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FOREWORD

This report was pre-pared by Foster- Miller Associates. Inc ••
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19u9. It was administered under the technical direction of the Pittsburgh

Mine- Safety and Research Center with Dr. Richard Stein and Dr. Lew

Wade acting alii Tt:chnical project officers. Mr. Joseph Herickes was

the contract administrator for the Bureau of Mines. The program was

carried out at Foster-Miller hnder the general supervision of Mr. Adi R.

Guzdar. with Dr. Kenneth R. Maser acting as program manarer.

We would like to particularly acknowledge the contribution of the

late Mr. Donald S. Kingery. whose insights into the potential application

of emergency shelters determined the direction of this program.
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SUMMARY

This report describes a research and development program

sponsored by the United State~ Bureau of Mines. The purpose of the

program was to developreu~able explosion-proof bulkheads for a cross­

cut emergency shelter, and to 8tudy the implementation of such bulk­

heads, and the resulting shelters, ae part of an emergency escape plan

in a normal coal mining environment.

The first part of this report reveals a number of significant con­

clusions regarding the application of emergency shelters. A study of

the cause. of, and the conditions prevailing during a mine emergency

indicates that ideal placement of the shelters would be midway along

developing entries, and at t~e intersection of butt and main entries.

The proper spacing of shelters is based on the travel capability of trapped

miners, which is in turn deper -lent 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 m·.Jnths 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 logistic s. The initial notion of having an

emergency shelter which is frequently moved to stay close to the working

face has btten disregarded based on the above analysis, and with it has

gone the concomitant requirement for portability. Economics and logistics

do favor, however, bulkheads which require minimum labor and material

handling.

Based on the above ground rules, a nwnber of explosion-proof

bulkhead concepts have been developed and evaluated. The reusable concepts,

which are totally new to this in-mine application, are generated fro.m

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 environment. The ma.jor

technical problem which occurs is the anchoring of an explosion proof



structure to the structurally unpredictable rock and coal which comprise s

the walls of the crosscut. This 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 intensive in labor, materials handling, and

equipment requirements. A good deal of re search into the construction

of permanent, explosion proof structures in coal mine6 has been carried

out in this country and abroad. Documentation 01 this work has been

reviewed to aSBe ss labor ac.d 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 a"e excessively massive and leakage-prone for the application

at hand. One concept, a fly ash-cement bulkhead, was considered to

merit further consideration.

Since palt inve stigations turned up little in terms of fruitful

perlnanent structural concepts, two additional concepts were generated ­

one involving reinforced concrete, and the other involving shotcrete.

A cost analysis compares the o",.erall labor and materials c~sts

for the three above mentioned permanent concepts and the three tlbest ll

reusable concepts. The analysis indicate s 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 conceptll - 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 interface between the periphery

of each bulkhead and the irregular passage walls has bef!n developed. It

consists of mem'->rane of light gage aluminum flashing supported by

sprayed-in-place frothed urethane foam. Due to the novelty of this

sealing system, a test program was carried out to verify its pressure

and relative displacement. capabilitie s. The te sts 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 meet the bulkhead

design requirements.

It is recommended that the anchorage components such as ror.k

bolts, floor trenches, and rib abutments be teelted in- situ before full

scale explosion trails are attempted. A simple, portable test apparatus

is proposed.
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1. Introduction

1.1 Background

The concept of "barricading" has long been recommended

for thoae cases of emergencies where miners are tra'Pped inby a fire.

Barricading. which is the construction of a makeshift shelter in cross­

cut or deadend. protects the entrapped miners from toxic gases and

enablea them to conaerve a supply of air. In this manner, they can

aurvive two or three days - hopefully enough time for them to be

reached by re acue teams. In the past, many live s have been saved

with thia technique.

A modem outgrowth of the barricading concept is the

e.tabH.hznen~ of pre-existing emergency shelters. These sheltera

would be aituated at critical location. throughout the mine, such that

they would provide readily accessible refuge for entrapped miners

durinl aD emergency. The concept of an emergency shelter can be

implemented by sealing off both ea:uis of a cros.cut with two bulkheads,

each fitted with a door. The shelter, which is the space between the

bulkhead., could be equipped with emergency provisions capable,

for example, of sustaining 7 to 13 men (a section crew) for aeveral

day••

The bulkheads themselves would serve to prevent

the contamination of the supply of fre sh air within shelter by toxic

gaae. on the outside. Tta bulkheads would also have the structural

.trength to resi8t the preasurea re aulting from secondary explosions

occurring after the initial fire or ignition.

There are some important que stion. which must be

addl-e..ed before the emergency shelter concept can be practicaUy

lmpltmented. The.. can be summarized as follow ••

1. Placement - where shall the shelters be located,

and how many are required?

-1-



2. Eguipment - what supplies and equipment shall be

provided in an emergency shelter to maximize the

chance s of survival of entrapped mine l' s.

3. Bulkhead De !Sign - what kind of structure would

most efficienUy 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 a.n 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. S. Bureau of Mines program carried

out by the Westinghouse Corporation. (6)* This program involved the

development of a completely self contained chamber, the subauemblies

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 cw:nbersome and labor intensive to erect, and

its module seals failed to survive explo£ion 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 aepectli of the bulkhead art"

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 construction. If, on 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-cement) similar to those which have been used for sealing off gob

areas. Other factors, su.;:h as material handling cosh, 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 questions

1 aDd 3 - ie., the placement of shelters in a mine and the design of the

bulkheads. As the se two problems are mutually related. we find it

natural to treat them simultaneously.

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. Initially, the program set out to design an

emergency shelter bullr.head cLnd 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 de sign eHort.

The report ..reats three major areas of investigation;

1. Review of the Emergency Shelter Concept

This review is presented in Section 2. It deals

with the application of emergency shelters in an emergency situation.



as well as the iInplementation of emergency shelters as a part of the

overall mine emergency escape plan.

z. Evaluation of Alternative Approaches to Bulkhead
.De sign and C:)nstruction

We reviewecl background material ane. ger..erated 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 iInplementation of the proposed concepts.

3. Complete Design Details for Selected Reusable
Concepts

The three reusable concepts which were selected

are developed into a detailed design package, complete with stress

analysis and assembly instructions.

-4-



Z. E:mergency Shelter Analysis

Z.l Definition of Terms

The following terminology will be used in this section.

Rescue 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 &.'1 alternate location.

Portable Bulkhead - A Musable bulkhead specifically

de signed for frequent relocation.

z.z Emergency Safety Requirements

Emergency disaster protection in coal mines must inclade

escape-ways from operating faces to fresh air, escape facilities in

abafts and elope s, individual protective device s, aDd aa a final re sort,

e.tabUahed and well-equipped rescue chambers. Rese..~ch to develop

special life support systems and mobile escape vehicles haa been

initiated; however, the mine worker today must be able to follow planned

escape procedures and make individual judgements. Numerous lives have

been sacrificed because designated escapeways were not open, men were

not trained, and self-rescue equipment was either not avaUable or faulty.

- 5-



Practically all state mmmg laws contain special provisions

cHrected toward emergency escape of workers. Yet nearly every year,

some disaster occurs and men bec~ trapped il'lby a fire. The Federal

Coal Mine Health ..Dei Safety Act of 1969 in provisions 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 Practi~es

Modern coal mine operating practices can be divided nearly

equally between continuous miner production and conventional mining.

Concentrations of operating sections is practiced with both systems;

consequently, three or more producing units may work in adja.::ent

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 .ituation

could require the use of self-rescuers to reach fresh air.

Mine fires constitute the greatest hazard to trapped

worlanen. Such fire s commonly OCC1'!....• in face areas on mining equip­

ment, on or along belt conve'l0rs, and on mcpJ,n haulage roads from

power wires. Such fires are usually extinguishtld quickly, yet by

occurring on intake air, they endanger all workers inby unle.. a

separate intake es(.cLp. entry il mail cained. Such an fintry is required

under certain provisions of the Fesderal 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 JOuible -- often, more violent

than the first. Such events nece 88i te lome refuge protectien for re­

maining employees in adjacent operations. There have been several

expJ.osions that were not detected in other parts of the mine; one such

occurrence involved a second explosion before the mine workers were

evacuated.
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The height of the coal bed will have a direct bearing on

escape-way efiectiveness and the possible need for established refuge

chambers. It is not physically possible for middle-aged workers to

travel long dista.nces on hands and knees or in a crouched position. An

emergency shelter established a.t 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

~orking section or unit. Such practice remove s 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

escape plan.

Z.4 !mergency Shelter Application

Emergency shelters should be used only as a last resort

when no possible way out exbts, or for seriously injured !!'...cn tn..t ';;ii,il­

not travel and it is known that the air is becoming contaminated.

Z.4.1 Emergency Shelter Desisn

The concept of temporary shelters and their

application for "stand by" emergency shelters bas both advantages and

disadvantages. The principal disadvantage is space when utilizing a

single breakthrough. The number 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. Usi 19 the common

figure of 500 en. 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 ebe some oxygen 'ource must be provided. This may require

a special mine plan to provide the maximum area for tht'! minimum

bulkhead installation. The following volume s will re sult from a single

80 foot breakthrough:
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Coal Heisht

30 "

42"

45"

60"

72"

Passage Width

15 ft. 20 ft.

3,000 cu. ft. 4,000 cu. ft.

4,200 cu. ft. 5,600 cu. ft.

4,800 cu. ft. 6,400 cu. ft.

6,000 cu. ft.

7,200 cu. ft.

Providing addition.al chambers is not practicable

because in the event of actual use each chamber will need a surface

bore hole connection. A mor.. logical approach is to split the pillar

where the chclmber is to be located and bulkhead two breakthroughs, as

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

Supplemental oxygen sources such as "°2 "

candles could introduce hazards due to methane release within the

chamber. Oxygen cylinders could serve itoS an emergency source of

oxygen; however, control and discipline must be used to gain maximum

efticiencies. The best arrangement is surface boreholes.

2.4.2 Location and Use

The location and nu.~ber of emergency shelters

needed 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 disaste r area.

The tune 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~ Uiple escapeways. Con­

sequently, the greatest need for emergency "lelters are for refuge when

trapped inby mine fires. The number of shelters required will depend
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l1pon the mine developn".ent. concentration of opercLtion, the nurr.ber of

operating sections, c,'al height and the mobility o.f the individual miners.

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

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

wayo, and Oth"!' Emergency Mei1sures in Coal Mines by R. W. Stahl, dis­

cusses travel speeds in e scape\<,ays '''ld the need to outdistance air

velocities when fires oc~ur on intake air courses.

The following em.ergency shelter i.'tervals are

based upon the assU1Tlption that thos~ workers not directly involved in a

disaster will have a minimum of 60 minutes to make an escape effort.

Based upon the travel epeetis listed in U. S. B. M. L C. 8127, the following

distance s apply:

Height of Coal She Ite r Inte rval

30 inches b-!low 1,500 feet

42 inches below 2.500 feet

60 inches below 3,000 feet

60 inches above 4.000 feet

It is projected that a shelter can be iDstal1~d at

the start of each development panel or series of butt entries (see Figure

2). Thb shelter will serve the development work along the hu::t and

also provi.de standby refuge for further inby operations that find escape­

ways blocked outby this shelter. Such a shelter may be considered

permanent. Its usable life could economically support borehole con­

nections to the surface.
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The temporary shelter concept is best applied

to intermediate inatallationa within the panel entrit! a as they advance to

prellcribed distance. (Figure 3). Such ahelters will aerYe further de­

velopment and retreat operations and can be expected to have a usable

life of pouibly one year or more. Such shelters probably wUl not

support borehole communic.aUona to the surface unleas required by law.

The number and apacing of such shelters will depend on the coal height.

aa outlined above.

The type of mlnmg system, whether conventional

or continuoua miner operations, will not affect s~elter locations or design

criteria except for space requirements: longwall operationa possibly wUl

require ahelters in both the head and taU access entries to assure pro­

tection for all face workers. Hand loading operations with room develop­

ment eaaUy can prepare a worked out room {or emergency use. Figures

4. S. and 6 show schematica!ly the layout of emergency ahelters {or coal

seama of three different thickneases.

The installation and maintenance of bulkheada and

emergency abetters h most important and should be an asaigned re­

ilponsibility to a top mine oUic.ial. Special construction crewa with

tranaportation aDd apecial tooh and equipment may be beneficial to

aasure proper erection. Suppliea of material in the ahelter muat be

checked regularly and the integrity of the chamber chttcked in the event

of mine roof atre a a change a.

Each ahelter should have a telephont" cormeetion

to a central point. The telephone linE a should be buried or otherwise

protected. Another advantage to prepared borehules ia communication

a. well as oxygen supplY.
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The cost for providing a single emergency shel1:er

is estimated to be within the range of $12.000 to $17.0CO. 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 num.ber of units baeed upon pl'esent 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 num.ber of shelter installations will approximate

9.000. Annual replacement is estimated at 4.000 per year.
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3. Development of Reusable Bulkhead Concepts

The principal thrust of the Rand D program on which this report

is based was the development of reusable bulkhead concepts. The se

concepts were prima.rily 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 advantage s could be sufficient to ma.~e a

reusable design practical for a permanent shelter.

As will be described in greater detail in this section, we have

found that there are nwnerous 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 design of a reusable bulkhead into three

principal de sign area s:

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 approac:he s to the three principal design

areas. These conceptual approaches will lead to the development of

some specific component designs and tl&ese cllmponents will be synthesized

to form a number of complete bulkhead designs.

3.1 Design Requirements

The criteria and constraints which must be met by a given

reusable bulkhead design fall into three categories: those associated

with its function as part of an emergency shelter; those associated with

the requirement. of a rapidly erectable, reusable bulkhead; and those

-18-



as sociated with the survival of such a bulkhead in the normal mine en­

viromnent once it has br.en 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

must provide protection from explosions and toxic gase s which are

generated during a fire. The bulkhead is not intended to provide thermal

insulation for entrapped miners. It is assUIIled that a fire very close to

the emergency shelter will transmit heat through, and cause dett!1'ioration

in the adjacent coal, which would render a heat- shield type bulkhead

useless.

3.1.1.1 Loadings Due to Mine Explosions

Peak Pre ssure Intensity

Considerable experimental research

has been carried out on mine explosions at the USBM Experimental

mine in Bruceton, Pa. As a general rule from nwnerous simulated

mine explosions, the intensity of an explosive pressure wave ZOO feet

or more from the origin of an explosion does not exceed ZO psig un­

le.s coal dust accumulations are abnormal and the incombustible content

of the dust is far less than that allowed by law. On this basis, a ZO

psig pressure wave has been used as the design condition (see Appendix

A for a more detailed discussion).

The eme rgency shelter bulkhead will

be located in a cross-cut about 5 I from the intersection of the cross­

cut and the entry. In this configuration, the; ullihead experiences

slde-on, rather than reflected prell8ure. Th:s implies that the bulkhead

will experience the ZO psig pressure loading, and that this loading will

propagate down along the width of the bulkhea.d at the speed of sound.

-19-



Pre ssure Pulse Rise Time and
Duration

In siInulated mine explosiol1s, slow

ris:'ng as well as shock front tYFf~ pressure pu.lses have bef'm produced.

Since a shock front, i.e., an instantaneous pressure rise, is the more

severe loading, it will be asswned in the design of the bulkheads and

their components.

The duration of explosive pressure

pulses have been shown typically to range from 0.1 to 1.0 seconds.

The typical response tiIne of hulkhead components is on the order of a

millisecond. Consequently, the bulkhead sees the applied loading approxi­

mately as a step of infinite duration. This characterization is also con.

servative, and allows for rapid sizing and evaluation of bulkhead com­

ponents.

~egative Pressure and Rebound

Following 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 thilo tiIne, damping will

decrease the magnitude of these oscUlations. 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 must be made for rebound.

Previous structural design criteria(6,8)

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

-20.



Response of the Structure

Pressure Pulse

I-------------------.-;;:::::=-------~Time

(a) Under Conditions of High Structuloal Damping

.----- ResponRe of the Strurture

?resl!!ure Pulse

Rebound

(b) Und~l' Condition. of Low Structural Damping

Figure 7 - Influence of Stt'uctural Damping on Rebound
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This combines both negative p,.essurp 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 f'pecifications 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 compolJ.ents, as well as the gaps between the structure

and the roof, floor, and ribs be tightly seale~. We have not specified

an allowable leakage rate.

The requirements for sealants, as

interpreted from the above, are summarized as follows.

a. The seal should be capable of

withstanding the applied pre Sl!lure without popping out, cracking, or

failing in any other mode.

b. The .eal should yield to the

relative displacements of the surfaces being sealed without allowing

leakage.

c. The seal should survive the

pa.sage of an explosive flame front .without the destruction of ita integrity.

3.1.1.3 Access

The bulkhead i. required to be fitted

with an acce&. door which has a quick-relea•• latch. The door must

lurvive the over-pre.sure environment, and. must aleo provide a tight

seal.
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3.1.1.4 Thermal and Fl.unmability
Requiremen:.~.

As mentiol.1ed 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, ZOOoF has been ~ol1servatively chosen as the design

temperature for all bulkhead materials.

All exposed bulkhead materials are

required to be non-flammabl~. More specifically, the bulkhead may be

exposed to the fireball associated with an explosion. This is esoentially

a flame front which would pass by the ~ulkhead in a fraction of a second.

This transient flame front is taken as the flame source which must be

re sisted by all bulkhead components.

3.l.Z Assembly Requirements

The following considerat~ons must be applied in

order to develop economical, pra.ctically implementable reusable bulkhead

design.

(1) Ease of Assembly - The erection

procedure must be .traightforward, and require a minimum of special

.kill.. 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.

(Z) Ruggedness of Component. - Com-

ponents are assumed to be handled roughly in a mine, and hence they

.hould be as rugged as pouible.

(3) Height Flexibility - Within a given

coal mine, passage height variations of 6 inches to lZ inch6 are

common. It would therefore be desirable to des;gn a bulkhead in such

a. way that it can adjust to the se local height variatio" s. This is not

-23-



to say, that the same set of bulkhead components designed to fit a 3 foot

pa88age will also fit a 6 foot se4m. In this case '~he 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 lUlits for all of its c'1lkheads.

(4) Equipment - Designfi should be

oriented towards equipment and tools that are generally found in a mine,

and whose use will be familiar to mining personnf!l. Such equipment

includes c"ntinuous miners, cutting machine s, hand- and post-mounted

electric augers, jackhaA.-nmers, stopers, small electric drills, roo!

bolting machilKs, 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 exampl~, do not respond well to

thia criterion. Ditching, if carried out improperly, can destroy the

competence of the floor and result in a poorly supported structure.

Such operatioDs, althc"ugh perhaps not completely avoidable, should

either be miniJnized or should be a880ciated 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 a88embly ~eigh more than 150 lbs.

(7) Size of Components - Size of bulkhead

components must be such that they can be easUy transported on mine

vehicle s throughout the mine.

(8) Sealing - The structure should be

designed to minimize the number and size of the joints which have to

be sealed.
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(9) Material Availability • Materiala aad

Mrdware for bulkheadl Ihowd preferably be drawn from .tandard. off­

the.lhelf componenta where pouible. Thh .howd minimize probleml.l

al.oclated with replacement of damaged or lo.t componenU.

(10) Co.t of Mater-iall and Labor • COlt

of materiall and required manhour. of erection labor .howd be minimaed.

Total COlt will eventually augge ~t the mo.t acceptable bulkhead concepts.

3.1.3 Requirements 101' Survival in the Normal Mine
EnviroDlnent

A.ide from ita .peciali.ed junctionI. the reulable

bulkhead mUlt eadure the normal mine environment without deterioration

of it. fwxtioaal charac:teriatic.. The•• enviroamt>ntal requirement. are

It-ted below.

\1) Corrolion • The normal damp. acidic

atmo.phen fA the mine tead. to accelerate corroeioa.. The materiall

of coa..tructiOD of bulkhead compoa.eDta muat haft adequate corroalOA

reahtance.

(2) ConverjeDce (SqueezfAg) of Roof aDd

Floor • Normal around motioD' ..hich occur &fter coal i8 mined include

aagaiDa of the roof and beaving of the floor. The total convergence

duriD& the life of a reu.able bulkhead may be leveral inchel. Bulkhead.

muat be clellgDed luch that thiB ;.ua",.rgeDce doea not deltroy the bulkhead

or itl ..ala.

(3) Rib SloUShiDl - A ..al to an initially

IOUcl rib will be de.troyed if Iloughing occur.. Mealurel muat be

taken to prevent .10ughing at leal locationI.

3.Z Delcription of Principal o.IiBI\ Problem Areal and·
eonceptual SOlutions -

The major de IlgD problem areal haole been -ubc!.iYided into

main Itructure. anchoraa.e. and lealing. The .pecific problen18 and
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conceptual »olutions a ..odated with each category are delcribed

lMllow.

3.Z.1 MaiD Structure

There are a number of balic Itructural typel

w~ch can span the "~pening of a cro..-cut ".nd relilt the preuure load.

Th. de lign of luch .tructurel hal become ItaDdard practice durin8 the

palt 30 yearl, prUnarlly due to advance. in the fieldl of aerolpace and

nuclear blalt protection. Our principal challenge il to apply lome of

thia technology to the Wlique emt' !'gency lhelter application. Some of

the balic conlideration. are outlined below.

3.Z.1.1 Direction of Span

tnitf.:\l concepti lought to lpan the

mouth of the croll-cut horisontaUy with beaml that overlapped the rib••

Ho.....r. a, coal mille pal'Ai. ia uluUy mucb wid.r than it iI blah.

':o..a..quelltly, It 11 more ItructuraUy efficient to have the Itructure

apan from roof to ficoI'. Thi. \\flU be elpeciaUy aigDificant in low

coal. wbere the borisontal 'Pan t:an be al much .a eight time a the

wrtlcal IpIUl. On tb. other hand, .1 will be d••cl'ibed later, the

anchora,. probl.ml allociated \/ith vertical IPaDl can be conliderably

Ir.ater. and b.nce there may be a trade-oll between thele two approachea.

Txpe of Structure

There are a number of way. in which

a bulkh.ad Itructure can carry the load. Thel. are depicted in Fliure

8. Pel delcribecl below.

(1) Bendin,

Tt. Itructur. ~(')n.iatl of & plane

apanniDl betw••n two ludac•• (e.I.. roof to aoor). It II the mOlt

.traiahtfonrard way of carryinl tiM loOad. How.....r. it requir.1 .upport
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through high shear loads applied to the rock strata and is thus dependent

on the strength characte ristic s of the strata.

(Z) Arching

A circular arch subject to

pre Slure loading transmits loads tangent to its surface to the supporting

material. This places the support material in compression, which is a

desirable condition for materials such as rock and coal. The arch itself

is in compre Slion, and its de sign is controlled by stability conside rations.

If the arch spans irom rib to rib, then it will be subjecteJ to flexure due

to the pa"4Jing pressure wave, and this 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 lightest type of

.tructure. The structure may be either flexible, and shaped into a

.emicircle on .ite, or it may be as sembled from chin but rigid pre­

formed .emicircular sections. In either case, .hear loads would be

applied to supporting l'ock and coal strata with the inherent advantage

that the prelSuro 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. Also, their fragility, cr flexibility, may make them

more difficult to bar-die.

(4) Inflatable Structure s

The se would be inflated at the

site to a nominal pre saure required for positioning and stability. Some

allowance would have to be made for access into the shelter.

The applied loads on an in­

flatable .tructure are re sisted by friction at the contact surface s with
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the bordering rock. Exces6ive movements of the structure maj occur

before this friction is developed. In addition, local peaks in friction

force d~ to irregularitie::: in the rock surface could easily cause tearing

in the inflatable skin. These possibilities are difficult to evaluate with­

out some extensive testing. We believe that the inherent problems

aB80ciated 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 fu.a.ction, and perhaps,

in this way, develop a concept which ia simpler and cheaper than the

single bulkhfead approach.

UDfortUDately, this concept ill

only feasible for short pressure pulses. For longer pulses, similar to

those which \We expect, the leakage of the prixnary structure can be

sufficient to allow pre8llurization of the intervening space, and thus

apply a pressure loading on the secondary structure.

3.Z.I.3 Mode of Dynamic Roe sponse

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 combinec mode; each type of

response represents a different form of energy absorption.

In order to a ..e81 thf! merits of the

different fornu 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

freedom system. (9) Using this type of model, some basic conclusions

concerning structu:-:al re 8pon8e can be reached.
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Figures 9 and 10 illustrate the

elastic-plastic response oJ 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, td' is on the order of one second.

The resistance function represente the static load capa.city of the

structure. The structure responds elastically until it reaches a de­

flection Yel; its plastic resistance is then idealized by a constant

resistance Rm " The maximwn deflection of the structure is designated

as Ym' and 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 11 (a), the

basic parameter which defines the system response is the ratio of the

load duration to the natural period of the structure, td/T. A typical

steel structure spanning the mine opening will have a period on the

order of I millisecond (msec), and a concrete structure may have a

period on the order of 10 msec. In either case, the ratio td/T is

large, greater than 100. The requirement for the structure to remain

elastic implies that Ym/Yel ~ I, and from the design curves, Rm./F 1 = z.
This means that the maximum. re sistance of the structure must be twice

the maximwn pre.sure loading; in other words, the structure must ~

de signed for 40 psi static loading.

In the above discussion we

have idealized the blast loading as instantaneously applied. In many

cases we wUI have a finite rise time rather than a true shock front.

Suppose, for instance, that the pressure wave has a r18e time of I.S

msec. Then referring to the design curves of Figure 10 for an

elastically respo'''dVig structure with Ym/Yel = I, and a natural period

of I msec, F IF 1 = 1.3. In other words, me structure need only be

designed for a static load of 1.3 x ZO = Z6 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 give s us a built- in factor of safety.

(2) Flexibility Supported Elastic
Structure

One possibility of reducing

design loads is to increase the :1atural period of the structure by pro­

viding flexible supports. This situation is depicted in Figure 11 (b).

The de sign curve of Figure 9 indica.tes that the design load can be re­

duced to 30 psi (Rm/F 1 = 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 expre ssed as

1 = 211' - &­VT
or

The maxixnuzn deflectioD of the structure, Yel' is equal to Rm /k, or

A typical reusable bulkhead weighs on the order of 2,000 lbe total. Rm
ia equal to 30 psi times the total area (say 6' x 15') which is 390,000

lbs. Hence

= 390,000

4 2 2,000
x 11' x 32.i

= 320 feet
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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 que stion.

(3) Elastic- Plastic Structure

A technique frequently used in

the design of blast shelters is to design the structure to deform into the

plastic ranse (depicted in Figure 11 (c». With this technique, the re­

quired re sistance of the st!'l).cture can be reduC'ed. This reduction will

depend on the duration of the pressure loading, and the degree of plastic

deformation permitted.

Exce ssive plastic deformations

can de stroy intra- structural seals, and may also cause jamming of the

door. In addition, such deformation will be cumulative for multiple

explosions. On the other hand, allowance for small plastic deformations

may stUI reduce the required structural strength considerably, as illus­

trated in the following example.

Suppos" we allow a total de­

formation equal to three times the deformation which would occur if the

structure remained elastic; i.e., Ym 'Yel = 3. (e.g., if Yel = 0.01" we

allow Ym = 0.03" - atUl very small). Referring to the design curve of

Figure 9, for our typical structure where td/T ::: 100, we find Rm/Fl =
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 de sign a support sy stem which

deforms plastically. Here, the plastic deformation is localized at the

outer boundarie s, and flexible seals can be used to allow such de­

formation to take pla.ce 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 colltstant force level in a manner which is equivalent to plastic de­

formati.,n. Reference to Figure 9 shows that if we allow such a system to

slip a distance equal to 10 times its elastic deformation (y Iv 1 = 10),m e
we can bring Rm/F 1 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 increase s in the allowable plastic

deformatbn would be required.

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

thaD the supports, provides much greater control over the type of de­

formation experienced by the structure.

It should be noted that ''plastic II

deformation of the supports includes deformation which occurs in the

surrounding material, i.e., in the rock and coal that support ~e structure.

Although these ddormationa are difficult to predict aDd control, it is

clear that some amount of "give" in the support ma.terial will subiltantially

reduce the total lo~ experienced by the supports.

The above diacuaaion has iDdi­

cated that the design load can vary from 40 psi down to near ZO psi,

depeDding on a nuznher of a ..uznptions, and the type of structural re­

sponses &Ilticipated. 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 evaluati\)n of concepts, we will

stick with the conservative 40 psi criterion. Once certain best candidates

are identified, these will be reevaluated for pouible increases in design

efficiency.

3.Z.Z Anchorage Syste--!.

'.

The discussion of primary structures in the

previous section shows that there are many options available; but

-36-



regardless of the option selected, the requirement. for the support system

which anchors the bulkhead to the passage are still sevezoe. It also will

beTe clear that the more efficient structural concepts require more

c4lex anchorage systems.

3.2.2.1 Loadings

The bulkhead support mechanbm

must be viewed in light of the range of passage size s to be considered.

For example, in a 6 1 x 15' passage with 3. 40 psi design loading, a bulk.

head supported at the top and bottom of the, pa88age requirea a horizontal

reaction of 1,440 Ibs/inch of pa.saage width. In contrast, a bulkhead

supported at the riba of the above passage requires a rib reaction of

3,600 lhe/inch of paasage height. In low coal passage s the above dis­

parity between load. carried thl'Ough the top and bottom 8Upports ver.ua

those carried through rib auppcrts becomes much greater-

The 10S\dinga de.cribed above are

aubstantial and require careful couaideration of both the .ncp.orage and

the aup)X'rt materiaL The.. areaa are elaborated upon in the following

section••

Indigenoua Support Material

Figtlre 12 repreaent. a generalized

view of the type of material aurrounding the mine opftniDg. Variations

on this picture include the following:

Head coal of up to 6" is u.ually left ia the Pittsburgh

seam, and other areaa where the roof material is sensi.

tive to weathering (aandy shale, ,and.tone, and alate).

In other arfta8, where the roof is more durable, either no

head coal is left or draw alate i a pulled down.

In aome caaes, the immediate floor wW be shale.
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The atructural propertiea aa wen

al tb. local condition of thea. matedab vary con.iderably from mine

to miDe. Therefore it 18 difficult to predict the competence of a liven

de alan. What we have done 18 examined what 18 known about the ae

materiah, and then prepared de.igna baaed on reaaonably auumed

minimum value. for .trength propertiea.

In general. the order of preference

lor aupport location 18 noor, rib. and roof reapectively. Floor 18

preferred, aiDce ita coDdition 18 the moat con,iatent aDd predictable.

The pritlcipal problem at the floor iI the exiatence of wet bottom. It

il our opinion that in moat calel. luitable location. can be foUDd where

thi. condition will not ex18t. The r &b il ..cond choice to the floor be­

caule of the cleated, friable nature of the coal. The roof 18 the lalt

choice becauae of the unpredictability of roof condition••

Below we review the anchorage

characteristicI of thele matedall in greater detaU. and in the following

..etionl we d18cuaa the principle I of lome baaic anchorage Icheme ..

1. Fireclay - Fireclay i. the

mo8t common immediat. noor material. When it 18 iD 10od. condition,

it 11 extremely hard, and likely to be a reliable lupport materiaL

Telts conducted by the USBM(3) Ihowed that fireclay bal a beariDa

capacit)- ranging from 500 to 6,000 pai. However, thea. teata avoided

tho.. miDe' where there waa wet or fractured bottom. Wet bottom

caUlea fireclay to become loft, with virtually no .trength. Fractured

conditiona would cauae .iznilar deterioration of Itrength. It ia import­

ant, iD conltrudiDl a bulkhead. to avoid support material which 18 in

poor condition. Either a more auitable location mUlt be found. or an

altenaate lupport ayltem mUlt be u..d.

2. Shale, SandItone, and Slate -

Tho. ..e materiall are commOAly found in the immediate roof, and

occalionally in the immediate noor. Th. USBM be~riDg capacity teltl

mentioned abo.. determined Itrength. rUliDI from 2,800 te) 6,000 pll.
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3. Coal- USBM (esta on unconfined coal

pillars(4) indicated a compTeuive strength on the order of 500psi. while

teata of bearing Itrel1lth pel'pendicular to ribl in- litu have yielded

atrength valuel on the order of 4,000 pli!lZ)Coal hal cleavage planel,

and hence atrength valuel can vary considerably. Rib coal ia under

Itrell due to the arching action around the mine opei:ling. Conlequently,

Iloughing 18 alwaYI a po..ibility, and mUlt be provided for.

3.Z.Z.3 Basic Anchorage Schemel

A number of basic Ichemel can be

utUised to lupport the bulkhead structure. Thele are delcribed below.

1. Jack. - Becaule of their

aimplicity of inltallation, jackl were conlidered early in the program as

a meanl ('If bulkhead lupport. Fig'lre 13 showl a balic jacking con­

figuration. The principal mode of aupport 18 through friction at the roof

and floor. Suppoae, for example, that. we - re jacking againIt a 6" wide

plate, and that our jacka are apaced every 4'. Alluming a friction

coefficient of 0.5 and our aaaumed requirement of 1,440 lb lin, the

jacldq load would be 1,440/0. S x 48/Z,000 = 70 tona/jack. Thil is

an extremely high jacking load, and it lugge ata that jacka would have

to be apaced every 6" for more realhtic loadingl. SuC'b jackl can be

either mechanical o!' hydraulic.

Further conlideration indicate I

two baaic problema allodated with jacka. Theae include:

Creep of Surrounding Material

All of the material I aurrounding

-the mine opening tend to creep under constant, long-term loading. Hence,

mechanical jackl would 10le their load. and become ineffectiv.!.
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Loss of Hydraulic Pre ssure

Typically, hydraulic sy:ltems

suffer leakage in sustaining long duration pressures, and hence constant

maintenance would be required.

Z. Trenches - Figure 14 shows

a typical trench support configuration. The cement filler is added to

provide limooth 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 allow;:l~\e bearing pressure throughout the

depth. d.

Re sults from the theory of soil

m~chanics(S) show that the sheiLr strength of the floor material can be

determined from the USBM bearing strength re sults as

T = p/7.4

where p is the maximuzn normal bearing pressure, and T is the shear strength.

The length of a circular failure plane is eq~l to ¥. For the maximuzn

load of 1.440 lbs/in, the relationship betw"!en the required trench depth

d, and the bearing strength P. is

d= ~
P

where p is in pai. and d is in inches. For the minimuzn bearing

atrength value of 500 pai. the required trench depth is therefore 7".
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One principal problem with

trenching is the manner in which it is carried o~t. Available equipment

to do the job includes continuous miners, universal cutting machines,

jackhammers, and hand picks. Fol' hard bottom, trenching may very

likely be carried out by drilling and shooting.

The large piece s 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 £urrounding rock and reduce

its strength. The basic problem with trenching is that the better floor

materic:.l is the more difficult to remove, and careful excavation pro­

cedure s 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 uniq\le problems associated with rock bolting are:

(a) Can a bolt t;>..ke the

required loading in shear?

(b) Is the re equipment

available to place bolt holes in the locations and orientations required?

In response to question (a),

rock bolts are typically de signed 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 su.:h data on rock bolts in general.

FiguTe 16 shows some pre­

liminary test resulta developed at the Bureau of Mines. This figure

summarize a the force-deformation behavior for a full column 5/8"

diameter resin bolt embedded into, and aheared 'hetween two blocks

of Indiana Line atone. The data indicate a an apparent yield strength

whit;h is greater than that due to pure shear of the bolt. This is
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apparently due to the combined action of tension and shear. This non­

linear effect also tends to result in a II 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

horr.ogeneous rock and concrete specimens. In adual 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 bolt in either

tension or compression. In the case of tension, greater bdt lengths

are required to provide the necessary anchorage. In addItion, if a

large number of roof bolts in a row are loaded in tension, t~,ere is

the pouibility of pulling down the roof.

In any event, the prim.'ry

resistance is carried close to the loaded end of the bolt, and hen<..e,

for bolts in shear, we would anticipate using a bolt lengf.h of 1 to

1-1/2. feet. As far as the type of bolt to use, a fully g' J,tbd rolt

is recommended. This is because therE: would be a smoothf!t" stress

transfer between the bolt and th~ rock, and because the grout may fill

some of the faulh in the bolted strata.

In respon8~ to question (b),

we believe that bolt installation equipmen will not limit us in selecting

an anchorage scheme. We do, however, have doubts that unusual

bolting configurations will be practical from a labor standpoint. For

exa~ple. a previous studyl6) indicated that the drilling of angled bolt­

holes in the floor was prohibitively time consuming.
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Table 1

De sign Data on Concrete B\.llts in Shear

Manufacturer
Concrete Compressive Bolt :>iameter

Ultimate Shear
Strength (psi) - Loading (lbs)

Parabolt 2,000 3/4 11 16,400

3,000 3/4 11 19,200

4,000 3/4 11 21,750

Phillips 4,000 3/4 11 18,000

Wedjet 3,7=-'0 3/4" 17,000

7/8 11 21,500

I" 26,000.

1_1/8" 34,000

1-1/4" 40,000

Hilti 3,500 3/4 11 19,900

111 39,200
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4. Bearir~g Supports

Arch-type structure. 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. .r"'igure 17

illustrates this situation.

For abutments in the rib, a

particular complicati-:>n arises due to the angle of the loading and the

fracturec 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 -lilitu bearing strength of 4,000 psi

was achieved. (12) With the load applied at an angle, hcwcver, the

stress state will cha:1ge 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 asswning 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(4Z. p. 198)

IT ::
P

a + l/i ain Zoo x cos 8
r

where

a :: -rr/Z - ..
.. • abutment angle

r, 8:: polar coordinates of point whose stress is being computed

P :: thrust in lbs/in

IT :: compressive stress
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Note that this solution is for a

point load, and hence fT = al when R a O. Consequently, we assume

that a fictitious concentrated load is bU"'ied inside of the structura, by

a distance d, which is computed by equating the contact pressure to

the above solution.

fT =
p

W :
p

d x.
1

a + 112. sin 2.a

where W: bearing width of the structure.

or,

d = W
a + 1/2. &in 2.a

For example, assume a 6 11 wide str\o. _:'e with a 30· abutment angle,

and a 5" thick concrete abutment. The...

d = : =

r : 9.77" + 5" : 14.77"

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

P
fT : -T~71:"3-+---:1-1":;2.;"'s-:in~=-2."'~/3~
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3.2.3 Sealing Systems

The leak-proof specification of the bulkhead

requirell that all air gaps in the lItructure be appropriately sealed.

Gaps generally occur at joints, which either occur within the struct",re

between structural elements, or at the boundary of the structure between

the structure and the surro1mding rock and coal. Figure 19 depicts

80me typical lIealing conditions. Typically, structural elementa which

are not machined wUl have some surface irregularity and warp, and

gaps between t uch elements ,,-ill be from 1/8 - 1/4:". Structural shapes

usually have rounded corners and edges, and when these interRect. gaps

on the order of l/Z" 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. 1£ the structure can not adjust

to height variations throughout the width, this gap may be as large as 6".

Since sealants are frequently elalltomerie. care

mUllt be taken in choosing one which satisfies the flame aDd temperature

requirements. Beyond this, the sealant mUllt have sufficient strength 80

that it will not be blown out by the blast, yet it mUllt have resilience SO

that it wUI deform without permittinl leakage. The strength of the seal

will depend a greAt deal on the width of the gap to be lIealed. A number

of ballic lIealing techniques are listed below.

Dead- F.1tty Sealants - There are a

number of bead sealants on the

market which rem~in resilient.

They can be applied by a tube or

caulking gun. Their principal utility

is for gaps 1/8 - 1/4" wide.

Z. Gaskets .. Thelle can be ul'e'" in

place of bead !Iealants. They are

more subject to abusive handling and

improper pla\:ement. They do. how­

ever, live more depth to the seal.
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3. Sprays and Paint(ll - Perhaps the

quickest technique is to spray coat the

entire structure. This may. however.

make disassembly and reuse somewhat

more difficult.

4.

5.

Foams - Foams are more suited to

the 1" - 3" gaps. The'Y are frequently

flammable, and hence must either be

coated for protection, or must be

chosen to be sufHciently flame re­

tardant.

Membrane - A technique for seaUng

the larger gaps is to drape a thin

membrane (fabric, sheet metal)

be~een the structure and the sur.

rounding material. This will result

in smaller joints which will bave to

be treated with a final sealant.

Table a summarhes 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 wUI require different sealant functions

depending on tho type of gaps between the structural elemenh and between

the structure and the passage; therefore, each final concept will have ih

own set of sealants.

Gasket type t'ealanh have been eliminated from

consideration due to difficulties in handling and t'uaceptibUity to damage.



TABLE Z

S~alanl Matt'rials

TenlDe raturpMt'thod of.
~alant Composition Application Si zr of c'ap Spf'd Ii ~ation" Phys;c31 ?rollf'rtif's

Ocran o~ ('f'mentitious Spray or trowel I 1-l"·I/Z" Usp~ as lire- llardens lil<e a soft
tspra y r"qui rf'S cladding plaster
two mpro)

Superbond cementltious Spray or trowel 1/4' • liZ" - Excellent adnrsion
';000 psi composition
stren2th

Zonnlitr Spray or trowrl 1/4". I fZ" - -
~lSX 100 \'t'mf'ntitious

~landoseal ::ementitious large spray unit I/Z"-3" t:sed all firf'- hardens

- can be trowellf'd protrction
I

Surf'wAll ,'emrntitious Spray or trowel IfK".I/Z" Can \~Ithstalld Excellent .dhesion
ilia.. fiber ZC;o' • JOO F Extremely rirotid

reinforced

Ril1isnl Z component S!>ray IZ man) I" - f." flammable Flexible-. hardens to,
urethane foam ,~bout 3D Dsi stre-nath

Stoppit Vt'rmiculite. Spray (;a man) ~ "2" .. j" non -flammable Remains flexible
Sodium sili<"att' or trowel,

Firell\oard
I , .

trowel or 1" • S" non ·flammable More flexible thani (enlentltloua spray
\~l lZ man) l'empn"t

Silica Foam Sodium Silkate Irowel or spray 3" - (l" non -flammable Low st rf'ngth
: "li'lt"" f;b.. rs 12 mal'll lnfle-xiblf'

Bloc -Bond ct"mentitious. trowel IS" non -flammable Hardf'n4
W Illass fibers

Sc·ntch. -Sea I Elastomer Putty knife. or I 8"·1 "" non -flammable-. Permanentiy plastic
Dressur" ,'xlrud" withstann!l 200' F

Onw C"rninll Sili,one Caulkinll aun I 1b'O. I" wi th stands'> ZOO' F Permane-ntiy reai Iient
Sf'alant Rubber

Hornflt.'x Thinl<ol Ilun or I<nift> up to I" wi thatanda '> Z'lO' F Permanently re-silient

CHR Coatt'd Silh'on and Clamp 6 to 8" up to 600' F Pliable - up to
Fabrics Viton R\lbbe-r 600 Ibshn. strength

COlltt.'d Glass

Sht'et :.off·tal Sheet MetAl Clamp or sc'rew t> to K" no temperature Pliable - up to
nashina Attach problf'm 6OOlbllhn. strergth
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3.3 Specific Approaches

3.3.1 Main Structure CO.lcepts

The following section outlines the structural con­

cepts which were considered during the design program, as well as the

design principles which were applied.

3.3.1.1 Basic Considerations

One l)rimary rule of thumb is to

design structures which use standard sections and shapes. These in­

clude commercial, rolled section", and other special bhapes which are

mass pl'oduced for special structural purposes. Their pdncipal ad­

vantage is in cost and availability. Standard structural eler:tents are

generally stock items, and replacement can bc readily obtaine«l.

Materials for standard elements are

usually structural steel (A36 or AZ4Z) or structural aluminum (Al 6061­

T6). Some elements, auch as bolts and corrug;.t~d sheeting, are made

of higher strength steels.

The use of aluminum, although un­

acceptable for moving parts in certain mining applicatlons due to sparking.

is considered acceptable here. especially where it could enhance the

portability of the structu:oe. Ferritic reactions between aluminum and

steel components can be avoided by using gaskets, sacrificial plates, or

other types of protective coverings.

3.3.1.Z Vertical Span Bending Structures

As discussed in the previous section,

the moat efficient way to carry the load in bending is to span the shortest

available dimension. In the ('ase of a mine opening. this span is from

roof to floor. The requirement for an elastic structure is to provide a



sufficient sect~on modulus so that the maximum stl'ess due to the 40 psi

loading is below the yield stress of the material. This requirement can

b'!!: expressed in terms of elastic beam theory. which states that for a

simply supp~E:d beam, the maximum bending moment occurs at mid­

l"pan. Fortte stress at midspan to remain elastic, the required section

modulus per unit width of bulkhead is

where 5 is the section modulus per unit width. J is the height of the

passage. and a is the yield stress of the material. This criterion is
y

used in the selection of the following stru~tures.

1. Old Dominion Design

Previous work carried out at

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

of beams and plate",. Figure 20 show!> a typical steel panel. and Figure

21 shows a typical aluminum panel. Typical panels weigh ZOO lbs in

both steel and aluminum. The aluminum panel can be divided into two.

100 lb panels. The panels are fixed in length. and are supported by

jacks to the rear of the structure.

2. Vertical Beams with Lightweight
~n..&

An alternative to the modular

panel approach is to use a discrete set of substantial vertical beams.

and a strong, lightw'eight 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 ZZ 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 box beams.

These are stock items at a steel or aluminum supplier. They can be

stacked along 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 i.i undesirable

from a stability point of view.

One principal c..rawback of the

standard sechor" 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 bconomic features of this

approach.

4. Prefabricated Panel Designs

The two

above employ off-the- shelf structural components.

structural panels can be completely prefabricated.

cation is traded off with lightness of weight.

-58-
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3.3.1.3 Arch Structures

The common characteristic of all of

the bending structures just described is that high shear loads are trans­

mitted to the rock strata in the roof and £1001'. As discussed in Section

3.2..2..3, the transference of this load is olten difficult to achieve re­

liably. Consequently. arch structu:-es were investigated as an alternative

to bending structures.

As mentioned earlier, the selection

of bulkhead components from standard stock items will help to reduce

material costs. For arches. standard tunnel liner plates oiler 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 3 7". They are rugged. yet light enough to

be handled by one or two men.

The required gage 01 liner plate and

size :.£ reinforc.-. 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 1:0 completely avoid problems

of anchorage at the 1'0';'£. 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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Trues Design

Support using Tren.£.h!.!

Figure 25
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The reaction at the top of the front

po.t. which would normally be taken at the roof, is now transmitted to

the floor through compresRion of the diagonal bracing member. The

front posts are designed for the usUAl bendinjit loads. and the IIpana

between the posh can be taken up by corrugated sheeting, hexcel. or

oth~r facing p"lnels. The clesign of the diagonal. for the 6' high bulk­

head. is governed by buckling. The base of the triangle i. closed to

make it an integr~l structural unit. This prevents the whole unit from

{ailing due to the failure of one support point.

The {act that the 8tructure i a no

longer supported at the roo! makes adjustment in that direction a simple

matter. Front posts can t.e made extensible, to carry the load delivered

by additional sections of facing material.

1.3.1.5 Tension Structures

Ten~ion structure III are the most

efficient in term. of load carryin« capacity per unit weight. By being

llghtweight and thin. they can be Qexible enough to conform to the local

variations in passage geometry. The usual problems a.sociated with

tenaion structure. are finding ways oC attaching the structure to the

.urrounding material. and providing the structure to reaht rebound and

negative pre••ure••

One design ('oncept that was considered

involved the use of vertil.ally hung "blast tT.ah" to attenuate the shock

wave. The.e could either be made le,k proof, a!l one composite unit,

or ·elae be backed at a suitable separation distance by a secondary. light­

wei.ht, leakproof structure.

Providing access through the mat, a.

~~U a. anchorage to the w&l18. presents the major prob!ems. Most

likely a .ubstantial frame will be required. which will then connect to

the passage. Thh will detract from some of the potential simplicity of

the concept.
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3.3.2 Anchorage SY!items

As haa been mentioned previously in this report.

the anchorage syatem presents the major technical problem in the bulk­

head design. This ia pritnarily due to the geometric irregularities of

the pallSage. and the unpredictability and frequent poor qu.lity of the

type of materials available for support.

In addition to the technical prob1e'Tls. 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 requirea minit"lum labor. A number

of potential anchorage schemes have been conddered in this design effort.

and these are described below.

3.3.2.1 Headers

One approach to support at the roof

ill to provide .. beam apanning the width of the panage. Due to the

le"lth of the apan. the header will be supported along ita length uaing

roof bolts, and these carry the load applied by the "tructure.

One basic problem with a header is

that a beam bolted up to the roof will anume a podUon which is not

necellarily alignable with the main bulkhead fltructure. Figure 26 illua­

trate. this point. Additionally, heavy members will be required to take

the local loadillgl" (1,440 lbs/in). The alternate which was investigated

here is the u.e of headera which cond.t of .heet metal form. filled

with mortar or £ine.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 or the roof. Figure 27 illus­

trate. the conc~pt.
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Load transfer from the bulkhead to

the roof through a concrete header is complex. The concrete is .ubject

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 pc tential design., and

concluded that the approach did not merit further consideration.

3.3.2.2 Turnbuckle s

This approach involves the direct

c')nnection of a bulkhead component to a roof bolt tlsing a turnbuckle.

This avoids some of the load transfer complications which were as.ociated

with heade...·s. The load transfet'red to the roof (or floor) bolt is well

defined, and then a bolt t;an be designed having the required capacity.

Tha turnbuckle mechanism allows adjust.nent so that the roof bolts do not

require perfect placement. The turnbuckle end. can be either ball joints,

or slotted arrangements, to provide additional freedom of alignment•

. 3.4 Synthesis of Complete Sy.tem

The background information presented in this section has

laid the groundwork for the generation of com;>lete bulkhead concepts.

Baled on the number of alternative component systems which have been

present, there are many possibilities for a final concept.

We h'lve selected three concepts,· and these are described in

detail in Section 6. Three concept" have been chosen becau.e -each rep­

re....nts a basically different anchorage scheme, and because it was felt

that no one anchorage scheme could suffice for all applications.

The three de.igna are shown in F\gures 28, 29, and 30,

and are referred to aa:

Liner Pk.e Arch

Trusa

Channel Turnbuckle.
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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 conside:..'ations presented in.

this section, can be summarized as follows:

Floor Anchorage - The use of a trench h:\s been preferred

to anchor bolts. In the past bolt installation in the fl001' has been time

consuming, and special drills are required for handling tre cuttings.

For the extra effort involved, the use of a trench provides continuous

support and a far greater margin of safety.

Roof Anchorage - 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 rooi for structural support is still viewed with caution,

but conceptually there are many compe~nt roof situations which ehould

provide sufficient 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 walls. This can be applied simply with

minimum skill, and can seal gaps from 1" to 6" in span. The develop­

ment of this seal technique is described in greater detail in Section 7.

There are a number of adequated sealants for intrastructural

connections. Because of its range of applicability, thiokol has been re­

commended for the three proposed designs.

In the next sectioll we will focus our attention on "permanent"

bulkhead concepts.
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4. Review of Permanent Bulkhead Concepts

4.1 Information

4.1.1 Purpose

The review of the applicc1.tion 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 thL: 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 develop:nent 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 ovei'all 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 bulk.head concepts, both permanent and reusable.

4.1.Z ~ckground

The principal applica.tions of permanent bulkheads

in the mlmng industry have been for ventilation control, for sealing gob

areas, and for sealing -nine fires. Ventilation stoppings are principally

air seals, and are designed to withstand or.lv small (1 psi ('t. les'l)

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 "~6ures have been based

on measu..-ement 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 me'ntioned applications, the leakage requirements for

an emergency shelter bulkhead are much stricter. Emergency shelter

bulkheads will also require a p~rsonnel access. Although the require­

mC'nts for an emergency shelter bulkhead are somewhat different 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 (NCB), and the Experimental Mine Company (EMe,

Germany). Bulkheads have been constructed of a var.iety of materials,

including concrete gypsum fly ash cement, cement block, sand, rock

du.st, and others. These bulkheads will be described in greater detail

in the next sections.

4.1.3 Scope

This review will covt'~< th~ devplopment of

permanent explosion-proof bulkheads. The review will include a summary

of the various materials w1lich have been used (Section 4.Zl. 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 prftsents a summary

of the results of these tel'\t programs, and Section 4.7 presents con.

clusions and recommendations for our current emergency shelter appli­

cation.
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4.2. Pertnanent Bulkhead Materials

4.2.1 Requi rernents

Bulkhead materials have been traditionally

selected on the basis of cost, availability, ease of handling. and strength.

in that order. Frequer.tly, lack of strength has been ;:ompensated for by

an increase in bulkhead mass, when the other factors are favorabl~.

Other physical properties which influence material performance include

shrinkage, dry compaction, deformability, and in the case of fire seals,

setting time.

4.2.2 Summarl' of Materials

Sandbags • Sandbags have been a traditional mine

sealing method. For an explosion proof design, loose sand is usua:Jy

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

is: T = 1/3 W • H (where Wand H are the passage width and heiGht,

respectively). (16) Girders must be used at the top of thts seal to pre­

vent shifting of the top bags, and air leakage may often be excessive as

the sand compacts.

Masonry. Masonry refers to lime I tone (10" x

20" x lO") or concrete (6" x 6" x 8") blocks bonded with cement mortar.

For adequate explosion strength, the masonry walls are -:onstructed in

~NO or three layers (course~) and results in awaU thickness of 1.5 to

~.(; ft. Recessing in the ribs and ilour has improved strength con­

siderably.

Concrete - Concrete has been used both plain

and reinforced. Typical mixtures have contained cement, sand, and

gravel in proportions of about 1:2:4. These proportions have yielded

compressive and tensile strengths of the order of 3.0~" psi and 350 psi

respectively. For bulkhead contltruction, the water cOntent is kept
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low to limit shrinkage, ha3tcn setting time, and improve strength.

Early USBM investigations indicated that a plain

concrete b'ukhead recessed into the ribs could withstand the required
. (30)

explosion pressures, and that remforcement was unnecessary. This

fact has much to do with the degree of support provided by the rib coal,

as will be discussed in Section 4. Nevertheless, t;ere have been no

reports of subsequent investigations into the use of reinforced ~oncrete.

U. S. regulations specify{Z8i a bulkhead thickness

of (W or H)/4 (whichever is larger) foo:' plain concrete, and (W or H)/IO

for reinfcrced designs. Shrinkage, and slumping away from the roof re­

main as major drawbacks, however, and for these reasons the use of

concrete has been discouraged in Europe.

Fly Ash-Cemen,! - Mixtures of fiy ash, cement,

and water (f-Z percent fiy ash by weight, 7 percent cerr-ent, an'i ~ I per­

cent HZO~ have been inveatigated in the U. S. The availability of fly aah

makes it an attractive bulk nu,~erial and the mixture provides strengths

cotnparahke to gypsum products (fiexurd strengths approximately 100

psiJ~17) Slight shrinkage occurs on setting, however, and a minimum

setting time of three days makec t~e fly ash-cement mixture unsatis­

factory for emergency constructbns. S·.andards have established bulk­

head thicknesses of tW or Hl/4 for eX9)c.ion pro.:ti dellign. (18)

gypsum ~roducts - Vario'U<) forms of gypSU'l\

(CaS04• Z HZO) have lleen used as bulkhead structural materials. During

manufacture, raw gYi'sum is heated to eliminate the water uf hydration.

The rt:sulting plaster of paris (CaSO4' liZ HZO) i. mixed with water to

reform the gypsum crystal stl·ucture. Since the recrystallization occurs

rapidly (1 to 15 minutes), . retarding agente have been aoded 1.0 slow the

setting time and enable tre mixture to be used in bulkhead construction.

The Jlroprietary products used in bulkhead construction are Ha.rdstem

(15 minutes settinc ' •.mfl!) and Hardstop (30 minutes or 90 minutes).
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Saarilit (CaSO4. l/Z HZO) 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 plcl.ster of paris typically

require SO percent water by weight of solids. Flexural strengths vary

from 600 psi to 100 psi depending on the mixing method. (17) The latter

value is l~lore typical of field conditions. Up to 1 percent of shrinkage

may occur.

Synthetic anhydride can producp. 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 Z40 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, (17)

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

bratti~es and ropes. The bag strength is the key structural element.

These have been made from nylon relnforced neopi"me, 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 volwne of filler material (rock 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 scaling capability.

4.3 Bulkhead Construction Techniques

Different bulkhead designs may require differen'~ material

handlinR and construction technique s. The required bulkhead location,

and distribution of the t.e locations throughout the mine, and the local

passage geometry will determine which transportation and construction

methods are the most economic for a given appUcation. For example,

bulkheads located on or near mains may be constructed from materials

delivered in bulk, while remote locations off mains may favor hydraulic

0:1:' pneumatic transport. Bulkheads constructed in low coal may not

permit the use of standard mixing and pwnping equipment.

For emergency 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

n'line. They will be required in both low and high coal. The tradeoffs

between the alternate mat:erial handling and construction techniques. must

be evaluated with theflfO factors in mind.
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4.3.1 Materials Handling Methods

4.3.1.1 Bulk Deliverv of Materials
«

All of the prospective material

handling methods require some bulk cielivery. The bulkhead materials

are delivered to the mine by rail or tru-:k. 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 monol~thic bulkhead de signs 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 !...umped pneumatically to bulkhead construction site s as

far as 2.000 ft. (20) Typical air requirements for a ton of powder are

400 ft 3 /ton powder for a 50 foot pumping distance. and an addition.al

7.000 ft 3 for €.ach additional 330 feet of travel. Figure 31 indicates

the relation between pumping capacity and distance. Pneumatic trans­

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 plaster 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 gypswn varies and the

strength of the bulkhead will suffer. Laboratory tests(l7) indicate that

pneumatically mixed gypsum has a flexural strength of only 106 psi.

whilt~ properly mixed gypsum has strengths of 575 to 597 psi.
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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 bl.&1khead to be constructed.

Fly ash-cement-water slurries may be mixed in a similar fashion. In

European studies, (20) slurries have been hydraulically pumped over 650

feet with a pump capacity of 200 to 300 cUe it. per hour.

4.3.2 Construction Methods

Particular construction methods are strongly

dependent I)n the shape and support available in the mine passage. Wide

passages or soft, fdable coal will require a greater bulkhead thickness

for the same blast re sistance. There are some general construction

procedure s 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 £loor recesses of 16 and 12 in. deep(l7) are

common, and the floor is usually leveled by laying a cement footing for

the brickwork. For a bulkh~ad width of 16 or more feet, USBM re­

searchers have experimented with the use of a reinforcing "pilaster"

at the center of t:he bulkhead for additional structural support. . Should

this be required, the construction cost estimate s based on similar bulk­

head widths would have to be increased.

Formed Bulkhead c:.onstruction - All bulkheads

that reqdre setting, and those bulkheads made from filler materials

like rockdust and mine debris, require a similar construction of

brattices and hracing. In additi~!\. recel58es are often included to

improve bulkhead strength when homogent:l';"~'" materials are used.
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The bulkhead frame is usually constructed of

plywood or planks with reinforcing brace severy 3 feet. A typical

brattice construction design is illustraled in 'Figure 33.

1£ access, ventilation or drainage is required

thrc,ugh the bulkhead. the necessary tubing must be installed in the

brattice before the bulkhead is poured. A ~e:ltUation and access tube

(usually 2 to 3 feet in diameter), a water drainage pipe and an atmos­

phere surveillance tube are frequently required.

Before the pump:i.ng 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 dl1ute the pumped mixture.

It is important that the bulkhead be constructed

in one continuous 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 indicate s a typical

pumping operation for gypoum bulkheads.

4.4 Bulkhead De sign ~...·echni9ue s

Although most bulkhead development work has been through

trial-and-error full scale testing. it is important to acknowledge those

de sign technique s which can be used and to appraise their applicability

and liJnitations. 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 plu6 bulkhead has a thickness of the

order of its width. It resists explosive forceJ with its inertia and

through friction developed witb the pa.ssage 9f, floor, and ribs.

Baffle - A baffle resists expiosive forc~s by

al-sorbing ene:ogy through reflection or through a d~lormable medium.

Composite bulkheads, consisting of two walls separated by a large

amount of deformable fill~r, ai'e an example of this type of bulkhead.

Thin Plc:Lte - Here, the bulkhead is a wall whose

thickne 8S is Ie s s than one tenth of its width. Its structural behavior

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

Thick Plate - A thick plate str41cture 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.Z Design Calculations

Evaluation of bulkheads has been prima:-ily

through full scale explosion te sting. Calculations depend on the load­

time characteristics and the material response, both of which are

extremely uncertain for a bulkhead in a mine environment. De sign

calculations do, however, provide a rational context for understanding

t"xperimental re sults and for extrapolating to new situations, and some

calculation techniques have been used.

The techniCj.u,-"s which have been developed for

bulkhead design involve plak-type .:tructures. These techniques are

static analysis technique s. This can be modified for dynamic blast

loading by recognizing that the maximum structural respona' uf a

structure subjected to a stepped loading is twice that wI . h would occur

if the load were applied statically.

-89-



Thin Plate Analysis - The simplest design calcu­

lation asswne s the bulkhead to act as a simply supported. thin plate

spanning the Ion£, 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 m3.terial. Using this method, the required bulk­

head thicknesa is predicted to be

T = 0.865 a Jp/sf (Ii

where

T = bulkhead thickne s s

a = maximwn dimension

p = design pressure

Sf = tensile (flexural) strength

In actuality, this technique is extremely con­

servativ~, 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( 16) that most bulkheads

designed by the above method ha,-e withstood much higher (u!, to a factor

of 10 time s tl.e de sign pI f!ssure) explosion pre ssure s. This observation,

however, does no_ support the conclusion that bulkheads which are ,\e­

signed fyr a static load can withstand a much higher dynamk load.

Rather, it sugge ats that the static design technique could be modified

to rnore realistically repra sent the re sponl:le of the s~ructure.

Thick Plate - Arch Analysis - USBM investi­

gation.(Z9,30) found that bulkheads recessed into the fioor and ribs

attained strengths surprisingly hiRher than the pressures for whici'\ they

we::re deftigned. The',- concluded that this was due to an arching adion

which took place through the thickne sa of the bulkhead, and which applied

a lateral thrust to the coal ribs. Design techniques have been rleveloped

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

"support line method." Whitney et. ale (31) devr-Ioped an arch model
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which treats the bulkhead deforming as two rigid blocks, crac1ced at

~o sidp.s and along the midspan. Asswning rigid walls, their con­

clusions can be represented as:

T = :3·a \~

where

s = compre ssive strength of the bulkhead materialc

[1
S ,It 40Z ...

1 + I

(3 c

IJ
":: -y

IZ 11+ 4a
Z

E ::: el.utic modulus of bulkhead material

0 = Tla

ror thickness to width ratios (0) of 1/10 or

greater, p is approximately 0.707, cLnd the thickness formula i. approxi­

mately

T = 0.707 a Vf; (2)

We see that this is very similar to the bending

fonnula presented earlier, with the exception that Sf' the tensile streng~h,

is replaced by the compressive stro'!ngth S. For most bulkheadc
materials, the Sc is approxirnat~ly 5 to 10 times Sf. This implies that

(Z) permits a reduction of design thic:kness of ~O percent tC' 70 percent

from those value s predicted in (l). In othe r te rms, formula (2) statt' 8

that a bulkhead can actually withstand 5 to 10 tiIT.es the design pressure

used in(l). Figure 35 shows an experimental curve which supports this

conclusion.

The use of recesses has helped to achieve the

increas-e 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 de velop-=d. Concern has been

given to the available thrust capacity of the coal, and tests have been

conducted along these lines. (29,12) These tests have determined in-

situ coal compressive strengths and compre ssibility of coal. Figure

36 shows a typical load-deformation curve. The recess serves to

lower the unit pressure, and hence t='linimi~e defonnation. Future

de sign efforts can include coal deformation in the de sign formula. and

de sign the size of the rece s s to insure adequate bulkhe ad strength.

The "thick plate II de sign approach has two

principle drawbacks. First, it relies on the strength and stiffness of,
the coal in place. This is certa.inly an unreliable source of support, and

future design effol ts should USfl lower bound values for these quantities.

T~e second problem, relating specifically to emergency shelters, is

that the arching behavior does not occur until significant crl.cking has

occurred. This may result in a post-explosion bulkhead whlch is still

!.'tanding but which is leaking excessively. The thicker the bulkhead.

the smaller the cracks will be. ThiS, then, is another design factor

which must be considered for future application of permanent bulkheads

to emergency shelters.

4.4.3 Sma.ll Scale. Experiments

Small scale testing of bulkhead plates(20,29) 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 aeries 0; model tests(29) demonstrated

that r"straining the edges of a bulkhead will cause a dramatic increa8~

in strength, much greater than one would expect from plate theory.

Another series of model tests(ZO) showed that some bulkheads were ahle

to support higher dynamic peak pressures than sustained static pre88ur~s.

In general, small scale experiments have been useful fo~' qualitative

observations, but have little value for quantitative measurements. Such

measurement, require scaling of both the pressure-time curve and the

material proIlerties.
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The following two sections review past work in

exploskn 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 basic 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 maximwn pressure

withstood by the bulkhead.

Much of the information supplied with previous

test research is incomplete. Frequently omitted is a d-escription of

where pressure measurements are taken, (e.g., along the passage wall,

or '.In the "bulkhead face). It has been asswned 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 technique s used in full scale exper:ments.

4.5.2 Test Procedures

4.5.2.1 TyPe s of Explo sions

All te sting require s an explo sion

source. Laboratory tests have used compressed air and blasting

powder, (29) but full scale tests usually employ coal dust and methane I
air mixtures to simulate typical mine explosions. In a methane lair

simulation, (19) 1,500 to 3,500 ft3 of methane and air (7 to 10 percent

methane), are retained between two plastic or paper screens 100 to
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250 feet down the passage from the test bulkhead. Ignition is provided

by one or more cartridg£. s of bla.:k powder and gun cotton.

In coal dust explosion simulcltions,

1,000 to 2,000 lbs. of dust are usually piled on racks which are distributed

along the passage length. A small rnethanf'/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. (28)

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 pre ssure wave will experience additional reflected

pressures which can more than double the pressure of the wave. With

the exception of the recent USBM research(l7) and one other loea­

tion\20, Hagenbeck mine) all bulkheads described have been (If the

latter variety. In the Bureau's work, the bulkhead was recessed five

feet into a cro,os-cut perpendicular to the passage in which the ex­

plosion was ignited.

Some test bulkheads have bounded a

confined chamber. Since the expanding gase D have nowhere to go, the

bulkhead p.xperiences a much longer pressure pulse and a much greater

impulse than would occur in an open-ended pa..:sage.
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4.5.3 Test Parameters and Measured Results

Te sting 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 c:'3.rried

out varying the bulkhead thickness, material formulation, and degree

of re straint.

Associated with each test is a pressure-time

record experienced by the bulkhead. As mentioned earlier, ubually

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 rate s

remain satisfactorily low. Methods have recently been developed(l7)

which can monitor air flows for very low (10- 3 psi) differential pres­

sure s, but there is little experimental data on its use.

4.6 Summary of Previous Bulkhead Testing

The U. S. 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 tube s that permit remote inspection of the atmosphere on the

other side of the seal.
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4.6.1 u. S. Investigations

4.6.1.1 Initial Research (1920 - 1930)

The U. S. Bureau of Mine s became

involved in testing explosion-proof bulkheads as early as 1923, as a

result of legislation(la9) regulating coal minin~ in the public domain.

Bulkheads we:re 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 111abora­

tory" tests were performed at the Bureau of Standards in Washington,

D. C. As was mentioned earlier, the strengths of the bulkheads te sted

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 te st the

bulkheads instead of coal dust. Its use was justified by a comparison

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 demonstrated

that plain concrete was adequate to withstand the required loading and

the following standards were adopted for plain concrete bulkheads. (24)

Thickness (T) > width(w/
- 10

Rib Receaa (R) ~ TIr
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For Soft Coal:

T > w-8

For all Bulkheads:

T > 12 in.

4.6.1.2 Current Research (1970 - 1973)

In accordance witJl the Federal Coal

Mine Health and Safety Act of 1969 (P.1.. 9H73), further study(l7) into

bulkhead dasign and construct:'on has been carried out. Laboratory and

mine te sts were performed to evaluate new materials and constl'uction

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 velocitie s and re sonant frequencie s of the bulkhead

material in accordance with ASTM Method of Test C-21S. The data

obtained is correlated with data taken from laboratory specimens taken

from the same pouring. and the flexural strength is determined by

A5TM Method of Test C-78.

The explosion trials demonstrated

that all of the proposed de signs c:ould withstand. a 50 psi (7 psi- sec

impulse) pressure pulse. Air leakage rates for the fly ash-cemf!nt

and gypsum bulkheads were small and not affected by the explosions

(Figure 37). As- a result of this test progr3m. specifications for bulk­

head design and materia1l:l pt'eparation have been constructed. For the

given materials. the minimum b\llkbead thicknesse s are given in

Table 3. (16)
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Gypsum

20

10

­,..£ 0
u-

b~
a Leakage prior to initia

explosion

b Leakage after final
exp10sion

20
lot....
<

10

o
o

Fly Ash-Cement

O. 1 0.2 O. 3 0.4 O. 5

Pressure Di!ierential. inch water gage

Air Leakage Rate. for T"1'o Bulkheads

!1Iurl4 37
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Table 3

Acceptable Bulkheads for t!ormal Mining Situations

USBM Recommended Standards

*Minimum thicknesa

Concrete t/4

Concrete, reinforced t/lO

Concrete block 16 inch

Fly ash t/4

Gypsum t/4

Rock, grouted W + H/?

Rock, packed ?t

Sand bags WH/3

*t = W or H, whichever is greater, where

W = AVf"rage width of p .... 3sageway and

H :; Average height of passageway, plus depth of recess

for concrete block and reinforced-concrete bulkheads.
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4.6.2 Briti sh Inve stigations

The Institution of Mining Engineers has investi­

gated(Z7,28) the design and construction of explosion proof bulkheads for

the contaimnent of underground fire s. The stoppings must be explosion­

proof since the danger of explosion !rom accumulated methane increases

greatly after the stopping shuts off the mine ventilation.

In their l'esearch, Willett, f:t. ale estimatE'!d that

th t · t 'th t d bet"O a.nd 50 ,(28, p. 16)e s oppmgs mus Wl s an pressures ween" pSl.

Successful stopping designs have been based on

sandbags, concrete, and Hardstem. Water dams have also been success­

ful in containing fire s, 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 L M. E. to perform some telts to determine its

blalt resistance. A 10 ft. JC 8 ft. x 10 ft. thick bulkhead was con­

Itructed and ventilation, lampling, and drainage tubes were installed.

The Hardstem was premixed and hydraulic."\lly pumped to the bulkhead

lite. Black powder and coal dust were ignited in a 30 ft. long, closed

chamber behind the bulkhead.

Although the se te sts demonstrated the feasibility

of gypsum explosion-proof bulkl.eads, the exceuive thickneu of th.,

leal, and the fact that its explosion strength was not exceeded during

the te stl sugge stl that thuy are exce ssive ly overde signed.

4.6.3 European Community Inve sti~ationl

A number of agencie I within the European

Community 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, (20) but the majority of the res~arch has been

sponsored by the ECCS directly or by one of their mine re search and

at t 't' (l9, 21-26)s e y organ1za 10ns.

The laboratory tp.sting took place at the Experi­

mental Galleries at Dortmund-DeiI1e. Although a large percentage of

the mine tests \.ere performed at the Tremonia Experimental Mine, a

large number of mines were involved in more limited testing.

4.6.3.1 Bulkhead Type s

Several buikhead materials were

evaluated as alternates to Handbag designs. Single wall masonry bulk­

heads wer~ 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 pre-ducts were investigated most extensively. Gypsum dams

were constructed from pneumatically pumped plaster of paris, and

hydraulically pumped Hardstem, Saarilit, and syllthetic 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

st.rated satisfactory explosion strength. Depending on the passage geom­

etry and wall thickneu, pre88ures 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

a 1.7 ft, two layer stone wall (135

of witbstanding 15 explosions up to

. t( 19. Hagenbeck Mine)one expe rlmen ,

ft2 passage cross section) was capable

26 psi, but it later failed at 19 psi.

Double masonry walls with rock dust

fill proved to. be extremely strong. Two 1.7 £t thick masonry walls,

sandwiching 15 ft (86 ft2 passage cross section) of rock dust and mine

debris was capable of withstanding a pre ssure of 319 psi. The center

of the inby wall was displaced 8 inche s. 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 ft2 seal(21) 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 p.i.

Both pneumatically and hydraulically

placed gypsum bulkhead. demonstrated adec;uate blast resistance.

Pneumatic pumping was found to ~ lell satisfactory(19.20) since main­

taining a uniform !>laster of paris n"w proved impossible. The variations

in the water/solids ratio that inevitably resulted reduced the material

strength and required exce..ive bulkhead thickne sse.. In addition,

early inve .tigations(21) believed t~t thin "membrane" configurations,

in which the thickness is much smaller than the width, would produce

excessive tensile loads on the wall. Reflecting this, early .tandards(2l)

required the thickne .. 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 aud floor rece ..e s. The use of slower .etting

Saarilit, Hardstem and synthetic anhydride have enabled accurate metering

of the water /solid~ mixture before it is pumped to the bulkhead site.

The effect of recessing on bulkhead strength has already been demon­

strated(24,30), and later European testing(19.20) 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 substantiate s the conclusion drawn by the early USBM

inve~tigator! that a loa.ded bulkhead behaves as an arch, and fails in

The se modifications in the de sign

A 4.8 ft seal of Saarilit in a 220 ft
2

compression rather than tension.

helped produce strong, thin seals.

passage withstood pre ssure up to 70 psi, (19) and

86 it2 passage withstood loads up to 276 psi.

a 3.25 ft seal in an

4.7 Conclusions and Alternative s

l'he previous review has indicated that explosion proof

bWkheads which have been developed in the past are either excelisively

massive or highly prone towarda Ip.?kage after an explosion.

Of the bulkhead types discussed, we believe that the fly ash-cement would

be the most suital>le f.or an eme-:gency sheltel" bulkhead. This is pri­

marily due to low cost and simple construction technique. The de sign

would have to be modified to include a door, 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 door mounting. This pipe would also

aerve ~s 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 Z slurry rockdusters (most mine s

don't even have one).

Requirement for 4 men.

We believe that before evaluation of the use of per­

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

look at design. other than those which have been developed through
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previous mine research. In the following sections we have developed

preliminary designs for two alterrl.J.te permanent concepts - a reinforced

concrete wall and a shotcrete arch.

4. 7.1 Reinforced Concrete Wall

crete design.

here. Design

Figure 38 shows a sketch of a reinforced con­

A qualitative description of this design will be presented

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 11 , and useS no. 6

rebars vertically and no. 5 rebars horizontally, on 12 II 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 thickne ss and the area of steel required.

ExtrC'. reinforcement h"1s 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 provide s reaction to

rebound loads. Additional support at the vertical sides is obtaineG by

recessing 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 int.o ribs and noor, and scale loose

material from roof.
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z. Drill roof bolt hole s, 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

construction joints not favorable to the overall de sign.

A more efficient approach would be the use of

a. continuous m1X1Dg and pumping system. The dry materials could be

dropped off at the neare st convenient point to the bulkhead site. A con­

tiD.1OUS .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 cocpany.

Shotcrete Arch

In an attempt to seek a permanent bulkhead

design reqwrmg a minimum amount of material, we have dedgned the

arch structure shown in Figure 39. This arch would be constructed
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using shotcrete. This would minimize the cunount of foa.n work which

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

The de sign calculations are pre sented 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 700
• The concrete is 9" thick,

with two layers of high strength steel wire me sh reinforcing, each having

a cross sectional area of 0.5 sq in/ft.

The arch is reacted at the coal ribs by two

reinforced distribution beams, which spread the load out through re­

ce sse s 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 is constructed in the following manner:

1. Clean off loose material on the roof and floor in the

neighborhood of the arch location.

z. 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 (Z 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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7. 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 me s:1.

10. Apply final 3" layer of ahotcrete.

The shotcrete bulkhead will require a shotcrete

application unit and a compressor. In addition, a small elertric 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 two 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 sugge sted 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 vie 'N, are more conveniently

handled and their construction would tend not to disrupt the normal

mining cycle. The nur.nber of reuses also decreases the material in­

vestment.

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, a8sembl~able("reusable II) structure s. The se

concepts have been chosen from the reviews presented in Sections 3 and

4. The six concepts are listed below.

Bulkhead Conceots for Cost Analysis

"reusable"

Liner Plate Arch

Truss

Channel- Turnbuckle

'permanent"

Fly ash-cement

Reinforced Concrete

Shotcrete

We would like to point out that many of the figure s pre sented in

the section are preliminary e stim...tes based on engineering experience.

Much of the labor involved. for example, is not standard proced~re in

normal minfll work. In the final analysis, field trial will be necessary

to verify these figuTes.
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5.1 Basic Data

In order to facilitate the cost analysis, we have suznmarized

some of the basic cost variables below.

5. 1.1 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 bl; somewhat higher.

5.1.2 Unit Operations

An examination of the proposed bulkhead concepts

indicates that there are certain construction operat~ons which are common

to more than one. For uniformity in our cost estiInates, we have esti­

mated the labor requirements for these typical construction operations.

TheRe estimate s, and subsequent labor estiInates, 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 I' and "low" coal. Although the se are general

terms, w~ can arbitrarily set a dividing line at about 48". 'The labor

figure s just pre sented apply to high coal. In general, all lab"r operations

will be slower and more difficult L'1 low coal. For the purpose of cost

estimating, we have prepared Table 6 showing approxiInate labor multi­

plicative factors for a va.riety of tasks.

5.1.3 Materials Handling

This include s delive ry from the surface to the

bulkhead site of structural components and materiala in bulk and bag.

For either rubber tired, rubber-rail, Jr rail equipment, we can asswne

the following for one trip:

-113-



Table 4

Estimated 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 Payroll Taxes)

Base Rate

Subtotal No. 2

Supervision 200/0 of Subtotal No., 2

Supplies and Equipment Maintenance at 50% of
Base Rate

Total

or 2.3 x Base Rate

Classification Grade Base Rate as 11-12-73 x 2.3

Bratticeman No. 2 42.75

Kersey Operator No. 3 43.25

-11-1-
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100

150

30

50

230

98. 3Z / shift
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Table 5

1.

t1ni~:::>peration s

Bring basic equipment to the site.

Jackhammer

Compressor

Hoses

Small Cement Mixer

Man Shifts

0.5

Z. Smooth and Scale Passage Walls O.Z

3. Cut recess in rib with jackhammer

l' deep by 1-1 /Z' wide x 6-1 /Z' high 0.75

0.5

0.75

Z.O

4.0

Mix and pour one cubic yard of concrete

with small (Z cUe ft.) mixer

4. Cut trench in floor with jackhammer, pick,

and shovel

8" deep by 1-1 /Z' wide by 18' long

lZ" deep by 1-1 /Z' wide by 18' long

Install ZO 1-1/4" of re sin grouted roof bolts5.

6.

7. Construct a Double Walled Form with

Door Portal

4.0
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Table 6

Low Coal Facturs

Item

Equipment Setup

*Smooth and Scale Top (25' instead of 18 ')

Smooth and Scale 4 Sides

*Trench Ribs (4 ' instead of 6')

*Trench Bottom (25' instead of 18 1
)

Build Forms

Mix and Pour Cement

Install Bulkheads

Remove Forms and Equipment

Drill and Install Roof and Floor Bolts

Mate rial Handling

Time Factor

1.5

2.0

1.5

1.0

2.0

1.5

1.5

1.5

1.5

2.0

2.0

•We have auurned typical ''high'' coal cross sectional dimension..

of 6' x 18', and typical low coal dimensions of 4 1 x 25 1
•
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Load 0.75 Man Hour

Haul In 0.80 Man Hour

Unload 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 'l tons. Considering

an 8 hour shift and a cost of $100/ shift. the material handling cost is

computed as

cost =~ x 100 x -31 .. $13
ton 0

5.1.4 Materials Cost

Estimated materials costs delivered to the mine

site are summarized in Table 7. Ce rtain items require further dari..

fication.

Concrete - Typical concrete applications in a

mine use bagged premixed material (sometimes referred to as "Sakrete II).

This tends to be more expensive. but is much more manageable than the

delivery of bulk sand. cement. and gravel underground.

Urethane Foam - 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 throwaway plastic nozzles. and require little

ope rator skill.

Rockbolts - These costs are estim, te,l from

current prices for Dupont "Fastloc" full coluznn resin f - luted bolts.
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Table 7

Materials Costs

Concrete (premix bags) I bag = I cu. ft.

Fly ash (delivered in bulk)

Urethane Foam Back (l pack = 26 lbs)

Rockbolts and Re Jin 1-1/2' long, 1-1/8"

Aluminum Flashing (10 ga.)

Straight Rebar

Bent Rebar

Forms

Door Frame

Door

Fabricated Steel

Reusable Bulkhead Components

Channel- Turnbuckle

Truss

Liner Plate Arch

Shotcrete

-]18-

$2.00/cu. ft.

$7.00/ton

$138/pack

$4/bolt

$0.30/ft

$0.25/Ib

$0.35/Ib

$250

$300

$1.50/1b

$5,200

$4,500

$3,000

$0.70/board ft. applied



Door - We have considered an o£f~the-shflU

commercially avaaable pressure-resistant door. This particular one

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

Reusable Bulkhead Materials - Cost of components

for reusable bulkheads have been obtained from quotation., 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 de signs 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 cr-st impact of installing emergency shelter

bulkheads, the capital outlay. rontal costs, or logistic problems involved

is using special equipment must be considered.

In Ta.ble 8 we have swnmarized the coat of

"special" equipment which haa been referred to in the construction pro­

cedures for the proposed bulkheads. The cost of repair and mainteaance

of this equipment should also be ct\nsidered.

5.2 Bulkhead Cost Summaries

In this section we present cost s''.mmaries for each of the

six proposed bulkhead concepts. The data used in the se r.ummarie s 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

or expendable •

Materials

Materials have been identified as either reusable
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Table 8

Special Equipment Costs

Slurry Rockduster

Pneumatic Rock Dust Distributor

Conl"rete Pwnp and Hose 8

Continuous Concrete Mixer

Compressor (ZOO cfm. 100 psi)

Jackhammer

Jackdrill and Feed Leg

Shotcrete Spray Unit

Small Electric Concrete Mixer
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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 asswned that reusable components can be am.ortized 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 the se de signs.

Expendabl~ Materials - The se include grouted rock

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

structural materials.

We have. for the purpose of. th~s cost analysis.

aaawned that material costs for a low coal and high coal bulkhead will

be the aame. This can be superficially asaumed from the similarity in

overall croas sectional arc!.. In fact. this is not the caae. since the

designs will change with the dimension of span. Thus. vertically spanning

structure s are more econo.'mical weight- wise in low coal, whUe thc opposite

is true for horizontally spanning structures. We have chosen to use the

high-coal material fig\1res for the low coal designs, bearing in mind the

differencea which may be associated with this assumption.

5.2.2 Labor

Labor includes material handling and assembly

labor. Aaaembly labor has been estimated for high coal, and low coal

figures have been gentirated using the low coal labor conversion factors

of Table 6.

5.2.3 Crew Size and Required Eguipment

The se do not factor directly into the bulkhead

coat, but they do reflect the logistic and equipment requirements for th~
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irnplimentation of a given concept. Logitltically, a small crew (e.g. 2

persona) and simple equipment will minimize the disruption to normal

operations. In addition, as mentioned before, some of the equipment

mentioned will not be fount! in every mine - this eithel' means that the

~quipmt:nt must be purchased (an implied cost) or the concept cannot be

in::plemented.

Tc:.bles 9 to 14 scmrnarize the cost for each of

the six bulkheads, and Table 15 summarizes all of the r~sulting costs.

5.3 Conclusions

The following conclusions can be drawn from these cost

suznmaries.

1.

Z.

3.

The reusable and permanent concepts are

competitive from a total ('~st point of view.

There are equipment cost and/or availability

considerations which favor the reusable concept••

Logistic considerations fa,""Or the reusable con­

cepts. Materials can be dropped off one day aDd

a.sembled when convenient. Continuity of as sembly

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 Sur.:l1nary - Fly Ash Cerr..ent Bulkhead

MaterialS

Reusable

Forms

Door

Expendible

Fly Ash - 17 tons

Cement - 41 bag"

Culvert and Door
Frame Assembly

Subtotal

M..terial Handling

Bulk Material - 20 tons at $13

Other Labor

$70 (2 uses)

75

119

82

250

$596

Labor

High Coal Low Coal

$260 $520

Man Shifts

High Coal Low Coal

2.0 4.0

0.2 0.3

4.0 6.0

4.0 6.0

...b.Q.. 4.0-
12.2 20.3

$1,220 $2,030

$2,076 $3,146

Total Man Shifts

Subtotal Dollars

Bring in 2 slurry rock dusters.
Lay and connect transport hOBes,
waterlines.

Smooth and scale walls

Build forms, insert door frame,
culvert, and reinforcement

Mix and Pump Slurry

Remove forms and equipment

Total Bulkhead Cost

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 i\ulkhead

Materials

Reusable

Forms

Door

Roof Angle

Expendable

Rebar

Door Frame

Concrete - 6 yds

Roof through Bolts

Roof Bolts

Subtotal

$70

75

114

160

250

324

20

72

$1.085

Labor

(2 uses)

Mate rial Handling

Approximately 13 tons

Other Labor

Bring iD mixe r and wate r line

Cut Recesses, ribs

Floor

Drill and Instal1 18 roof bolts and
angle brace

Build Forms

Install Reinforcement, door frame, etc.

Pour Concrete

Remove forms, grout top, install door

Total Man Shifts

Subtotal Dollars

Total Cost

Crew Size - 2 men

Special Equipment - Cement Mixer
Roof Bolter or Jack Drill
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High Coal Low Co~

$169' $338

Man Shifts

0.5 0.75

1.5 1.5

2.0 4.0

1.0 2.0

4.0 6.0

1.0 1.5

4.5 6.75

-hQ. 1.5

15.5 24

$1,550 $2,400

$ 2,813 $3,823



Table 11

*Cost Summary - Sbotcrete Bulkhead

Materiab

Reusable

Door

Expendable

Shotcrete (in place) 1,200 board ft.

Abutmf!nt Beams (2 yds r.oncrete)

Wire Mesh at $.50/1b

Rebar

Metal Lath

Door Frame

Mate rials Subtotal

Labor

$ 75

915

108

124

116

36

250

$1,624

$105

0.50

1.50

.25

2.00

Materials Handling

8 tons

Assembly Labor - Man Shifts

Bring Equipment to Site

Cut Recesses in Ribs

Place Reinforcement in Abutment

Form and Pour Abutment

Layout Shotcrete Form aDd Reinforcement,
Spray Foam 2.00

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.

I
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Table 12

Cost Summary - Liner Plate Arch

Materials

93

108

150

11

138

$1,250

*High Coal Low Coal

$ 0.75 $ 1.13

1.00 1.00

0.50 0.75

4.00 6.00

1.50 2.25

1.00 1.50

8.75 12.63

875.00 1,263.00

Reusable

Main Bulkhead Assembly

Door

Expendable

Reinforcing Steel (300 Ibs)

Concrete (2 yds)

End Posts

Aluminum Flashing (36 ')

Foam Pack

Mate rial Subtotal

Labor

Assembly Labor (Man-Shifts)

Deliver and Set Up Equipment

Cut Ribs

Trim Floor and Roof

Assemble Bulkhead

Pour Concr~te

FiDal Sealing

Total

Assembly Labor Cost Subtotal

Materials Handling

Bulkhead (2 tons)

Concrete (4 tons)

Total Cost

Crew Size Required - 2

Equipment - Jackhammer, Cement Mixer

$750

75

60.00

$2,185.00

120.00

$2.633.00

*These low coal estimates assuzne the high coal design components; i.e••
a passage width of 18'. For a 25' low coal pauage. 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 Boxe s

30 Roof Bolts

50 I Fla shing

Foam Pack

8 cu. ft. grout

Mate rials Subtotal

Labor (Man Shifts)

Deliver and Setup Materials and Equipment

Layout and Drill Hole s

Cut Floor Trench, Trim Ribs

Install Roof and Floor Support Systems

Assemble Bulkhead

Final Sealing (Foam, Flashing, Grout, 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

0.5

0.5

2.0

1.0

2.0

...hQ..
7.0

$700

Z,913

Low Coal

0.75

1.0

4.0
2.0

3.0

1.5

13.0

$1,225

3,438



Table 14

(.ost Summary - TruSIJ Bulkhead

Materials

Reusable

Main Assembly

Door

Expendible

14 F ()I)ting Boxe s

Foam Pack

50 1 Flashing

16 cu. it. grout

Subtotal

~r (Man Shifts)

Equipment and Material, Delivery and Set Up

Dig Z Trenche s. Trim Ribs

In.tall End Posts and Footing Boxes

Assemble .Bulkhead Wall

Final Sealing (Foam. Fla.bing. Grout Boxe.)

Total Man Shifte

Subtotal Labor Coat

Total Coat

Crew Size • Z Men

Special Equipment. Jackhammer. CC'mpreaaor

-lZ8.

$940

75

7Z0

138

15

3Z

$1.9Z0

High Coal

0.5

4.0

0.5

4.0

1.5-
JO.5

$1.050

$2.970

Low Coal

0.75

8.0

0.75

6.0

Z.Z5

17.75

$1,775

$3,695



Table 15

Summary of Bulkhead. Costs for a Temporary Shelter

Bulkhead Type

Fly Ash Cement

Reinforced Concrete

Shotcrete Arch

Line r Plate Arch

Channel - Turnbuckle

Truss

High Coal

$Z,070

Z.813

Z,354

Z,185

Z,913

Z,970

-lZ9

Low Coal

$3,146

3.823

Z,633

3,438

3,695



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 reasoning behind the selection of three concepts re­

late s to anchorage. The variability and unpredictability of rock and

coal conditions in any given mine preclude s the development of one

universal de sign.

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 condition II. Thus, the three

designs attempt to cover a broad spectrwn of str..:a conditions.

The three designs are:

a. Liner Plate Arch - An arched shaped structure spanning

the passage width, a~ made up of standard tunnel liner plates and

reinforcing ribs.

b. Truss - A structure supported by a series of vertical

truue., made up of corrugated sheet, tubular rails, and tubular po.ts

and diagonall.

c. Channel-Turnbuckle - A se rie s of ve rtical alwninwn

channels, bolted side by side and supported at the roof by adjustable

turnbuckle rod. 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 Appendice. C and D respectively.

The principle de sign requirement for each bulkhead is tha' it

withstand an instantaneously applied, long duration, preuure pulse of
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ZO 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 rcw.ge of strengths found in nature is not well established. Thus,

to gain confidence that the emergency shelter bulkheads will be supporte4

in a wide range of actual materials, testing must be conducted to docu­

ment the variation of strengths that can be expected under various coal

and rock conditions. For thin !'~ason, an in- situ te st prog=am is recem­

mended to obtain this information.

6.1 Bulkhead Acces~

During the design effort, investigation was made

incorporation of a commercially available blast resistant door.

that this would both simplify the de ..ign and reduce costs.

into the

We felt

A survey of commercially available blast doors indicated

that most (If them were expensive ($Z,OOO - $6,000) and/or heavy (300 ­

1,000 Ibs). This survey included a set of existing designs prepared for

the army f,)r application to nuclear blast shelters.

One door, produced by Railways Specialties Corporation,

turned out to be the ideal ~"Uldidate. This door is Z5" in diameter,

aDd weighs 105 Ibs. 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 de signs.

A layout drawing of the door design 18 .hown 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'

Pre 8IIurt: Luadi:g - 20 psi positive, applied instantaneously

5 psi negative, applied statically

Leakage - Nominally leak proof. Seals must survive explosion

enviroDn".lent

Convergence - Structures are to withsta~d 2" of roof sag and 2 II

of floor heave

Assembly Crew - no more than 2 persona.

On Site Operations - No cutting or weldmg. 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 De sign De sc ription

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 iao­

metrically in Figure 40, and a design layout is presented in Appendix

D. The bulkhead can be 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 aero.. the full

paeaageway width. The height of each individual facing channel pair

ia adjustable over a!. 6 inch range. Each facing secoi;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 8ection is 8upported by a se rie 'J of butting late ral

roof channell which are attached to the roof by roof bolt8. Primary

structural support for the roof channels, and therefore the top of each

facing channel, is provided by roof bolt anchored turnbuckle 8, located

fore and aft of the roof channel. Each facing section is structural»

connected to it8 neighbours by bolts through the butting flanges anQ-a180

by the interconnectiug roof channels and footing boxes.

The door assembly is 3 ft wide and

i8 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 cloor

latch is operable from both siaes of the dosed 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.Z Configuration Rationale

The intent of this de 8ign is to support

the bulkhead in th08e applications where the roof and the floor are re­

garded as structurally sound elements. Full column re sin bolh loaded

in shear have been selected for the roof structural attaclunent. 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 attaclunent but

this was rejected since drilling and bolting into the floor may cause dif­

ficulty and is. Ie 88 reliable. A late ral continuous trench has been

lelected. The trench runs the full width of the paasageway and is

approximately 9 inches deep x I ft widf'!. The cu~ting of such a trench

in the passageway floor using a jackhammer is considered a relatively

s;mple task.
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To minimize unit part weights the

bulkhead has been designed into individual I ft wide sections. Each

section is made up of two I 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 stiffne ss at its centre where tile maxim\lIn 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 It long boxe s and two 1 ft long. The se allow varying

width passageway bulkheads. Each steel footing box has a bearirg plate

to which the corre sponding facing channel is belted. Under positive

pressure loading half of the tCital pressure load is transmitted by the

footing boxes to the rear face of the lateral t~ench where it is reacted

by the floor. Under the less severe negative pressure loading the footing

box is de signed to deform beneath the facing cha.nnel until the facing

channel bears Oil the two forward footing box wei)s. The load is then

trans!erred to, and reacted by, the 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 sup:rorted 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

flange s 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 IZ inch adjustment

range and at the forward el1d of the turnbuckle is a roofbolt which comes

with a turnbuckle mount fitting. Attached to the rear flange of each roof

channel is • sUnilar eyebolt, turnbuckle and roofbolt arrangf·ment. The

forward tl\rnbuckles, spaced 1 ft apart, transfer the positive pressure
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loading to the roof while the rear turnbuckle s, spaced 3 ft apart, carry

the negative pre ssure 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. '::'his structural arrangement rrovides

adequate load paths to ensure that should an individual roof bolt fail.

the load is transfe rred 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 envirorunent. the following precautions have been taken. Corrosion

resistant 6061 aluminum alloy is used throughout. The aluminum plates

and channels and the steel footing boxe s are coated with zinc chromate

primer. All steel hardware that interfaces with the primary aluminum

structure is galvanized. Sacrificial aLuminum plates are used between

the footing boxes and 'the facing channels and aluminum bearing plates

are used at the facing channel pair junctions.

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 I.'hannel. is then tucked betwe ~n the roof and the roof

channel and theL. l ...d forward 01 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 channel and the roof. the foam travels

forward until it contacts the flashing. The foam supports the flashing

and fUls the void. The tuck in the flashing allows the seal integrity to

be maintained for bulkhead deflE"ctions of up to 2 b. Under maximum

preflsure 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 overlap region and between the

channel and bolted clamping plate s at the top and the bottom. The

flashing is then dog-iegged forward and attar,n,·d to the wall with spads.
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The entire area bounded by the facing channels, the flashing and the

indented wall is thf!n filled over the fl11l bulkhead height with frotht:d

urethane foam. The deflection capability of this seal is 3 in. and the

anticipated maximum defl\:ction is 1- lIZ in.

At the bulkhead floor interface the

assembly is essentially sealed by the concrete set f.:>oting 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 De sign ~e sc riptlon

The trus s 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. Tile assembly comprises a series of adjustable height

posts, equally spaced across the passage width, which support vertical

sheets of corrugated steel decking. Each post assembly includes a

trusfled support and the post and the support base are anchored to the

floor in two lateral trenches into which concrete footing boxes ;.l.re set.

Each post assembly includes a pinned slide which allows for a! £, inch

height adjustment. At the top of the slide is a jacking stud which is

jacked into 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 deckinr alSsemblies 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 strct 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 pa15sageway 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 boxes are placed in each of t~e trenches and set in place

with conc rete. The footing boxe s and the trenche s 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 maUl 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. T'~e base a of the poat

and truss are structurally connected by two tie bars which are sized

to transfer the forward footing box load to the rear footing box in the

event of a forward trench 1...41ure.
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Positive pressure loading induces a

moment about the. rear footing box. This moment is reacted by the

passageway roof at the post stud. A predrilled hole in the passage

roof is uioed to locate the post stud. The stud is slid into this hole

during erection to a depth where the post l-earing plate contacts the

..-oof. The post slide is pinned at tl1is extended portion and the bearing

plate is jacked into firm contact with the roof by turning the jacking nut.

The supporting truss assembUes are

faced with corrugated high strength structural steel roof decking. . The

decking, which is stiff in the vertical plane, is supported on 13-l/Z in.

centers by horizontally positioned square tubing ribs. These ribs are

welded' to the decking and bolted to the truss supports. Each 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 ~dges with self tapping screws and a bearing strip. The

flashing is dog-legged forward and is attached to the lJassage 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 seli-tapping

screws and bearing strips. The corrugations in the decking are filled

with a contoured strip of neoprene and the screws pass through the

ne()prene 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

wit:h the frothed urethane foam. The seal at the bulkhead sides will

accommodate a 3 in. deflection which is twice the maximum anticipated

deflection of l-l/Z. inch. Similarly the top and bottom seals are de signed

for Z. 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 De sign De sc ription

The arch bulkhead, shown in Figure

42, is designed to be installed in passageways where the ribs ara

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 wa.ll po"ts which are re­

cessed into the passage walls. Between the four ribs are located three

courses of radiused liner plates. Each liner plate, 2 !t. high and

approximately 3 ft. long, is curved to a 17 ft. radius and is flanged

all a:t'ound. The plate s are structurally linked horizontally by bolts

through the butting flanges and vertically by bolts through the fJanges 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 fir st and third ribs. The

second rib is kinked over the door to remain structurally continuous.

The two bulkhead wall posts are

rece ssed into the passage wall and are permanently set into reinforced

concrete. The concrete pro"ddes the pressure seal at the bulkhead

sides. The seal at the top aud bottom is formed by alumi1\um 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 foam.
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Configuration Rationale

The liner plate bulkhead has been

de signed to be of fixed height and width. Rece sse s 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 arl'! 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 door assembly is essentially

one liner plate in width, and occupies a significant portion of two liner

plates in height. One rib is displaced vertically by approximately 13

;n. by the door. Rib structural continuity is maintained however by

use of two vertical door frame channels which connect the door top rib

to the two ribs beneath it. This channel essentially provides rib web

continuity. Flange (;ontinuity is provided by a curved door mounting

plate on the front face of the bulkhead and by splice plate s 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 line r plate.

The door mount plate attaches to the floor rib, the two vertical door

channels and the second rib over :iots 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 t:wo wall posts. These

wall posts are surrounded by a steel rod casre and the whole is 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 betwe~n the I-beam and the six splice plates. The flashing is then

routed back behind thl~ rib and is then bent forward to the roof/floor.

The flashing is attachf"d to the passageway with spads. During this

operation the lowe~ rib 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 fOal'll 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 pre 8Sure loading the bulkhead will deform

2 inches at its centre.

6.4 Comparison of the Three De signs

6.4.1 Support Requirement s

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 ber.d 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

truss loads are carried into the floor. which is assumed to be hard
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fireclay or shale. An additional measure of safety is obtalne'l 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

"competent II 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 ur:.ing the liner plate arch. The arch

applies high lateral thrust into the coal abutments. Although coal is not

a very sound material (i.e., it has cleavage planes, low crushing mod­

ulus, etc.), it exhibits its maximum re sistance and minimum deformation

when loaded in confined compression as it is here. Consequently, abut­

ments have been designed to provide adequate support.

6.4.Z 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 cliscuss 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

maximum stresses in the vertical st't'uctural members, will reduce as the

square of the height.

For the tru8S design, this means that the trusse s

can be spaced at greater distancp'8, and the vertical posts and diagonals

can be significantly reduced in cross- section. For the c~annel 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 decreased.
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The liner plate arch de sign 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

prIt\:>erties will be required.

6.5· Design Techniques and Allowable Limit,s

6.5.1 Blast De sign

Structures to resist blast loadings have been

studied extensively for the past 30 years~9) The most typical application

has been for protective shelters from nuclear blast or accidential indus­

trial explosions. These structures are typically monolithic 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 deformatbn

l:im.its are considerably relaxed from those for typical engineering

structures. Cue such relaxation which greatly economizes blast re­

sistant structural de sign is the allowance of plastic deformation. This

technique will be discussed in Section 6.5.3.

6.5.Z Computation of Stresses and Deformation

Stresses and deformations in a structure sub­

jectE"d to an expll.>sive loading are determined from a dynamic analysis

o! the structure. Such an analysis can be extremely complex, when

one considers the many degrees of freedom to be considered and the

tiJne dependence of the loading. For de sign purpose s, the analysis is

simplified considerably by making certain assumption" about the

dynamic behavior of the structure and its components, and about the

coupling of the various degrees of freedom of the structure. The

assumptions and techniques used herein are described below.

-146-



6.S.l.1 Idealization of the Struct'lre

A continuous structure, 5uch as a

beam, has an infinite nwnber oi dynamic modes. and, hence, an

infinite num.ber of degrees of freedom. If one aSSUDleS 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 one degree-of-freedom (spring-mass) with an equivalent mass and

spring constant (see references 2, 9 for a more complde description).

The dynamic behavior, both elastic and plastic, for a one-degree-oi­

freedom system is well understood, and dynamic responses (both force

and deflection) can be obtained from de aign charts.

6.5.2.2 Re sponse of Idealized System

Figure 43 shows the response curves

used for most of the analyses presented herem. The response is due

t~ an instantaneously rumg and linearly decaying (triangular) loading.

The notat~on is as follows.

F 1 = peak value of loading (lbs)

Rm ... maximuzn resistance of structural component (e.g., the

load which produces the maximwn moment, lbs)

Yel:; maximuzn elastic deflection of structural component (m.)

T .- natural pe riod (sec.)

Ym = maximwn deflection of structural component, (in.)

td = 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,

To:: 211'-~Y--=-f-

where

M = total maas of component (lb sec 2 /in.)

k = stiff:1ess of component (e.g., load re'quired to produce a unit

central deflection for a beam (lbs/in.»

KLM = factor which converts the real system to the equivalent

system

For the most of the bulkhead com­

ponents to be considered, the duration of the load td is much gre<\ter

than the natural period, so that td /T is always greater than 10. For

system with independent dynamic components (Truss de sign), 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 beam must consider the distributed mass of the beam.

For a uniformly loaded beam, this iI(2)

v = 0.39 Rm + 0.11 F (lbs)

6.5.3 Allowable Limits for Stre.. and Deflection

Allowable limits for Stress and Deflection are

based on reasonable assumptions regarding the function of a blast

re sistant structure. Structure s for protection of equipznent can

tolerate large plastic deformations and still serve their functioL.

The bulkheads under consideration are personnel shelters, and hence

they are subject to mor" stringent requirementa. Deflection limitatior ~
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for emergency shelter bulkheads arise from the fo. lowing consider­

ations.

1. Large deflections will caUSe destruction ,)f seals.

z. Permanent deformations are cumulative for multiple

explosions.

3. Permanent deformations may cause jamming of the door

and prevent exit.

In spite of these limitations. small plastic de­

formations can be tolerated. Two possible design procedures are

described below.

6.5.3.1 E,.la stic De sign

The simplest design procedure is to

alswne that the maximwn stress m the structure is less than or equal

to the yield stre88 of the material. This procedure is simplest and

most conservative. since the ability to deform plastically provides con·

liderable reserve strength. In Figure 43. this condition is equivalent

to reauiring Ym /Yel = 1. For the blast loading that we are considering,

RM!lt = 2, and hence we should design for a Itatic load of 40 psi.

Thie procedure has been employed in the preliminary sizing all of the

bulkhead structural components.

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

y /y I > 1. we can redace the required re sistance R IF, and hencem e m
design for a lower static loading. The basic design criterion is the

allowable plastic defoz:mation wlUch can be tolerated. For our designs,

we haVe selected Ym/Yel = 3. i.e•• we can tolerate plastic deformations

equal to 3 times the maximum elastic deformation•
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The plastic design method is commonly

used in monolit..'lic reinforced concrete structures which have constant

cross sectional properties throughout. For metal structures assembled

from different components, the section properties of each component

must be more carefully controlled so that an unbalance of re sistance

will not occur.

6.5.4 Dynamic Material Properties

The yield stress of steel and alum.inum. increases

with increased rate of strain. Based on thl'l typical natural perioc'J of

the components being considered, the strain rate s are in the range of

0.10 - 1.00 sec.- l For these strain rates, a conservative estiIrw.te

for the increase of yield strength is 20 percent. (9) This increased

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

calculations it represents a factor 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 believe to be the minimum. strength which

can be e~ected in most cases. Further testing will be required to verify

that these strength values can consistently and reliably be achieved.

6.6 Sum.mary 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. The!le table s yield an equivalent static pre ssure capacity ba sed

on the strength of each structural component. The safety factor for

each component can then be inf~rred.

For components which have been designed elastically, 40

pSI 18 the base value for safety factor comparison. For elasto-plastic

design, the value is le8s, depending on the degree of plastic deformation

which has been allowed.
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Table 16

Truss Pressure Capacities

Component

1- 1/ Z II bolts

Bearing o\rea.s
(genera.l)

Horizontal
Members

Height Adjustment
Bolts

Front Rails

Decking

Trench

Roof Stud

Front Post

Loading Type

Direct Shear

Bearing

Compi--ession

Direct Shear

Bending

Bending

Weld Tension

Shear

Bending

Bending

Pressure
Capacity at
Yield (psi)

54_ 6

40 (min)

86

101.6

39 (elastic)
48 (plastic)
60

67 psi
(based on a
Z,OOO ps i floor
bearing.
strength)

5Z

-15Z-

Rebound
Ca.pacity at Yield

(psi)

54.6

40 (min)

101. 6

ZO

lZ.s

lZ.5

5Z



TABLE 17

Channel - Turnbuckle - Pressure CaDacities

Pressure Rebound
Loading Capacity at Capacity at Yield

Component ...!Y~ Yield (psi) (psi)

Facing Channel Bending 40 40.0
(77.0 ultimate) (77.0)

5/8" l' Bolts Tension 200 200

Eyebolt Tension 42 16

Turnbuckle Tension 42 16

7/8" /J Bolts Tension 120
Upper Channel
Splice

Door Plate Bending 40 40
Assembly

Roo! Bolt Shear 72 27

Trench Shear 116 116
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Table 18

Arch Design - Stress Summary

Component Loading Type Pressure
.fapacity* (psi)

Rebound
Capacity (psi)

Ribs

Door Section

Abutment

Bending 16.4

Axial 96.0

Axial 40.2

Compres sion 36.0

Flexure 44.4

Tension 44.4

16.4

96.0

40.2

44.4

44.4

*Based on modified pressure pulses for arch design.
Maximum nexural pressure - 14.1 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 assum.ptions must be made about the rock and

coal properties in order to determine the adequacy ot each anchorage

design. These are reasonable assumptions bas"d on available test

data. The available data, however, does not cover the broad range of

conditions which occur in coal mines. Consequently. well defined liInits

for strength property values can not be stated. These assumptions and

their iInplications are discussed below.

a. The rib coal can support at least 400 psi with.

negligible deformation (Arch de sign).

b. The roof and floor roc~ has compressive

strength of 3.750 psi. (Turnbuckle design).

c. The floor has a miniInum shear strength of

160 psi. (trenche s).

Although these are reasonable engineering assumptions,

there nlay be situations where these values aH! not achievable. A sound

design l'equires a knowledge of the likelihood d these situations occurring.

There are a number of ways in which these design

assumptions may prove to be inadequate. F.>r 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 avel"age strengths of 4,000 psi. These tests. however. were con­

ducted in a specially prepared passage in the Bruceton Experirr.ental

Mine. This value could vary considerably in different locations.

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 re(luce 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 te sted for the particuiar bolt configurations being considE.red.

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. Te sts 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 te sting should be conducted in- situ. and can be carried

out using a portable te sting unit. The basic loading unit would consist

of a hand pump powered hydraulic ram. This would be fiitp.d with dif­

ferent adaptors to suit the different types of tests. Figures 44 and 45

show three different test arrangements.
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Figure 44
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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 '3eal system to seal the irregular gaps between the

bulkhead structure and the entry. The basic sealing mechanism in­

volve s a strip of sheet mehl (flashing) a.nd frothed urethane foam. The

sheet metal is bolted to the structure, and bent around 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 mHmbrane and a foamed plastic,

siInilar to that which is de scribed above. has seen application as a

technique for packaging against impact. (32) In our application, the sheet

metal membrane picks up load in tension, and the focun provide s both

support a ':ti a seal. The sheet metal also minimize s the exposure of

the foam to a possible flame front. Frothed urethane foam has been

selected due to its simple applicability and its good adhesive character­

istic. The actual foam can be applied using convenient, portable foam

pi.(.ks currently available on the market. This type of foam is already

in use in coal mines for sealing ventilation stoppings.

7.Z PreliIninary Design Calculations

Figure 47 shows the loading diagrams for the sheet metal

and the foam. p represents the applied pressure due to an explosion,a
T represents the tension in the sheet metal, a

f
represents the com-

pressive strength of the foam, and T represents the adhesive strength

of the foam.

We can consider Pa as 40 psi, the equivalent static

loading for a ZO psi step loading. A typical value for af for rigid
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urethane foam is 30 psi. (30) Hence, equilibrium of the sheet metal

states

T = (Pa - af) R = 10 x 6 = 60 Ibs/in.

For 30 gao sheet, the tensile stress is

aT:: T 10.012 II = 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 to the structure. The 2 in. dimension repre sents the

width of the narrowe st structural element of the three de signs (the top

and bottom raila of the truaa design). If we a ..ume that the apadl

carry no load, equilibrium (\f the foam requires that

or

T= 30 x 6 =18-
180
18 = 10.0 pai

The adhesion of urethane foam to mine entry surfacel has

been found, from tellsile pullout testa, (34) to be approximately 12.5 pai.

Thia requires that the foamed lurfaces be clean and dry. It is reason­

able to uae this value will be a minimum for the. shear adhe sion capa­

bility due to the favorable contribution of wa.ll rougt.Dees. Therefore,

the foam leal will have adequate shear Itrengtt..

AD alternative to rigid urethane foam i8 "Iemi- rigid II

urethane foam. This type of foam can accommodate large r displacements
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while Itill retaining a seal. The static strength of semi-rigid foam is

about 5 psi, but under dynamic loading, rapid compression of the air

gaps in the foam enable 15 the developmt"nt of strengthl of up to 40

psi.~3S) We have investigated this possibility, and we have founcl that

the state-of-the-art in field dispensing equipment for this type of foam

is still in the developmental stage. (33) ConsequenUy, we have not

pursueJ it here.

In addition to being preliminary in nature the above

analysis has not included the influence of relative displacementf be­

tween the bulkhead structure or the passage walls. The combined

effects \JI this rp.lative displacement and the applied pre S8ure 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 sec tion.

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 capabilitiel. The basic delign requirement wal that the leal

Ihould remain intact and allow little or no leakage when lubjected to

the following conditions.

1.

2..

Ground Motion - The implication ia that con­

vergence which may occur at the bulkhead site

during its life will not detract from itl per­

formance capabilitie s.

Explosion Pre uure - Our 2.0 psi step loading

hal been applied, and interpreted al a 40 pli

ltatic load.
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3. ~lative Displacem~nts - We consider the effect

on the seal of both structural dillp) .t.cement. 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 requir~ments and tb.e purpose of sub­

jecting several seals of that design to the closely simulated effects of

the postulated explosion overpressure and resulting anchorage displace­

ment, with or without prior convergence.

7.3.1 Preliminary Te sts

The first two tests were performed to obtain

the data necenary for the of'lection 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-re-ck interfaces.

A simple test rig (see Figure 48) was con­

structed for these testa. It included provision for securely clamping

mine strata material in place and applying a measured force up to 2,000

Iba to a flashing or a foam sample.

Figure 49 shows the configuration for te st 1.

In thia test shear force-deformation data was collected to compare the

adheaive atrength between possible" flashing materials and the foam.

The dbplacement of the leading and traUing edges of the flashing

material were measured aa the force was increased in regulat' incre­

menta. When the aample faUed, the force at failure wa~ noted and the

area of the ahear failure surface was measured. In thia way, the

shear .tre aa at failure wa. calculated. From the displacement data.

the ahear .train at failure waa e.timated. 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.

z.
3.

4.

5.

Aluminum

Lead

Galvanized Steel

Uncoated Fiberglass Cloth

Silicone Rubber Treated Fiberglass

Cloth.

Figure 50 shows the configuration for test Z. In

this test, shear force-deformation data was collected to measure the

adhesive shear strength bet"4~een the focun and thee various passage strata

mate rials. 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 sample 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 teste!! included

the following.

1.

Z.
3.

Cod

Fireclay

Slate.

Pressure Chamber Simulations

The preliminary tests provided verification of

two crud&.! design assumptions;

1. That shea!' strength of foam- strata

bonds i. sufficient to tranafer the

pre nure load from the foam to

pas.age .~rata.
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l. That the flashing-foa:m bond shear

strength is sufficient to provide a

Lirm anchorage for the strata edge

of the flashing.

Final verification te sting was carried out in a

preuurized 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 exce ssive

wetting of the test materials. The chamber is equipped with an ad­

justable roof, which could simulate convergence by squeezing down up

to two inche s on an emplaced seal. The portion of the apparatus which

simulated 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

require s that the side e of the simulated seal bE: !:tee to slide along the

chamber walls without resistallce. A low pressure air flow system

was provided to quantitatively measure seal leakage.

This apparatus does not simulate the flexurL.'ol

action which a seal will experience along its length due to structural

deflections. The strains involved, however, are well below failure

strains fur urethane foam, and hence this effect has not been con­

sidered important.

The following three seta of tests were carried

out in the pre.sure test chamber.
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Test 3 - The first set tested a number of

different seal confi&urations to failure. In this manner we were

identifying foam and flashing geometries which performed most

favorably. Candidate fOaIn-flashing seals were constructed in th~

test chamber. Then the following test procedure was followed.

1.

z.

The water bladder was filled and

pre ssurized to 40 psi.

With the water pressure held at 40

psi, the bulkhead section was dilt­

placed to the point of mechanical

failure of the seal.

Te sts 4 and 5 - The se tc sts provided final

verification te sting of the selected seal configurations. Te st 4 was con­

ducted without convergence, and te 8t 5 was conducted with con­

vergence.

Air leakage measurements were used to asse ss

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.

sealed artificially, yet i:1 such a way th",t

the motion of the seal.

Therefore, they had to be

there was no re sistance to

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 test procedure was followed for each seal.

. 1. The air leakage rate of the un­

disturbed seal was measured.
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2.

3.

4.

5.

6.

7.

For te sts with convergence, the

seal was compressed and the leakage

rate remeasured.

The water bladder was fUled and

pressurized to 40 psi.

With the pressure held at 40 ~si, the

bulkhead section was displaced the swn

of the estim.ated anchorage displace­

ment and the structuro.l dis­

placement expected for a given bulk­

head design (2 to 3 inches - see

AppendlX C).

The water bladder was depressurized

and removed, and the seal was in-

. spected for mechanical damage.

Tht'" air leakage rate was measured.

The bulkhead was displaced back

toward its original position by the

distance of the estimated elastic

structural displacement. (- I in. ..

see Appendix C).

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 preliIninary 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

Te st no. 1 measured. the shear strength of the

bond between the polyurethane foam and the flashing materials con­

sidered. It i8 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 results are tabulated in Table 19.

Aluminum and galvanized steel sheet as supplied both exhibited excel­

lent bonding to the foam. As shown in Figure 52, shear faih.\res

tended to occur in the foam near the bonding surface instead of a.t the

bonding surface itself. Lead, Fiberglas cloth and rubber coated fiber­

glass cloth as supplied all developed very weak bonds with the foam.

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.

J..luminum was selected as the final flashing

material for the following reasons;

1.

2.

3.

The aluminum bonded excellently to

the foam.

The 30 gage aluminum flashing has

ample strength, yet is easily bent

and formed to the shape 8 required for

final seal de sign.

30 gage aluminum flashing is inexpensive

and obtainable in widths from 6" to
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Foam-Flashing Adhesion TestL TyPical F·ailur~ Silnaces

Figure 52
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24" from any roofing r-.c.~"riab

sUF-plier. Steel thinner than 26

gage is not widely available. 26

gage steel ill 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 - cO.iI, slate,

and ~ire clay. This is an important ass\unption since the majority of

the pressure load on the seal is transferred from the foam to the

adjacent strata.

The result4 of the tests are ta-:'ulated 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 thz.t would be encountered in an actual strata surface. Con­

sequently the favorable effects of mechanical bond are not exhibited.

7.4.2 Final Test and Verification

Tests nne 3, 4, and 5 provided the means for

final determination of seal design and subsequent verification toesting of

these designs.

7.4.2.1 Test No.3

In Test DO. 3, seal geometl"ie.

capable of mechanically withstanding the explosion preaaure and bulkhead

displacements were demonstrated. Six seals were tested - three ot the

kind depicted in Figure 46. one with the flas~ing indented ia...o the foam

-175-



Tllble ZO-
Reaults of FOlUTl-Strata Adheaion Teata

Strata Material

Coal

Fireclay

Fireclay, cleaned with

Methylene Chloride

Slate

Slate, cleaned with

Methylene Chloride

Failure Streu

10 pai

Z pai

7-1/Z pai

9.9 pei

-1 ;6-

Comment

Failure occurred in coal

Failure occurred at

interface

Failure IlCcurred at

interface

Failure occurred at

interface

F ailun occurred at

interface



as -ltown in Figure 53. and two with the flashing bulged out from the

b\llkhead as shown in FiKure 54. The three seala of the original design

a!l proved to be capable of supporting the simulated explosion pressure,

but bulkhead displacements in exce" of approximately lIZ inch resulted

in leal failure along the strata in each case. When the bulkhead had

beeu diBplacttd to the {allure point. the fla.hing was under much more

tension that the design aSHumption8 allowed for, resulting in debonding

of the foam ~tween the flashing and strata from the strata. This was

immediately folluwed by the catastrophic failure of the entire {oam­

strata bond. It was concluded that the design a ..umptions had been

co'18ervative with respect to supportlng the explosion pres.ure, but they

had not adequately considered the displacement requirement. Since the

failure re sulted ft'om insufficient slack in the flashing, the original

de sign was modi:ied to allow enough flashing alack to accommodate the

displacement.. Two approa,=hes were used. In the indented configuration

(Figure ~ 3) the flashing is SPot up with a smaller radius curve. extending

back .everal 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 flasJUlg is bulged forward from the bulkhead

a. shown. As the bulkhead ill displaced, the bulge in the flashing flatten.

out to accommodate the displacement. crushing the foam immediately un­

derneath the flashing. The former has the advantage that quite large dis­

placements can be accommodated, approxUr-•.:'tely 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. Tboe bulged configuration bas greater ease of

installation siDee the flashill(' is located entirely outside the apace be­

tween the buikhead and flashlDg, but it can accommodate maximum dis­

placements of only Z inche I.

of the three seal types.

chamber for observation.

in Table 21.

Figures 5S and 56 show the deformations

The aeal aamples have been remo~ed from the

The teat results for theae seala are shown
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Table Z1

Results of Test 3 Series

No. Seal Typt!. Gap Width Displacement Commentsat Failure

1 Original Design 6" 9/10 "

Z Original Design 6" 9/16 "

3 Original Design 6" 7/8"

4 Indented 4" 3-1/8" ln~entation depth was
I

I-1HZ

5 Bulged 4" 1-3/8" In tufficiently bulged

6 Bulged 4" Z-1/8" B~ged aa shown in
I

Fi~ure
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Reproduced from •
besl available COpy.

Failure Geometry of Initial Seal Cc;.nfiguration

Figure 55
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•

(a) Indented Seal After 4" Displacement

(b) Bulged Seal After 2" Displacement

Deformation ot "Indented" and "Bulged" Seals

Figure 56
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7.4.2.2 Final Seal De signs

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 requirement!'

imposed by each bulkhead 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 side s of the bulkhead

due to the explo sion pre ssure loading.

In general we anticipate gaps no

more than 6" in width, and more likely I - 3 ". For structural dis­

placements we anticipate a maximum displacement of I" 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 l~ ss, while the indented configura­

tion could handle larger gaps with displacements up to 3 ".

The particular 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 V~rification Tests

A typical de sign of the bulged seal

for meeting the fir st set of requirements listed in the previous section

and a typical de sign of the indented seal for meeting the second set of

requirements was subjected to the verification te sting provided by Te st

no. 4 and 5.

The test procedures described in

Section 7.3.2 were followed in each case. using the displacements
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listed in the previous section. In ea.ch of the four case s, 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, a ....e presented all plots

of the air leakage rate through the seal versus the pressure duference

across the seal, and are shown in Figures 57 through 60.

7~5 Application Trials

As a matter of practical concern, we investigated the

practical feasibility of applying the froth foam in the manner we have

prescribed. For this purpose, a frame was constructed within the

Foster -Miller full scale mine ventilation facility. We then attached

flashing 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. Conclullions

The preceding report hall sugge sted t~e application of emergency

shelters ~n a mining environment, and has reviewed, developed, selected

and compared a variety of concepts for explosion proof bulkht"ads for a

cro,scut emergency .helter. The principal conclusions which were drawn

from thil effort are 3wnmarized below.

1. Location of Fmt"rgf'ncy Shelters

The optimwn locations for emergency shelters ar.. at the

intersection of maina and developing entriell, and midway along develop­

ing entrie.. The exact spacing requirementa for emergency shelters

will depend on the height of the coal leam, aince this will dictate '.ow

far a miner can travel during an emergency Ilituation.

Z. Lile of an Fmergency Shelter

Shelters eatabialied along a main entry will be pot-.ntially

functional for all further development operations along that main, aDd

can be regarded aa permanent. Their exiatence in conjunction with a

borehole ia economically juatified and highly recommended.

Shelters established along developing entriea may have a

useful life of 6 months to 3 years, depending on the rate of development.

These shelters may be regarded aa temporary.

3. Type of Bulkhead Il

Fxploeion-proof, air tight structures for a croascut

emerger.cy shelter can be either permanent or reusable. Permanent

atructures tend to be cheaper in materials coata, but generally in-

volve more coat in labor, materials handling, and equipment. Reusable

structures, which use more expensive materials, require leaa labor and

are logistically simpler to work with. The number of reuaes alao re­

duces the material coat per installation.
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<t. Reusable Concepts

The principal problems associated with the design of a

reus&ble concept are:

Anchorage - connection of an explosion proof structure to

the unpredictable support material comprising the rib,

roof, t\nd floor of a mine entry.

Sealing - maintaininJ; an air tight seal after the structure

has experienced an explosive pressure wave.

s. Permanent Concepts

There has been much e'tperimental work regarding the

development of permanent explosion-proof bulkheads. Most of the con­

cepts which have been developed are exce88ively massive and in­

appropriate for use as an emergency shelter bulkhead.

6. 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 Designs

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

out in detail.
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8. Foam-Flashing Seal

A special sealing system, consisting of a membrane of

alwninwn flashing supported by sprayed-in-place frothed urethane foam

has b£e~ developed to seal the potentially large, irregular gaps that will

exist between the bulkhead structure and the walls of: the entry. A testing

~rogram 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 bolt, trench, and rib abutment

support components be tested prior to full scale explosion trials. This

can be carried out in a sirr..ple, cost effective manner by using a

hydraulic ram and simulating explosion loans statically. The tests can

be carried out in- situ for a number of representative mine conditions,

to obtain a spread of anchorage capabilitie s.

z. Assembly Trials

The bulkheads should be fabricated and subjected to in­

mine assembly trials. Construction feasibility and man hour projections

can be verified, and modificatioDs for construction simplicity can be

implemented at this time.

3. !!plosion 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 whORe designs have been presented herein. A complete verification

of t.he bulkhead concept would involve low coal as well, particularly since

low coal operations will require more temporary shelters. Consequently,

a low coal program similar to that described above is reconunended.
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APPENDIX A

EXPLOSIVE ENVIRONMENT DEFINITION

A.I Introduction

The C:esign of any structure requires a careful examination of the

environment to which it will be subject. For the emergenc y shelter bulkhead. ~

are primarily concerned with the characteristic s of the applied pre 88ure

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 ana.lysis will be most

applicable for evaluating a given design. The thermal environment will

dictate the type of materials used in the de sign.

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 not 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 ~epending on the concentration of methane. the length

of the gas zone. the location of the ignition source within the gal 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 p088ible to generate a well defined design

pressure pulse, the following sections will discuss orders of magnitude

and ba sic phy sical occurrence s. The se along with actual in- situ expe ri­

mental measurement, yield a fai:tly good picture of the pre uure environ­

ment for design.
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A.Z Physical Characteristics of a MeClane-Air Explosion

A mix~ure 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 wayb. These are outlined belov;.

A.Z.l Simple Deflagration

In a simple de£1agration the reaction zone travels away

from the ignition source at constant velocity (which is much Ie 88 than

the speed of sound - about 1-5 ft/sec.). Figure A.l shows &. 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 gasse s ahead of

it. Here. the piston is replaced by the high pressure burnt gasses

produced by the constant velocity reaction zone. Figure A.Z shows a

typical pre aaure pulse produced in this case.

A.Z.Z Accf!lerating De£1agration and Resulting Shock Wave

When the burnt gasses cause pressures and accelerations

in the unburnt flammable gas8es. the reaction zone accelerates. Figure

A.3 shows a condition where thia would occur. Here the burnt gasses

expand into the unburnt gas, causing turbulence and local diltortion. of

the flame front. The distorted flame front has greater surface area

than a planar front, and this increases the reaction rate. This process

is self accelerating. The higher the reaction rate, the greater the gal

velocity and pressure, the greater the turbulence, the greater the re­

action rate, etc. Since the observed peak pressures are proportional

to the reactioD rate. this condition will produce higher peak pre ssure I.

The accelerating reaction zone produces .~ series of

pressure pulses. Each prelSure pulse travelaat the speed of sound
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of the pre..urized medium of the prellure puhe which occurr~d before

it. Since the velocity of lound increalel with increaling pre .." -e. the

prall lure wave I tend to coale Ice. U the ga I zone is long

enough, thele preuure wavel will coalelce to form a well defined

Ihock front al depicted in Figure A.4. Thh model of Ihock wave

formation h discu..ed in Reference 36. 37 and 38. The principal

feature of the Ihock wave is it. inltantaneoua rise time. and iU prellure

peak which h greater than truat for limple deflagration. The Ihock wave

movel at the lpeed of lound in the ambient air.

A.Z.3 Detonation

Detonation h ba .ically tite joint movement of the lhock

wave and the reaction aone. Once it occurl, the phenomenon is lelf

IUltaining, and the detonation wave movel at a .peed greater than the

f1peed of lound of the ambient air. Figure A.S IhoWI a typical detonation

preuure pulle. It 11 characterized by a high peak (about 10 atmolpherel)

and a very Ihort duration. The caUlel of detonation require a more

lengthly dhcuuion than il appropriate here (lee Reference 37 for ex­

ample). It wUl be adequate to lay that detonation is likely to occur in

a very long la. aone () 60 x pallage diameter) or in a confiDed gal

.0De (bulkheadl at both endl). Both of thele conditionl are UDlikely to

occur in the workinl areal around the emergency Iheller.

One un co, d.ade from the above that the mOlt levere

preuure wave rel.utJAg from a methane explolion in a working mine

would be a Ihock wave due to an accelerating deflagration. The max.

imum poufble amplitude of such a waTe il about 5 atmo.phere.. i.e.,

that riue to the completely confined expanlion of the burnt ga .....

The actual prellure is Ie .. for an open ended region.: The duration

of the pulle wUl be proportional to the initial gal aone and the peak

pre'lure, aa computed from the expanding .-Glume of gaa. Thh

duration il on th. order of fraction of a lecoocL
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A.3 Experimental Measurements of Pressure Waves in Mine Passages

The two principle sources of experimental data are the U. S. Bureau

of Mines and European Commwtlty for Coal and Steel. Both of these or­

ganizations have carried out dlllt>erimental programs in which methane-air

explosions were artificially generatf"u 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 pulse. 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 frC'm I psig to

15 pllig. and durations of about one second. The re sults are for a 25 1

gas zone. These investigators meaaured pressures up to 35 psi for a

50 1 gas zone. In another study by the Bureau of Mines, Kawenski and

Bercik.(40) demonstrated that a gas zone confined at a face produces

both the highe 8t and lowe st explosion pre 88'lre s. When the source 01

ignition is outby the gas zone (see Figure A.l) the pressure developed at

the face was less than I psi (simple deflagration). When the source of

ignition wa. at the faroe (see Figure A.2) the preuure developed at the

face was 39 psi (accelerating deflagration). They also show that gas

bodies located away from the face produce lower pressure extremes anc

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(41) to measure the pre ssure s on

bulkheads due to controlled methane-air explosions. These results are

shown in Figure A.6. These are reflectpd pressures, and hence are

twice the magnituee of the pressure pulse travellhg down the passaRe.

Hence the maximum preasure peak observed is 30 psig. 1£ the pressure

pulae 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

gating in a continued tunnel has been studied by Taylor. (43) 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 observation is that iD 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 Characteristic s on the Structural
Design of the Bulkhead

The available information discussed here indicate s that a 20 psi

peak over pressure design should be sufficient to resist the side-on

pres8ure 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

the se conditions.

The duration of the pre 88ure pulse is on the order of seconds or

fractions of a second. This duration will be much greater than the re­

sponse time of a bulkhead structure. Consequently, the bulkhead will

respond to the pressure pulse as if it were a step loading.
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APPENDIX C

DESIGN CALCULATIONS

C.I Truss Bulkhead (See Figure 0.2)

The truss has been designed to operate entirely within the elastic

range. Each bay is asswned 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-o£-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. I Overall Equilibriwn (See Fii.'ue C. 1)

Bay width = 2.7"

Load/truss = 2.7" x 78" x 40 psi = 84,300 lbs.

Since it is indeterminate as to how much of the horizontal

load ia carried by Rl and R3 ' we shall aS8wne two extreme case8:

Case I - Horizontal shear failure of rear footing

(Rl = 0, R3 = 84,300, R4 = 45, 600)

Moments about C (Figur'i! C. l( C)}

84,300(39-2.5) + P
AB

(49.5) = 84,300 x 5S

PAB = d4. 300 x 41 = 69,82.4 lbs. tension
49.5

C·l



(a)

C 25" 39"

40 psi =--1--
84,300 lbs

39"

(b)

R4 x 72 = 84,300 x 39

R
4

= 45, bOO

... R 2 :I 45,600

84,300 lb.

R 1 - R 3---

f
RZ

~R4

(c) Case I (d) Caae II

C
PAC .. PA

89,300

PAB B PAB
R3

C

89,300

B

Ftlure C,l - Tn.. Static Analr.fa - Overall Equilibrium

C-z



Vertical Equilibrium

PAC sin 9 = 45, 600

PAC : 73,807 Ibs compression

Case U - Hori~ontal shear failure of front s1lpport

(R 3 = 0, R} = 89,300, R4 : 45,600)

Moments about C (Figure Cl (d)

84,300 x 14 : P AB x 49. 5

P AB = 23,842 lbs compression

PAC = 73,807 lbs compression

(same as case I)

Maximum resultant load at rear supoort

: 'JR 2 + R Z
1 2

•

: 95,800 lbs

C. 1.2 Bolt Sizes

!1:0nt and rear supports

Use 1-1/2" diameter Grade 5 bolt minimum yield streu

in tension : 74,000 psi (37,000 psi in shear)

Total load carried in double shear

T d2
F· 4 x 2 x 37,OCO : 130,768 lbs (vs. 95,800 reqd.)

C-3



hence, factor of safety

F. S. :

At A and B

130, 768. =
95,800 1.37

Use 1 -1/4" diam.eter Grade 5 bolts. Total load carried in

double shear

Tr d 2
F = -4-- x 2 x 37,000 = 90,811 lbs

(vs. maximum PAB of 69,824)

At C

F. S. - 90,811
69,824 = 1. 30

Use 1 -1/411 diameter Grade 5 bolt. Load capacity (see above)

: 90, an It. (va. PAC : 73,807)

F.5. : --2!h 811 =
73,807

Pins for Poat Slide (2)

Uee 1" diameter Grade 5 bolt.

F : T d
Z
/4 x 2 x 37,000 x Z = JJ6,OOO lb.

(ve. R4 : 45,600 required)

F.5.

c. J. 3

: 116,000 = Z.54
45,600

Bearing Areas

The required bea ':'ing thickne.. at bolted connection. in

double ahear is computbd a81

C-4



t : P
tTy X d x 2

where

P • bolt load in 1ba

tTy •

d •

t •

yield atre.. of bearin.r ,material

bolt diameter

required bearing thickne..

A yield failure in bearing ia not critical, aince the load capacity

increaaea when auch a failure occurs. Conaequent1y, low factora of

aafety will be acceptable.

Footin, box (A36 ateel, tTy • 36,000 pai)

95,800
t • , 36.000 x 1.5 x 2 s .89"

(1.00" pJ'Ovided)

Front Poat (tT • 46,000 pai)y

at foottn, box

t •
84,300

a .61"

(v•••75" provided)

at B

.61 H•69,824
46,000 x 1.25 x 2t •

(va•• 625 provided)

at C (MountiAg Platea • AISI 1018 cold flnbhed, tT a 54, 000)
y

t : 73,807
54,000 x 1.25 x 2 : • 55"

(. 75" ~rovided)

C·5



at pin for vet'tical slide (2 pins)

Vertical Slide

at pina

t •
46,500

46,000 x 1.00 x 2
I: • 50:}" (.25 per pin)

(.625" available per pin)

t (required): .25" (see above)

(.44" available)

Horiaontal Ties

..t A and B (2 ties)

t I: .30"

(.44" available)

Dialon.l Strut (bearin. pada , A36 ateel, try I: 36,000 pai)

at rear aupport

t :

at horiaontal tie

95,800 : .89"

(1.25" available)

t c 69,824
36,000 x 1.25 x 2 • .77"

(1.0" available)

e.l.4 Horizontal Ties (A500 steel)

3 x Z x 3/1 & redangular tubing

Area. 1.64 sq. in

Minimum Mnment of Inertia •

e-6
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l'ensile Load

G" •t
69,824 = 21,287

1.64 x 2

= 46,000
F.S. 21,287 = Z.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
2

Therefore, the tensile stress at the bolted connection is less than the

tensile st. eaa throughout.

Compressive Load

Consider buckling load, Fb , per tie

...2 EI .
Fb =

LZ == 72,772 lb.

The actual load on both ties is 23,842 lba, or 11, 921 lba per tie.

C. 1. 5 Front Rails (2 x Z x 3/16 tubing, A500 steel)

w == loading = 40 p8i x 13.5" = 540 Ibs/lL

Section modulus, S, = .75in3

Moment = 540 x 232

8 = 35,707 in lbs

Maximum Itresa

alight yielding will occur.

fT=
M
5

= 35,707 == 47,610
.75

(fTy = yield stress = 46,000)

C·7



Ultimate plastic moment

~ = (Ty x 3/16 x 2 x (11 • 3/32)

2+ (Ty x 3/16 x (2-3/8) x 1/4 x 2

:'l 46,000 (.68 + .24) = 42,668 in lb.

Since the actual moment is well ;"'elow the ultimate moment, the amount

of yielding which will occur is insignificant

F. S. =

Rail Rebound Capacity

weldment of decking

4.2,668
35, 707 = 1.2

a ..ume weld thickness = thickness of decking = 0.0395 11t

weld strength = 11, 000 psi

Capacity of Welded Connection = 0.875" x 2 x 0.0395 x

11,000 = 760 lb.

Loading of Welded Connection = 4.5" x 5 pll X 13.5" =

303.75 lb.

Rebound Capacity = 3~~?75 x 5 = 12.43 psi

Bolting of Rib to Post

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

Bolt Load Capacity = 0.11 x 33,000 = 3,644 lbs

Loading = 27 x 13.5 x 5 = 1,822. lbs

. Rebound Caeaci,ty = 2 x 3,644
1,82.2. x 5 = 20 psi
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C.l.6 Corrus.ated Decking

nJ.2.
M= 8

2.= 40 x U.S
8 = 911 in-lbs/in.

S = 0.017 in3 /in (Manufacturers data)

Yield Stress = 80,000 psi (Manufacturers data)

a = M = 911 =
5 0.01'1

53,600 psi

Pressure Capacity

C.1.7 Trench Support

80,000= 53,600 x 40 = 60 psi

The principles of trench support capacity have been dis­

cussed in detail in Section 3.2.2. Using thes.'! principles, th.e required

shear strength of the footing rock material is

T = L
1I'd

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

T > 3,512 =
711' 160 pBi

(or p > 7.4 T = Jl84 pBi)

C-9



C. 1.8 Roof Stud

..& ----- 5{*----
Assuming that the footing box has no tensile resistance,

then the roof stud carries a horizontal reaction due to rebound.

R = 27 78 x 5 = 5,265 lb.s xT

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 l-1/8</) bolt, the capacity isa minimum of 15,000 Ib:-(See Section 3.2..2..)

The section of the stud below the roo! bearing plate

tightening nut (maximum 1.6") is subjected to a bending m.oment

Hence

5, "65 x ~ = 4 "1"· lbw &. ,w w In. 8.

(1=
M 4,212=
-S- 0.098 d3

4,212

0.098 x 1.1253
= 30,185

stud proof stress = 75,000 psi

rebounc.. .:apacity = 75,000 x 5 =
30,185

C-IO
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C.l.9 Front Post (4" x 8" x 1/4" rectangular tubing,
A500 steel)

Assume rail load is uniform

w = 40 x 27 = 1,080 lbs/in.

M =
wp2

= 1,080 x 542
393,660 in. lbs.-r 8 =

(1= M 393,660 35,600 psi~= 11.06 =

The post has 46,000 psi yield, hence

Pre8Su:e Capacity = :t:~gg x 40 = 52 psi

Deflection
6 5 WJ.

4
= :384 ""EI

5 40 x 544
x 27

X : 0.1"384 630 x 10 x 45

c.1. Liner Plate Arch (see Figure D. 3 )

The passage time of the pre88ur~ 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 de sign procedure for arche s subjected to this type of loading

has been employed (see Reference 2).

Main Arch Components

1.4" wide, 5 ga Liner Plates

(Commercial Shearing)

6WF20 Ribs

6M 16.3 Channel Endpost

C-ll



= 20

Compreasion
Mode

u

"t

t • jPf1 Pf

Flexural iMode 'II' CdPd

I
L = 20 1 .. I.. t

L SL
1U "ZU

p = static shock
/ 8 pressure

17'------..,/ Pd = dynamic
....----- / pressure

/
C:drag

/ d coefficient

~
.~

9= 370 = 0.647 rad.

Liner Plate Arc" _ Definition of Loadings (2)

Figure C.2
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C.2.1 Computation of De sign Pulse s

(0 5 + 9) 1.0•5 + 0.~47) ZO 14 1 .Pfm = • iT Pso:: \' x:: • pSI

U :: (

6 ) l/ZPso
1.1Z0 it/sec x 1 + 103 :: 1.650 ft/sec.

L
ZU

ZO:. =3.300
0.006 sec :: 6 msec

For Pso ::

value of Pf

The peak dynamic pressure is strictly a function

ZO psi. (Pd\ :: 8 (see Figure 7.Z. reference Z).
SL max

at t ="ia' should be something less than

of P .so
The

9x-x
11'

:: drag coefficient ::::: 0.4

0.6466= 8 x ...;.;.;;~.;;;. x 0.4 =
11'

0.66

nence. Pf looks like

Since we know little about the preSSl\re time pulse, we will con­

servatively assume the following for p •
c
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fl
CfSi)

2.0-__---------------

C.Z.Z Response to Pfm

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

Length = R9 = 17 x 0.6466 = 11' = 13Z"

correction for crown displacement.

I Z
C = \0.1466) + 1. 5

Z
(o.li6o) - 1.0

= 1.11

Bending Section Properties

4 - 6WFZO ribs + 3 5 ga liner plates

r = 4 x 41.7 + 3 x 1.668 = 171.8 in. 4

A= 4 x 5.90 + 3 x 6.10 = 41.9 in. 3

S::: 171.8 _
55 in. 3

J:"in -
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Natural Period (Bear.'l Bending)

= (132)2 I 0.29 x 41.9
1.11 x 2 x - - x V 6

~ 30 x 10 x 171.8 x 386

= 0.0303 sec = 30.3 msec

Assume the idealized load time curve

t{m6U)

Referring to Figure 43

- 1

The maximum resisting moment, Mp ' available in bending is computed
from the section propertie s of the rib_
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T

for each 6WF20 rib

t f = 3/8"

t = 1/4"w

h = 6-1/4"

w = 6"

CJ (dynamic) = 36,000 x 1.2 = 43,200 pei
y

Mp = 689,000 in. lbe.

The uniform pre S8ure equivalent to this moment is

= 4xMx8

HLZ
= ....::.4...;x~6;..;;8;,.:;9.,0;;.;0;..;;0~x~8- = 16.4 psi

77 x (132)2
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Referring again to Figure 43

:; (equiValOnt to ~) " :::~" 1.16

Hence

Ym :: 1.5
Yel

5
Yel ;: 3B4

5 14.1 x 1324 ~ 77
~ x - - 0.83"
304 30 x 106 x 171.8 -

Total maximum arch defl.ecti04 = 1.5 x 0.83 = 1.24"

Maximum seal deflection capacity = 3.00"

Maximum eatimated abutment deflection = 0.25"

Maximum allowable arch deflection = 2.75 ",
Ymor- ::
Yel

3• .31

From Figure 43

or

flexural pre88ure capacity

C.2.3 Response to Pc

16.4= =o:T 20.5 pai

Natural Period in Compression

= 21r JO.28 P7 x 12)2 =
386 x 30 x 106

C-17
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referring to Figure 43

t
r =""r

6 ::D 0.95

for elastic de sign, yn"lyel:: 1

hence we design for a static pre uure of 20 x 1.1 = 22p.i

Stability (See Reference 13)

El

30 x 10
6

x 171.8 (11'2 ~= - 1 :: 195 p.i
(1 - 0.32) x (17 x 12)3 x 77 0.6472

Axial Load. - At the wall

a= 22 x 17 x 12 x 77= =41.9 8,250 pal

pressure capacity 36,000
:: ""'B",Z50 x 22 = 96 p.i

Reaction Load = 8,250 x W = 4,489 lb/in.
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Axial Load. - Center Section

Moments about A

~..

4489 Pm x 38 x (39 + 19)

Pm = 6.037 lbs/in.

FC"rce Balance

F + Pm x 38 = 4.489 x 77

FA = 116.Z50

CIA = 116,Z50 ::: 19.700 psi
5.90

Prea.ure Capacity = 36.000 x ZZ ::: 40.Z pai
19.700

C.Z.4 Anchorage

Axial Load 4.489 lb/in.

width of abutment base - ZO" min.
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•

Steel
(Ref)

,

/

•
• Concrete

•
•

.,

•
•

•

/

COAL

......
---,

Fiaure C,3 - Arch Abutment·
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From the analysis presented in Section 3.2.2.3, with

p: 4489 Ibsfn

r = 8" + d

W 1I 6 11

(see Figure C.3)

d = w
a + lIZ sin 20' = 6

• 93 + 1/2 x .96 = 4.25"

P 1
0". X -
max a + 1/2 sin 20' r

= 4,489 x
1.41

1
8 + 4.25

: 259 psi

(This compares to a minimum expected coal

compressive strength of 500 psi)

F.S. = 500
259

1I 1.92

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

C. 3. 1 Channel Sections (see Figure C.4a)

Top and bottom reactions

ZR1 = 480 x 77

R
1

;: 18,480 lbs

C -21



IT
li

9

" ..
<D

-R 1

19"

58 "

39" 40 psi x 12"

• 480 lbs/in

<a) 12" Channel Sections

I

~.5"
~ 40 psi X 36 11

= 1440 tbs lin

(b) 36" Door Saction

Figure C.4 - Bending Moments and Bolt Loads in Channel­
Turnbuckle Sections
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Bolt Load (F2)

39 F 2 + 480 x (58}2/2. - 58R1 : 0

F 2 = 6782 Ibs

Contact Force (F1)

F 1 + R 1 - F 2 - 480 x 58 • 0

F 1 : 16.142 lbs

Bending Moments

Upper channel at top bolt ®

M = - 480 x (39)2/2 + 39 F 1 = 264.500 in lbs

Lower channel at bearing point of upper channel <D

M = 39 F 2 = 39 x 6782 = 264.500 in lbs

Maximum Bending Stress (Channel Material is AL 6061 ~T6

rT
y

= 35,000 psi)

Channel Properties

12" X 5" x 11.82 lbs/ft

Section modulus : 7.55 in3 = S

Stress =
M-.S

264. SOO =
7.55 35.033 psi (va. 35.000 psi)

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:
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J
F

s"

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

Ultimate Moment

2.
M : 12. x 0 35 x 1 + 0.65

fT • 2.y

M : 509.000

Ultimate Pressure Capacity

= 509,000 x 40 = 77 psi
2.64.500

Elastic Deilection - upper channel

42.
x 2. + 2. x T x O. 62.

6 = wx
2.4 EI

3 2. 3 F2. by
(1 -2.1 x +x)+6EIl
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where

w = 480 lbs,lin

b = 19"

1 = 58"

I 25.53 in4=
E = 10 x 106 psi

y = 58 - x

assume maximum deflection at mid height of the entry

x = 38.5" (y = 19.5)

o max = .24 + .07 = .31'1

C. 3. 2 Door Section (see Figure C. 4b)

R 1 = 3 x 18,480 = 55,440 lbe

R 1 x 31. 5 - F 2 x 14. 5 - 1440 x (31. 5)
2/2 = 0

F 2 = 7J , 168 lbs

F 1 = 61, 088 lbs

Critical Bending Moments

2M (x) = R 1 x - 1440 x /2

x measured up from the floor

mid door (x • 16")
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M = 55,440 x 16 - 1440 x (16)2/2 = 702,720 in-Ibs

top of door (x = 32 11 )

M = 55,440 x 32 - 1440 x (32)2/2 = 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 x 3.50 x 2 + (7 - .35) .21 = 4.06 in2

1 = 1/12 x .21 x 6.653 + 2 x 3.5 x .38 x (3.5 - .19)2

= 34.29 in
4

S:. 1/3. 5 = 9.80

Section (a)

2 x 4.06 x d = 3/8 x 36 (3.5 + .19 - d)

8.12 d = - 13.50 d + 49.82

d = 2.30"

I = 2 x 34.29 + 2 x 4.06 x (2.30)2 + 3/8 x 36 x (3.69 - 2.3)2

68.58 + 42.9S + 77.11 = 188.6S in
4

Sa = 188.65 = 31.49 in3
2.3+3. 69

C-26



Composite Door Sections

3/8" pI

/Y
ru. _=:~711
cr- ~

36" -------..1

(a) Full Section

d -;t==*=

x 3.5 11 X

4.72 Ib/ft

7" X 3.5 11 X
4.72 Ib/in (b) Partial Section at Middle uf Door

.38

7" .21.

(c) Propertie. of Channel

Fipre C. 6 - Comp!?site Door Sections
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Section (b)

4.06 d:: 3/8 x 1-1/4 x (3.38 - d)

4. 53 d:: 1. 58

d:: .35

I:: 2 x 34.29 + 2 x 4.06 x .352 + 2 x 3/8 x 1-1/4 x (3.38-.35)2

= 68. 58 + .99 + 8.60 = 78. 17 in4

78.17
3.50 + .35

:: 20.30 in3

Maximum bending stresses (IT
y

:: 35,000 psi)

at center of door

IT :: M ::
Sb

702. 720 :: 34,616 psi
20.30

at top of door

(I' :: M ::s;:-
1,036,800

31.49
:: 32,925 psi

at bottom of upper channel

(I' :: M ::s;- 1,058,400 :: 33 610 .
31.49 ,pSl

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 reboundvs. 40 psi overpressure, 3 channels

. per turnbuckle)

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

...
p

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

MP (x/a = •6) = •4

Bending stress

0" = 6 M

T
= 6 x.4 x 6, 930

(. 62)2

C-29
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i. e., plastic yielding will occur.

Consider ultimate plastic moment (M ) due to ultimate load P
u u

(distributed over 3611 )

rr t
Z

M = P X 3" = Y x 36"
u u 4

P
u

Z= 35 J 000 x • 6Z x 36
3 x 4 = 40.36Z lbs

(va. 6. 930 lbe)

Although localized plastic yielding occurs near the point of load

application, the ultimate load capacity far exceeds the applied load.

C. 3.4 Bolts

Channel sections

2 - 5/8 11 cp Grade '5 ~:(dts

Load capacity = 17, 170 lbe each

Total load capacity = 34,340 lbe

(va F 2 = 6,782 lbe)

Doo,. Section

F. S. =
34,340
6,782 = 5

6 - 7/8 11 cp grade 5 bolta

Load capacity = 35, 615 lbe,/bolt

Total Load capacity = 34,615 x 6 =

F. S. = 213,690
71,168 = 3.0

C-30
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C.3.5 Turnbuckles and Roof BoHs

Turnbuckles have a 20,000 lb proof (yield) load, and a

50,000 lb ultimate load. Based on the proof load.

Pressure capaclly
20,000= 18,480 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 bolt.

Pressure Capacity

Deformation

34,000
= 18,480 .. n psi

From the USBM data (Figure 16), extrapolating to our load

0max ::::: 0.25" x a:~~g = 0.33 in.
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C.4 Reinforced Concrete De sign (See Re£erencell)

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

and neglf'!ct the effect of compression steel on the ultimate moment

(M 1. Then,
u

~ .
0.59 pi )

M = ~ A f d Y
u sy £ 'c

where

A = area of steel = 0.44 in. 2 /ft (no. 6 bC".r f;)s

d = depth to steel ;; 15 11

fy = steel yield = 40,000 pal

f c I = concrete compressive strength = 4,000 psi

- = safety factor = 0.9

= steel ratio = 0.44
0.0024p 12 x 15 =

M = 0.9 x 0.44 x 40,000 x 15 (1 . 0.59 x 0.0024 x 40'OO~
u 4,000

= 234,000 in.lbs.

Pressure Capacity

from Figure 43

hence

Ym
-= 1.5
Yel

= 2 M
J f!

= Z 234.000 =
J x (72)2

30 psi
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The mid.pan deflection. re.ult. from pla.tic a. well a. ela.tic

deformation. an a.nount equal to 1.5 time. the .tatic ela~tic deflection

due to ZO p.i.



C.5 Shotcrete Arch

See Section C.Z for arch deeign analy.is technique aDd dimen.ions.

Bending

Vertical Section

M,.= . A f d ~ . 0.59 n)
• I Y f 'c

A. = 0.5 iD.Z/ft

fy
:: 100,000 pli (high Itre'1gth me.h)

p ::
0.5 :: .0528 x 12

f ' = 5,000 pal
c

, = 0.9

Mu = 338."00 in. Ib./ft
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_ 2 M
Pre uure Capacity - 3 tz

from C.Z

= Z 338,400
'3 x (13Z)2 = 13 psi

13 =iTI 0.9Z

A.lurr.e that due to ita masl' the shotcrete structure has a natural

period lIZ of that of the liner plate arch. Then, referring to Figure 43

and C.Z.Z

hence

Ym
- = 1.4
Yel

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

Compre s sion

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

design which is more than adequate in compression.
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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 whet'''1 the passage width it' 18 ft

or less and the height is between 5- J " and 6-1/Z feet.

Step Z - 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
Z 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 channels etc.

Step 3 - At the selecte~ passage location drill the hole pat.tern in the

- roof appropriate to the passage width (Figure D.l).

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.

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 pluB , to 9 inches, i.e. 17' 6" + 3" etc.
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For 1-1/4". For 3/4", Forb~rtV4".
bolts bolts

I I
I I I'

I I 0
0

II 17'3'
I o I I

I 0 I 0 0 I
I o I

3'
I I Roof.

0
I ChannelsI

I 0 I 0 0

I o I
3'I 16'I

I
o I

15'

I o I 0 0

I
I 0

I
.

I 3'
0 II

I 0 I
0 0

I I
I :fEzu Typ. 3'I
I
I 0 I • 0

15"

3' + 6"-
Roof Bolt Hole Pattern for Channel Turnbuckle Design

Figure 0.1
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Step 6 • Loosely attach the appropriate nUInber of roof channels at the

selected location across the roof using 3/4 diameter roof bolts and

mount plate s.

Step 7 - Install the forward and aft 1-1/1. diameter roof bolts. turn­

buckle mounts and turnbuckle s into the roof. Auemble 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 bolts.

Step 9 - Install the appropriate nUInber of3 ft and 1 ft footing boxes in

the floor trench. Vertically align the footing box mount face to corre­

spond with the forward fGce of the roo! channels.

Step 10 - Loosely assemble the a.ppropriate nUInber (passage width less

3) of upper facing chAnnels to lower facing channels using 5/8 diameter

bolts and bearirg plate s.

Step 11 - Loosely install each facing channel assembly to the footing

boxes and the roof channel using lIZ diameter bolts and eyebolts.

Leave a 3 ft gap in the bulkhead centre for the door assembly.

Step J.l. - Install the door mount plate to the footing boxe s and the

adjacent facing channels using l/Z. 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 flange. with l/Z diameter bolts.

0.3



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 sp:\ce between the roof channel and the roof by a

minimum of2 inches then route the remaining flashing forward.

Step 16 • Fully tightan 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.

~ep 18 - Tighten the forward and rear turnbuckle s uutil the roof channel

is in firm contact with the roof. Tighten the roof 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 flanges 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 strncture with Throkol

Sealant.

Step 23 • Attach flashing at sides and roof forward of the bulkhead to

the passageway with suitable spads.

Step 24 - Apply frothed urethane foam to f~l the full length spa<.e

by the passage wall the flashing and the bulkhead edge on both sideD

of the bulkhead. Apply frothed foam to the rear !lortion of the roof

channel so that all the voids between the roof and the channel are

filled. Apply s1uficicnt foam in this region to travel through to the

flashing whereve'C" possible.
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Step ZS - Fill the space s between the footing boxe s and the trench with

concrete.
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2. Truss Bulkhead

Step 1 - Select a location in the passageway that has a dTy 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 16" 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 poHt 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

r")of stud and drill a 1-1/2 diameter hole to a minimum depth of 6 in.

in the roof. Assemble a bearing ·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 approprJ.ate number of footing boxes, spaced 27 in.

on ce':1tre s in both tl'enche s.

Step 6 - Aesemble 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 asstlmbly in the upTight 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 d;ameter x 6 in. min. deep at

this position. Extend tAl.e post slide, inserting the stud into the hole

until the bearing plate contacts th~ roof. Pin the slide in the highest

p088ible p08;tion using two 1 diameter bolts. Jack the bearing plate

into firm contact with the 1'00£ 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 bolts.

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 IS and 19-1/2 in. high decking assemblies.

Step 9 - Repeat step 4 at the secot'd wall.

Step 10 - Install a truss beam 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 nece s sary.

Step 11 - Attach the upper and l~wer decking sheets to each other using

self -tapping screws.

Step 12 - Attach the decking sheets 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 IS - Attach aluminum flashing to the top and bottom of the bulkhead

using suitc.ble length& 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 roofIfloor using spad s.

Step 16 - Attach 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.
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3. Arch Bulkhead Assembly Procedure

Step I - Select a location in the passageway where the walls are

structurally sound, where the floor is day, where the 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 appro,ximately 2 '6" wide such that the maximum passage width

is 23 ft.

Step 3 - Dig a curved trench in the passage floor to make tl'\e passage

height in this region between 6 19" and 7 ft. The curved trench 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

pie~eson 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 plate s.

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 lIZ liner plate. Attach plates to each other 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 assembl~ the door frame to the two door posts and

the floor rib using 1/2 diameter bolts.

Step 8 - Assemble the lowe r rear splice plate 8 to the door posts and

the floor rib using 7/8 d~eter bolts.
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Step 9 - A8lIembie the second rib course comprising four 54 in. ribs

to the top of the liner plates using 5/8 diameter bolts. Splice these

ribs at the wall using 8-hole splicf! plates front and rear. at their

junction using 12-hole splice plates and at the door posts using the

door 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 plate s comprising six full

liner plates and one special liner plate above the door using 5/8 diameter

bolts.

Step 12 - Loosely assemble the third ribcomprlslng four 54 in. ribs

and one 36 in. rib and splice together using splice plate sand 7/8

diamete r bolt s.

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.

Ste.E.J1 - Draw the full bulkhead together horizontally by fully tightening

all the 5/8 diameter bolts at vertical poet junction except those at the

wall posts.

Step 16 - Fully tighten 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 s:?!ice plates and
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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 lIZ diameter bolts around the door frame.

SteJll'19 - Fully tighten all the 7/8 diameter bolts on all the splice

plates except those at the wall post.a.

Ste.p 2Q. - Form the steel rod cages around each wall channel using 13

loops and 5 vertical rods per side using wire.

Step Zl - Insert steel flashing between the wall channels and the liner

plate s and the ribs and the wall splice plate s on both side s of both wall

posts.

Step ZZ Tighten all remaining bolts at the wall posts.

Step Z3 - 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 ill filled with cc~crete.

Step Z4 - When concrete is set re~.nove the spacing blocks from beneath

bulkhead.

Step ZS - ~ .' _~ aluminum flasbing into area between bulkhead and roof/

floor and then route it forward and atta.::h it to the roof/floor using

suitable spads.

Step 26 - Fill areas defined by aluminum flashing. roof/floor and rib

with frothed ur~tha1'J.e foam.
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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.
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