthese
calculations, the methane / af% iekly transiie od to detonation in both the

D (‘QLEM) Test 347 (Reference 25).

B oo
pipe-tests:

(2t

e Lynn EXp
Calculated B ~ronatiot Tegtomrof the-pipe-fesis.—

ecalwla‘tedpealepressu-r-eS-fOL'llesiSM_iiﬂE_“__
Jegfeported by Sapko, et al. In both cases, R

LLEM were stightly hi

arpigial dimes wers ChitooiBanlyand there were no precursors in the LLEM
Apressure P ile it was cl&dr that the IG model was not ideal foruse in

ethane/air Mg mregﬁﬁ%%calculaﬂons gave confidence that SAGE, using our

| gas Vﬁfﬁﬁm properly reproduce the CJ conditions.

urned t “n Arrhenius burn model, in which the burn rate is a function of

temper AT rguﬁr than density and pressure as in the I1G model. Coefficients Z
and E* (Equiation 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-MIM
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 et al.)

2000 T
|

1800 |---
1600 |- — (falcu!ale(lj i
1400 |- :
1200 |-

1000

800

Flame Speed, m/s

5, ; . b
e in a 520-mm diametet

SAGE Validation against Ijﬁi% X P!

. \%:i .
In order to Verlfy the accurac ’%al’l
N

ot

&G @E@ : L
(' calculations of explosions 11
Jculfite the results of two of the

uees, the coii‘ \

& FEEMETFest347-R eference25)

ik
iy
&

ig,uxe—gfis,afdrmmn g of the testing area of the

and Test50L
LLEM. The 18

ment contaifjedsa 190-103 (6710 ft3) zone of 9% methane/air
einb; %iof C-Drift. The second experiment used 1,265
M in a zonedthat extended 71 ft from the end. This test was
:ﬁgxiglately 9o psi pressure on a 40-in thick Omega Block

ki

oss C- %?ft 520 ft from the end. Pressure sensors were located
¢ from. the end of the drift.

{304, 403, 501, 595, and-767-ft-from

(%fine the Arrhenius burn model that had been first tested against
Uscribed 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 1 and 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 g) to match the burn rates and pressure waveforms of Test 500. 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
formed as a 1-D

were closed off from C-Drift. The initial burn to 316 msec was per

spherical event, using an initial burned energy of 2500 J(na 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). Auniform 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

aibu—m'odeled.—Th&roughnesMas ignored.
Because the SAGE calculations for the Sago mine used a 25 cm minimunrcell size;
a similar size (26.25 cm) was selected for the fin 1 ?EM calculations. The largest
cell size used by SAGE was 52.5 I (1/4 of thz eiling ﬁeight).

5y

o
.

Figure 10 shows an inby view of the sea}gé%;r;gr\ hs, and pessure sensors used in test

506. Figure 11 shows three views of i 'SAGE model for

close-up of the model, from 1gn1t§ly@’ﬁg%d at the bottom to* fe,

red at the top. The five dots near the

the methane/air mixture extended o ﬂ
~ view of the complete modé%igg‘}gowing the

On the right is a close-up vfgl sthe seal, crib!

osscuté’In the center isa
crosscuts between C and D-Drifts.
d stopping.

(b, and=C7?t7}O3=ft=Gag%S=(;5ancLC5i

H

jt 04%

are inby these ge C71s0 bytl’r@GM‘Ufstepping—wallﬁIILﬂlQ@g_e_Qi___v__
the injp ¢side-on (or incident) wave propagating from 7

sedl ﬁlﬁ;e ;?lse at 644 ms is the reflection from the seal

s reflect M;%f'él‘x"st from the seal, and then from the ignition

ge %6 measurement, the reflection from the seal arrives

i'pulse. The reflection, first from the seal and then the

=g

) T}mefb’ehind:the:(%l\/IﬁUfwalLWaSJ:Qimg(iﬁT
¥4h was much lower than the pressure at Gage C6. Since there is

&7

an open pss-culbetween the seal and the stopping, the blast obviously

propagatﬁgzgfﬁnd the wall, before it failed, as well as later going through the
destroyed wall.
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Yliily gt it bare ety
1 B-gus slun

b
Vg™

1oARLSP \
s

Inby view of Test 506 seal and cribs.

Figure 10.
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full view, and a close-up of

Figure 11. Three views of SAGE model of Test 506: ighition end to stopping,
the seal, the cribs; and the stopping (at the top).
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Test 506 Gage C5 234 ft

80

—— Measured
| === Calculated |-

Pressure, psi

1400 1600

0 200 400 600 800 1000 1600
Time, ms ’

Figure 13.. Pressuré at Gage C6in LLEM Test 508.
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Test 506 Gage C7 at 403 ft

——— Measured
| === Calculated

Pressure, psi
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Problem 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
t-explicitly-mod oled other than affecting the floor-to-ceiling

Sago mine was 1o leithly-mo
height. Steam produced by the heat of the burne othane was ignored. 1 Run-3;

the 17% methane/air mixture was treated as ine jﬁ%@vas not allowed to mix with

air to produce a less concentrated mixture tgg;tx

A two-part Arrhenius burn model was H f@) a sﬁ%%%pitial burn of about 1 m/sec
& mine walls,

until the combustion interacts with ‘gh floowor ceiling and (2) a faster

burn that matched the burn rate dfile
Experimental Mine using 9.5% methahg
used for 8.0% methane /air. The initial b
overlaid into the 3-D grid 0

a}gg;smixtures were generated by the

—Cheetahreodeiianuses. Alail] wodynamics. In 4 mine such as 5ago,

sg AME tables of Sandia National
,xg;\@g'as used. Cheetah calculations with air at

S
]

“(i5de
v, (about 1.%% water at 15 deg C) showed that the CJ
' gg»changed from the dry air values by less than 0.6%.

J&"decreases in temperature of 0.68% and 1.86% for 9.5%

. @Q [ e .
1T, respectively. Dust entrammentWasfnotftrreated:mih@s,e }

% methane

a%ggs Larde amounts of dust can lower the temperature and pressure and
i, . o
could quene hurn in extreme situations.

£ ;

Because of t%e minimum cell dimension of 25 cm (9.847) used in the Sago
calculations, the CMU walls were modeled as only one cell width thick. In
calculations 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 & 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
caleulation 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-ci minimum cell dimensions. There was no

information provided on side wall roughness; consequently, these wallswere

modeled as smooth. The floor and ceiling roug

{eshigenerates turbulence and
accelerates the combustion and transition to 8¢ onation. On the other hand, the
roughness generates local reflections 1se sQime obstruction to the blast

propagation through the mine.

g

Computer resources used in SA%;; calculations

All calculations were performed on Cravcrd/éoniputers at ejther ERDC MSRCor
i were performed to model

mental Mine with various mine
iBft Omega Block walls, CMU
ectiofis of minimum computational cell

methane/air explosions in
configurations, burn model'¢o “

_ ventilation st sand cri

ffecto | rameter...—Calculation 25 (Test

Jith-a-25-Cin minimum cell size and modeled 420

sscuts, required 3,260 cpu-hrs using up to 128~

yule fithe pipe tests of Kuznetsov, et al were
iFed188s than 100 hrs, even with very fine zoning.

hine were all 3-D and consumed much greater

4 ealculation, Run 1a, of the sealed SLM filled with 9.5%

_em minimum cells required 23,700 cpu hrs toobtain
) yul _ The calculation used 512 cpus and from 49 10 59

million cel il se 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 MS€C of simulation
time and required 137,700 cpu hrs. From 3110 40 million cells were used on 512 -
cpus. Time steps varied from 0.02 msec t0 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 10 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 5ago minegiged in the SAGE hydrocode

AD Hiawings provided by MSHA. ‘The
drawings for the sealed SLM contained€l ftours at one foot increments
from the engineering surveys. Usigg%, @solidWorks, each of the

contours from the AutoCAD file yiere d to a fully 3-D model.

The file was then exported as a st o atdGuld be read into
egion of th&%’lil‘le outside the

SAGE. The AutoCAD drawing provided a”
sealed area did not contalindetailed elevatio 'unformation. In this case, a constant

ceiling height of 2m (6.56 fE)yas used. SolidWorks was again used to import the

o-D files and produce a 3-D drawingaiiiside and outside the SLM did

not perfectly and wor ferge the 3-D models near the

seals R ]
e o

The portion © mine modéledsin our calculations is shown in Figure 15.

Threeifile ofithe,( olonéd regions, were produced and merged as

Liioms. The sealed SLM is shown as the turquoise-
it 1e of air was connected at the upper left of the rose-
jiserve asit ent sink simulating the remainder of the mine. The

: rough the regiom of the seals—In-Run-3 the SLM was split into
o files) at the Elevation 1408 ft, which is 30.5 {t above the
_ In SAGE this height was rounded off to 930 cm (30.512 ft).

ﬂ‘ N . :
le line goes

#

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 2and 3
the model of the mine outside the seals contained 16,100,000 ft3 of air. InRuns 1
and 2 the methane/air volumes from SAGE were 3,320,000 and 3,280,000 ft3,
respectively. InRun3 the volume of gas in the SLM obtained by SAGE was
3,300,000 ft% which is 12.4% higher than the value of 2,938,157 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 & horizontal cut through a portion of SL.M near Spad 4010, where

initiation of the explosion was assumed to occur. The drawing shows an example
of the floor contoursas modeledinthe SAGE calculation. The blue hemisphere

1 1

represents an initiation region. As shown here, the gegion intersects the1looT.
Subsequently, the region was reduced to1m diapgéteriand positioned so that it did
not intersect the floor, ceiling or side walls. 1y e, calculations for the Sago mine,
the explosion was started from a 2.5 J oule § ) phere of the methane-air
mixture. An Arrhenius burn model vw%h a z,gﬁ@rage Biun rate of 1 m/sec was used
for this initial burn. At the time the pfirn reached a raditigio
spherical calculation was stopped¢dngiyas uset t%o initiate the

Figures 17-19 show the locations of statiohig
which waveforms of press (s de
output and the correspondirig s i
Stations 1-188 were used in Rup

elocity, and temperature were

i ns 1-134 were used in Run 1,
iphs were used in Run 3. The

fé’éhe intersection between stations

~jfitiation-poinj
5

)pings Te 'ShTa’vv‘nva?ﬂUublefgfeenjl—ines,,_Ihe

e sdSTthrougheSto-The—

el A o and crcasts are named OO0-VV. Figure
| ﬁ swanderibs, the meshing of the SLM with the outby

Final Draft



Final Draft
43

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

ealed area; red, portion of

”ﬁ%\é; blue s
r of Second Left Mains.

Figure 15. Area of Sago Mine mbdeledHdp
__Second North Mains and part of;Secon

ns region where initiation occurred.

Figure 16. Horizontal cut of the Second Left Mai
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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 & methane explosion in the
mine. The volume of the Qecond 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 th locations of the seals and only
the SLM was modeled, so there was 1o Ventin%g%@ e nine outby the seals. In Run

2, Omega Block seals, cribs, ventilation stop ifhiggnand overcasts outby the seals
were added. Venting to the mine outby the

The calculations were started (as wag/Run 3)# with a 1-m ¢ 'W%lster sphere (centered
at Elevation 650 cm, Or 21.33 ft) ¢t buzned gas%@g}m a1-D E”EL% afion started with a
.

2.5 J spark and representing he first 107 % S6¢ ofithe mmulaﬁ% . Atthistime
there was little overpressute (less than 1 pSt)@ nd velocity (about 10 ft/sec Initially,
A

&

the burn spreads slowly rea‘% g;%%%i%gtation 124 @, ft away) at 261 msec. The
acoustic out-running motion?%r %(” rlier at 1 5eC. Outby (toward the seals)

~ transitionto detonation occuri» £ St 80, 52 hd 53 that are distances 30 6,
312, and 270 EPTESE Fely—fromERe-ignitie sdint. The first evidence of

48

~detormatio tation 10810 ated 3104t from the ignition point. Atallofthe

o,
seals, thé’

] ajlevels indicate that a detonation Kadroccurreds———
I ates out from

o waveforms at Station 82, Spad 3985 for preliminary

minimum cell size, with results from Run 1, using 25-Ci
e smaller cells are desirable but would require about 16 times as
ity %ﬁ«”‘?gsources. From this and other comparisons we concluded that 25
cm cells we‘z]a:%?%dequate, and were the smallest that were practical for Runs 2 and 3,
using larger portions of the Sago mine. The arrival times of Runs 13, 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 |

1and 2. Late time quasi-static pressure is much higher in Run 1 because the hot
gases cannot vent out through the seals. In Run1, the “seal” wall is rigid and the
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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

3.1 times the incident. In contrast, the Omega Block seal of Run 2 is light weight
dance (density X sound speed), and the reflection is much

with a low acoustic impe
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.

When a shock waves impacts the deformable O1x éega‘%r%atenal, stress waves are

transmitted into the material as well as reflectt d: Particle motions are generated

inside the Omega material from the frontigce t?? ard the back. At the same time, a

reflected wave in the gas causes particle i otigns awayil rom the seal. Inthe case of
nt and reflected velocity

the rigid wall, there is zero velocityﬁ%’fi{‘? %he%z\:‘?all. The in%i%

must add to zero. The reflected v"éél;& ity causés an abrup b .ng%in direction since
the Station 1 location is slightly inby ofithe w i For the Oni:;é%eal, the velocity
amplitude decreases because of the refleciiol but the velocity never fully changes
direction because the Omeg wa@l} is movingsglne wall near Station 1 displaces

about 3 ft in 5 msec. o,

indithe seals, ir ek toward the fgnitiorpoint=T* T

ows how thg pressure 'Wavefmmﬁevelep&withing@_sjngV
on. The burigtarts slowly and picks up speed as the foor
fléttions #ém walls, and collision of converging waves
The burit transitions to a detonation near Station 81.
Qégforms at other locations in the SLM.

tes the pressure attenuation in Entry 5 Outby*Seal—é.—'llhereTar,e
e drops as the pulses destroy Seal 6 and ventilation Stoppings E

)

temperature, and particle velocity at Station 162 are shown
in Figures 40° The high temperature gas from the burned methane passes this

bout 1 sec. Velocities exceed 1000 ft/s and the pressure is over 50 psi.

location ata
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
5000 deg F pass Station

gecond Left Parallel. Burned gas at at temperature Over
172 at about 1100 mseC and Station 173 at about 1460 msec. By the end of the

calculation, the peak pressure had exceeded 20 psiat all the stations.
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n through the Second

hane burn and explosio

e expansion of the met

SAGE calculation of th
 Left Mains.

Figure 21.
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Methane/Air (9.5% Vol) Sago Second Left Mains
Station 82 (xyz)= 1745 1385 9.8m Spad 3985

250

| ——— Min Cell 12.5.cm Run 12 ‘
—ue= Min Cells 25 cm Run 1 (t shifted) | |

T T T I
i

200 |-

. -
- —--—.-,—-—

150 | : '

Pressure, psi

50

Y
L

Figure 22. Pressure;‘%

0

0.59% Vol) Sago Second Left Mains

';Z)= 2121.9 804.4 39.2 ft Seal 10

1 [ 1

480 500 520 540
Time, ms

Figure 23. Early time:pressure for Runs 1 and 2 at Station 1, Seal 10.
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MethanelAir (9.5% Vol) Sago second Left Mains
station 1 (xyz)= 2121.9 8044 . 39.2 ft Seal10

Pressure, psi

second Left Mainrsm
39.2 ft Seal 10

1 a--= vyRuni
: vz Run1
‘ : | ; — U

2000 | T b i ewwe yyRUN2
: s = = yZ. RUN 2

485 490 495 500 505 510 520
Time, ms

Figure 25, Early time particle velocity Seal 10, Runs 1 and 2.
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Methane/Air (9.5% Vol) Sago Run 2
39.2ft Seal 9

Station 10 (xyz)= 2068.6 828.7

900

750 P

53

600 |- - =
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i |
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@ :.
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Figure 26. Rges%%% |
)

i/ Methane/Air (@5/ Vol) Sago Second Left Mains
Station 20 ()(43;%)‘}Jx= 2022.4 849.1 35.2 ft Seal 8

N
o
o

|

i

{

|

450 460 470 480 490 500 510 520 530 540 550
Time, ms

_Figure 27. Pressure at Station 20, Seal 8 for Runs 1 and 2.

Final Draft



Final Drait

) _
ERDC/GSL TR-06-X 5/9/ 2007 : 54
Methane/Air (9.5% Vol) Sago Second Left Mains
Station 30 (xyz)= 19821 880.4 34.21t Seal 7
1000 i \ , :
i ! i
| ‘ ‘ ',
! ' ; ' | ——— Runt
800 |- || L =erm RUNZ e
g_ 600 |- = M- . : e e
o : .
5
n
8
E 400}~
)
OI)YSWSGCOHd*Eeﬁ*MainS :
1917.1 889.2 37.2ft Seal 6
ee=m RUN 2|77
) _

N
e

440 460 480 500 520 540 560
Time, ms

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
Station 48 (xyz)= 1883.9 940.0 35.21t Seal 5

1600

1400

1200 ¢ -

1000 |

Pressure, psi
[02)
Q
[}
!

Methane/Aif(9.5% V6|)SzrgrrSecend—,|;efLMainS—
Station 57 %\ al Zg}é’; 1832.9 969.0 33.2 ft Seal 4 T .

3

Figure 31. Pressure at Station 57, Seal, from 4 Runs 1 and 2.
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MethanelAir (8.5% Vol) Sago second Left Mains
Station 60 (xyz)= 18411 1023.8° 33.2 ft Seal 3

Pressure, psi
N
o
o

-
[&)]
(@]

5% Vol) Sago Secbnd Left Mains
1830.0 107041 35.2 ft Seal 2

Methane/Air {8
. Station 69 (x?%%)?_-.

400 420 440 460 480 500 520 540
Time, MS

Figure 33. Pressure at Station 69, Seal, from 2 Runs 1 and 2.
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gecond Left Mains
4.3 32.2 ft Seal 1

MethanelAir (9.5% Vol) Sago
Station 78 (xy zZ) = 1777.3 108

,;’7 etha cond Left Mains
& @g&m 32.2 ft Seal 1
o 1

-

)
»——i._.,_____.i,_..
.j- [ VL P

i —— P

1000 .1100 1200 1300 1400

800 - 900
Time, ms

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 1111.7 32.2 ft

300 : ; s !_ :

250

1

500 e et AR

Pressure, psi
=
1
o

§
l
|
!
i
i
.
§

sure at station
W

R

Vol) Sago Second Left Mains-

18152 1139.9

Pressuré; psi

Time, Mms

Figure 37. Pressure at station 80, Runs 1 and 2.
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Figure 39. Pressure
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Final Draft

1000 1200

Runs 1 and 2.

1400



Final Draft

ERDC/GSLTR-06X 5/9/2007 - -

150

Methane/Air (9.5% Vol) Sago Second Left Mains
Station 83 (xy2z)= 1924.6 13107 30.2ft Spad 3997

400 600 800 1000 1200
Time, ms

Figure 41. Pressure at station 84, Runs 1 and 2.
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MethanelAlr (9.5% Vol) Sago Second Left Mains
station 124 (XY z)= 1927. g 1397.0 29.5 ft

Pressure, psi

. ' Methané@ r(9:5% by” volume) -
Iehation 103 (XY Z 1 445.5 1852.7 3ft Spad 4157 s I

[ i \ 8000

[ IR EE e P 7200
— Pressure

B Entiads Temperature, F -1 6400

Temperaturge, F

650 700 750 800 850
Time, ms

Figure 43. Pressure and temperature at ctation 103, Run 2.
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MethanelAir (9.5% by volume) Run 2
station 106 (xyz)= 16994 14201 - 19.21t

———— Pressure, psi
-~ Temperature, F [~

Pressure, psi
Temperature, F

ure at'station 106, Run 2.

{33

——e Station 139
o= Station 148

e .+ Station 162
—m-=2= Station 168

400 600 800 1000 1200 1400 1600
Time, ms

Figure 45. Pressuré at stations on entty 5, Run 2.
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Methane/Air (9.5% by volume) Run 2
Station 162 (xy z) = 1738.7 619.2 37.21t

400 4000

200 |- 2000

vy, fts

-200 Te'mperalure, F

-400

-600

Temperature, F

-800
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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 (xy 2) = 1367.3 329.2 37.21t

30 240
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—-=~ Temperature, F 200
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Figure 49.° Pressure in Second Left parallel, Run 2.
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Methane/Air (9.5% by volume) Run 2
Stations in Second Left Parallel
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wac-» Station 173"
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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/airup 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 2to 3 ft out of a ceiling height of 7t0 8 ft. Seals 3 and 4 had 1 ft of

8%*gas.fThe-ﬂeer—lervel_ofﬁs.ea1S 2, 5, and 7 was 30.5 ft. The regions of SLM around
the ignition point (Spad 4010) and inby (toward to;g of the figure) were all filled
floor-to-ceiling with 8% gas. Because the SLM ”‘% ‘ained less mass of methane
burned and a lower percentage methane in th”é’in Xture than in Runs 1 and 2, there
was a lower energy release, much lower shook front %%Z@ssures, and about 40%

%
%,

lower quasi-static pressure.

B\ T
li2) with a 1-midjameter sphere

(with center at Elevation 650 cm or 21.33 off'buﬁi:"*ned gas froﬁ a 1-D calculation
irst 107, 6 msec of the simulation.
i1 1 Psi) and velocity (about 10
uff(44 ft away) at 273 msec.

psho ‘ =

ot fines between 446 amd 610 miset:—————

PP éagﬁimhﬁfmm’cwofdireetien&butfhaye*
| 4 L

seﬁoth Seals 1 and 2 are experiencing strong

“Wave reached Seal 6 and ventilation stopping A

second larger pulse has loaded Seal 6 and there are

4 + both Seals 1and 2. By 610 msec blast has

ched Seal 9 but t Sedl 10. At 720 msec (Figure 57) Seal 10 experiences a

tiload and the Jast has penetrated the seal and loadeda criboutby—The-blast———
throus n entilation stoppings A-E and is approaching stopping F. By
{ 1;}51?%58) the blast has reached stations 162, 163 and 188 in the

1139 msec (K]
lThins and stations 172-174 in the Second Left Parallel.

Second Left

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 fo produce the load on Seal1

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 lew-acoustic
impedance (density X sound speed), the reflections in both cases are small. Note
the more gradual rise of the initial pulse at the seals,where the shock pulse has
passed through the inby cribs. Figure 65 compargs i early time pressure at Seal
o for all three calculations. The reflected pregsfite from Run 2 (with Omega seals)
is much lower that in Run 1, where the sealgiwer resented as rigid walls. In
Runs 1 and 2 the incident pressure pulsely detonation wave, while

the pulse in Run 3 has a much more gradual rise and mugh lower peak pressure
o :f’“. Y, .
Figure 65 compares the same wayétoums on adonger scaletrshow the late-time

quasi-static pressure. In Run 1 the ga e gé’”s fined to the § l\/ﬁ while they vent
déstroyed. The eftect of less mass of

methane burned and a low ne in the mixture was a Jower

_ energy release and about 40%10fyer i-statigpressure in Run g than in Run 2.
Figure 66 compares particle Vel0 oT-the-th] ns.InRuni,therigidwall |

stops the partig ity-at-theigeals cationzand ‘?%Phg reflection reverses the

“velocity a E%E ion 6¢ St 2 and 3 the seal begins moving .
almost 1m“h%%if1ately, af;nd eventua 1%%10 longer obstructs the flow. Figure 67
provides moi% ai ﬁg !

e

R igect

re waveforms for all ten seals. In general, the peak

§es Trot S *algf‘to;Sé'a*141—éi;as;theédistance;fr,oMpl0Sﬁpn —
re are two exceptions: (1) seal 3 is side-on to the

s . ‘%ﬁ%
pnition area INCE

ASeS.
prima directiongf blas propagation and has a pressure considerably lower than
statio 6/and (2) the pressures at Stations 9 and 10 are higher than at7

d clear evidence that the bottom mining inby several seals makes

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.

Pl ol v L w e R el St

Near the areas of transition, the environment is much more complex, withr local
pressure wave reflections depending on the detailed tunnel geometry.

E‘%l@etonation outby the ignition
n occurred at Stations 108, 109,
tion point with detonation, is

Extent of detonation. There was no transitig
point (toward the seals). A transition to detq%
191, and further inby. The closest station ipthe

Station 108, 310 ft from the ignition p‘ﬁt‘% %,
P !(" 5

flowed past Station
]% air flowed{iass this location in
past Station165 from 2079 to

flowing at 1177 msec and

Flow of unburned 17% memgﬁ Jair. Ut
164 from 1918 to 1951 msec after igniting, buj
later time. Similarly, un‘%urned methanedie
2094 msec. At Station 159funburned gas
__ continued (with a few sho €

methane began to flow pa753c station S amid-at-r397-mseethe— S

temperature exceed, 1000 deg I, ite ighitior é%?ﬂt:effmethane.%Bthh unburned
] ethane patsed Statiohs 162 and 163. Within and between
unbuthed methang and temperatures above 1000 deg F exist, so
heof 17% methane/air with air and producing
egioff. Figure 72 displays pressure and temperature
ressure, temperature, and velocity at station 162.

%%%gﬁgssmtem—w‘atureatﬁaﬂonsm 8andi7l.
ing, he calenlational region are still in the 12 to 14 psi range, but
1 than at Stations 162 and 163.

rnes Vmethane. An examination of the materials at the output
stations sho 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 Seals7-10. Inthe 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
*—“**——“Pressufe-fise&graduall.y,,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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Figure 52. Absolute pressure approaching seal
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s at 446 msec in Run 3.
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at 456 msec in Run 3.

msec in Run 3; Seals 1-4 have been breached

eals at 546
at this point.

Figure 54. Absolute pressure approachings
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0 msec in Run 3.

Figure 56. Absolute pressure approaching seals-at 61
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Figure 58. Absolute pressure approaching seals at 1139 msec in-Run 3.
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Run 3 Methane/Air (8.0% and 17% by Volume)
Station 124 (xy z) = 1927.8 1397.0 29.5 ft

Pressure, psi

Al (8.0% and 17% by Vo) Run 3
L 1o40.2 13887 2011t Spad 3998

1000 1200 1400 1600 1800 2000 2200
Time, ms

-

i
Run 3 Methane/Air (8.0% and 17% by Volume)
¥ gtation 83 (xyz)= 1924.6 13107 30,2 ft Spad 3999

Pressure, psi

200 400.: 600 800 - 1000 1200 1400 1600 1800- 2000 2200

Time, ms

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)= 18838 12427 3Z.21ft
B
=%
@
5
0
2
.
)
2000
9, by Vol) Run 3
31.2 ft Spad 397
— 00 1000 1200 1400 1600 1800 2000 2200
Time, ms
Methane/Air (8.0% and 17% by Vol) Run 3
Station 80 (Xyz)= 1815.2 1139.9 3221t Spad 3977
J

S RS

126

Pressure; psi

100

75

50

1800 2000 2200

0 ! :
200 400 600 800 1000 - 1200 1400 . 1600

Time, ms

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)= 17968 11117 32.2 1t

Pressure, psi

g
Run 3 Meth by Volume)s
Qﬁg 32.2 ft Seal1

Station

7%
.3

1200 1400 - 18600
Time, ms

1. Pressure at Stations 78 and 79.
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Run 3 Methane/Air (8.0% and 17% by Volume)
Stations 78 (Seal ), 79 and 80

260 ——

Y0 B B "
: i ——— Station 78 (Seal 1)

220 SN ool m——- Station 79
200 |- - .~~~ Station 89
180 | o

% 160 IRIRE S

(=% . i i

G 140 |-+ - b b

3 Lo

g 120 T

— : i U

o 100 |- B T\..

80
60 |-

40 |

20

LTRSS TP S S
H . H ‘ H

Run 3 Metha&elAir (8.0% and 17% by Volume)
! ﬁi) = 1830.0 1070.1 3521t

0 . i
460 465 470 475 480 485 490 49

5 500 505 510 515 520 525 530 535 540

Time, Ms

Figure 63. Pressure in one drift on Seal 2.
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Methane/Air Sago Runs 1,2,and 3
Station 69 Seal 2

1000 _’///_—‘
: \ | \ %
! i
800 |- , Run 1 9.5% Methane Rigid Seals e
: e == Run 2 9.5% Methane Omega Seals
—mm-— Run3 8% and 17% Methane Omega Seals
: ‘P_‘—————“/ T
600 [~ i : ‘, e
G
2 400 | - -
o
35
0
@ 200
o
0
-200
-400
&P
£ ‘IAir Sago Runs 1, 2,and 3

Station 69 Seal 2
il

%ﬁ—- Run 1 9.5% Methane Rigid Seals
- =< Run2 9.5% Methane Omega Seals

—=T=-= Run 3-8%-and-17%-Methane-Omega Seals [

700 800 900 1000 . 1100 - 1200 1300 1400
Time, ms

Figure 65. Long duration pressure at Seal 2 for Runs 1, 2, 3.
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NlethanelA’ir (9.5% Vol) Sago second Left Mains
Station 69 (xyz)= 1611 89.0 10.4 m

1000

500
2 |
>
=
o -500
2
[
>
© -1000 |-
L
5
-1500 |-
o — == yxRun2
o Rt vy Run 2 &y, : .
[ - Run 3 SR S

490

0% and 17% by Vol) Run 3
S 1830.0 1070.1  35.27t Seal2
4000
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o —ee= yx, ft/s

— == vy, s 12000
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Temperature, F
2000 : ' : -16000
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Time, mS

Figure 67. Detailed particle velocity and temperature at Station 69 Run 3.

Final Draft




Final Draft
ERDC/GSL TR-06-X 5/9/2007 80

Methane/Air (8.0% and 17% by Vol) Run 3
‘All Seals

240 ‘1

Seal Number | i

R SR

160

120

S OO~NOO O R W

80

Pressure, psi

840

s

r (8.0% and 17% by Volume)
15 39 - 42 Inby Seal6

I l

I
)
t
\ ——— Station 39 Seal 8

== | —---- Station 40
— | ====Station41——
: Station 42

Pressure, psi

Time, ms

Figure 69. Pressure waveforms at stations 39-42 that lead to seal 6.
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MethanelAir (8.0% and 17% by Vol) Run 3
Station 40 (xyz) = 19328 917.4 37.21t
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Figure 71. Long duration particle velocity at station 40.
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.

Methane/Air (8.0% and 17% by Vol) Run 3
Station 138 (xyz)= 19458 8329 37.21t
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Figure 72. Pressure, velocity, and temperature at stations 138, 156, and 162.
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Methane/Air (8.0% and 17% by Vol) Run 3
Station 168 (xyz)= 1506.2 239.6 3721t
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. Figure 74. Pressuré and temperature at station 171, Run 3.
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Run 3 Methane/Air (8. 0% and 17% by Volume)
Second Left Parallel Stations
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T ——
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Figure 75. Pressure at stations 172-178 in Second Left parallel.
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Methane/Air (8.0% and 17% by Vol) Run 3
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Major Findings

pressures-on seals -- Pressures on the seals varied considerably between Runs
1,2and 3. [nRunt with rigid walls at the seal locations, press ures-were-generally
about twice those computed in Run 2 with Omega Block seals that deform and fail.
Pressures ranged from 360 to 1300 psiin Runi, with the lowest pressure at Seal 3
where the blast propagation was side-on, with 1itt1§y§%eﬂected component. On all

other seals the blast is reflected at normal incid te. 11 Run 2, peak pressures OL
the seals ranged from 156 to 629 psi, and tl}g{é aép,pressure was again at Seal 3.

In Run 3 pressures ranged from 51 to 22%%0%1 with ﬂ%g; highest pressures at Seals 1

he 8% methiahe/air region. The lowest
timore than the design

and 2, which were the seals closest to @ﬁ%‘m
pressures occurred at Seal 8. In allé“}‘ ses, presgures were

load (20 psi) of the Omega block Walls N

- Pressures digpped rapidly outby the seals but at

Pressures outby the Se

Station 162 were still 50 psitangial psi in Run: nd 3, respectively. Pressures
exiting the calculation region@ Ons, 164-171 0 wed-to-20-t0-25-psiin Run 2,

Run 3. ProssuresHnes! 11d§§é“ft£arallel reached at least 20
i {952178. |

rn-- In ﬁ“ﬁg I,burned 9.5% methane /air mixture

ond the v f’ns at least as far as Station 163, but had not
1 by th of the calculation. High temperatures were also

ndygintheSecondLeftParallel. , -

%ﬁ methane/air mixture penetrated Entries 5-9 as far as Station
RS ~ut not to Stations 168-171. There was no burned gas outby
Seals 7—‘1@;19 entrids 1-4. There was no burned gas inby Seal 10 in entry 1and at
Stations 10" a‘,f‘gséo, o1, and 30. Thus, no burned gas had reached seals 7-10. In the
Second Left%’graﬂel, 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
1

damagelevels-observed-inthe-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
Blocbond 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
“heam” elements made from Omega Blocks bondéd together with Blocbond Grout

(Reference 27).

All of the material properties in the mgl are for sta z'lzg;%oads, and do not vary with
time. The models do not reflect any/fate sensitivity in cot }revssion or shear; hence
the yield surface does not harden ﬁe»pressﬁ:zg—volume ctl e %111(1 failure surfaces
representing the material models are N

entéd i, Figure 77.

) ?

ey
U

served from the material models.
urs witlghysteretic unloading absorbs
icularly o the Omega Block material.
e eure-volume relationship s due |
IS hing of the’ aterial matrix, and then a locking
essed and oIy §d out of the material and the load is carried by
h aBlock material, this process is irrecoverable;
vetdayhien the material is unloaded. The Blockbond
h less void volume, so it does not show such a collapse, and

up as thé'a

{4 drawn from the yield or failure surface. In Figure 77b and

) Figurégiyd, the s)%g%nd invariant of the deviatoric stress tensor (Jz)is plotted as a

i
oy

function of gxéan stress (P). The shear strength component of the stress tensor
‘he hydrostatic compression of the material. This dependence persists
with increasing pressure until the shear planes are «siled” with entrapped water, OF
with the crushed material itself. Thisis referred to as the “von 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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structural items evaluated in the study were

The material properties for the steel
These were taken from the West Penn Testing

provided by MSHA (Reference 28).
Group Report No. 29589-1, and are detailed in Table 4.

Table 4. Steel Material Properties

Component ID Yield Strength (i;)si) 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 36.3

Rockbolt 33.5

el ol PunafE
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Finite Element Analyses

Procedures

Qeveral advanced computer codes were used in combination to analyze the

performance under blast loadings ot spec'ﬁc—structm’al—iteaa—s-tllat_wetejam_aged 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 eng%ié‘%@pnment in the mine that lead
to the type and extent of damage observed. Cm%ﬂ%’ns were made against test
data when available (LLEM experiments), bl the.other components were
simulated to determine structural capac Bonse to possible blast loads

cases. ¢ U,

%

'"(—;;ference 29 ‘g DYNAN_3d
ditions. LS-DYNA was used when
erform the simulation, but when

All of the structural elements wefe ;gjgieled ﬁ%i;g finite eleifent (FE)
formulations; specifically, the codes LSZDYNA
(Reference 30), depending on the loading‘¢

pressure boundary condi ufficient

the flow field needed to be CQU ' ro-the-structifgy aleulation, Dynan - 3d was
uSed’imc’gonfvﬁtd’the de %é?’mini, within the suite of codes
@gﬁ%&rence 31)4¢ “distion of LS-DYNA and DYSMAS

el . .‘ .
general p‘ﬁ%p:se, transient dynamic, finite element
THingicomplex real world problems. The code was -

‘ v’jperformfanalysesfoffstruc,tural response to impact and
iized for shared and distributed memory on Unix, Linux,
rms. LS-DYNA has nearly 100 constitutive models to

‘ange of engineering materials, from steels to composites and

§ d. Windows

simiula

j: i .
from softsfoams fg/concrete. The new Version 971 features updated models for shell
and solid‘eleménits, with an extensive element library, including membrane, thin-

1

1o
shell, thick—féiﬁell, and solid formulations.

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

LS-DYNA are accurate, efficient, simple and fast.

DYSMAS. The coupled code DYSMAS was developed by NSWC /Indian Head and J
the Germans to calculate the response of structures under explosion blast Joadings
involving fluid-structure interaction (note: air is treated as a compressible fluid in

r—_ 1 Thwnf
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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
DYSMASto execute simulations thatinclude 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 calcq}g@tion of very large simulations;

i.e., with several million elements. A%

ERDC has used DYSMAS to simulate closeg!
interaction problems against a variety é&%gﬁ@turesf :

components (steel gates, gravity seciions, powerhouse walls, etc.), large water
tanks, bridge structures, blast dogrsjia ™ ;f

Computational Resources., The FE calct s were perforr‘?%%d on various
systems at two of the DODigiMajor Shared Regpurce Centers (MSRC). The primary

location=for-the-use-0f-lSI) Yhe SGI AJtiX" system at the Aeronautical

Patterson AFB). DYSWV ‘Scampe

1g1n—§9'0‘0‘1nach1n63ﬁt~AS Cand

ns, were typIie: % relatively small (<100,000 elements

o .
WENTo) 1¥alt hangers, or in the case of the seal walls, the

tlon was no ?ggometrically very complicated. Each conveyor

0 lalation took less than 24 hours on 16 Processors:
res_pQ{* e of the Omega Block seals were 1arger'(3ook elements),
,gj ysical size of the seal wall that needed to be modeled, but still

han 24 Yours on 32 processors. Considerable time and effort was used -

ls and post-process the results.

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.

A4~
£ .
1 10
15+

Loads were applied as pressure boundary conditions to the sealsand hangers;
a pressure-time history was applied to the faces of specific element faces to
simulate the loadings. The plate loads were generated by the coupled calculations,

which directly applied the CFD flow field to the s}gﬁ@f@ne.

5,
Ty,

7

Two different types of loading were used;.aly as o} ading condition, either idealized
Asing load that was applied to

or taken from experimental data, or a hép;%% ly in
determine the load capacity ofa part';,éﬁﬁr strictural %%mnent. This load capacity
was then used to calculate a load-d¢ afi% i L >@@for that structural
element (which could also be usdd inatsimplified analysis, sU¢ ds the SDOF
caleulations described later in this chapte] “or the steel stglictures attached to
: applied tothe ceiling plates via an interface
WMeulated pressure flow field and

5 StrUCtran® Jel=—Boundary-conditions
o o . . s .
edegé”— constraining motion 1n certain

. ded@%

Lo -
ge ﬁﬁl model, including “fixed” walls,

iged.in the,._%j “~dels are described in the section on
Bi]astic-plastic material model was used for the

€ %, pic pans, belt hangeré;and%he—bealzing,plates. _Each

; yidefined ;fé*%ield strength, the elastic (Young’s) modulus, Poisson’s
‘Atio, a post- yie i vorksliardening curve, and a failure level for effective plastic

% When an element reaches that effective plastic strain limit, it is “eroded”, or
m the wimulation, approximating failure of the steel at that location

g . A strain rate enhancement curve taken from the DAHS manual
(Reference 32) 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

Einal Nraft
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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

When a deflagration or detonation event takes pl@é’%ﬁ;&he pressure field produced

has two flow-field components. The first (andgiost coinmonly associated with
explosions) is the overpressure -~ also callet
measured by a gage mounted with the sg )
pressure is generated primarily by t sfcom
event (note that air is also treate‘dﬁ”ﬁ '

The second component is the dynamieg
the sensing element aimed directly into tlie;

- gage would cause 1o distifghance to the fluf

w. In real life, however, the gages

some amount of overpressure in

d@;@—&u-;sgme;dﬂ@ ng it to meas

combination with the dynalé ji

’ G ' '
The dynamigpres ‘ﬁA isa funcﬁ%fl‘-« of the flU} density and the square of the
particle’ he fluid ir 1‘f;e flow field. One common example of dynamic

ind i a hurricanernado. As the fluid flow field (i.e., the
With 2 StEe thejflow stagnates on the upwind side of the
W% o the structure. This force is usually referred to

.(0d) on the structure, and is-equal to-the dynamic.
fficient, Cd. This coefficient is experimentally
Atious geometric configurations of the structure.

il pressure on a structure exposed to drag loads can be expressed

as ;
Qd() =Cd Q) = cd * (0.5 * p(®* UM?) - (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 o 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

[ P B 5 PN )
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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 pig pans -~ to the blast flow field
i1 a mine tunnel. Figure 78 shows the 3-D modelfof the spider plate used in the FE
calculations. The edges of the hole where th%;:rgﬁ%ggb%olt passes through the plate

were fixed in space to simulate the rockbolfiholdfﬁ sithis location completely rigid
W i ey )

and fixed. A% )

L

i

The structural model contained HT eg %grts: tﬁg}plate itselfy m%_ll bearing plate,
th%’?ﬁE%Each part

and a flat section representing the oot
clements with the correct thicknesses to I

enabled between the partsid

X 0 Jsisted of shell
¥'1 the componeit, and contact was
teractive response was captured.

nents are given in Table 4.

Since the sp ‘ﬁ"’ fe 2] ﬁfvi%rﬁﬁiﬁt@lfandfarefvery
flexible, sin % { e boundary condition was not suitable. The
ﬂexibilit?? i Afuid-structure interaction becomes important.
Calculating the ‘ Of #he plates in an environment where the

ix }’@iﬁgl‘%} are p .éii plane of the structure is not simple, and

) .sfbending changes its profile withini the flow field; SR
ds” The structure responds fast enough to affect the

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

{ m%%;ractig between the structure and the surrounding flow

%)nsideration 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 showsan 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
+he 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

sl Reaft
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charge of a size and standoff distance that would produce the same pressure-time
history as recorded at the 304-it range on LLEM Test 500.

One and two-dimensional analyses were used to generate the initial blast
environment calculations and were Tun oui-to-the point where the flow field was

j g

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 calculatio§§§ shown in Figure 79.

2,
%
.

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

Doff the ridge of the plate,
and green, ocCurs
o as shown in Figure

Sard deflection (at

The initial interaction between the flow field a ‘{igih
cross cut of pressure plotted with the structi
pressure, indicated in pink, are where refle
and a stagnation area of lower pressit e, indiated by yell6y
behind the ridge. Initially, the platieis ’

81, where the red coloring shows the areds,of gﬁé‘ﬁ“‘*ﬁ@t vertical U
this point in the simulatio%ihat equals 1es§sg§bgn 0.10 inch).

= 1 Praafik
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e approaching a spider plate.

re 79. DYSMAS 3-D representation of blast wav

Figu

2l Mhaafd
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Multiple iterations of these calculations were performed in an attempt to model the
response over a longer time period; .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
fter the blast wave first strikes the plate, The calculated plate,deformatic)n at that

point in time is shown in Figure 82. The velocity of the plate Jeformation had ot
dropped to zero in the simulation at the point shown in Figure 82, S0 the final
configuration of the plate deformation could not be exactly determined. However,
the calculated deformation shown in Figure 82 %@ 1 y,%resembles that observed in
1.LEM Test 506, as shown in Figure 83. The i %‘ an calculations were doneina
similar manner as the spider plates. The dg%imng field was the same as was
used for the spider plates, and the plat%} )
similar to that in the spider plate cal
is shown in Figure 84. The portiop
calculation was prematurely stopped. ‘A8:
r to the deforH

ted pie pan deformation

- ‘%&”” er before the

tion seen in LLER “Test 506 (see

plate is bent, which is simila 8
Figure 85). Again, since thgealculation wa maturely stopped before the
oct t the simulation captured the

elorities-dropped-to-zero it ot be concluded

ge to thatjpomt 1n Fimecertainlyresembles—

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.

Einal Draft




Final Draft :
- 99

ERDC/GSL TR-06-X _5/9/2007

el
rbrary

e

on betwee he blast flow field and the plate.

e
el ) i gt N { 5
Figure 83. Spider plate deformation on LLEM Test 506; a A4t range.
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a7 n
wriad e

from measured-blast pressures

fved in LLEM Test 506,
d in the FE simulation.

Figure 85. Pie pan deformation obse
equivalent to those assume

il Puaft
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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. Atter the belts-are-remeved; 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 the hahger. A typical hanger is

shown in Figure 86. ¢

AN
]qmm.mmq.'.?@., -

e ™ -+ Wi

L g A N @

" 7':’*"*7&4{1"“ T

i2lg6. Dimensions and of a the conveyor belt hanger used in the analysis.

{d to perform dynamic analyses to determine the structural
response of i€ conveyor belt hangers under several loading conditions. From an
original flat plate, the hanger was first numerically “formed” info 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

Einal Draft
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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 87¢).

The-hanger plate was subjected to linearly increasing levels of loadings to develop a

resistance function, which allowed the generation of Toad-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 the hanger structure ata
linearly-increasing rate of 100 psi per 0.1 second. re 88 shows an intermediate
stage and the final deflection of the hanger. The ad-deflection curve and the
loading time history are shown in Figure 894

1 (Station 52) of the
e belt hanger. This

Jown Tk niry, nornid
Eectsr compongnts of the x-and y-
s me history as described above.

dynamic pressure is the quar
belt hanger and is derived from the adding
particle velocity time’histd%% !

a9

¢ st-the-belt-hangerfrom-the

"v}g—deesﬁnotvexceed the yield load

: an actual hanger that bends flat against
odtade. First, the top of the hanger (the
fnstrained than reality, and that affects the

gortion agalll

i than, is gctually seen in the test- A seeond-point is that the
2 4 Var forces on the front face of the hanger. This means
rimal to‘ﬁ:e plate regardless of its orientation. So in this

a inglieasing load continues to be applied perpendicular to the plate

as it is failihg, fw {er deforming the plate and causing the separation between the

global respo

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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o

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

Figure 87. Numerical development of belt hanger configuration for analysis.

Einal NDraft
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final deflected shape of the belt hanger.
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Figure 89. Load-deflection (left) and loading-time history (right) applied to belt hanger.

Einal NDraft



Final Draft
105

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

kd Z
g £
= 8
@ @
E 20 =}
T L
-10
-20
301~ i - '
;4043[] 440 450 4&;[] 49‘0 0. 480 480 5[‘!0 516 520 530 540
Time, msec Time (msec)
(@) (b)
. . &
Figure 90. Dynamic pressure 103 : un 1 CFD Sta 32 (1 cross cut back
from seal number 7) (a) and t ( i i & ent time history from the FE analysis (P)
Roeckbolts
Calculationsgvere d erformedifpt rockbol hat extended from the tunnel
ceiling, é d length Being exposed to the blast environment. A belt

fthe end of thg,ros kbolt to provide the correct amount of
olt abgy > the ceiling was numerically fixed and held

genera‘ted by the CFD calculations was appﬁed to the

he rgékbolt, significant bending was seen in the response. The

exXpy

in_iti fn irions of the rockbolt are shown in Figure 914, along with the
correspotle acement time history (horizontal deflection for the end of the
rockbolt) . Although the bolt experienced some plastic strain, the levels

did not appréach those necessary to cause failure beyond the bending deformation.

el Pieafd
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Displacement (in)

Figure 91. Initial and final P0§* i of the rockbolt (a), and the horizontal

displacement of the bolt | ) the applied biast loading.

Mine Seals

@sentatio for the FE model of an Omega block
Qs they would be ina real seal, with alternating
e in front of a row placed shortwise, and

e

ck layer of Blocbond mortar explicitly modeled

he model also includes a 0.25-inch layerof

Figure 92. Omega blocks (left) and Blocbond mortar (center) components used to construct the Finite
Element mode! of a complete mine seal (right).

il Meafd
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Fach block was composed of 325 solid elements. Each layer of BlocBond mortar
was a single element thick, with the layout of the mortar clements 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 NJOSH experiments at the LLEM. The material properties of the blocks and

mortar are given at the beginning of this chapte r Constitutive Material
Models.
Three sets of FE simulations of the resp 58 of the Omgea block seals to the

methane blast loads were performed,gThe st two calc ations were designed to
504, in which the
¢

validate the FE simulations againgisfil -scale LEM tests;

seal survived, and Test 500, in which tH ) % the FE method

was shown to compare well with the LLE results, a third%imulation was run
the CFD calg ations for the Sago Mine incident.

204, tho loads placed-on

“ & - ded at the inby face of the seal
on the ;@‘A? xperinjent. Theselyere meas od directly in front of the seal, and
Di ected pre %re load seen by the seal. This load was taken
tion of the seal. Figure 93 shows the
as applied to the face of the seal in the

tire Cross s

defoy ’ d shape of the seal as it responded to this loading,

the displacenignts gniﬁed by a factor of 100. This shows a view looking at

the s down the middle of the seal, on the left half of the picture, with
the wall i i being the fixed portion of the mesh, on the right side and away
from the view *The parts that look like they're pulling out of the wall are just

realizations of the areas where clements 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

Eivnal Rraft
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i ! t + f 1 k1 1 1 ¥

PresaLre, Pal

Figuré 94. Simulation of seal response in LLEM Test 504, wi’th 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). T he unconstrained case resulted in anrealistically large
deflections, while the corresponding peaks in the constrained case matched the

measured results fairly well. Both simulationcases qualitatively track the

excursions in the experiment record, with the constrained case showing an

oxcellent match to the track of the experiment displacement pattern. Note that the

displacement records all follow the oscillations of the! neasnred pressure applied to

the wall Figure 93- Ty

Figure 96 shows the discrepancy between fhig ' land experimental cases
can clearly be seen at about 0.6 sec wheie* ?‘1%1 in the response of the

an be seen that quig bit of failure has Senyrred around the edges
sero in the “after”

%ihe wall failure is
&hs in a single time

simulations. Itc

of the wall (represented by elemerit

picture). This clearly shows the differer

more gradual, and the Snm%gtion, where el€
_step and can lead to more b

211 withgehe measured data, closely

#k deflections. Globally speaking,
5t did durilig 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) before 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 972 shows the measured pressure and
impulse loads from Test 506, 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 exljgg%gent at the same location.

Unfortunately, the LVDT gage used in the experjmient %ould only measure a
maximum of six inches of displacement, s0 t ;f){ﬂ}re iprecord is not valid beyond that
point. For the FE calculations, only the ca %\\m 1 onstrained top of the seal is
shown in Figure 97b, but the case with k v opunconstigined produced very
similar results. If the measured rec i is projected past thi@point of gage failure, it
can be seen that the simulation gi¥ o clé%‘ approxim

displacement of the seal, as it fails under

- To provide a better unders

aek sncluded in the FE

the loading of Test 506, DI€ e :
i condition for the crusnable

simulation. TWOCT]

; fits; a 15.0-Psl tensile strength-for
ile strength for the BlocBond. A strain erosion

was also inserted to better visualize the

e shown in Figures 98a and 98b, at times

a; arrival of the loading wave. The wall initially

<5

‘ tofTesft5o 4, but then quickly begins to breakup. The

rst, ayfed by the BlocBond mortar, until the wall is broken
Sieces witich would be propelled down the tunnel (which is not
d). Thisq ylitatively compares well with the debris field produced by Test
ever, it, difficult to quantitatively compare these without explicitly
gfihel as well as the seal, which would show some of the interaction
between thelgeal 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

Impuise, Psi-sec
Dixpiacamoiit, in

04 (13
Tine, seC 2
“lculated (top cutve) versus and

red (lower curve) displacements

MALFR Bl BIA QYRR

a. Measured pressure (sp_.i‘ked curve)
_impulse (smooth curve). %

Figure 97. Loading conditions (18% i measured-displacement

ponse (ight) of] il iftgfor LLEM Test 506.

a. Deflections at 20 msec. . Deflections at 20 msec.

. Figure 98. FE slmulation 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-eecurfrom that loading level. The response was similar to that

1

seen in Test 500, in that the seal failed (Figure 100) and the debris waspro pelled at

‘Thigh velocities down the tunnel (Figure 101).

300
240 |-

180 |- -

Pressure, psi

Figure 100. Early time response of Seal No. Lo loading from SAGE Run 2.



Final Draft
114

ERDC/GSL TR-06-X _5/9/2007

i ¥¥1le to capture the failure mode of the Sago Seals, which
tely a shear failure around the seal p_erimeter.

@M culations show the load required to initiate bending of the belt

hangers {vas about 150 psi.

_ 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, fime 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 seell 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

4 smoident?)

T
perore-tnclids J

- Seal calculations compared well againSt LLEM tests 504 and 506.

_  General failure of the seal seemed to be captur%,dj%%ll by the models
. By &y

_ CFD loads produced extreme failure andy
away from the original seal location.
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SDOF Analysis of Mine Structures

Mine Seals

The resultsof the FE “aleulations have shown that the dominant response of the
aadthe

Sago seals is shear, as opposed +0 bending, of the block Taterial-arouna-the
perimeter of the seal. By definition, a single—degrpp-nf—freedom (SDOF) model can

approximate only on mode of response, therefore, a shear model was chosen.

m (s' pOF) model, it should be
( @,mplex behavior of a multi-
b one-dimensional. The

%d the system stiffness.
Hide the entire mass of

In the development of any single—degree—of—fre
remembered that we are trying to approxima
dimension structural response with a modelighat is 6L
SDOF has two specific parameters, th ili7
The mobilized mass for the shear ap ' ximati%\
the section undergoing shear displaceijent. Iy ysigy the mode shape
being approximated is used to determinl asfactor”, wWie ‘eas in the shear
mode, the entire mass is 1M ‘dapproach is used to determine the

Joadfactor-forabending ark ¢ shear response the entire area

can bet

n sé—the-massfactor. and the

:s assumed to be loaded. In .'5’ ibending a
load factor are 1ly combin dimtogranit

analysis thag#ollo ass-loa
gtributt ape factdrs of the bending modes.

Sy Steim, fness; i.e., the apparent spring response of
isplacement curve. For the shear SDOF, the

dded along withan estimate of the shear strength, f, of the

€ ¥o construct the «g]astic” portion of the load-
3y dividing the shear modulus into the strength (fs/ G), we
in at “yield”. Knowing this strain and the thickness

it e shear plane, we can calculate the displacement, de, at yield.
Data from dizget shear test are needed to establish the ultimate shearing strain.
Knowing thé ultimate chearing strain and the thickness, we call compute the

Jltimate displacement, d., 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
abilities during the solution of the SDOF, this point may

minimized numerical inst
be taken to be equal to the “elastic” yield point plus the ultimate displacement (de+
ive results for external

du). The purposed construct will generate design-conservat
loads that are sufficient to cause a shear failure.
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The final step 1s 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, Ag, we can calculate the shear capacity of

the systen, Fs; @8 £ times As. Using the external loaded area, A, the external load,

Py, required to cause yield is equal to Fs/AL This is also the load-to-be-paired with
d, The resulting load-displacement curve determined through the above process

is shown in Figure 102.

@ vith time-varying loads were
at-time history result of the
i Test 504. The calculated
ame test for the seal
1e model. The

i éi-easured
47 reoading at Jite times, whereas

To demonstrate the Shear SDOF, two calculatior
performed. Shown in Figure 103 is the dispi¢ cer’
Shear SDOF using the pressure loading o '
history is compared with the LVDT d
located in the C drift, as an evaluatd
agreement is quite good. Itis {nteresti
response does not follow the decay in the

~ the SDOF model does. If¥he LVDT data catube considered accurate, then the seal

lsze%klzi—biz‘téiﬁg;a;,ofte Jimshear respol ads below the shear strength.

This complex behavior is not¥ Thted Dy the T @l=however

! ne apetly the same model of the Shear
SDOF, byt j BLEM Test505. A comparison of the SDOF- -

: Aqta from the Test 505 (seal located in C-drift)
pparison can be made only up to 2 displacement
es, a eh time the LVDTis stroke-limited. Also shown
on oﬁﬁéiﬁiﬁal*velocity—ofihe seal up to the same 6-inch
fmparison is quite good. Note that the SDOF appears
fle displacement and velocity at the end of the LVDT

e the Shear SDOF model as a rapid assessment tool, the model was

rate 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 PT’s are the

“yield” displa_cement(o.16 inch), to segregate the elastic response region from

initiation of shear damage, and the “yltimate” displacement (0.86 inch), which
represents the displacement from which the system cannot recover, and brittle |
failure is jmminent. 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-1 curves

generated should only be used for free-air pressureé pulses where the wave-shape
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expohentially decays from the peak to ambient pressute 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 S5ago
wall-results against the caleulated P-I curves for the Sago walls gives us SO

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
“yield” curve, indicating that the SDOF shear *‘VA, have predicted that they
remained elastic. Secondly, All but one test in wi

right of the «ltimate” curve indicting that the

" tle walls failed fall to the
shear model would have
predicted that the walls would have faileds, @pe the'
«ltimate” curves is close to the failed J#c b to fail from the pressure

between the “yield” and
pulse that reflected off of the seal g@ )

. Sago wall géta compared to the
ds. They are all up on the “static
ni the loads the seals experienced

The other observation we can make from;
PI curve is the relative po
- ressure” side of the P-I cul

are of sufficient duration th

msiffie-peak.pressure applied.

i

5

G o SDOF shear model provides

ix-cut 2, which survived experiments 501
sire loadings from 23-, 227, 157 26-, and 51-psi

er” Omega wall. The differencesina Sago wall and a

slction process, namely the Sago wall used a dry
4% course, and in the Proper wall, much more attention to

vas used injWedging and mortaring the top of the wall. Using the SDOF
shear angl ibed above, the result would have been failure of the wall for
tests wher't essure 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 103. SDOF sheat displacement compared {0 LVDT-recorded displacement, for LL. Test 504
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Figure 105. Pl curves calculated 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
he force of the methane explosion. It would first appear that the direction and

L~

degree of bending would Thdicate the direction and forceof the blast wave as it
passed down the tunnel. The bending of a hanger or a bolt requires a large
differential between the pressure o1 one side of the hanger and that on the
opposite side. Butthe thickness of these items is sogmall, and the blast wave
moves so fast, that they are quickly engulfed by Lhbldst wave, causing the
pressures o1l all sides to be essentially equalizg@¥i:

es a strong gas

o blast front. This is
Ise wind. Unlike the
Toad produce the dynamic

gers “nd bolts Being loaded only on
ough, it can bend them in

However, the exploion and burning of {148 ' ot
expansion, which rushes down the tufifiel passages behirtd}
the “dynamic” pressure that behavesigore or 18ss like an in
pressure immediately behind the blast 1@
pressure is highly directiog 1, with the bel
the “upwind” side. If the dyiiamni *

the manner observed 1N the X% ifia relationship can be

+lha o

e degree of bending deflection, threrr
gthe Second’L"éft“Mains-can—b&used
occurred at their locations. The SDOF

e Giailed 3D Finite Element (FE) analyses and to
sis, SDOF models of the belt hanger and rock bolt
] dnce the procedures for both structures qre-similary— -
gethel fnd any differences are noted. The hanger resembles a
and the bgltisa simple right circular rod, but both can be treated as a
Lese structures were exposed to the drag forces generated by
Sago eve 4l eir deformations were recorded during the post-event damage
survey as fogg 7ic 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 cail 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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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

smaTadial-areh;where-a displacement*of 6.9 inches represents a belt hanger bent
i eament with the first

flat (180 degrees). As can be seen, there 15 all acceptableagreement

and more simple model, resulting in a conservative estimate of the displacement of
the belt hanger. :
Ak

&ntsta useful tool for further

The SDOF model developed in this analysis repi
analysis of belt hanger response to dynamiqggﬁf

4 ,
eam fo as fora uniform-load, a

Rock Bolts. Again using the simple capf
he bolts used in the

load-resistance curve for a bolt can
Sago mine have uniform material ar
provide a yariable frequency “gage”.

frequency of the fundaméit bending mod £the bolt-cantilever. The objective is

d to deform the bolts to the

ro-constructanestimate of*
fows-the reference location of

degree observed in the dam

the cross-cuts Jhueugh the belt]

%grma’ﬂo s that were measured in the damage

) shown as tHgL 1dual angle from the vertical, and plotted
j d.ic%f 3s the distance of the bolt location from the

Away from the seals and toward the working face

t "efé’is’aﬁ*orderfof—magnitude spread in the residual

e first bending mode for each bolt was calculated from its
material{ Properties and its length. The distribution of these frequencies i shown
in Figure M@yt can be seen that there is a tTwo orders-of-magnitude spread in the
frequen cie To collapse this dataintoa reasonablé and systematic measure of the
£ our “bolt-gage” must be taken into account.

estimated drag loads, the frequency ©
the plastic moment can be calculated

Returning to the cantilever model of the bolt,

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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fange entry in sealed area shown with reference cross-cuts from damage Survey.
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To construct an estimate of the loading required to deform the bolts as observed, it
is necessary to assume a load-time history shape. Based on the SAGE calculations

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

we tacitly assume that the bolts are impulse sensitive; the following expression
gives the impulse necessary to develop a specific ductility or plastic response:

(9)
Where
)
R, = theultimate resistanceg
¢ = the frequency of the' mo
d = the ductility® be the impulse,

bt hand side of the equation, if we
Ltriangular load given above, we can
solve for the'qly afown, Qo Ang,sipce the peak drag load is the dynamic

Byaar coeffigtent, which in this case is 1.0, We can also
T§%+t was necessary to create the drag force. The
derivedbyintroducingappropriateRankine—Hugoniot
inergy, and momentum conservation (Reference g7y

timate e

) (10)
C.=2/5%Q (11)
C, = 14/5 *Q*Po (12)
Where Py, = Peak Overpressure

Q = Peak Dynarmic 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
————m)read—in—th&datarbutitM%ﬁ%from the frequency plot.
Based on the results shown in Figure 112, it can be seen atthecalealated
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 floyfiis more in line with the entry.

The highest dynamic pressures are seen between ‘gltr;é% 12 and 13, beyond which
] . J )3' %3 %,
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 plast 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-seenarios-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

ifra radial direction through the emntries and cross=cuts. B

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

Final Draft
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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
e (Run_2). However, as Run 2 shows, if the sealed area had been filled

Fih|
TATre-tCo-.

1

with a 9.5% methane-air mixture and initiated near the Tocation-defined by MSHA,
the loads on the Sage seals could have ranged from 629 psi on Seal 8 to 156 psi at
seal 3. The constant volume pressure calculated within the sealed area from Runt
reached the theoretical maximum value of 120 psi ,'%9_5% mixture of

methane/air.

d case in terms of loads on
i+ mixture volume is
ation of methane, and
v erder to reach the
eal 8 to 225 psi at

red agower Do
%@ methan
han optimum conc

Run 3 represented what can be conside
the seals. It is a lower bound becausg
located away from the seals, is a lg;
had to propagate through an inert mixg
seals. For this case, the loads on the sea

geal 2.

The load on each of the seals # ctovs,including, but not

limited to the distance fo the it her or not a burnable

concentrat of 1 ane was agg j &4]¢ the interactions of the multiple
burn frop ! seal at different times, and the
orientation O i the primary direction of flow. There isno

imng contributed to increased loads on the seals.
s showed the 9.5% methane air mixture

both irby and outby the ignition point._ In Run 3 the 8%
af¥ etonate between the initiation point and the geals.

ﬁ alysis’shows significant pressures cal still be developed in the
gir mixture as well as in the pressure wave that propagated

Once the seils 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—Sineethe Sago walls were unreinforced and constructed of individual blocks,

once failure occurs there is an abrupt loss of Strengthand completefailure, as is
commonly seen in other articulated wall systems. Failure of the Sago walls occurs
at perimeter displacements of about 0.2 inches. Forago psi load such as
measured on LLEM test 506 the wall has displacegi6! nches in about 20 mMSeC. At
this point the wall is broken up and is in free flight. Dueto the different strength
materials used within the seals biocBond) it appears that the
Omega material fails prior to the higher Bond material. Very
complicated failure conditions exist ¥ los due to the nature of

both materials and the disparity bg

e

" was affected by

The analysis of the spider plates and pieRd
of the roof support plates is affected

~ limitations of the coupled@ade. The respot
by many variables, includingth

the plates, the amount of

4l tunnel ceiling, the orientation of
Te plate-are) o roof, and the direction of

tac _[IdWever, the analysis did provide

§ Jctems. Itwas determined that

predomi load affecting response of the plates. LLEM

Semed when subjected to overpressures above

" 4e-on load on the pans, and if there is no Or

& pan against the roof. Ifthereis a slight gap,
yerpressure, or-a-tiltto-the pam, the dynamic pressure,

XeTting Toatlzon §i

the pressure propagation, can exert a force causing

) Y pan deflects, more area is exposed for loading, resulting
deflectionynecessitating the use of coupled codes to analyze these

% these loading conditions. The calculations showed the response
time for a Spidlcr plate to be completely bent, using loads measured in LLEM test
506 at stati §n 304 ft. is about 15 mSeC. This short response 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.

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
permanenﬂy deform a belt hanger. However, this dynamic pressure must actina
direction normal to the face of the belt hanger. Loads are higheston 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 forina 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
predicted the behavior of the hangers for those m :ﬁ%}gle loading conditions; but
these analyses have not been validated agains erintental data, especially the
case of a cold formed hanger subjected to a uld permanently deform
the hanger. Both the FE and SDOF anaj pplied on the hanger as a
boundary condition. The load acts asg that as the face of the
hanger deflects, the force remains ji
deflects, the dynamic load continties

deformations, the Joad can be significar

gers showed that the bolts can be

wdielt hangers attached directly

permanently bent by much logve

1olts showed the peak dynamic

to the roof. The®DOF analys

, & 1ts to their observed level was
Pending on the length of the bolt.
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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. ‘

Final Draft
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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
shou-ld—be—eonﬁmwﬁm—or@dr to ensure the hangers contain the

correct stress/strain pre-event state. Loa ﬂéﬂ?dmn-tegt&te—detemib
resistance of the cold formed belt hanger should also be done for comparison to the
analytically generated resistance functions.

S

A snitively established. A CFD
without bottom mining, for

This would demonstrate

is a significant factor in

The effect of bottom mining on the seals was
study should be performed ona single entryég%

several methane concentrations and exp 161 volur
+he whether bottom mining and the ‘gg,@ sure piling” et
seal loads.
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