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SUMMARY

This report describes a research and development program
sponsored by the United States Bureau of Mines. The purpose of the
program was to develop reusable explosion-proof bulkheads for a cross-
cut emergency shelter, and to study the iﬁxplementation of such bulk-
heads, and the resulting shelters, as part of an emergency escape plan

in a normal coal minirg environment,

The first part of this report reveals a number of significant con-
clusions regarding the application of emergency shelters. A study of
the causes of, and the conditions prevailing during a mine emergency
indicates that ideal placement of the shelters would be midway along
developing entries, and at the intersection of butt and main entries.
The proper spacing of shelters is based on the travel capability of trapped
miners, which is in turn deperient on the height of coal, The life of a
given emergency shelter, based on an analysis of the above information,
will be anywhere from 6 munths to 10 years, Consequently, some
shelters are regarded as 'temporary! while others "permanent!'.

The configuration of bulkheads for an emergency shelter will be
based primarily on cost and logistics. The initial notion of having an
emergency shelfter which is frequently moved to stay close to the working
face has been disregarded based on the above analysis, and with it has
gone the concomitant requirement for portability. FEconomica and logistics
do favor, however, bulkheads which require minimum labor and material
handling.

Based on the above ground rules, a number of explosion-proof
bulkhead concepts have been developed and evaluated, The reusable concepis,
which are totally new to this in~mine application, are generated fram
a variety of potential structural systems, The principle discipline
evoked is the transfer of technology developed in the aerospace and
nuclear fields of engineering to the mining enviroument, The major
technical problem which occurs is the anchoring of an explosion proof



structure to the structurally unpredictable rock and coal which comprises
the walls of the crosscut. Thia must be accomplished while, at the

same time, maintaining an air-tight seal, A number of unique approaches
to the anchorage and sealing problems are developed.

The alternative to the reusable bulkhead is a permanent structure,
Though typically cheaper from the point of view of materials cost, these
concepts are generally more inteusive in labor, materials handling, and
equipment requirements, A good deal of research into the construction
of permanent, exploeion proof structures in coal mines has been carried
out in this country and abroad. Documentation of this work has been
reviewed to assess labor ard material requirements, construction tech-
niques, test techniques, and potential concepts for emergency shelter
application. It is found that most of the bulkheads which have been
studied ave excessively massive and leak#ge-prone for the application
at hand. One concep', a fly ash-cement bulkhead, was considered to

merit further consideration.

Since past investigations turned up little in terms of fruitful
permanent structural concepts, two additional concepts were generated -
one involving reinforced concrete, and the other involving shotcrete,

A cost analysis compares the overall labor and materials costs
for the three above menrioned permanent concepts and the three "best"
reusable concepts. The analysis indicates that the reusable and per-
manent concepts are competitive from a cost point of view, while
logistically in terms of in-mine application it is much simpler to deal with a

reusable type of structure.

It is concluded that due to the variability of support conditions
in the crosscut, no one universal anchorage design for a reusable structure can
be proposed for all situations. Consequently, the designs of the three
selected reusable concepts - the truss, channel-turnbuckle, and liner
plate arch, are developed in detail. A full set of detailed fabrication
drawings have been supplied to the Bureau of Mines along with this
report,



A system for sealing the irregular intérface between the periphery
of each bulkhead and the irregular passage walls has been developed., It
consistz of memdirane of light gage aluminum flashing supported by
sprayed-in-place frothed urethane foam. Due to the novelty of this
sealing systermn, a test program was carried out to verify its pressure
and relative displacement capabilities, The tests indicate that the seal-
can remain intact when subjected to a static pressure of 40 psi and a
relative displacement of 3", This is sufficient to rneet the bulkhead
design requirements.

It is recommended that the anchorage components such as rock
bolts, floor trenches, and rib abutments be tested in-situ before full
scale explosion trails are attempted. A simple, portable test apparatus
is proposed.

iva
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1. Introduction

1.1 Background

The concept of '"barricading" has long been recommended
for those cases of emergencies where minersare trapped inby a fire.
Barricading, which is the construction of a makeshift sheiter in cross-
cut or deadend, protects the entrapped miners from toxic gases and
enabies them to conserve a supply of air. In this manner, they can
survive two or three days - hopefully enough time for them to be
reached by rescue teams, In the past, many lives have been saved
with this technique.

A modern outgrowth of the barricading concept is the
establishmen: of pre-existing emergency shelters, These shelters
would be situated at critical locations throughout the mine, such that
they would provide readily accessible refuge for entrapped miners
during an emergency. The concept of an emergency shelter can be
implemented by sealing off both ends of a crosscut with two bulkheads,
each fitted with a door. The shelter, which is the space between the
bulkheads, could be equipped with emergency provisions capable,
for example, of sustaining 7 to 13 men (a section crew) for several
days.

The bulkheads themselves would serve to prevent
the contamination of the supply of fresh air within shelter by toxic
gases on the outside. TLe bulkheads would also have the structural
strength to resist the pressures resulting from secondary explosiona
occurring after the initial fire or ignition,

There are some important questions which must be
addxressed before vthe emergency shelter concept can be practically
implanented, These can be summarized as follows,

1. Placement - where shall the shelters be located,
and how many are required?

ale



2. Equipment - what supplies and equipment shall be
provided in an emergency shelter toc maximize the

chances of survival of entrapped miners.

3. Bulkhead Design - what kind of structure would

most efficiently and economically satisfy the sealing

and explosion-proof requirements,

The problem of placement must consider the basic
emergency escape plan of the mine, Shelters can be placed near the
working face, along developing submains, or along main entries. It is
important that the shelters be placed not only where they will be
accessible during an emergency, but also where miners are likely to
be when they realize that they must seek refuge in a shelter.

The equipment associated with a shelter has received con-
siderable attention in a recent U.S5S. Bureau of Mines program carried
out by the Westinghouse Corporation.(é)* This program involved the
development of a completely self contained chamber, the subassemblies
of which were maneuvered into a cross cut and assembled therein. All
life support provisions were supplied with the chamber, This chamber
proved to be extremely cumbersome and labor intensive to erect, and
its module seals failed to survive exploeion trials, For the bulkheaded
crosscut which we are considering here, an additional provision of a
surface borehole can be considered. This, of course, is an additional
expense, but it does provide an immediate lifeline to entrapped miners.
In addition to serving as an access for air and provisions, the borehole
can serve as a pilot hole for current state-of-the-art boring and hoisting
equipment which can bring about the ultimate rescue of the miners.

The ‘ssue of bulkhead design combines structural, economic,
and logistical problems, The structural aspects of the bulkhead are
- primarily involved with its ability to withstand explosion pressures while
remaining structurally anchored and sealed to the indigenous strata,

*Numbers in parentheses refer to references listed in the bibliography.
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The economic and logistic problems are closely related to bulkhead
placement. If an emergency shelter is to remain close to the working
face, then economics dictates that bulkheads should be of lightweight,
modular, portable comstruction. If, op the other hand, shelters are to
be permanent structures on main haulageways, then it may be more
economical to use a massive monolithic structure (eg., concrete, fly
ash-cermnent) similar to those which have been used for sealing off gob
areas, Other factors, such as material handling costs, reusability of
materials, required construction equipment, and required man hours of

labor will also enter into the economic and logistic evaluation,

The following report concerns itself primarily with gquestions
1 and 3 - ie., the placement of shelters in a mine and the design of the
bulkheads, As these two problems are mutually related, we find it
natural to treat them simultanecusly,

1.2 Scope of Report

The following report des:ribes a research and develop-
ment program sponsored by the United States Bureau of Mines, The
concept evolution during its tenure resulted in a redirection of the
initial R and D effort, Initiélly, the program set out to design an
emergency sheiter bulkhead and to study how the placement of bulkheads
could take advantage of existing ventilation stoppings for optimum place-
ment of emergency shelters, The bulkheads were to be 'portable', so
that the emergency shelter could follow close to the working face.
Subsequent investigation indicated that shelters located in such a manner
would be of little value to miners following typical escape procedures.
Consequently, the issue of placement became a central issue, and this
guided the subsequent bulkhead design effort. ‘

The report .reats three major areas of investigation;

1. Review of the Emergency Shelter Conc_egt

. This review is preaented in Section 2. It deals
with the application of emergency shelters in an emergency situation,

-
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as well as the implementation of emergency shelters as a part of the

overall mine emergency escape plan,

2. Evaluation of Alternative Approaches to Bulkhead
Desgign and Construction

We reviewecd background material and gereraced con-
ceptual approaches for bulkheads which are either permanent installations
or which are moveable, reusable installations, These two approaches
are described in Sections 4 and 6 respectively, Section 5 presents an
analysis of the in-mine cost of implementation of the proposed concepts.

3. Ccemplete Design Details for Selected Reusable
Concepts

The three reusable concepts which were selected
are developed into a detailed design package, complete with streas
" analysis and assembly instructions.

-4-



Z, Emergency Shelter Analvysis

2.1 Definition of Terms
The following terminology will be used in this section.

Rescye Chamber - Refuge Chamber - Emergency Shelter -

A pre-established shelter for the protection of entrapped miners after an
explosion or fire has occurred. ‘

Permanent Shelter - A shelter or chamber which has a life
of 3 -~ 10 years,

Temporary Shelter - A shelter or chamber which has a

functional life of 6 months to 3 years.,

Permanent Bulkhead - A shelter bulkhead which cannot be
moved without destroying it,

Reusable Bulkhead - A shelter bulkhead which can be dis-
assembled and reassembled in an alternate location.

Portable Bulkhead - A »eusable bulkhead specifically
designed for frequent relocation.

2,2 Emergency Safety Requirements

Emergency disaster protection in coal mines must inclade
escape-ways from operating faces to fresh air, escape facilities in
shafts and slopes, individual protective devices, and as a final resort,
established and well.equipped rescue chambers. Research te develap
special life support systemns and mobile escape vehicles has been
initiated; however, the mine worker today must be able to follow planned
escupe procedures and make individual judgementa. Numerous lives have
been sacrificed because designated escapeways werc not open, men were
not trained, and seli-rescue equipment was either not available or faulty.



Practically all state mining laws contain special provisions
directed toward emergency escape of workers. Yet nearly every year,
some disaster occurs and men bec trapped imby a fire. The Federal
Coal Mine Health and Safety Act of 1969 in provigions 75-1704 and 75-
1704-1 specifically deals with escapeways: the number to be provided,
maintenance, regular inspection, posted maps, training, and special
facilities. Emergency shelters per se are not included as a mandatory

provision of the law.

2.3‘ Mine Operating Practices

Mcodern coal mine operating practices can be divided nearly
equally between continuous miner production and conventional mining.
Concentrations of operating sections is practiced with both 8y stems;
consequently, three or more producing units may work in adjacent
entries utilizing the same secondary transportation system., This con-
centration of work endangers escape possibilities in the adjacent entry
should a serious disaster occur in one entry. Men probably will not be
affected by the explosion, yet, a severe shock wave could destroy
stoppings and overcasts on connecting main entries, Such a situation
could require the use of seli-rescuers to reach fresh air.

Mine fires constitute the grcatest hazard to trapped
workmen. Such fires commonly oceni in face areas on mining equip-
ment, on or along belt convejors, a.nd on main haulage roads from
power wires. Such fires are usually extinguished quickly, yet by
occurring on intake air, tliey endanger all workers imnby unless a
separate intake escape entry is mairtained. Such an antry is required
under certain provisions of the Federal Law. Fires resulting from
explosions can occur and when this happens a very dangerous situation
exists, Ventilation is disrupted, methane continues to be released;
consequently, a secondary explosion is pjoasible -- often, more violent
than the first. Such events necessi te some refuge protecticn for re.
maining employees in adjacent operations, There have been several
explosions that were not detected in other parts of the mine; one such
occurrence involved a second explosion before the mine workers were
evacuated,

-



The height of the coal bed will have a direct bearing on
escape-way effectiveness and the possible need for established refuge
chambers. It is not physically possible for middle-aged workers to
travel long distances on hands and knees or in a crouched position. An
emergency shelter established at a reasonable distance from working
areas could continue to add to the potential safety of such workers,
Present mine ventilating practices provide separate splits for each
working section or unit. Such practice removes the danger of con-
taminated air from passing over adjacent workmen. It also provides
time for workers to leave their working areas and execute a prepared

edcape plan,

2.4 Ernergency Shelter Avplication

Emergency shelters should be used only as a last resort
when no possible way out exists, or for seriously injured ren that caz-
not travel and it is known that the air is becoming contaminated.

2.4.1 Emergency Shelter De sign

The concept of temporary shelters and their
application for ''stand by' emergency shelters has both advantages and
disadvantages, The principal disadvantage is space when utilizing a
single breakthrough. The nurmber of persons that must be sheltered
will range from seven to thirteen depending upon the type of mining and
transportation systems. The estimated time of entombment before
drillhole contact will be three days, possibly more. Usiig the common
figure of 500 cu, ft. per man per day, it is evident that few men or
very few hours can be provided for by a single breakthrough emergency
shelter, even in high coal. Consequently, larger areas will be re-
quired or else some oxygen source must be provided. This may require
a special mine plan to provide the maximum area for the minimum
bulkhead installation. The following volumes will result from a single
80 foot breakthrough:



Coal He ight Passage Width

15 ft. 20 £t
30n 3,000 cu. ft. 4,000 cu. ft.
42" 4,200 cu. ft, 5,600 cu. ft.
45n 4,800 cu. ft. 6,400 cu. ft.
60" 6,000 cu. ft,

721 . 7,200 cu. ft.

Providing additional chambers is not practicable
because in the event of actual use each chamber will need a surface
bore hole connection. A more logical approach is to split the pillar
where the chamber is to be located and bulkhead two breakthroughs, as

shown in Figure 1, This will provide three equivalent areas,

Supplemental oxygen sources such as "o, "
candles could introduce hazards due to methane release within the
chamber. Oxygen cylinders could serve as an emergency source of
oxygen; however, control and discipline must be used to gain maximum

efficiencies, The best arrangement is surface boreholes,

2.4.2 Location and Use

The location and number of emergency shelters

nesded will depend upon the time available for escape.

The time interval after an explosion-type
disaster for escape in most cases will be unlimited, except for those

working in the disaster area.

The tume interval for escape when a mine fire
is involved may be very limited unless some warning system is effective,
This is the purpose of law requirements for m. ltiple escapeways. Con-
sequently, the greatest need for emergency Tielters are for refuge when

trapped inby mine fires. The number of shelters required will depend
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upon the mine development, concentration of operation, the nwrber of
operating sections, cual height and the mobility of the individual mineras.

The ease of travel will be the limiting factor to escape possibilities and

refuge chamber proximity. U.S. B. M. Information Circular 8127, Fscape-

ways and Other Emergency Measures in Coal Mines by R. W. Stahl, dis-
cusses travel speeds in escapewvays ind the need to outdistance air

velocities when fires occur on intake air courses,

_ The following emergency shelter :“tervais are
based upon the assumption that those workers not directly involved in a
disaster will have a minimum of 60 minutes to make an escape effort.
Based upon the travel epeeds listed in U,S.B. M, LC. 8127, the following
distances apply: '

Height of Coal Shelter Interval

30 inches below 1,500 fect
42 inches below 2,500 feet
60 inches below 3,000 feet
60 inches above 4,000 feet

It is projected that a shelter caa be installed at
the start of each development panel or series of butt entries (see Figure
2). This shelter will serve the development work along the but and
also provide standby refuge for further inby operations that find escape-
ways blocked outby this shelter. Such a shelter may be considered

permanexit. Its usable life could economically support borehole con-
nections to the surface.

.10 -
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The temporary shelter concept i- best applied
to intermediate installations within the panel entrizs as they advance to
preiéribed distances (Figure 3). Such shelters will serve further de-.
velopment and retreat operations and can be expected to have a usable
life of possibly one year or more. Such shelters probably will not
support borehole communications to the surface unless reguired by law.
The number and spacing of such shelters will depend on the coal height,

as outlined above.

The type of mining systemn, whether conventional
or continuous miner operations, will not affect shélter locations or design
criteria except for space requirements; longwall operations possibly will
require shelters in both the head and tail access entries to assure pro-
tection for all face workers, Hand loading operations with room develop-
ment easily can prepare a worked out room for emergency use. Figures
4, 5, and 6 show schematically the layout of emergency shelters for coal
seams of three different thicknesses.

The installation and maintenance of bulkheads and
emergency shelters is most important and should be an assigned re-
sponsibility to a top mine official. Special construction crews with
transportation and special tools and equipment may be beneficial to
assure proper erection. Supplies of material in the shelter must be
checked regularly and the integrity of the chamber checked in the event
of mine roof stress changes,

Each shelter should have a telephone counection
to & central point, The telephone lines should be buried or otherwise
protected. Another advantage to prepared boreholes is communication

as well as oxygen supplv.

.12-
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The cost for providing a single emergency shelier
is estimated to be within the range of $12,000 to $17,000, provided
a borehole to the surface is included, Reusable material will reduce the
cost of intermediate or temporary bulkheads,

Assuming that such shelters will be required by
Federal Law, the number of units baged upon present coal mine operations
will be tremendous. There are approximately 6,000 operating sections
that will require protection., Based on an average of 1.5 shelters per
operating unit the total number of shelter installations will approximate
9,000, Annual replacement is estimated at 4,000 per year.

-17-



3. Development of Reusable Bulkhead Concepts

The principal thrust of the R and D program on which this report
is based was the development of reusable bulkhead concepts. These
concepts were primarily oriented toward the temporary shelter concept,
so that the economic advantages of material reusability, portability, and
ease of construction could be most favorably realized. It is also con-
ceivable that these economic advantages could be sufficient to make a

reusable design practical for a permanent shelter.

As will be described in greater detail in this secticn, we have
found that there are numerous design approaches which can be followed
in the development of a reusable bulkhead. All, however, have one
design problem in common; that of anchoring any explosion-proof

structure to the rib, roof, and floor of a mine passage.

We have broken down the de sign of a reusable bulkhead into three

principal design areas:

Main Structure
Anchorage
Sealing,

In this section we shall first review some general design requirements
which will be followed in developing a reusable bulkhead design. We
shall then review conceptual approaches to the three principal design
areas. These conceptual approaches will lead to the development of

some specific component designs and these components will be synthesized

to form a number of complete bulkhead designs.

31 Design Requirements

The criteria and constraints which must be met by a given
reusable bulkhead design fall into three categories: those assaociated
with its function as part of an emergency shelter; those associated with
the requirements of a rapidly erectable, reusable bulkhead; and those

- 18-



associated with the survival of such a bulkhead in the normal mine en-
vironment once it has been erected. The specific requirements are

outlined below.

3,1.1 Functional Requirements

To provide refuge for entrapped miners, an
emergency shelter bulkhead must provide a means for rapid entry, and
rust provide protection from explosions and toxic gases which are
generated during a fire. The bulkhead is not intended to provide thermal
insulation for entrapped miners, It is assured that a fire very close to
the emergency shelter will transmit heat through, and cause deterioration
in the adjacent coal, which would render a heat-shield type bulkhead

useless,

3.1.1.1 Loadings Due to Mine Explosions

Peak Pressure Intensity

Considerable experimental research
has been carried out on mine explosions at the USBM Experimental
mine in Bruceton, Pa. As a general rule from numerous simulated
mine explosions, the intensity of an explosive pressure wave 200 feet
or more from the origin of an explosion does not exceed 20 psig un-
less coal dust accumulations are abnormal and the incombustible content
of the dust is far less than that allowed by law, On this basis, a 20
psig pressure wave has been used as the design condition (see Appendix
A for a more detailed discussion),

The emergency snelter bulkhead will
be located in a cross-cut about 5' from the intersection of the cross.
cut and the entry. In this coafiguration, the 7 ulkhead experiences
side-on, rather than reflected pressure. Th's impliea that the bulkhead
will experience the 20 psig pressure loading, and that this loading will
propagate down along the width of the bulkhead at the speed of sound,

-19.



Pressure Pulse Rise Time and
Duration

In simulated mine explosioas, slow
rising as well as shock front tyr+ pressure pulses have been produced.
Since a shock front, i.e., an instantaneous pressure rise, is the more
severe loading, it>wi11 be assumed in the design of the bulkheads and

their componentas,

The duration of explosive pressure
pulses have been shown typically to range from 0.1 to 1.0 seconds.
The typical response time of hulkhead components is on the order of a
millisecond. Ccnaequently, the bulkhead sees the applied loading approxi-
mately as a step of infinite duration. This characterization is zlso con-
servative, and allows for rapid sizing and evaluation of bulkhead com-

ponents,

Negative Pressure and Rebound

Fdllowing the positive pressure pulse
is a negative pressure phase with a magnitude which is generally found
to be less than 1 psig. Structural oscillations also cause negative
loadings. The degree of this loading depends on the amount of damping
in the structure and the duration of the pressure pulse., Since the load
duration is very long, there will be perhaps 10 to 100 structural oscil-
lations before the load begins to decay. During this time, damping will
decrease the magnitude of these oscillations. If the damping is high,
as shown in Figure 7(a), there will be no negative deflections and hence
no rebound loading. If the da nping is low, as shown in Figure 7(b),
the structure will rebound and deflect in the opposite direction, The
response of Figure 7(a) is more probable due to the energy dissipation
which occurs by inelastic deformation of the rock and coal, and by
friction at joints, However, since this can not be quantified, some
account rmust bé made for rebound,

Previous structural design criteria(6'8)

have specified a static pressure of 5 psig for the negative pressure load.

«20-
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Figure 7 - Influence of Structural Damping on Rebound
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This combines both negative pressure phase and rebound. In the absence
of any other quantitative information, this criterion has been used for

this analysis.

3.1.1.2 Leakage

Our specifications require that men
inside the shelter be protected from the encroachment of external toxic
gases on their available air supply. This implies that the joints be-
tween structural compouents, as well as the gaps between the structure
and the roof, floor, and ribs be tightly sealed. We have not specified
an allowable leakage rate.

The requirements for sealants, as

interpreted from the above, are summarized as feollows,

a. The seal should be capable of
withstanding the applied pressure without popping out, cracking, or
failing in any other mode,

b. The seal should yield to the
relative displacements of the surfaces being sealed without allowing
leakage.

¢, The seal should survive the

passage of an explosive flame front without the destruction of its integrity.
3.1.1.3 Access
The bulkhead is required to be fitted
with an access door which has a quick-release latch. The door must

survive the over-pressure environment, and must also provide a tight
seal.

-22-



3.1.1.4 Thermal and Flammability
Reguirement;ﬂ_s. ’

As mentioned earlier, sustained high
temperatures outside of the chamber would likely be fatal to the miners
inside regardless of how well insulated or heat proof the bulkhead may
be., Consequently, 200°F has been conservatively chosen as the design
temperature for all bulkhead materials,

All exposed bulkhead materials are
required to be non-flammable. More specifically, the bulkhead may be
exposed to the fireball associated with an explosion. This is essentially
a flame front which would pass by the hulkhead in a fraction of a second.
This transient flame front is taken as the flame source which must be
resisted by all bulkhead components.

3.1.2 Assembly Requirements

The following considerations must be applied in
order to develop economical, practically implementable reusable bulkhead
design, '

{1 Ease of Assembly - The erection

procedure must be straightforward, and require a minimum of special
skills. On-site cutting and drilling should be minimized. The alignment
of various components should either be simple, or should allow for large
tolerances. The number of connections should be minimized.

(2) Ruggedness of Components - Com-
' ponents are assumed to be handled roughly in a mine, and hence they

should be as rugged as possible.

(3) Height Flexibility -~ Within a given
coal mine, passage height variations of é inches to 12 inche are
common, It would therefore be desirable to design a bulkhead in such

a way that it can adjust to these local height variatiors. This is not

n23n



to say.that the same szet of bulkhead components designed to fit a 3 foot
passage will also fit a 6 foot Bseamn, In this case the same basic design
would apply, but different components would be fabricated for different
seam heights. Using this design philosophy then, bulkheads will be
designed such that a given coal mine <hould be able to use the same
basic units for all of its bulkheads.

{4) Equipment . Designs should be
oriented towards equipment and tools that are generally found in a mine,
and whose use 'will be familiar to mining personnel. Such egquipment
includes continucus ininers, cutting machines, hand- and post-mounted
electric augers, jackhammers, stopers, small electric drills, roof
bolting machines, compressors, and small hand tools. Drilling and
shooting is considered to be an acceptable method for trenching the
floor and squaring the ribs,

(5) Sensitivity to Workmanship -

A structure in which a high degree of accuracy or precision is not re-
quired during construction is to be preferred, Structures requiring
accurately positioned roof bolts, for example, do not respond well to
this criterion, Ditching, if carried out improperly, can destroy the
competence of the floor and result in a poorly supported structure,
Such operations, although perhaps not completely avoidable, should
either be minimized or should be associated with other redundancies
to minimize the reliance on the quality of workmanship.

(6) Weight of Components - Rapid

assembly by two men suggests that no individual component of the bulk-
head assembly weigh more than 150 lbs,

(7 Size of Components - Size of bulkhead
components must be such that they can be easily transported on mine

vehicles throughout the mine.

(8) Sealing - The structure should be
designed to minimize the number and size of the joints which have to
be sealed.

-24-



{9) ' Material Availability - Materials and
hardware for bulkheads should preferably be drawn from standard, off-
the-shelf components where possible, This should minimire problems »

associated with replacement of damaged or lost components.
{10) Cost of Materials and Labor - Cost

of materials and required manhours of erection labor should be minimized.
Total cost will eventually suggest the most acceptable bulkhead concepts.

1.1.3 Requirements {or Survival in the Normal Mine
Environment

Aside from its specialized functions, the reusable
bulkhead must endure the normal mine environment without deterioration
of its functional charactsristics, These environmental requirements are
listed Yelow.

WUy Corrosion - The normal damp, acidic
attmosphers in the mine tends to accelerate corrosion. The materials
of construction of bulkhead components must have adequate corrosion
resistance,

(2) Convergence {Squeezing) of Roof and
Floor - Normal greund motions which occur after coal is mined inciude
sagging of the roof and heaving of the floor. The total convergence
during the life of a reusable bulkhead may be several inches. DBulkheads
must be designhed such that this _umrergence does not destroy the bulkhead
or its seals. |

(3 Rib Slouggxinj « A seal to an initially
solid rib will be destroyed if sloughing occurs. Measures must be
taken to prevent sloughing at seal locations.

3.2 Description of Principal Design Problem Areas and’
Conceptual Solutions

The major design problem areas have been -ubdivided into
main structure, anchorage, and sealing. The specific problemis and
.25-



conceptual solutions associated with each category are described
balow,

3.2.1 Main Structure

There are a number of basic structural types
whkich can span the rpening of a cross-cut and resist the pressure load.
The design of such structures has become standard practice during the
past 30 years, primarily due to advances in the fields of aerospace and
nuclear blast protection. Our principal challenge is to apply some of
thia technology to the unique emevgency shelter application. Some of
the basic considerations are outlined below.

3.2.1.1 Direction of Span

Initial concepts sought to span the
mouth of the cross-cut horizontally with beams that overlapped the ribs,
However, a coal mine passage is usually much wider than it is high.
ousequently, it is more structurally efficient to have the structure
span from roof to floor. This will be especially significant in low
coal, where the horizontal span can be as much as eight times the
vartical span, On the other hand, as will be described later, the
anchorage problems associated ith vertical spans can be considerably
greater, and hence thers may be a trade-off between these two approaches.

3.2.1,2 Type of Structure

There are a number of ways in which
a bulkhead structure can carry the load. These are depicted in Figure
8, and described below,

{1) Bending

Thke structure consists of a plane
spanning between two surfaces (e.g., roof to floor)., It is the most
straightforward way of carrying the load. However, it requires support

-‘26 -
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through high shear loads applied to the rock strata and is thus dependent
on the strength characteristics of the strata.

(2) Arching

A circular arch subject to
pressure locading transmits loads tangent to its surface to the supporting
material. This places the support material in compression, which is a
desirakle condition for materials such as rock and coal. The arch itself
is in compression, and its design is controlled by stability considerations.
If the arch spans {from ribk tc rib, then it will be subjected to flexure due
to the parsing pressure wave, and thia may be a more severe design
criterion, '

(3) Tension Structure

The most efficient way of
carrying the load is in tension. This will result in the lighi'est type of
structure. The structure may be either flexible, and shaped into a
semicircle on site, or it may be assembled from chin but rigid pre.

formed semicircular sections. In either case, shear loads would be
| applied tc supporting vrock and coal strata with the inherent advantage
that the pressure loading tends to press the edges against the support.

The principle disadvantage of
such structures is their lack of inherent resistance to rebound or
negative pressure. Alsc, their fragility, cr flexibility, may make them
more difficult to hardle.

(4) Inflatable Structures

These would be inflated at the
site to a nominal presasure required for positioning and stability. Some
allowance would have to be made for access into the shelter,

The applied loads on an in-
flatable structure are resisted by friction at the contact surfaces with
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the bordering rock. Excessive movements of the structure may occur
before this friction is developed. In addition, local peaks in friction
force due to irregularitiez in the rock surface cculd easily cause tearing
in the inflatable skin. These possibilities are difficult to evaluate with-
out some extensive testing, We believe that the inherent probiems
associated with inflatables preclude any further consideration within the
scope of this study.

{5) Double Structures

One potential concept is to
build two structures - a primary structure to resist the blast load, and
a secondary structure to provide a gas-tight seal. The purpose is to
separate the structural function from the sealing function, and perhaps,
in thie way, develop a concept which is simpler and cheaper than the
single bulkhead approach.

Unfortunately, this concept is
only feasible for short pressure pulses, For longer pulses, similar to
those which we expect, the leakage of the primary structure can be
sufficient to allow pressurization of the intervening space, and thus
"apply a pressure loading on the secondary structure.

3,2.1.3 Mode of Dynamic Response

The dynamic response refers to the
way in which the bulkhead absorbs the energy imparted by the blast,
The structure, or various portions of the structure, can respond in an
elastic, plastic, viscous, or in some combined mode; each type of
response Trepresents a different form of energy absorption,

In order to assess the merits of the
different forms of energy absorption, one must first develop a dynamic
model of the system. For the design of a blast resistant structure, it
is sufficient to model the structure as an equivalent one degree-of-

9
concerning structural reaponse can be reached.
-29:177
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Figures 9 and 10 illustrate the
elastic-plastic response of a one degree~of-freedom system, each with
a different model for the load-time function, As mentioned earlier,
the duration of the blast loading, t4, is on the order of one second.
The reaistance function represents the static load capacity of the
structure. The structure responds elastically until it reaches a de-
flection y o] it® plastic resistance is then idealized by a constant
resistance R_,. The maximum deflection of the structure is designated
as y_ ., aad the natural period of the structure is designated as T.
Different types of response, as shown in Figure 11, are described below.

(1) Elastic Structure with Rigid
Supports

Referring to Figure 1ll1(a), the
basic parameter which defines the systern response is the ratio of the
load duration to thg natural period of the structure, t le‘ A typical
steel structure spanning the mine opening will have a period on the
order of 1 millisecond (msec), and a concrete structure may have a
period on the order of 10 msec. In zither case, the ratio td/T is
large, greater than 100, The requirement for the atructure to remain
elastic impliss that y_ 'y,; < 1, and from the design curves, R, /F, =2
This means that the maximum resistance of the structure must be twice
the maximwn pressure loading; in other words, the structure must be
designed for 40 psi static loading.

In the above discussion we
have idealized the blast loading as instantanecusly applied. In many
cases we will have a finite rise time rather than a true shock front.
Suppose, for instance, that the pressure wave has a rise time of 1.5
msec, Then referring to the design curves of Figure 10 for an
' elastically respo~ding structure with ym/y e = 1> and a natural period
of 1 msec, R !FI = 1.3, In other words, the structure need only be
designed for a static lecad of 1.3 x 20 = 26 psi.
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Unfortunately we have little
information on the rise times of the pressure waves due to mine
explosions, Consequently, we can only take advantage of the fact that

the existence of a finite rise time gives us a built-in factor of safety.

(2) Flexibility Supported Elastic
Structure

One possibility of reducing
design loads is to increase the natural period of the structure by pro-
viding flexible supports. This situation is depicted in Figure 1ll1(b).
The design curve of Figure 9 indicates that the design load can be re-
duced to 30 psi (R, /F, = 1.5) if the natural period of the structure
equals the load duration,  Suppose we have a structure with mass M,
supported by a flexible support system of stiffness k, and a load dura-
tion of 1 sec. Then this condition is expressed as

—
"

or

2

k= 4" M

The maximum deflection of the structure, y o]t 18 equal to R m/k, or

A typical reusable bulkhead weighs on the order of 2,000 lbs total. R
is equal to 30 pei times the total area (say 6é' x 15') which is 390,000
ibs. Hence

390,000 . _

b4
el 4 x n
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In other words, in order to
reduce the design load by 25 percent, we must supply an elastic support
system which allows the structure to move about 320 feet. This is

ubviously out of the question,

(3) Elastic- Plastic Structure

A technique frequently used in
the design of blast shelters is to design the structure to deform into the
plastic range (depicted in Figure 1ll{c)). With this techn_ique, the re-
quired resistance of the structure can be reduced. This reduction will
depend on the duration of the pressure loading, and the degree of plastic
deformation permitted.

Excessive plastic deformationas
can destroy intra~structural seals, and may a.lso' cause jamming of the
door, In addition, such deformation wili be cumulative for multiple
explosions. On the other hand,‘ ailowance for armall plastic deformations
may still reduce the required structural strength considerably, as iilus-
trated in the following example.

Supposa we allow a total de-
formation equal to three times the deformation which would occur if the
structure remained elastic; Le., y_,, l"el = 3. (e.g., if Yoy = 0.01" we
allow vy m 0.03" . still very small). Referring to the design curve of
Figure 9, for our typical structure where t d/'I‘ = 100, we find Rm/F1 =
1.2; i.e., the structure can be designed to resist a static load of 1.2 x
20 = 24 psi. | '

(4) Elastic. Plastic Support System

An alternative to designing a
structure which deforms plastically is to design a support system which
deforms plastically, Here, the plastic deformation is localized at the
outer boundaries, and flexible seals can be used to allow such de-
formation to take place while retaining a seal. Such a support system
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can employ frictional elements, for example, which slide over one another
at a constant force level in a manner which is equivalent to plastic de-
formation, Reference to Figure 9 shows that if we allow such a system to
slip a distance equal to 10 times its elastic deformation (Ym'/vel = 10},

we can tring Rm/F1 down close to 1; i.e., we can approach a 20 psi
design load for the supporting elements. The figure also shows that to
get down below this value, very large increases in the allowable plastic

deformatisn would be regquired.

The principal drawback to such
a support system is that the slippage in each element would not be uni-
form, and the structure may either deform in an undesirable way, or
become unstable. Allowing the structure to go plastic (option 3), rather '
than the supports, provides much greater control over the type of de-
formation experienced by the structure,

It should be noted that 'plastic"
deformation of the supports includes defarmation which occurs in the
surrounding material, i.e., in the rock and coal that support the structure.
Although these deformations are difficult to predict and control, it is
clear that some amount of "give" in the support material will substantially
reduce the total locd experienced by the supports,

: The above discussion has indi-
cated that the design load can vary from 40 pei down to near 20 psi,
depending on a number of assumptions, and the type of structural re-
sponses anticipated. With the exception of the 40 psi design criterion,
all design criteria require specific knowledge of the structural response,
For the purpose of rapid selection and evaluation of concepts, we will
stick with the conservative 40 psi criterion. Once certain best candidates
are identified, these will be reevaluated for possible increases in design

efficiency,

3.2.2 Anchorage Syste"' s

The discussion of primary structures in the
previous section shows that there are many options available; but
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regardless of the option selected, the requirements for the support system
which anchors the bulkhead to the passage are still severe. It also will
becggne clear that the more efficient structural concepts require more
clxlxex anchorage systems.

3.2.2.1 - Loadings

The bulkhead support mechanism
must be viewed in light of the range of passage sizes to be considered.
For example, in a 6' x 15' passage with a2 40 psi design loading, a bulk-
head supported at the top and bottom of the passage requires a horizontal
reaction of 1,440 lbs/inch of passage width. In contrast, a bulkhead
supported at the ribs of the above passage requires a rib reaction of
3,600 lbz/inch of passage height. In low coal passages the above dis-
parity between loads carried through the top and bottom supports versus
those carried through rib supperts becomes much greater.

The loadings described above are
substantial and require careful consideration of both the anchorage and
the support material. These areas are elaborated upon in the following
sections.

3.2.2.2 Indigenous Support Material

Figure 12 represents a generalized
view of the type of material surrounding the mine opening. Variations
on this picture include the following:

- Head coal of up to 6" is usually left in the Pittsburgh
seam, and other areas where the roof material is sensi-
tive to weathering (sandy shale, sandstone, and slate).

In other areas, where the roof is more durable, sither no
head coal is left or draw slate is pulled down, |

- In some cases, the immediate floor will be shale,
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The structural properties as well
as the local condition of these materials vary considerably from mine
to mine, Therefore it is difficult to predict the competence of a given
design, What we have done is examined what is known about these
materials, and then prepared designs based on reasonably assumed
minimwn values for strength properties,

In general, the order of preference
for support location is floor, rib, and roof respectively. Floor is
preferred, since its condition is the most consistent and predictable.

The priucipal problem at the floor is the existence of wet bottom. It
is our opinion that in most cases, suitable locations can be found where
this condition will not exist. The rib is second choice to the floor be-
cause of the cleated, friable nature of the coal. The roof is the last
choice because of the unpredictability of roof conditiona.

Below we review the anchorage
characteristics of thess materials in greater detail, and in the following
sections we discuss the principles of some basic anchorage schemes.

1. Fireclay - Fireclay is the
most common imrmediate floor material, When it is in good condition,
it is extremely hard, and likely to be a reliable support material.
Tests conducted by the USBM(” showed that fireclay has a bearing
capacity ranging from 500 to 6,000 psi., However, these iests avoided
those mines where there was wet or fractured bottom. Wet bottom
causes fireclay to decome soft, with virtually no strength. Fractured
conditions would cause similar deterioration of strength. It is import.
ant, in constructing a bulkhead, to avoid support material which is in
poor condition, Either a more suitable location rmust be found, or an
alternate support system must be used.

2. Shale, Sandsatone, and Slate .
Thw. 4¢ materials are commonly found in the irnmediate roof, and
occasionally in the immediate floor. The USBM bearing capacity tests
mentioned above determined strengthr ranging from 2,800 to 6,000 psi.
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3, Coal- USBM{tests on unconfined coal
pillarl“) indicated a compressive strength on the order of 500psi, while
tests of bearing strength perpendicular to ribs in-situ have yielded
strength values on the order of 4,000 pli.uz)Coal has cleavage planes,
and hence strength values can vary considerably. Rib coal is under
stress due to the arching action around the mine opeaing. Consequently,
sloughing is always a possibility, and must be provided for.

3,2.2.3 Basic_Anchorage Schemes

A number of basic schemes can be
utilizsed to support the bulkhead structure. These are described below.

1.  Jacks - Because of their
simplicity of installation, jacks were considered carly in the program as
a means of bulkhead support, Figure 13 shows a basic jacking con-
figuration. The principal mode of support is through friction at the roof
and floor. Suppose, for example, that we -re jacking against a 6" wide
plate, and that our jacks are spaced every 4'. Assuming a f{riction
coefficient of 0.5 and our assumed requirement of 1,440 1b/in, the
jacking load would be 1,440/0.5 x 48/2,000 = 70 tone/jack. This is
an extremely high jacking load, and it suggests that jacks would have
to be spaced every 6" for more realistic loadings. Such jacks can be
either mechanical or hydraulic.

Further contideration indicates
two basic problems associated with jacks. These include:

Creep of Surrounding Material

All of the materials surrounding
"the mine opening tend to creep under constant, long-term loading. Hence,
mechanical jacks would lose their load and become ineffective,
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Loss of Hydraulic Pressure

Typically, hydraulic systems
suffer leakage in sustaining long duration pressures, and hence constant

maintenance would be required.

2, Trenches - Figure 14 shows
a tyi)ica.l trench support configuration. The cement filler is added to
provide smooth bearing contact between the structure and the rock,
Trenching is considered to be a viable means of support at the floor.
It is excluded at the roof due to the fact that it would induce a roof
fall.

The adequacy of a trench
support depends on the shear strength of the floor material. In
particular, the shear strength along the failure plane shown in the
figure will determine the allowa%®le bearing pressure throughout the
depth, d.

Results from the theory of soil
machanics(s) show that the sheur strength of the floor material can be
determined from the USBM bearing strength results as

T= p/7.4

where p is the maximum normal bearing pressure, and 7 is the shear strength.
The length of a circular failure plane is equal to ‘Eg For the maximum
load of 1,440 lbs/in, the relationship between the required trench depth

d, and the bearing strength p, is

3340
P

d =

where p is in pei, and d is in inches, For the minimum bearing
strength value of 500 psi, the required trench depth is therefore 7'.
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_ One principal problem with
trenching is the manner in which it is carried out. Available equipment
to do the job includes continuous mine‘rs, universal cutting machines,
jackhammers, and hand picks. For hard bottom, trenching may very
likely be carried out by drilling and shooting,

The large pieces of equipment
will make an extremely wide trench, and hence will not provide a
vertical bearing surface. Drilling and shooting, if carried out hap-
hazardly, will cause failure planes in the surrounding rock and reduce
its strength. The basic problem with trenching is that the better floor
material is the more difficult to remove, and careful excavation pro-

cedures must be used.

_ 3. Rock Bolts - Bolting into the
roof and floor is considered to be a viable approach to the anchorage
problem. Figure 15 shows a number of different bolting configurations.

The unique problems associated with rock bolting are:

{a) Can a bolt take the
required loading in shear?

(b) I1s there equipment
available to place bolt holes in the locations and orientations required?

In response to queation (a),
rock bolts are typically designed to take load in tension; i.e., as they
behave in their roof control function. There is little data on roof bolts
in shear, and very little such data on rock boits in geperal.

Figure 16 shows some pre-
liminary test results developed at the Bureau of Mines. This figure
summarizes the force-deformation behavior for a full column 5/8"
diameter resin bolt embedded into, and sheared tetween two blocks
of Indiana linestone, The data indicates an appa.reﬂt yield strength
which is greater than that due to pure shear of the bolt. This is
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apparently due to the combined action 6f tension and shear. This non-
linear effect also tends to result in a ''strain hardening' behavior.

Table 1 shows manufacturers data for various rock bolts anchored in
concrete. This data primarily reflects the shear strength of the bolt,
with some variations depending on the strength of the concrete. We
should e:nphasize that the above data was taken using carefully controlled
homogeneous rock and concrete specimens. In actual practice we must
deal with laminated, unpredictable conditions, and in many cases this

uncertainty will preclude the bolting approach.

An alternative to the shear
loading is an anchorage system which loads the rock holt in either
tension or compression. In the case of tension, greater bclt lengths
are required to provide the necesgsary anchorage. In addition, if 2
large number of roof bolte in a row are loaded in tengion, there is

the possibility of pulling down the roof.

in any event, the primury
resistance is carried close to the loaded end of the bolt, and hence,
for bolts in shear, we would anticipate using a bolt length of 1 to
1-1/2 feet. As far as the type of bolt to use, a fully g-oat:d Frolt
is recommended. This is because there would be a smoother stress
tranasfer between the bolt and thz rock, and because the grout may fill
some of the faults in the bolted strata.

In response to question (b},
we helieve that bolt installation equipmen. will not limit us in selecting
an anchorage scheme. We do, however, have doubts that unusual
boltmg configurations will be practical from a labor standpoint, For
example, a previous study‘ 6) indicated that the drilling of angled bolt-

holes in the floor waa prohibitively time consuming.
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Table 1

Design Data on Concrete Bolts in Shear

Concrete Compressive - Ultimate Shear

Manufacturer Strm(psi) Bolt Diameter Loading (Ibs)
Paraholt 2,000 3/4n 16,400
3,000 3/4n 19,200
4,000 3/40 21,750
Phillips . 4,000 3/4n 18,000
Wedjet 3,750 3/4n 17,000
7/8" 21,500
J R 26,000
1-1/8" 34,000
1-1/4# 40,000
Hilti 3,500 3/4n ' 19,900
S 39,200
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4, Bearing Supports

Arch-iype structures will
transmit bearing loads into the supporting strata., Abutments must
be designed such that the resulting bearing pressure is within the
allowable bearing limits for the strata in question, ~figure 17
illustrates this situation.

For abutments in the rib, a
particular complication arises due to the angle of the loading and the
fractured nature of the coal, The rib has a natural orthogonal array
of fracture planes, called cleats. When a load is applied normal to
the rib, the stress state is entirely compressive and the load capacity
is not affected by the presence of cleats, Previous data has indicated
that under these conditions, an in-esitu bearing strength of 4,000 psi

was achieved, (12)

With the load applied at an angle, however, the
stress state will change and some of the coal will be in tension. This

situation is illustrated in Figure 18,

The figure shows that the coal
behind the line perpendicular to the edge of the abutting structure will
be in tension, An estimate of the coal support capacity can be obtained
by assuming that coal has no tensile strength, and that the arch is
supported entirely by the compression wedge shown in the figure,

The maximum stress in the wedge can be computed from(42’ p. 198)

- P cos O
" @ +1/2 sin 200 ¥ r

a =7/ - ¢

o = abutment angle

r, @ * polar coordinates of point whose stress is being computed
P = thrust in lbs/in

o 2 compressive stress
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Note that this solution is for a
point load, and hence ¢ * © when R = 0, Consequently, we assume
that a fictitious concentrated load is buried inside of the structure, byv
a distance d, which is computed by equating the contact pressure to

the abouve solution,

= P = P X 1
¢ w d " a + 1/2 sin 2a

where W = bearing width of the structure.

or,

d = ul
a + 1/2 sin 2a

-

For example, assume a 6" wide stru. _.re with a 30° abutment angle,
and a 5" thick concrete abutment. The.

] 6 6
d 2 FATIZ em 2w/ - 61 - BT

r = 9,77" + 5" = 14,77

"

and the maximum stress in the coal is (8 0)

P

- P 1 z
C"X/3 +1/2 sin 2w/3 X r = 81 x 14, 111 P

|

-3

]
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323 Sealing Systems

The leak-proof specification of the bulkhead
requires that all air gaps in the structure be appropriately sealed.
Gaps generally occur at joints, which either occcur within the atructure
between structural elements, or at the boundary of the structure between
the structure and the surrounding rock and coal., Figure 19 depicts
some typical sealing conditions. Typically, structural elements which
are not machined will have some surface irregularity and warp, and
gaps between fuch elements will be trom 1/8 - 1/4", Structural shapes
usually have rounded corners and edges, and when these intersect, gaps

on the order of 1/2'" may occur. The irregularity at the interface

between the structure and the rock and coal is on the order of inches.
Locally, this may be one to two inches. If the structure can not adjust
to height variations throughout the width, this gap may be as large as 6",

Since sealants are frequently elastomeric, care
must be taken in choosing one which satisfies the flame and temperature
requirements, Beyond this, the sealant must have jsufficient strength so
that it will not be blown ocut by the blast, yet it must have resilience so
that it will deform without permittihg leakage. The strength of the seal
will depend a great deal on the width of the gap to be sealed. A number
of basic sealing techniques are listed below,

1. Bead-FPatty Sealants - There are a

number of bead sealants on the

market which remain resilient.

They can be applied by a tube or
caulking gun. Their principal utility
is for gaps 1/8 . 1/4" wide,

2. Gaskets « These can be use? in
place of bead sealants. They are
more subject to .abusive handling and
improper placement, They do, how.

ever, give more depth to the seal.

-52.



EFD 7]

Yujjeag doj suope:of

{sUTq 1RINIINING

Gy T = < 7 A

ywgor Liepunog - *
|

—53-

——
o JUIOL 1RINDIONDING

ap——

0

AW

—

. , ..,.\//.

\(



3. Sprays and Paints - Perhaps the

quickest technique is to spray coat the
entire structure. This may, however,
make disassembly and reuse somewhat

more difficult.

4. Foams - Foams are more suited to
the 1" - 3' gaps. They are frequently
flammable, and hence must either be
coated for protection, or must be
chosén te be sufficiently flame re-
tardant.

5. Membrane - A technique for sealing
the larger gaps is to drape a thin
membrane (fabric, sheet metal)
between the structure and the sur.
rounding material. This will result
in smaller joints which will have to
be treated with a final sealant.

Table 2 summarizes the products and materials
which were reviewed. Products are identified by trade names where
applicable, The full range of sealant functions are covered by the Table,
Each particular type of structure will require different sealant functions
depending on the type of gaps between the structural elements and between
the structure and the passage; therefore, each final concept will have ite

own set of aealants.

Gasket type sealants have been eliminated from

consideration due to difficulties in handling and ausceptibility to damage.
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TABLE 2

Sealant Materials

Method of Temperature
Sealant Composition Aonlication Size of Gap Specifications Physical Zroperties
Ccean 64 cementitious Spray or trowel 1350 RS WA Used as tire- lardens like a soft
{spray requires cladding plaster
two mer )

Superbond cementitious Spray or trowel 1/4' 172" - Excellent adnesion
5000 pai compasition
strength

Zonolite Spray or trowel 1/40-1/2 - -

MSX 100 cementiticus

Mandoseal |cementitious large spray unit Psr2"- 3" Used aa fire- hardena

can be trowelied protection
Surewall vementitious Spray or trowel 1/ -1/2" Can withstand Excellent adhesion
glass fiber 280 - 300 F Extremely rigid
reinforced

Rigiseal 4 2 component Spray {2 man) TR flammable Flexible, hardens to

urethane foam about 30 psi strength

Stoppit Vermiculite, Spray {2 man} HE-AAE non «flammable Remains flexible

Sodium silicate jor irowel
Fireguard cementitious trowel or spray 1" .5 non -flammable More {iexible than
iM {2 man) v ement
Silica Foam | Sodium Silicate Jtrowel or spray I .o non-flammabie Low s{nnglh
glass fibers {2 man} Inflexible
Bloc -Bond | cementitious, trowe'l | 8 non -flammable Hardens
w glass fibers :
Scotch-Seal | Elastomer Putty knife, or [ DA B A non ~flasmmable, Perman"entiy plastic
ressure extrude withstands 200" F

Dow Corningy Silicone Caulking gun F1s- 1 withstands > 200" F] Permanentiy resilient

Sealant Rubber

Hornflex Thiokal gun or knife up to I withatands> 200" F [Permanentiy resilient

CHR Coated | Silicon and Clamp 6to 8" up to 00" F [Pliable - up ta

Fabrics Vitan Rubber fOO Iba/in. strength

Coated Glass
Shect Metal 1 Sheet Metai Clamp or screw 6 to 8" no temperature Pliable - up o

Tashing

attach

problem

600 Ibs/in,

strergth




3.3 Specific Approaches

3.3.1 Main Structure Coacepts

The following section outlines the structural con-
cepts which were congidered during the design program, as well as the

design principles which were applied.

3.3.1.1 Basgic Considerations

One primary rule of thumb is to
design structures which use standard sections and shapes. These in-
c¢lude commercial, rolled sectione, and other special shapes which are
mass produced for special structural purposes. Their principal ad-
vantage is in cost and availability. Standard structural elernents are

generally atock items, and replacement can be readily obtained.

Materials for standard elements are
usually structural steel (A36 or A242) or structural aluminum (Al 6061-
T6). Some elements, such as bolts and corrugsted sheeting, are made
of higher strength steels.

‘'The use of aluminum, although un-
acceptable for moving parts in certain mining applications due to sparking,
is considered acceptable here, especially where it could enhance the
portability of the structure. Ferritic reactions between aluminum and
steel components can be avoided by using gaskets, sacrificial plates, or

other types of protective coverings.

3.3.1.2 Vertical Span Bending Structures

Aps discussed in the previous section,
the most efficient way to carry the load in bending is to span the shortest
available dimension. In the case of a mine opening, this span is from

roof to floor. The requirement for an elastic structure is to provide a
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sufficient section modulus so that the maximum stress due to the 40 psi
loading is below the yield stress of the material. This requirement can
be expressed in terms of elastic beam theory, which states that for a
simply suppwdted beam, the maximum bending moment occurs at mid-
vpan. ForWhe stress at midspan to remain elastic, the required section

modulus per unit width of bulkhead is
2 ‘
S > 54 1
2 54%/a, | ()

where S is the section modulus per unit width, f is the height of the
passage, and cy is the yield stress of the material, This criterion is

used in the selection of the following structures.

1. Qld Dominion Design

Previous work carried out at

Old Dominion University(7) designed a structure which was a composite

of beams and plates. Figure 20 shows a typical steel panel, and Figure
21 shows a typical aluminum panel. Typical panels weigh 200 lbs in
both steel and aluminum. The aluminum panel can be divided into two,
100 1b panels. The panels are fixed in length, and are supported by

jacks to the rear of the structure.

2. Vertical Beams with Lightweight
Facing

An alternative to the modular
panel approach is to use a discrete set of substantial vertical beams,

and a strong, lightweight facing to span between the beams,
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3. Designs from Standard Rolled
Sections

An alternative to large, heavy
structural modules is to have a large quantity of small but simply con-
nected structural elements. The use of standard rolled shapes in
aluminum and steel is one such approach. i'igures 22 and 23 illustrate

the types and arrangements of such structural elements.

The various types of structural
elements include angles, I beams, Z sections, channels, and hox beams.
These are stock items at a steel or aluminum supplier, They can be
stacked aleng side of each other and rapidly connected using a number
of possible clamping devices. Clamping devices are desirable because
they avoid the problem of alignment of bolt holes. The structure, how-
ever, loses all strength in the horizontal span. This is undesirable
from a stability point of view.

One principal urawback of the
standard section approach is that special provisions must be made for a
door frame. This will interrupt the span, and will be at least twice as
wide as a typical panel. The degree of fabrication involved will

be costly, and will detract from the other uconomic features of this
approach. |

4. Prefabricated Panel Designs

The two approaches described
above employ off-the-shelf structural components. For optimal efficiency,
structural panels can be compietely prefabricated. The expense of fabri-
cation is traded off with lightness of weight.
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3,.3.1.3 Arch Structures

The commmon characteristic of all of
the bending structures just described is that high shear ioads are trans-
mitted to the rock strata in the roof and floor., As discussed in Section
3.2.2.3, the transference of this load is often difficult to achieve re-
liably. Consequently, arch structures were investigated as an alternative

to bending structures.

As mentioned vea.rlier, the selection
of bulkhead compenents from standard stock items will help to reduce
material costs. For arches, standard tunnel liner plates offer a ready
made, off-the-shelf solution, Figure 24 shows typical liner plates.
Liner plates typically serve to support the pressure surrounding excavated

material during tunnel and deep hole construction.

Curved 1 beams to provide reinforcing
ribs are also standard items in the liner plate business. Liner plates
are cast with flanges and holes, and com< in widths from 12" to 24",
and lengths of either 18.5" or 37"”. They are rugged, yet light enough to
be handled by one or two men.

The required gage ot liner plate and

size of reinforci~  rib will depend on the span and the radius of curvature.

These will be . ated for the specific designs.

3.3.1.4 Truss Structures

In order to completely avoid problems
of anchorage at the rouf, it is possible to design a structure in which all
of the loads are carried into the floor. Such a structure looks like a

series of simple trusses. A typical truss is shown in Figure 25,
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The reaction at the top of the {ront
post, which would normally be taken at the roof, is now tranamitted to
the floor through compression of the diagonal bracing member. The
front posts are designed for the usual bending loads, and the spans
between the posts can be taken up by corrugated sheeting, hexcel, or
other facing panels. The design of the diagonal, for the 6' high bulk-
head, is governed by buckling. The base of the triangle is closed to
make it an integral structural unit. This prevents the whole unit from

failing due to the failure of one support point.

The fact that the structure is no
longer supported at the roof makes adjustment in that direction a simple
matter. Front posts can Le made extensible, to carry the load delivered

by additional sections of facing material.

3.3.1.5 Tension Structures

Teneion structures are the most
efficient in terms of load carrying capacity per unit weight. By being
lightweight and thin, they can be flexible enough to conform to the local
variations in passage geometry. The usual problems associated with
tengion structures are finding ways of attaching the structure to the
surrounding material, and providing the structure to resist rebound and

negative pressures.

One design concept that was considered
involved the use of vertically hung "blast mats’ to attenuate the shock
wave. These could either be made leak proof, as one composite unit,
or else be backed at a suitable separation distance by a secondary, light-
weight, leakproof structure.

Providing access through the mat, as
31l as anchorage to the walla, presents the major problems. Most
likely a substantial frame will be required, which will then connect to
the passage. This will detract from some of the potential simplicity of
the concept.
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3.3.2 Anchorage Systems

As has been mentioned previously in this report,
the anchorage system presents the major technical problem in the bulk-
head desgign. This is pritnai‘ily due to the geometric irregularities of
the passage, and the unpredictability and frequent poor quality of the

type of materiala available for support.

In addition to the technical problems, ancnorage
construction also constitutes a major portion of the labor required to
construct the bulkhead. The basic goal of anchorage design is to come
up with a reliable system which requires minitaum labor. A number
of potential anchorage schemes have been considered in this design effort,

and these are degcribed below.
3.3.2.1 Headers

One approach to support at the roof
is to provide a beam spanning the width of the passage. Due to the
length of the span, the header will be supported along its length using
roof bolts, and these carry the load applied by the structure.

One basic problem with a header is
that a beam bolted up to the roof will'assume a position which is not
necesesarily alignable with the main bulkhead structure. Figure 26 illus-
trates this point. Additionally, heavy members will be required to take
the local loadings (1,440 1bs/in). The alternate which was investigated
here is the use of headers which consist of sheet metal forms filled
with mortar or fine.aggregate concrete. The concrete can either be
hand troweled, or pumped in as a slurry. In either event, it can be
made to conform with the irregularities of the roof. Figure 27 illus-
trates the concept,
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Fxample of a Formed Concrete Header

Figure 27
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Load transfer from the bulkhead to
the roof through a concrete header is complex. The concrete is subject
to combined shear, compression, and tension. Reinforcing in the con-
crete is required to guarantee an adequate support. Ultimately, sound
roof material is still required, We investigated pctential designs, and

concluded that the approach did not merit further consideration.
3.2.2,2 Turnbuckles

This approach involves the direct
connection of a bulkhead component to a roof belt using a turnbuckle,
This avoids some of the load transfer complications which were associated
with headess. The load transferred to the roof (or floor) bolt is well
defined, and then a bolt can be designed having the required capacity.
The turnbuckle mechanism allows adjustinent so that the roof bolts do not
require perfect placement. The turnbuckle ends can be either hall joints,
or slotted arrangements, to provide additional freedom of alignment.

3.4 Synthesis of Complete System

The background information presented in this section has
laid the groundwork for the generation of complete bulkhead concepts.
Based on the number of alternative component systems which have been
present, there are many possibilities for a final concept.

We have selected three concepts, and these are described in
detail in Section 6. Three concepts have been chosen because <ach rep-
resents a basically different anchorage scheme, and because it was felt
that no one anchorage scheme could suffice for all applications.

The three designs are shown in Figures 28, 29, and 30,
and are referred to as:

Liner Pl..e Arch

Truss ‘
Channel Turnbuckle.
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Turnbuckles

Channel-Turnbuckle Structure




Channel-Turnbuckle Structure

Figure 30



The detailed description of these designs has been reserved for Section 6,
where design specifications, calculations, and assembly procedures are
presented.

Some of the major design decisions which dictated the
final selections, and which evolved from the consideirations presented in.

this section, can be summarized as follows:

Floor Anchorage - The use of a trench has been preferred

to anchor belts, In the past bolt installation in the floor has been time
consuming, and special drills are required for hahdling tke cuttings.
For the extra effort involved, the use of a trench provides continuous

support and a far greater margin of safety.

Roof Ancho'rigg - The header concept has been found to
be impractical and direct connection to roof bolts via turnbuckles has
been favored. In this manner, the load on the roof bolt is well defined.
The use of the roof for structural support is still viewed with czution,
but conceptually there are many competent roof situations which should
provide suificient support. Some in-situ load testing for roof anchor

bolts would shed much light on this area.

Sealing - A sheet metal flashing strip backed up by frothed
urethane foam has been proposed for sealing the irregular space between
the bulkhead and the passage wans.' This can be applied simply with
minimum skill, and can seal gaps from 1" to 6" in span. The develop-
ment of this seai technique is desclribed in greater detail in Section 7.

There are a number of adequated sealants for intrastructural
connections. Because of its ra'nge of applicability, thickol has been re-

commended for the three proposed designs.

In the next section we will focus our attention on 'permanent'

bulkhead concepts.



4, Review of Permanent Bulkhead Concepts

4.1 Information

4.1,1 Purgose

The review of the application of emergency
shelters has indicated that the life of a shelter may vary from six
months to several years. For a shelter with a long life, the use of

a permanent bulkhead seems to be a logical approach.

The purpose of thi: section is to provide the
background information necessary to develop permanent bulkhead concepts
which will be competitive with the reuseable concepts currently being con-
sidered. This background information includes some extensive research
and development efforts carried out by various .mining organizations in
the United States and abroad, This review seeks to identify previously
developed concepts which would be applicable to an emergency shelter.

It also seeks to review past experiences in choice of materials, materials
handling techniques, construction techniques, and overall costs, to serve
as guidelines for emergency shelter bulkhead development. Ultimately
this information will be used to evaluate the relative merits of a number

of proposed bulkhead concepts, both permanent and reusable.

4,1.2 Background

The principal applications of permanent bulkheads
in the mining industry have been for ventilation control, for sealing gob
areas, and for sealing mine fires. Ventilation stoppings are principally
air seals, and are designed to withstand orly small (1 psi or less)
pressure differentials. Fire seals and gob area seals are designed to
withstand an explosive pressure. Design pressures have varied from
20 to 70 psi, depending on the agency and the year in which the speci-
fications were promulgated. Recently, these xi;ures have heen based
on measurement of pressures produced by simulated coal dust and

methane explosions (see Appendix A).
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Fire seals generally require a rapid setting
material, due to the likelihood of an explosion occurring shortly after
the seal is constructed. Gob area seals are designed to withstand
explosive pressure from either side, Neither of these requirements
apply to emergency shelter bulkheads. On the other hand, since the
sealed volume of an emergency shelter is so much smaller than that
for the two above mentioned applications, the leakage requirements for
an emergency shelter bulkhead are much stricter. Emergency shelter
bulkheads will also require a personnel access, Although the require.
ments for an emergency shelter bulkhead are somewhat differcnt from
those for the previous applications, we will look for those concepts
which can be appropriately modified (if necessary) to serve the purpose
at hand.

The agencies involved in explosion-proof bulkhead
evaluation and testing have been the U.S. Bureau of Mines (USBM), the
European Community for Coal and Steel (ECCS, Luxemburg), the British
National Coal Board (NCBJ, and the Experimental Mine Company (EMC,
Germany)., Bulkheads have been conatructed of a variety of materials,
including concrete gypsum fly ash cement, cement block, sand, rock
dust, and others. These bulkheads will be described in greater detail

in the next sections.

4.1.3 Scoze

‘This review will cover the development of
permanent explosion-proof bulkheads. The review will include a summary
of the various materials which have been used (Section 4.2), and a
description of the associated construction techniques, including materials
handling and erection procedures (Section 4.3). A review of bulkhead
design procedures is presented in Section 4.4, and explosion testing
techniques are described in Section 4.5. Section 4.6 presents a summary
of the results of these tegct programs, and Section 4.7 presents con-
clusions and recommendations for our current emergency shelter appli-

cation.
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4.2 Permanent Bulkhead Materials

4.2.1 Requirements

Bulkhead raterials have been traditionally
selected on the basis of cost, availability, ease of handling, and strength,
in that order. Frequertly, lack of strength has been :compensated for by
an increase in bulkhead mass, when the other factors are favorable, '
Other physical properties which influence material performance include
shrinkage, dry compaction, deformability, and in the case of fire seals,

setting time.

4.2.2 Summary of Materials

Sandbags - Sandbags have been a traditional mine
sealing method. For an explosion proof design, loose sand is usuaily
packed in 65 lb. jute sacks and stacked in the mine passage. Typical
seal thicknesses are between 12 and 18 feet, and the adopted standard
ist T = 1/3 W . H (where W and H are the passage width and height,

respectively), (16) Girders must be used at the top of the seal to pre-
vent shifting of the top bags, and air leakage may often be excessive as

the sand compacts.

Magonry - Masonry refers to limestone (10" x
20" x 10") or concrete (6" x 6" x B'") blocks bonded with cement mortar.
For adequate explosion strength, the masonry walls are zonstructed in
‘two or three layers (courses) and results in a wall thickness of 1.5 to
1.0 ft, Recessing in the ribs and floor has improved strength con-

siderably.

Concrete - Concrete haas been used both plain
and reinforced. Typical mixtures have contained cement, sand, and
gravel in proportions of about [:2:4, These proportions have yielded
compressive and tensile strengths of the order of 3,007 psi and 350 psi
respectively. For bulkhead construction, the water content is kept
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iow to limit shrinkage, hasten setting time, and improve strength.

Early USBM investigations indicated that a plain
concrete bulkhead recessed into the ribs could withstand the required
(30) This
fact has much to do with the degree of support provided by the rib coal,

explosion pressures, and that reinforcement was unnecessary.

as will be discussed in Section 4. Nevertheless, there have been no

reports of subsequent investigations into the use of reinforced concrete.

U.S. regulations specify(zm a bulkhead thickness
of (W or H)}/4 (whichever is larger) for plain concrete, and (W or H)/10
for reinferced designs. Shrinkage, and slumping away from the roof re-
main as major drawhacks, however, and for these reasons the use of

concrete has been discouraged in Europe.

Fly Ash-Cement - Mixtures of fly ash, cement,

and water {¢2 percent fly ash by weight, 7 percent cement, ani 21 per-
cent H?_Oﬁ have been inveatigated in the U.S. The availability of fly ash
makes it an attractive bulk milerial and the mixture provides strengths
comparable to gypsum products (flexural strengths approximately 100
psiIS.ln Slight shrinkage occurs on setting, however, and a minimum
setting time of three days makec: the fly ash-cement mixture unsatis-
factory for emergency constructions. Standards have established bulk-

head thicknesses of {W or H)/4 for explcasion prooi deaign.“s)

Gypsum PFroducts - Various forms of gypsum

(CaSO4.2HZO) have heen used as bulkhead structural materials. During
manufacture, raw gypsum is heated Lo eliminate the water of hydration.
The resulting plaster of paris (CaSO,. 1/2 H,0) is mixed with water to
reform the gypsum crystal structure. Since the recrystallization occurs
rapidly (1 to 15 minutes), retarding agents have been added io slow the
setting time and enable the mixture to be used in bulkhead construction.
The proprietary products used in bulkhead consatruction are Hardstem

(15 minutes settinpg (:nm) and Hardstop (30 minutes or 90 minutes).
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Saarilit (CaSO4. 1/2 H,O) is a similar product, produced in Germany as
a by-product in the preparation of phosphorous acid. Additives again
retard the setting time.

Synthetic anhydride (CaSO,) is a by-product in
the preparation of hydrofluoric acid and reacts with water to produce
gypsum. The setting times for anhydride are greater than those for

plaster of paris and no retarding additives are used.

Practical mixtures of plaster of paris typically
require 50 percent water by weight of solids. Flexural strengths vary
from 600 psi to 100 psi depending on the mixing method.{j' N The latter
value is 1.ore typical of field conditions. Up to 1 percent of shrinkage

may occur.

Synthetic anhydride can produce a higher strength
gypsum, but it appears to be more sensitive to the water/solids ratio
{0.06 gal/lb, gives a flexural strength of 240 psi, 0.09 gal/lb, gives
100 psi},(16) and does not provide any major advantage over plastic of
paris.

. Gypsum deforms plastically before failing,“7)
and hence the possibility of plastic accommodation will improve the per-
formance of gypsum subject to both repeated explosions and ground

motions,

Water Bags - The use of water bags for the con-
struction of mine seals has received some attention in Europe. A single,
or multiple bags are inflated, fillad with water and then supported by
brattices and ropes, The bag strength is the key structural element.
These have been made from nylon reinforced neopr-—:ne, and polyvinyl
chloride coated polyamid. Some fire protection (e.g. asbestos) must

be provided.



Composite Bulkheads - Some explosion barriers

have been designed in which the load carrying capability is distributed
between two or more materials, In a typical composite bulkhead, a
large volume of filler material (roék dust, mine debris, etc.) is sand-
wiched between wooden or masonry retaining walls. In this configuration,
the filler provides an inexpensive, deformable support for the retaining

walls.

-

-~

Wooden walls with rock dust fill have been in-
vestigated, but do not provide adequate strength to withstand even small
explosions. With the use of masonry end walls, composite designs have

demonstrated excellent explosion strength and air sealing capability.

4,3 Bulkhead Construction Techniques

Different bulkhead designs may require differen! material
handling and construction techniques. The required bulkhead location,
and distribution of thete locations throughout the mine, and the local
passage geometry will determine which transportation and construction
methods are the most economic for a given application. For example,
bulkheads located on or near mains may be constructed from materials
delivered in bulk, while remote locations off mains may favor hydraulic
or pneumatic transport. Bulkheads constructed in low coal may rot

permit the use of standard mixing and pumping equipment,

For emergeucy shelter applications, the bulkheads will
be placed both near main haulage lines and up to 4,000 ft. down de-
veloping entries, Bulkheads will be required near working sections,
which may be concentrated, or which may be at opposite ends of the
mine. They will be required in both low and high coal. The tradeoffs
between the alternate material handling and comstruction techniques must

be evaluated with these factors in mind.
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4.3.1 Materials Handliﬂ Methods

4.3.1.1 Bulk Deliverv of Matgrials

All of the prospective material
handling methods require some bulk delivery. The bulkhead materials
are delivered to the mine by rail or truzk, transferred to mining cars
and transported to the passage level. From this point, the materials
may be transferred to the bulkhead site in shuttle cars, and the
materials may be mixed directly at the site. For sand bag or masonry
bulkheads, transport of the materials directly to the site is the most
economic method. For monolithic bulkhead designs which include a dry
powder and water, pneumatic and hydraulic transport methods have a
definite advantage.

4.3.1.2 Pneumatic Transport

| Pneumatic pumps can be used to
transport dry powders over long distances. Rock dust and plaster of
paris have been numped pneumatically to bulkhead construction sites as
far as 2,000 . (20) Typical air requirements for a ton of powder are
400 ft3 /ton powder for a 50 foot pumping distance, and an additional
7,000 ft>

the relation between pumping capacity and distance. Pneumatic trans-

for each additional 330 feet of travel, Figure 31 indicates

port is essential for plaster of paris since it is too fast setting to
permit hydraulic pumping. In the construction of a gypsum bulkhead,
the water and plas.ter of paris are mixed at the site with a specially
designed nozzle (Figure 32). The major drawback of this method is
that the flow of plaster of paris exiting the nozzle cannot be regulated
uniformly. The water/solids ratio in the mixed gypsum varies and the
strength of the bulkhead will suffer. Laboratory te stall?) indicate that
pheumatically mixed gypsum has a flexural strength of only 106 psi,
while properly mixed gypsum has strengths of 575 to 597 psi,
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Pneumatically Pumped . .aster of Paris: The Effect of

Pumping Distance on Pump Capacity
Figure 31
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4.3.1.3 Hydraulic Transport

With the development of slow setting
plaster (Hardstem, Hardstop, Saarilit) and synthetic anhydride for use
in bulkhead construction, hydraulic pumping of a gypsum slurry became
feasible. The slurry is produced in a slurry rockduster or any electric
or compressed air mixer. The controlled mixing of the powder and the
water enables a uniform and high-strength bulkhead to be constructed.
Fly ash-cement-water slurries may be mixed in a similar fashion. In

(20)

European studies, slurries have been hydraulically pumped over 650

feet with a pump capacity of 200 to 300 cu. £t, per hour,

4.3.2 Construction Methods

Particular construction methods are strongly
dependent »n the shape and support available in the mine passage. Wide
passages or soft, friable coal will require a greater bulkhead thickness
for the same blast resistance, There are some general construction
procedures that are followed for each bulkhead type.

Masonry Seals - Materials for masonry seals

are typically prepared at the bulkhead site, The wall is constructed
without framing. Rib and floor recesses of 16 and 12 in, deep(”) are
common, and the floor is usually leveled by laying a cement footing for
the brickwork. For a bulkhzad width of 16 or more feet, USBM re-
searchers have experimented with the use of a reinforcing 'pilaster’

at the center of the bulkhead for additional structural suppori. - Should
this be required, the construction cost estimnates based on similar bulk-
head widths would have to be increased.

Formed Bulkhead Construction - All bulkheads

that reqiire setting, and those bulkheads made from filler materials

like rockdust and mine debris, require a similar construction of
brattices and hracing. In additicn. recesses are often included to

improve bulkhead strength when homogencivs materials are used.
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The bulkhead frame is usually constructed of
plywood or planks with reinforcing braces every 3 feet. A typical

brattice construction design is illustrated in Figure 33.

_ If access, ventilation or drainage is required
thrcugh the bulkhead, the necessary tubing must be installed in the
rattice before the bulkhead is poured. A ventilation and access tube
(usually 2 to 3 feet in diarneter), a water drainage pipe and an atrmos-

phere surveillance tube are frequently required.

 Before the pumping of the slurry or powder
fill, glass fiber or brattice cloth is packed into all areas for potential
leakage. For slurry bulkheads, it is important not to have any free
water in the bulkhead space which may dilute the pumped mixture,

It is important that the bulkhead be constructed
in one continuwous pouring. Any prolonged interruption (greater thar 10
minutes) may adversely affect the bulkhead strength. Concrete and fly
ash-cement bulkheads are less vulnerable to this problem since they
require setting times of several days, Figure 34 indicates a typical
pumping operation for gypsum bulkheads.

4.4 Bulkhead Design echniques

Although most bulkhead development work has been through
triai-and-error full scale testing, it is important to acknowledge those
design techniques which can be used and to appraise their applicability
and limitations. Some design techniques have been used in previous
studies, and these will be discussed below.

4.4.1 Bulkhead Structural Behavior

Bulkheads developed and tested to date can be
structurally categorized as either a plug, a baffle, a thin plate, or a
thick plate, with the following characteristics.
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Plug - A plug bulkhead has a thickness of the
order of its width. It resists explosive forceg with its inertia and
through friction developed with the passage Jf. floor, and ribs.

Bafrfle - A baffle resists explosive forccs by
ahlsorbing energy through reflection or through a dctormable medium.
Composite bulkheads, consisting of two walls separated by a large
amount of deformable filler, are an exampie of this type of bulkhead,

. Thin Plate - Here, the bulkhead is a wall whose
thickness is less than one tenth of its width. Its structural behavior

is characterized by plate bending, with simple or fixed supports,

Thick Plate - A thick plate stracture has a
thickness which is greater than one tenth of its width. The extra thick-
ness induces an arching action which is superimposed on the bending

behavior.

4,4,2 Design Calculations

Evaluation of bulkheads has been primarily
through full scale explosion testing, Calculations depend on the load-
time characteristics and the material response, both of which are
extremely uncertain for a bulkhead in a mine environment. Design
calculations do, however, provide a rational context for understanding
experimental results and for extrapolating to new situations, and some
calculation techniques have been used,

The techniquc¢s which have been developed for
bulkhead design involve plat.-type siructures, These techniques are
static analysis techniques. This can be modified for dynamic blast
loading by recognizing that the maximum structural respons: of a
structure subjected to a stepped loading is twice that wl h would occur

if the load were applied statically.
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Thin Plate Analysis - The simplest desiga calcu-

lation assumes the bulkhead to act as a simply supported thin plate
epanning the lony dimension of the passage. Here, failure is in bending
at the center of the span, and this bending failure is governed by the
tensile strength of the material. Using this method, the required bulk-
head thickness is predicted to be

T = 0.865 a p/sf (1;

where

= bulkhead thickness
a = maximum dimension
= design pressure

s; = tensile {flexural) strength

In actuality, this technique is extremely con-
servative, since it ignores the other two wall supports, and ‘t neglects
a supporting wall thrust, which will be described in greater detail in
the following paragraphs. Mitchell has observed“bl that most bulkheads
designed by the above method have withstood much higher (un to a factor
of 10 times tLe design piessure) explosion pressures, This observation,
however, does no. support the conclusion that bulkheads which are (e-
signed fur a static load can withstand a much higher dynamic load.
Rather, it suggests that the static design technique could be modified

to more realistically reprezsent the response of the s!ructure,

Thick Plate - Arch Analysis - USBM investi-
gati.ons(zg’m) found that bulkheads recessed into the flocr and ribs
attained strengths surprisingly higher than the pressures for which they
weTe designed.,. Ther concluded that this was due to an arching action
which tock place through the thickness of the bulkhead, and which applied
a lateral thrust to the coal ribs. Design techniques have been developed

(20)

to consider this action. Genthe used what he referred to as the

'support line method.”" Whitney et. al. (31) developed an arch model
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which treats the bulkhead deforming as two rigid blocks, cracked at
two sides and along the midspan, Assuming rigid walls, their con-

clusions can be represented as:

T - ;3‘a\/§:

where
Sc = compressive strength of the bulkhead material
_ 1 Se 1+ 40° 1
B = — |1 -+
Ve 1+ 40 -
E = elastic modulus of bulkhead material

a = T/a

Tor thickness to width ratios (o) of 1/10 or
greater, B is approximately 0.707, and the thickness fcrmula is approxi-
mately

T = 0707 a, /& “ (2)
C

We see that thies is very similar to the bending
formula presented earlier, with the exception that Sf, the tensile strength,
is replaced by the compressive strangth Sc. For most bulkhead
materials, the S  is approximately 5 to 10 times S,. This implies that
(2) permits a reduction of design thickness of 50 percent to 70 percent
from those values predicted in (1). In other terms, formula (2) states
that a bulkhead can actually withstand 5 to 10 times the design pressure
used in (1). Figure 35 shows an experimental curve which supports this
conclusion.

The use of recesses has helped to achieve the
increase in strength described above. The recesses insure that the
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thrust is distributed through a concrete abutment before it is trans-
mitted to the coal, and hence is fully developecd. Concern has been
given to the available thrust capacity of the coal, and tests have been

(29,12) These tests have determined in-

conducted along these lines.
situ coal compressive strengths and compressibility of coal. Figure
36 shows a typical load-deformation curve. The recess serves to
lower the unit pressure, and hence minimizz deformation., Future
design efforts can inciude coal deformation in the design formhla., and

design the size of the recess to insure adequate bulkhead strength.

The "thick plate” design approach has two
principie drawbacks, First, it relies on the strength and stiffne‘ss of
the coal in place. This is certainly an unreliable source of support, and
future design effoits should use lower bound values for these quantities,
The second problem, relating specifically to emergency shelters, is
that the arching behavior does not occur until significant craicking has
occurred. This may result in a post-explosion bulkhead which is still
standing but which is leaking excessively, The thicker the bulkhead,
the smaller the cracks will be. Thia, then, is another design factor
which must be considered for future application of permanent bulkheads

to emergency shelters.

4,4,3 Small Scale Experiments

Small scale testing of bulkhead pla.tes(zo’zg) has
provided information regarding the response of various types of bulkheads
to different loadings, different rates of loading and different methods of
restraint, For example, a short series of model tests(zg) demonstrated
that restraining the edges of a bulkhead will cause a dramatic increase
in strength, much greater than one would expect from plate theory.

(20) showed that some bulkheads were ahle

Another series of model tests
to support higher dynamic peak pressures than sustained static pressurcs.
In general, small scale experiments have been useful for qualitative
observations, but have little value for quantitative measurements. Such
measurements require scaling of both the pressure-time curve and the

material properties.
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The following two sections review past work in

explosicn testing of bulkheads,

4,5 Full Scale Test Techniques

4,5,1 Philosophy

Full scale testing has been considered in the
past to be the only satisfactory method of evaluating alternative bulk-
head designs. The Lkasic technique is to install the prototype bulkhead
in an actual mine and subject it to the forces of an artifically created
explosion. The most important pieces of information obtained are the
pressure required to fail the bulkhead, and the maximum pressure
withstood by the bulkhead. |

Much of the information supplied with previous
test research is incomplete. Frequently omitted is a description of
where pressure measurements are taken, (e.g., along the passage wall,
or un the bulkhead face). It has been assumed here that most measure-
ments are at the bulkhead surface, Also frequently absent is a pressure-
time trace, or a measure of total impulse.

The following sections will summarize the
various techniques used in full scale experiments,

4,5.2 Test Procedures

4.5,2,1 Types of Explosions

All testing requires an explosion
source. Laboratory tests have used compressed air and blasting
powder,(zg) but full scale tests usually employ coal dust and methane/
air mixtures to simulate typical mine explosions. In a methane /air
simulation, %) 1,500 to 3,500 £t3
methane), are retained between two plastic or paper screens 100 to

of methane and air (7 to 10 percent
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250 feet down the passage from the test bulkhead. Ignition is provided

by one or more cartridges of black powder and gun cotton.

In coal dust explosion éimulations,
1,000 to 2,000 lbs. of dust are usually piled on racks which are distributed
along the passage length, A small methane /air or black powder explosion
is used to disperse and ignite the coal. Bags of coal dust and black

powder igniters have also been used.(zs)

4,5,2,2 Bulkhead Location

Apart from the explosion intensity,
the two variables that determine the peak loading on the bulkhead are
the passage length between the bulkhead and the explosion source, and
the orientation of the bulkhead with respect to the mine passage,

Increasing the distance of the bulkhead
from the explosion source can either increase or decrease the peak pres-
sure, depending upon what distance is required for a shock front to
coalesce. Bulkheads parallel to the direction of the pressure wave will
experience a side-on pressure equal to that of the wave, while bulkheads
perpendicular to the pressure wave will experience additional reflected
pressures which can more than double the pressure of the wave. With
the exception of the recent USBM research{17) and one other loca-
tion(,zo' Hagenbeck mine) all bulkheads described have been of the
latter variety. In the Bureau's work, the bulkhead was recessed five
feet into a cro-s-cut perpendicular to the passage in which the ex-
plosion was ignited.

Some test bulkheads have bounded a
confined chamber, Since the expanding gases have nowhere to go, the
bulkhead experiences a much longer pressure pulse and a much greater
impulse than wou.l& occur in an open-ended pa.sage.
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4,5,3 Test Parameters and Measures? Results

Testing programs have taken a given type of
bulkhead and subjected it to a number of explosions of different in-
tensity until failure occurred. The same procedure has been carried
out varying the bulkhead thickness, material formulation, and degree

of restraint.

Associated with each test is a pressure-time
record experienced by the bulkhead. As rentioned earlier, usually
only peak pressures are recorded. After each test, the bulkhead is
examined for deflections, cracks, and any other manifestations of

damage.

- Air leakage measurements are a relatively new
means of evaluating the integrity of a bulkhead. Since leakage of com-
bustible or inert gas into a rescue chamber may endanger the personnel
using it, one requirement of structural integrity is that air leakage rates
remain satisfactorily low. Methods have recently been developed(”)
which can monitor air flows for very low (10'3 pei) differential pres-

sures, but there is little experimental data on its use,

4.6 Summary of Previous Bulkhead Testing

The U.S5. Bureau of Mines, the British National Coal
Board (NCB)} and the European Community for Coal and Steel (ECCS)
have performed independent evaluations of bulkhead designs during the
last fifty years. Since they were done independently, test methods and
objectives have been different. A general summary of full scale, ex-
plosion testing of bulkheads is compiled in Appendix B. While none of
these studies have been oriented towards the design and construction
of an emergency shelter, the test configurations and results are directly
applicable to these requirements. For example, some of the bulkheads
tested have ventilation tubes large enough for men to crawl through, and
sampling tubes that permit remote inspection of the atmosphere on the
other side of the seal. ‘

-97.



4.6.1 U, S. Investigations

4.6.1.1 Initial Research (1920 - 1930)

The U.S. Bureau of Mines became
involved in testing explosion-proof bulkheads as early as 1923, as a

(29) regulating ccal mining in the publi'c domain.

result of legislation
Bulkheads were required to withstand a 50 psi coal dust explosion.

Two series of tests were performed on reinforced and plain concrete
bulkheads at the Bureau's experimental mine, and a number of 'labora-
tory" tests were performed at the Bureau of Standards in Washington,
D.C, As was mentioned earlier, the strengths of the bulkheads tested
indicated that under loading they behave as arches in compression or
other than as simple beams, Since the strength of an arch is in part
determined by the crushing strength of the surrounding material, tests
were made on the compressibility and crushing strength of the Pittsburgh
Coal Bed.

Blasting powder was used to test the
bulkheads instead of coal dust, Its use was justified by a compariscn
of their pressure/time curves which showed that for the same maximum
pressure, the pressure rise rates are similar, and the total impulse is
much greater for the blasting powder. The tests indicated that restrained
concrete beams are 8 to 10 times stronger than unrestrained ones. The
mode of failure was the same for all stoppings, originating in a vertical,
full length crack at the center of the outby face with a depth of at least
75 percent of the bulkhead thickness. This investigation demonstirated
that plain concrete was adequate to withstand the required loading and

the following standards were adopted for plain concrete bulkheada.(z‘n

Thickness (T) > —-TULJ""idth .4

Rib Recess (R) > 15
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For Soft Coal:

Tz%
R_;»_l'vs-

For all Bulkheads:
T > 12 in.

4.6.1.2 Current Research (1970 - 1973)

In accordance witly the Federal Coal
Mine Health and Safety Act of 1969 (P.L. 9H73), further study'!?) into
bulkhead design and construction has been carried out. Laboratory and
mine tests were performed to evaluate new materials and construction
techniques, Twenty three slurry materials were evaluated in the
laboratory and explosion trials were carried out on six bulkheads,
constructed of gypsum, fly ash and cement, and concrete block. Air
leakage rates and flexural strength were the major criteria for evaluating
the various designs. Flexural strengths were determined by measure-
ments of sound velocities and resonant frequencies of the bulkhead
material in accordance with ASTM Method of Test C-215. The data
obtained is correlated with data taken from laboratory specimens taken
from the same pouring, and the flexural strength is determined by
- ASTM Method of Test C-78.

The explosion trials demonstrated
that all of the proposed designs could withstand a 50 psi (7 psi-sec
impulse) pressure pulse. Air leakage rates for the fly ash-cement
and gypshm bulkheads were small and not affected by the explosions
(Figure 37). As a result of this test program, specifications for bulk-
head design and materials preparation have been constructed. For the
given materials, the minimuwn bulkhead thicknesses are given in
Table 3, (16)
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Table 3

Acceptable Bulkheads for lormal Mining Situations

USBM Recommended Standards

Type Minimum thickness*
Concrete ' t/4
Concrete, reinforced | t/10
Concrete block 16 inch
Fly ash t/4
Gypsum t/4
Rock, grouted W + H/2
Rock, packed 2t
Sand bags | WH/3
*t = W or H, whichever is greater, where

= Average width of pa3sageway and
H = Average height of passageway, plus depi:h of recess

for concrete block and reinforced-concrete bulkheads,
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4,6.2 British Investigations

The Institution of Mining Engineers has investi-
gated(27'28) the design and construction of explosion proof bulkheads for
the containment of underground fires, The stoppings must be explosion-
proof since the danger of explosion from accumulated methane increases

greatly after the stopping shuts off the mine ventilation,

In their research, Willett, et.al. estimated that

the stoppings must withstand pressures between 20 and 50 psi.(zs’ P- 16)

Successful stopping designs have been based on
sandbags, concrete, and Hardstem, Water dams have also beenrsuccesa-
ful in containing fires, though no information on explosion protection is
available. A two-foot diameter ventilation tube is recommended to in-
sure that an explosion will not occur during the construction of the
stopping.

Gypsum was first used as a mine sealant in
England in 1961, Its suitability from a structural and materials handling
viewpoint prompted the [. M.E, to perform some tests to determine its
blast resistance. A 10 ft. x 8 ft. x 10 ft. thick hulkhead was con-
structed and ventilation, sampling, and drainage tubes were installed,
The Hardstem was premixed and hydraulically pumped to the bulkhead
site. Black powder and coal dust were ignited in a 30 ft. long, closed
chamber behind the bulkhead.

Although these tests demonstrated the feasibility
of gypsum explosion-proof bulkheads, the excessive thickness of the
seal, and the fact that its explosion strength was not exceeded during
the tests suggests that thuy are excessively overdesigned.

4.6.3 European Community Investigations

A number of agencies within the European
Commanity for Coal and Steel (ECCS) have investigated alternative
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explosion-proof fire seal designs and materials. Some independent
work has been made,(zo) but the majority of the research has been
sponsored by the ECCS directly or by one of their mine research and

safety organizations,(!? 21-26)

The laboratory testing took place at the Experi-
mental Galleries at Dortmund-Deine. Although a large percentage of
the mine tests v.ere performed at the Tremonia Experimental Mine, a

large number of mines were involved in more limited testing.

4.6.3.1 Bulkhead Types

Several buikhead materials were
evaluated as alternates to sandbag designs. Single wall masonry bulk-
heads were constructed of two to three layers (1.7 to 2.5 ft.} of stone.
Double wall masonry bulkheads with rockdust fill were also tested for
explosion strength. Monolithic bulkheads of cement and rock dust, and
gypsum preducts were investigated most extensively, Gypsum dams
were constructed from pneumatically pumped plaster of paris, and
hydraulically pumped Hardstem, Saarilit, and syuthetic anhydride. The
materials handling advantages of homogeneous bulkhead materials was,
in part, responsible for the interest shown in them. Fast setting time
and good structural strength also made gypsum attractive for emergency
fire seals, Water bag seals were discussed but no testing programs
had been completed, Concrete, plain or reinforced, was not studied
by the European investigators. The setting requirement of several days
was considered excessive for any possible use in an emergency appli-
cation.

4,6.3.2 Major Findings

Several single masonry walls demon-
strated satisfactory expleosion strength. Depending on the passage geom-
etry and wall thickness, pressures from 20 to 40 psi were withstood by
unrecessed stone walls, However, repeated loadings tended to reduce
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the strength of masonry walls. In one expgriment“g’ Hagenbeck Mme)'

a 1.7 {t, two layer stone wall (135 ftz passage cross saction) was capable

of withstanding 15 explosions up to 26 psi, but it later failed at 197 pei.

Double masonry walls with rock dust
fill proved to be extremely strong. Two 1.7 ft thick masonry walls,
sandwiching 15 ft (86 ftz passage cross section} of rock dust and mine
debris was capable of withstanding a pressure of 319 pei. The center
of the inby wall was displaced 8 inches, but no structural failure

occurred.

A mixture of cement, rock dust and
water provided an adequate seal if suificient setting time was permitted,
A 19 [t thick x 86 £t seal(zl) was able to withstand a 57 psi explosion
pressure. However, allowing only 8 hours for setting, a similar seal
was unable to withstand 28.5 psi.

Both pneumatically and hydraulically
placed gypsum bulkheads demonstrated adeguate blast resistance.
Pneumatic pumping was found to >e less satilfactory“g’zo) since main-
taining a uniform plaster of paris flew proved imposeible. The variations
in the water/solids ratio that inevitably resulted reduced the material
strength and required excessive bulkhead thicknesses. In addition,

(1) believed that thin "membrane!' configurations,
in which the thickness is much smaller than the width, would produce
excegsive tensile loads on the wall, Reflecting this, early standards(zl)

early investigations

required the thickness of a gypsum bulkhead be equal to the passage
width,

Two developments have contributed
to a reduction in this requirement: hydraulic pumping of the slurry,
and the use of rib and floor recesses, The use of slower setting
Saarilit, Hardstem and synthetic anhydride have enabled accurate metering
of the water/solids mixture before it is pumnped to the bulkhead site.
The effect of recesesing on bulkhead strength has already been demon-

(24,30) {19,20)

strated and later European testing incorporated them into
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the test designs. The assumption that excessive tensile loads will
cause failure in thin bulkheads appears to be ill-fourded., The success
of thinner designs substantiates the concluzion drawn by the early USBM
invesctigators that a2 loaded bulkhead behaves as an arch, and fails in
compression rather than tension. These modifications in the design
helped produce strong, thin seals. A 4.8 ft seal of Saarilit in a 220 ftz

(19)

passage withstood pressure up to 70 psi, and a 3.25 ft seal in an

86 % passage withstood loads up to 276 psi.

4.7 Conclusions and Alternatives

The previous review has indicated that explosion proof
bulkheads which have been developed in the past are either excessively
massive or highly prone towarda lerkage after an explosion.

Of the bulkhead types discussed, we believe that the fly ash-cement would
be the most suitable for an emergency shelter bulkhead. This is pri-
marily due to low cost and simple construction technique, The design
would have to be modified to inclvde a dvor, and a culvert tube for a
25" diameter door (see Section 6,1). The crawl tube would be a 25"
diameter pipe with a flange for doos mounting, This pipe would also
serve a8 a structural member to make up for the loss of structural
continuity,

The primary disadvantages of the fly ash-cement bulkhead
are:

Large amount of bulk material delivery.

Requirement for 2 slurry rockdusters (most mines

don't even have one).
Requirement for 4 men.
We beiieve that before evaluation of the use of per-

mane~* explosion-proof bulkheads can be made it will be necessary to

look at designs other than those which have been developed through
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previous mine research, In the following sections we have developed
preliminary designe for two alternate permanent concepts - a reinforced

concrete wall and a shotcrete arch.

4.7.1 Reinforced Concrete Wall

Figure 38 shows a sketch of a reinforced con-
crete design, A qualitative description of this design will be presented
here., Design calculations can be found in Appendix C,

The reinforced concrete bulkhead is designed for
a 6' high passage. It has an overall thickness of 16", and uses no. 6
rebars vertica.lly and no. 5 rebars horizontally, on 12" centers. The
concrete is recessed into a trench at the floor, and special anchorage
provisions have been made at the roof. This has been done so that the
center portion of the bulkhead will span the short, vertical dimension,
and thus minimize the concrete thickness and the area of stecl required.
Extra reinforcement has been placed around the door opening to account
for the loss of continuity.

The support system at the roof consists of a
6 x 4 x 7/8 backup angle bolted to the roof at one foot intervals, This
provides a reaction to the incident pressure, Bolts running through the
concrete support a strip on the front face which provides reaction to
rebound loads. Additional aupport at the vertical sides is obtained by
Tecensing the concrete about 6" into_ the coal. ‘

An angle frame is set into the concrete to act
as a mount for the door.

The following assembly procedure is used in the
construction of the reinforced concrete bulkhead.

1. Cut recesses into ribs and floor, and scale loose

material from roof.
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2, Drill roof bolt holes, and install rear angle brace.

3. Construct complete form work.

4, Install reinforcement, door tube, and top front retainer
strip.

5. Mix and pour approximately 6 yards of concrete.

6. Remove forms and grout top.

The principal problem with the reinforced con-
crete bulkhead is the mixing and placing of concrete., If all materials
were delivered to the bulkhead site, using an electric mixer, it would
probably take about one man hour for 6 cu. ft, or approximately 4 man
shifts to mix and pour the 6 yards of concrete required. This time
span would result in partial curing during the pour, and hence result in
ceonstruction joints not favorable to the overall design.

A more efficient approach would be the use of
a continucus mixing and pumnping system., The dry materials could be
dropped off at the nearest convenient point to the bulkhead site. A con-
tinaous pug mill would mix and deliver the mixed concrete into a con-
crete pump, which could pump the mixed concrete several hundred feet
to the bulkhead location.

This type of mixing and pumping equipment is
not typically found in a mine, and hence would involve a capital outlay
by the mine corpany.

4.7.2 Shotcrete Arch

In an attempt to seek a permanent bulkhead
design requiring a minimum amount of material, we have decigned the
arch structure shown in Figure 39, This arch would be constructed
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using shotcrete. This would minimize the amount of foam work which

would have to be constructed, as well as the construction time,.

The design calculations are pres'ented in Appendix
C . (Qualitatively, the arch is similar in design to the liner place arch
described in Section 6. of this report. The radius is 17' and, for a 20’
passage width the opening angle is about 76°. The concrete is 9" thick,
with two layers of high strength steel wire mesh reinforcing, each having

a cross sectional area of 0.5 sq in/ft,

The arch is reacted at the coal riba by two
reinforced distribution beams, which spread the load out through re-
cesses into the coal ribs in such a fashion that it can be supported by
the in-situ coal, These beams are poured concrete, rather than shot-

crete.
The arch ies constructed in the following manner:

1. Clean off loose material on the roof and floor in the
neighborhood of the arch location.

2. Cut recesses into the coal ribs.

3. Place reinforcement and pour distribution beam.

4. Scribe outline of arch on floor and roof.

5. Place extensible vertical bars (2 rebars with a clamp)

every foot along the length of the arch and clamp each
into place.

6. Attach flexible lath form work to outside of vertical
bars.
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1. Attach one layer of wire mesh to inside of vertical

bars, and insert a form for the door opening.

8. Spray on one 3" layer of shotcrete, Allow 3 hours

and then apply a second 3" layer.
9. Layout second layer of reinforcing mes.
10. Apply final 3" layer of shotcrete.

_ The shotcrete bulkhead will require a shotcrete
application unit and a compressor, In addition, a srnall electric concrete
mixer will be required to pour the approximately two yards of concrete
required for the distribution beams. The entire operation can be carried

out by t¢wo men.

The operation could be carried out by an outside
contractor or by specially trained mine personnel. It may be desireable
from the mine company's point of view to use their own people. If this
is the case, the mine would have to purchase the shotcrete unit and
train the personnel. These costs must somehow be considered in the
total cost picture.
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5. Cost Analysis of Alternative Bulkhead Concepts

Earlier it was suggested that the primary trade offs between
permanent bulkheads and reusable bulkheads would be economic and
logistic. Permanent bulkheads tend to be made from cheaper materials,
but they‘frequently involve larger materials handling costs and a large
capital investment in equipment., Reusable bulkheads, although more
expensive from the materials point of view, are more conveniently
handled and their construction would tend not to disrupt the normal
mining cycle. The number of reuses also decreases the material in-

ve sttnent,

.In this section we shall quantify the economic tradeoffs between
alternative bulkhead concepts. We have selected six bulkhead designs -
three which are basically monolithic, non-reusable structures ("permanent'’)
and three which are modular, assembleable(''reusable”) structures. These
concepts have been chosen from the reviews presented in Sections 3 and

4, The six concepts are listed below.

Bulkhead Concepnts for Cost Analysis

"reusable " ''mermanent”
Liner Plate Arch Fly ash-cement
Truss . Reinforced Concrete

Channel-Turnbuckle Shotcrete

We would like to point out that many of the figures presented in
the section are preliminary estimates based on engineering experience.
Much of the labor involved, for example, is not standard procedure in
normal mine work., In the final analysis, field trial will be necessary
to vezify these figures,
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5.1 Basic Data

In order to facilitate the cost analysis, we have summarized

gome of the basic cost variables below.
5.1 Labor Cost
Table 4 shows a typical breakdown for mine labor
markup. For convenience in our subsequent calculation, we shall use a
nominal value of $100/man shift. We realize that due to contractual

changes over the past year, this value may bc somewhat higher.

5.1.2 Unit Operations

An examination of the proposed bulkhead concepts
indicates that there are certain construction operations which are common
to more than one. For uniformity in our cost estimates, we have esti-
mated the labor requirements for these typical construction operations.
These estirnates, and subsequent labor estimates, are based on the best
estimates of several experienced mining engineers. They are listed in
Table 5.

In our cost evaluations we shall consider bulkhead
installations in both 'high'' and ‘'low! coal. Although these are general
terms, we can arbitrarily set a dividing line at about 48". The labor
figures just presented apply to high coal. In general, all labor operations
will be slower and more difficult in low coal. ¥or the purpose of cost
estimating, we have prepared Table 6 showing approximate labor multi-

plicative factors for a variety of tasks.

5.1.3 Materials Handling

This includes delivery from the surface to the
bulkhead site of structural components and materiala in bulk and bag,
For either rubber tired, rubber-rail, ur rail equipment, we can assume

the following for one trip:
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Table 4

E stimated Labor Cost

Item Percentage of Daily Wage

Unemployment 3
Workmans Compensation 4
FICA 6
Black Lung 5
Overtime 5
Portal and Lunch 20
Miscellaneous (Vacation, Holidays, etc,) 7

Subtotal No. 1 (Fringes and Payroil Taxes) 50
Base Rate }_02

Subtotal No. 2 150
Supervision 20% of Subtotal No. 2 30
Supplies and Fquipment Maintenance at 50% of

50
Base Rate —
Total 230
or 2.3 x Base Rate

Classification Grade Base Rate as 11-12-73 x 2.3
Bratticeman No. 2 42.75 98.32 /shift
Kersey Operator No. 3 43,25 99.48 /shift



1.

7.

Tabie 5

Unia.)perations
Bring basic equipment to the site.
Jackhammer
Compressor
Ho ses

Small Cement Mixer

- Smooth and Scale Passage Walls

Cut recess in rib with jackhammer
1' deep by 1-1/2' wide x 6-1/2" high

Cut trench in floor with jackhammer, pick,
and shovel
8" deep by 1-1/2' wide by 18' long
12" deep by 1-1/2' wide by 18" long

Install 20 1-1/4" of resin grouted roof bolts

Mix and pour one cubic yard of concrete
with small (2 cu. ft.) mixer

Construct a Double Walled Form with

Door Portal

Man Shifts

015

0.2

0.75

2.0
4.0

0.5
0.75

4.0



Table 6

Low Coal Factors

Item Time Factor
Equipment Setup 1.5
*Smooth and Scale Top (25' instead of 18') 2.0
Smooth and Scale 4 Sides 1.5
*Trench Ribe (4' instead of 6') 1.0
*Trench Bottom (25' instead of 18" 2.0
Build Forms 1.5
Mix and Pour Cement 1.5
Install Bulkheads 1.5
Remove Forms and Equipment 1.5
Drill and Install Roof and Floor Bolts: 2.0

Material Handling 2.0

*Wo have assumed typical 'high' coal cross secticnal dimensions
of 6' x 18', and typical low coal dimeneions of 4’ x 25",
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Load 0.75 Man Hﬁur
Haul In 0.80 Man Hour
Unloa.d 0.75 Man Hour
Return Outside 0,80 Man Hour

3,10 Man Hour/Round Trip

A typical rubber-rail trailer 10' long by 5' wide
with 10" side boards carries a recommended load of 3 tons. Considering
an 8 hour shift and a cost of $100/shift, the material handling cost is

computed as

cost _ 3,10
ton 8

xlOOx% . $13

5.1.4 Materials Cost

Estimated materials costs delivered to the mine
site are summarized in Table 7. Certain items require further clari.

fication.

» Concrete - Typical concrete applications in a
mine use bagged premixed material (sometimes referred to as "Sakrete"),
This tends to be more expensive, but is much more manageable than the
delivery of bulk sand, cement, and gravel underground. |

Urethane Focam - The most simple and convenient

vehicle for the application of urethane foam in a mine is the disposable
foam pack ("Froth Pack”, or '"Rigi-Pak' are among the trade names).
These come equipped with throw away plastic nozzles, and require little
operator skilil,

Rockbolts - These costs are estim. ted from
current prices for Dupont "Fastloc' full column resin § - juted bolts.
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Table 7

Materials Costs

Concrete (premix bags) 1 bag = 1 cu.ft. $2.00/cu. ft.
Fly ash (delivered in bulk) $7.00/ton
Urethane Foam Back (1 pack = 26 1lbs) $138/pack
Rockbolts and Resin 1-1/2' long, 1-1/8" $4 /bolt
Aluminum Flashing {16 ga.) $0.-30/ft
Straight Rebar $0.25/1b
Bent Rebar $0.35/1b
Forms |

Door Frame $250
Door $300
Fabricated Steel $1.50/1b

Reusable Bulkhead Components

Channel-Turnbuckle $5,200
Truss _ $4,500
Liner Plate Arch $3,000
Shotcrete $0.70/board ft. applied
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Door - We have considered an off-the-shelf
commercially available pressure-resistant door. This particular one

is a 4-dog scuttle produced by Railways Specialties Corp.

Reusable Bulkhead Materials - Cost of components

for reusable bulkheads have been obtained from quotations from potential
fabricators. These quotations are based on the final design package that
resulted from this program, and are based on manufacturing in lots of
100. |

5.1.5 Equipment Costs

The bulkhead designs have attempted to minimize
the use of special equipment wherever possible. We must recognize,
however, that equipment which is standard for one mine may be special
for another. In evaluating the ccst impact of installing emergency shelter
bulkheads, the capital outlay, rcutal costs, or logistic problems involved
is using special equipment must be considered.

In Table 8 we have summarized the cost of
“special" equipment which has been referred to in the construction pro-
cedures for the proposed bulkheads. ‘The cost of repair and mainteaance
of this equipment should also be crnsicdered.

5.2 Bulkhead Cost Summaries

In this section we present cost summaries for each of the
six proposed bulkhead concepts. The data used in these summaries is
drawn on the information presented in the previous section. The following
information will help to clarify the logic behind the cost summaries,

5.2.1 Materials

Materials have been identified as either reusable

or expendable .
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Table 8§

Special Equipment Costs

Slurry Rockduster $8,000
Pneumatic Rock Dust Distributor 10,00¢C
Conrrete Pump and Hoses $9,000
Continuous Concrete Mixer 6,000
Compressor (200 cfm, 100 psi) $6,000
Jackharnmer : $1,000
Jackdrill and Feed Leg $2,500
Shotcrete Spray Unit $7.000
Small Electric Concrete Mixer $ 500
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Reusable Materials - These include all components

which can be removed with minimal effort and carried to another location.
They include doors, and structural components of reusable bulkheads.
They do not include any structural elements which are ~ast into concrete.
We have assumed that reusable components can be amortized over four
uses, We feel that this is conservative, because even in the rugged
mine environment, it would be difficult to damage the structural elements

which comprise these designs,

Expendabls Materials - These include grouted rock

bolts, sealants, grout, grouted structural components, and cast in place
structural materials.

We have, for the purpose of this cost analysis,
assumed that material costs for a low coal and high coal bulkhead will
be the same. This can be superficially assumed from the similarity in
overall cross sectional area. In fact, this is not the case, since the
designs will change with the dimension of span. Thus, vertically spanning
structures are more economical weight-wise in low c¢oal, while the opposite
is true for horizontally spanning structures. We have chosen to use the
high-coal material figures for the low coal designs, bearing in mind the
differences which may be associated with this assumption,

5.2.2 - Labor

Labor includes material handling and assembly
labor. Assembly labor has been estimated for high coal, and low coal
figures have been generated using the low coal labor conversion factors
of Table 6,

5.2.3 Crew Size and Required Equipment

These do not fzctor directly into the bulkhead
cost, but they do reflect the logistic and equipment requirements for the
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irnplimentation of a given concept. Logistically, a small crew (e.g. 2
persons) and simple equipment will minimize the disruption to normal
operations, In addition, as mentioned before, some of the eguipment
mentioned will not be found in every mine - this either means that the
squirment must be purchased (an implied cost) or the concept cannot be
irrplemented,

Tzbles 9 to 14 svmrnarize the cost for each of
the six bulkheads, and Table 15 summarizes all of the resulting costs.
5.3 Conclusions

The following conclusions can be drawn from these cost
summaries,

1. The reusable and permanent concepts are

competitive from a total cost point of view.

2. There are equipment cost and/or availability
' considerations which favor the reusable concepts.

3. Logistic considerations favor the reusable con-
cepts, Materials can be dropped off one day and
assembled when convenient, Continuity of assembly
labor is not important.

The remainder of this report is devoted to the development
of detailed designs for each of the three reusable concepts.
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Table 9

Cost Summary - Fly Ash Cement Bulkhead

Materials
Reusable
Forms $70 {2 uses)
Door 75
Expendible
Fly Ash - 17 tons 119
Cement - 41 bags 82
Culvert and Door 250
Frame Assembly —_—
Subtotal $596
Labor
‘M .terial Handling High Coal Low Coal
Bulk Material - 20 toas at $13 $260 $520
Other Labor Man Shifts
High Coal Low Coal
Bring in 2 slurry rock dusters,
Lay and connect transport hoses, 2.0 4.0
waterlines,
Smooth and scale walls 0.2 . 0.3
Build forms, insert door frame, 4.0 6.0
culvert, and reinforcement * ¢
Mix and Pump Slurry 4.0 6.0
Remove forms and equipment 2.0 4.0
Total Man Shifts 12,2 20.3
Subtotal Dollars $1,220 $2,030
Total Bulkhead Cost $2,076 $3,146
Crew Size Required 4 men

Special Equipment Required
2 MSA Slurry Rockdusters, modified for 2 component mixing

1 6 ton pneumatic rock dust distributor
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Table 10

Cost Summary - Reinforced Concrete Rulkhead

Materials
Reusable
Forms . $70 (2 uses)
Door 75
Roof Angle ' 114
Expendable
Rebar \ 160
Door Frame 250
Concrete - 6 yds 324
Roof through Bolts 20
Roof Bolts 72
Subtotal $1,085
Labor
Material Handling High Coal Low Coal
Approximately 13 tons $169 $338
Other Labor ' Man Shifts
Bring in mixer and water line 0.5 0.75
Cut Recesses, ribs 1.5 1.5
Floor 2.0 4.0

Drill and Instal! 18 roof bolts and

angle brace 1.0 2.0
Build Forms - 4,0 6.0
Install Reinforcement, door frame, etc. 1.0 1.5
Pour Concrete 4.5 6.75
Remove forms, grout top, install door 1.0 _1.5
Total Man Shifta 15.5 24
Subtotal Dollars $1,550 $2,400
Total Cost ' $2,813 - $3,823

Crew Size - 2 men

Special Equipment - Cement Mixer
Roof Bolter or Jack Drill
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Table 11

*
Cost Summary - Shotcrete Bulkhead

Reusable
Door $ 75
Expendable
Shotcrete (in place) 1,200 board ft, 915
Abutment Beams (2 yds concrete) ‘ 108
Wire Mesh at $.50/1b 124
Rebar ' - 116
Metal Lath 36
Door Frame 250
Materials Subtotal $1,624
Labor
Materials Handling
8 tons : $105
Assembly Labor -~ Man Shifts ‘
Bring Equipment to Site 0.50
Cut Recesses in Ribs 1.50
Place Reinforcement in Abutment .25
Form and Pour Abutment ' 2.00
Layout Shotcrete Form and Reinforcement, 2.00
Spray Foam —_
Total Labor $625
Labor Subtotal $730
Total Cost $2,354

Crew Requirements - 2 men - experienced in Shotcrete
Equipment - Shotcrete Machine, Compressor, Jackhammer

*
We do not believe that shotcrete equipment can be handled in low coal,
Consequently we have omitted this application.
!
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Table 12

Cost Summary - Liner Plate Arch

Reusable
Main Bulkhead Assembly $750
Door 15
Expendable
Reinforcing Steel {300 lbs) _ 93
Concrete (2 yds) - 108
End Posts 150
Aluminum Flashing (36') 11
Foam Pack ‘ 138
Material Subtotal $1,250
Labor
High Coal Low Coal’
Assembiy Labor (Man-Shifts)
Deliver and Set Up Equipment $ 0,75 $ 113
Cut Ribs 1.00 , 1.00
Trim Floor and Roof 0.50 0.75
Assemble Bulkhead 4,00 6.00
Pour Concrete 1.50 2.25
Fipal Sealing 1,00 1.50
Total 8.75 12,63
Assembly Labor Cost Subtotal 875.00 1,263.00
Materials Handling
Bulkhead (2 tons)
Concrete (4 tons) 60.00 120,00

Total Cost $2,185.00 $2,633.00
Crew Size Required - 2 '
Equipment - Jackhammer, Cement Mixer

*Theae low coal estimat:s assume the high coal design components; i.e,,
a passage width of 18'. For a 25' low coal passage, the components
would be more massive and unmanageable in low coal.
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Table 13

Cost Summary - Channel Turnbuckle Bulkhead

Materials

Reusable -
Main Assembly
Door
Expendable
Footing Boxes
30 Roof Bolts
50' Flashing
Foam Pack
8 cu.ft., grout
Materials Subtotal

Labor (Man Shifts)

Deliver and Setup Materials and Equipment
Layout and Drili Holes
Cut Floor Trench, Trim Ribs
Install Roof and Floor Support Systems
Assemble Bulkhead
Final Sealing (Foam, Flashing, Grou, Sealant)
Total Manhours |
Subtotal Labor Cost
Total Cost
Crew Size Required - 2 men
Equipment - Jackhammer
Jackleg and Drill

Compressor
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$1,184
75
665
120
15
138
16
$2,213
High Coal Low Coal
0.5 0.75
0.5 1.0
2.0 4.0
1.0 2.0
2.0 3.0
1:0 L2
7.0 13,0
$700 $1,225
2,913

3,438



Table 14

<ost Summary - Truss Bulkhead

Materials

Reusable
Main Asaembly
Door

Expendible
14 Foonting Boxes
Foam Pack
50' Flashing
16 cu. ft. grout

Subtotal

Labor {(Man Shifts)

Equipment and Material, Delivery and Set Up
Dig 2 Trenches, Trim Ribs
Install End Posts and Footing Boxes
Assemble Bulkhead Wall
Final Sealing (Foam, Flashing, Grout Boxes)
Total Man Shifts
Subtotal Labor Cost
Total Cost
Crew Size - 2 Men
Special Equipment - Jackhammer, Compressor
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$940
75
720
138
15
32
$1,920
High Coal Low Coal
0.5 0.75
4,0 8.0
0.5 0.75
4.0 6.0
1.5 _%.25
10,5 17.75
$1,050 $1,775
$2,970 $3,695



Table 15

Summary of Bulkhead Costs for a Temporary Shelter

Bulkhead Type

Fly Ash Cement
Reinforced Concrete
Shoicrete Arch

Liner Plate Arch
Channel - Turnbuckle

Truss

High Coal
$2,070

2,813
2,354
2,185
2,913
2,970
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6. Design Description of Three Reusable Bulkhead Concepts

In this section we shall present detailed design descriptions of
the three reusable concepts which evolved from conceptual study of
Section 3. The reasconing behind the selection of three concepts re-
lates to anchorage, The variability and unpredictability of rock and
coal conditions in any given mine precludes the development of one
universal design.

The three concepts which are developed here each represent a
different anchorage philosophy, and each would be most favorably
applied under a different set of strata conditions, Thus, the three
designs attempt to cover a broad spectrum of streia conditions,

The three designs are:

a. Liner Plate Arch - An arched shaped structure apanhing

the passage width, and made up of standard tunnel liner plates and
reinforcing ribs,

b. Truss - A structure supported by a series of vertical
trusses, made up of corrugated sheet, tubular rails, and tubular posts
and diagonals, '

c. Channel-Turnbuckle - A series of vertical aluminum
channels, bolted side by side and supported at the roof by adjustable
turnbuckle rods and roof bolts and at the floor by footing boxes in a
trench. '

The three designs are described in detail along with the design
rationale. Design Calculations and construction procedures are pre-

sented in Appendices C and D respectively.

The principle design requirement for each bulkhead is tha it
withstand an instantaneously applied, long duration, pressure pulse of '
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20 psig, and a negative static pressure of 5 psig. Design calculations
presented in the Appendix show that assumptions of 400 psi coal bearing
strength, 160 psi floor shear strength, and 3,750 psi roof compressive
strengths are required for the viability of the differeni anchorage systems.
Although these are conservative values based on available test data, the
actual range of strengths found in nature is not well established. Thus,
to gain confidence that the emergency shelter bulkheads will be supported
in a wide rénge of actual materials, testing must be conducted to docu-
ment the variation of strengths that can be expectzd under various coal
and rock conditions, For thisz reason, an in-aitu test program is recem-
mended to obtain this information.

6.1 Bulkhead Access

During the design effort, investigation was made into the
incorporation of a commercially available blast resistant door. We felt
that this would both simplify the design and reduce costs.

A survey of commercially available blast doors indicated
that most of themn were expensive ($2,000 - $6,000) and/or heavy (300 «
1,000 lbs). This survey included a set of existing designs prepared for
the army for application to nuclear blast shelters.

One door, produced by Railways Specialties Corporation,
turned out to be the ideal nandidate. This door is 25" in diameter,
and weighs 105 1lbs. It costs $300, The door is described as a 4-dog
scuttle, The dogs lock the door in place, and are centrally operated
by a handwheel, The door is designed for a nominal pressure of 35
psi, which means that it has a proof load of 70 psi. We consider it
to be adequate for our purposes, and we have adapted it to the three
bulkhead designs,

A layout drawing of the door design is shown in Appendix D.
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6.2 Summary of Design Specifications

The three designs have been sized to meet the following

specifications;

Height - 5.5 - 6.5 ft, adjustable

Width . Approximately 18' _ .

Pressure Loading - 20 psi positive, applied instantaneously
5 psi negative, applied statically

Leakage - Nominally leak proof. Seals must survive explosion

environment
Convergenceh - Structures are to withstand 2" of roof sag and 2"
of floor heave

Assembly Crew - no more than 2 persons.

On Site Opefations - No cutting or welding, Sheet metal
drilling acceptable.

Maximum Component Weight - 150 lbs,

6.3 Design Description and Configuration Rationale
6.3.1 Channel- Turnbuckle Bulkhead
6.3,1,1 Design Desc r:j;tion

The channel-turnbuckle bulkhead is
designed to be installed in passageways where both the roof and the floor
are considered to be structurally sound, The bulkhead ia shown iso-
metrically in Figure 40, and a design layout is presented in Appendix
D. The bulkhead can he installed in passageways up to 18 ft wide and
5-1/2 - 6-1/2 ft high. The assembly is formed by a series of 1 ft
wide facing channel pairs which are located vertically across the full
passageway width. The height of each individual facing channel pair
is adjustable over a + 6 inch range. Each facing ser:ion is attached

at its base to a footing box which is set in concrete in a floor trench.
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At the roof the facing section is supported by a series of butting lateral
roof channels which are attached to the roof by roof bolts. Primary
structural support for the roof channels, and therefore the top of each
facing channel, is providea by roof bolt anchored turnbuckles, located
fore and aft of the roof channel. Each facing section is structura]‘
connected to its neighbours by bolts through the butting flabges ana~also
by the interconnectiug roof channels and footing boxes.

The door assembly is 3 {t wide and
is equivalent to three facing channel pairs. It comprises a 3 ft wide
plate structurally stiffened by two edge located vertical channels and
topped by three adjustable height, facing channels. The door is bolted
to the lower plate and provides a 25 inch diameter entrance. The door
lateh is operable from both sides of the ciosed door by a 13 inch
diameter handwheel requiring six to eight full turns to operate.

The bulkhead is sealed to the passage-
way by use of aluminum flashing supported by frothed urethane foam.

6.3.1.2 Configuration Rationale

The intent of this design is to support
the bulkhead in those applications where the roof and the floor are re-
garded as structurally sound elements, Full column resin bolts loaded
in shear have been selected for the roof structural attachment. Roof
bolting equipment and operators are readily available in most U.S. coal
mines, The roof bolts are structurally connected to the bulkhead by
adjustable length turnbuckles. These provide good positional tolerance
for the lateral alignment of the bulkhead. A similar arrangement of
bolts and turnbuckles was initially considered for the floor attachment but
this was rejected since drilling and bolting into the floor may cause dif-
ficulty and is less reliable, A lateral comtinuous trench has been
selected. The trench runs the full width of the passageway and is
approximately 9 inches deep x 1 ft wide, The cutting of such a trench
in the passageway floor using a jackhammer is considered a relatively
simple task,
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To minimize unit part weights the
bulkhead has been designed into individual 1 ft wide sections, Each
section is made up of two 1 ft wide aluminum channels holted back to
back., The channels, each weighing approximately 60 lbs, are bolted
together with a large overlap region. The overlap allows for large
slots in each channel which allow vertical height adjustment without
compromising the pressure seal. The overlap region also doubles the
channel assembly stiffness at its centre where the maximum bending

moment occurs under pressure loading.

Each facing channel assembly is
bolted at its base to a footing box. Two lengths of footing boxes are
provided - six 3 ft long boxes and two 1 ft long, These allow varying
width paésageway bulkheads. Each steel footing box has a bearirg pla‘le
to which the corresponding facing channel is bclted. Under positive
pressure loading half of the total pressure load is transmitted by the
footing boxes to the rear face of the lateral trench where it is reacted
by the floor. Under the less severe necgative pressure loading the footing
box is designed to deform beneath the facing channel until the facing
channel bears on the two forward footing box weirs, The load is then
transferred to, and reacted by, tlie front face of the floor trench. The

footing box which is set in concrete is not reusable.

Upper facing channel support is pro-
vided by the turnbuckle suprorted roof channel. The roof channels are
in 3 ft and 1 ft lengths and are each held against the roof by a ‘roof
bolt. Large roof bolt clearance holes in the channels allow for align-
ment of the roof channels, and splicing plates bolted to the rear channel
flanges make the roof channels structurally continuous. Each facing
channel is attached to the forward flange of the roof channel by an eye--
bolt. To each eyebolt is attached a turnbuckle with a 12 inch adjustment
range and at the forward eud of the turnbuckle is a roofbolt which comes
with a turnbuckle mount fitting. Attached to the rear flange of each roof
channel is - similar eyebolt, turnbuckle and roofbolt arrangement. The

forward turnbuckles, spaced 1 ft apart, transfer the positive pressure
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loading to the roof while the rear turnbuckles, spaced 3 ft apart, carry
the negative pressure loading. The forward flange of each of the 3 ft
long roof channels is in contact with four facing channels and is attached
by eyebolts to three of them, 7This structural arrangement provides
adequate load paths to ensure that should an individual roof bolt fail,

the load is transferred to the two adjacent roof bolts.

To minimize the effects of galvanic
corrosion, which could occur should the bulkhead be installed in a damp
acidic environment, the following precautions have been taken. Corrosion
registant 6061 aluminum alloy is used throughout. The aluminum plates
-and channels and the steel footing boxes are coated with zinc chromate
primer. All steel hardware that interfaces with the primary aluminum
structure is galvanized. Sacrificial aiuminum plates are used betwcen
the footing boxes and the facing channels and aluminum bearing plates

are used at the facing channel pair juncticns.

The bulkhead structure is sealed to -
the passageway by aluminum flashing supported by frothed urethane foam,
At the roof interface the flashing is clamped between the facing channel
and the roof channel, is then tucked betwe:zn the roof and the roof
channel and then led forward of the bulkhead and attached to the roof
by spads. Foam is applied to the back of the roof channel and, where
clearance exists between the charnel and the roof, the foam travels
forward until it contacts. the flashing, Thelfoa,m supports the flashing
and fiils the void. The tuck in the flashing allows the seal integrity to
be maintained for bulkhead deflections of up to 2 iu. Under maximum

pressure loading a deflection of one inch is anticipated in this region.

A similar foam backed seal arrange-
ment is used at the bulkhead sides. The flashing is clamped between
the two facing channels in the channel overiap region and between the
channel and bolted clamping plates at the top and the bottom. The
flashing is then dog-iegged forward and attacn.d to the wall with spads,
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The entire area bounded by the facizig channels, the flashing and the
indented wall is then filled over the full bulkhead height with frothed
urethane foam. The deflection capability of this seal is 3 in. and the
anticipated maximum defluction is 1-1/2 in,

At the bulkhead floor interface the
assembly is essentially sealed by the concrete set footing boxes, Minor
leakage paths both in this area and for the entire bulkhead are sealed
with Thikol Sealant.

6.3.2 Truss Bulkhead

6.3.2.1 Design Description

The truss bulkhead shown isometrically
in Figure 41, is designed to be installed in passageways where the floor
is considered to be the most structurally sound element of support. The
bulkhead can be installed in passageways up to 18 ft, wide and 5-1/2 to
6-1/2 ft. high. The assembly comprises a series of adjustable height -
posts, egqually spaced across the passage width, which support vertical
sheets of corrugated steel decking, FEach post assembly includes a
trussed snppbrt and the post and the support base are anchored to the
floor in two lateral trenches into which concrete footing boxes are set.
Each post assembly includes a pinned slide which allows for a + 6 inch
height adjustinent, At the top of the slide is a jacking stud which is
jacked irto a locating hole in the passage roof. A corresponding height
adjustment is available in the decking and is achieved by adjusting the
overlap between two decking sheets. Gross width adjustment is achieved
by selecting the appropriate number of trussed post and decking assemblies.

The decking is supported between the

posts by square tubing ribs. These ribs are integral with the decking
sheets and these decking assemblies are bolted directly to the posts,
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The post and truss strut (diagonal)
are each pinned to an individual footing box; the strut is pinned to the
upper portion of the post and the two are tied together at the bottom
by two horizontal tie bars, Integral truss assemblies are spaced 27
inches apart across the passageway., The decking sheets adjacent to
the two walls are supported at the wall by untrussed, adjustable height
‘'wall posts.

The door assembly is placed between
two of the centre passageway posts and comprises a flat steel plate to
which the door is attached. The door plate attaches directly to the
posts. The door provides a 25 inch diameter entrance located approxi-
mately 2-1/2 ft above the passageway floor, |

_ The bulkhead structure is sealed
to the passageway by aluminum flashing supported by frothed urethane

foam.

6.3.2.2 ' Configuration Rationale

The primary load support for the
truss bulkhead is the passageway floor. Two lateral trenches 15 in,
wide x 9 in, deep spaced 6 ft apart are used to provide this support,
Steel footing hoxes are placed in each of the trenches and set in place
with concrete, The footing boxes and the trenches are sized such that
under maximum pressure loading the bearing ~apability of a single
trench is sufficient to withstand the full load. The footing boxes
support the main bulkhead structure which comprises a series of
trussed posts spaced 27 inches apart across the passage width, The
base of each post is pinned to a footing box in the front trench and
the base of the truss strut which supports the post is pinned to a
second identical footing box in the rear trench. The bases of the post
and truss are structurally connected by two tie bars which are sized
to transfer the fcrward footing box load to the rear footing box in the
event of a forward trench ta.lure,
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Positive pressure loading induces a
moment about the rear footing hox. Tkis moment is reacted by the
passageway roof at the post stud, A predrilled hole in the passage
roof is used to locate the post stud. The stud is slid into this hole
during erection to a depth where the post bezring plate contacts the
voof. The post slide is pinned at this extended portion and the bearing
plate is jacked into firm contact with the roof by turning the jacking nut.

The supporting truss assemblies are
faced with corrugated high strength structural steel roof decking. " The
decking, wbhich is stiff in the vertical plane, is Supported on 13-1/2 in,
centers by horizontally positioned square tubing ribs. These ribs are
welded ‘to the decking and bolted to the truss supports, FEach bulkhead
bay is faced by two overlapping decking assemblies, the degree of over-
lap being a function of the required height of the bulkhead.

The truss bulkhead structure is sealed
to the passageway with aluminum flashing structurally supported by
frothed urethane foam. At the passage walls the flashing is attached to
the decking edges with self tapping screwe and a bearing strip. The
flashing is dog-legged forward and is attached to the passage wall with
spads. The full height volume bounded by the wall and the flashing is
then filled with frothed urethane foam., At both the top and the bottom
of the bulkhead the flashing is attached to the decking with self-tapping
screws and bearing strips. The corrugations in the decking are filled
with a contoured strip of neoprene and the screws pass through the
neoprene and into the decking and the ribs, The flashing is routed from
the attachment towards the bulkhead centre then away from centre to
attach to the roof/floor with spads. The enclosed volume is then filled
with the frothed urethane foam. The seal at the bulkhead sides will
accommodate a 3 in. deflection which is twice the maximmum anticipated
deflection of 1-1/2 inch. Similarly the top and bottom seals are designed
for 2 in, deflections compared to a maximum load deflection of 1 in,
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6.3.3 Liner Plate Arch Bulkhead

6.3.3.1 Design De scription

The arch bulkhead, shown in Figure
42, is designed to be installed in passageways where the ribs arc
judged to be structurally sound. The bulkhead can be installed in
passageways up to 19 ft. wide and 5-1/2 to 6-1/2 ft, high. The
assembly comprises four equispaced horizontally radiused I-beam ribs
which are anchored at their ends to vertical wall posts which are re-
cessed into the passage walls. Between the four ribs are located three
courses of radiused liner plates. Each liner plate, 2 It, high and
approximately 3 ft. long, is curved to a 17 ft. radius and is flanged
all acound, The plates are structurally linked horizontally by bolts
through the butting flanges and vertically by bolts through the flanges and
the sandwiched I-beam web.

Each rib comprises five I-beam
sections which are butted at their ends and spliced together with splice
plates attached to both forward and rear flanges, Holes are punched
through the I-beam web centres for attachment of the liner plates.

The 25 in. diameter door is attached
to the bulkhead at floor level between the first and third ribs. The
second rib is kinked over the door to remain structurally continuous,

The two bulkhead wall posts are
recessed into the passage wall and are permanently set into reinforced
concrete, The concrete provides the pressure seal at the bulkhead
sides. The seal at the top aud bottom is formed by aluminuwm flashing
. which is clamped between the I-beam and the forward flange splice
plates, The flashing is attached to the roof or floor and is
backed by frothed urethane foarn,
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€.3.3.2 Configuration Rationale

The liner plate bulkhead has béen
designed to be of fixed height and width, Recesses must be cut into
the passageway walls to both ensure adequate wall support and, where
necessary, to provide the passage wid‘h adjustment, Passage height
adjustment is achieved by cutting a trench across the passageway width.
The liner plates and ribs used in this design are identical to those
- which would be used in constructing a 34 ft diameter tunnel except that
the ribs have been made shorter to hold their individual part weight to
100 lb. Standard liner plates are used in conjunction with half-width
liner plates, This combination allows for 'brickwall! type staggering
of adjacent courses. A similar rib junction staggering pattern is
achieved with the I-beam ribs by use of two differing lengths of rib.

_ The dcor assembly is essentially
ofie liner plate in width, and occupies a significant portion of two liner
plates in height. One rib is displaced vertically by approximately 13
in. by the door. Rib structural continuity is maintained however by
use of two vertical door frarme channels which connect the door top rib
to the two ribs beneath it. This channel essentially provides rib web
continuity. Flange continuity is provided by a curved door mounting
plate on the front face of the bulkhead and by splice plates on the rear
face. The displaced rib above the door is connected to the standard
rib above it by one standard width, non-standard height liner plate,
The door mount plate attaches to the floor rib, the two vertical door
channels and the second rib over its region of displacement. The plate
has an angle hoop welded into a central cut-out, This hoop provides
the door mount face.

Each of the four rib assemblies are
attached at their ends by splice plates to the two wall posts. These
wall posts are surrounded by a steel rod cage and the whole iz set
into the passage wall recess with concrete, :
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The structure assembly is sealed at
the sides by the concrete and at the top and bottom by aluminum flashing
and foam. The flashing is attached to the top and bottom ribs by clamping
it between the I-beam and the six splice plates. The flashing is then
routed back behind the rib and is then bent forward to the roof/floor.
The flashing is attached to the passageway with spads. During this
operation the lowe=~ 1ib is held off the floor with suitable blocks. The
region between the flashing, the rib and the roof/floor is filled with
frothed urethane foam. This "cushion" of foam prevents structural
damage during minor heave, The flashing is configured to maintain a
seal under conditions where the bulkhead deflects 3 inches. It is anti-
cipated that under maximum pressure loading the bulkhead will deform

2 inches at its centre.

6.4 Comparison of the Three Designs

6.4.1 Support Requirements

One principle feature which differs among the
three designs is the manner of support. This feature becomes extremely .
important when one considers the characte= and variability of the rock
and coal available for support. The principles of anchorage support
have been discussed in Section 3.2.2, and will not be repeated here,

Some of the important design consequences are discussed below,

The turnbuckle anchorage design is based on
rock bolts supplying high shear loads, up to approximately 20,000 lbs/
bolt. This requires that the roof be either massive sandstone or
shale,

Should the roof consist of thinly layered shale,
or drawslate, or should head-coal be present, the bolts will bend under
the sh:ar loading and their load capacity will be reduced to an un-
ac ptable value. Here, the truss design can be applied. The major

tri:u loads are caxjried into the floor, which is assumed to be hard
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fireclay or shale. An additional measure of safety is obtained by re-
cessing the floor anchors into trenches, Here the shear loads are
applied to a larger bearing surface, and the required strength of the
floor material is significantly less than that which would be required of
lcompetent' roof.

Should the floor be considered inadequate (un-
avoidable wet soft bottom, for example) as well as the roof, support
from the coal ribs can be obtained using the liner plate arch. The arch
applies high lateral thrust into the ccal abutments, Although coal is not
a very sound material (i.e., it has cleavage planes, low crushing mod-
ulus, etc,}, it exhibits its maximuwn resistance and minimum deformation
when loaded in confined compression as it is here, Consequently, abut-

ments have been designed to provide adequate support,

6.4,2 Influence of Seam Height

_ The designs presented herein are for a coal
seam of height approximately 6'. Since most applications will be at
this height or less, we will discuss the influence of reduced seam
height. '

The designs which span from roof to floor (truss,
channel-turnbuckle) become more efficient at lower heights, The loads
per unit width are reduced linearly with height, and hence the anchorage
loads are reduced accordingly. The bending moments, and hence the
maximwn siresses in the vertical structural members, will reduce as the

square of the height,

For the truss design, this means that the trusses
can be spaced at greater distances, and the vertical posts and diagonals
can be significantly reduced in cross-section. For the channel turnbuckle,
the load on each roof and floor bolt will be reduced, and, hence, the
rock strength requirements are relaxed. In addition, the section pro-
perties of the channels can be decrezased.
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The liner plate arch design cannot take advantage
of lower seam thicknesses. In fact, since lower seams tend to have
wider passages, the arch span will increase and ribs with greater section

prgberties will be required.

6.5  Design Techniques and Allowable Limits

6.5.1 Blast Design

Structures to resist blast loadings have been
studied extensively for the past 30 years.(g) The most typical application
has been for protective shelters from nuclear blast or accidential indus-
trial explosions. These structures are typically monolit;hic reinforced

concrete structures,

_ Blast loadings, in most cases are not continuous
service loadings, but rather high intensity, short duration emergency
loads, Once a structure had survived one, or multiple blasts, its life
may be terminated. Consequently, the allowable stress and defermation
limits are considerably relaxed from those for typical engineering
structures, Omne such relaxation which greatly economizes blast re.
sistant structural design is the allowance of plastic deformation, This

technique will be discussed in Section 6.5.3.

6.5.2 Computation of Stresses and Deformation

Stresses and deformations in a structure sub-
jected to an explosive loading are determined from a dynamic analysis
of the structure, Such an analysis can be extremely complex, when
one considers the many degrees of freedom to be considered and the
time dependence of the loading. For design purposes, the analysis is
simplified considerably by making certain assumptions about the
dynamic behavior of the structure and its components, and about the
coupling of the varioué degrees of freedom of the structure. The
assumptions and techniques used herein are described below,
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6.5.2.1 Idealization of the Structnre

A continuocus structure, such as a
beam, has an infinite number of dynamic modes, and, hence, an
infinite number of degrees of freedom. If one assumes that the de-
flected shape of the structure is the same as that which would occur
under static application of the load, then the beam can be treated as
a onhe degree-of-freedom {spring-mass) with an equivalent mass and
spring constant (see references 2, 9 for a more complete description).
The dynamic behavior, both elastic and plastic, for a one-degree-of-
freedom system is well understocd, and dynamic responses (both force

and deflection) can be obtained from deaign charts.

6.5.2.2 Response of ldealized System

Figure 43 shows the response curves
used for most of the analyses presented herein. The response is due
to an instantaneously rising and linearly decaying (triangular) loading.

The notation is as follows.
Fl = peak value of loading (lbs)

R__ - maximum resistance of structural component (e.g., the

load which produces the maximum moment, lbs)

Yel ° maximum elastic deflection of structural component (in.)
T = natural period (sec.)

Ym © maximum deflection of structural component, (in,)

t‘1 = duration of pressure loading (sec,)

The natural period of the structural

component is obtained from its one-degree of freedom equivalent using
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the relationship,

/K M
T = 2n _L.Mk___.

where
M = total mass of component (lb secz/in.)
k = stiffaess of component (e.g., load required to produce a unit
central deflection for a beam (lbs/inJ))
KI.M = factor which converts the real aystem to the equivalent

system

For the most of the bulkhead com-
ponents to be considered, the duration of the load t 4 is much greater
than the natural period, so that td/T is always greater than 10, For
systern with independent dynamic components (Truss design), it is im-
portant to determine the period of each component, to see whether or
not their dynamic responses can be uncoupled.

The dynamic reactions, or support
forces, of a bearmn must consider the distributed mass of the beam.
For a uniformly loaded beam, this “(Z)

v = 039 Rrn + 0.11 F {lbs)

6.5.3 Allowable Limits for Stress and Deflection

Allowable limits for Stress and Deflection are
based on reasonable assumptions regarding the function of a blast
resistant structure, Structures for protection of equipment can
tolerate large plastic deformations and still serve their functiol.

The bulkheads under consideration are personnel shelters, and hence

they are subject to more stringent requirements., Deflection limitatior -
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for emergency shelter bulkheads arise from the fo.lowing consider-

ations,
1. Large deflections will cause destruction of seals.
2. Permanent deformations are cwmulative for multiple
| explosions.
3. Permanent deformations may cause jamming of the door

and prevent exit.

In spite of these lirnitations, small plastic de-
formations can be tolerated, Two possible design procedures are
described below.

6.5,3.1 Elastic Design

The simplest design procedure is to
assume that the maximum stress in the scructure is less than or equal
to the yield stress of the material, This procedure is simplest and
most conservative, since the ability to deform plastically provides con-
siderable reserve strength. In Figure 43, this condition is equivalent
to reauiring leyel = 1, For the blast loading that we are considering,
RM/F = 2, and hence we should design for a static load of 40 psi.

This procedure has been employed in the preliminary sizing all of the
bulkkhead structural compaonents.

6.5.3.2 Plastic Design

This procedure permits a fixed amount
of plastic deformation. As can be seen in Figure 43, if we allow
leyel > 1, we can reduce the required resistance Rm/F. and hence
design for a lower static loading, The basic design criterion is the
allowable plastic deformation which can be tolerated. For our designs,
we have selected y /vy, = 3, Le., we can tolerate plastic deformations
equal to 3 times the maximum elastic deformation.



The plastic design method is commonly
used in monolithic reinforced concrete structures which have constant
cross sectional properties throughout, For metal structures asserbled
from different components, the secticn properties of each component
must be more carefully controlied so that an unbalance of resistance

will not occur,

6.5.4 Dynamic Material Properties

The yield stress of steel and aluminum increases
with increased rate of strain. Based on the typical natural periods of
the components being considered, the strain rates are in the range of
0.10 - 1.00 sec.”’ For these strain rates, a conservative estimate

(9)

yield stress has been used in the plastic design calculations. For elastic

for the increase of yield strength is 20 percent, This increased
calculations it represents a facter of safety, _

Static and dynamic rock and coal strengths are
not well known, and vary considerably with local conditions. We have
based our designs on what we bélieve to be the minimum strength which
can be exnected in most cases. Further testing will be required to verify

that these strength values can consistently and reliably be achieved.

6.6 Summary of Design Calculations

The detailed design calculations are presented in Appendix
C. The results of these calculations are summarized in Tables 16, 17,
and 18. These tables yield an equivalent static pressure capacity based
on the strength of each atructural component, The safety factor for
each component can then be inferred.

For components which have been designed elastically, 40
psi is the base value for safety factor comparison. For elastc-plastic
design, the value is less, depending on the degree of plastic deformation
which has been allowed,
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ComEonent

l-1/21 bolts

Bearing Areas
(general)

Horizontal
Members

Height Adjustment

Bolts
Front Rails

Decking

Trench

Roof Stud

Front Post

Table 16

Truss Pressure Capacities

Loading Type

Direct Shear

Bearing
Compression

Direct Shear

Bending
Bending
Weld Tension

Shear

Bending .
Bending

Pressure Rebound
Capacity at Capacity at Yield
Yield (psi) (psi)
54, 6 54, 6
40 {min) 40 (min)
86 -
101. 6 101. 6
39 (elastic) 20
48 (plastic)
60 -
125
67 psi
{based on a
2,000 psi floor
bearing
strength)
12.5
52 52
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Channel - Turnbuckle - Pressure Capacities

TABLE 17

Component

Facing Channel
5/8" B Boilts
Eyebolt
Turnbuckle
7/8" B Bolts
Upper Channel
Splice

Door Plate
Assembly

Roof Bolt

Trench

Loading

_Type

Bending
Tension
Tension
Tension

Tension

Bending

Shear
Shear
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Pressure Rebound
Capacity at Capacity at Yield
Yield (psi) {psi)
40 40,0
(77. 0 ultimate) {77.0)
200 200
42 16
42 16
120 --
40 40
72 27
ilé6 116



Table 18

Arch Design - Stress Summary

Co ¢ Loading T Pressure Rebound
~omponent oading 'ype Capacity*(psi)  Capacity (psi)
Ribs Bending l6.4 16.4
Axial 96.0 96.0
Door Secticon Axial 40.2 40.2
Abutment Compression 36.0 -
Flexure 44.4 44 .4
Tension 44.4 44.4

*

Based on modified pressure pulses for arch design.
Maximum f{lexural pressure - l4.1 psi
Maximum compressive pressure - 22 psi
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6.7 Required Verification Testing

The design discussion of the previous section has
indicated that certain assumptions must be made about the rock and
coal properties in order to determine the adequacy of each anchorage
design. These are reasonable assumptions based on available test
data, The available data, however, does not cover the broad range of
conditions which occur in coal mines. Consequently, well defined limits
for strength property values can not be stated. These assumptions and

their implications are discussed below.

a. The rib coal can support at least 400 psi with .
negligible deformation (Arch design).

b. The roof and floor rock has compressive
strength of 3,750 psi. (Turnbuckle design}.

Ce. The floor has a minimum shear strength of
160 psi. (trenches). ‘

Although these are reasonable engineering assumptions,
there may be situations where these values ars not achievable, A sound

design requires a knowledge of the likelihood c¢f these situations occurring.

There are a number of ways in which these design
assumptions may prove to be inadequate. For example, the available
coal support strength could be much less than expected due to excessive
cleavage or weathering, U.S, Bureau of Mines tes.s on coal ribs(lz)
found average strengths of 4,000 psi. These tests, however, were con.
ducted in a specially prepared passage in the Bruceton Experimental

Mine. This value could vary considerably in different lecations.

The assumption of 3,750 psi compressive strength in roof
and floor strata may not be satisfied. This will cause some bending in
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the bolt under shear loading, and will reduce the ultimate capacity of
the bolt. Stratification will also cause a reduction in the bolt shear
capacity. These influences however, are not well documented, and

should be tested for the particuiar bolt configurations being considered.

The 160 psi shear capacity requirement for trench supports
is easily met, as long as the trenching does not fracture the surrounding
rock., This fracturing may be difficult to avoid using impact tools in a
brittle rock. Tests should be conducted to determine just what kind of

support strength can be anticipated in the trenched configuration,

_ We believe that a test program of these various components
would add a necessary assurance to the design assumptions, while avoiding
the expense of failure during full scale explosion tests.

The testing should be conducted in-situ, and can be carried
out using a portable testing unit. The basic loading unit would consist
of a hand pump powered hydraulic ram, This would be fitted with dif-
ferent adaptors to suit the different types of tests. Figures 44 and 45
show three different test arrangements,
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7. Foam-Flashing Seal System

7.1 General Description

As indicated in the previous section we have proposed a
unique foam-flashing seal system to seal the irregular gaps between the
bulkhead structure and the entry. The basic sealing mechanism in-
volves a strip of sheet metal (flashing) and frothed urethane foam, The
sheet metal is bolted to the structure, and bent arcund flat against the
rib, roof and floor. Froth foam is sprayed into the space behind the
sheet metal. Figure 46 shows a cross-sectional view of the basic con-

cept.

The combination of a membrane and a foamed plastic,
similar to that which is described above, has seen application as a

B32) I our application, the sheet

technique for packaging against impact.
metal membrane picks up load in tension, and the foam provides both
support a1 a seal. The sheet metal also minimizes the exposure of
the foam to a possible flame front, Frothed urethane foam has been
selected due to its simple applica.bility and its good adhesive character-
istic. The actual foam can be applied using convenient, portable foam
packs currently available on the market. This type of foam is already

in use in coal mines for sealing ventilation stoppings.

7.2  Pieliminary Design Calculations

Figure 47 shows the loading diagrams for the sheet metal
and the foam. p, represents the applied pressure due to an explosion,
T represents the tension in the sheet metal, % represents the com-
pressive strength of the foam, and T represents the adhesive strength
of the foam.

We can consider p, as 40 psi, the equivalent static
loading for a 20 psi step loading. A typical value for o¢ for rigid
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Force Di_slg__mt for' Feam and Flaahin‘
Figure 47
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urethane foam is 30 psi.(m)

. states

Hence, equilibrium of the sheet metal

T = (pa-of}R= 10 x 6 = 60 1bs/in,

For 30 ga. sheet, the tensile stress is

o, = T/0.012" = 5,000 psi

This is well below the yield stress for typical aluminum and steel
flashing.

The foam is supported entirely by its adhesion to the coal
or rock, and tc the structure. The 2 in. dimension represents the
width of the narrowest structural element of the three designs (the top
and bottom rails of the truss design). If we assume that the spads
carry no load, equilibrium of the foam requires that

R = (16" + 21

or

_ 30 x6 _ 180 _ X
T = 18* - ﬁ - 10.0 p.‘

The adhesion of urethane foam to mine entry surfaces has
been found, from teasile pulilout testa,(“) to be approximately 12.5 psi,
This requires that the foamed surfaces be clean and dry. It is reason-
able to use this value will be a minimum for the shear adhesion capa-
bility due to the favorable contribution of wall roughness, Therefore,
the foam seal will have adequate shear strength.

An alternative to rigid urethane foam is "semi-rigid"
urethane foam. This type of foam can accommodate larger displacements
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while still retaining a seal. The static strength of semi-rigid foam is
about 5 psi, but under dynamic loading, rapid compressiorn of the air
gaps in the foam enables the development of strengths of up to 40
psi.(zs) We have investigated this posdibility, and we have found that
the state-of-the.art in field dispensing equipment for this type of foam

(33)

is still in the developmental stage. Consequently, we have not

pursued it here,

In addition to being preliminary in nature the above
analysis has not included the influence of relative displacemente be-
tween the bulkhead structure or the passage walls. The combined
effects uf this relative displacement and the applied pressure load will
produce a complex stress and deformation  state which is beyond
analysis. For this reason, we have carried out a test program which
verified the competence of this type of seal. This is described in the
next section. |

7.3 Seal Test Program Description

This section describes the test program which was -arried
 out to both establish the final seal configuration and to verify its per-
formance capabilities, The basic design requirement was that the seal
should remain intact and allow little or no leakage when subjected to

the following conditions.

1, Ground Motion - The implication is that con-

vergence which tnay occur at the bulkhead site
during its life will not detract from its per-
formance capabilities,

2. Explosion Pressure - Our 20 psi step loading

has been applied, and interpreted as a 40 psi
static load.
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3. Relative Displacements - We consider the effect

on the seal of both structural displicements and
anchorage displacements.

A two part test prcgram, described below, served both
the purpose of providing the data required to finalize the design of a
seal to meet the above stated requirements and the purpose of sub-
jecting several seals of that design to the closevly simulated effects of
the postulated explosion overpressure and resulting anchorage displace-
ment, with or without prior convergence,

7.3.1 Preliminary Tests

The {first two tests were performed to obtain
the data necessary for the gelection of a flashing material and a specifi-
cation of the required geometry in which the foam is to be applied be-
hind the flashing. Our assumption that shear failure is controlled by
the foam shear strength was also tested here. The tests included
shear bond measurements of foam-flashing and foam-rock interfaces,

A simple test rig (see Figure 48) was con-
structed for these tests. It included provision for securely clamping
mine strata material in place and applying a measured force up to 2,000
Ibs to a flashing or a foam sample,

Figure 49 shows the configuration for test 1,
In this test shear force-deformation data was collected to compare the
adhesive strength between possible flashing materials and the foam.
The displacement of the leading and trailing edges of the flashing
material were measured as the force was increased in regular incre-
ments,. When the sample failed, the force at failure was noted and the
area of the shear failure surface was measured, In this way, the
shear stress at failure was cailculated. From the displacement data,
the shear strain at failure was estimated. The location of the failure,
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i.e., in the foam or at the flashing-foam interface, was recorded, The

following flashing materials were tested.

1. i Aluminum

2, Lead

3. Galvanized Steel

4, Uncoated Fiberglass Cloth

5. Silicone Rubber Treated Fiberglass
Cloth.

Figure 50 shows the configuration for test 2. In
this test, shear force-deformation data was collected tc measure the
adhesive shear strength between the foam and the various passage strata
materiala, The shear force was applied to the foam by means of a
metal grid embedded in the foam, As the force on the grid was in-
creased in regular increments, the displacement of the grid was
measured, When the sainple failed, the shear failure area was
measured and the failure shear stress was computed. The location of
the failure was noted. The strata materials which were tested included
the following.

1. Coal
2. Fireclay
1. Slate,
T.3.2 Pressure Chamber Simulations

The preliminary testa provided verification of

two crucizl design assumptions:

1. That shear strength of foam-strata
bonds is sufficient to transfer the
pressure load from the foam to

passage strata.
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2. That the flashing-foarn bond shear
strength is sufficient to provide a
tirm anchorage for the strata edge
of the flashing,

_ Final verification testing was carried out in a
pressurized test chamber shown schematically in Figure 51, In this
chamber, the explosion pressure was simulated using an expandable
water Bladder which was pressurized to 40 psi. Water was pre-
ferred for safety reasons, and the bladder was used to avoid excessive
wetting of the test materials, The chamber is equipped with an ad-
justable roof, which could simulate convergence by squeezing down up
to two inches on an empiaced seal. The portion of the apparatus which
gimulated the edge of the bulkhead was connected to a threaded shaft,
which could displace that edge a distance of up to 6 in.

The apparatus was used to test a '"section' of
seal, 18" in length. This implies that we are assuming each section to
act independently, which is somewhat conservative since each section
will receive support from adjacent sect’>ns. This sectional simulation
requires that the sidee of the simulated seal be free to slide along the
chamber walls without resistauce. A low pressure air flow system
was provided to quantitatively measure seal leakage.

This apparatus does not simulate the flexurul
action which a seal will experience along its length due to structural
" deflections, The strains involved, however, are well below failure
strains for urethane foam, and hence this effect has not been con-
sidered important.

The following three sets of tests were carried
out in the pressure test chamber,
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Test 3 - The first set tested a number of
different seal configurations to failure, In this manner we were
identifying foam and flashing geornetries which performed most
favorably. Candidate foam-flashing seals were constructed in the

test chamber. Then the following test procedure was followed,

1. The water bladder was filled and

pressurized to 40 psi.

2. With the water pressure held at 40
psi, the bulkhead section was dis-
placed to the point of mechanical

failure of the seal.

Tests 4 and 5 - These tests provided final

verificationtesting of the selected seal configurations. Test 4 was con-
ducted without convergence, and test 5 was conducted with con-

vergence,

. Air leakage measurements were used to assess
the quality of the deformed seal. One problem which arose was the
treatment of the sides. These are artificial boundaries created because
of the size limitations of the test facility. Therefore, they had to be
sealed artificially, yet in such a way that there was no resistance to
the motion of the seal,

Our approach was to seal the side boundaries
with a silicone sealant before each leakage measurement was made.
Subsequent loadings and deformations destroyed this seal, and it was
redone for subsequent leakage measurements, The method was tedious,
but necessary for an accurate quantitative assessment of the seal per-

formance. The following teat procedure was followed for each seal.

- 1. The air leakage rate of the un-

disturbed seal was measured.



la. For tests with convergence, the
seal was compressed and the leakage

rate remeasured,

2. The water bladder was filled and

pressurized to 40 psi.

3. With the pressure held at 40 psi, the
bulkhead section was displaced the sum
of the estimated anchorage displace-
ment and the structural dis-
placement expected for a given bulk.
head design (2 to 3 inches - see
Appendix C).

4. The water bladder was depressurized
and removed, and the seal was in-
_spected for mechanical damage.

5. The air leakage rate was measured.

6. The bulkhead was displaced back
toward its original position by the
distance of the estimated elastic
structural displacement. (~1 in.
see Appendix C),

7. The air leakage rate was measured.

7.4 Test Program Results

The results of the test program are presented below.
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7.4.1 " Preliminary Tests

The preliminary tests served the purpose of
verifying basic design assumptions and providing a basis for final

selection of a flashing material.

Test No, 1 and Final Selection of Flashing Material

Test no. 1 measured the shear strength of the
bond between the polyurethane foam and the flashing materials con-
sidered. It is a critical property because the foam emplaced between
the flashing and the strata provides the anchorage of the strata end of
the flashing to the strata. The resuits are tabulated in Table 19,
Aluminum and galvanized steel sheet as supplied both exhibited excel-
lent bonding to the foam., As shown in Figur=z 52, shear failures
tended to occur in the foam near the bonding surface instead of at the
bonding surface itself. Lead, Fiberglas cloth and rubber coated fiber-
glass cloth as supplied all developed very weak bonds with the foamn,
Initially there were similar problems with lead, but after being de-
greased with the methylene chloride (urethane solvent), the lead flashing
bonded adequately to the foam.

Llumipum was selected as the final flashing

material for the following reasons:

1. The aluminum bonded exceliently to
the foam,
2, The 30 gage aluminum flashing has

ample strength, yet is easily bent
and formed to the ahafes required for

final seal design.

3. 30 gage aluminum flashing is inexpensive
and obtainable in widths from 6" to
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24" from any roofing rmatarials
supplier. Steel thinner than 26
gage is not widely available. 26
gage steel is stiff enough to be in-

convenient to work with.

Test No, 2

Test no. 2 verified the assumption that the foam
bonds well to three normally encountered strata materials - coul, slate,
and “ire clay. This is an important assumption since the majority of
the preesure load on the seal is transferred from the foam to the

adjacent strata,

The resulta of the tests are tabulated in Table 20.
Coal and foam form an excellent bond. Fireclay and slate each form
good bonds with the foam after being cleaned with methylene chloride.

The bond strengths obtained here are con-
servative, since the amall rock samples do not provide the degree of
roughness thzat would be encountered in an actual strata surface. Con-
sequently the favorable cffects of mechanical bond are not exhibited.

T.4.2 Final Test and Verification

Tests nn, 3, 4, and 5 provided the means for
final determination of seal design and subsequent verification testing of

these designs,
7.4.2,1 Test No. 3

In Tast no. 3, seal geomerries
capable of mechanically withstanding the explosion pressure and bulkhead
displacements were demonstrated. Six seals werc: tested - three of the
kind depicted in Figure 46, one with the flashing indented i..o the foam
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Iable 20

Results of Foam-Strata Adhesion Tests

Strata Material Failure Streas Comment

Coal 10 psi Failure occurred in coal

Fireclay 2 psi Failure occurred at
interface

Fireclay, cleaned with 9-.1/4 psi Failure nccurred at

Methylene Chloride . interface

Slate : 7-1/2 psi Failure occurred at
interface

Slate, cleaned with 9.9 pui Failure occurred at

Methylene Chloride interface
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as rhown in Figure 53, and two with the flashing bulged out from the
bulkhead as shown in Figure 54, The three seals of the original design
all proved to be capable of supporting the simulated explosion pressure,
but bulkhead displacements in excess of approximately 1/2 inch resulted
in geal failure along the strata in each case. When the bulkhead had
been displaced to the failure point, the flashing was under much more
tension that the design assumptions allowed for, resulting in debonding

of the foam bhetween the flashing and strata from the strata. This was
immediately followed by the catastrophic failure of the entire foam-

strata bond., It was concluded that the design assumptions had been
coaservative with respect to supporting the explosion pressure, but they
had not adequately considered the displacement requirerment. Since the
failure resulted from insuificient slack in the flashing, the original
design was modilied to allow enough flashing slack to accommodate the
displacements. Two approaches were used. In the indented configuration
{(Figure :3) the flashing is set up with a smaller radius curve, extending
back several inches into the space between th: bulkhead structure and
strata. When the maximum bulkhead displacement is reached, the flashing
geometry approaches that of the original seal design. In the bulged con-
figuration (Figure 54) the flashing is bulged forward from the bulkhead

as shown, As the bulkhead is displaced, the bulge in the flashing flattens
out to accormmodate the displacement, crushing the foam immediately un-
derneath the flashing, The former has the advintage that quite large dis.
placements can be accommodated, approximately twice the distance the
flashing is indented behind the front face of the bulkhead. The dis-
advantage is that it is difficult to install, because it is between the
bulkhead and the strata, The bulged configuration has greater ease of
installation since the flashing is located entirely outside the space be-
tween the bulkhead and {lashing, but it can accommodate maximum dis-
placements of only 2 inches,

Figures 55 and 56 show the deformations

of the three seal types. The seal samples hive been removed from the
chamber for observation. The teat results for these seals are shown
in Table 21, '

-i77-



No.

Seal Type
Original Dewsign
Original Deu.ign
Original Design

Indented

Bulged

Bulged

Table 21

Results of Test 3 Series

GaB Width

6"

6”

6"

4"

4n

4"

Displacement
at Failure

9/16m
9/16n
7/8n

3-1/8n

1.3/8u

2-1/8n
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Inélentation depth was
1-1/2

1n+ufﬁcienuy bulged

Bulged as shown in
E‘ihure
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7.4.2.2 Final Seal Designs

Final seal designs were determined
on the basis of requirements imposed by the different bulkhead designs
and on the experience gained in the test program, The requirements
imposed by each hulkhead design are based on the closeness of fit
between the bulkhead and the strata.and on the anchorage and elastic
structural displacements anticipated at the four sides of the bulkhead

due to the explosion pressure loading.

In general we anticipate gaps no
more than 6' in width, and more likely 1 - 3", For structural dis-
placements we anticipate a maximum displacement of 1" due to
anchorage movement, and a maximum of 2" due to the flexure of the
bulkhead, or a total of 3" maximum, Based on the test program, we
found the bulged configuration more suited to smaller gaps that will be
subjected to displacements of 2" or less, while the indented configura-

tion could handle larger gaps with displacements up to 3'.
The pa.rticuiar seal details for each
design are included in the design package of fabrication drawings, and

are also indicated on the layout drawing in Appendix D.

7.4.2.3 Vearification Tests

A vypical design of the bulged seal
for meeting the first set of requirements listed in the previous section
and a typical design of the indented seal for meeting the second set of
requirements was subjected to the verification testing provided by Test
no. 4 and 5.

The test pro-cedures described in

Section 7.3.2 were followed in each case, using the displacements
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listed in the previous section. In each of the four cases, the seals re-
mained intact throughout the entire process of roof convergence, pres-
surization, anchorage and elastic structural displacement, depressuri-
zation, and rebound of the elastic displacement of the structure. The
air leakage measurements for the four cases, are presented as plots

of the air leakage rate through the seal versus the pressure difference
across the seal, and are shown in Figures 57 through 60.

7.5 Application Trials

Az a matter of practical concern, we investigated the
practical feasibility of applying the Iroth foam in the manner we have
prescribed. For this purpose, a frame was constructed within the
Foster -Miller full scale mine wventilation facility. We then attached
flaghing from this frame to the walls, and then tested the froth foam
application,

Figure 61 shows views of the emplaced seals, We
anticipated potential problems in containing the foam while spraying
a roof seal, but this concern proved to be unwarranted, A bit of .
practice enables one to develop some technique, after which the .
proper foam application becomes quite simple.
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8. Conclusions

The preceding report has suggested the application of emergency
shelters .n a mining environment, and has réviewed, developed, selected
and compared a variety of concepts for explosion proof bulkheads for a
crosscut emergency shelter. The principal conclusions which were drawn

from this effort are summarized below,

1. Location of Fmergency Shelters

The optimum locations for emergency shelters are at the
intersection of mains and developing entries, and midway along develop-
ing entries. The exact spacing requirements for emergency shelters
will depend on the height of the coal seam, since this will dictate l.ow

far a miner can travel during an emergency situation,

2. Life of an Fmergency Shelter

Shelters estatiished along a main entry will be potentiaily
functional for all further development operations along that main, and
can be regarded as permanent. Their existence in conjunction with a
borehole is economically justified and highly recommended.

Shelters established along developing entries may have a
useful life of 6 months to 3 years, depending on the rate of development,

These shelters may be regarded as temporary.

i. Type of Bulkheads

Fxplosion-proof, air tight structures for a crosscut
emergency sheliter can be either permanent or reusable, Permanent
structures tend to be cheaper in materials costs, but generally in-
volve more cost in labor, materials handling, and equipment. Reusable
structures, which use more expensive materials, require less labor and
are logistically simpler to work with. The number of reuses alsoc re-

duces the rnaterial cost per installation.
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4. Reusable Concepts

The pr.incipai problems associated with the design of a

. reusable concept are:
Anchorage . connection of an explosion proof structure to
the unpredictable support material comprising the rib,

roof, and floor of a mine entry.

Sealing - maintaining an air tight seal after the structure

has experienced an explosive pressure wave.

5. Permanent Concepts

There has been much experimental work regarding the
development of permanent explosion-proof bulkheads. Most of the con-
cepts which have been developed are excessively maasive aad in.

appropriate for use as an emergency shelter bulkhead.

60 Costs

Three proposed permanent concepts and three proposed
reusable concepts have been compared in terms of total installation cost.
The reusable structures are cost competitive with the permanent
structures,

7. Final Reusable De signs

Due to the expected variability in support conditions, no
universal reusable bulkhead design can be proposed. To span the ex-

pected range of conditions, three designs have been proposed and worked
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8. Foam-Flashing Seal

A special sealing systermn, conasisting of a membrane of
aluminum flashing supported by sprayed-in-place frothed urethane foam
has been developed to seal the potentially large, irregular gaps that will
exist between the bulkhead structure and the walls of the entry, A testing
progrém has shown this seal to be capable of withstanding a combination

of 40 psi static pressure and 2" to 3" of relative structural displacement.
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9. Recommendations

Our prime recommendation is that the three reusable designs be
built and tested. A recommended test program is outlined below.

1. Component Tests

We suggest that the roof holt, trench, and rib abutment
support components be tested prior to full scale explosion trials. This
~can be carried out in a simple, cost effective manner by using a
hydraulic ram and simulating explosion loags statically. The tests can
be carried out in-situ for a number of representative mine conditions,

to obtain a spread of anchorage capabilities,

2, Assembly Trials

The bulkheads should be fabricated and subjected to in-
mine assembly trials. Construction feasibility and man hour projections
can be verified, and modifications for construction simplicity can be

implemented at this time,

3. Explosion Trials

The bulkheads should be installed and explosion tested at
the U.S. Bureau of Mines explosion testing facility. This will be the
final verification of the performance of the three bulkhead concepts.

This testing would be carried out for the high coal bulk-
heads whose deeigns have been presented herein. A complete verification
of the bulkhead concept would involve low coazl as well, particularly since
low coal operations will require more temporary shelters. Consequently,
a low coal program similar to that described above is recommended.
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APPENDIX A

EXPLOSIVE ENVIRONMENT DEFINITION

A.l Introduction

The cesign of any structure requires a careful examination of the
environment to which it will be subject. For the emergency shelter bulkhead, v
are primarily concerned with the characteristics of the applied pressure
wave; secondary attention will be given to the thermal environment. The
nature of the applied pressure wave will dictate both what type of design
configurations will be effective and what type of analysis will be most
applicable for evaluating a given design. The thermal environment will
dictate the type of materials used in the design. | |

In order to understand the nature of the blast environment, we
begin by first assuming that the pressure pulse is being supplied by a
methane-air explosion. Coal dust explosions are much more lethal;
not only would there be fewer survivors remaining to use the rescue
chamber, but also it would ﬁot be practical to design shelter bulkheads .
against such explosions, In addition, conscientious rock dusting should

minimize the possibility of a coal dust explosion.

The pressure-time characteristics for a methane-air explosion
vary considerably depending on the concentration of methane, the length
of the gas zone, the location of the ignition source within the gas zone,
and the location of the gas zone within the mine, The pressure felt by
the bulkhead will depend on the location of bulkhead with respect to the
gas zone, These factors will be discussed in the following sections.
Although it will not be possible to generate a well defined design
pressure pulse, the following sections will discuss orders of magnitude
and basic physical oecurrences. These along with actual in-situ experi-
mental measurement, yield a fairly good picture of the pressure environ-

ment for design,



A2 Physical Characteristics of a Methane-Air Explosion

A mixture of any where between 5 percent and 15 percent of
methane with air can be ignited to produce an 'explosion! in one of
three different ways. These are outlined below.

A.2.1 Simple Deflagration

In a simple deflagration the reaction zone travels away
from the ignition source at constant velocity (which is much less than
the speed of sound - about 1-5 ft/sec.). Figure A.1 shows a con-
figuration where this will occur. The reaction zone will travel toward
the face at constant velocity. The high temperature burnt gasses will
produce a pressure which will propagate out of the passage. This
pressure will be similar to that produced by a piston moving at a
constant velocity down the passage, accelerating the gasses ahead of
it. Here, the piston is replaced by the high pressure burnt gasses
produced by the constant velocity reaction zone. Figure A.2 shows a

typical pressure pulse produced in this case.

A.2.2 Accelerating Deflagration and Resulting Shock Wave

When the burnt gasses cause pressures and accelerations
in the unburnt flammable gasses, the reaction zone accelerates, Figure
A.3 shows a condition where this would occur. Here the burnt gasses
expand into the unburnt gas, causing turbulence and local distortions of
the flame front. The distorted flame front has greater syrface area
than a planar front, and this increases the reaction rate. This process
is self accelerating. The higher the reaction rate, the greater the gas
velocity and pressure, the greater the turbuience, the greater the re-
action rate, etc. Since the observed peak pressures are proportional
to the reaction rate, this condition will produce higher peak pressures.

The accelerating reaction zone produces a series of
pressure pulses, Each pressure pulse travels at the speed of sound
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of the pressurized medium of the pressure pulse which occurred before
it, Since the velocity of sound increases with increasing pressu e, the
preadsure waves tend to coalesce. If the gas zone is long

enough, these pressure waves will coalesce to form a well defined
shock front as depicted in Figure A.4. This model of shock wave
formation is discussed in Reference 36, 37 and 38. The principal
feature of the shock wave is its instantaneous rise time, and its pressure
peak which is greater than that for simple deflagration. The shock wave
moves at the speed of sound in the ambient air,

A.2.}3 Detonation

Detonation is basically thne joint movement of the shock
wave and the reaction zone, Once it occurs, the phenomenon is self
sustaining, and the detonation wave moves at a speed greater than the
speed of sound of the ambient air. Figure A.5 shows a typical detonation
pressure pulse, It is characterized by a high peak (about 10 atmospheres)
and a very short duration. The causes of detonation require a more
lengthly discuseion than is appropriate here (see Reference 37 for ex-
ample). It will be adequate to say that detonation is likely to occur in
a very long gas zone (> 60 x passage diameter) or in a confined gas
sone {bulkheads at both ends). Both of these conditions are unlikely to
gecur in the working areas arcvund the emergency sheller.

Cue can co. cluade from the above that the most severe
pressure wave resalting from a methane explosion in a working mine
would be a shock wave due to an accelerating deflagration. The max-
imum possible amplitude of such a wave is about 5 atmospheres, i.e,,
that due to the completely confined expansion of the burnt gasses,

The actual pressure is less for an open ended region. The duration
of the pulse will be proportional to the initial gas zone and the peak
pressure, as computed from the expanding volume of gas. This
duration is on the order of fraction of a second.
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A3 Experimental Measurements ¢f Pressure Waves in Mine Passages

The two principle sources of experimental data are the U.S. Bureau
of Mines and European Commugity for Coal and Steel. Both of these or-
ganizations have carried ocut dberimental programs in which methane-air
explosions were artificially generated in a mine passage, These experi-
ments typically involve filling a portion of a mine passage, sealed with
a plastic diaphragm, with a mixture of methane and air. The mixture is
then ignited with a spark or small powder explosion, and resulting pres-

sure pulses are measured at points along the passage.

The only available pressure records are presented by Mitchell and

Nagy.(39)

These records show pressure pulses with peaks from 1 psig to
15 paig, and durations of about one second., The results are for a 25'
gas zone, These investigators meaaured pressures up to 35 psi for a
50' gas zone. In another study by the Bureau of Mines, Kawenski and
Bercik“m demonstrated that a gas zone confined at a face produces
both the highest and lowest explosion pressures. When the source of
ignition is outby the gis zone {see Figure A.l) the pressure developed at
the face was less than 1 psi (simple deflagration). When the source of
ignition was at the face (see Figure A.2) the pressure developed at the
face was 39 psi (accelerating deflagration). Thev also show that gas
bodies located ai.vay from the face produce lower pressure extremes and
are less sensitive to the location of the ignition source.

Tests have been conducted by the U.S. Bureau of Mines and the
European Community for Coal and Steel(‘“) to measure the pressures on
bulkheads due to controlled methane-air explosions. These results are
shown in Figure A.6. These are reflected pressures, and hence are
twice the magnitude of the pressure pulse travellisg down the passage,
Hence the maximum pressure peak observed is 30 psig., If the pressure
pulse is assumed to be a shock with a linear decay, the impulse values

imply a pulse duration of approximately 1/4 of a second.
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A.4 Effects of Mine Passage Geometry

The influence of intersections and turns on a shock wave propa-

(43)

gating in a continued tunnel has been studied by Taylor. Two signi-
ficant observations can be gleaned from this study. First, a shock

wave is attenuated by a factor of about 0.8 for every intersection or
cross-cut that it passes. Thus, if an explosive shock passes three
cross-cuts before reaching the rescue chamber, its peak pressure has
been halved in the process, A second cbservation is that in the neighbor-
hood of a cross-cut, there are high local reflected pressures at short
distances down the cross-cut. Consequently, it would be desirable to

build a bulkhead flush against the cross-cut.

- A.5 Influence of Pressure Pulse Characteristics on the Structural
Design of the Bulkhead

The available information discussed here indicates that a 20 psi
peak over pressure design should be sufficient to resist the side.on
pressure shock produced by a methane-air explosion, This limit will
be strained somewhat if the bulkhead is directly in, or in the neighbor-
hood of an explosion, Pressures up to 30 psi have been measured for
these conditions,

The duration of the pressure pulse is on the order of seconds or
fractions of a second. This duration will be much greater than the re-
spcnge time of a bulkhead structure. Conseguently, the bulkhead will
respond to the pressure pulse as if it were a step loading.
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APPENDIX C

DESIGN CALCULATIONS

C.1 Truss Bulkhead (See Figure D.2)

The truss has been designed to operate entirely within the elastic
range., Each bay is assumed to be loaded instantaneously by the side-on
pressure wave, Consequently a 40 psi static load is the principal design
requirement. From a dynamic point of view, the truss, with corrugated
sheet, ribs, posts, and struts, is a multi-degree-of-freedom system.
To simplify the analysis, however, we can take advantage of the fact that
the natural periods of the individual components are different enough to
permit the uncoupling of their dynamic responses, and hence each com-

ponent can be designed statically based on 40 psi,

C.1.1 Overall Equilibrium (See Fipure C. 1)

Bay width = 27"
Load /truss = 27" x 78" x 40 psi = 84,300 lbs.

Since it is indeterminate as to how much of the horizontal
load is carried by R; and R; , we shall assume two extreme cases:

Case ] - Horizontal shear failure of rear foofing
Ry = 0, Ry = 84,300, Ry = 45, 600)

Moments about C (Figure C.1(c))
84,300(39-25) + PAB (49.5) = 84,300 x 55

P,.= 84,300x4l = 69,824 lbs. tension
AB 5



L |
25" - 391

(3) 49, 51 40 psi = .._i[_...
L 84, 300 1bs
bt nf
L] 39]’

'R, R, x 72 = 84,300 x 39

R‘4 = 45, 600

(b) - RZ 3 45,600

84, 300 lbs
— —
Rl ' R3
R,

‘34 ‘ R,

(¢c) Case I ‘ (d) Case 11
‘ C /' C
89, 300 89, 300
R,

Figure C,1 - Truss Static Analysis - Overall Equilibrium




Vertical Equilibrium

P sin 68 = 45,600

AC

P T 73,807 1bs compression

AC

Case II - Horizontal shear failure of front support

R, =0, R, = 89,300, R, = 45,600
3

1 4

Moments about C (Figure Cl(d) )

84,300 x 14 = PAB x 49,5

PAB = 23,842 lbs compression

PAC 73,807 lbs compression

(same as case I)

Maximum resultant load at rear supnort

1]
oo
+
b

: _V(S-i. 300)% + (45, 600)%

95, 800 1bs
C.1,2 Bolt Sizes

Front and rear supports

" Use 1-1/2" diameter Grade 5 bolt minimum yield stress
in tension - 74,000 psi (37,000 psi in shear)

Total load carried in double shear

Z .
F» T8 x2x 37,000 = 130,768 lbs (vs. 95,800 reqd.)

O
1
[¥23



hence, factor of safety

F,s, = 130,768 ., 4,

95,800

At A and B

Use 1-1/4" diameter Grade 5 bolts, Total load carried in
double shear

2
F = -'“'z-‘-‘--- x 2 x 37,000 = 90,811 lbs

(vs. maximum PAB af 69,824)

- 90,811 _
F,S5 - W = 1.30

At C

Use 1-1/4" diameter Grade 5 bolt, Load capacity (see above)
= 90,812 us (vs, PAC : 73,807)

¥,8 = 90,811 . 1,23

11
73,807

Pins for Post Slide {2}

Use 1" diameter Grade 5 bolt,

F== dz/4 x 2 x 37,000 x 2 = 116,000 lbs
(va, R‘i : 45, 600 requi.t_'ed)

" 115 000
F.S8 = —m 2 2 54

C.1,3 _Bearing Areas

, The reqﬁired beaving thickness at boited connections in
double shear is computed as;



where

P * bolt load in lbs

u-y ®*  yield atress of bearing material
d t* Dbolt diameter

t * required bearing thickness

A yield failure in bearing is not critical, since the load capacity
increases when such a failure occurs, Consequently, low factors of
safety will be acceptable,

Footing box (A36 steel, ’y = 36,000 pai)

95, 800

t* Wooox 1.5 x2 - -8

{1.00" provided)
Front Post (¢, * 46,000 pai)

at footing box
84, 300

t* /oo x 1.5 = " -4

(s, +75" provided)
at B

69,824

t* o000 x1.25x2 - 817

(ve, .625 provided)

st C (Mounting Plates - AISI 1018 cold finished, o= 54, 000)

73,807 _ -
54,000 = 1,25 x 2 *
(. 75" srovided)

t s

C-5



at pin for vertical aiide (2 pins)

. 505" (,25 per pin)

(. 625" available per pin)

Vertical Slide
at pins

t (required) = ,25" (see above)
{. 44" availabile)

Horizontal Ties
at A and B (2 ties)

69,824
t: 46,000 x 1,25 x & x 2 . 30"

(. 44" available)

Diagonal Strut {bearing pada, A3é steel, o, 36,000 psi)
at rear support

i 95, 800 ]
t* 3000 x .5 %z -8

4 | (1.25" avaiiable)

at horisontal tie

69,824 |
t* o0 x1.25xz2 -

(1, 0" available)

C.1,4 Horizontal Ties (A500 steel)

3 x 2 x 3/16 rectangular tubing
Area = 1,64 8q, in
Minimum Moment of Inertia = , 576 in‘l



Tensile Load

69,824  _

%" T.esxz - 2137

_ 46,000 _
F, S, m = 2,15

Area at bolted connection

= tube section - bolt holes + bearing plates
1,64 - 2 x 1,25 x 3/16 + 2 x (3,0 - 1,25) x ,15
1.64 - .47 + 875 = 2,04 in®

[}

Therefore, the tensile stress at the bolted connection is less than the
tensile st.ess throughout,

Compressive Load

Consider buckling load, Fb' per tie

2 ‘ 2 6
Fb « X_EI _ ®° x 30613:210 x ,976 . 72,772 1bs
L

The actual load on both ties is 23,842 lbs, or 11,921 1bs per tie,
C.1.5 Front Rails (2 x 2 x 3/16 tubing, AS500 steel)

w = loading = 40 psi x 13,5" = 540 lbs/ic
Section modulus, S, = ,75 in>

2 2
Moment = “g = 540 == 23 - 35,707 in Ibs
Maximum stress
M _ 35,707 .
re & = 22T = 47,600

(e, = yield stress = 46,000)
slight ylelding will occur, y



Ultimate plastic moment
M, = a'Y x 3/16 x 2 x (11 - 3/32)
+ o x3/16 x 2-3/8)% x 1/4 x 2
# 46,000 (.68 + .24) = 42,668 in lba

Since the actual moment is well Lelow the ultimate moment, the amount
of yielding which will occur is insignificant

42,668 _

F.S. = 35557

1.2

Rail Rebound Capacity

weldment of decking

assume weld thickness = thickness of decking = 0,0395'%

weld strength = 11,000 psi

Capacity of Welded Connection = 0.875" x 2 x 0.0395 x
11,000 = 760 1b.

Loading of Welded Connection = 4,5" x 5 psi x 13.5" =
303.75 1b.

" Rebound Capacity = ?(7')';%'3' x 5 = -12.43 psi

Bolting__of Rib toc Posat

use 3/8"¢ bolts, grade 1 (33,000 psi proof)

Bolt Load Capacity = 0,11 x 33,000 = 3,644 1bs

tLoading = 27 x 13.5x5 = 1,822 1bs

S - 3,644 .
vRebound Capacity = 2 x T8z X 5 = 20 psi

Cc-8



C.1.6 Corrugated Decking

2 2
M = % . ‘W_‘ﬁﬁ_ = 911 in-lbs/in.

0.017 in3 /in {Manufacturers data)

0n
"

Yield Stress = 80,000 psi {Manufacturers data)
%4. = ghT7 = 53,600 psi

Pressure Capacity = -g-%%—g—g— x 40 = 60 psi
»

C.1.7 Trench Support

_ The principles of trench support capacity have been dis-
cussed in detail in Section 3.2,2, Using thee> principles, the required
shear strength of the footing rock material is

where F is the horizontal reaction force per inch and d is the depth of
the trench, For the worst case loading, F = 84,300/24 = 3,512 lbs/in,

We have specified a minimum 7' deep trench, Hence the required
shear strength is

v > B2 o 160 pa

for p> 7.4 7 = 1184 psi)

c-9



C.1,8 Roof Stud

b

EREEREN:

- A

Assuming that the footing box has no tensile resistance,
then the roof stud carries a horizontal reaction due to rebound,
R, = 27xZ2 x 5= 5265
s 2
The section of the stud in the rocf above the roof bearing plate acts as
a roof bolt in shear, A 1-1/4" stud has an approximate inside diameter
of 1-1/8¢ bolt, the capacity isa minimum of 15,000 1b.”(See Section 3.2.2.)

The section of the stud below the roof bearing plate
tightening nut (maximum 1,6'") is subjected to a bending moment

RSF L6
M = = 5,265 x =5 = 4,212 in. lbs.
= - o

Hence

g= M _ 4,212 4,212 = 30,185

0.098 a>  0.098 x 1.125°

stud proof stress = 75,000 psi

rehounc. :apacity = %—‘llg-g x5 = 12.42 psi

C-10



C.1.9 Front Post (4" x 8'" x 1/4" rectangular tubing,
A500 steel)

Assume rail load is uniform

é
"

40 x 27 = 1,080 lbs/in.

2 2
M = wsi - 1.0808x 24 . 393,660 in. lbs.

c- M_ 393,660

= = “I1t68 - 35,600 psi

The post has 46,000 psi yield, hence

46,000 x

Pressure Capacity = z 40 = 52 psi
Doflection. . 5 w? .| s soxsatx2r ..,
384 EI 384 6 T

C.2 Liner Plate Arch (see Figure D, 3)

The passage time of the pressure wave across the face of the
arch is a principal consideration in its design. The lengthened full
pressure rise time lowers the equivalent static pressure load for
stability consideration. On the other hand, the unsymmetric loading
nature caused considerable bending, which ultimately governs the design.
A standard design procedure for arches subjected to this type of loading
has been employed (see Reference 2),

Main Arch Components
24" wide, 5 ga Liner Plates
{Commercial Shearing)

6WF20 Ribs ‘
6M 16.3 Channel Endpost

. C-11



28 wome Compression

Mode

Y

S Y

Flexural
Mode

L’-'ZO' —

]

3 —-t
Zu

p_ = static shock

pressure

dynamic

!
t
'
!
L
Zu
| /
7 _ é Pa " Dl eare
/

C, = drag

/ coefficient

= 37° = 0.647 rad.

Liner Plate Arch - Definition of Loading-(z)
Figure C.2
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C.2.1 Computation of Design Pulses

- ] . 0.647 _ .
P, = (0.5 + Bp, = (05 + 2277} x 20 = 14.1 psi
6 p 1/2
u = 1,120 ft/sec x (1 + —15-;—0) = 1,650 ft/sec.
L 20 -
Ze - 3,300 0.006 sec = 6 msec

The peak dynamic pressure is strictly a function of Pgo
For_pso = 20 psi.éid)max = § (see Figure 7.2, reference 2)., The
value of p, at t = 5= should be something less than

(P max * -:— x Cy Cq = drag coefficient = 0.4

- sx-q'-éﬂi‘-’é x 0.4 = 0.66

nence,. Pg looks like

R )

4} -

F (wsec)

Since we know little about the pressure time pulse, we will con-
servatively assume the following for p_.

C-13



L
6 t(msec)

C.2.2 Response to Pim

Conaider 1/2 of the arch as a simple supported beam

Length = RO = 17 x 0.6466 = 11' = 132"

correction for crown displacement,

——
E ]
S
-+
—
-
wn

Bending Section Properties

4 - 6WF20 ribs + 3 5 ga liner plates

I= 4x41.7+ 3 x 1.668 = 171.8 in.?

A= 4x590 + 3 x 6.10 = 41.9 in.>
= L8 - 55 103

C-14



- Natural Period (Beara Bending)
2
J4 [pA
Tf 1.11 x 2 x T X o

2
L1l x 2 x 22 / 0.29 x 41.9

30 x 10° x 171.8 x 386

H

H

0.0303 sec = 30,3 msec

Assume the idealized load time curve

g
M1 *

Jo '?ﬁuaﬂo

Referring to Figure 43

The maximum resisting moment, Mp’ available in bending is computed
from the section properties of the ribs



[t

— _J

b
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for each 6WF20 rib

3/8n ' h

Lad
1]
H]

o
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—
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S

1
o

1/4n w

~+
it

o, (dynamic) = 36,000 x 1.2 = 43,200 psi

Mp= 689,000 in, lbs,

The uniform pressure equivalent to this moment is

P, = 4 xMx3$8
m HL¢

_ 4 x 689,000 x 8
77 x (132)°

16.4 pasi
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Referring again to Figure 43

Pm . Rym 16.4
E (equwalent to =} * 171" 1.16
Hence
Yy
_E = 1.5
Vel
L4 | ol
v, = o2 Pr- . 5 141 x 1327 « 77 o g4
el © 384 "EI 384 40 ¢ 10° x 171.8
Total maximum arch deflectioa = 1,5 x 0.83 = ]1.24"
Maximum seal deflection capacity = 3.00"
Maximum estimated abutment deflection = 0.25"
¥m
Maximum allowable arch deflection = 2,75, or Y—- = 3,31
‘ el
Pm
From Figure 43 — = 0.8
Py
or

flexural pressure capacity = -%’-84- = 20.5 psi

C.2.3 Response to p,

Natural Period in Compression

2 . 2
Tc = 2w _BE_ = 2 \/0‘28 (17 x 126) = 6.3 msec
: g 386 x 30 x 10
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referring to Figure 43

for elastic design, ym/yel = 1
_R_Li = 1.1
Fy
hence we design for a static pressure of 20 x 1.1 = 22 psi

Stability (See Reference 13)

2

El n
p - - - I
cr a - VZ) R3h (;Z )

) 30 x 10° x 171.8 ( r
(1 - 0.3% x (17 x 12)° x 77 \0.647

2

5 - 1)= 195 psi

Axial Loads - At the wall

PRh 5o x 17 x122x77
ag= T = 175 = 8,250 psi
vressure capacity = -3-3-6-'2‘-);-00- x 22 = 96 psi

Reaction Load = 8,250 x %172 = 4,489 1b/in,
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+
HE

C.2.4

Axial Loads - Center Section

L

Moments about A

778
- Pm

4489 x x 38 x (539 + 19

= 6,037 lbs/in.

Pm

Ferce Balance

F + pmx38= 4,489 x 77
Fy= 116,250
116,250 .
Oy = -——5-'%-— = 19,700 psi
e - 36,000 - ;
Pressure Capacity = 5750 * 22 = 40,2 psi

Anchorage

Axial Load 4,489 1b/in.

width of abutment base - 20" min.




. Concrete

e e
4489 lb/s//”/ . &
‘(/ .

Steel Flashifig
{Ref)

& a

&

! COAL
|

(T

|

Figure C,3 - Arch Abutment ~
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From the analysis presented in Section 3,2,2.3, with

@ = 37" a 3 w/2 - 37° = 53°

P 4489 1bs fin

r = 8" +d (see Figure C, 3)
w = 6"

a = 5 6

-

a + 1/2 sin 2a T .93 +1/2 x,96 = 425"

P 1
max = @ + 1/2 sim 2a * r

4,489 1, .
* VTEl * Fy4zs ¢ %59 pei

(This compares to a minimum expected coal
compressive strength of 500 psi)

C.3 Channel Turnbuckle (see Figure D, 4)

C, 3.1 Channel Sections (see Figure C,4a)
Top and bottom reactions

ZRl = 480 x 717

R, = 18,480 lbs
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R g
1 I
7 @ 19n f :
— ot
58" ]
—
T sqn 39 1 | 40 psi x 12"
(@) J ) Su_— oo = 480 lbs/in
F ~—
s
- -
Ry
() 12" Channel Sections
R
] perapesy
! .‘l e
¥, 17 31.5" e
s —L | 40 psi x 36"
1 S .
= 1440 1bs /in
68!' g
—i
g
e -
Rl

(b) 36" Door Section

Figure C.4 - Bending Moments and Bolt Loads in Channel-
Turnbuckle Sections

Cc-22



Bolt Load (FZ)

39 F, + 480 x (58)°/2 - S8R, = 0

Fz = 6782 lbs
Contact Force (Fl)
Fl +R1 -F2-480x53 z 0
Fl = 16,142 lbs

Bending Moments
Upper channel at top bolt @
M = - 480 x (39)2/2 t39F = 264,500 in lbs
Lower channel at bearing point of upper channel @

M= 39 F, = 39 x 6782 = 264,500 in lbs

2

Maximum Bending Stress (Channel Material is AL 6061-Té
cry = 35,000 psi)

Channel Properties

12" x 5" x 11,82 1bs /it
Section modulus = 7, 55 in3 £ S

Stress = —p-. 284300 - 35033 psi (vs. 35,000 pai)
The channels, however, have a large degree of reserve strength in
plastic bending, The ultimate capacity is computed from the fully

plastic moment, as follows:

Cc-23



e T
L350 L. g
- j B E
J

|
~ 27 =

Figure C,5 - Channel Section

Equilibrium (see Figure C.5)

12 x 0,35 + 2 (z - 0,35) x 0,62 =2 (5 - z)x 0,62

z ~ 1,0

P

Ultimate Moment

2 2
M .o xo0.35x1+28 r24+2x2 xo0.62
o'y 2 2
M = 509,000

Ultimate Pressure Capacity

509, 000 .
3 Z' 250 X 40 = 77 ps=i

Elastic Deflection - upper channel

F, by
w 3 2 3 2 2 2 2, .
b = o {10 -2 x +x)+.6...._ﬂ.(1 - b - ¥v9)

24 EI
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where

= 480 1lbs/in
19"

— 58"

25,53 in?

10 x 106 psi

58 - x

< g~ ™ o g
I

assume maximum deflection at mid height of the entry
x = 38,5" (y = 19,5)
5 = ,24 +,07 = 31

max

C,3.2 Door Section {see Figure C.4b)

R

il

1 3 x 18,480 = 55,440 1bs

2
R) x 31.5 - F, x 14.5 - 1440 x (31,5)°/2 = 0

F, = 71,168 1bs

+F - F

1 - 31,5 x 1440 = 0

2.
Fo= 61,088 1bs
Critical Bending Moments
- 2
M (x} = Rlx-1440x/2

X measured up from the floor

mid door (x * 16")

Cc-25



M = 55,440 x 16 - 1440 x (16)%/2 = 702,720 in-lbs

top of door {x = 32"

It

M = 55,440 x 32 - 1440 x (32)°/2 = 1,036,800 in-lbs
bottom of upper channels (x = 42)
M= 1,058,400 in-lbs

Critical Section Properties (see Figure C, 6)

Properties of stiffening channel

A= .38 x3,5 x2+ ({7 -.35) .21 = 4,06 in®
I= 1/12 x .21 x 6.65° + 2 x 3.5 x .38 x (3.5 - .19)%
= 34,29 in?
S= 1/3,5 = 9,80
Section (a)

2 x 406 xd= 3/8x36(3.5+.,19 -4d)
8.12d = - 13.50 d + 49,82
d = 2 30"
1= 2x34.29 + 2 x 4.06 x (2.30)%° + 3/8 x 36 x (3.69 - 2,3)

68.58 + 42,95 + 77.11 = 188,65 int

188, 65

_ - 3
2 = 2.343. 69 31.49 in

S
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Composite Door Sections

3/8" pt
| -
d = = Bke- — e - x 3,57 x
' et 4,72 1b/ft
Lr‘:— 36” 4.4

(a) Full Section

/pl 1-1/4"x 378"
d i———_ -
T

/___.

(b) Partiai Section at Middle i Door

™ x 3. B oy
4,72 1b/fin

L =

——

3,50

(c) Properties of Channel

Figure C,6 - Composite Door Sections
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Section (b)

4,06 d = 3/8 x 1-1/4 x (3.38 - 4)
4,53 d= 1,58
d= ,35

1= 2x 34,20 +2 x 4,06 x ,35% + 2 x 3/8 x 1-1/4 x (3. 38-, 35)%

= 68,58 + .99 + 8,60 = 78,17 in*

78,17 3

Sb = 3750 F .35 20, 30 in

Maximum bending stresses (o 35,000 psi)

y

at center of door

= SI*: = 72%%437020 = 34,616 psi

at top of door

o= --Sh:— = -1-'-%%-?-2%)2 = 32,925 psi
at bottorn of upper channel

c= sh,i = l,;)JS.S‘i;OO = 33,6‘10 psi

Since each of these sections has considerable reserve moment
capacity in the plastic range, these elastic stress levels are considered

to be adequate,
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C.3.3 Top Channel

Maximum load occurs during rebound, when the flange is

subjected to bending by the restraining rear turnbuckles.

P maximum rebound force /turnbuckle

]

= maximum force per channel x 3/8

(5 psi rebound vs, 40 psi overpressure, 3 channels

per turnbuckle)

hence P = 3/8 x 18,480 = 6,930 1ibs

L_/b_‘

Maximum bending moment in the flange (10, pg, 337)

%’t— (x/a = .6)_= .4

Bending stress

6 M _ 6 x,4x 6930 _
t (. 62)°

43,267 psi

q
[}

™
|

(vs. 35,000)
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i, e,, plastic yielding will occur,

Consider ultimate plastic moment (Mu) due tc ultimate load Pu
(distributed over 36")

2
o t
M = P x3t= L x 36
u u 4
35.000 x . 62° x 36
P = 2% : = 40, 362 lbs
u 3x 4

(vs. 6,930 lbs)

Although localized plastic yielding cccurs near the point of load
application, the ultimate load capacity far exceeds the applied load,

C.3.4 Bolts_
Channel sections
2 -5/8" @ Grade 5 ,«!ts
Load capacity = 17,170 lbs each

Total load capacity = 34, 340 lbs
(vs FZ = 6,782 lbe)

Door Section

6 - 7/8" ( grade 5 bolts
Load capacity = 35,615 lbs/bolt

Total Load capacity = 34,615 x 6 = 213,690 1bs

213, 690 . (ve. F, = 71,168}
F.8 = SyTes = 0
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C.3.53 Turnbuckles and Roof Bolis

Turntuckles have a 20,000 1b proof (yield) léad, and a
50,000 1b ultimate load. DBased on the proof load.

20,000

Pressure capacity = 15450

x 40 = 42 psi
Roof Bolts - extrapolation of the following data,

5/8" full column resin bolt in Limestone yield at about 14,000 lbs
(Figure 16),

1-1/8" Wedjet bolt in 3,750 psi concrete yield at 34,000 lbs.
{Table 1},

Suggests that 34,000 lbs is a reasonable figure for a 1-1/8'" full

column resin boilt.

34,000
18,480

»

Pressure Capacity = = 72 psi

Deformation

From the USBM data (Figure l6), extrapolating to our load

_ 18,720 _ .
5max = (,25" x m = 0.33 in.
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C.4 Reinforced Concrete Design {See Reference 11}

Consider the design to be governed by bending of the short span,

and neglect the effect of compression steel on the ultimate roment

{M }\, Then,
u

0.59 pf
Mu B QAsfy d - fc’

where
A_ = area of steel = 0,44 in.zlft. {(no. 6 bers)
d = depth to steel = 15"
fY = stee% yield = 40,000 psi
f.' = concrete compressive strength = 4,000 psi
¢ = safety factor = 0.9
p = steel ratio = Tfo'ffi'g = 0.0024
M_= 0.9 x 0.44 x 40,000 x 15 (1 R 40*09)
= 234,000 in.lbs.
Pressure Capacity = %- ﬂ%—: £ x 23:7’:)00 = .30 pei

from Figure 43

R
2. 1.5
1
hence
Y.
_!!l = 1.5
Yel
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The midspan deflection, results from plastic as well as elastic
deformation, an amount equal to 1.5 times the static elastic deflection
" due to 20 psi,
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C.s

Shotcrete Arch

See Section C.2 for arch design analysis technique and dimensions.

Bending .

‘ 87
Vertical Section

|2 As (wrre mesh )

#06 harsﬂ

=

= 9afd ( . 239 pfy f)

M, fc'
.2
A, = 0.5 in.”/ft
£ y = 100,000 psi (high strength mesh)
0.5 _
p = E x lz = .052
fc' = 5,000 psi
» = 0.9
Mu = 338,400 in. lbs/ft
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2 338,400
= X

3 = 13 psi
(132)

Pressure Capacity = %— -1;1&- =

from C.2

13

R
m
¥, 0 oTaa %

Assume that due to its mass the shotcrete structure has a natural
period 1/2 of that of the liner plate arch. Then, referring to Figure 43
and C.2.2

hence

The structure will deform a small amount into the plastic range,

Compression

As indicated in Section C.Z, bending considerations result in a

design which is more than adequate in compression.

C-35



APPENDIX D

ASSEMBLY PROCEDURES AND DESIGN LAYOUTS

Assembly Procedure

Following is a step by step procedure for the erection of each
type of bulkhead.

1. Channel-Turnbuckle Bulkhead

Step 1 - Select a location in the passageway where there is a dry
structurally sound roof and floor and wher:z the passage width is 18 ft
or less and the height is between 5.)/” and 6=1/2 feet,

Step 2 - Select the appropriate number of roof channels to correspond
to the gross passage width as follows:

18 ft wide 6 x 3 ft channels
17 ft wide 5 x 3 ft channels and

2 x 1 ft channels
16 ft wide 5 x 3 ft channels and

' 1 x 1 ft channel
15 ft wide 5 x 3 ft channela etc,

Step 3 - At the selected passagé location drill the hole pattern in the
" roof appropriate to the passage width (Figure D.1).

Step 4 - Cut a trench in the passage floor centered about the selected
location for the full passage width 7 - 9 inches deep x 15 - 18 inches
wide. o

Step 5 - Cut back the passage walls at the trench location equally on

both sides to give a passage width at this point that is a multiple of
a foot plus ' to 9 inches, i.e. 17' 6" + 3" etc,

D-1
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Step 6 - Loosely attach the appropriate number of roof channels at the
selected location across the roof using 3/4 diameter roof bolts and

mount plates,

Step 7 - Install the forward and aft 1-1/2 diameter roof bolts, turn-
buckle mounts and turnbuckles into the roof. Assemble eyebolts to
rear flange of roof channels and loosely assemble rear turnbuckles to
eyebolts.

Step 8 - Loosely assemble splice plates to the rear flanges of the roof
channels using 7/8 diameter boilts.

Step 9 - Install the appropriate number of 3 ft and 1 ft footing boxes in
the floor trench. Vertically align the footing box mount face to corre-
spond with the forward face of the roof channels.

Step 10 - Loosely assemble the appropriate number (passage width less
3) of upper facing channels to lower facing channels using 5/8 diameter
bolts and bearirg plates,

Step 11 - Loosely install each facing channel assembly to the footing
boxes and the roof channel using 1/2 diameter bolts and eyebolts.
leave a 3 ft gap in the bulkhead centre for the door assembly.

Step 12 - Install the door mount plate to the footing boxes and the
adjacent facing channels using 1/2 diameter bolts,

Step 13 - Loosely install the three door facing channels to the door
mount plate using 7/8 diameter bolts and bearing plates and to the roof

channel using eyebolts,

Step 14 - Lock all lower facing channel assemblies together at the.
battery flanges with 1/2 diameter bolts.



Step 15 - Tuck aluminum flashing between the roof channel and the facing
channel and cut the flashing to clear the eyebolts as required. Tuck the
flashing back into the space between the roof channel and the roof by a
minimum of 2 inches then route the remaining flashing forward.

Step 16 - Fully tighten the 1/2 diameter bolts and the eyelets at the top
and bottom of each facing channel,

Step 17 - Fully tighten the roof channel splice plate bolts.

Step 18 - Tighten the forward and rear turnbuckles until the roof channel
is in firm contact with the roof. Tighten the rocf channel roof bolts.

- Step 19 - Insert flashing between the upper and lower facing channels at
each end. Above and below the overlap region attach the flashing to the
channel using 1/2 diameter bolts and the bearing strips,

Step 20 - Fully tighten the 1/2 diameter bolts at the upper facing channel
butting fianges and also the 7/8 and 5/8 diameter bolts and bearing
" plates between the upper and lower facing channels.

Step 21 - Install the door using 1/2 diameter bolts,

Step 22 - Seal minor leakage paths in bulkhead structure with Throkol
Sealant.

Step 23 - Attach flashing at sides and roof forward of the bulkhead to
the passageway with auitable spads.

Step 24 - Apply frothed urethane foam to fi.l the full length space
by the passage wall the flashing and the bulkhead edge on both sides
of the bulkhead. Apply frothed foam to the rear nortion of the roof
channel so that all the voids between the roof and the channel are
filled. Apply sufficient foam in this region to travel through to the
flashing wherever possible,



Step 25 - Fill the spaces between the footing boxes and the trench with
concrete.
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2. Truss Bulkhead

Siep 1 - Select a location in the passageway that has a dry firm floor
where the passage width is 16 ft or less and the height is between 5-1/2
and 6-1/2 ft.

Step 2 - At the selected position of the bulkhead dig a trench 7 - 9 in,
deep x 18 - 24 in, wide across the full width of the passageway. Dig

a second identical trench 5'6" behind the first measured centre to centre.

Step 3 - Cut back the passage walls evenly at the front trench location
to give a passage width of 17' + 2" {or 14'9" + 2 etc.)

Step 4 - Assemble an end post slide into each end post and position
each end post in each wall recess such that they are 16-1/2 it apart
(or 14-1/4 ft etc.) centre to centre. Spot the position of one end post ~
rnof stud and drill a 1-1/2 diameter hole to a minimum depth of 6 in.
in the roof, Assemble a bhearing plate onto the stud, extend the slide
until the bearing plate contacts the roof and pin the slide in the highest
possible position with two 1 diameter bolts. Jack the bearing plate into
firm contact with the roof using the jacking nut.

Step 5 - Place the appropriate number of footing boxes, spaced 27 in.
on centres in both trenches.

Step 6 - Azsemble a post slide into a post and attach this post assembly
base to the footing box next to the wall post using a 1-1/4 diameter
bolt. Holding the post assembly in the upright position locate its exact
lateral position relative to the wall post using an 18 in, wide decking
assembly. Extend the post slide and locate the position where the stud
contacts the roof. Drill a hole 1-1/2 diameter x 6 in. min. deep at
this position, Extend tne post slide, inserting the stud into the hole
until the bearing plate contacts the roof. Pin the slide in the highest
possible position using two 1 diameter bolts., Jack the bearing plate
into firm contact with the roof using the jacking nut,
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Step 7 - Assemble the long and short 18 in. decking assemblies to the

two posts using 3/8 diameter bholts,

Step 8 - Repeat steps 6 and 7 across the full passage width using 27 in.
decking assemblies. Use one central bay for the door assembly using
door posts, the door frame and 15 and 19-1/2 in. high decking assemblies.

Step 9 - Repeat step 4 at the second wall.

Step 10 - Install a truss beara to each passageway post and to a rear
trench footing box using 1-1/4 diameter bolts, Add two horizontal ties
to each post and beam assembly using 1 diameter bolts adjusting the
height of the rear footing box if necessary.

Step 11 - Attach the upper and lower decking sheets to each other using
self tapping screws.

Step 12 - Attach the decking aheets to the door frame using the neoprene
seal and self-tapping screws.

Step 13 - Assemble the door to the door frame using 1/2 diameter bolts,
Step 14 - Fill both trenches, but not the footing boxes with concrete.

Step 15 - Attach aluminum flashing to the top and bottom of the bulkhead
using suitable lengths of bearing strip and neoprene seal and self-tapping
‘screws. Position the flashing to extend towards the bulkhead centre.
Bend the flashing to curve back on itself and attach the other end to

the roof/floor using spads.

Step 16 - Aftach aluminum flashing to the bulkhead ends using bearing
strips and self-tapping screws, Dog-leg the flashing forward and attach

it to the walls using suitable spads,

Step 17 - Fill the entire region behi~d the flashing on all four sides
with frothed urethane foam.



3. Arch Buikhead Assembly Procedure

Step 1 - Select a location in the passageway where the walls are
structurally sound, where the floor is day, where thq passage height
is between 5-1/2 and 7 ft and the passage width is less than 18 ft.

Step 2 - Cut back each wall equally both sides to form radiused backed
cut-outs approximately 2'6" wide such that the maximum passage width
is 23 ft.

Step 3 - Dig a curved trench in the passage floor to make the passage
height in this region between 6'9" and 7 ft. The curved treanch should

be a 17 ft radius terminating at the two wall cutouts,

Step 4 - Assemble the floor rib assembly in the following manner.
Place the 72 in. long door rib at the passage centre and stand it on
temporary 2 in. high blocks, Loosely attach 54 in, ribs to each end
using two splice plates each end and 7/8 diameter bolts. Stand these
pieces on 2 in. blocks also. Similarly add two 36 in, ribs to the ends
of this assembly. To the ends of this assembly add the two wall
channels using 8 hole splice plates,

Step 5 - Loosely assemble the first course of liner plates in the
following order from each wall; 1/2 liner plate, 2 full liner plates and
a 1/2 liner plate. Attach plates to each cther to the rib and the wall
channel using 5/8 diameter bolts.

Step 6 - Loosely assemble the two door post channels to the edges of
the central space using 5/8 diameter bolts,

Step 7 - Loosely assemblc the door frame to the two door posts and
the floor rib using 1/2 diameter bolts,

Step 8 - Assemble the lower rear splice plates to the door posts and
the floor rib using 7/8 d.ameter bolts,



Step 9 - Assemble the second rib course comprising four 54 in, ribs
to the top of the liner plates using 5/8 diameter belts. Splice these
ribs at the wall using 8-hole splice plates front and rear, at their
junction using 12-hole splice plates and at the doorA posts using the
dnor frame at the font and the upper door splice plates at the rear,
Use 7/8 diameter bolts,

Step 10 - Loosely assemble the door rib to the door frame using 1/2

diameter bolts and to the rear splice plate using 7/8 diameter bolts.

Step 11 - Assemble the second course of liner plates comprising six full
liner plates and one special liner plate above the door using 5/8 diameter
bolts,

.SteE 12 - Loosely assemble the third rib comprising four 54 in. ribs
and one 36 in., rib and splice together using splice plates and 7/8

diameter bolts,

Step 13 - Loosely assemble the third liner plate course comprising six
full liner plates and two half liner plates using 5/8 diameter bolts,

Step 14 - Loosely assemble the top rib comprising four 54 ribs and one
36 in. rib using splice plates and 7/8 diameter bolts. Attach to the
liner plates and the wall channels with 5/8 diameter bolts,

Step 15 - Draw the full bulkhead together horizontally by fully tightening
all the 5/8 diameter bolts at vertical post junction except those at the
wall posts.

Step 16 - Fully tighteh all the remaining 5/8 diameter bolts at the liner

plates/rib interfaces,

Step 17 - Trap the 24 in. wide aluminum flashing between the forward
splice plates and the top rib and between the forward snlice plates and



the door frame and the *ib at the bottom. Between the splice plates
bend the flashing around the rib flange.

Step 18 - Fully tighten all the 1/2 diameter bolts around the door frame,

Ste!l - Fully tighten all the 7/8 diameter bolts on all the splice
plates except those at the wall postas.

Step 20 - Form the steel rod cages around each wall channel using 13

loops and 5 vertical rods per side using wire,

Step 21 - Insert steel flashing between the wall channels and the liner
plates and the ribe and the wall splice plates on both sides of both wall
posts, '

Step 22 - Tighten all remaining bolts at the wall posts.

Step 23 - Attach the steel flashing to the passage wall forward and aft
of the wall cutout and incrementally fill the space defined by the steel
flashing and the wall with concrete. Continue this process until the

entire wall cutout is filled with ccacrete.

Step 24 - When concrete is set renove the spacing blocks from beneath
bulkchead.

Step 25 - . . aluminum flashing into area between bulkkhead and roof/
floor and then route it forward and attach it to the roof/floor using
suitable spads.

Step 26 - Fill areas defined by aluminum flashing, roof/floor and rib
with frothed urethane foam,



Step 27 - Assemble door using 1/2 diameter bolts, Dig away area in

front of the door as required to ensure free door swing.

Step 28 - Seal minor leakage paths with Thiokol Sealant,

D-11



—

—d

P e U

PR S ——pp———— g —

g ™ 5

e

A
L

2 - Truse Bulkhead Layowt

n . -
e i e e e AB

PSP T S PR



N N NS

prooyy WL g
v rven S A




b

1 —— ™ 1,- I I
c;,wiw-i--fuﬁ-"**"-*--*‘--*—-r“’s-m*v-lj— - ; :

(&l-r- wrs crwey

(Qﬂ-ﬁ ey

~ By e iy, “"a“‘, ~M.‘
— et

- ‘.a|-;a|~ ~

$-
.
|
s
+{r
+ 3

\-. p—
s+ 4 * ~ +
T {

i R ST . P P Y
L 1 N ) - .
P N ! P VL AN B SO Onm Sgayrry,

) _______f*’m - * .
3 N I %—‘H-
T+ : +
o i -
-,
SICY /Ara— . P
: .

og

s b . Figure D3 - Arch Bulkhead Layout

oy adhal o o W@VIN S G o L L e ﬂs.'..a_‘__ B s o e n e a0 W . -




i

it |

T rf]r

€

22

S SN AE ARer iy - ST 4PN ),
T e Ty - e - SO shed. TRy
—— — e Aoy I AN TRy
—— -r g BT By fied.abe)

Do e mavs, iy o mas &, Nop doury sow
. T

= :% % 1l

pod o anmn 24muny.

pAos o . ,
A . +
4 -,
- "}

B P P




4-{‘ ~

|
|

Pt
o
Arrs

]
i

S

—————
"

31

4 e

-

- -y
SELRT

|
N
| _Mﬁ.I
i
;o
|
N e
T
-1 1
nnh_u..._h _TW,TI..H

- et

Figure D, 4 - Channel Turnbuckle Bulkl

(T

A

Howt o+ Aere




T

Lot L.

S & Baurs
‘;4-. it

H
}
5
-7 i
>3 i ! /
X T i
% - poaa
T+ ' / gl 1 E ————]
H ll! 1] A
- 'l—i,l; I '
: '£ 1};"’ T _1_ "
- i
PUSUN S — E e o - — -‘4
: -
: -'. s -
. |

_,_.____
bus
S
|

I

!

Channel Turnbuckle Bulkhead Layout ' ‘ o
- D-14



‘ . ) *Adod> ojqujiean (saq
e . . . . ] wos) peanposdey
[ si-q

& 1 =[TETS rm ve "18sdiun  aaer TTEmmT T omE INQATT 400Q v.au—:umm.ﬂ = sanliy i lnud 5 T T TS s s M = s T STT
l‘ LGS Yl wwed taaviazes avmuwy | Y8 e N-YIOEE .
TreH Tl WA wid L 82 YOR 3440 VisSy N T ﬁUﬁ.H.H A llu\n\\l..HU.. [] a&:ﬂﬁﬁ. ver
DOA-F YLt -ALANTS L . - T ! o

Soriveves
FORY VA N1 10 \ = N S :
. DM DHLCS - g g2 - - [ - - § e i -
: T - et \ Breade, v T . LT e —
: R T - P'L!'i& . et -
MIVAN-BILEOd SHNARSAD : g 1 e .
s PEY ' | Ji

! L DR ﬁ.rmJ.!..!; e I i |
e TITI T T, S rAnis win & LRI N
ST T N |

.
, e et R RS LI
' M l..u_.u i _ .q" . _ L—.“. . [ J"wi...,.u
P gy - ! ’
rn.-rﬁ“ !,Mh.r 4 \-wa.lnlmnl u o
(S, -- ¢
F7
(22 3TvIU I ,m
‘YuL O ROLW US YV — !
@IWERIER - T T
3 ROV LR L ——e—
= lll‘l.l\‘ ‘n.’l’-
- - - -~
-
. ’ . -
PR \ -
! s .
. WILAOD § et Fesem \ ] n)\ (AW Y3408 G1LLIWD 3V 1B MTnew e )
\N N MEVA T NV o
(awira ) / \ \\ K3 e . s e 2 N
. OV W - Fater - S e .
. wes O\ G, u\.\;f. \ \\)J. N \
v - ey i N7
" J.j. S Baird e et N f- u \\\\
- . o Hi : \
; » -y PR - H A s 1
H L m . )
. : . Las R
v2, AR ' _ WY ] e - - ' .\\\\ '
ey W, MT.LY AR - vaAva e \\ .
O Dhto - qiviad Lt T 2R O ]
=7 .0 Iz () fatae rony .
. L3 N - . . - )
e ML VYHQ I VU,

% W
X HOLVUSE - YAV
“AD () Gvd orad - vl T

— »

. s eam— o -






