
(b) A uniformly loaded beam in cantilever is shown in FIG. 8(b).

The maximum shear stress = 3Lq ..... ..... . 3»
T F

2The maximum tensile stress = 3qL ...............  4.

- 11 -

(c) A simply supported beam is shown in FIG. 8(c)

The maximum shear stress » 3qL ...............  5«
“W

2
Tht- maximum tensile streas = 3qL* ...............

~W~

In the equations above, the intensity of loading *q' is ini-
2tially taken to be the overburden stress in lb./Ju. at the depth be­

low surface being considered. The thicknes.i of the beam *t' from ob­

servations made underground can be taken to be 5 Substituting 

theae values into the equations above for n uniformly leaded "built-in" 

beam, the maximum 8pan before fr«-ture occurs at a load equivalent to

1.000 ft. depth, is shown to be 10 ft. Failure of the beam occurs due 

to excessive tensile stresses in bending. At a loading equivalent to

5.000 ft. the maximum 8pnr would be 5 ft ♦ with tiie same type of failure. 

In practice the trwximum span would be greater than that shown above 

since the bending beam would allow bed separation and a change of the 

loading condition.

Assuming a smaller uniform load of say 10 lb./in. , then a 

built-in beam 100 ft. in length would form before tensile failure oc­

curred. In practice, premature failure of the beam is likely to 

occur at incipient fractures caused by blasting. Failure of a thin 

beam is not likely to result in a serious fall, but it does r*move the 

restraint from the beam or rock mass above, and allows fracturing to 

continue. Initial matpack setting load* insufficient to maintain 

"built-in” be^ms, and matpacks may carry a beam by "simple support"

only.

3 .2  R ^ k  J.ls fractured form:

Fvacture initiation occurs at micro-cracks within the grain

boundaries / ......



boundaries of the rock. Those cracks may propogate depending on the 

stress conditions and failure may occar producing the shapes and sizea 

of rocks common! v bserved underground. A knowledge of the behaviour 

of the fractui >ne which surrounds the excavation is extremely im­

portant, since the stability of this zone determines the safety of the 

mining operation.

Rock fracture has been demonstrated by a .m . Griffiths and 

others, *o initiate in favourably orientated minute cracks or pores in 

the rock. It can bt showi. that a concentrated tensile stress field 

exists at the tip of such a crack and if this stress is greater than 

the molecular cohesion of the rock, further cracking will result. If 

the assumption is made that ndcrocracks or pores are elliptical in 

shape, then the tensile stress applied to the model ( 6 ) necessary to 

cause rock fracture ie given by :-

<5. • S W  .............. *

Y is the specific surface energy of the material
(6 x 10~k lb. in. / in.^)
(for hard rock).

£ is Young’s Modulus
C is the length of the crack

A tensile stress field exists at the tip of a microcrack when 

the applied stress norm'll to the crack is tensile. In a compressive 

field, however, the crock may be initially closed and the frictional 

forces which occur due to the contact between the crack fa^ea must be 

overcome before the crack can extend. There are therefore, two stress 

criteria for crack propogation depending on whether the crack is ini­

tially closed or open. FTO. 9 shows the relationship between the 

critical crack orientation and the principal stress ratio.
3

Hoek has concluded from tests made on various materials 

that failure of a specimen cannot occur an a result of a single crack 

in the material, except in a tensile stress field. In a compressive 

field the presence of a favourable array of cracks is essential for

rock / .....
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rock fracture on a micro scale. Photographic evidence shows that the 

crack propogates along grain boundaries of a specimen under uniaxial 

compression. These gr^in boundaries act as a favourable array of 

cracks and the final fracture direction need not be that of the most 

favourably orientated crack. From FIG. 9 it can be seen that for 

values of k » -0 .1 to -0.3 t. a critical crack orientation lies 

between 0 ar i c3°, to th< direction of the major principal stress. 

However, rock fractures in hangingwall and footwall in certain stopes 

show a constant angle of about 30° to the line of true dip.

Ip the tensi .-ress field which exists initially in the 

hangingwall of an under * >und excavt»fion the micro-cracks must be open. 

The sidewall*; ,.t an excavation are in compression and the cracks will 

be closed. It can be conclude I that fracture initiation is more likely 

to cyiu ence in the hangingwall and footwall.

A study of fracture development around a circular hole cut in

a rock plate mode] and subjected to a bi-axia’ stress field has been
3

made by Hoek . Tnis study revealed that fracture initiation and p~o- 

pogatior occurs in rogions in which the minor principal stress is zero 

or tensile and that the magnitude l : the vertical stress required for 

prorogation of such cracks is about l/10th of th« :ompressive strength 

of the model material.

Crack initiation therefore starts in the hangingwall and foot­

wall of a circular excavation and proceeds to a length dependant on the 

value of »k», (FI'". 10). tor a value of 'k' of 0.2 a crack develops 

equal in length to 0.'* timoe the diameter of the excavation. Ex­

tending this argument it may be assumed that fracture initiation in a 

drive or nise starts in the hangingwall and footwall, and cracks pro­

ceed to a length which may be equal to the height of the excavation, 

depending on the restraint in the rock. Such cracks may intersect a 

p'.ane of weakness and assist the formation of the fracture zone.

As the stoping excavation increases, the vertical extent of 

the tensile zone in the hangingwall also increases and, therefore,

- 13 -
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separation may occur at bedding planes and at contacts between different

rock types. The height of this tensile zone in relation to span and
kdepth below surfac?, is given in FIG. 12 . It may, therefore, be ex­

pected that as the stope excavation increases vertical fractures de­

veloping in a tensile stress zone intersect planes of weakness where 

separation has already occurred. The shape of the fracture zone so 

formed must be similar to the shape of the tensile zone, (FIG. 21).

The original fa]Is of hangingwall on St. Helena Mine occurred 

at spans between 200 and ft. in atopes which were at a depth of

1,000 ft. Expressing they gures as a ratio of depth to 8pam, rIG.

12  can be used to indicate u plane of weakness in the hangingwall of 

the atopes. ''he two ratio.:; are and 2.^ respectively, and tne heights 

at which the tensile ie«i,:n intercepts a plane of weakness are calcula­

ted from FIG. 12 as ft (.1 ( x 200), and 100 ft. (.2*+ x kQO), re­

spectively. If it is assumed that strata separation occurs along the 

plan* of weakness, then the stope supports (matpacks) must generate 

sufficient loa it? to carry the weight of the separated rock, otherwido 

hangingwall collapse will occur. From measurements of closure subse­

quently made on t e mine, it is unlikely that matpack compression any- 

where exceeds '8  per cent (6  in.). Using FIG. 11 i* can be seen that 

at 18 p*r cent matpack compression the matpack load will not exceed 
2d> toco, which is considerably lesa than the weight of a separated 

slab j>k ft. thiok acting on the are' supported by the matpack. rhu^ 

the separated slab will drop away from the rock mass creating voids in 

the hangingwall. These voids five rise to instability in the hanging­

wall and complete collapse may occur. The introduction ot support 

pillars at 90 ft. centres reduced the hangingwall spans and therefore 

the height of the tensile zone. Thus the major plane of weakness was

not Intercepted.

Observations show that in the majority of cases the hanging­

wall bJ.ock-i stabilize themselves. The stability of such a mass of 

rock can be explained by considering that the internal forces form nn 

'arch' between abutments5 . The theory of the Voueaolr Aroh aosuoiea

that / .....
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that an sr a is stable if all the stresses remain compressive and with­

in the compressive strength of the rock. If tensile stresses develop 

within the 'arch* pin joints will form between the blocks. Stability 

will occur under these conditions if tne equivalent linear arch lies 

in the middle third cf the depth of the "Voussoir", (FIG. 13). A 

turther consideration for stability is that no slipping must occur be­

tween the blocks due to the shearing forces.

breadth and of varying weights. The dotted line "OD" i3 a true para­

bolic arch and the straight line "OD” is the approximate equivalent 

linear arch. The depth of each "Voussoir" or block is represented by 

"d" and the length of the span by If the equivalent linear arch

lies within the middle third of the depth of the "Voussoir" the follow­

ing relationship is derived:-

If the compressive stress cannot exceed the compressive strength 

of the rock, then the maximum value of 'L» can be calculated from equa­

tion 3, The depth of the Voussoir is taken as 5 ft. and the maximum

tween solid abutments is *+20 ft.

If it is assumed that the rock mass surrounding the excava­

tion Is fractured, then the abutment is formed of iractured material. 

In this case the equations of soil mechanics are applied and equation

8 becomes

FIG. 13 shows the stable arch formed of "Voupsoire" cf unit

8

where H is the horizontal force acting at the abutment

D is the density of tie rock (170 lb./cu.ft.)

6 is the compressive stress.

stress as 30,000 lb./in^ Therefore the maximum sj«n that c*n occur be-

9.

Where is the vertical abutment loading index i.e., 
the ratio of the vertical stress in the abut
ment to the overburden stress.

z is /



z is the depth from the surface.

0 is the internal friction angle of the rock.

d is the depth of Voussoir

Substituting into equation 9 a loading index of 4, an internal 

fracture angle of 50C and a depth of Voussoir of 5 ft., the maximum 

value of *L* is calculated to be 125 ft. at a depth below surface of

5,000 ft.

Ic can be seen from the results obtained above that a solid 

pillar can support a Voussoi. ..rch of greater span than a fractured 

pillar. As the depth below surface increases and pillars become more 

fractured they will carry less of trie hangingwall loads.

The fracture of the hangingwell into blocks does not continue 

indefinitely and . e limited by the restraining forces on the boundary of 

the elastic rock mass. Practical determination of the shape and size 

of this zone is being carried out at present at Last Rand Proprietary 

Hines, Limited and at Harmony Gold Mine by using seismic techniques.

Any sudden disturbance of th * equilibrium stresses in a rock mass,

(i.e., violent rock fracture), causes seismic waves co be radiated from 

the disturbance. The foci of these rock fractures and their magni­

tudes can be found with the aid of a suitable seismic network.

FIG. I1* shows the J oration of the seismic events around a 

stope excavation7 . The centre of a circle represents tho centre of a 

disturbance and *he diameter the magnitude of the disturbance. By 

implication, FIG. 1^, shows the approximate shape and size of the 

fracture zone. The height of this fracture z.ne is equal to the 

height of the tensile i’-one, as obt>iined from FJG. 12 lor the same 

stope span and depth below surface. It is therefore possible that 

FIG. 12 can be used to estimate the height of the fracture zone.

FIG. 1*+ shows thet the fracture zone takes the form of a 

very flat ellipse. Theoretical calculations also show that the T a ­

ct' -e rone is elliptical in shape". The results of tests on harmony 

Min* show that the existence of weak layers of shale have Influenced

- 16 -
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the positions of the foci of the seismic events. It may be assumed 

that the shale bands in the hangingwall on St. Helena will have a 

similar effect.

The size of ti.s fracture zone is influenced by the strength

and characteristics of the ctope support. The abutrrent forces of the

Voussoir Arches formed at tre matpacks, stone walls and internal stope

pillars may be resolved in:o component forces acting at the boundary of

the fracture zone. The effect of these forces is to form a biaxial
2stress field at the boundary and so prevent further fracturing .

3.3 F.nergy Relationships;

Rock bursts may be defined as damage to underground workings 

caused by the uncontrolled disruption of rook associated wi ch a violent 

release of energy. Cook and others have shown that energy relation­

ships can be used to estimutt the rock burst hazard.

The mining of an excavation allows the lowering of the rock 

mass above it and hence a loss of potential energy (*.'• ^ e  rock

mass is elastic, half of this potential energy is stored as strain 

energy (W„) in the solid rock ahead of the stope face and the otherO
half is released (V* ) into the excavation. This relationship isK
given by

“q .  “s ■ WR .....................  10.
T

FIG. 15B shows the relationship between stress and strain 

ahead of the stope face and the stored energy is equal to half the 

stress multiplied by the strain. The energy released is shown in 

FIG. 15A as the area under the stress closure curve for the stope 

hangingwall. It can be seen that the majority of the energy is re­

leased in the initial stages of closurt. The energy released for a

horizontal excavation, which ia long compared with its span, is given
6 & 7

by the equation

E = 3 ............ 11*
3G

In / .....
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In this equation the term P represents the virgin stress,

S half the hangingwall span and G the modulus of rigidity. The rate 

of energy release is given by the equation :-

dE 8P2S , 3
as * ~ y r  ............

The rate of energy released is porportional to the 3pan of 

excavation until complete closure occurs. It is this energy released 

that Ls available for rockbursts and the graph of energy release rate

plotted against the hangingwall span is shown in FIG. 16. It hats been
3 8found in practice that energy releases of 10 to 10 ft. lbs. cause in-

Q
creasing damage* to stopes, whilst energy releases of 10 ft. lbs. cause 

very extensive damage of an explosive nature. These explosive occurren 

cos are comn.only referred to as rock bursts. Now the effect of rock 

fracture is te increase closure and therefore the amount of energy re­

leased and the force displacement diagram as shown in FIG. 15A is modi- 

fiad as shown by FIG. 17. The diagram comprises an elastic part (a) 

a non-linear deviation at the oruet of fracture (b) and a nor.-linear de­

viation associated with bed separation (c). The energy relationships 

now become :-

- 18 -

New if the rock behaviour was purely elastic each blast would 

increase the excavation sire and enerp' releene would occur violently. 

However, this is not the case and energy release is absorbed partly by 

the increase in rock fracture .

A plot of energy .-o lease rate againrt the stope span at two 

depths is shown in FIG. 16. This illustrates how the rate of energy 

release changes and approaches a maximum value when total closure of 

hangingwall and footwall occurs. This maximum value is equal to the 

product of the stoping width and the overburden stress, and therefore 

the rock burst hazard is less in stopes of lower stoping width. The 

effect of lower stoping width can be achieved by effective stope suppor

This /  •»*•••
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This support must be installed early since the majority of energy is re­

leased at the initial stages of closure. Pillars are cbviously better 

in this respect than any other form of support. However, they must 

not be removed later. In FIG. 16 the line (A) represents the effective 

energy absorption due to fracturing. The intersection of this (A) 

line with the energy release rate line gives a typical span below which 

violent energy release is almost impossible. Such a 6pan at ft.

about 1,000 ft. in size. This is greatly in excess of the average 

■ 3 span of about 600 t. between drive pillars on St. Helena.

FIG. 16 applies to a single isolated stope which is rarely the 

case on any mine. FIG. 18 compares the energy release rate for two 

general methods of mining in which several stopes are mined concurrently. 

Method ’a* shows the longwall system in which the stope face advances at 

right-angles to the long axis of the stope. Method 'b* is that adopted 

on St. Helena Mine in -hich the stope face advances in the direction of 

tho long axis of the stope. The rate of energy release plotted against 

percentage extraction is shown for the two methods at a depth of 10,000 

ft. A comparison illustrates that for the same rate of energy release 

a greater percentage of extraction can be achieved by using the method 

in which the stope face advances in the direction of the long axis of 

the stope, (St. Helena method). In FIG. 18 the letter relates to 

the distance between the centre line of the stopes which, in the case of 

St. Helena, is about 800 ft.

The main reason why no rock burets have occurred to date on St. 

Helena may be due to this method of mining in which long strike drive 

pillars are left, and where the percentage extraction is less than 

fifty. If these long drive pillars are removed, than a higher rate of 

energy release will occur and rock bursts could result. Furthermore, 

if a pillar collapses, a very high rate of energy release will occur.

A total collapse of a drive pillar in an area of 50 per csnt extraction 

would result in tho release of 80 per cent of the total available energy . 

This illustrates the necessity of keeping drive pillars sufficiently 

wide and as no pillar bursts have occurred on St. Helena Mine, the 

pillar width appears to be adequate at a depth of 5,000 ft.

- 19 -
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4. CHARACTERISTICS OF MINE SUPPORTS

It is known that an underground excavation is surrounded by a 

fracture zone, but ol. -side this zone it is assumed that the rock mass is 

solid and elastic. As a stope excavation increases the fracture zone 

increases in size, and it is the sta&ilitj of this fracture zone that 

must be maintained by normal stope supports. The more effective the 

support system the smaller may be the size of the fracture zone, since 

greater restraining forces occur at the boundary of the zone. At depths 

of 5»'XX5 ft. and greater the method of mining must be designed to mini­

mise the rock burst incidence.

The typ*js of support used in stopes on St. Helena are pillars, 

timber m-it pucks and stonewalls. It is proposed in this section to dis­

cuss the characteristics of eacti of these types of support from general 

observations made on St • Helena and from tests carried out on other 

mines.

*♦.1 fat packs:

There are few recorded tests on this type of support. Tests 

have been carried out in the laboratoiy* by the National Mechanical 

Engineering Research Institute, and from the many results obtained those 

applying to a typical St. Helena chock have been selected, and are shown 

in FIG. 11. This figure shows the load in tons plotted against the 

chock compression in inches for a 2 ft. 8 in, square by 36 inc high 

chock consisting of mots of five or six pieces with 3 in., to ■* ins 

rise. The load compression curvo shows that there is on initial con­

vex portion, Jue to the settling of the chock pieces, in which about

6 per cent (2 Ins) of compression occurs at a load of 150 tons. This 

is followed by a straight portion of the curve in which the chock com­

pression increases to *  per cent (rt in.) and the load to 350 tons.

<-■ n nf the curve ie concave due to the meeting of chock The final portion ot tne curve
* ii The final load reaches 1,000 tons atpieces along their full length. Tne iin

t M 8 inn) The maximum setting load obtained 50 per cent compression (IS
n  The effect ot stoping width on the

with an 8 lb. hammer was 1 1  tons.

matpack / ......
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matpack chfn acteristic is important. The lower the stoping width the 

greater whe percentage compression of the matpack, and therefore the 

higher the matpack resistance for the same closure.

Underground, the settling load on a matpack will be less than 

that achieved in tht laboratory test. The load compression characteris­

tic of the matpack, however, will be similar to that obtained in the 

laboratory and shown in FIG. 11. Initially, the load generated by the 

matpack may be to^ low to carry blocks of separated hangingwall, (see 

FIC . 52), or to support a Voussoir Arch (App. V). Therefore, in the 

initial stage of closure hangingwall loads are supported mainly by pil­

lars. At the u iximuir. matpack compression of about JB per cent, the 

load generat'd reaches tons, (Sec.3.2). The weight of the hanging­

wall blocks may still be greater than the load generated, (FIG. 52), 

but Voussoir Ar'toe may abut nt the matpacks and stabilize the hangingwall 

blocks, (Sec. 3.2).

The load closure pattern for a matpack on St. Helena is far 

from ideal. The ideal support must provide high initial reaction to 

carry the load of separated hangingwall beds, and to provide abutments 

for the development of Voussoir Arches. The matpack must reach tr.axi- 

mum loading at small percentage cloeure, and so minimise the hangingwall 

movement. The characteristic of a conventional matpack can be im­

proved by alternating concrete layers with timber layers, and hydraulic
9

jacks can be used to provide a setting load of about 50 tona .

U.2 Stone Walla:

No tests on stonewall compression or support loads have been 

carried out on St. Helena Mine, but they have bean done on Blyvoor- 

uitzicht1 ? These teats show that for n compression of less than 

15 per cent solid timber. 2 ft. square matpacks build up stress mere 

rapidly than ston** walls. However, for a compression greater than 

15 per cent, the reverse was true. Now the percentage closure or 

St. Helena up to the stage of drive pillar extraction is less than 

15 per cent. Therefore matpacks may provide a better support up to

this / .....
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