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SYNOPSIS

The inveatigations here described can be subedivided into four
main sections, viz. (A) The Physical Properties of Coal Measures
Rock, (B) Photo-elastio Investigations, (C) Underground Cbservations
end (D) The Testing of Plaster Models. The ct.mtenf.s of each section
are outlined below. - |

SECTION At The various methods employed for the determination
of the physical properties of rock are .discussed.- The use of
elootrical resis'oénce strain pgauges for the measurement of Young's
Modulus and Poisson's Ratio of several rock types from the Scottish
Coalflelds is describeds The factors which affect the ultimate
strength of stratified rocks ére discussed and an attempt is made to
predict the total strain which will develop in rock under a given
stress after a knoun time., The results obtained indicate the
influence of "timee-strain® in computing the stress distribution around
an underground excavation. licro=-graphs of the specimens tested ere
included in en appendix,

SECTION __ Bt Details of the apparatus used and the models conm

structed far the two-dimensional photo-elastic investigations of any
roof bolting systems are given. The functions of roof bolte as a
"suspension support" and in the formation of a "campound beam" are
analysede The use of bolting to form a "keystone" in arched shaped
roadways 18 also investigatedes The results show the value of bolts
in minimiging shear stresses at the interfaces of the beds, The



4mportance of pre-tensioning the bolts by equal amounts is also

emphasised by the 1sochromatio diegrams.

SECTION __Cs The bshavicur of roof bolts iInstalled 4n an
advancing longwall roadway 1s describede The performance _of
three types of steel bolts = slot end wedge, expansion shell,

.wedge and sleeve - and severasl "woodsn bolts" i1s dlscussed.

Details of the appa.i'atus used for the measurement of bolt tension
and ctrata movements are given. An attempt to xheasure 'in situ!
rock strain by electrical resistance strain gauges is described.

The results show & relaxation of' bolt tension a few days after
installation. The sev&al factors which influence the behaviour
of bolts installed in moving strata are discussed. Several
illustrations showing the improvements in roadwey maintenance wherse
roof bolting is used in ebnjunction with arched girders are given.
SECTION D3 To study the bohaviour of bolis after the strata
around the excavation have been loaded beyond the "elastic limit",
plaster models of the underground roadways were made and tested to
destruction in the laboratory. The models were loaded in a varticai

‘compression testing machine. A photographie record of the tests and

a detailed analysis of the resﬁlta are given,

Part of the work here described has been presented in a paper to



The National Association of Colliery Managers and will be published
in the "Iron and Coal Trades Review." '

An extensive bibliography of the literature consulted is given

es an appendix,



SECTIC A = PHYSTCAL PROPERTIES OF COAL MOASURES ROCK

Before any roof support system can be analysed either by models
in the lsboratory, or by a full-scala underground investigation,
1t 10 nocessary to have detailed knowledge of the physical properties
of the structural materials subjected to stress and the nanture of the
forces induced by mininge Consequently, detalled information regard=
inz tho physical properties of the rocks murrounding the mine workings
is of.paramount importance,.

In tho past, the physical properties of rocks have been determined
hy many investiga.térs for a variety of purposes including geophysical
explorai;iozi, ollfield structure, building and roadway construction,
etce In cddition many experiments have been performed with mine rocks
to determine their crushability, drillability (percussive_and rotary),
explosive shattering properties, permeability, etc. CObert, Windes
and Duvall in their report on the physical properties of mine rock (Al)
give an extensive bibllography of rock testings Furthsrmore, ceveral
investigators (A2 - A8 incl.) have studied the properties of rocks in
respect to the strength of mine structures - pillar sizes, gallery
design, rock bursts, etcs However, in many of the published reports
on the physical properties of rocks, there are only brief descriptions
of the composition of the rock which render correlation 4f the results
almost impossible,.

In view of the lack of specific information regarding the physical
constants of the Carboniferous rocks, a series of tests was carried out

on several rock types commonly found assoclated with the seams in



Scottish mines. For each rock type studied an attempt was made
to relate the elastie properties to the mineral composition, grain
size end cementing material. ‘ |

In ocddition to the .determimtion of the slastic éonstants on
investigation of the "time-straining® or “pseudq plastié flow® of
saveral of the rock types was carried oute The majority of the
tests were tased on similar ones carried out by D.W. Phillips (49,
A10, A11) using electrical methods for the strain measurement instead
of "mechanlcal~-optical® devices,



ARATUS
(a) Strain Measurement

The strains which oceur in rocks under stress are of a very

~low order and consoquently the strain measwring epperatus must have |

a high sensitivity. Many methods, such as lesvered mechanical

vauges (A12) o optical gauges - Martens-type extensameter fitted
with an auto-collimation telescope, the Sphingometer, or the Phillipsoe
Davies apparatus (A9) - have been used for the determination of rock
stré.in. Mochanical and optical gauges do not lend themselves to
auntomatioc recording of strain at several points in quick succession
and they are quite unsuitable for field investigations (especially

underground). To overcome these difficulties various types of

electricel devices have been used for accurate strain measurement
both in the labaratory and in tho field (Al3 = AlS incl.)e The
eloctrical resistante strain gauge (A17 and A18) has been developed
in civil and seronautical engineering investisations with marked
puccesse It was decidevd to investigate the sultability of such

" gauges for laboratory tests on rock specimens and possibly adapt

the method for the measurement of the strain developed in rocks 'in
situ! eround mining excavations (see later),

Tho strain gauges found to be the moct suitable for the labaratery
tests were the De Havilland Bakelito HNR/2400/1 typs, and the Phillips
PR/9210/03 typee -

Initially a De Havilland steady stress tridge (D.C.) was used
for fecording the strains but later a Phillips tridge (A.C.) with a



higher sensitivity wes used. |
De Havilland Bridge (Type 8/A.12): A schematic eircuit
diegram 111ustrating the tasic principles (Wheatstone Eridge)

involved in this D.C. instrument is shown in Fig. 1A. The
instriment uses the "mull=point balancing" method, with a grad-
uvated potentiometer reading the percentage change of resistance
directly. An external spot galvanometer can be insorporated to
incrcass the sensitivity of the instrument. Imput power is
provided by 1R-volt batteries or frcm a laboratory "eliminac"

power packe Twelve channels are incorporated in the tridge to
permit twelve gauges to be read in successione In this instrument
a compensating pauge is required for each active gauge useds FPlate

- IA shows thoe instrument set up for use in a bonding test.

Phillips Direct Readi dge o (M«5536/01)¢ This instru-
ment 18 also taged on & Wheatstone Bridge arrangementy the tridge
being fed with a carrier wave of 4,000 cycles per second from an
oscillator units Balance of the tridge for amplitude and phase is
obtained by veriable condensers Cy and C, (see schematic diagram
Fig. 2A), The diagonal voltage erising du:éing‘ mea{sm'emant is |
emplified by & highly stable and sensitive four-gtage amplifier.

A phase-sensitive ring demodulator determines the "polarity® of the
signal which is then recorded by é. D.C¢ micro-cmmeter. Input power
to the instrument is from the A.C. meins, a variable transformer
being incorparzted to permit & wide choice of moins voltapes In
addition a switching unit (type G.5545), which perrits strain



measurement at ten points, can be connected to the measuring bridge..
The switching unit incorporates balancing condensers and resistors
for each gauge eirocuit, and ‘gontrol resistors for Achecking the calit}-
ration of the meter. Individwal qcmpenéating gaﬁges can be used if
the temperature variations} between nieasuring points are large, but;
if required, one compensating gauge can be used for two or mere active
gaugese The apparatus éan aléo be used for tho measurement of dynamie
strains when coupied to an oscinograj:h or pen recorders This wnit
was used for all the underground measurements (see later) as well as
the laboratory tests. The measuring tridge and switching unit are
shovn in Plate IT A. |

(b) loading Machines

Compression Testings All the compression tests on the rock
specimens were carried out on e ten~ton Avery Universal machins,
This is an electrically operated hydraulis machine, the loeda being
measured directly on a dial indicator reading to ten tons in increments
of 0,05 tonas Fi&e-‘board pads were placed between the machine platéns
and the specimen in all the tests.

Tensile Testings The tension tests on tho rock specimens were

carried out ona .Afery Single lever testingz machine. The loads were

applied by gravity using en efficient sorew mechanism. Loads up to

5,000 1b, could be applied in increments of 10 1b.} measurement being
nade by means of a steelyard.
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PLATE 1IA Phillips A.C. Direct Reading Strain ftridge
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Consideradble difficulty was encountered in fitting the specimen
in standard tensile testing clemps. Special clemps had to be
designed wiich would apply pure tension to the specimen without causing
failure of the rock by compression in the clampse  The clamps adopted
sre shown in Plate III A. The spherically seated joint (in the clamp)
was placed as close to the end of the specimen as possible, and in line
with the axis of the specimen to permit self-aligmment of the spccimen
in the machine,

Bending Testss The loading frame used in all the bending tests
1s shown in Plate I A where a simply supported rock beam is being tested
in pure bending, l.e. equal loads at the quarter pointse A channel
girder fitted with clamps for "fixed end conditions" could be mounted
on top of the frame when requireds A "fixed beam" specimen 1s being
tested in this way in Plate IT A, All loading of the specimens in the
bending tests was by riders and dead weights,

(¢) Rock Dressing Equipment

The apparatus used for dressing the rock specimens is shoun in
Plate IV A. The specimen is held in the spring loaded clamp which
is alligned perpendicular to the rotary table, to emable the end faces
of the specimens to be grdmd parallels The carborundum powder on
the teble 1s kept moist by a fine water spraye A D.C. motor with
resistance speed control provides the drive to the grinding table.
Final smoothing of the rock surface (for the application of strain
gauges) is by hand, using fine grinding powder and the glass polishing-
plate shown.



PLATE Ilife Tensile Testing Cleans

Representative Group of Rook Specimens






Collection end Preporation of Rock Specimens

The rock samples were collected from several collieries in the
Central and Ayrshire coalfields. Slaba of rock, macroscopically
homogensous end free from fractures, Jolnts, slips, etc., weighing
about 1 cwt, were carefully selected undergi'ound. The slabs were
cut from face areas unaffected by blasting or from stone drifts in-
the vicinity of coal seamse The sampling positions, reletive to the
seams, were npted.
The blocks of rock were taken from the mine as soon as possible
after cutting and vere transported to & local firm of masons where they
were cub, by diamond sew, into the specimen sizes listed below. Due
to the large quanfity of cooling water used when cutting, several of
‘the rock slabs selected disintegrated while being cute This applied
particularly to clay rocké end fakese The specimen sizes weret=
20 x 20 £ 31 L iiieseeeeees. cCOmpression tests,
2% x 20 x 60 vereevernessens  tonsile tests,
2" x 13" x (18" t0 24") «eesees  bending tests.

A representative group of specimens is shown in Flate V A.

The cut specimens were ground by vaerious grades of carborundum
on the rock dressing apparatus to ensure that the loading faces of the
compression specimens were parallel, and to prepare the rock éurface
for the application of the gauges. It was not possible to grind the
bending specimens with the apparatusy consequently it was necessary
to resort to hand grinding.



Patrographic Exsmination of the Rocks

A study o:f.‘ previous investigations of the physical properties
of rocks reveals considerable difficulty in correlating the results
obtained by different experimenters, because of the variation in tha
nomenelature of similar rock types found in different localities.,
Consequently same classification, other than the local rock names,
is necessary. The most satisfactory method for the classification
of sedimentary rocks is based upon tho domimant grain sizep the shape
of the grains, nature of the cementing material, and the minerelogical
composition have also to be considered. The classification adopted
is similar to that suggested by Milner (Al9) and used by Hudspeth and
Phillips (A20) since it was found to be more applicable to the rock
types studled, than the classification by Harley (A21),

CIASSIFICATTON
Dominant :

Grade : Grain Size Rock Type
Scree, shingls or gravel 2.0 mme or over Conglomerate
Very coarse Sand 2,0 rm, to 10O m, Very éoarse grained

sandstone

Coarse Sand | 1.0 m:l. to 0.5 mme Medium sandstone
Fine Sand | | 0.1 m. to 0,05 m. Fine grained sandstons
511t - 0,05 ma to 0,01 mm. Siltstone
Mud ar Clzy - Less than 0.0l mm., Mudstone, shale, cley,

etc.
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Thin sections were ﬁade of all the rbck types, the mineralogical
examinations and partiél.e size determination being mede in a Vickers
Projection Microscope fitted with a graticule.

In order to facilitate reference the rocks tested have been given
code mumberss= DHL to DH7 end CML to CM5. A deseription of each rock
type and micro-photographs of ‘Eypical sectlions are given in the
Appendix,
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.EXPER]IJIE'.NTAL PROCEDURE _AND TIEIEBTIGAL' CONSIDERATIONS
The experimental work can be sub=divided into three main parts,
viz, =
(2) The determimtion of the ultimate strength of Coal Measures
Rock in compression and tension, and the correlation of the
strength values obtained with the composition of the rocke
(b) The plotting of "gtress-strain" diagrems for rocks in
compression, tension and bending, and the caleulation of the
elastic constants under different conditions.
(e) An irvestigation of the time-straining of rocks and the
possibility of predicting the "time v strain® relationship
for certaln rock types in specified loading conditions.
Considering each part and any theoretical considerations
involveds=
(a) Strengths of Coal Measure Rocks
It has teen suggested bty several investigators that thé strength

- of sedimentary rock is Ewefned by the following fastorss
Dominant grain size » theoretical considerations would appear to
indicate that the mmaller the grain size the greater will be the strength
of the rock, since the interstitial space is at & minimm with small
- grains, . .
The shape of the grains « this factor was not considered in the
- investigation since in the majority of the rock types tested the rock
grains were rounded. |
The nature of the cementing medium - this seems to be the most
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| important factor in determining the ultimate strength of a given

rocke A range of sandstoms specimens, of similer grain.size, and
various cements was examined in an aitempt to establish their re]at‘ive‘
stréx;gths. | |

Mineralogical composition - wide variation of the composition of
any rock type will obviously affect fhe strangth; so only sandstones
with similar cﬁmpositions were considered in the tests to dete:ﬁnine
the influence of grain size and cementing medium.

Phillips (AiO) outlined the theory by which the most effective
shear planes could be determined for any rock undér & given stress,
provided the "intermal friction faotor"-' (Navier's Theory) for the rock
type was krom. In several of the specimens tested .in compression
the inclimtions of tho fracture planes were measured and the friction
factor calculated from the relationship:

tan 2 & = Il =PF3 -2KQ

wheres

1l 3
Q is the rotational shear stress

P, and P, are applied forces (principal stresses)

€ 13 the inclimation of the most effective shear plane
with respect to the principal stress plane
K 1s the "internal friction factor"

Considering an unconstrained compression test -
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Q = 0 and P3 = 0
Ve tn2e= B o1
| KPy K

__ 1
Friction Facter

i.0. tan 2 (angle of shear plene) =

or Friotion Factor = ootangent 2 (angle of shear plane)
Experimental Proceduret Several speciﬁens of each rock type were
sceurately ground to ensure that the loading faces were truly parallel.

The speciﬁéns were then subjected to uniform direct pressure on two

faces, the other surfaces being free from constraint.

In the tonsion tests several specimens of each rock type were tested
to destructions The specimens had to be carefully fixed in the loeding
clamps to ensure that pure tension, and no bending, was applied to the
specimens otherwise erroneous results would have been obtainsd,

(b) Dotermiration of Blastic Constants

The variations of the elastic constants with stress, of the rock
types previously classified, were studied in compression, tension and
bending, In all the tests strain wns measured by resistance strain
gauges. -

Application of the Stimin Gaugest The accuracy of the resistance
strain gauge is largely dependent upon the security of the bond between
the gauge and the surface of the test gpecimen. The desirable properties

of an adhesive for fixing gauges aret-



-

13

(1) Good adhesion to both surfaces under high strain.
(2) It should not set so hard as to crack under load.
(3) It must have & low moisture sensitivity.
(4) Tt should be e very good elestrical :I.nsulath.
(5) It should be suitable for application ond setting in
the cold state (especially for field investigations).
A series of.tests was carried out with different types of cements;

Araldite Cold Setting Filler proved to be the most sultable cement for

bonding the gauges $o the rock surface., The Araldite Filler (100 parts)
was mimd with the Hardener (8 parts) and ths mixture allowed to stand
for 15 minutes before use to permit. evapomtion of any excess Hardenere.

It was found that 'better bonding and insulation of the gauge was o'btained
if the curface waos pre~coated with cement, covered with a thin sheet of

capacitor tissus, and then the gauge epplied in the usual manner (a22),
Although Araldite is termed "cold setting™ it was mecessary to cure the |
specimen for apprm;imé.tely 20 hours at 40° C to ensure that the cement
metrixk was fully polymerised. The cﬁring was carried outv in em
altmin:hm chamber fitted with infroered hcating elements. P]aie VIA
shoars three canpression specimens, and a rock boam ﬁ.tted with gauges.
Uompression Testst The stress=gtrain curves were obtained by

taking readings of longitudimal and Jgteral strain as quickly as possible
after applylng the load, to offset eny tendency for "time~straining" of
the specimon. Loading was applied up to & maximm of 75% of the ultimate



PLATS VA Specimens fitted with Strain Gauges

RLATE VIIA Specimens after Testing
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strength of the material. Strain values were also noted as the
load was reduced. The pfocedure was repeated for the seccond and
third cycles of loading.

Values of Yéung's Modulus (E) and Poisson's Ratio (&) were
calculated from the streés—strain curves. The variations of E
eand © with applied stress wers plotted.

Another property of rocks which is very important in the study
of their behaviour arocund underground excawvations, is their capacity
for storing strain emergy (A8, A10)e The strain energy per unit
volume developed in some of the rocks under compression was plotted
against tho spplied stress. | |

Tension Testst The procedure adopted for the tension tests was
similer to that followed in the compression tests. The variations
of Young's Modulus and Poisson's Ratio with stress were plotted for
each of the rock types tested.

Dendine Testss Several tests were carried out on rock beams with

both free end fixed end conditionss The strains recorded at various
points on the upper and lower surface of tho beam were plotted against
the epplied load.

It 13 knovn that for ductilo materisls stroined within the elastic
1limit, tho "neutral exis" (i1.es the unstrained fitre when the material
1s subjected to pure bending) lies along the middle of the boame

However with materials such as rock, which are not purely elastic in
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their behaviour, the position of the neutral exis is not necessarily
in the middle of the beam. The position of the neutral axls depends
on the relative values of Young's Modulus in tension and compression =
a proof of this phencmenon has been derived bty Phillips (A10).

(c) Time Strain in Coal Measures Rock

All solids when subjected to great pressures show a continuous
deformation or ®flow" with time. This flowing or inelastic behaviour
of solid materials is known as "plastiecity." Rock and concrete which
are usually considered as btrittle materials also exhibit "flowing" under
certain loading conditions (Al0, A23, A24),  The flowing of strata
into underground excavations has been noted for many years and indeed
several Continental emgineers eonsider the "floring ﬁroperty" of rocks
%0 bo the most vital ons in determining the pressure distributions
around mine workings. Holland (A8) refers to the importance of
plasticity of coal and associated rocks in the phenonema of rock bursts.
Phi].lijm {A10) concludes from his laboratory tests on rocks, that the
total strain produced by a given load eonsists of two parts, viz,
immediate strain and time-strain, the latter being subedivided into
Relastic” and "plastic" time=-strain, Consequently, 1t is the totel
strain developed 1n e rock under stress which is more important than
the straln developed immediately after the load is applied. Hence,
experimental values of the elastic constants of rocks are of little
value if the effect of time cannot be considered in the predictioh of
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strain (or deformation) under certein loading conditions.

Sinilor time=straining effects have been noted for other materials,
including steol (A25) and plasticse  Pao and Marin (AR6) in their
studies of the prediction of creep curves from stress-strain data
used experimental results obtained from plexiglass in tensione It is
realisod that there 1s a vast difference in the structure of the homo-
geneous plastic and the relatively heterogeneous rocks used in the tests
here deseribed but since the observed "time v strain" relationship of
both materials is quite similar, & method based on the one derived by
Pao and Merin was used in an ettempt to predict the total strain
developed in the rock as & function of time.

The "strain-time" curve for a given value of spplied stress is
derived thusi=

.67 family of stross-strain curves for different strain rates (such
as she&;m in Fige 3A) are obtained for the material under test. The
highor the strain rate the greater is the slope of the stress-strain
curve and so with instantaneous loading the strain rate (U) is assumed
to be infinite ~ i.e4 with an mfinite strain rate the material does
not bave time to ereep under any ome load, and consequently the stress
strain relationship is linear,

Howéver for strain rate U (Fig. 3A) the material does have time
to crzep and the total strain is O at stress Sqe The strein O is
made up of OP + where PQ = AB and represents the time-etmin or creep
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that took place under a varying stress and in the time necessary to
load the specimen from e stress value S = 0 to 3 = 84, |
At any time t, tho total strain Ey is the sum of the immediate
strain (considered as wholly elastic) and the time strain (considered
“as partly elastic and partly plastic). Or, in symbols,
By = By ¢ B ........................7.(1)
where Ee and }30 are the immediate and time strains respectively.

Differentiating (i) with respect to time t,

dEt = -Ee—- + dEc Ceesesvces sese oooo-'(ii)
dt - dat dt

By Hooke'!s law,
" 8
E = E———

-] M
where S = stress end M = Modulus of Elasticity.

Also de
* Y = U = total strain rate. \
at v ‘ e
Therefore, by substitution, equation (ii) becomes e SIS A
1. &8 &
U - I'I d'b + d'l',L 000.--..00000.0.0.-(111)
To evaluate _Fo_ from equation (111) —g%— rust be known. —g%
dt

can be found by plotting stress against total elapsed time, and finding
the gradient at the required point, s2y point B on the U, curve of Fig. A.
Honce from equation (iii)

C | — U --%‘ glﬁs ) Cttoo-oonoo'too.co'l(iV)

at 1 B

Therefore, the strain rate, and time strain ¢an be ewveluated for any
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required stress value at any of ths strain rates Uy, Up, etc.
 Also, if the reciprocals of the time strain rete values are
calculated, and plotted against the corresponding time strain for

each selected stress value, curves of the form shown in Fig, 5A will
be obtainede  If the time strain (E")B is represented by OT then

the time required for the material to creep at constant stress S;

to a time strain (Ec)B (.00 equal to AB in Fig, 3A) will be represent=

ed by the area under the &—7;&—' v E, curve, since

¢
timo = ¢ = Jd‘o=j Te
(dEo/dt)
100 ¥ = c
eovVe | 1 dE OOCCDUOOOOOOOQO(V)
ojj(a_aJdts ¢

Thoreforo, for a series of values of the time strain the corresponding
time values ¢an be dotermined and the "ereep v time" curve can be
plotted for any selscted walue of applied strease
Experimental Procedure

Bonding Testss A simply supported beanm wes fitted with gouges.
Sultabls increments of load were applied and the corresponding strains
noted for instantancous loading and ineremental loading with measured
tire intervals between the application of the loadse A few days
were alloved between each test to permit recovery of any elastiq tine
struin in the boam, From the observed results "time-strein v time®
curves were deduced by the theory outlined above and compared with
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simllayr curves oﬁtained by experiment,

Tensicn Testss A serles of tension specimens were prepared
from the same rock sample, and subjected to a series of time strein
tests similar to those oubtlined for the bending specimens, tut in
this case & soparate specimen was used for each "stfain rate®, TFrom
the observed results, "time~strain v time" curves were deduced end
compared with experimental curves.

In addition to the tests from which the final "strain v time®
curves were celculated several experiments were carried out on the
other rock types in bending an'd tensione In all the experiments
carried out the familiar stepped curve was o'b’,c\,ained.
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EXPERIMENTAL RESULTS
(2) Strength of Coal Measures Rock

As many tests to destruction as possible wero made with each
of the classified rock types. Tests were made in tension and
compression, both parallel and perpendicular to the bhedding pianes
if suitable specimens were availlable, Table No.lA below summarises
the results obtalnedy each stress valus quoted is the mean of at
least three experimental resultse



TABIE __Nol,lA

.Ult, Tenslls, Strength Ult. Campresgive Stress

(1bo/in.?) (1b,/1n.")
Code Perp. to Parl. to Perp. to Parle. to
No. _ Rock type Bedding Bedding Podding Bedding
DHL F.G. Sandstone - | R 16,450 10,600 V
DE2 N.G. Sandstone 236 - 6,500 -
DHj Siltstons - '- 1i,230 10,000 V
DH, Siltsatone 246 565 7,120 -
DH5 Fl.G. Sandstone - - 9,870 5,380
DH6 C.G. Sandstone 27] - 1,450 -
DH7 Clay Siltstone 195 - 14,500 -
CML M.G. Sandstone 220 - 5,500 -
CM2 F.G. Ironstone 620 - 10,900 -
CM3 M.G. Sandstone 270 - 75550 -
CM4, M.G. Sandstone - - 10, 000 -
CM5 M.G. Sandstone 175 - 4,200 -
Legend = FoGe = fine grained
MGe = mediun greined )

C.Ge = coarse grained
V. = failed with violence
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Considering the range of sandstones tested, thé following
results can be abstracted, to illustrate the influence of particls
size and cementing medium on the ultimate strength of the rock in
tonsion and compression, In the analysis only the ultimate stresses
applied perpendicular to the bedding planes (if any) are considered.

TABIE Nol,2A
Effect of Particle Size

Code Average Grain Conpressive Siress Tensils

Nos Size (mm,) (1b./4n,~) Stress (1b./in.?)
DH6 0,620 1,450 80

oM 0,450 54500 220

M5 0.193 5,600 175 (W)
D2 0,136 65500 236

]l 0.094 16,450 -

Notes All above specimens have siliceous cementing
medium,
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TADIE No.3A

EBEffect of Cementing Medivm

Av, Grain Coamp. Stress Tensile Stress Cement

Code
Mo,  Size (mm)  (Ibo/in2) (1b./in.?) Typo
cM3 '0013 - _0037 7,550 270 (A) Calcaraeous
| ID2 0,136 6,500 236 S1licecus
| M4 OI2 10,000 - Ferruginous
} ) .
D5 0,029 9,870 - Calcarsous
ID1 0. 004 164450 - Siliceous
cMR 0.077 10,900 620 (18) Ferruginous
| Legend = W = gpecimen very wet (CA5)

A « angular shaped grains
IS.~ ironatone rather than szndstone

After testing the specimens were carefully removed from the testing

machine and the positions of the frocture planos noteds FPlate VII A

shows several specimens after testing, = The inclinations of the shear

planes in the compressive specimens were noted and values of the

"internal friction factor® (Navier's Theory) were calculated. Tabie

Nol./A shows the average wvalues of 'K obtained for three of the rock
types tested.
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TABIE No

Internal Friction Fectors

Code Average Inclination of Friction

No. Shear Planes Factor K
cM5 34° 0.4
oM 30° 0.58
DHR . 220 1,03

(b) Determinntion of Elastic Constants

Compressiont  Stressestrain diagrams were plotted for each of
the rock specimens tested. Typical of the diegrams obtained is
that for specimen CM1 shown in Fige 6A¢  Tho relationship between
stress and strain is non~linsary consequently Hooke's Law 1s not
velid end a true "elastic modulus® for the rock does not exist, The
second, third and .subsequent loading cycles give "hysteresis loopsh
vhich are almost esmetly superimposeds the values of Young's (or
Elastic) Modulus and Poisson's Ratio are calculated from such "loops"e

There are two méthods bty which Young's Modulus can be determined

from & non=linear stress-strain relationship, vize =

Total Stress

(1) Young's Modulus = erg-erean

for a given stress valus, 1.e. the secant modulus, and
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(2) | Young's Modulus = m
for a given stress walue, 1.e. the tangent modulus.

Thé variations of the‘modulus (calculated by both methods) with
applied stress for apec:ﬁnen o are shown in I'ig. 7A.

Polsson's Ratio can also be determined using either the ™tangent®
or the "gecant® method for a given stress value. The variatiﬁns of
Folsson's Ratio with stress for both methods of calculation are shom
in Fiz. 87, Also shown is the variation of the "secant ratio® with
gstress caleulated from the initial loading curve,

The strain energy per unit volume developed in the specimen when
under campression 18 shoun in Fig. 94, The variatibn of the curves
obtained using the different values of olastic modulus is clearly

shown ®

Another typical stress-strain dlagram (Specimen CM5) for rock in

'compression is sham in Fige 10A.  Similkr forms of curves were

obtalned for the remalnlng specimens tested in campressione From
the stressestrain curves the variations of Elastic Modulus and Poisson's
Ratio with stress werc determined. The ®"tangent values® of E end G.
for the range of rock types tested are shown in Figs. 11A to 14A
inclusive,

The strain encrgy per uait volumo developod in the rocks tested
is mustrated in Fig. 15A.


































25

Tensions Due to ths difficulties involved in preparing
tonsile specimens, the range of rock types covered was smaller than
for the corresponding compression testse A typical tension streso=

. gtraln dlagram, £or speeimen DR, 4s shom ia Fig. 164,

The variahions of the Elastic Modulus (both."tangent™ and "secant®
values) with stress for specimen DH2 arc showm in Fig. 17A«  The
lateral strains measured in the tensils tests were so small that
variations in Poisson's Ratio over tho stress range covered could not
to determined with accuracy.

Tho relationships between the "secant®™ value of the Elasbic Modulug
and applied stress for ths other rock types tested in tension are sham
in Fige 12A.
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Pendinzt  Deams were tested with both "fixed" and "free®
(eimply=-supported) end conditions,  Typical of the loadwstrain
disgroms obtained ere those for specimens DHR and CM1 which ere shown
in Figs, 19A - 214, |

In addition to plotting load-strain diagrems for varying con=
ditions several rock besms were tested to destruction, The develop= |
ment of the fractures induced by bending was noted. | The positions
of tha fractures in specimen DIR tested in bending are shown in
Plate VII A (vide ante). |
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(¢) Time Strain in Coal Measures Rock

Several time~strain investigations were carried out with |
specimens in tension and bending, The familiar form of “stepped"
curve obtained with prolonged incremental loading is shown for both
tenslon and bending tests in Fig, 22A and 23A respectively,

In addition to the above time-strain investigations some
experiments were performed with a view to predicting the "strain v
time® relationship for a given rock type under specified loading
conditions. Fige 2/A shows the family of stress~-strain curves,
obtained with different strain rates for specimen CM1 in bending. From
these curves the relationships shom in Fig. 27A were derived. Fig.
25A and 26A formed the intermediate steps in the prediction of the
Ustrain v time" curves plotted in Fige 27A.

The experimental results and predicted "strain v time®™ curves
for specimen CM5 in tension are also shown in Fig. 284 and 29A respecte
ively,  The intermediate ciwves have been cltted.
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ANALYSIS OF IFSULTS

Genera | | -
(1) The resistance wire strain gauge proved to ba suitable

for the measurement of rock strain in laboratory tests provided

the gauge 18 securely bonded to the rock surface. A sultable

cementing medium for this purpose is Araldite Cold Setting Filler

and Hardener 951.

(11) The determimation of the instantaneous loading stresse
strain relationship for rocks in compression tension or bending is
more accurate with the Phillipas Bridge since it gives the strain
reading directly with no lag between each increment of load to permit
time strdining of ihe specimen being tested.

(111) The methods adopted for the preparation of the rock
specimens are suitable for the stronger rock types (e.ge sandstones,
siltstones, etc.) but modifications are required to emable specimens
of shales and other weé.kez"‘ rocks to be prepared.

Strengtha of Coal Measures Rocks

(1) For the limited range of rock types studied the relative
strengths were found 4o bef= sandstones, siltstones, mudstones and
shales (1.e. strongest to weakest). Howéver such groupings are of
1ittle value because wide variations in tho strength of different
rock types were recorded. Furthermore, the presence of matural
veslmesses (slip planes ete.) cannot be considered in laboi'atory tests,

(11) Congidering the range of sandstomes listed in Table No.2A
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it is seen that for any given cementing medium (in this case giliceous)
the larger the particle size the weaker 4s the rock,  (N.Be =
Further ranges of speeimens with other cements are required to 'ensure
the validity of this ennlysis.)

(111) The offects of verious types of cementiﬁg mediun on the
ultimate strengths of sandstones are shown in Table Nol.3As It appears
thot for sondstones with simllar porticlse cizes the order of strength
is ferruginous, siliceous and calcarsous. (Clay ccment 18 weakest of
all but no suitable specimens could te prepared for testing.)

Specimen C!3 seeus to bo an exception to tho above statement but & study
of thin seetions of the rock reveals the presonce of many angular shaped
groins which will give added strength to the rock,  The compressive
strength of specinen CM2 1s lower thon expected but the tensile strength
is high = 1t 13 thought that this specimen moy be considered as a weak
ironstone rather than e ferruginous sondstons since it -is corposed of
"approximotely equal emounts of iron and silica particless

(iv) There does not appear to te any f£ixnd relationship between
the ultimate tensile end compressiva strengths of the rock type;
studiede - However, it 1s shoum that the ‘Eensile strength of specimen
DHJ is mch higher (appreximately tuics) when the tension 4s applied
parallel to the bedding planes rather than perpendicular to them.

(v) The overall minerzl camposition also affects tha strength of

tho rock ~ it can te considorod as a measure of the heterogeneity.



It eppsars that tho presence of large amounts of mlea weakens the rock,
This may be due to the foliated structure of the minerel induoing slip
planes when the' spécimen is loaded.’

(vi) Sumerising, the factors which affeoct both the tensile and
compressive strengtﬁs of Coal Measures Rodks aret= cementing medium,
particla size, shape of the grains and overall mineral composition.
However, the ultimate strength of a roeck 'in situ' is greatly affected
by natual weaknesses in the rock (slip planes, fossils, carbonzceous
matter, etc,)

(vil) The strength velues determined for each of the rock ﬁypes
are only relative and not absolute since the strength of & small cube |
of any rock (in the labaratory) is different from the stréngth
developed by the same materisl 'in situ' (AS etc.).

Determination of Elastic Consbents

(1) The stress-strain dlegrems obtained in the compressi¢n tests
 of 811 the rock types are of similar form to those obtained by. Phillips
(A10) using mechanical~strain gaugess A wide hysteresis loop is
obtained for the first loading cycle but the second, third end subse=
qﬁen£ loadings give much rerrower loopé'which are almost superimposed
(see Fig. 6A). |

(1) Similar stress-strain curves were obtained for the rocks in
tension, except that the second and third loading eycles did not give

euperimposed hysteresis loops. This is probably dus to & slower rate
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of recovery of tensile time~strain (elastic portion) than campressive
time-strein. The difference in the mature of the tension and can-
pression stress-stroin curves is clearly 11lustrated in Fig, 204,
which chous both tho upper end lover filre strain-leoad curves for a
bending test on specimen DIR, ' \

(1i4) Since the stressestrcin relationships (both in compression
and tension) ere non~lineer, Hocke's Lew 13 invalid and true "elastic
constants" for the rocks do not existe However, valuss of Youngz's
Modulus (E) and Polsson's Ratio (& ) can be ealculated for any given
value of applied stress"using' either the ™angent® or the "secantt
method of calculation. | Considering the results plotted in Figz. 7A
(Lees Eand & for CM1) it is seen that the tangent modulus is higher
than the secant modulus and that both inerease with stress. The
values uced in both calculations are from the third loading cycle.

The "scatter® of the rosults is M.g-her in tho case of the tangent
modulus since only a emell part of the stress-strain curve is consider-
ed for ecch caleulation, whereas for the sceant modulus the whole curve
{up to a given stress value) 1s used and consequmntly the percentage
difference betueen consecutive points ia much amaller in the laﬁter
c-:-ise, Tho difference betusen the #loeding® and "unloading® values
of the tangent modulus for a stress of 35540 110’./:I.n:.2 should be noted =
the difference i3 duo to tho chengzover £raa tho "loading® to the
"unloading® curve end not to any particular property of the material.
(NeBe = This difference in the tangent valuves obtained for E and
for the highest applied stress is seen for all the curves plotted.)
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(iv) Similar reasoning applies to the determimtion of Poisson's
Ratio for rocksy the secant ratio being higher then the tangent
ratio (Fige 88)e If the third loading cycle is considered the walue
of & for specimen CMl decreases s]ightly with increase of stress
and thercafter remains fairly constant but i1f the initisl locading
curves are used in the calculations, G appears to increase steadily
with increese in stress. Thus before using any valus of & for a
given rock the previous "straining history" of the rock should be knowne

(v) The variation of Strain Energy per Unit Volume with applied
stress (CM1) shown in Fige 9 olearly 11lustrates the difference in
the results obtained with the tangent end the secant moduli. ‘

(vi) It 43 thought that the tangent modulus is more suited to the
study of rock stresses in mining since mitial‘ly the rocks are pre=
gtressed and the forces induced by mining constitute the secondvloading |
cyclos Furthermore the tangent modulus gives a close approximation
to the immediate (elastic) strain developed and the total strain for
eny particular stress can be computed by use of "timewstrain data®
(.aee later).

(vii) The relationship between the Elastic Modulus and applied
stress for the other rocks tested 1s showm in Fig. 114, 124 and 13A,
For all the specimens except DH3 and DH7, the elastic modulus increases
with stress (most of the values are between 3 and 4 x 1d° 1b./1né%).

In the case of the slltstones (DH3 and 7) the modulus showsa slight
d'ecrease followed by a gradunl increase, with increasing values of



stress.  Muller (A3) shows that the valuos of E for most rocks
increase with stress with tha exception of slate and Holland (A8
and A27) obtaing similar results to those here described for his
tests on rocks assoclated with coal seams.

(vii1) Fig, 14A shows the ré]ationship between Poisson's Ratio
and stréss for ‘the remainder of the rock types tested: the ratio
shows a slight increase for increasinz wvalues of stress. This
i3 in agresment with the results obtained by Phillips (A10).

(ix) For the tension tests the aversge value of Young's Modulus
for the rocks was found to bo lover (bobween 1 and 3 x 106 1b./in.2)
than in compréssion. The tension modulus also increases with
applied stress but the rate of increase 1s lover t-han the compression
modulus (see Fig. 1a4). There appears to be little or no variation
of Poissén"s Ratio with increase of tenslle stress.

(x)  The results of the bending tests ( Fig. 10A = 21A) give
simllar stress strain diagrams to those’ obtained in the compression
and bending tests.  The strain valuss recorded for the bottom fitre
are considera'bly higher then for the upper fibre at corresponding loads.
Phiilips (Alo) has demonstrated that the position of the neutral axis
in bending depends on the relative values of elastic wodulus in tension
and compre ssion hence the difference in extreme fitre strains,. On
testing a bteanm of smdstona (HDZ) to destruction the fracture plane
developed (see Plate VII A) corresponds to the thooretical line of most
effective shear with the hade of the fracture changinc direction at the



neutral axis which 1s considerably nearer to the upper surface
of the beem, -
TimewStrain 4n Coal Measures Rock

(1) The familiar "gtepped” stressestrain curve obtained when
each increment of load was loft for 15 minutes &uring a tension test
on specimen DIR is shawn in Fige. 224, Phillips obtained gimilar
results for compression end bending testa on shaleé and sandstonea
(A10).  Corten (425) in his tests with gravity loading of atecel
beans aleo obtained comparable results. In both the tension and
bonding tests (Fige 22A and 23A) it is seen that the immediate (or
elastic) strain parts of the diagram have different gradients,

Hence the apsumption that instantaneous loading gives an elastic
stress=strain relationship is not correct (see later ®"prediction of
time=strain®).

(11) In the experiments to predict the "timeestraining" of
rocks under a given applied stress the calculatad and experimental
surves show fairly good agreement both for the bending and tension
teats (Fig. 27A and 29A respectively)s  In both cuses the discrep=
ancy betwecen the calculated and experimental curves 1ncreases with
increase of stress. For all stress values chosen, except one, the
~ calculated sirains after a given tims ere h.igher thzm the strains
recorded experimentally. »

(111) Although the method used for the predictioﬁ or time strain
gives roasonably Aécﬁrate results it should oe g,sed with caution because
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several assumptions ere made in applying tho theory (outlined earlier)
to rock straining, viz, = »
(2) Tho strain rotes for the fomily of stress-strain curves
shown in Fig. 24A are average values determined after the curves
were plotted but the theory assumes tho strain rates to be pro-
determined constants for any particular test.
(b) Theoretically the stress-strain curves should be obtained
by elloring the material to strain contimously at a given strain
rate. This was not possible with the apparatus used and the
method of obtaining the stress=strain curves was to allow the
time~strain to develop at fixed lood values and from the resulte
ing "stepped curve" a smooth curve was plotted.
(¢) Tho theory essumes that the strain developed immediately
after epplication of the load is completely elastic but actually
the strain developed in rocks alvays consiats of an elastic part
and a plastic part. (NeBy = The verictions of the slopes of
the "elastie" parts of a typical stressestrain curve are shown in
Fig. 224), | |
(1v) Tho similority of the experimental ond predicted strain-time
curves indicates that some form of "equation of state® (A23) exists
for rock but since graphieal procedures zre uscd in the analysis the
ectual form of the "equation" need not be knowme |
(v) Although the essumptions made in epplying the theory are
fairly"sweeping® the method seems to indicate a field for further
investigation.



CONCLUSIONS

(1) The olectrical resistance strain gauge with an A.C. measuring
bridge is sultabls for the measurement of rock strain in laboratory
tests, The accuracy of the method depends upon tho bonding of the
gaﬁge to the rock curfzco and the linear respomse of the gauges at
lov ctrain values, Due to the inhcrent "timcectirain® propsrty of
rocks o direct reading tridge is mors accurate then a2 "mull~-point®
bridge for the determimation of stress-strzin dlagromse

(2) Tho rolative strengths of the Coal Measures Rocks tousted were
found to lot= mnd:;tom 8y siltstonos, mudstenes and shales,

However the presence of matural wealmessaes greatly influonces the
ultimata strength of rocks 'in situ! and this factor cannot be allowed
for in labaratory tests,

(3) For the range of sandstones studied it was founds- (&a)the
larger the particle size, the weaker 1s the rock for any given
cementing medium, (b) f;r a given particle size th? strength of the
rock i3 governed by the cementing mediums which have the following
relz_ative‘ strengthi« ferruginous, siliceous, calcareous and clay,

(¢) the shaps of the grains end overall mineral composition also
effect tho ultimate strength of the rock.

(4) There does not appear to be eny fixed ratio between the compress-
ive and tensile strength of any rock‘ typoe.

(5) On subjecting a rock to stress, either in compression f.ension o
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bending, a hysteresis effect 1s obtained. There are no true

elasbic “constants" for rocks and generally the Elastic Modulus and |
Polsson's Ratio increase with applied streass, Howover some X
ceptions to this general ruls were found particularly in the silt-
stones where an initial decresase followed by an increase in the

values of E and &  with increase of stress were moted.  Values

of Eand & for any rock type should alucys be related to the

applied stress, and previous straining history of the material. The
method adopted for the caleulation of the "constants" should also be
stated.

(6) The values of E 4in tension is less than in compression for any
given rock,  The direction of application of stress with respect to
the laminations greatly affects the tensile strength of the rock,

(7) The total strain developed in rock under & given load is & function
of time. Phillips analysed the rates of development of time strain.
The method here described for the prediction of "time-strain" gives
reasomably accurate results and also indicates the existence of an
"equation of state" for rockse  However it should be noted that soversl
assumptions are made in applying the theory to rock strains which 1imit

its general application.



SECTION B = PHOTO-ELASTIC  INVESTIGATIONS

The design of suitable support systems to control the strata
movements around underground excavations requires knowledge of the
redistritution of the rock stresses induced by mining together with
'the’ physical properties of the materials subjected to stress. There
have been many theories suggested to expiain the pressure distributiog
around mine working (Bl); moat of the theories are btased on visual
underground research and penerally are limited to e particuler mining
fielde In recent ysars there has been an increcasing use of sensitive
instruments to record the effects of different forms of support, methods
of working etc., but most of the measurements have teen concerned with
the manifestations of rock pressure rather than the pressurs itself,
Another approach to the problem has been made by the study of models
in the labaratory (see Section D). Use has also been made of the
photo=elagtio mothod of stress analysis to determine the stresses
around underground excavations,.

Photo-elasticity has been widely used in the other btranches of
engineering; details of the development of the method, the theory
involved and ths interpretation of the results are given in the
extensive publivations of Coker and Filon (B2), Frocht (B3), Hetenyl
(B4) and others, In the study of rock pressures photo-elasticity has
been used by Bucky and Sinclair (B5), Mindlin (B6) end Duvell (B7, B3)
in America, by Tincelin (B9), Guinard (B10), Pirerd (B1l) and others
on the Continent. In Britain the method was first used by Hudspeth
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and Phillips (B12) and mere recently by Potts and his associntes
who have developed the technique and applied it to a wide range of
problems (B13 to B19 incl.).

Due to the heterogeneitf of rocks, the effects of pre-mining
disturbances, the irregularities in the shape of mine excavations
etc., several simplifying assumptions are made in applying the
method ~ the strata are assumed to be an infinite medium, the
boundaries of the excavations regular, etc. = These assumptions are
Justified in the study of large scale problems such as shaft disturb
ences (B14), partial extraction (B7, B3, B1l8, Bl9), gallery shapes
(B10, B17 ete.) etc., but when the problem is more particular caution
must be observed in applying the results of photoeelastic analysis
since Coal Measures Rocks are nut truly elastic in their behaviowr
under stress (Section A). Hence the model results cannot be applied
directly to the prototype but an overall impression of the stress
distribution can be obteineds Furthermore, since most rocks fail in
shear the isochromatic diagrams obbained from the photo=slastic
experiments illustrate the critical zones of shear stress concentration
without further analysis.

In the past few years increased use has been made of roof bolting
es & mean of support in gate-rcads and headingse In scame cases the
bolts hav‘e formed the entire support system and in otheré they have been
used in conjunction with conventisnal forms of supports Generally the
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bolting patterns adopted have been desigried by some form of "tﬁal’
and errar" method, In ths present work models were constructed

to study the effects of various bolting patterns, bolt tensions,
otoey with a view to designing suitable bolting patterns for use
underground without having to ecarry out extensive uncierground trials.
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APPARATUS

(a) Polariscope |

The polariscope used in the investigation 1s shown in Plate
IB, A chaln erive systém couples the polarissr and anmnlyser
to a gradusted control handle at the screen end of the bench to
facilitete the plotting of isoclinic lines. Quarter-wave plates
can be inserted to give "eircularly polarised light" when iso-
chromatic diagrems are being imvestigated. Details of the various
6anponerrbs arets

| idcht Sourcet Two lamps are provided in the lamphouse =

& 2504 projection lamp for white light and a 2504 high pressure
mercury vapour lamp for mono-chromatic light., Wratten filters No,77
and Noe58 used with the mercury vapour lamp give the mercury green
'line (wavelength 5461 AJUs)e The lamp house can be rotated about
its verticel axis to facilitate interchange of the light source.

Condenserst The condensers are 6 inch diameter planow
convex lenses used to give a parallel beam of light through the model
being studied.

Polariserst “Polaroid" sheets 5% inches in diameter,
fitted between glass plates, are used for both the poleriser and the
analysere

Projection lenst A 3 inch diameter compound lens is used
for projeeting a magnified image on the screen for the analysis of
1s0clinics eto. When it is required to photograph stress fringes the
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projection lens is replaced by a half-plate Sanderson camera,
Kodak 0,250 plabes were used for recording, the stress fringe photo=
graphs., |

(b) Loadigg gggment

The modela are loaded by a gystem of levers designed to ellow both
horizontal and vertical movement of the model with the straining i‘rame.
This 1s useful when models larger than the po]erisers are being studled.
For the study of roof bolting systems the loading arrangements vere ag
shown in Fige 1Bs From the point loed et X (Fig. 1B) an approximately
uniformly distributed load is obtained by the device showne Tho "box®
construction of the loading gear allows the “anchor ter® to remain une
loaded when the CeRe39 bean is under loed¢ Clearance holes for the
bolts are drilled in the tese of the box, and a thin rubber sheet is
interposed between the loading surface and tho bteam to minimise local
contact stresses. In addition to the vertical loading over the un-
supported span of the model, horizontal constraint and ‘additioﬁal
"abutment® loading ca,n be provided by the loading sorews shown, | The
intensity of the "additdional® loads is measured by strain gaﬁge load
cells positioned as illustrateds The metal plates which support the
beam models can be removed to emable larger models (arched roadway
sections etc.) to ba investigated.

(e) _4ncillagz&uiment |
Compensator: A Soleil-Babinet type oompensator was used

for the determination of fractional orders of interference. It was
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used mainly for the measurement of edge stresses when the fringe
pattern was approximately parallel to the boundary of the model.

Extensometer:s A "Hounsfield" extensometer was used for the
measurement of bolt tension. The instrument consists of a clamping
 freme which fixes two gauge points (2 inch gauge 18ngth) to the
gpecimen; . & micrometer secrew arrangement is used to measure the
deflections of a bell-crank lever linked to the moveable gauge point.
Platimm contagts fitted to the micrometer "make®™ a eircult for a
small electric btuldb « so elimimting the effects of the "persoml
equation” which is usually involved in the reading of a micrometers
The use of the instrument for the measurement of bolt tension is

described under "Procedure®.



CONSTRUCTION (F MQDEIS

In the study of foof bolting techniques the range of models
investigated consisted of three main groups, viz. (a) suspension
suppoft, (b) compound beam effect, and (e¢) arched roadway support,
The materials used for the construction of the models were Columbia
Resin (C.R.39), Bakelite (BT/61/893), Catalin and Perspex, the
latter being used only for the determination of isoclinic lines.
The bolts were made from Ds0,65 inch diameter wire screwed to take
No, 10 BsA, nuts, The bolt plates and roof bars were made from
eopper sheet. |

(a) Suspension Support

In the investigation of the use of roof bolts to "suspend" a
weak stratum from a much stronger one above beams of C.R.39
8 inches by 1 inch by 3 inch simmlated the lower bed while a steel
ber represented the "anchoring bed", OClearance holes for the bolts
were di‘:l.lled through the beam using a No.52 drill and reaming tl‘lem4
with & No,50 drill (,0700"). The cutting edges of the drills were
modified as suggested by Jenkins (BR0) to minimise the machining stresses |
induced in the material by drillinge. The reduction in the induced
stresses 1s shown by com;ﬁar?.ng Plates IIB and IIIBe The models were
cut from polished sheets of plastie using a 5" x 1/16" medium speed
circular saw mounted betireen centres in a lathe. The cut edge obtained

was free from chipping but the finished edges of the model were prepared
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by £ilinz to mininise the edge stressess  To ensure equal bolt
tension, the load was applied through tress sleeves (sce Fige 1B) /‘

|

'
.

and the strein developed in tho sleeves moasured with an extensometer,

(b) Compound Beam |

Another application of roof bolting in coal mines is the clamping
togather of several thin streta to form & compound beam. To study
this use of bolting, models, cqnsisting-of two beams of C¢Re39, 8" x
3" x 4%, vhich could be bolted together, were mades The holea for the
bolts were drilled as before, the bolt hsads being countersunk in the
upper stratum to permit uniform loading of tha beam over tho entire
spen,

(e) Arched Roodwsy Support

In the models of a longwall gate rood ths arched section was cut
from 4 inch thick C.R.39 sheets The "anchoragze bed" was also mede
from CeRe39 & the interface belng accurately mochined to minimise local
stress concentrationse A strip of polythens was placed between the
beds to ellow f:pea lateral movemente The roof boll holes were drilled
in the manner previously d’escﬂbed; the holes in the upper bed were
tapped to take the screwed end of the roof bolts, An attempt was made
to anchor the bolts with tha "slot and wedge® principle but 4t was not
possible to obtain sufficient anchorage = consequently all the bolts
were anchored simply by screwing them into tapped holes. The road=
gide "packs" were made from stiff rubber sheet which allowed consider-
able yleld before its maximm resistance was developed - comparable to



underground conditions, The floor of the readwey was also made
from Columbiza Resine Many models of this type were mede with beds

of different thicknesses; several models fractured along the line

of the bolt holes when under loads One model was constructed with
several strata made up of different materinls [CeR.39, Bakelite and
Catalin), the roadside packs again boing made from rubber shestings

Details of the models ere shown in the fringe photographs and
several models can be seen in the foreground of Plate IB,



PLATE IBs Photo-elastic Bench and Models

PLATE IIB: Machining Stresses PLATE II1IBI Elimination of

around Drill Hole in C*R#39 machining stresses with Modified
Technique
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EXPERTENTAL PROCEDURE

In addition to the many underground experiments earried 01_11;
to determine the effects of different roof bolting systems several
investigators have studied the re-=distribution of strssses caused
by bolting of beems,etc. in the laboratorys. Different techniques
have been used 4ncluding centrifugal testing (B21) and the testing
of model bolts installed in concrete beams (BR2), By these
tdestructive™ methods, the eritically stressed zones are revealed
but an overall impression of the reedistribution of stresses throughe
out the model cannot be obteineds The procedure adopted for the
photo=slastic tests although similar in principle to that used by
Bucky (B21) and Wuerker (B22) gives a more general picture of the
stresses around bolted excavations. Beyer and Solakian (B23) used
e comparable method to that here described in their photo-elastic
analysls of strosses in composite materizls. In their tests the
reinforcing bars were cast in the models and not inserted into
drilled holes,

The procedure adopted in the tests can be. sub~divided as followéz-

(2) ZProperties of the Model Materials

The "fringe constants" for the photo-elastic materials used in
the investigation were detemineq by the testing of a beam in pure
bending, The isochromatic disgrem and caleulations for the calibe
ration of of the C.R.39 speoimen are given in the "Results",

Tests were carried out on the material used for the model bolts
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to determine the ultimate tensile étress and the elastic modulus.
The trass sleeves used for the measurememt of bolt tension were
celibrated in & seperate test to enable the bolts to be set to a
pre~determined tension directly.

(b) Isoclinia Idneg

The 1soclinia 1ines were obtained by projection end direct
tracing = no photographs of individual isbclinio lines were made.
Perspex modela were used for the detemination of the isoclinic patterns.

(¢) Isochromatie Patterns

Isochromatic diagrams for each stage of the investigations were
recorded photograpﬁically. The effects of "pinning® the strata
together by simply inserting the bolts without tension were studied =~
this test was intended to simulate the action of wooden "bolts". The
variations of streés distribution with non=uniform bolt tension, square
roof plates, roof bers, eto. were also investigatede A test was made
to Nlustrate the effect of plabing a rubber pad betwseen the plate and
the‘ roof in a similar manner to the prop soles suggested by Jenkins (B24)
in his study of floor penctration. | .'

(d) Moasurement of Bolt Tension |

In the preliminary tests considembie difficulty wes experienced
in applying equal tensioné to the bolts. Consequently it was necessery
to measure the bolt tension in a separate operatlion, The following
methods of measmling' the bolt tension were investigated:;

Applied Torquet A simple torque-meter was constructed to al_lou.
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the application of a known torque to the bolts. However, since
the tension required in each bolt was relatively small the influence
of friction forces etec. on the nuts and bearing plates was such that
the method was very inaccurate, |

Optical Methods A small block of C.R439 was interposed between
the mit and the bearing plates When the bolt was tensioned the C.R.39
was undcr compression causing interference fringes in the material, ‘
Due to the low forces being applied and the influencing of machining
and edge stresses in the blocks of C.Re39, ths accuracy of the msthod
was love

Extensomoters The length of the bolts was increased and a trass
tube was placed between the mut and the boering plate as shown in Fig,
1B, The strain developed in'the tubes was measured by & Hounsfield
Extenscmeter and from e previous calibration the tension in the bolts
could be determined directly. However it was not found possibls to
£1t the extonsometer to the bolts while the model was under load in
the straining frame and so only the initlal tension in the bolts was -
recorded and not the tension developed under loade Reasonable accure
acy could be obtained with this method end it was adopted for all the

T

experincnts.
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EXPERIMENTAL RESULTS

(a) Properties of the Model Materials

Stress Optical Coefficient: Tho isochromatis pattern for
the centre portion of a beam of C.Re39 18 shown in Fig. 2B. The total
change in interference order from the top to the bottom of the beam is
found by extrepolation.

For a beam in pure bendingt-

, d
Extre fibre streas = M x 2
I

end for & rectanrulor sesction,

1 va3
12

I =

where
=  Bending moment on section (in 1b.)

Depth of beam (inches)
=  Moment of Inertia of section (in.)%
=  Thickness of beam (4n.)

o H & =
"

v« ¢« Total change in stress = 2 X M ox

between extreme filres b33
12.
= —1-%- ouo--coo-aooco-o-onnonu(l)
bd

Be definition, Stress Optical Coefficient (C) is given by,

c = (p_.q)-ik '...OQUOOOOOOOO00.!0...0'....00(2)
n
vhere (p = q) =  Difference between prinoipel stress (1b-./in.2)
n = Qrder of the interference fringe
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The units of the cosfficient are 1b./in.2/order/in, - stress
difference. ‘

In a beam in pure bending, ths principal stress normal to the
edge of the beam 18 zero, 1.0. q = O, Therefore the total stress
across the cection can be substituted for (p = q) in equation (2),

thuss=~
o :
¢ = —= X : {1b./in./order)
. 1M
' C = nd2

For the C.R.39 specimen testedt
M = 84.7 1n.1bo
d = 1.0 in,

n = 10,/ orders

S0 = 12X 8T
| | 12 X 1044

1.0. Stress Optical Cosfficient (CeRe39) = 97,7 1b,/ine x order,
The coefficlents for the other materials wore obtained in the same
vaye ‘; _

Roof Boltss From a series of tensile tests (some to
destruction) on the material" used for the bolts the fol.].owiﬁg results
.were o'b{'.aineds- , | )

Young's Modulus = 26;7 x 1P 1b./in?
Ttimste Lead = 735 1b,
Average Diameter = 0.%-5 ih,
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| Brass Loading Tubest The resulta of tie calitration test
on a specﬁn‘en of the tube used for the measurement of bolt tension
are shown in Fig. 3B, |
(b) Isoclinie Line:g }
The isoclinics for each model were obtained by direct tracing.
‘Typical of the diagrams obtained are those for. & beam with and with-
out bolts (the bolting pattern being the 4~bolt suspension support),
shown in Fig., 4B and 5Bs The corresponding diaprems of stress
trajectories are shoun with the isoclinio dlagrams.
The stress trajectories obtained for the unbolted arch section
were similar to ﬁhose obtained bty Potts (B17) and Guimard (B10) for arched
shaped galleries ina continuous mediume ‘
(c) M@M | |
{ The 1Isqcln'anatio patt.erns for various loading conditions of each
group of models were o‘btaimd using monochromatie light with the dark
fie1d errangement .of the polarq.scope'; - Plates IVB and XVIB show the
fringe patterns obtained with tha specified ioading conditions, Considering
-eé;glh gv'oup of models separatelyte
| '» éﬁspension Support - Flates IVB, VB and VIB show the
shear stress distribution over the span with and without bolts under
different epplied loads. The distribtution of stress induced by equal
tension in the bolts (zero applied load) 1s shown in Plate VIIB, Plates
VIIIB and IXB 11lustrate the effects of runequal bolt tension and the use
of a roof ter in place of "patch®™ plates,
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Coampound Beam e The redistritution of stress caused .
by bolting two independent beams together is 1llustrated in Plates
XB and XIB. | The reduction in stress corcentration at the edge of
the patch plates when & yielding pad (rubber) is interposed between
the plate and the roof is shown in Plate XIIB,

Arched Roadwey Support = Representative of the iso=
chromatic patterns obtained for the models of an arched roadwey zre
those shown in Flates XIIIB and XIVB, The model used in this
particular experiment was made entirely of C.R.39 with hard rubber
to simulate the roadside packse The bolting pattern wea btesed on
the results obtained from previous experiments, Plate XIIIB shows
the stress distribution across the ssction without bolts and the
effects of simply inserting the bolts without epplying tension are seen
in Plate XIVB. This latter condition 1s comparable to using wooden
bolts or pins (see Section C). The stress distribution when all
three bolts are tensionsd equally is shown in Plate XVB while the
effect of tensioning the centre bolt alons is illustrated in Flate XVIB.
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PLATB \B Suspension Support. Applied Load 227 Ib./in.
Equal bolt tension (3 units strain)



PLATE VIB Suspension Support. Appliod Load 328 Ib./in.2
Equal bolt tension (3 units)

PLATE VIIB Suspension Support. Applied Load zero.
Equal bolt tension (3 units)



PLATE VIIIB Suspension Support* Applied Load 227 Ib*/in*"
Unequal bolt tensions

2
PLATE IXB Suspension Support* Applied Load 227 Ib*/in*

Hoof bar in position* Bolt tensions equal*



ry
PLATE XB Compound  Bean# Applied Load 70 Ib./in.**
Without bolts.

PLATE XI B Compound Beam. Applied Load 70 Ib./in.»
AN-bolts equal tensions.



PLATE XIlIB Compound  Beant* Applied Load 70 Ib*/in*"
2-bolts equal tensions* Rubber pad in
position (left hand bolt)*

ALATE XIIIB Applied Lood 80 Ib./in.2 without bolts.



2
PLATS XIVB Applied Load 80 Ib./in* Bolts installed
tension zero.

PLATE XV3 Applied Load 80 Ib./in.2 Bolts installed
with equal tension.



PLATE XVIB Applied load 80 Ib*/in.2 3 bolts installed
Centre bolt only tensioned.
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ANALYSIS OF RESULTS
1. It is known that Coal Measures Rocks do not behave

strictly as elastic bodies when under stress (Section A), conse=
quently the analysis of the results ébtainad in the photo=elastic
irrvestigations must be 'qﬁalitativa rather than quantitative.

Potts, in his analysis of several mining i:qréblema (B16, D17 ete;) ‘
has used ths "unit? method of analysis, i.e. the stress distribution
18 given in terns of the total epplied stross, but the mture of the
investigations here described does not permit such a method of
analjsis. |

2'.‘ In the construstion of the models the roof bolté are pkeced
y_ggr_x_;_g the photo-slagtic material, hence the optical effects recorded
:I.n the vicinity of the bolts cannot be analysed correctly with normal
two-dimensional photo-elaatic methodss |
3. In the initisl experiments several failures of the bolts
occurred dus to shearirig of the threads end to overcome this weakness
it was neéessary- to use steel wire for the bolts. The use of Bteel
(for the bolts) resulted in the ratio  E-nodel DOl  yeyng muoh
 higher then the ratio -D-22M8. o5 thot the conditions of similer-

E rock
1ty between the model and the prototype are not accurate.

Suspension Supports _ |

(1) The re~orientation of the principal stresses throughout a
"suspended” roof bed due to bolting is shown by compering Fig. 4B and
5B, Similer diagrams were obtained with "two" and "three" bolting
patterns, | |
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(11) In the 'unbolted epan (Plate IVB) the sheer efress goncen=
.' trations over the ridb sides ere very high and there ia considerab]e
tensile stress on the 1awer fibre over most oi‘ the epan. Thus
 fatlure will take place either in tension (at mid-span) or in shear
(over the rib sides) depending upon the plwsical properties of the

rock bed. Tha effects of introducing A-'oolts {with sufficient
 inttial tonston) are shown in Plates VB and VIS, In the forner
cese when the applied loed is 227 1b. per square inch the introduction
| of the 'bolts has almost neubralieed the tensila atrees on the lower
fibre of 'bhe ‘oed. When the applied loed is increased tonolle stress
: again develops in the lover i‘ibres of the ted (Plate VIB). The
distribution of tensile stress (in fringe orders) along the lower
 fibre of the Toof bod for eaoh of the above conditions 18 shoun in
Fig. 6B. | ;

(11) The concentration of sheer stress is higher azound the bolts
nearest the rib sides and the introduction of bolte reduces the shear
| vetrees concentration immediately over the ridb sides.
| (iv) The initial tension applied to each oi' the bolts muet be
uniform othemise the bolte merely distort the atress distri’oution
| over the spen and ney actmlly promote tracturing or the roof bed by
aoting ag "stress raisere" This ie espeoia].‘!y :l.mportan'b ii' the roof
bed 15 weak in sheer (PIateVIIIB). ,

(v) It 1s seen that there 1s always a8 concentration of sheay
stress around ths patch plates which mey in some cases cause failire
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of the surport system dus to ommbling of the immodiate roof bed eround
the plata, Plate IXD iﬂnsﬁmﬁes the ghear stress distribution when e
roof bar extending across the entire span is used in place of the
plates, The use of the bter eppeers to have eliminated the high stress
- eoncentrations around the bolts:ﬁtrt_ it should bo remembered that if e
section along the axis of the readwey was considered thenthe stress
distribution would resembls that showm in Plate VB,

Compound Beam Effects

(1) Plate XB shovs the shear stress distritution when two strata,
gubjected to tending, are acting independently, It 18 seen that the
fringe order on the lowest fitre of the bottem stratum et mid-spen 1s
3,8, corresponding to a tensile stress tangential tc; the roof of
epproximately 1496 1b, per square inch for an applied load of 70 lb,
per square inch,

" (41) When four bolts, eqﬁa].‘ly tensioned; are installed in the
beams before subjecting them to the same load, the fringe order at
mid=span is 2,4 ~ glving e tensile stresa of 940 1b, per squszre Lﬁch.

(111) The olamping together of the beds almost eliminates the
shear stress along the underface berween the tuwo beds,

(1v) Thus provided sufficient tonsion 1s epplied to the bolts
it may be possible to bind several thin strata together into a com=
pound beam vhich could withstand the applied loed without failure at
nid=span, |

(v) Jenkins (E24) in his photomelastlo experiments of floor
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penetration by props 1llustrated that the shear stress concentration
at the edge of the prop bases could be reduced by the introdustion
of a rubber pad between the base of the prop and the floor, Fall=-
ures of roof bolts also occur beczuse of the high al%,ear stresses
induced around the patch platess A similer pad to'l/that suggested
by Jenkins is shown between the plate end the roof bted (C.R.39) for
the left bolt in Platé XIIB, Comparison of this ’boJ.t with the
right one reveals a marked reduction of shear stress, The value
of this pad, in practice, will depend mainly upon the physical
properties of the roof bed (plastic flowingAetjc.). :
Arched Rondway Supports ‘

(1) Many investigations of the stress distribution cround
roadweys of various shapes have revealed that fuilure i3 most Ukely
to occur in the tension zone over the roof of the excavation,

Guinord (B10) deduces from his photomslastic and mathematicel studies
that even at the greatest depths worked in iron mines the galleries
fail in tension at the keystone before tho ultimate compressive
stress is developed et the ebutments of the arche Plate XIIIB
11lustrates the shear-stress distribution around en grched shaped
roadway in stratified material. Examination of the isochreomaties
reveals a tensile strees at the bese of the keystone of 1560 1b; .
per square inch for an applied load of £0 lbe por square inch.

(11) By inserting bolts, in the pattern shown, into the roof
of the roadway and anchoring them in the stratum above (without epply-
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ing tension) the tensile stress at the keystone 18 reduced to
12,90 1b, per squere inch and furthermore there is a reduction of
the shear stress developed on the lover fitres of the anchorage stratum.
The effects of ‘simply "pirning® the beds of the keystoms together wes
extended by using “wooden bolts® in the undergromxd investigations,
(see Seotion c).

(111) By applying equal tensions to the thres bolts (all installed
within the tension zone) the tensilo stress at the keystone is reduced
to 1100 1b, por square inch end the shear stress along the interfuce
18 alnost eliminated (Plate XVB). | |

(1v) When all three bolts ere in position, tut only the centre
one is tensioned, thers is still a reduction of the tensile stress at
the keystone = illustrating that the contre bolt 1s the most vital
one in reducing the in‘beosity of the tensile stress over the rozdwmy.

(ﬁ) The reduction of the tensile stress ct the keystom (under
the specified conditions) 13 thwn diagrammaticany in Fig. 7Be The
streas values used 4n plotting the resulta are merely relative and
cannot be applied d ectyz to the prototype because of the dissimilare
ity (previously discussed) of the medel end actusl imderground |
conditions, | |

(vi) In the models the bolts have e 100% anchorage = & factor
which is never achiefed in practice (see Section C)e With this
pattern the bolt anchorages are within the "tension zone® (for certain
loading conditions) which may cause "ereep® of the bolt anckerages



|

underground, but provided aystematio re-tightenin, of the bolts 48
adopted this di&&vantage my te overcozce

(vii) In addit:lon to the model (arched roadway) here described
several compound models composed of strata of different materials
(Bakelite, Catalin, cte,) were made, The rosults obtained were
gimilar bub 1% is thought that the variation in Poisson's Ratio
of the materinls, influence of murface friction ete., induce
strogses at the interfuces which further complicate the emlysis
of the resulis and their application to working conditions undere

‘ground,

98
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CONCLUSIONS

1. Since Coal }Measures Rocks ere not tru]y elastic in their
behaviour under stress, and bescause of the difficulties in simulatin;
underground conditions by models, the results obtained from photo=
elastic investigations ero qualitative rather than quantitative. -

2 T@e applications of two=dimensional photo=olasticity are
linited hecouse it is not always possible to construct modela which
truly represent the conditions existing across any particular ssction
of an underground excavation.

3. There are three principal epplications of roof bolting in
coal mines viz. suspension support, formation of & compound beam and
erched roadway support. In each case the use of bolts reduces the
tensile stress developed on the lower filres of the immediate roof
bed. | |

be The initial tension applied to each of the bolts must be
uniform otherwise local concentrations of stress are developed which
mey induce premature failure of the roof.

5. The use of ylelding pads (rubber) between the patch plates
and the roof reduces the -concentration of shoar stress at the edges
of the plates.

6. | In the support of longwall gate roads, a 3=bolt pattern
installed within the tension zone materially reduces the tensile
stress developed at the "keystone® which i3 normally the weakest part
of the excavations This use of bolts was further inves:bigated under-
ground (Section C) and by stratified plaster models (Section D) « all



three investigations revealed the saving in roadway maintenance
which can bo achioved when the "keystone™ is reinforced.

Te It is sugposted that future investigotions of roof bolting
systems bty photo-elésticity should be carried out with threo=
dimensional models mzde up of strata of differont materilals. The
influence of induced surface stresses (at the interfaces of the
teds) should be studied and the materials used for the rmodels should
have similar "constant ratios® E Q400 _%_:‘b%g%t%; to those of tha
prototypes The method of loading the models should also receive
consideration, to permit closer correlation of the model results
with those obtained underground, |

60
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SECTION G =  UNDERGROUND _CBSERVATIONS

To extend the laboratory investigations of roof bolting as a
support in stratified deposits, end t0 determine the applications
end limitations of the electrical reasistance strain gauge and
encillary equipment for use underground, & fullescals bolting
progremme was comnenced at Northfield Colliery, Shotis, during
September, 1954 All the experiments were carried out in the
medin gate of an advancing longwall facey the bolting being used
in eonjunction with the narmel arch=girder supportse Three types
of steel bolt = slot and wedge, expansion shell; wedge and sleeve =
were investigated as well as some wooden "bolts" ar pins. No
observations were made in stoop and room workings because most of
the available literature on bolting techniques (Cl to C7 inclusive)
1s concerned with 'solid' working while comparatively few trials
have been recorded in léhgwall workingse
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Location o riments ‘

Northfield Colliery, Shotts, is a small unit with an output
of 500 tons per days. The shafts are sunk to the Productive Coal
Measures; sections of ths strata to the East ond West of No.l
South District are shown in Fig. 18. It is & non-gassy mine which
allowed frecdom in the use of electrical apparatus.

The site chosen for the tests was the main gate of No.l South
Section shovm in Fige. 1Ce This roadvay in the }oin Coal is 470
feet from the gurface, and has proved wery difficult to maintain =

three or four re=rippings being neccessary in some partse ' ,
Types of Bolts end Installation Equipment

Many types of roof bolt have been devised’ rocently} details
of the various forms of 'anchoring' devices can o found in the
putlications of Wright and McDonald (CZ), Hodkin and Iewrence (C9),
Panek, Berry and McCormick (C10), Rabeewicz (C11) and others,

" Three types of steel bolt were selected for the tests = each one

representative of a.particular form of anchor designe Details of
the bolts used are given in Table No.1C belows

TARIE _ No,1C
3__0 Bolt
Slot and Wedge and
Wedge Shell Slecve
Type Burned Slot  "Shotts" type  Bayliss, Jomes & Bayliss
Length 5 ft.6 4n., 5 £t.6 in, 3 24,6 in. .

Diemeter 1l in. 2 in. 59/64 in.
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- Blot and .‘ Wedge and

Hedpe Shell - Sleesve
Thread Cut - Cut Rolled
Young's Modulus 30,7 x - 3 3x -

1be/1ne? 1b./1n.>
Yield Strength 40,100 5 44,400 44,4700 2
| 1h./ine 1b./in. 1b./in.
Ult. Tensils 64,300 '69,4 74,400
Strength 1b./1n. 1b./in? 1be/in.?
Iength of Slot 12 in. - -
Wedge Lz x 1" o - -
i % 1/16"
Shell - Cast Phosphar 1411d Steal
Bronze :

In nddition to the three types of steel bolts some wooden 'bol‘ba'
o= pins vere useds There hove been soveral experiments carried out
with wooden bolts in tumnels and narroew work (€12, €13, C1l.) but no
records of similer tests in longwall work could be traced. Details
of the construction of the wooden bolts axre given in Fig. 2C.
Initially the tplate? was fixed by driving o second wedge into the
head of tho bolt, but this method did not prove effeétive, and the
method finally édopted was to drive hardxidod wedges between the roof
a nd the plate (sec Plate XVII C later).

The types of plates or washers employed were a 4" x 4" x 2" flat
plate, and a 9" x 9" x § §" dished plate, with and without wooden pads
between the plates and the roofs The design of the dished plates
was based on that used by McKensey (C15) in his experiments in
Australia. y
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The equipment used in the pit for the installation of the
bolts Wasi- -

Drilling:  Initially all hole boring was executed using a
Consolidated Pneumatic compressed air rotary drilling machine
(type 327S) btut due to the increasing thickness of en ironstone
band about 3 feet above roof level, the rotary machine had to be
roplaced by an Atlas percussive machine, mounted on a stoper leg.

Bolt Tnstallations When the rotary drill was in use the wedge

bolts were driven using a modified C.P. concrete treaker (type 11S).
The use of the percussive machine eliminated the need for the btreaker
as the bolts could be driven with the drilling machine fitted with
a suitabie 'dolly'. A compressed air impact wrench was used for
installing the shell boltsse The wedge and sleeve bolts were set
using the patent hydraulic setting device supplied by Bayliss, Jomes
and Bayliss. |

Tensionins of Boltst The initial and subsequent tightenings of
all bolts were done by means of a C.P. impact wrench (type 36S).

JPPARATUS USED IN THE TESTS

(a) Measurement of Bolt Tension

The variation of bolt tension as the face advanced was recorded
using electrical resistance strain gauges. Several workers including
Middendorf (C1l6), Verdet (C17) and Tincelin (C18) have used pressure
cells = either hydraulic or strain gauge « placed between the roof and
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the bearing plate to measure veriation in bolt locde This method,
although attractive from an econonics viewpoint.(the colls can be
re=used), has the disadvantage that the reaction of the bolts fitted
with cells may be apprecistly different from narmal bolts without
cells (compare with measurement of prop lozd (€19)). To eliminate
this variable, the method chosen was to fit strain gauges directly
on several standard bolts and calib.i‘ata then 4n tension in the
laboratory before installing them undergrounde

The bolts were thoroughly cleaned cnd the gauges fixed as
spocified by the suppliers in their manuel (C21)s Exceptional care
was taken during the curing of the gauges with infre-red lemps to
ansure good adhesion and eliminate the offects of "zero-shift" efter
calibration.

. Amcrican investigators (C20) have used strain gauges for bolt
load measurement with a "double tridge™ circuit, i.ee a tridge formed
with gauges on the strained material as well as the mcasuring ridge.
This errongenent claims to offset the veriation of contact resistance
in the gauge leads and any bending effects on the bolt. However, a
"control bolt", 1.60 & bolt fitted with gauges in the normal way and
loft underground for some tiﬁc, showed that the effact of variation’
in conbact resistance was so small that it was considered unnecessary
to use a "doutle tridge™ eircuit, provided care was taken to clean the
connections and btridge terminals. The method of fixing the gauges
is shom 1n Figs. 3C and AC. |
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In order to measure the effect of drift or ‘fﬁero shift" of
the gauges a bolt, fitted with gauges, wes tensioned up in a pipe,
end placed undergfound in the same coﬁitiqm es the measuring
bolts, Readings of the bolt tension taken at reguler intervals
rermained constant, indicating that the curing end protection of
the gauges was adéquate for underground conditionse The arrange=
nent 1s shown in Plate I Co

Due to the humid a‘bnoéphere underground, and the possibility
of encountering acid mine water, great care bd to be taken in the
protection of the gauges. Mhe:moro the -lﬂ;elihood of mechanical
damage due to the rough Mling inevitable underground had to be

alloved for in the gauge protectlon. The mothods used weres=

(1) Slot end Wedge Bolts = Several coats of micro-crystalline

wax were applied over the gauges and the bolt within tho notches.
Tho wex was applied when the bolt was warn = using infra=red lamps e
to permit the ua:i and bolt to coel together :nd so reduce 'the tendency
for the wax to flake offe A rubber sleeve was then drawn over the
waxed erea and sealed to the bolt with Bostik 252 compounds The
sleeve was coated with latex rubber solution to seal any pinholes,
Finally, @ polyt.he'ne z;leev'e was drawn over the entire gauge assembly
to protect it from acid water (if present).

(11) Expension Shell Bolts = Since the bolts were only % inch
diamoter it wns impracticable to place the campensating gauges around
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PLATE 3%

Control Bolt to Check Drift of Gauges



PLATE 11C

Shews the protective covering for the gauges fitted to a roof

bolt and the nShottsMtype double-cone expansion shell.
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the periphery of the bolt (as for the slot and wedge type), A
mild steel plate with the seme physical properties as the bolt
steel, on which the compensating gauge was mounted longitudinally,
was fitted to the bolt as shown in Fig. 40. Since the plate is
in contact with the bolt, temperature varilations are transmitted
to the pauge, tut as it is fixed (by Araldite) to the bolt at oms
point only, no strain is imposed on the plate when the bolt is
loaded, To accomnodate the expansion shells a 1,11/14 inch
dismeter hole was required but since the bolt steel is only % inch
diameter there was considerable "play" of the bolt in the hole
during installation, It appeared therefore, if the gaugres were
protected in the same way as for the wedge bolts there would be a
danger of damage to the gauge elements by impact against the sides
of the holes Consequently, after waxing as before, the bolt wes
bound with varnished tape to "fill out" the protection. Finally
a 1 inch thick coat of bitumen was applied over ths tape to withstand
any knocks during installation. The arrangement is shown in Fig.
/G end Plate IICs |

(b) Strain Bridge |

FPhillips diréct reading btridge (GM5536) and tenmchannel switching
unit (GM5545) was used for all strain meesurements underground. The
electrical supply to No.l South District is direct current and so a
small motoregenerator lighting unit wes utillsed to give an A.C. supply
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of 110 volts for feedinz the measwring tridge. A 5=core TsReSe
drill cable cupplied the power from the lighting unit to the tridge.
Plate III C chows the instruments cormected up resdy for use under-
grounde |

(¢) Toraus leters

Two types of torque meter were useds One metor measured the
maximm torque epplied to the mut at any instant, and the other meter
vas of the spring-locded type which when set to e ;re—éeteminsd value
would glip and so no further torque could be applied to-tbe nute

(d) Anchorsge Teating Rquipment

Pulling tests were made using a Gullick hydraulic device (berroved
frem Scottish Divicion, National Coal Doard), It consists of a
hydroulic unit 3% inches diamoter end 9 inches long, through which e
12 inch dismeter hole is bored to take the "strain ber® which is tapped
at one end to screw on to the bolt under tests The other end of the
gtrain btar ia the same dlameter as the main unit, to take the thrust
from the eight separate rams, each § inch diameter, contained in the
outer rin of the main unit, Hydraulic pressure 1s supplied by a hande
operated pump, capable of exerting a thrust of 16 tons on the tolt,
Strein tars ere available for use with 1 inch or § inch dizmeter bolts.
The epparatus is eimilar to that used by Wright (C22) and the Americat'x
investigators. |

The movement of the bolt under tension was measurea using either a
spring=loaded dlal geuge fitted on a rod set between the end of the
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strein bar and tho floory or by a telescopic tube fixed in e tripod
otand, and becring ageinst the bottem of tho s"c.rain tere The latten
device wos used when tho bolt "draw" wes expocled to be qulte consider
ebles Darry, and others (C23) proved that direct measurement methods

(es above) aro preforable to the measmuremont of piston displacenents

(e) YMecsurcrent of Bed Sepcration

To enchlo accurate records of roof comrrergence and bed ceporcotion
to bo obtained severzl recorders (Pitt Safoty Appliances Co. design)

- wera useds The design of the instruments is similar to that decerited
bty Winstanley (C24)e The recorders wero sot up in the some mammer as
deseribed by Cowan end Sharpe (C25) for the measurement of bed pepar-
ationy the instruments ere shoun set up in Plate IV C,

Eed separation was also measurcd by en optical "stratascope"
sinilar Yo the ome described.by Wricht and McDonald (C4)e This
Inatrment pernitted visual exemination of the strata being bolteds
The design 48 based on the "Introscope" (C26) used for detecting
treaks in shotholess Details of the construction ere shown in
Fige 5Ce The instrument consists basically of a 1 inch dismeter
tube with e frontesurfaced mirror, 1lluninated from behind by a small
- bulb et the objectlve end, and a telescope with diagenal eyeplece at
the lowver end. \The eyoplece can be replaced by a modified box camers
to permit the photography of bed separation etce The Instrument,
fitted with a tripod, i;: gshown in Plate V C, and a photograph taken
with the instrument of a erack in a specimen of sandstome is shown in
Plate Va C.




i#«

PLATE IVC Convergence Recorders measuring Bed Separation



VuLcausTe SunFAcE  ALUMINISED

/ Mireor

11111111111 T 77 77 2727 7T T D,

TeommuaLs

N7 - vour
PTHALMASCOR] .
BuLe
1//41'/771'71171 TIIIIIIIII"IL_LIJ
Eap View oF QGeuccmve SecTion oF  OsSECTIVE  Enp

Cup (Coveie RemoveD)

Vurcanime  Tuec
Fiemuy Fixep Ta
Viewnsa  Tuec

| ockivg  Sceew

orrce Strip
IusuLaTED oM

Covrper  STDIP

w L 4
Bouvp T Fiats on Stecr Tuec

QuUTsIDE

Detais  oF  Lticcreicar Fitrivos AT Tuge
Jowst (Desigued 10 Migimise  Brockiva oF Viewrino  TUBE)

BaToey Case

f SW ITCH
l-—\f — N ,__.

U —+0 DIAOOMAL

l% ’ . 8" \EYE_ Pece
‘ >1-<‘ —'—'{ OR _CAMERA

Fia 5C. N DLsiaN  OF STRATASCOPE




PLATE VC

PLATE VaC



70

(f) GCemeral Strata Movements
As well as the convefgence records and visual examination with

the atraiascOpe measuring stations were set up in the roadway. These
stations consisted of plugs set in the roof, floor and sides as shown
in Fig. 6C« The plugs eliminated erroneoud results due to fleking
of the sides and provided suitable points for fixing the measuring
rod in position. '
To pernit detailed study of changes In tho condition of the road=
way, photographs of piven sections were taken at regular intervals (C27).
(e) Measurerment of Rock Strain |

Foilowing the use of electrical resistance strain pauges for the direct
measurement of the physical properties of rocks, discussed previously,

" an atterpt was made to measure 'in situ! strains using a similar teche

nique. The method adopted for fixing end protecting the gauges was es
followst=

The selected place was dressed bty hand chisel end smoothed with a
compressed air rotary grinder., Any surface molsture present was driven
off by setting wp en infree-red lamp near the Zone for 3 to 4 hours. The
gauge was then fixed in position using Aré.ldita and left under pressure
for 2 hourse The cement was cured by leaving the lamp in position for
a further 24 « 30 hours, When the cement matrix was set, a felt pad was
placed over the gauge end a rubber cap, fitted with lead wires (vuleanised
seal), was placed over the gauge, end sealed to the rock surface with
Bostik compounds A &mall bag of silica gel was lsealsd under the rubber
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cap to absorb any molsture which may have boen trapped, A 60wuntt
electric tulb was left burning beside the gauges, for the duration
of the tests, to minimise the condensation of moisture on the caps
and leads. Cofpensating gauges were simiiarly nounted on a
detached slab of the same rock and placed in ths vicinity of the
ective gauges. The arrangement of the drying lamps end gauges
fixed im position ere shom in Plates VI C and VII G,
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PLATE VIIC Strain Gauges on Roof of Roadway



72

EXPERTMENTAL PROCEDURE

To enable the workmen to become famillar with the drilling
equipment and technique of installing the bolts, a short length of
roadvay was bolted after the erection of the conventiorel supports.:
The pattern adopted for the test length was the "3~bolt one”
investiggtad 1n the photo-elastic experiments (vide ante) .

Initially =211 three bolts were installed between the last girder

and the ripping 11p but it was found that the trimming shots of the
following cut usually dislodged some rock in the vieinity of the side
bolts so the pattern was modified thuss= the centre bolt was installed
as closa to the face as possible and the side bolts were installed the
following day. It is thought that this method ensures that the roof

is bolted effectively as soon as it is expogede

Al bolts were mumbered and the supervisor £illed in a sketch
plan (specimen shown in Fig. 7C) recording the date of installation,
setting torque, re-tightenings end any other relevant information.

Since only a limited mmber of bolts could be fitted with gauges
end calibrated in the leboratory, en investigation of the relationship
between "applied torque™ and "bolt tension" was carried out for all
the measuring bolts installeds The method adopted was besed on a
similer investigation in Ameriea (C20) so thet a direct comparison of
results would be possible.

Values of tension on the measuring bolts were obtained regularly



throughout the duration of the tests as well as ?horque' readings on
211 the bolts installed, |

Pull tests to ensure the effectiveness of the bolt anchorages
wvere carried out systematically by means of the hydraulie pulling
device. The "draw" of the bolts under tension was also recorded.

Conv'efgencé recoi-ds were obtained for the irmediate roof of
the seam by setting recorders in the face track and leaving them in
the packas Bed separation between the immediate roof of the road-
way and bolt anchorage horizon was also obtalmed, Horizontal and
vertical movements of the strata were found at the measuring statlions
set up in each test length of the roadway.

Some information regarding the straining of the immediate roof
bed between the bolts was obtained from the strain gauges fixed there=
to, and changes in the conditions of the bolted and unbolted test
lengths vere recarded photographically at regular intervals.
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EXPERIMENTAL RESULTS

Torgue~Tension Tests 7
Slot and Wedge Boltss The selected bolts fitted with gauges

" were set up in a hydraulic tensile testing machine in the laboratory.

Simultaneous valuos of the applied load and instrument reading were
obtained for loads within the elastlc 1imit of the bolt steel, In

this way calibration curves for the measuring bolts were obtained,

Specimen calitration charts are shown in Figse 8 and 9Ce This

direct method of calibration was preferred to the caleculation of
bolt load from strain measurements, since 1t eliminated errors in
agsuming =

(a) the steel for all bolts had exactly similar elastic

congtants,
(b) the gauge factor of the atrain gauges wes fully developed
(1.0 perfoct adhesion botareen bolt and gauge),

(¢) =zero strain on the compensating gauges,

(d) the gauges were axially sligned.

The bolts were stored underground at least 48 hours to permit
equalisation of the temperature of the bolts and.the mine atmospheres
A1l the calitrated bolts were installed In the normal mammer at differw
ent parts of the roadway for subsequent use in the !tension~time'! tests.
During the initial and any subsequent 'Eensioning of the bolts the
applied torque and bolt tension were recorded Bimulté.neoualy.

The results obtained for five bolis are presented graphically in
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in Fig. 1C, Seven bolts were prepared bﬁt two were demaged duringa
installation and no reliable results were obtained fram them,
Algo plotted on Fig. 1(C are the linear torque load relationships,

founci by the method of least squares, for the Northfield tests and

similar tests cerried out in America (C20).
The empirieal relationships derived aroi=

(1) Sandstone (U.S.A,)

T = 37 + 0.R53P
(11) Shale (UeSeAs) |

T = 12 @ O.(R36P
(114) Cambination of (1) and (41)

T = 2, * Ce®R55P

(iv) Northfield
T = 1.2, + 0.,0R63P
where | | |
T = @applied torque in £t.lb,
P = bolt tenslon in 1b.
The eqmtidn for Northfield ean be transposed thuss=
| Tension (tons) = =0,2415 + 0.C159 x Tarque (fte 1be) which
1s mare sulteble for the direct determimation of bolt tensions.
Due to the variable strata conditions at Northfield subdivision
of the results according to "rock type" was not warranted,
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Shell Boltss No experiments were carried out on the 'torque=

tension' relationship for the % inch dlameter shell bolts,

Dan'y, Panok and MeCarmick (C10) have experimented with a wide
variety of shell-bolt designs installed both in sandstone and shale,
They found that the scatter of the results was wide and consequently
many tests were neecessary to establish an empirical relationship
which would to generally applicables In view of the findings of the
fmericans and the fact that the "Shotts type" chell bolt has a limited
application, no attempt was made to establish a *terque-tensiont
relationship, and conse_qusntly only laboratory ealitrated bolts f£itted
with pauges could be used in the 'tensionetine® tests (see later).

The relationships Bolt Load (1b.) = 39,8 x Torque (ft. 1lb.) for
shell bolts estebliched by the Americans could not be employed in the
Northfield tests because the farmula 4s only applicabls to bolts with
forged hoads, whera the tension in the bolt is modified by the %orsional
stresses set up when setting the bolte = All shell bolts tested at
Northfield had scparate muta and plates.
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Yariation of Dolt Tension with Time

Slot end Wedge Boltgs When the calibtrated bolts were installed
underground the variatic;n of bolt tension was recorded regularly as
t.he face advanced, The results are shown graphically in Figs. 11C
end 22C where bolt tension ve time 1s plotted, and since the face
advance was regular at 4 foet 6 inches per day the epproximate distance
between any palfticular bolt and the face, at any given time, éan bo
computed 1f required. o _ - A

| .It was found that all the bolts installed "relaxed", l.e. lost
tenslon after a few dayse In order to investirate the effects of
this relaxnbion some of the bolts were re=tightened to their original
tonsion and others were left without any further torque being epplied.

To study the effect of the location of the bolts within the
pattern, on the "losd-tine" relationship, the positions of the bolts
were varied, viz. =

Bolt No0.19 (cal No.R) = side bolt
Bolt No.20 (cal Noes) = centre bolt

Bolts Nos. 89’ 101 &
110 = centre bolts

Due to damage of the lsad wire by blasting 1t was not possitle
to obtain tension measurements for Bolt No.20 after 24th November,
1954, but regular torque measurements were made and the bolt tension
computed from the relationship found earlier,

Shell Boltss The varlation of bolt tenclion vith tire was



recorded as for the wedge bolts.e The bolts were calibrated in
the laboratory in a hydreulic testing mechine, Typical calibration
curves are shown in Figs. 13C end 14C. Five tons was the rpadirim
load applied during the calitration to preclude the possibility of
overstraining the boltse.

A1l the measuring bolts were 5 feet 6 inches in length except
bolt B which was 3 feets The setting torque applied to all shell

bolts was 150 £t 1b. Two bolis wore re=tensioned aftor the initial

relexation and two were left without further tensioning.

S1x bolts were calibrated bubt only the results of bolts A, B,
D end F are discusssedt bolt C was damgged in transit underground
end the lsad wires of bolt E wore cut by the screw-threads during
fnstallations

The results obtcined are shoun graphically in Figse 15C and
16C,
Anchorano Testing

The socurity of warious farms of roof bolt anchoring devices
has beon studied by many investigators both in America and Europe
(c11, C16, €22, €23, C28), Many experiments have been performed
to dotermino tho moot sultable type of anchor for any particular
roclk, tho cptirtm initial tension to be applicd to each class of
bolt, the relationship of torque and anchorage, etc.

owover, the tension tests here recorded were nainly to
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determine the efficacy of the bolt anchorages useds A fow results
typical of thoso obtained are shown in Table lloe 2C bolowe Tho
tension walue quoted is the applied tension jJust prior to the anchor
"s1lipping". |

TAPIE Noo2C

Eolt No, _Type firpliod Tension Rerarks
tons
49 Slot & wedge 10.7
72 doa 7!95
83 do. 11.0
17 Shell L8 Strata very wet -~ water
dripping from roof
192 doe 6.6
197 doe 304
235 Deyliss, Jones & 1.4
: Bayliss Wedge and
sleeve \
289 db, 2.2

Notes In many cases much higher tensions than those
tabulated cbove were obtained when the bolt anchor
had taken & second grip in the hole.
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General Strata Moverents

(a) Comvergence Records .

., Three convergence recorders were used to obtain records of
strata m&vements in the vicinty of the roadheads One of the
recorders measured the movement of the immediate roof of the sean,
and the other two were used to determine the bed separation betweeon
the bolt anchorage horizon and the immediato roof of the roadwayo

Records were obtained fof each of tho bolted zones. The total
movement and rate of convergence for the steel bolted zones was
similare The roof in the wooden bolted zone lovered slightly more
than in the other test lengths. The results obtained in the wedge
bolted erea ere shown in Figs, 17C and 12C,

To supplement the results obtained from the convergence record=
ers regular visual examinations of the roof bolt holes were made with
the strotascopee Separation of the beds was noted close to the
ripping lip. In the majority of the examinations carried out bed
soparation appeered to be greater between the lower roof beds than
between the beds remote from the excavation, 1.e. thga deflection of
the strata dininished with inoreasing distance from the immediate
roofe Due to the coating of the inside of the bore~holes with
drillings, considerable difficulty was experienced in determining bed
separation with the stratascope and consequently no accurate neasure
ments could be made. No clear photographs of separation were obtained
using the stratascope underground.
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(v) M asu.‘ginél Stotions

A noro goneral irpression of the strata moverents in the bolted
roadvay, than provided by the convergence recorders, is obtained from
the observations made at the measuring stationss The positions of
the stations are showm in the sketch plan (Fig. 19C).

(1) No.l Station - in the wedge bolted zone. The results
are shown graphically in Fig. 20C,
(11) Noe2 Station « in the shsll boltad zons. The resuls
are shown graphically in Fig. 21C.
(111) Nos3 Station = in the short length of roadway supported
| with wooden boltse The results are
shown in Fig. 22C,

To provide a further comperison of the bolted section with a
similar length of roadway lined with conventional supports (c.a. girders)
only, bolting was stopped on 8th April, 1955. It was intended to
establish a further measuring station in the unbolted roadway, but the
strata conditions changed ecompletely and no reliable ecomparative figures
could be obtainede The changed strata conditions are clearly illus-
trated in Plate VIII C, which shows the ripping lip (supports removed)
made up entirely of sandstone with some current bedding. The massive
sandstones extended several feet mbove the lovel of the roadway. |
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PLATE V113D

Ripping Lip (supports removed) showing marked change in strata

conditions. Note the current bedding in the massive sandstone#



(e¢) Photographio Records |
The improvement of roof conditions by the introcduction of

bolting 1is oclearly shown by comparing the photographs taken in the
unbolted length of roadway with those taken in the bolted section
after (approximately) the same time had elapsed. The strata |
conditions were similar in both lengths of roadway.
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UNBCLTED SECTION

ALATE IX C

16th March# 1955# This plate shows tho conditions in the unbolted
roadway. The failure of the immediate roof bed is clearly seen;
resulting in large amounts of fallen debris which has to be cleared
to the roadsides# Part of the roadway which has been re-ripped

can be seen in the background#



PLATE X C

16th March, 1955# Looking inbye from the re-ripped length towards
the unbolted roadway# The excessive roof lowering is clearly seen
and also the complete failure of immediate roof over the centre of
the excavation - resulting in movement of the sides into the roadway#
(Compare this plate with the results obtained in the laboratory

plaster model tests later#)



ALATE XI C

IAth January. 1955* This plate taken 110 feet inbye from the
junction with No*4 South main gate in the unbolted roadway shows the
severe distortion of the girders and the amount of loose rock which

has fallen from the roof.



BALTHD SECTION

PLATE X1 G

Lith ?iay» 1955. Looking outbye towards the wedge-bolted section.
The girders are not distorted to any extent, aixi the immediate roof
bed has remained intact. Note particularly the absence of fallen

rock at the roadsides and the small amount of timber used with the

girderse



pure xiii C

Uth 1'a?. 1955 Looking outbye fron the shell-bolted section.



23rd December. 195L. Showing wedge bolts with small plates

(installed 11th November, 1954-0



PLATE XTI C

14-th May, 1954-* The immediate roof bed shows no sign of failure and
there is no distortion of the girders after five months* The roof

has lowered, aS the wood block between the girder and the roof is

severely crushed*
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It was not possible to obtain records of the variation of load
on the wooden bolts (vide ante)* but the following photographs

illustrate their behaviour during the three months after installation#

PLATE XVT C

25th February, 1955. Showing three of the wooden bolt3 about one

week after installation.



PUTS XVII C

14-th 195h". There is no marked breaking-up of the roof between

the bolts. Tho wedges between the plates and the roof show 3ign

of weighting.
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Meagurement of Rock Strain

Electrical resistance strain gauges were fitted to the immediate

.roof bed In an attempt to measure the strain developed in the rock

with and without roof boltinge (The method used for fixing and

- protecting the gauges is described under "apporatus®). The active

gauges, on the roof, were balanced egainst similar compensating
gauges fixed to a detached slab of rocke The results obtained from
gruge Noel cre shown graphically in Fige 23C, '

Gauge lNo.l was fixed in position on 21st December, 1954, tut the
roof in that part of the rocadway was £irst exposed on Ath Novenber,
1954, and consequently the rock would be strained quite considerably
before the gauge wes located.

Sinilor results were obtained from gauge No.2., No reliable
results were obtained from the third gauge due to e failure in the
electrical circult,
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ANALYST] O TSTTTS

The purpose of the underground investigation was twofolds
firstly to £ind the applications and linitations of the eleetrical
resistance strain pauge equipment for underground work, and secondly
to extend the loboratory imvestigations of roof bolting. From the
tosts described the following analysis ensues:—

Strain Gange Apparatus

(1) The Phillips portablo strain tridge and switch unit proved
to bo sultable for use in non=gessy mines but geveral modifications
are required before the Instruments can bo ucod in Inflammable atmos-
phores (1.es Class B mines)e The provision of shock=proof coges
would facllitate the transport of the instruments inbye,

(11) The gauges used werc capable of recording variations in
tension of the roof bolle with sufficient accuracy for the duration
of the tests. |

(111) The uce of the single tridge circult for the strain gauges
on the bolts was adequates no effects of variation in contact resist-
ance were recorded,

(iv) The proteetive coatings applied to the gauges fitted to the
bolts and to the rock roof were found to bo suitable for the conditions
encountered underground. | |

(v) The results obtained from thé fauges fitted on the roof
(vide Tig. 23C) show a slight increace in tensils strain of the rock

during the three weeks after installation of the gauges., This increase
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in strain mey have been due to an increzse in the load applied to

the rock boam or simply the "time~strain® of the rock under the

geme applied loads At this stage fine hair cracks developed

around the gauges (Flate VII C) and successive readings of the .
gauges showed 2 continuous decrease in tensile strain which continued
below the original zero, indicating that the rock was considerably
gstrained before the gauges were fixed in position.

(vi) Due to the short gauge length (ce 1 inch) of the gauges
used for meaguring the 'in situ! rock strains eny irregularity in
the composition of the rock (slip planes, inclusions of carbonaceous
matter, above-average particle size, etc.) would materinlly affect the
value of the strain measureds Consequently, for any future investig-
ations the following modifications to the technique'.are sugzestedse

(a) Strain gauges of three or four inch gauge length
(Le04 similar to the gauges used in concrete investigations)
should be employed to measure averasge values of the strain in
the required direction.

(b)  Alternatively, the gauges could be mounted on thin
metal bars which can be located on the surface by pins fitiing
into plugs embedded in the rock face. This method would
obviate the failure of the gauges due to flaking of the rock
surface and would be useful for averaging the strain over
longer gauge lengths.

(¢) If possidble the gauges should be fitted in position



os soon as the roof 1s exposed = preferably ahcad of the face =
to measure the total strain developed in the rock due to the
forces induced by mininge

ROOF BOLTING IN LONGWALI ROADWAYS

Torque=Tension Relationship
(1) The calibratlion curves for wedge bolts Nos. 3 end 6

(Figs. 2C end 9C) are both linear with very little scatter of the
experimental results. However the gradient of the line for bolt
No«.6 18 greater than that for bolt Noe.3, indicating an epparent
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difference in the modulus of ths bolt steel, Thus, it is elear that

the method of direct calibration used for all the measuring bolts is
preferable to calculation of bolt tension from strain measurements.

(11) The empirical relationship between Mapplied torque® and
"bolt tension® for the tests carried out was found to be

Bolt Tension (tons) = «=0.,2415 ¢ 0.0169".5: Torque (1be £t.)

(111) From Fig. 10C it 1is seen that the equation obtained for
the Northfield tests is similar to the one derived by the American
investigatarss There 1s, however, a slight difference in the
gradient of the lines. This difference mey be due to differences
in the bearing surfaces of the dished plate and muts, the varying
rature of the strata, etc.s but it is thought that the difference
in the types of thrsads on the bolts atuc}ied, n2y be the nost
dmportant fagtor; in the .American experiments sixteen rolled~ and
three cut~threaded bolts were msed, whereas at Nerthfield only cute
threaded bolts were tested.
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Yariation of Bolt Tension with T@
Slot and Wedge Bolts (Figg, 11C and 12C) |
(1) The setting tension applied to tho bolts installed fell

to epproximtely zero a fow days after the bolts were set. This
"pelaxabion® was noted in aﬁ bolts irrespective of their position
in the bol‘éing pattern.

(11) Measuring bolts Nose. 19, 20 and &9 were re-tightensd to
the original tension after the initizl "relaxntion"™, Thereafter
the tension in :bhe bolts gradually built up = in most cases the
tersion did not increase uniformly with time but rather increased
in stages, with an occasional relaxmtion for some three months
after the installation. Thereafter the tension in the holts remaine~
ed feirly constant (between 4 and 6 tons).

(111) Bolts Nose 101 and 110 were not re=-tightensd after the
initial "relaxntion', but in both cases the load on the bolts gradually
increasede This "natural re=-tightening® of roof bolts has been
observed bty several workers both in Britain and the Continent (016,
G9). |

(iv) Tests carried out to determine tho rate of this relazation
of bolt tension (see contribution to discussion of Hodkin end lewrence's
Paper (C9)) revealsd that the loss of tension was greatest soon after
the bolt was installed. Consequently, 41 bolting i1s to provide
adequate support for the immediate roof, systermatie re-tightening of
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the bolts should eommence in the same shift,

(v) Sinilar trends in the variation of bolt tension with time,
in longwall workimgs, have been recorded by other investigatoers.
Figse 240, 25C and 26C show the fesulte of three such irwéetigations,
ons in the French Iron Ore Mines (C29), one in the Rukr (C16) and the
third in a eolliery in Britain (C30)e It is interesting to nota
that the bolts installed in the headings in the iron ore mines showed
a considerable reduction in tension for a fev days after the installe
ation of the bolt. "

(vi) From the observations at Northfield ond analysis of other
similar experi:ﬂente it i1s thought thaf. the relaxation of bolt tension
takes place in two separate phases - anchor creep and variation of the
amountl of bed separat:lbn. Considering each phases=

(a) Anchor Creept From the photo=elasticity experiments
discussed previously, it is seen that there are localised concentrations
of stress around the bolt anchorages = even where the stress is dise-
trivuted along a considerable length of the borehole (as in the photo=
elastic models where the bolt anchorage was provided by simply tapping
the drill-holes): Thus, in practice, where the load is concentrated
ov;r a2 much smaller length of the bore hole, much higher stress con-
centrations must result eround the "anchor", Consequently anchar
sldp will ensue due to the failure of the sides of the bore-hole, and
also because the rock arouﬁd the gnchorage, which is highly stressed,
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will "creep" dﬁe to the "time-strain" characteristic of Ceal Measures
Rock (vide ente)s Furthermore, where bolts are mtalied in very
"tousgh® rock with a smzll "timewgtrain® tendency, yleld of tho
anchorage cen be expected due to overstraining of the bolt stcel
erpund thé anchorage device, e.g'. the "toes" of the split rod or the
expansion gholl,

(b) Veriation in Amount of Bed Separationt It is generally

cccepted b most investigators that bed separation talkes plzce chead
of a longall faco so that even when roof bolts are 1nstailed close

'to the ripping 1ip there is some separation between the stratas -

Henes, initially, the bolts ect s a suspension support rather than

form a compound beam., However, as the fece advances the main roof

lowers towards the nether roof (the latter boing supported by the roade
side packs) causing e reduction in the anount of bed geparation and
conssquent relaxation of bolttension.

In the experiments carried out by }Middendorf and Jacobi in Germany,
whore the bolts wers installed in a heading driven in advance of the
face (see Fige 25C) the setting tension was maintained in the bolts
until the foce line advanced chead of the bolts, when the bolt tension
“relaxed®, followved by a gredunl inerease, .= The results of these tests,
end those at Cossall Colliery (Fig. 26C), secm to support the theory
ocutlined aboves, No further comparisons botween the German results and
those obtained at Northfield are warranted, beczuse the German tests
were carried out in a tailgate with a solid rib-cide.
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(vii) Tho position of the bolt within the pottern does not
influence the shape of the ™ension=tinme curve",

Lxpansion Shell Bolts (Figs, 15C and 16C)
(1) A1l the shell bolts illustrated the some "relaxation®

phenamena as discussed for the wedge bolts,
(11) Tho maximm tension developed in the shell bolts was lower
than in the corresponding wedge bolts.

(11i) Shell bolt B, which was only 3 feet in length, was inmstalled
in e bed of very weak shals, After a fow days the tension in the bolt
had relaxed to zero and the bolt was re~tightened, A similor relos-
ation took place zgain, and the bolt never showcd eny tendency towards
"natural re=tightening"s It is thought that the enchorage bed, in
this case, was too weak to withstand the high stresses imposed by
cxpansion of the shell, thus causing repcated relsxation of bolt tension.
Anchorage Testing

(1) From the traction tests carried out, the Bayliss, Jonss &
Bayliss wedge end sleceve bolt proved to be tho most suitable type for
the conditlons. The slot end wedge and shell bolts also developed
an anchorage resistance above that of the mcxdmum tension measured in
the bolts. | | |

(11) The shell bolt. encherage slipped at loads btelow the other
types tested.

(111) Routine anchorage testing proved to be necessary for ensuring
that the bolts were installed correctly and that they were performing
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their designed duty and not giving a false sense of security.
General Strata Moverents ,

(1) From Figs. 17C and 150 1t 15 seen thnt the cumilative bed
separation between the anchorage horizon and the immediate roof of
the roaduay 1is oscillatory. This supports the theory that the
relaxation of bolt tension is partly due to varlation in the amount of
bed separation. |

(11) Bed separation 1s greatest between the lower strata and
decreases with increasing distance above the roadway. Hence roof
bolts should be installed as soon as the roof is exposed to minimise
the separation between the lower strata and so maintain the strength

- of the natural "rock beam',

~ (111) The stratascope proved to be very useful for studying
variations in bed separation etc., but several modifications are
required to make the instrument suitab;e for underground conditions =
viz. a high poversed light source, a lons system with e much higher
resolving power and a racking device to facilitate scé.nning of the
sides of the borehole. |
(iv) The function of fha bolts in forming a "keystone® over the
roadway, and so proventing excessive roof lavering and Ja‘ﬁerai MOVE=
ment of the sides is illustrated by comparing the photogréphs taken
in the bolted and unbolted test lengths. .The emall emount of eide
movement is seen in the results obtéimd af the ﬁea.suring tationsi

" (Figs. 20, 21 and 226).
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(v) The rate of roof subsidence was least in the wedgo bolted
zone end preatest where the wooden pins were used. However in ell
the test loengths (bolted) the strata moverents recorded were smaller
than those observed in the unbolted length of roadway.,

(vi) The use of foof tolts greatly minimised the distortion
of tho erch girders (compare Plat.es XIC and XIIC)e Thus, if bolts
are used in conjurction with conventional supports (c.as girders) in
longwoll gate-roads, rozdway malntenance cocts will te considerably
reduced,

Trials with Wooden Bolts

(1) Tho wooden bolts used were effective in forming the desired
Ykoystone™ above the excavation. However, since wooden bolts depend
primarily upon skdn frictiuvn for the formation of the keystons it is
suggested that longer and larger diameter bolts should be used in
future trials, |

(41) No direct measurement of the variation of tension in the
wooden bolts was possible, but the crushing of the tensioning wedges
shown in Plate XVII C {llustrates some increase of the load on the
bolt.

(111) Driving of wedges botween the "plates® and the roof proved
to be @ more effective way of tightening the plates initialiy than
insertion of wedges into the head of the bolt,

(4v)From the results obtained at the measuring stations 1t is

geen that roof subsidence 1s greeter where wooden bolts are used than
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with oteel boltse This excessi_ve roof moverent will cause dise

tortion of the girders, or if the immediate roof bed 1s friable the

girders will penetrate the roof and induce floking of the rock betirecen
the girderss (sBe~ Tho latter is seen cormencing in Plate XVII C.)

Thereforoy ﬁhere wooden boits aro veing used together with c.as girders
long stilta should be provided on the girders to permit the higher roof

convergence without distortion of the girders.
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CONCLUSIONS

(1) The electrical resistance strain gauge and ancillary equipment
proved satisfactory for the underground investigations. The accuracy
of the method used for the measurement of bolt tension was adequate
for the tests carried out. |
(2) Considerable development of the technique adopted for the measure-
ment of 'in situ' rock strain is necessary before the method ¢an be
generally applied. | | |
(3) The use of roof bolts in conjunction with normal erch girder
suppoerts greatly improved the conditions of the main gate in an advanc-
ing longwall district.
(4) The empirical relationship between Mapplied torque" (meésured by
torque meter) and "bolt tension" for the slot and wedge bolts was
found to bo =

B<;1t tension (tons) = «0,2415 + 0,0169 x Tarque (1b. £t.)
(5) A1l the bolts installed (with the exception of the wooden pins)
ghowed a "relaxation® of tension within a few days of being set.
This relaxation is thought to take place in two phases = ons due to
creep of the bolt anchorage device, and the other due to variation
in the amount of bed separation behind a longwall face.
(6) After the initial "relaxation" the bolts which were left slack
gradually tensioned up due to "natural re~tightening" (caused by
deflection of the lower roof beds)e If the initial stressing.of the.
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~ bolt is too high then this matural re-tightening may result in

failure of the bolt unit, by stripping of the threads, ete. This
failure can be pfevented by the use of dished plates, or spring
washers, designed to yield at loads below the "ultimate tensile
strength" of the bolt steel.

(7) The stratascope designed for the measurement of bed separation
was useful but sevefal modifications are required before _:!.t can be
used to full a&mntage,

(8) Bed separation above the bolted roadwaey was minimised by the
introduction of roof bolts (in the pattern discussed in the photo- ’
elastic oxperiments - vide ante)s The bolts formed a "keystonse®
above the rcadway and reduced strata movements around the rcadway
considerably., (The formation of the "keystone" is illustrated by
the plaster model testa).

(9) Roof subsidence was greatest in the test length supported by
wooden bolts and girders, but it was still donsiderably smalley

than the subsidence in the unbolted roadweye.

(10) Tho results obtained with wooden bolta used in conjunction with
arch girders were encouraging and werrant an inérease in trials of
this form of suppor‘b to find its applications and limitations in
longwall mining,

(11) of the four bolt types studicd in this investigation the Baylisce
Jones=Bayliss wedge and sleeve bolt was the most sﬁtisfactory. The
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design of this bolt combines the advantages of the expansion shell
type with the simplicity of the slot and wedge desigﬁ'. The additional
time required to instal the bolt is offset by the fact that the setting
device provides a measure of the anchorage capacity of each bolt
installed. Consequently, regular pull tests on selected bolts are

not required to ensure that the bolts are bsing properly installed.
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SECTICT D - TESTING OF PLASTER MCODELS

The results of the photomelasbic analysis are limited to the
astudy of strecss distributions around the excawvntions when the rocks
are not stressed beyond their elastic limit, Furthermore it is
Xnown that Conl Measures Rock is not truly elastic and may show
plastic flow or fail as hrittle materials, Consequently to extend
the investigation of the influence of roof boltinz on the distribution
of pressure around a roadway, the development of the fractures, and
the function of the bolts after failure of the roof strata had taken
place, plaster models were made and loaded to destruction.

The plaster model technique has been used by many investigators
(D1, D2, D3, etc.) in the study of stress distributions acrogs eritical
sections of irregular structursl models, Various model methods of
stress analysis have been used also by workers in the field of rock
pressure & review of the several techniques adopted is given by
Spakeler (D4) and more recently Middendorf and Jacotl (D5) used plaster
models in their studies of roof bolting in rectanguler galleries.

In the tests here deseribed no attempts were made to measure
strains or deflections of the models but ealitration test pleces w§re
used to 1llustrate the relative strengths of the various strata. The
main value of the experiments 1lis in demonstrating general tendencies

rather than the development of a method of precise analysis.,



Construction of the Models

Plagter of Paris is the material usuelly used for brittle model
enalysis btut dus to the very short setting time difficulty erises in
casting the relatively large models roquired for this investigation.
Se_vera]. different types of plaster, including moulding plaster,
stucco, hardwall plaster, Keene's cezent, and board finish plaster
were tested for setting time and strengthe The latter = one of the
rotorded hemi-hydrate plasters (BeS.5e 1191) ~ 2llowed 2 "worling®
time of 25 = 30 minutes with a tensile strength of 250 - 350 pounds
per square inch efter tf:enty—one days (plaster l‘watcr ratio 10 ¢ 8)
proved to be the most suitable,

The secole of the models was 1 8 48, tho leading dimensions being
10 inches by 6 inches by 7 inches. Thoy were made up of strata of
various thiclmesses, each stratum being cast over the previous one to
ensure a uniforn bearing surfaces The loyers were prevented from
binding together by coating the surfoce with modelling elay.

Coloured pigments were added to the plaster to distinguish between
the beds in the photographs taken during the loading of the models,
The base of the modols was a single strotum.

The bolting pattern used througho;t the investigation was the
"3-bolt" patiern, with 4 feet 6 inches betircen each set of bolts (1.c.
the some pattern studied in the photo-elastic tests and the one used
underground at Northfield.) The bolts wero made from tho same
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material as those used for the photo-elastic modelss Anchorege of
the bolts was obtained by rivetting the head of the bolts and inserting
them dowrrrardse The bolt holes were drilled after the models were
caste The initisl tension on all the bolts was made equal to prevent
localised stress concentrations (vide ente).

Loading Arrancements

Models A and Bs These models were loaded with e uniform vertical
compressive forece in a hydraulic testing machine, without any lateral
cdnstrdint. It was intended that these. loﬁding conﬁiﬁions would
simulate, to some extont, the pressures around the main gate of a longw
wall face with total caviﬁg of the wastes on each side of the roadside
packs.

Models C and D¢  The loading arrengements for these models cone
osisted of a vertical compressive load, as befcsz'é, but in 'this cage
the strata above the level of the roadway excavation were constrained
laterally by means of side plates and horizontel tension bars. This
constralnt was to provide the conditions sometimes found in ‘a. longwall
working where roof caving has only extended for epproximately twice
the seam height end abcvé that horizon the strata cre not ccmpletai;,r

relieved of constraint,



EXPER IMENTAL RESULTS
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Models A and Bt The relative tensile strengths of the various

strata are shown in Table No. 1D, ZEach bed in model A was made from

the seme mix as the corresponding one in model B to provide an accurate

comparison of the bolted and unbolted conditlons.

TABIE No, 1D

Stratum Tensile Strgngth Thiclmess Remarks
(1be/in.<) (in.)
10 ‘ 304 1l Top layer
9 300 375
8 244, 375 Bolt ancporage horizon
7 300 375
6 258 , 375
5 316 375 Inmediate roof of
roadway
A 248 375
3 282 375 )
2 260 375 ; Roadside packs
) 3

254 37
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Tho average corpressive strenzth was found to ba 2050 1b,/in
which gives the ratio tensile strength ¢ compressive strength of the
plaster as 1 ¢t 7 approxinatelys

A photographic record of the models was not obtained during the
loading but Tebles Noe. 2D and 3D outline the sallient effects noted
as the applied load was increased.

TABIE No,2D
Model At Roadway msuppor'te'd |

Load Effects Noted
(1b inoz)

123 + Fracture developed in the immediate roof of the roadway,
(stratum No.5) slong its entire length,

From 123 to Fractures developed in the strata above the roadway in a
300 - "gtepped" fashion, up to stratum No.S.

310 + The floor of the roadway cracked along the centre,

370 The sides of the roadway began to spill over and wellw
defined fractures developed approximately % inch in
from the rcedsidss. Similar treaks elso appeared in
the floor. | ,

450 The roadside fractures pfogressed to stratum No.1lO conw -

- verging to form the typical arched shape "relaxed® zone
over the roadway. Heaving of theé floor became more
pronounced. -

650 ' The sides of the rocdwey foiled completoly and spalled

over into the excavations. Bed separation developed
above the roadway. The condition of the model 1s
_shown in Flate I D,



TABIE No.3D

Model B Strata bolted
Load
(1be/ine2)
120
220
550

930
1000

Effects Noted

Fracture developed along the lsngth of the

roadway in stratum No.5 only.

Roof strata up to No«.8 fractured above the
roaduay but no soparation between beds wus
visible.

Floor failed along the roadsides.
Readway sides crushing markedly.

Roadside packs falled violently « the shatterw
ing extended some distance up iInto the model
tut the roof of the roadway did not collapse.
Bed peparation above the roadway negligible.
The condition of the model under this applied
load 4s shown in Plate II D.



MODEL A

Load 650 Ib./in .2



MOPEL B

PTATE IX D

2
Load 1,000 Ib,/in.



Models C and Dt
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'The relative strengths of the various strata,

eto, are shoumn 1n Table No,4D,

IABIE, Noo4D
' Tensile Strgngth Thickness
Stratum (1b./in.<) (in.) Remerks
8 264 1 Top layer
7 304 o375
6 284 375 Anchorage horizon
5 272 375
4 238 375
3 30, 875 Immediate roof of rozdway
2 251 +500
1 288 1,000 Roadside packs

The average compressive stress was found to be 2,120 :l.b./:!.n.2 which

gives the ratio of tensile strength s compressive strength of‘ plaster as
approximately 1 & 7, |

During the loading of both models C and D photographs were obtained

to 1llustrate the major defarmations taking places Considering each -

model separabelyte



MCDEL C - strata not bolted*

PUTS 11l D

The model fitted with the horizontal retaining frame prior to applying
the vertical load* The various thicknesses of strata are clearly seen
as well as the fibre boarding between the model and the machine platens

to prevent localised regions of high stress.



RLATE IV D

Applied load 300 Ib./in .2. The immediate roof bed failed along the

centre of the roadway at a load of 56 Ib./in.~ and extended to stratum

No.4 when the applied load was 185 Ib./in.N
2

the roadway at 280 Ib./in. and fractures developed in the floor

The floor failed along

approximate-

ly -f inch from the roadsides.



ALATE V D

Applied load 425 I1b./in.2. Note particularly the marked deterioration

of the roadsides and the position of the major fractures, £ inch from

the sides of the excavation, forming the familiar arched-3haped zone

over the roadway. The pavement heave has also become more pronounced.



PLATE VI D

Applied load 4&5 Ib./in. = The roadsides have now failed completely
and deformation of the model continued without further increase in

the applied load.



MCH D - strata bolted

PLATE VII D
The position of the bolts is shown by pencil lines on the front
of the model. The roof strata are constrained in exactly the same

manner as for model C.



. b
Applied load 185 Ib./in. = Fractures developed in the floor at

2
AO Ib ./in. and the immediate roof bed failed, at the ends of the

roadway only, when the load reached 70 Ib./in .2.



ALATE IX D

Applied load 300 Ib./in#2e Cracks developed remote from the roadsides
(about inches) and extended almost vertically to the top of the
model without showing any tendency to form an arch# The failure of

the roadside packs extended further in from the roadsides.



PUTS XD

Applied load 425 Ib./in. e The roadside packs disintegrated
completely but no bed separation or collapse of the bolted strata

became visible.



ANALYSIS (F RESULTS

Models A and B « (no lateral constraint)

(2) From Téble' No,1D it is apparent that even with accurately
controlled amounts of plaster and water the variation in tensile
stxfe.xxbvth of the individual beds ranges } 10% from the mean,  Probably this
"scatter® could be reduced by ¢loser control of the mixing time, btut the
varintion of the strength and tensile t compressive strength ratio are
quite suitable for models illustrating the irends in the development
of deformations around underground excavations,

(b) In both cases, the initial failure of tho roof bed occurs with
apprt;:dmately the same applied load, but the extent of the fracture is
limited when the strata are bolteds Furthermore, bed separation in the
bolted case does not develop to the same extent,

(¢) In the unsupported roadway fractures develop approximately 2
feet (by scale) in from the roandsides and converge above the excavation
forming an erch of loose materiale However in the bolted roadway the
frectures develop much further from the rcadsides, ,

(d) The "pack area is mare severely crushed in thé bolted roed=
wayy This is probably dus to the formabion of a composite beam ebove
the excavation and consequent distribution of highér loads to the abute
ment zones, This 1s in agreement with the observations of Middendorf
and Jacobi (D5) both underground end in laboratory experiments.

(6) The bolts serve to form a consolidated "keystone® above the
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roadway which, even when the roadsides are shattered, does not collapse
into the excavation, The "keystons" if retained in position will
prevent lateral movement of the strata into the excavation and reduce
side thrusts on the normal supperts (compare with the results of the
measuring stations et Northfield).

(£) The increased loadinz over the pack srea in the bolted road=
way induces shear fractures in the floor elcnz the roadsides.

Models C snd D = (with lateral constraint) |

(e) Similerly to the uncenstrained conditions, the major breaks
develop much further from the roadsides in tho bolted section than in
the unsi:ppo:ted one « approximately 5 feet as compared with 2 fect.

(b) The increaccd loading over the pack area in the bolted road=
way 18 much more defined than in the pome conditions without lateral
constraint.s Actuzlly on removing the models from the testing machine,
the base block under the packs in the bolted model dlsintegrated com=
pletely.

(c) Tho roadsides fractures develop at lower values of applied

load when tho roof beds are constrained,

(d) The formation of a “lcaysfone" is again demonstrated, When
the constraining fx"ame was removed from the unbolted model the strata
collapsed into tho excavation, but in the bolted modsl the strata did
not ssparate when the constraint was releasede
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NOIE t= Since the stratification of models A and B differs
from that in models C and D further comparisons between the uncone

strained and constrained models are not warranted,
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CONCLU-SIONSV

It 13 not possible to draw definite conclusions, generally
appliceble to underground conditions, from the model tests because
true structural similitude ( § dynemic similarity) could not be
obtained throughout dus to the difficulty in reproducing the loadirg
conditions encountered underground. However, the following points
emergete |
(1) No srched-shaped relaxed zone 1s formed above the roadway when
bolts cre useds the hreaks extend almost vertically instead of
converging. |
(2) Roof bolts instelled in the "tension zone" over an arched
excavation form a "keystone" which rests on the side abutments and does
not collapse into the excavation with the failure of the surrounding
strata,
(3) The introduction of the bolts seems to re-distribute the forces
~ acting around the excavation, causing on increased loading over the
pack area and moves the major fractures away from the roadsidess
(4) The foct thet the roadside treaks are further removed from the
gides when the strata is bolted indicates that side ~mov'emen‘l'.s should
be lesss This agrees with the measurements of roof and "side conver
gence recdrded in tho bolted roaduay at Northfield (vide arite).
(5) The developmont of the shear fractures at the rcadsides is more
pronounced when the roof béds ero constrainod, indicating that the
driving of "stresserelief™ roadweys, or the adoption of the "double-
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packing® sysiem to reduce constraint in the vieinity of the roadway
would irprove conditions where roof bolting was being used in the
supporting systen. ‘

(6) The improvement of the roof conditions due to bolting, and the
formation of the "keystone" indicates that the system would Yo &
useful edjunct to normal erched girders for ths support of longwall
gatewroads at depth, where horizontal pressures necessitate the use
of roadside supperts.e It i3 thought that the bolting would reduce
the lateral presgures because it reduces bed seperstion and transfers
the load to the pack areas,

7
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APPENDIX

Specimon DHI
Locationt

Mineral Contents

Cementing Medium:
Paerticle Sizes
Speeific Gravity:s

Rock types

Specimen DHR
Locationt

Mineral Contents

Cenmenting Mediums
Particle Sizes
Specific Gravitys

Rock Typet

————

Cardowan Colliery, Ianarkshire.
6 feet above Melklehill Wee Coal Seam

Quartz, ldmonite and mica, The limonite
and mica occur in streaks through the main
matrix of quartz,

Siliceous

Overage 0.094 IMe

2464,

Fine grained sandstone

Kingshill No.l Colliery, Allanton.
Immediate roof of Allanton Upper Seam
(Limestone Coal Group)

Mainly quartz with streaks of carbomaceous
matter

Siliceous
Average 0,136 mm.
2.2

- Medium grai’ned gandstone



Smcim_en DH3
Locations

Mineral Contents
Cemonting Mediums
Particle Sizet
Specific Gravitys

Rock Typet

Specimen DHA
Locations

. Mineral Contents

Particle Sizes
Specific Gravitys

Rock Type3

Cardowan Colliery. Imediate roof of
Meiklshill Main Coal : :

Mieca, quartz end an abundance of felspers
Indefinite = probably deeomposed felspar
Average 0,023 mm,.

2.48

Micaceous ciltstone

Cardowan Colliery, above Melklshill Wee Coal,
between roof shale and sandstone DH1 '

Quartz, felsper end some mica. The rock had
a streaky appearance both in the hand specimen
end under the microscope

Average 0,036 mms

2.6

SiYstons (or Fakes)



Specimen DHS
Locations

Mineral Contents

Cemanting Mediums

Particle Sizes

| Specific Gravitys

Rock Types

Specimen DHG
Locations.

Mineral Cantents
Cenenting Mediunms
Particle Sizet
Specific Gravity:

Rock Types

Garscube Mine, Glasgasr, about 2 feet belaw
the Possil }Main Coal

Quartz, iron, calcite, mlica and felspar
Calcita |

Averepo 0.099 mm.

2,58

Fine Grained sandstons

Cardowan Colliery. Approximately 10O feet:
above Meiklehill Main Coel Seam

Quartz

Mainly siliceous

00620 Imy

Coarse grained sandstons |



Specimen DH7
Locations

Mineral Contents
Particlo Sizes
Specific Gravitys

Rock Typol

Specimen CM1
Locationt

Mineral Contents
Cemeﬁting Mediums
Particle Size:
Specific Gravity:

"Rock Types-

Cardowan Colliery, immediate roof of
Kilsyth Coking Cozl Seam

Felspars, quertz with some iron
Average 0.0ZO mm,

320

Clsy eiltstone (4ronstons)

Easton Colliery, immediate roof of Main
Coal Sean

Quartz‘and orthoclase with scme iron
Siliceéus |
Aferage 0.45 mm ¢

2,50

Medium grained sandstone



Specimen CI2
Locations

Mineral Contents
Particle Sizss
Specific Gravity:

Rock Type!

Specimen CM3

Locations

Mineral Contents
Comentiny Mediums
Particle Sizes

Speeifice Gravitys

Rock Typets

Bogton Collierr, Ayrshire, Approximately
15 fect above the Lodgement Conl

Quartz and iron

Qeris o 9.077 mmg Iron - 0,14/ mm,
22

Fine greined sandy ironstone

Dalquharrn Colliery, Ayrshire « Calociferous
Sandstone Series

Quartz, caleite and somo clayey material
Caleareous

From 0.13 mm, to 0,37 mm,

260

Medium grained calcareous sandstons



Specimen (M4
Locations

Mineral Content:
Cementing Medj.tnnl
Particlé Sizet
Specific Gravity:

Rock Types

Specimen CM5

Locations

Mineral Contents

Cemonting Mediums

Particle Sizes
Specific Gravitys
Rock Types

Dalquharrn Colllery, Ayrshire. Calciferous
Sandstone Series

Quartz, iton and calcite
Ferruéiﬁoué

0;_12 me

2.64

Medium grained ferruginous sandstone

Cardovan Colliery, Steppse 6 feoot above
the Meiklehill Wee Conl Seam (approximately
came position a3 specimen DH1 e« sampled
one year later)

Qusrtz, orthoclase and muscovite

S1liceous

00193 Ile

2464

Medium grained eslliceous sandstone

Micero=photographs of each of the specimens are given below;

A1l are taken with a magnification of 100 under crossed nieols,

except specimen CM2 which i3 under plane polerised light.



DM.3. DM.4



OHS. DH 6-

OH 7 cm .
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