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COAL MINING TECHNIQUES IN THE FEDERAL REPUBLIC
OF GERMANY -1971

by

Ernest A. Curth 1

ABSTRACT

A 3-month study in 1971 of the Essen Roof Support and Rock Mechanics
Research Center's program of roof and support evaluation included 25 mine
trips. German miners must adopt mining methods and environmental control mea-
sures involving methane drainage and water infusion to improve productivity
under severe natural conditions. Pressing problems in ground control must be
solved such as cavities in front and above the supports at longwall faces and
excessive convergence in gate roads. The Center developed automatic data pro-
cessing methods to quantify the results of roof and support surveys and to
establish criteria. Another approach to ground control is the study of mine
models. The Center IS laboratory has the facilities to test elements of
powered roof support and whole assembled units. Face automation and roof con-
trol by powered shields are novel developments that are under close scrutiny
in the field as well as in the laboratory. Though the Essen Center IS roof and
support evaluation techniques are tailored to the needs of the coal mining
industry of the Federal Republic of Germany under conditions vastly different
from those in the United States, some application may be found here, for
instance, monitoring faces and roadways and preventive maintenance of hydrau-
lic systems.

INTRODUC nON

The study included 25 mine trips and roof support evaluation techniques
developed by the Essen Research Center for Roof Support and Rock Mechanics.
Twenty-four longwall faces were visited in coalbeds ranging from 31 to 100
inches in thickness and pitching from 20 to 450. The appendix lists opera-
tional data and other essential information from 23 faces with. powered support.
Twenty-one faces were operated by the caving method and pneumatic stowage was
practiced at two faces. Hookplows or similar designs were used in 13 faces.
The "Gleithobel," a novel plow design, served one face. Eight faces were
equipped with ranging double drum shearers, and one face in France was
equipped with a bidirectional fixed drum shearer. The roof was supported by
self-advancing double frame units at 16 faces, two of which were mined with
pneumatic stowage by a novel automatic side outlet system and' were using

i Mining engineer.
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supports with extra long rear canopies to protect the stowage outlets in the
back field. Triple frames were used at three faces with a pitch up to 450.
One rare combination consisted of chocks wi th a p low face. Self -advancing
double chocks supported two longwalls and powered shields were installed at
one face. Another face was served by double 5-leg chocks where the fifth or
front jacks are combined with extensible forepoling bars and roof plates to
bring support capacity close to the face where it is needed most. Prop yield
ranged from 44 to 110 tons.

The coal mines visited were located in three basins, the Ruhr district,
the Aachen basin, and the Saar-Lorraine field (figs. 1, 2, and 3).

German miners must meet adversities such as tectonically disturbed and
pitching strata and interaction between coalbeds at close intervals. Panels
are limited in length because of faults or the difficulties of keeping the
roads open. The great depths where face operations take place and which aver-
age 2,700 ft cause severe environmental problems. Climatic discomfort saps
the miners' physical ability to produce and often imposes a statutory working
time of 6 hours. New shafts that would relieve ventilation and transportation
problems are expensive to sink on account of depth and water-bearing strata
atop the Carboniferous. Reject percentage is high and extensive cleaning
facilities are required to prepare a marketable product.

A glance at the mine operations sheets reveals figures that catch the eye
of the U.S. visitors (table 1). Absence figures of 30 percent and more are
camon because workers enjoy benefits such as 4-week paid vacations and wage
continuity in case of illness. The large number of employees on the payroll
indicates that productivity per man-shift of 3.2 to 7.3 tons of clean coal is
low compared with U.S. figures, but it is still the highest in Europe. Spa-
cious we ll-kept bath houses accommodate the numerous employees, many of them
from foreign lands, and are a part of mine surface structures that often are
impressive monuments of architecture (fig. 4).

The Bureau of Mines initiated the study of German ground control tech-
nology in an effort to go along with the recent trend towards longwall mining
in the United States and to develop more competence in longwall roof control.
Though the Essen Research Center's roof and support evaluation program is
designed to satisfy the needs of an industry under vastly different condi-
tions, some application of the program to U.S. conditions may be possible in
such areas as monitoring faces and roadways and preventive maintenance of
hydraulic systems.
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FIGURE 1. - Map of the Federal Republic of Germany.
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FIGURE 4. . Mine surface structures.
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MINE TRIPS AND VISITS TO PLANTS AND RESEARCH CENTERS

Twenty-four longwall faces were studied in 22 mines of the German Ruhr,
Aachen, Saar, and the French Lorraine districts (figs. 1,2, and 3):

Mine
RUHR DISTRICT

Auguste Victoria.... .... ......... ......... ................

Westerholt-Bergmannsglück.. . , .............. ..,.......,....
Zollverein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . " . .. . . . . . "
Walsum. . .. . . . . ... . . . . . . ... .. . . .. . . . . . . . ... .. . .. .. .... . ....

Pattberg. . . . . . . . . .. ......................................

Rheinpreussen. . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . .
Nordstern (2 longwa11s)...................................
Friedrich der Grosse.. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .
Victor-Ickern. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... .
Prosper 3 (1 longwall, 2 gate road studies).. .............Erin..................................................... .
Jacobi/Franz Haniel................~......................
Grimberg 3/4..............................................
Prosper 4.. . .. .. . . . . .. . . . .. . . . . . . . . . . . . . .. . . . .. . . . . . . . " ..
Minister Achenbach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ; . . . . .
Polsum shaft of Westerholt-Ber manns lück roof stud

AACHEN DISTRICT
Sophia Jacoba. . . . . . . .. . . . . . .. . . . .. . . . . . .. " . " .. . . . . . .. " .
Anna..................................................... .

SAAR DISTRICT
Reden. . ...... . .. ... .... .. ... .. . .... .., .. .. . ..... .. .. . .. ...

Ensdorf.. . . . . . . . . . . . . . . . . . .. . . . . . .. .. . .. .. . .. .. . . . . . . . . . ..
Göttelborn 2 lon walls ..................................

LORRAINE. FRANCE
Marienau. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Plants of six mine equipment manufacturers were seen:

Plant name

G. E. Westfalia...........................
Klöckner-Ferromatik (including Beien).....
Hemscheidt. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . "
Rheinstahl. ...............................
Becorit-Gullick. . . . . . . . . . . . . . . . . . . . . . . . . "
Gebr. Eickhoff............................

I City

Marl.
Westerholt.
Essen -S toppenberg.
Walsum.
Kamp Lintfort.
Rheinkamp.
Ge lsenkirchen.

Herne.
Castrop-Rauxe1.
Bottrop.
Castrop-Rauxe1.
Bottrop.
Bergkamen.
Bottrop.
Brambauer.
Polsum.

Hückelhoven.
Alsdorf.

Reden.
Ensdorf.
Göttelborn.

I Marienau.

City

Altlunen.
Cas trop -Rauxe 1.
Wuppertal.
Wanheim.
Recklingshausen.
Bochum.
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Research facilities at the following centers were visited:

Facility name City

Mining Research Co. of the Steinhohlenbergbauverein:

Roof Support and Rock Mechanics. . . . . . . . . . . . . . . . . . . .
Dust and Silicosis.................................
Ventilation and Gas Drainage.......................
Mining Techno logy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mine Rescue Center......................... . . . . . . . . . .
Experimental Mine Tremonia...........................

Essen-Kray.

Essen-Kray.
Dortmund.

COAL BASINS VISITED

Most of the Ruhr district mines are operated by giant Ruhrkohle AG,
some by Eschwei ler Bergwerksverein and one, Auguste Victoria, by BASF

(Badische Anilin and Soda Fabrik). The annual production of the district
approximated 100 million tons of utility, byproduct, and anthracite type coal
in 1971 (~).2 The most valuable coal of byproduct quality occurs within the
"Fat" coal group that is also the richest coal-bearing strata with 63 ft of
coal or 3 percent of a total of 2,100 ft. Coal of this group liberates much
gas and is friable and dusty.

The consolidation of coal properties through the Ruhr district by the
formation of Ruhrkohle AG in 1968 allowed selection of the more promising coal-
beds. Areas with tectonic disturbances and steeply pitching strata were wi th-
drawn from production and this trend is continuing. Now the share of produc-
tion from coalbeds with less than 180 of pitch amounts to 75 percent of the
totaL

All mines of the Aachen basin except the Sophia Jacoba Mine are operated
by the Eschweiler Bergwerksverein. The annual production of the distric t
amounted to 7.5 million tons in 1971. Most of the mined coal is of bypruduct
quality or anthracite.

The Saar basin continues to the south into Lorraine on French soil.
Except for one privately owned operation, the mines are operated by the gov-
ernment under the name of Saarbergwerke AG and produce approximately 12 mil-
lion tons of coal of both byproduct and steam coal quality.

MINE OPERATION

Most German coal mines were developed vertically in rock by blind shafts
or rock slopes, laterals, and cross-measure tunnels. But recently about
20 percent of the total production comes from mines that are developed within
the coalbeds by bottom roads from which the gate roads are advanced (1£).
This type of mine development follows the example of the U. S. and British

2Underlined numbers in parentheses refer to items in the list of references

preceding the appendix.
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industries and saves the high cost of excavating in rock but is limited to
flat-lying coalbeds with little tectonic disturbance.

More than 40 percent of the coal from 400 odd mechanized faces was pro-
duced in advancing longwall faces with single tail and main gate roads in 1969

(1). The system allows more positive gas control by drainage. The ribs of
the gate roads next to the longwalls are mostly secured by double rows of
cribbing and more recently by concretelike "blitzdamer" or anhydrite packs.
Retreat mining which yields less than 30 percent of the coal produced from
mechanized faces involves costly entry driving, but offers advantages such as
reconnaissance of the coalbed prior to mining, cooling, and degassing of the
strata about the road, and separation of entry advance work from the face pro-
duction with alleviation of the inherent dust problem. The Z-system is a com-
promise approach that is quite often adopted. It is a method with one gate
road developed prior to mining and the other driven with the advancing long-
wall face.

Surface subsidence considerations impose mining by stowage that involves
the logistics of transporting the stowage material, mostly washer refuse, to
the use locations and installing and operating expensive facilities (appendix,
faces Nos. 7 and 20). The share of production from faces mined with pneumatic
stowage declined to 13 percent of the total in 1969 (1).

The majority of gate roads are advanced by blasting with millisecond
delay detonators and 50 to 60 holes per round drilled to a depth of 10 ft.
The muck is loaded by slushers or side dump loaders into conveyors. Most gate
roads are kept ahead of the advancing longwall faces by 50 to 150 ft. Only a
few continuous miners and entry driving machines are used in Germany to drive
roadways for retreat mining.

Most roadways are supported by yielding arches. Roadways with trapezoi-
dal cross section are supported by steel sets and reinforced by center posts.
Ring or elliptic shape supports are used where floor heave destroys any other
type of support. Installation of supports on shorter centers is more effec-
tive in controlling ground stress than heavier steel shapes. Load-bearing
capacity of roof support in roadways should not be less than 1.5 tons/fe of
the roof area (~). Support by roof bolting has not found much application and,
owing to the hardness of the strata, more stopers than rotary bolting machines
are used (li). Bolts are installed in a radial pattern on 30- to 40-inch
centers crosswise and lengthwise. They usually are 7/8 inch in diameter, 6 to
7 ft long, resin-anchored over the full length and combined with steel straps
or channels and posts. In France, roof bolts are used more frequently than in
Germany. The French mine inspection authorities require simple sag measuring
stations to be installed with the roof bolts at 50-ft intervals. The measur-
ing arrangement consists of a wood plug with a wire attached to it. The plug
is pushed into a borehole to a depth of about 7 ft and the wire is stretched
by a weight. Sag of the strata below the plug can then be measured.

By necessity roads must be driven with large cross-sectional areas of
100 to 200 ft2 to conduct the venti lation current and to accommodate auxiliary
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vent tubes for the road head ventilation, a monorail, pumps, control staions,
conveyors, and water or rock dust barriers (fig. 5). The roads must be kept
open by taking bottom and retimbering if excessive convergence by roof sag and
bottom heave takes place. Many roads are used twice and then require a great
deal of maintenance.

In many mines, mine cars of 1- to 5-ton capacity are still hoisted to the
surface in multidecked cages. But the trend is toward skip hoisting. The
most modern installation is the skip hoist at Haus Aden Mine with a payload
of 30 tons per skip. Also the tendency is to rep lace main line track haulage
by main line belt conveyors and underground storage bunkers near the skip
shafts. Traction for track haulage is provided by diesel and battery units
and some compres sed air locomotives. Hau lage by tro lley locomotives is sub-
ject to severe statutory restrictions and limited to rock tunnels remote from
any coalbeds. One fully automated track haulage system is in operation.

:'.;;¡:~-..;'...:.: c;, '-,....~

Ovenilube

Conveyor~=~ B
Monoroil~

. '.,fØ..' ':

15 fl
A

17ft

B

FIGURE 5. - Main gate road cross sections: A, Support
by arches; and B, roof-bolted road near
face end.

Stage loaders and belt
conveyors carry the coal
from the faces over be 1 t
slopes to mine car-loading
stations, some of which are
automatic, or to blind
shafts where the produc t is
lowered to the haulage level
through spiral chutes and
then dumped into mine cars.
Floor heaves and grades pro-
hibit the use of tracked or
rubber-tired vehic les for
supply and man transporta-
tion in most mines. Instead
supplies are hauled to the
faces by monorails with rope
haul. Diese 1 locomotive-
pulled monorails are used in
some mines (appendix, face
No.4). Another type of
supply transportation is
rope -hauled vehic les on

special easy-to-install
track (appendix, face
No.6) .

Men are transported by
locomotive-pulled, covered
man trip cars that shuttle
between shafts and work
areas on a time schedule.
Shifts are staggered and
workmen are coming and going
all day. Riding belts is
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permitted at many mines where provisions are made for such items as illumi-
nated man trip platforms with railings; reduced belt speed; emergency stop
cables along the belt line in easy reach of the rider; warning signs; adequate
clearance; and baskets to catch a person and stop the belt, should he pass the
platform without getting off. Traveltime to and from the faces takes as much
as 2 hours per round trip in many mines because of the time involved in moving
so many men through shafts and blind shafts.

Most mines have traffic display panels where lights indicate the movement
of traffic so that the dispatcher can direct the entire mine traffic from his
control booth at the shaft bottom.

More than 70 percent of all mines in Germany have mine control centers at
the surface where such data as equipment running time, empty and loaded cars
at loading points, air velocity, CH4 and CO concentrations at critical loca-
tions are collected and transmitted for readout (1, 11). The average center
has 200 channels for data transmission. Proper function of each electric cir-
cuit, the pump stations, and loading and discharge of the storage bunkers can
be monitored also. Some centers are equipped for remote control of pump sta-
tions, belt conveyor lines, and coal storage bunkers.

Approximately 80 percent of the mechanically mined coal in Germany is
produced by p lows and the balance by shearers. Plows are preferred because
the equipment is simple, the product is coarser, and operation is not as dusty
as with shearers. High-speed or "overtake speed" p lowing at plow speeds of
300 to 400 ft/min wi th conveyor speeds of 100 to 300 ft/min is the plowing
technique most frequently used in German mines (30). This technique was devel-
oped to put an even load on the conveyor and improve the production potential
of the system. Two and three speed plows and conveyor drives are available to
permit a number of combinations for the best result.

Most plows are of the hook plow type with the plow chain guided at the
gob side of the conveyor. A novel development for improved horizon control is
the "Gleithobel," a plow with ramp plate guidance and with the plow chain con-
cealed under the ramp plates along the face side of the conveyor. Horizon
control is provided by hydraulic lifts that are mounted to the gob side of the
conveyor and can tilt the panline to lift or drop the plow. In-situ plowabil-
ity of a coalbed can be assessed either by a penetrometer or by measuring the
impact of a rebound instrument, the "Schmidt" hammer.

Shearers are used in firm coal that does not lend itself to be plowed and
in coalbeds thicker than 6 ft. The shearer operation also offers better hori-
zon control where the floor rock is soft. The shearers at modern German faces
are ranging double-spiral drum types that cut 24- to 28-inch webs and are oper-
ated with 1,000 volts. An operator-carried radio command set is widely used
for remote control of the machine. The one-web-back method accomplishes sup-
port of the exposed roof as quickly as possible. The powered support is
advanced immediately after the shearer has paseed. The conveyor is then
snaked over, and to make room for it, the shearer track must be cleaned
quickly (fig. 6).
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FIGURE 6. - Roof support at shearer face.

The fo 1 lowing face cleaning sys tems are in us e:

1. Small shuttle plows traveling along the face and being pulled by
chains (appendix, face Nos. 6, 10, 17, 22).

2. Regular hook plows that cut out the bottom part of the coalbed and
turn the coal up onto the conveyor (appendix, face Nos. 18 -19) .

3. Cowls with shaped ramp p 1ates of the Walsum system that guide the
coal from the face onto the conveyor without using any moving parts (appendix,
face No.4).

Single, double, and triple chain-armored face conveyors are in use. The
conveyors are anchored by stations that must be of very strong design where
faces are pitching steeply (appendix, face Nos. 12, 21), In-face anchorage
has been developed in an effort to supplement the usual anchor stations at
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the face ends. It consists of a number of hydraulic rams, about five, that
are distributed along the face, chained to the conveyor at one end and fas-
tened to support unit bases at the other end (appendix, face Nos. 1, 16, 21).

Machine stables are eliminated in many modern high-production faces. The
conveyor and plow drives with the powered anchor stations must then be placed
into the gate roads. Where faces are equipped with ranging double-drum shear-
ers, either of two techniques, the one-half face or the end-loop method, are
applied to cut out the face end corners and to sump into the new cut.

Tubing for the auxiliary road head ventilation, 28 to 32 inches in diam-
eter, and a monorail to take supp 1 ies to the road head add to the conges tion
at the face ends. Ground stresses build up at these critical locations.
Abutment forces along the face combine with those along the road and impose a
heavy load on a road support that is already weakened by removal of legs or
arch segments while the longwall face passes through. Single hydraulic jacks
substitute for the removed rib support and rows of jacks with Vanwersch bars
reinforce the roof of the area about the face ends. Vanwersch-VW -bars are
steel bars with serrated flanges to engage the prop head and thus keep the
props from sliding away. They come in 32- to 49-inch lengths and can be
joined together to form a continuous beam.

POWERED ROOF SUPPORT

Only about 40 percent of the 1970 production originated from faces sup-
ported by powered units (2). Obstacles to mechanization are poor control of a
roof that tends to cave in front and above the supports and unreliability of
of the support under such loads. Even now roof control of 20 percent of the
faces with powered supports is inadequate insofar as cavities occupy more than
30 percent of the roof area. A longwall with such severe roof problems is no
more efficient than a face supported by single props. This indicates the mag-
nitude of the risk German mine operators take when they introduce powered sup-
ports and why quite often they are hesitant to make a decision. To minimize
the risk, only coalbeds with known good and uniform conditions are usually
selected for mechanization. A daily face advance of not less than 10 to 15 ft
should pay for the costly investment.

Most powered supports in Germany are of the double frame 4-prop self-
advancing type that are not affected by relative movement or l'breathing" of
the conveyor while the plow passes by. Some triple frames are used in coal-
beds higher than 7 ft and pitching more than 200 because of better stability.
Chocks, and recently shields, are commonly used with shearers. A few plow
faces with roof support by chocks are the exception.

The statutory minimum support capacity A for caving longwall is calcu-
lated by the following formula in coalbeds under 180 of .pitch (20):

A 1. 6 X 2 X 2.5 M Mp /~ ,

A 8 M Mp/m2 ,
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where Mp/m2 Megapond per squaremeter (1 Megapond
1 metric ton),

the force exerted by

M thickness of coalbed in meters,

2.5 specific gravity of rock in Mp/m3 (Megapond per cubic meter),

1.6 is a safety fac tor,

and the factor 2 allows for caving of the roof strata to a height of twice
the thickness of the coalbed.

This formula reads in the British system:

A = 0.24 M toni sq ft,

where M = thickness of coalbed in feet.

For instance, if a coalbed is 6 ft high, the statutory support capacity
must be not less than

A = 0.24 X 6 = 1.44 tons/sq ft.

The support capaci ty in tons/ sq ft of a powered unit is calculated by,

n X SA = (L + e) tons/sq ft,c

where n number of props in a unit,

S setting load, tons per prop,

L length of canopy, ft,

e = roof exposed between canopy tips and face, ft,

and c uni t centers, ft,

The setting load S is a function of the hydraulic system pressure that
ranges between 2,000 and 4,000 psi. S varies from 50 percent to 85 percent of
the rated load to yield of a prop and is assumed to be 65 percent in most
calculations.

For instance, if a prop is rated to yield at 77 tons, and

SO.65 X 77 = 50 tons,

n = 4,

L 11.5 ft,
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e = 2 ft,

c = 4 ft,

the support capacity of a unit is,

4 X 50A = (11.5 + 2) X 4 = 3.7 tons/sq ft.

A support capacity of 2 to 3 tons/sq ft is considered to be adequate in
Germany, and Jacobi and others think that a higher capacity is not needed and
may be harmful in breaking weak shale (2).

The following is a synopsis of support capabilities:

Props

Single and double telescoping

Fully encapsulated or open construc tion

Retrac tion by weight, spring or hydraulically

Rated to yield at 44 to 110 tons

Load indicator attached to the control valve block (fig. 7)

Hydraulic lift 20 to 40 inches and more for coalbeds thicker than 7 ft

Extension above the range of hydraulic lift by mechanical or hydraulic
means: 10 to 24 inches

Centers: direction of face advance approximately 4 to 5 ft, normal to
advance 2.5 to 3 ft

Stabilization normal to the strata, allowing for a deviation of 100: by
spring arrangements, by hydraulically powered centering scissors, by a support
struc ture lined with rubber rings.

Floor structures

Foot plates for each prop or bases for two props of a frame

Spring-connected structures to provide capability of overcoming uneven
ground with up to 10-inch-high steps

Rigid bases for chocks



Nominal prop load

Indication of 40 Mp 60 Mp 100 Mpmarking pin

Pressure indication in Mp

0 0 0

10 15 22,5

20 30 45

30 45 67,'5

40 60 90

I Mp = 1.1 short tons

\arking pin

J¡iJI.-.)

FIGURE 7. - Piston gage.
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Canopies

Wid th 15 to 20 inches;
some chock canopies are 42
inches wide; the capabi li ty
to overcome roof steps and
cavi ties requires ti 1 ting of
200 to 28° in the direction
of the face and of 150 to
20° sideways relative to
prop; the capability is pro-
vided by spring attachments
and universal joints at the
prop heads

Front canti lever: 5 to
7.5 ft in length (prop cen-
ter to canopy tip)

Rear cantilever: 20 to
28 inches often with rock
deflector and flushing
shield; up to 6.5 ft long
for longwall faces with
pneumatic stowage

Struc tures : rigid --

strong support, but unfavor-
able roof contact (11);
single jointed--good roof
contact, but forward roof
control may ùe lost if the
joint forms a peak under a
large cavity; articulation
limited by a squeeze joint
that blocks peak formation,
but allows bending in the
opposite direction to have
more roof contact

Immediate Forward Support (IFS) designs that provide forward roof contact
and high tip load: upswept spring steel canopies; articulation by a joint
inby the front legs of a chock and a ram to swing and hold the front canti-
lever against the roof.

Shifting rams for double and triple frames

Advance steps 16 to 40 inches

Single floor rams
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Double floor rams one above the other

One floor and one top ram to provide stability of the unit in coalbeds
higher than 6 ft

Normally the canopy of the advancing frame is dropped; but special design
of the control valves provides for advancing while the canopies keep contact
with the roof or even under slight pressure

Method of shifting triple frames

The center frame advances a full step; the side frames follow

Conveyor shifting ram

Stroke 24 to 40 inches

Available with a stroke adjustment by increments of one-quarter of an
inch

Alinement of frames

Rods between units and conveyors

Ropes between foot plates and conveyor

Alinement of chocks

Provided by the shifting rams

Steering cylinders

Between props, also combined with top shifting rams

Between canopies of adj acent support uni ts in high coal

Controls

Always from adjacent units

Valve blocks are designed on the modular principle and equipped with the
yield pressure cartridge and a simple load indicator

Available also single lever control with "deadman" feature

Travel track

The safest travelway is the field between the front and rear props. How-
ever, the only path open for travel through some types of support is the front
track between thè front props and the conveyor. Crawling pans that permit
travel along the face are then provided in low coal.



19

Powered shields

Two operations with Hungarian shields and legs and hydraulics by a German
manufacturer were conducted in 7- and 8.5-ft coalbeds with very weak roof that
had posed severe difficulties to mining with single props and pneumatic stow-
age (appendix, face 10, and figure 8).

The canopy is joined to the breaker shield by a strong hinge pin. Two
props support the breaker shield at midheight and the breaker shield is hinged
to the 40-inch-high gob shield that is bolted to the stiff floor plate. A
conveyor carrier rests above the floor plate and a double acting shifting ram
is mounted between the gob shield and the conveyor carrier (fig. 9).

In the base position the canopy supports the roof directly at the face,
and the conveyor carrier is pushed against the face. Then the shearer removes
the upper bench of the coal. The shearer begins its run from the center of
the coal face and cuts towards one end at high speed. The shields are pulled
up to the face, one by one, as soon as the machine has passed. At the face
ends the machine reverses its motion and cuts now the bottom bench out.
Behind the shearer the rams push the conveyor carrier toward the face. A
shuttle plow cleans up the loose coal from the face and lifts it 16 inches
from the floor over the upper edge of the conveyor carrier into the conveyor.
The conveyor carrier should dip at an angle of 4.50 to the shield floor plate
in order to counter its tendency of climbing on top of the s lack coal while
being rammed to. the face.

A great advantage of shields compared with conventional powered roof sup-
port is their stability (10). It is a 3-jointed system that is kinematically
determinate and can easily advance with the canopy contacting the roof or even
under slight pressure. All other powered supports are 4-jointed kinematically
indeterminate sys tems and need holding springs or other devices to lend s ta-
bility to the structure. But the minimum open cross-sectional area of
50 sq ft in 8 ft working height severely limits ventilation, and high air
velocities will cause entrainment of respirable dust. Maximum open area is
only 72 sq ft.
Automatic operation

This type of operation is in the experimental stage at Monopol mine and
at the Essen Research Center IS laboratory. It is an air-over-hydraulic oper-
ation. Sensors with pneumatic cylinders are attached under the front canti-
levers. They keep contact with the face and initiate the advance of the frame
when needed. Keeping the jacks normal to the strata is another function per-
formed by the system. A pendulum controls the pneumatic part and, whenever
the jack deviates from the vertical position, the pendulum initiates correc-
tive action that is impressed on the hydraulic circuits feeding laterally
acting rams to return the prop to the original position. Advantages of an
automatic system are limitations of men exposure and roof support wi th minimum
delay by fractional steps of advance (11).

Mandatory tests

These tests are performed at a testing center maintained by the State
North Rhine Westfal len in Dortmund to satisfy regulations for the approval of
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steel or light metal elements of longwall face and entry supports. In such
tests, for instance, props that are extended to their ultimate length are
loaded centrically and excentrical ly. Also lateral forces are exerted and the
prop is subjected to a chock load in simulation of a mountain bump. The qual-
ity of the steel used in the different parts also is verified.

ME THE DRAINAGE

Methane emission severely limits production. German engineers calculate
the maximum allowable production Fv in tons of clean coal per day by the fol-
lowing formula (23):

6048
Fv "",

m b . w . cmax tid (1 t = 1.1 (short) tons),

n U' qCH 4

where m coalbed thickness in m (1 m = 3.28 ft),

b width of open longwall field in m,

w air velocity in mlsec (1 mlsec = 200 ft/min),

cm ax the maximum statutory methane concentration in percent,

n = number of working days per week,

u = a fluctuation factor,

and qCH 4 gas emission in m3 It (1 m3 It
coal.

32 cu ft/ (short) ton) of clean

The width b of the open longwall field is determined by roof conditions
and the type of support. The width averages 13.5 ft for powered supports.
The air velocity averages 400 ft/min, but may attain 800 ft/min and more in
some operations. However, 400 ftlmin is the threshold veloci ty above which
aerodynamic dust entrainment takes place. The maximum statutory gas concen-
tration, cm ax' has been 1 percent in Germany since 1900 and work in a concen-
tration of 1.5 percent may be permitted by special approval. Work in a con-
centration of 2 percent is permitted in France where gas control plans with
field instrumentation and transmission of data to a control center are in
effect.

The fluctuation factor u is the ratio maximum concentration to minimum
concentration in a week and ranges from 2 for 1 production shift per day to
1 for 3 production shifts per day.

The gas emission qc~ 4 affects production more than any other parameter.
Ventilation records of German mines show that gas emission varies with the
pitch of the strata, the coal rank, and the coal basin. Flat and moderately
pitching coal beds from 00 to 350 liberate more gas than the steeply pitching
beds. Coalbeds of the "fat" and "gas" group of medium rank emit more gas than
low-rank and anthracite coal and Aachen and Saar coalbeds liberate more gas
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than Ruhr coal of the highest emission. Approximately 320 cu ft/ton of clean
coal production is the emission average from flat and moderately pi tching "fat"
and "gas" coalbeds of the Ruhr, Aachen, and Saar basins.

For instance, the daily attainable output of clean coal from an operation
in a 5-ft-thick coalbed, with an open field of 13.5 ft, an air velocity of
400 ft/min, a gas emission of 320 cu ft/ton, a fluctuation factor of 1.5 and
with a mandatory maximum gas concentration of 1 percent on a 5-day week oper-
ating basis would be limited to

6048 . 1.5 . 4 . 2 1. 1.1 = 1,060 (short) tons,
5 . 1. 5 . 10

and to 1,590 tons if work in a gas concentration of 1.5 percent would be
approved.

Drainage is mostly practiced in advancing and Z-mining systems but seldom
in retreating longwalls. Figure 10 shows venti lation diagrams for advancing,
retreating, and Z-type longwalls (~). The drainage holes for advancing long-
walls are drilled from the gate roads behind the longwall face. For Z-systems,
the drainage holes are also drilled behind the face from the gate road that is
advanced with the face. Retreating longwall systems do not favor gas drainage.
Holes that were drilled from gate roads ahead of the face may be cut off by
the effect of mining when the face passes through. Drainage is feasible only
if a portion of the gate road can be kept open behind the face and if holes
can be drilled from there. Drainage holes are drilled in a pattern shown in
figure 11 at an angle of approximately 500 into the roof and sometimes into
the floor strata on 33- to 100-ft centers depending on the rate of face
advance and the speed of drilling (31). Rotary rigs drill holes of 120 mm

(4-3/4 inches) in diameter with roller bits. Percussion drills that fit into
the hole are used in the Saar basin. The holes are 130 to 200 ft long and it
takes approximately two shifts to complete a l70-ft hole. The drill cuttings
are usually flushed out with water, but if the holes are drilled dry, special

) .. . I( ~ ~ ..

4rainage .4rainage
holes holes

.. .. ..

Advancing longwall Retreating longwall

FIGURE 10. - Face ventilation diagram.

Z-system
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~ Face
advance

FIGURE 11. - Drainage holes placed from gate roads.

precautions must be taken on account of the ignition hazard.
ignition set off a fire that destroyed powered roof supports
longwall face.

Recently such an
for an entire

The holes are cased for 35 ft and the casings are fitted with rubber
packers to provide a gastight seal. Water traps are installed at the foot of
each borehole or at the lowest point of the system. They were developed by
the Experimental Gallery DERNE to operate by compressed air or simply by
gravity. Instrumentation to measure quantity of flow and CH4 concentration is
provided and the measurements are posted on a blackboard at the mouth of each
drainage borehole. A flowmeter is used to determine flow quantity. Inter-
ferometers measure the gas concentration. They are calibrated to indicate up
to 100 percent of CH4. Self-recording instruments are also used.

The gas-air mixture is conducted in large diameter pipelines to minimize
friction. Pipelines in gate roads are at least 12 inches in diameter and main
lines, some of which are 24 inches in diameter, carry the mixture to the sur-
face where blowers generate a negative pressure of up to 140 inches water gage

(WG). Some mines use shop built venturi tubes with a negative pressure of
70 inches WG. The lines are protected by flame barriers that consist of ves-
sels with 4-mr (S/32-inch) glass spheres deposite4 in a l6-inch-thick layer.
Flame barriers are also installed between the blower and the distribution net
or the flare that burns off the gas. Each flame barrier must be equipped with
fire quenching devices that can be initiated automatically. Two sets of
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instruments, flow and concentration meters, are mandatory to provide redun-
dancy for the surveillance of the mine gasline net. Calorimeters and thermo-
stats are also installed. The temperature of the gas introduced to the blow-

ers shall not exceed 1760 F. Gas from the gob is drained through 6-inch pipes
that are inserted into the bulkheads that seal these areas.

In 1970, 580 million m3 (20 billion cu ft) of CH4 was drained from German
coal mines and 55 percent of that amount was utilized as fuel. The balance
was burnt off by flares.

DUST CONTROL

Dust is allayed by water, but the constraint, that fine coal under 3/8-
inch size and containing more than 6 percent of water cannot be cleaned in the
usual dry preparation systems of the Ruhr district, imposes a limit on the
quantity of water added to the coal by infusion or sprays (1).

Water infused prior to mining most effectively pervades the coal and also
improves its plowability. Water infusion is mandatory in Germany (11).
Exemptions are approved if infusion is known to initiate such hazardous condi-
tions as coal rolling out from the face, strata movement, and floor softening.
Figure 12 is a diagram that shows the methods of water infusion. The diagram
is self-explanatory. The deep and far infusion methods are new developments.
The far infusion method involves daily drilling of one or two holes to the
depth of the weekly face advance and then water is infused to saturation.
Accordingly, the holes are placed in a staggered pattern and on centers
selected to complete the infusion of a face within a week (fig. 13).

The long..front infusion from gate roads eliminates interference of infu-
sion connected work with the face production. The method is applicable to
retreating and Z-type longwalls. Infusion pressures are kept lower than wi th
face infusion in order not to disturb the roof. The rate of infusion ranges
from 0.5 to 2 gal/min. Infusion is continued also on weekends until water
oozes from the face, usually when the hole is within 20 to 50 ft. Self-
recording flowreters monitor the water consumption. The daily rate or water
induction is calculated as follows:

1 percent of moisture in the coal corresponds to 0.075 gal/cu ft of
coal in situ,

daily advance (ft) X face length (ft) X coalbed thickness (ft)
X 0.075 = daily quantity of water (gal) infused to provide
1 percent of moisture,

daily water guantity (gal) infusion time (min),
pump output (gal/min)

for ins tance,

15 X 700 X 5 X 0.075 = 3,900 gal.

If pump output is 15 gal/min, the infusion time is 3,900/15 260 min.
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Near l=b+20inches
infusion (b daily advance)

a = (1.5 to 2) x I

From the Deep 1=40ft
face

infusion a = ( 1.5 to 2 ) x I

1= 5 x b

For I 0=( 1.5 to 2) x I
infusion ~ 1-- boreholes are

staggered and
placed daily

From the Long-front ~. 1=50 to 265ft
gate roads infusion a = 50 to 200ft

~a~

Roadway
From mine

1openings Pre - far Borehole I = distance to
outside the infusion ~ coalbed
coalbed

Coalbed

FIGURE 12. - Water infusion methods.

FIGURE 13. - Diagram of the far-infusion method.

Holes for near infusion
are drilled with hand-held
pneumatic coal drills.
Light carriage drills have
been developed for deep and
far infusion. Pneumatic
carriage~ounted drills of
5 to 6 hp, 2,600 lb of
thrust, and 190 rpm serve to
drill the holes from the
gate roads for long- front
infusion.

Augers are 1-3/4 inches
in diameter and come in
5-ft joints. The drill bits
are 2 and 1-25/32 inches.
The drill cuttings are
removed pneumatically.

Automatic hydraulic
packers serve as probes for
the infusion from the face.
High pressure water flowing
through an orifice inflates
the probe and holds it
securely in the hole. A
13-ft long safety hose is
coupled between the infusion
head and the control valve
to keep the workman at a
safe distance should he turn
the valve and the probe
should suddenly fly out of
the ho le (1).

Infusion pressures are
3,000 to 5,000 psi. Pneu-
matically driven pumps of
the differential piston type
with quantity regulation and
1- to 1.5-gal accumulators
average an output of 10-15
gal/min. Electric pumps,
often the same pumps that
supply the hydraulic system
of powered supports and the
shifting rams, have come
into use recently. Wetting
agents are apportioned to
the water at the pump in
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many mines to overcome the water surface tension and thus reduce the water
quantity. Salts such as calcium chloride are added to prevent quick evapora-
tion of the moisture.

Where adverse conditions prohibit water infusion, sprays are placed along
the face conveyor line to wet the plow track. The sprays can be operated
manually, but automatic initiation by the passing plow is preferable because
it properly apportions the quantity of water that is ejected under a pressure
of 200 psi and may cause coal preparation problems if the flow is unrestricted.

Reducing the number of cutter bits, greater bit penetration, slower rota-
tion, and greater traveling speed of the machine are favorable factors in dust
control with drum shearers. Radially or tangentially acting sprays are
arranged on the drum body of a shearer. Concern for the coal preparation
limits the spray water quantity to 30 gal/min.

In caving longwalls, the rock falls pose a severe dust problem. The
Center investigates sprays that are initiated by the shifting mechanism of the
supports.

Another means of dust control is homotropal ventilation, that is, air and
coal flowing in the same direction. It keeps the intake air cooler and the
dust concentration lower compared with the conventional anti tropal ventilation
where high relative velocities between air and conveyors may initiate aerody-
namic dust entrainment (lI). Hoods, sprays, and the automatic load activated
"Conflow" sys tem are used at critical points such as coal breakers, transfer
stations, and loading points. Dry cyclones up to 3,500 cfm find only a few
applications. Calcium chloride pastes and powders are not effective in allay-
ing respirable dust. The Research Center developed a wet dust collector wi th
a capacity of 18,000 cfm. One prototype is in operation in the tailgate of a
longwall face and is suspended from a monorail for easy moves.

ROAD REINFORCEMENT BY ROADSIDE PACKS

Road packs made from hydraulic material have been introduced recently in
an effort to prevent ventilation air leakage and to substitute mechanized road
reinforcement for manually set cribbing now commonly used along the longwall
edges. The mechanically placed road reinforcement can keep pace with the ever
faster moving high-production faces. The following hydraulic materials are
suitable for building road packs:

1. Natural anhydrite.

2. Synthetic anhydrite.

3. Blitzdamer (a quick-setting cement-lime mixture).

Natural anhydrite is preferred because it can be transported pneumati-
cally and is mixed with water and an activator just before being placed. The
anhydrite blowing machine is a modification of a pneumatic stowage machine.
It is capable of sending a continuous stream of dry anhydrite through a 4-inch



When anhydrite is blown,
it reposes at an angle of
200 to 300 to the vertical
and requires only alight
framework of wire mesh and
S tap a wire, a wire mesh
wi th paper backing, to
retain the mixture in place.
Stapa mats are laid upon the

lagging of the roof support and are nailed to breaker posts at the gob side.
Natural anhydrite attains a compressive strength of 2,000 to 3,000 psi after a
few days. Modification of the blow nozzle and improvement of the blowing pro-
cess by swinging the nozzle to cover the space helped to equalize and increase
the strength of the pack.
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Stopa wire mesh

Lumber

Toil gate rood

~

, ,~

Main gate rood

FIGURE 14. - Anhydrite roadside packs.

pipe 1 ine over a maximum dis-
tance of 3,300 ft at a rate
of 6 tons per hour (fig. 14).
Mixtures wi th 9 percent of
makeup water and 1 percent
of activator achieve the
best results. Water and
activator are mixed in a
tank. The solution is
pumped under pressure of
200 psi through a l-inch
line to the use location
where it is added to the
stream of dry anhydrite
through a ring nozzle.

The synthetic anhydrite is much finer than the natural anhydrite and,
therefore, is supplied in bags to an underground pump and mixing station where
the slurry is prepared and the activator is added. The water ratio is 0.40 to
0.45. One pump station can handle 4 to 5 tons of anhydrite per hour over a
distance of only 800 ft. The forms must be substantially built to hold the
slurry.

Blitzdammer is also a quick-setting material. But an activator is not
needed. The slurry is prepared with a water ratio of 0.36 to 0.45 and can be
pumped over a distance of 1,500 ft at a rate of 4 to 5 tons per hour. Com-
pared with wood cribbing, anhydrite or Bli tzdamer packs are early bearing (2).
Experience with road packs indicated that the adjacent rock strata must not be
weaker than the anhydrite. The rock strength should exceed 4,000 psi so that
the reinforced road remains stable; otherwise the ground will deteriorate
under pressure. In soft ground, the Saar mines prefer to place Saaralite, a
local product, that attains a strength of only 700 to 1,000 psi.
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ROOF SUPPORT AND ROCK MECHANICS RESEARCH

The largest organization for research and development in the German coal
mining industry is Bergbau Forschung Gm?H (Mining Research Company) of the
Steinkohlenbergbauverein, the German Coal Mine Operators Association at Essen-
Kray. The research work is by tradition operation oriented. The chief goal
is to double the present output of 4.5 tons/man- shift. The spectrum of
research comprises coal mine environment and safety, mining technology, and
utilization.

The Research Center for Roof Support and Rock Mechanics is part of the
coal mine safety research program. The title describes the activity. Ground
control at longwall faces and gate roads is the main program and statistical
treatment of collected key data is the approach. The Center stores industry-
wide information in a face and roadway data bank and disseminates it to the
mines. Another approach is the study of mine models on two test stands, one
for longwall face models and the other for gate road models.

The strata are explored by core drilling, and physical properties of rock
samples are investigated by the petrographic laboratories of mining research.

Under sponsorship of the European Community, the Center in cooperation
with the Aachen Technical University is developing a three-dimensional mathe-
matical model of ground stress distribution around mine excavations. The
project has not yet reached maturity (2).

The program of testing powered supports fulfills a vital need of the
industry. Entire support units can be investigated in a large test frame.
The Center employs approximately 90 persons and is headed by Dr. Oskar Jacobi.

Other groups wi thin the Steinkohlenbergbauverein i s mining research organi-
zation apply more deterministic methods to ground control research rather than
the Roof Support and Rock Mechanics Research Center's statistical approach.
The design of a strain bolt that indicates ground stresses at certain predeter-
mined distances from the mouth of the borehole is an effort in this direction.
Obviously ground stresses could be measured at critical mine locations that
are instrumented by strain bolts and the information could be transmitted to
surface control centers where it can be monitored to warn of imminent roof
failures (25-26).

Another approach are precis ion measurements in gate roads. The long-
range program includes determination of geological and mine technological
parameters such as in-situ stress. The objective of the study is to quantify
the parameters so that cross sec tion and support conditions can be predicted
and the gate road support can be optimized.

THE LONGWALL SURVEILLANCE METHOD

Roof support problems are severe at many German longwall faces and can be
grouped as follows:
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1. Cavities in front of the support.

2. Roof steps and cleavages.

3. C avi ties above the supports.

4. Rock rolling in between the supports.

Faults and water influx weaken the roof. Other causes that may adversely
affect ground stability are abutment pressure from adjacent mining, the punch-
ing effect of riblines from residual pillars in overlying or underlying coal-
beds, the thinning out of shale under massive sandstone or a large rock part-
ing in a coalbed. Alinement of the face with the direction of the main cleats
is also known to have a detrimental effect on roof strength. Cavities at the
face as the result of failing roof strata slow the advance of the roof support.
The voids above the canopies must be cribbed; but the reduced support strength
causes further roof deterioration in a vicious cycle.

Short spans from canopy tip to face, little delay in supporting the roof,
adequate support capaci ty, and effective gob deflectors or flushing shields
often succeed in improving roof control. Straightening sloping coal faces in
thick coalbeds by gluing wood bolts into the coal is also helpful in reducing
the critical span from canopy tip to face. The Iwalking effect" of advancing
units, when canopies are dropped and set again, induces cavities above the
support and can even shift the caving line from the gob field onto the cano-
pies so that the debris will bury the rear legs. Wire .mesh, stretched over
the canopies, may prevent the failure of such a roof.

The Essen Center IS longwall face surveillance method provides quantified
evaluations of roof support problems and offers an assist in their solution.
The method is designed so that the most important key data can be collected
with little effort. The study man is a supervisor or a miner trained in oper-
ations study whose normal task is to establish performance rates of piece work
in German mines. He marks the data on a blank and needs about 3 hours for
roof and support surveillance at a longwall face. He can handle five faces if
each face is surveyed once a week. The frequency of surveys depends on the
condi tion of the support and the roof. German miners consider a longwall face
as average when 25 percent of the roof area observed at sample survey strips

(fig. 15) is taken up by cavities of a mean height of 1 ft.

Subject of the survey is as follows:

1. The condi tion of the support (pressure in the legs, posi tion of legs,
defects, difficulties in advancing the units, distance to the coal face).

2. The roof conditions (roof and floor strata, cavities, roof steps,
location of the caving line).

The surveys are conduc ted by taking samples systematically. From the entire
face only 20 to 25 strips, 3.3 ft in width are observed (~; fig. 15).
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A. The Support Survey

The support is bes t
surveyed at the s amp le s ta-
tions in conjunc tion wi th

the roof survey. Should,
however, the condition of
the supports be questionab le,
every support unit at the
face must then be included
in a survey that wi 1 1 take a
full man-shift at least. A
line in the b lank is
assigned to each unit

(fig. 16). The uni t number
is listed in the first col-
umn. The blank is a "check
list" that questions the
unit about each possible
deficiency and is divided in
three groups:

1.
sures by
ings and
pressure
hoses.

Interior prop pres-
piston-gage read-
the reason for low
such as defective

2. Information why
advances were slowed or
halted, such as a unit cov-
ered wi th rock.

3. Defec ts such as
damage to canopies.

After the data are pro-
cessed, the three groups
appear again on the printout
that presents information on
the deficiencies and the
frequencies of occurrence
and so determines the weak
points of a roof support.

An increase in the fre-
quency of defec ts in terms
of time points to technolog-
ical shortcomings as well as
to poor maintenance.



32

50

~ 40
o+-

fa ò
~ g 30
c: a.Wo
~ a:
~ ~ 20
w 0
~ 0:

W
I-
z 10 Pm= 1.5 setting lood by pump pressure-IO:!:4tons

Pm=o.66 yield lood +214 tons

o 10 20 30 40 50 60
SETTING AND YIELD LOAD, tons

FIGURE 17. - Prop loads in terms of setting and
yield load.

 Results from the evalu-
ation of interior prop-
pressure measurements

(fig. 17) revealed that an
increment of 10 tons in the
setting load corresponded to
a raise of 15 tons in the
prop load. The p lot for the
yield load was much flatter.
An increment of 10 tons in
yield load raised the prop
load by only 7 tons. Hence,
the setting load affected
the prop load twice as much
as the rated load to yield
of props did. If it is nec-
essary to strengthen the

will be easier and more effective to boost the
props with higher yie ld rating.

~ ~'==---_._---
90-J

All dimensions in centimeters

FIGURE 18. - Face survey diagram.

support capacity at a face, it
setting load than to introduce

B. The Roof Survey

If defects accumulate
suddenly, any or a combina-
tion of the fo 1 lowing condi-
tions may be at fault: Poor
roof control, tectonic dis-
turbances, contamination of
hydraulic fluid, and inade-
quate strength of components

(appendix, face 15).

70

Random measurements of
interior prop pressures

(hydraulic) are taken when
indications point to insuf-
ficient support strength or
to deficiencies of the
hydraulic system. The pres-
sures are measured with self-
recording gages that chart
the pressure over a 24-hour
period.

The diagram indicates where the measurements are taken (fig. 18). The
cri tical span from canopy tip to face is measured at the more advanced canopy
of a double frame. Other measurements are base plate front to conveyor, indic-
ative for the delay in supporting the roof; conveyor bracket to coul face,
indicative for the effectiveness of the shifting rams; the position of the
caving line; number and height of roof steps and cavities; number and type of
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cleavages that outline steps and cavities and whether they run normal to the
strata or are sloping to or away from the face.

The immediate roof and floor are described by type of rock, compressive
strength and numbers, and location of distinct bedding and slip planes. This
is done only once for each face unless the strata change. Then a new strata
description is needed (fig. 19).

The data collected by the study men are evaluated by automatic data pro-
cessing (ADP). The roof evaluation comprises data from 10 survey days equal
to 200 to 250 observations. The ADP printout tabulates the data for compari-
son with key data and criteria listed in table 2. This table is the result of

120 of such face investiga-
tions and contains means
with standard deviations as
well as criteria to rate the
observed data as "good" or
'~ad." Remedial measures
are suggested in the last
column of the sheet. These
are the critical items
listed on the table:
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1. Mean area of cavi-
ties in percent of the roof
area observed at the survey
strips (fig. 15).

If the grea exceeds 30
percent of the observed roof
area, the possible causes
should be investigated. If
conditions in a longwall
vary sharply, for instance,
more cavi ties occur in one
portion of the face than in
the other, then residual
pillars and riblines over,
under, and next to the long-
wall face may be the cause.

2. Mean width of
cavities.

Wide cavities reveal
inadequate support (see
No.6). Even small cavi-
ties should not be neg-
lec ted, because they tend to
increase in height and
width.
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3. Mean height of cavities.

If the cavities average less than 6 inches in height, the '~armful"
influence of the cavities area (see No.1) can be assumed to count only as
one-half, for instance, 15 percent instead of an observed 30 percent. That
means the range of effective use of powered supports is extended. Should the
mean height exceed 16 inches, the support capacity should be examined and
boos ted, if necessary.

4. Sensitivity to caving E in percent.

The Center formulated this term to designate the area of cavities between
canopy tips and face in percen t of the observed roof area, if the span from
canopy tip to face is 40 inches. It is a criterion that expresses the effect
of parameters such as rock strength, stratification, cleavages, and jointing
system in relation to the face layout and serves to compare various longwalls
and coalbeds. The effectiveness of powered support is ques tionab le, if the
sensitivity to caving exceeds 30 percent.

5. Mean area of cavities in front of the support in percent of the
observed roof area.

If this area exceeds 30 percent of the observed area, the span from can-
opy tip to face and the delay in supporting the roof after exposure must be
shortened.

6. Frequency of distances from cavity to face within 8 inches of the
face in percent of all the cavities in front of the support.

The roof can be held easily, if less than 50 percent of the cavities in
front of the support appear within 8 inches from the face. The roof tends to
fail if this frequency exceeds 80 percent combined with a mean area of cavi-
ties in front of the support of more than 30 percent. Sometimes the roof may
then be stabilized by cement injection or installation of resin anchored roof
bolts.

7. Maximum area of cavities Fm ax above the support in percent of the
observed roof area.

The roof above the supports often deteriorates while the canopies are
dropped and then reset. German miners call this the 'walking effect." If the
maximum area Fmax is greater than the sensitivity to caving E, either planks
or wire mesh, the mats firmly tied together, may catch the rock and prevent a
roof fall. Figure 20 shows a plot referring to a coalbed, where Fmax = 32
percent is slightly greater than E ~ 30.6 percent.

8 and 9. Number of roof steps on a 330-ft-long strip (= 25 survey sta-
tions each averaging 13 ft of roof span) and mean height of steps.

These data may indicate whether the support capacity is adequate or not.
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12. Mean span canopy tip to face.
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10. Mean length of
roof canti lever beyond the
canopy gob end.

If this rock cantilever
is less than 40 inches in
length, effective flushing
shields are a necessity.

11. Length of face
that sloped more than 16
inches (40 centimeters) in
percent of the total face
length (fig. 18).

The slope projection
increases the critical span
canopy tip -face. The coal
face may be stabilized by
installing resin anchored
wood bolts straight ahead at
midseam height. Cutting
with backward tilted drums
will also correct or even
prevent the sloping at
shearer faces.

This critical span affects the roof more than any other parameter.

13. Mean distance front of foot plate to conveyor.

This span is a measure of the delay in supporting the exposed roof. It
should not be much wider than one-half of the support advance step because the
probability of finding units close to the conveyor equals that of finding
units that have not made their move yet. Timely advance of the support unit
minimizes the critical span from canopy tip to face.

14. Mean distance conveyor bracket to face.

Effectiveness of conveyor shifting rams is questioned.
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The success of the recommended measure is often indicated by an improve-
ment of several criteria. For instance, an improvement of the protection
against flushing not only speeds the advance of the supports unimpeded by
debris, but also reduces the tendency of the roof to cave, because the roof
strata find support by the bed of the caved rock lying on the canopies and are
kept wedged in their natural position. It is the combination of several cri-
teria that affects roof control in each coalbed. Accordingly, the evaluation
must give answer to the following questions:

1. Is a shortening of the span from canopy tip to face promising?

Productivity may be improved, if this critical span can be kept to a
minimum.

2. Which measures are effective in shortening the span from canopy tip to
face?

This can be achieved by keeping distances from foot plate front to con-
veyor and from conveyor bracket to face as well as face sloping to a minimum.

3. Are poor roof conditions a consequence of insufficient support
capacity?

The roof step count offers some clue to the adequacy of support capacity.

4. Will dropping the canopies during the support advance cause deteriora-
tion of the roof?

Advancing the support with canopies that keep contact wi th the roof or
even exert a slight pressure against it is a prac tice advocated by the Essen
Research Center which also suggest the use of forepoling cantilever bars. The
research determined that the height of 87 percent of measured roof cavities
was less than 16 inches. The weight of a rock stratum of such a thickness can
be supported by a force of 0.1 tonI sq ft. Therefore, if such a force can be
brought to bear against the roof at the face directly after exposure, the roof
may be kept intact most of the time.

5. Could mine projection account for poor roof control?

The projection of panels should take account of tectonic disturbances,
the jointing system, and riblines from adjacent mined panels and from residual
pillars in overlying or underlying coalbeds.

THE GATE ROAD SURVEILLANCE METHOD

The loss of cross sectional area by roof sag, floor heave and rib move,
and the deformation of roof support indicate the severity of the support prob-
lems in numerous gate roads. Many mines must make extensive and costly
efforts in keeping the roads open. The Essen Research Center i s gate road
surveillance method is designed to quantify the evaluation of these problems.
But while the statistical survey at longwall faces has proved its value for
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9 years and was adopted internationally, the gate road surveillance is a rela-
tively recent development. Therefore, the Center has not yet collected enough
information to establish criteria (2).

The survey is conducted by systematic sampling. Cross sections at fixed
intervals at say 70 feet are designated to be surveyed once or several times
during the life of the road (14, 29). A blank with general data is filled for

All dimensions in centimeters~-
-. .. .

~ io
lX
(\ I-

-----i- ~
oo

--.-~~
490 .

FIGURE 21. . Genera I road data.

All dimensions in cetimeters

o
'"
"'

o
'"
'"

--------to
Q

Reference
line

485

FIGURE 22. - Road survey sketch.
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each road once (fig. 21). An approxi-
mate horizontal reference line is
established to determine how much roof
sag and floor heave contribute to the
convergence. Each rib is marked at a
certain di stance down from the top
ends of the rib posts or segments and
these marks are connec ted by an e las ~
tic string. Distances to roof and
floor are measured from this line.
The immediate roof and floor strata
are described by type, strength, and
bedding or slip planes (fig. 19).

2 A blank is filled in for each
survey and station (fig. 22). The
inside dimensions, the location of a
deformation, the overlap of support
segments, modifications, and whether
bottom is taken and how deep, are
indicated. The condition of the sup-
port is rated from 1 to 5. The dia-
gram explains the ratings and shows
progressive stages of deformation

(fig. 23).3

4

The co llec ted data are evaluated
by ADP. Figure 24 is a plot from a
printout that shows roof sag, floor
heave, and depth of bottom taken. The
data are means of measurements ahead
and behind the longwall face. The
location of the survey stations in
terms of distances from the origin of
the road are listed in the second col-
umn. The position of the face between
stations is indicated. The data are
identified by the following symbols:

o Floor heave,

A Roof sag,

5 s Depth of bottom taken,

and are printed out between the 0- and
100-percent lines. Each symbo 1 pre-
sents 2 percent of the original height.
The plot shows how adverse conditions
are closing a tailgate road that was
driven adjacent to a mined-out panel.FIGURE 23. - Road deformation ratings.
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I NO. I LOCATION I ROAD HEIGHT I FLOOR I RATED I
STATION I STATION IFLOOR HEAVE & BOTTOM DEPTH TAKN ROOF SAG I WIDTH, I SUPPORT I
I I METERS I PERCENT OF ORIGINAL HEIGHT I PERCENT I DEFORMTIONI
I I I 20 40 60 80 ioa I I
I I 1--------- I ----~---- I ---~---- I --------- I --------- I I I I
I I I I I I
I 1 I 20 I. .. .SSSSS AI 94.95 I 1.00 I
I 2 I 40 I. . . . . . . . . . .. SSSSSSS AAI 87.58 I 1.00 I
I 3 I 60 I. . . . . . . . . . . . . . . . SSSSSSSSSSSSS AAI 76.42 I 1.00 I
I 4 I 80 I................ . MAl 73.89 I 1.00 I
I 5 I ioa I. .. . . . . . . . . . . . . . . . . . . . . SSSSSSSSSSSS AAI 66.53 I 1.00 I
I 6 I 120 I. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SSSSSSSSSSSS MAl 66.74 I 1.33 I
I 7 I 140 I. . . . . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSS MAl 77 .47 I 2.00 I
*********1 *********** 1 LONGWALL FACE I I I
I 8 I 160 I. . . . . . . . . . . . . . . ssssssssssssSSSSSSSSSSSSSSSSAAi 75.37 I 1.00 I
I 9 I 180 I. . . . . . . . . . . . . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSAAI 71.16 I 1.00 I
I 10 I 200 I. . . . . . . . . . . . . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSAAI 64.42 I 1.33 I
I 11 I 220 I. . . . . . . . . . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSMAI 67.79 i 2.00 I
I 12 I 240 I. . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSSS AAI 67.16 I 1.67 I
I 13 I 260 I. . . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSSS AAI 65.26 i 1.67 I
I 14 I 280 I. . . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSSS AAI 63.16 I 1.67 I
I 15 I 300 I. . . . . . . . . . . . S SS SSSSSSSSSSSSSS SSSSSS SS SS SS I 64.84 I 1.33 I
I 16 I 320 I. . . . . . . . . . SSSSSSSSSSSSSSSSSSSSSSSSSSSSS AI 64.21 I 2.00 I
I 17 I 340 I. . . . . . . SSSSSSSSSSSSSSSSSSSSSSS AAi 76.84 I 1.00 I
I 18 I 360 I. . . . . . . . . . . . . . . . . . SSSSSSSSSSSSSSSSS I 58.95 I 1. 67 I
I I I I I I

FIGURE 24. - Printout of a tai Igate road survey.

The results of a com-
plete survey are charted in
figure 25 which shows how
gate roads are affec ted by
adjacent mining. After the
first face passed through,
convergences of 20 to 40
percent were measured in one
gate road (29). The conver-
gence was 115 percent in the
other road after mining on
both sides. In the same
coalbed, a bottom road that
was separated from the gob

: by a 100-ft-wide pillar
showed only 5 percent convergence next to the virgin coal. But the conver-
gence reached 35 percent adj acent to the mined-out panel.

PERCENT
60
40
20

~ 01
c:
Q)'"~
Q),.
c:o
U

-,
/.l~ \

FIGURE 25. - Convergence plot.

Loss of floor width in per-
cent of the original dimen-
sion and rated deformation
of the supports at the sur-
vey stations are also
listed.
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LABORATORY TESTING OF POWERED ROOF SUPPORTS

The objective of testing supports at the Essen Research Center is to find
the flaws in design so that the manufacturers may know where to direct efforts
for improvement. Newly developed support elements such as props and valves
are tested in special rigs. The whole assembly is subjected to a battery of
tests in the test frame. Only if all the requirements are met, the units are
installed in mines for underground tests. The Essen facilities also serve to
investigate units of elements of support that failed in service in order to
find the causes of breakdowns (figs. 26 and 27).

The test frame where whole support units are tested consists of six pairs
of platens that are arranged side by side. They are 26 ft long and have a

FIGURE 26. - Test frame for powered supports.
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FIGURE 27. . Functional outline of test frame.

total width of 18 ft. Each
platen is 3 ft wide. The
top platens are inclined by
10 percent. The floor plat-
ens are even wi th the floor
of the building. Movement
of the platens in opposite
direction subjects support
units to convergence and
horizontal thrust. Uneven
ground is simulated by weld-
ing steel boxes to top and
floor platens. Tilting of
the frame simulates the
pitch of coalbeds (24).

1. Base connections.

Tests of the whole assembled unit involve the following:

2. Canopy connections.

3. Ram shifting force.

4. Strength of structure to sustain strata parallel thrust.

5. Behavior in steeply pitching strata.

7. Advance on a layer of slack coal.

6. Advancing the support while maintaining pressure against the roof.

Figure 28 shows a synopsis of support testing.

Props, prop bases, and canopies are tested first. Strain gages are
attached at critical locations to measure the surface tensions and to warn of
cri tical loads. Prop bases and canopies undergo bending tests under increas-
ing prop loads until the rated prop load is reached. The interior friction of
the props is also determined.

Stability tests of floor and top connections include climbing upward and
downward floor and roof steps in the x- and y-direction (fig. 29). The ram
shifting forces that are transmitted to the prop bases and the canopy tips are
measured by loadcel ls.

Breakdown tests are performed to investigate equipment reli,ability
through many thousand operation cycles. For this test relative platen move-
ment can be programed for automatic load cycling.
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Uneven
roof

Overcoming of 40" wide cavities strenqth of canopy loqded at the
roted prop load

Uneven
floor

~,....,..,'~20~"'(t,.t"'(("~
~ --t"" '"''n",,~--25em

ill"'~ ""'''
",,~ -- 10 em

Deflection of the canopy in all directions by not more than lBOwithout

being blocked by the prop and transmitting a bending moment to it

Strength of canopy joint to resist moments and forces

Overcoming 10" high steps and then loading the prop with ~he rated
load

Overcoming 4" high rectangular floor steps

Deviation of props from the position normal to strata notexceeding4.5°
Pitching
coal beds

High
coal

Strata para lie I
movements: roof
against floor

Sensitive
roof

High coal

Support
field

f~uled

General requirements

~~
1$~~-èi~
--:0 ,2em

--~ -

Angular deviation from the straight line of advance by 2°

Shifting parallel to the direction of advance not more than 1" per 50"

o/D:::::::':::t~

':n:::'::w::;Y 'I Vi( 4
::::c:::i:~~
:':i!¥I:
,1'1f

Substantial shielding against flushing, advancing supports unimpeded
by the caved rock

Accepting a roof thrust up to 1" per 10" of coalbed thickness and
10" of advance

Advancing supports and maintaining O. I-ton ¡ sq ft pressure against
the roof

Automati sation of support operation

Not more than g" dis~ance oetween canopy tips and face

Support must advance even if partly covered by rock

Adequate valve and hose installation

Interchangable fast-wearing elements to be easily taken apart for
transportation

FIGURE 28. - Synopsis of support testing.

PROGRAMS RELATED TO POWERED ROOF SUPPORTS

The Essen Center developed programs for preventive maintenance, opera-
tions studies, and investigation of hydraulic supply.

Preventive maintenance of powered supports

Immediate repair of supports and func tional tes ts to preserve a safe
support capacity are of utmost importance. The goals are as follows:

1. To secure full information on each repair.
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Upward floor and roof v-step

fZ+x7
l"Y

Upward x-floor step Upward x-v floor step

Coordinates for the roof support

Advance direction: l"X
Coal flow direction: l"V (not the line of dip)
Direction normal to strata :l"Z

FIGURE 29. - Step types.

5. Periodic functional tests.

6. Cos t accounting.

2. To direct mainte-
nance men to the highest
efficiency in the perform-
ance of their duties.

3. To check support
capacity by periodic func-
tion tests.

4. To de termine the
weak points of the system.

5. To obtain an accu-
rate breakdown of all costs.

The following is an out-
line recommended by the
Essen Research Center to
meet the indicated objectives:

1 . I nven tory con tro 1

by index cards.

2. Daily visual inspec-
tion and functional tests by
the face crew.

3. Direction of repair-
men effort and parts use.

4. Weekly inspection
by supervisor.

The heart of the maintenance organization is the control center where all
reports are collected and all directions are issued (~).

Operations studies

Time studies may extend over 6 to 10 shifts to obtain a large sample of
data such as the following:

1. Delays in supporting the roof.

2. The number of support advances in terms of time elapsed.

3. The effec t of adverse condi tions.



45

Blanks were designed to collect and arrange time study data that are then pro-
cessed by computer. The stochastic distribution of face activities is
obtained from such studies. The Center developed a simulation model to deter-
mine the optimum face crew size and a minimum delay in supporting the roof.
Occasional local difficulties are also taken into account.

Hydraulic supp ly

The support of a face with 2,200 tons per day of production needs 4,000
to 6,500 gal of pressurized fluid. This amounts to 3.5 to 6 gal/min during an
l8-hour working day. Sometimes the supply of fluid is inadequate at the face
due to supply lines of too small a diameter and unsuitable arrangements (12).
Undersized systems cause such high pressure losses that regular function of
the support units becomes questionab Ie. Therefore, the Center initiated stud-
ies with a view of designing systems of ample capacity. Instrumentation of
supply nets and statistical analysis of the collected data made it possible to
evaluate and then to improve existing systems. The planning of supply nets
requires data such as pressure loss in lines, magnitude of operating pressure,
quantities and rate of flow and time overlap of simultaneous shifting opera-
tions. On the basis of these data the supply net can then be correctly dimen-
sioned by applying simulation techniques.

The following parameters must be determined to select the pump capacity:

1. Quanti ty needed to advance one unit, in gal.

2. Rate of flow per unit and step, in gal per min.

3. Time overlap when several supports are advanced simul taneously.
While a unit is advanced, the consumption of fluid varies from 6 to 9 gal/min
and averages 7.5 gal/min. The variation depends on how much the canopies must
be dropped, the resistance the uni ts meet while advancing and whether voids
above the canopies must be blocked. The wood is then compressed while the
props are set. An operations study determined the frequency of simultaneous
advances. It never happened that all j acksetters advanced supports simul tane-
ously. Four out of six jacksetters advanced supports simultaneously at only
1.5 percent of the available time. The simulation showed that no more than
three jacksetters must be considered. They consumed 26.5 gal/min during
3 percent of the available working time and the pump must be capable to supply
fluid at this rate of 26.5 gal/min.

In the Ruhr district, 40 percent of the pump stations are stationary to
supply one or more faces through 1- to 2-inch pipelines. The other 60 percent
are portable stations that follow the faces at distances of 70 to 250 ft.
They are installed on sleds or are hung on monorails. The usual operating
pressure is 4,300 psi and pressure loss should not exceed 700 psi in a network.
The largest size of hydraulic hose used at a longwall face is 3/4-inch-diameter
size. The practice applied in 73 percent of all faces with powered supports
in the Ruhr district is to have a straight hose line along the face with
parallel branch lines tapped in to feed the supports. Dis tances between taps
should not exceed 65 ft.
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3/4 inch 26.5 gal/minr ::i st option Ò 1/2 inch

Pump Pressure loss 960 psi

2d option

3/4 inch 19 gal/min

~
Pressure loss 610 psi

3d option

3/4 inch 16 gal/min

~
Pressure loss 440 psi

4th option

2 x 3/4 inch 13 gal/min~CJW=
11 inch 13 gal/min

Pressure loss 250 psi

FIGURE 30. - Pressure loss with various supply
systems.

each end. The pressure loss was only 250 psi.

Figure 30 shows the
resul ts of the Center 's

studies. The diagram indi-
cates four options to supply
a longwall face and the
respective pressure losses.
It refers to a face that
was to produce 2,200 tons of
clean coal in three shifts.
The face was 730 ft long
and the coalbed was 68
inches thick. The supports
were installed on 60-inch
centers and advanced in
25 -inch-wide steps. If the
shearer exposed 4,100 sq ft
of roof area in three cuts
per shift, six men were able
to keep up the face support.
The pressure loss shall not
exceed 700 psi when 26.5
gal/min are supplied. It
exceeded thi s value at the
first option with a straight
3/4-inch hose line and
1/2 -inch tap 1 ines . The

other three options offered
acceptable pressure losses,
and, of course, the fourth
option was the best with
two parallel straight 3/4-
inch hose lines and 1/2 -inch
branch lines tapped in at

GROUND CONTROL RESEARCH WITH MINE MODELS

The Research Center for Roof Support and Rock Mechanics proved that rock
deformation and fai lure under the effect of mining can be simulated in mine
models of the type designed by the Center (fig. 31). The model scale is 1: 10
for size and strength and all other dimensions are derived accordingly. For
instance, the scale for the area would be 1: 100, for the volume, weight, or
mass 1:1000, and for the moment of inertia, 1:10,000.

A filler of quartz powder is mixed with Portland cement, quick-setting
alumina cement and water in proportions to prepare materials that Lave the
scaled-down strength of sediments from the Carboniferous such as sandstone,
sandy shale, shale, and firm, medium-hard, and soft coal. Separation planes
are also formed. Slickensided slip planes, where often strata movements take
place, are represented in the model by paraffin-coatèd surfaces with a fric-
tion coefficient of 0.3 according to measurements on rock samples from
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FIGURE 31. - Floor heave underground and in a model test.
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underground. Ordinary bedding planes have a friction coefficient of 0.9 in
nature and in the model.

Scaled-down roof supports are made from aluminum and balsa wood. Hydrau-
lic prop models receive a nitrogen filling that is pressurized according to
the required setting load. Models of fully and partly resin-anchored rock
bolts are also provided.

Two test stands for triaxial loading by 66-ton hydraulic rams are avail-
able. One can hold an 80- by 80- by l6-inch model in prone position for
investigation of gate roads. The other stand accommodates a 400- by 80- by
l6-inch model in upright position, representing a longwall face.

Pressure and piston travel of loading rams are electrically controlled.
Strain gages are attached to critical locations at the model and the measure-
ments are transmitted to a data acquisition system. Front plates must be
removed at each completed phase of a test so that the model can be
photographed.

The underground pressure is assumed to be hydrostatic at a cover of 2,000
to 4,000 ft and the model is loaded accordingly. Additional loads due to min-
ing ac t normal to the strata. They may amount to four times the cover load
and are also imposed on the model by the rams.

A number of investigations with mine models were completed in recent
years such as the effect of support capacity on roof cavities and steps, and
the effectiveness of roof bolts in heavily stressed roadways. The results
were of great prac tical importance. An increase of the support capac ity from
2 to 6 tons/sq ft favorably affects the roof of a longwall face (11). Roof
bolts should be resin-anchored at full length and installed on not more than
40-inch centers in a fanlike pattern. Their length should be equal to one-
half of the road width where bolts are used exclusively and equal to one-third
of the road width where bolts are combined with steel sets (~).

CONCLUSIONS

The Essen Research Center's roof and support evaluation program is tai-
lored to the needs of an indus try that mines only by longwall methods and
still uses single props at the majority of faces. Accordingly, expanded
mechanization of roof support at the face and stable roadways define the basic
need of the coal industry in its struggle for improving productivity.

The situation in the United States is totally different. Longwall mining
is in the growth stage. Powered supports are used exclusively and they are of
much higher load capacity than those in Europe. American miners insisted on
high support capacities from the very beginning to control à roof under the
varying cover of mountain ranges. Obviously their insistence has been
rewarded and even caused European miners to revise their standards by intro-
ducing jacks with a yield load of 110 tons at a grbwing rate.
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Recent foreign visitors to American longwall operations confirm that most
faces are adequately supported, but that roof control at face ends is far from
satisfactory at some mines and that many entries deteriorate under the effect
of mining. Apparently roof bolting and reinforcement by cribbing is not
effective in keeping the floor from heaving and the roof from caving. Large
chain pillars provide protection, but involve coal losses and possible rib
line effects in underlying coalbeds when these are mined at some future time.

It is in those entries where a modified version of the German Research
Center IS roof surveillance techniques may find application in monitoring
efforts to keep the roads open. Measures that proved successful in maintain-
ing roadways in European mines are support by resin bolts anchored at full
length with side bolts angled above the ribs and rows of single hydraulic
props that by virtue of early bearing capability control convergence better
than late bearing cribbing. Yielding arches are very cos tly to install and
should be used only as a last resort. Roadside packs from anhydrite or other
hydraulic material proved very effective in reinforcing gate roads in Germany.
Their use in supporting weak ground should be investigated.

Methods to improve the preventive maintenance of the hydraulic system
could also be applied in the United States. Though operating pressures in
American mines are much lower than in Europe, leaks appear to be frequent.
Ultimately operating pressure may drop below the threshold of effectiveness.

It is suggested that the Bureau seek cooperative agreements with inter.
ested coal operators to train their personnel in collecting roof surveillance
data and that key data from the surveys be stored and made available to the
industry.
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b
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c
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b
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c
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e
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r
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ra
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b
b
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.
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p
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c
l
e
a
v
a
g
e
s
 
o
c
c
u
r
r
e
d
 
u
n
d
e
r
 
r
i
b
 
l
i
n
e
s
 
o
f
 
w
a
t
e
r
 
b
a
r
r
i
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p
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c
e
o
u
s
 
c
o
v
e
r
 
i
n
 
3
 
o
v
e
r
l
y
i
n
g
 
c
o
a
l
-

b
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.
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b
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p
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p
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c
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c
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c
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p
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w
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c
e
 
b
y
 
t
w
o
 
h
o
i
s
t
s
.

S
t
a
b
l
e
s
 
w
e
r
e
 
d
r
i
v
e
n
 
b
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b
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