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ABSTRACT

In Septem ber 1990, a  section o f  Kam oto mine w here two thick and superimposed 

ore bodies w ere being  mined, using the room and pillar m ining method operating 

in isolated blocks, experienced a large scale collapse, Pillars 15 meters long, 10 

m eters w ide and 12 m eters high in the upj.er ore body and 14 meters high in the 

low er ore body w ere left during mining o f  a block w ith 15 meter-wide-rooms. 

D ue to the unstable nature o f  som e pillars within the first mined blocks, a decision 

w as taken to  fill, partially  or totally, the mined area with uncemented backfill. 

Unfortunately, this decision did not incorporate a re-evaluation o f  pillar strength 

in term s o f  rock m ass classification encountered during the developm ent stage o f  

‘hat m ining method, hence the need to determine the pillar strength from the 

Kam oto room and p illar collapse.

This back-analysis o f  K am oto pillar strength assessment involved a combination 

o f  several approaches in rock engineering such as the rock mass classification, 

rock mass strength and pillar stresses, and strength. The Bieniawski’s 

geotechnical rock m ass classification (1976) has been used to determine the 

Geological Strength Index (GSI) for each layer o f  the ore bodies. This concept, 

combined w ith the strength o f  intact rock and the Hoek-Brown failure criterion 

have been exploited to assess the rock mass properties, such as the strength, 

elastic modulus, P o isson’s ratio, cohesion, friction angle and Hoek-Brown 

constants. These estim ates are used as input data in the Kam oto room and pillar 

model,

The strength values o f  pillar have been determined by analytical method and 

numerical modelling. In the first approach, the strength o f  a  cubical specimen o f  

Kam oto rocks has been separately assessed by the procedure proposed by Ryder



Ill

and Ozbay (1990) and by the Rock M ass Index (RM I) developed by Palmstom 

(1997), The m odified Salam on’s formula and Obert-Duvall form ula for pillar 

design in the hard rock  have been employed to assess the strength o f  pillar in the 

study area. In the second approach, an elastic boundary code nam ed M insimW  has 

been perform ed to generate the elastic model o f  K am oto room and pillar area from 

the real mine plans edited before the collapse, and to com pute the mining induced 

stresses acting on the pillars. Under conditions assum ed during this work, the 

numerical analysis reveals that the ultim ate average stresses acting on the pillar 

edge at the beginning o f  the large scale failure mechanism are estimated at 35 

M Pa and 43 M Pa in the upper ore body and the lower ore body respectively. It has 

been noticed that these values are abcut 2.7 times greater than those calculated by 

Salam on’s formula and about 1.3 tim es greater than the strength values from 

Obert-Duvall formula.
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CHAPTER 1

INTRODUCTION

1.1 Background

K am oto mine is one o f  the underground mines that belong to  the Congolese 

(ex-Zairian) S tate Company nam ed “LA  GENERALE DES CARRIERES ET 

DES M INES D U  CONGO”. It is located in the western part o f  the Shaba 

province (ex- K atanga /  Zaire) about 10 Km  from the tow n o f  Kolwezi. Access 

w orks were started in 1958 ana real m ining production (Copper 3.5 - 4,5 %  and 

Cobalt 0.3 % ) commenced in 1970, using Sub-level caving (SLC) and Cut and 

Fill m ining (CAF) methods. The Room  and Pillar (RAP) mining method was 

introduced in 1979 in order to  mine the flat part o f  the ore-bodies, Trends in 

m ining methods are shown in Fig. 1.1 and Appendix A. From  the beginning, 

Kam oto M ine thrived until September 1990, when large-scale instability 

occurred in the frill-mechanised room and pillar w orkings below  465 ,r . i the 

tw o orebodies. This collapsed area is shown in Fig 1.2, Although there were 

no fatalities, the collapse caused severe damage and production losses.

M ining p ro d u ctio n  e v o lu tio n

t)
|  3 2 0 0
>  2 7 0 0
c S 2200

'•§  |  1700  % v  1200
S 7 0 0

200
1970  19 7 5  1900 19 8 5  19 9 0  1995

Y ears

r—— SLC   CAF - — r  RAP - —  OTHER —  TOTAL I

Fig. 1.1 Production by m ining method
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The current room and pillar mining layout used at Kam oto mine appeared to  

have provided regional stability, although in 1990 the managem ent noticed that 

all the area mined using the room and pillar m ethod had been affected by 

instability. There w ere occurrences o f  intense seismic activity, pillar splitting 

and rockfalls, Furtherm ore, it was observed that some dam age had occurred to  

service excavations, such as the underground crusher site and tne access ramps.

1.2 P u rp o se  of th e  w o rk

Provisional mine planning shows that in the near future, 80% o f  the available 

geological reserves will be mined by transverse cut and fill (59%) and room 

and pillar (21%) methods. Both these mining m ethods involve the design o f  

pillars. Therefore, the main aim o f  this work is to determine the rock mass and 

pillar strength values from the collapse o f  the Kam oto Room  and Pillar area in 

1990. The approach adopted is to examine the system o f  pillar loading during 

the m ining process in order to assess the failure strength o f  pillars at the tim e 

approaching the collapse. This empirically based value will be used for the 

future design o f  m ining methods.

1.3 M ethodology

In order to achieve the objective given above, the follow ing methodology has 

been applied:

a) L iterature o f  rock mass classification in general and review  o f  Kamoto rock 

mass characteristics o f  the area o f  interest.

b) Review o f pillar design methodologies as means to determine a natural 

stope support system in shallow depth mines,

c) U se o f  numerical m odelling technique to sim ulate the mining process in 

space and time and to analyse the pillar loading system before the failure,

3



d) Determ ination o f  pillar strength values from  analytical method and 

num erical analysis.

4



CHAPTER2

LITERATURE SURVEY

2.1 In tro d u c tio n

M any research attem pts have been undertaken, in the laboratory, in situ and on 

historic collapse cases, to  evaluate the strength o f  pillars. The objective w as to 

define an efficient and safe size o f  pillar, taking into account the ground 

conditions, D espite these various efforts, more theoretical and experimental 

studies are still needed, particularly with respect to specific geological 

conditions, to understand the pillar behaviour and to  establish rational pillar 

strength estimation. This chapter gives successively a succinct review o f  

relevant literature concerning rock mass classification, pillar strength theory 

and numerical m odelling techniques,

2.2 R ock  M ass C lassification

The quality o f  m ine design and thus the stability o f  underground excavations 

depend on the accuracy o f  geological and geom echanical properties o f  rocks 

used for the design. However, the determination o f  these properties remains 

one o f  the most difficult topics in rock mechanics. D ifferent empirical methods 

and techniques to classify rocks and rock masses are described in the literature 

cited at the end o f  this document. The most frequently used o f  geotechnical 

classifications for a variety o f  mine engineering purposes have been developed 

by different authors (Deere, 1964, Bieniawski, 1974 and 1976, Barton et 

al.1974, Laubscher, 1977). The purpose o f  this chapter is only to  highlight in 

the following sections the most relevant elements o f  rock mass classification,

5



2.2,1 T h e  N G I T unnelling  Q uality  Index o r  Q  C lassification.

B arton et al. (1974) o f  the Norwegian Geotechnical Institu te  (NGI) developed a 

tunnelling rock m ass classification scheme to  estim ate the  quality o f  a rock 

m ass (Appendix B ). A  relevant summary o f  this cum ulative rating system is as 

follows:

a) R ock  Q uality  D esignation (RQD ): as developed by Deere (1964) 

to describe rapidly and quickly the rock quality from borehole 

cores. The rating changes between zero (very poor) and 100 

(excellent),

b) Jo in t S tru c tu re  N um ber (Jn ): this param eter describes the 

persistence o f  discontinuities in a rock mass. The rating changes 

between 0.5 (massive) and 20 (crushed rock)

c) J o in t Roughness N um ber (J r) : this num ber defines the 

discontinuity roughness. The rating changes between 0.5 

(slickensided, planar) and 4 (discontinuous jo in ts)

d) Jo in t A ltera tion  N um ber (Ja): this param eter describes the 

nature o f  filling material between the adjacent rock walls o f  

discontinuities. The rating changes between C 75 and 12.0 as 

shown in appendix .

e) Jo in t  W a te r  R eduction  F ac to r (Jw ): this factor expresses the 

influence o f  groundwater pressure on the quality o f  rocks, 

Therefore, the rating changes from 1.0 (dry excavation or minor 

inflow) to 0,05 (exceptionally high inflow  o r pressure continuing 

w ithout decay.)

i) S tress  R eduction  F ac to r (SRF): this param eter describes the 

influence o f  weakness zones intersecting excavation and in situ

6



rock stresses w hich may cause loosening o f  the rock mass when 

tunnel is excavated. The rating varies from  2.5 to 20,0,

The overall o f  the above values gives the tunnelling quality index Q used for 

the c h w  nation:

Q =  (RQD/Jn). (Jr /Ja). (Jw /SRF)

Tunnelling Quality index Classification

< 0.01 - Exceptionally poor

OOo
' - Extrem ely poor

0.1 -1 - Very poor

1 - 4 - Poor

4 - 1 0 -F a ir

1 0 -4 0 - Good

4 0 -  100 - Very good

1 0 0 -4 0 0 - Extrem ely good

> 4 0 0 - Exceptionally good

M ore recently, Palm strom  (1997) has developed the Rock Mass Index (RM I) to 

characterise the strength o f  a rock mass for rock engineering purposes. This 

concept is based on the Q-Classification system. I t includes some parameters 

nuch as the joint roughness factor (Jr) and the jo in t alteration factor (Ja) as 

defined in the above rock mass classification. These parameters are shown in 

Appendix B. Nevertheless, in this concept the block volume represents the 

structure and the block size o f  the roc:: mass instead o f  the RQD and the jo in t 

set number (Jn), The uniaxial compressive strength o f  the rock mass is, 

therefore, expressed as follows:

RM I =  ctc . JP

7



W here a 0 is ’ e uniaxial com pressive strength o f  the intact rock,

JP is the join ting  parameter that expresses the resulting effect o f  the 

joints in a  volum e o f  rock. It is calculated by this equation

JP =  0,2 (JC )0'5. Vba 

W here a  =  0.3 TJC-0'2,

JC =  J L . JPv/JA,

JR  is the jo in t roughness factor,

JA  is the jo in t alteration factor and 

JL is the jo in t size and continuity.

Vu is the volum e o f  the rock block (m3)

2.2.2 B ieniaw ski’s G eom echanics C lassification

Bieniawski (1976) modified his geomechanics classification for a jointed rock 

m ass system from  civil engineering data in sedim entary rocks, as shown in 

Appendix C. The basic classification parameters are:

a) S tre n g th  of in tac t rock  m ateria l: the rating changes between 15 

(UCS> 200 MPa) and 0 (UCS =  1-3 M Pa) according to  the 

ranges o f  uniaxial compressive strength values.

b) R o ck  Q uality  D esignation (RQ D ): as defined by D eere (1964) 

for the quality o f  core recovery by diamond drilling: the rating 

changes depending on the redefined ranges o f  v a lu es , between 

20 (RQD = 90 -100%) and 5 (RQD< 25%).

c) S pacing  of jo in ts  (Js): this param eter describes all the 

discontinuities and the rating varies from 30 ( Js >  3m)to 5 (  Js < 

0.05m) in function o f  the given ranges o f  jo in t sp ac in g .

8



d) C ond ition  o f jo in ts  (Jc): this param eter takes into account some 

geom echanical properties o f  discontinuities (aperture, roughness, 

wall condition, persistence and the nature o f  filling), The rating 

changes from  25 (very rough surface, not continuous, no 

separation, hard jo in t wall rock) to  0 (soft gouge > 5mm thick or 

jo in ts open >  5mm, continuous joints),

e) G ro u n d w a te r  condition : this param eter gives the influence o f  

w ater on the s' uility o f  an underground excavation, The rating 

changes from  10 (completely dry) to  0 (severe w ater problems).

T he overall Rock M ass Rating (RMR) is given by the sum o f  the rating values 

assessed for each parameter. In relation to discontinuities’ orientation (strike 

and dip), the RM R value can be adjusted, The adjustm ent rating for tunnels is 

between 0 (very favourable join ts orientation) through minus 12 (very 

unfavourable jo in ts orientation), From the RM R values, the Rock mass classes 

can be determined using the chart below:

Ratings Class No Description

10 0 -8 1 I V eiy good rock

8 0 -6 1 II Good rock

6 0 -4 1 III Fair rock

4 0 -2 1 IV Poor rock

< 2 0 V Very poor rock

From  this classification, Bieniawski (1976) gives approxim ate stand-up tim e o f  

an unsupported excavation for each class.

2.2.3 L au b sc h e r’s G eom echanics C lassification

F or the purpose o f  mining applications, Laubscher (1977) up-dated 

B ieniaw ski’s geom echanics classification in order to develop the mining rock- 

mass rating (M RM R) classification system. H e used the same five

9



classification param eters as defined by Bieniawski, but he changed the range 

and rating systems o f  intact rock strength and the evaluation o f  joint spacing 

and condition o f  jo in t parameters, He divided each o f  the five rock mass 

classes into two sub-classes.

Before applying the rating values o f  the five basic param eters, an adjustment is 

carried out, taking account o f  the mining environm ent affecting the rock mass 

such as weathering, mining induced stresses, jo in t orientation and blasting 

effects (Table 2.1), It must be stressed that the adjustm ent procedure is 

empirical and requires a background based on num erous observations in the 

field,

Table 2,1 Summary o f  adjustments

P a ra m e te r Possible a d ju s tm e n t

W eathering 3 0 -  100%

Orientation o f  blocks 63 - 100%

Induced stresses 60 - 120 %

Blasting 8 0 -  100 %

It is not unusual in mining practice to arrive at the situation that all the 

geotechnical data required for rock mass classification are not available due to 

technical or econom ic reasons. Under such circumstances, the different 

param eters for classification can be assessed in reference to a similar ground 

condition case. Consequently, the level o f  confidence should reflect, the 

situation.

2.2,4 D iscussion on rock  m ass classification system s

The aim o f  each rock mass classification is to provide a better understanding o f  

the overall rock mass by providing a quantitative assessment o f  ground 

conditions. Each rock mass classification system described in this section was



successfully applied in the past for specific applications. However, the recent 

trend would be to  establish correlation between different classification systems 

and to  develop from  their basic concept, new  m ethods for evaluating o f  the 

rock m ass strength fo r m ining purposes.

The Q-classification, initially developed for rock mass classification for tunnels 

has recently provided a basis o f  the R ock M ass Index (RMI) for 

characterisation o f  the  strength o f  rock mass. The B ieniaw ski's Rock M ass 

Rating (RMR) currently and widely used in civil engineering has been 

successfully practised in mining applications. The new  concept o f Geological 

Strength Index (GSI) fo r evaluating o f  the strength rock mass has been derived 

from the RM R system. The Q-Classification and the RM R systems use closely 

the sim ilar param eters for evaluating the relative effects o f  geology and 

geom etry o f  the rock  mass for support requirements. The main differences 

between these system s are based on the weighted numerical values for each 

param eter and the use o f  compressive strength in the RM R system as a 

parameter.

Laubsher’s geom echanics classification has been derived from Bieniaswski’s 

classification in order to provide a Mining R ock M ass Rating system (MRMR). 

The differences between these two systems are the division o f  classes defined 

by Bieniaswki into subclasses, the evaluation o f  different parameters and the 

influence o f  m ining environm ent. These differences give further advantages to 

this system in specific mining applications such as excavation support, stability 

o f  open slopes, fragmentation, ground cavability and mining methods.

2.2.5 Influence o f  geology on p illa r stab ility

A num ber o f authors emphasise the role o f  geological discontinuities or rock 

‘ru ' re on pillar perform ance. The more the discontinuities the lower the 

pillar be,' 3 ability. Subsequently, the m ost widely used rock mass
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classification system s, described in this section, include som e parameters with 

high rating values to  describe discontinuities in the rock mass,

B rady and B row n (1985) stated that at shallow depth and in de-stressed areas 

the ground discontinuities might be the prime concern in excavation design, 

Jerem ic (1987) reported similar observations in w hich pillar strength can 

decrease up to  50 % with the increase o f  continuous and discontinuous 

structural defects, Roberts and Jager (1993) found that, according to the size, 

the geological discontinuities weaken the pillar. Therefore, the correction 

factor can range between 0,2 and 0.5 o f  the laboratory uniaxial compressive 

strength. Hoek etal.  (1995) confirmed that the behaviour o f  pillars depend on 

the characteristics o f  both the rock material and the discontinuities in the rock 

mass.

2.3 P illa r  S tre n g th  T heories in Shallow  D epth  M ines

2.3.1 C ategories o f  m ine p illars in shallow  m ines

In coal or hard rock mining at shallow depth, pillars are used either as the main 

support for the ro o f strata o r to protect surface structures.

According to Ozbay et al. (1994), there are four types o f  pillars having 

different stress /  strain characteristics and these are show n in Fig, 2.1, A brief 

discussion on each o f  these pillar types is presented below:
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Fig, 2.1 Categories o f  mine pillars

a) N on -  yield p illars: these pillars are supposed to remain 

intact and elastic during the life o f  the mine. This assumes 

that the strength o f  pillar should be higher than the average 

pillar stress due to the weight o f  country rocks. Esterhuizen 

(1993) indicated that the factors o f  safety o f  1.3 to 2,0 are 

typically used in the hard rock pillar design.

b) S q u a t o r  B a rr ie r  p illars: these pillars with a width to 

height ratio o f  about 10, are essentially protective and used 

to  provide a regional support o f  structures and mining
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workings. Hence, they should rem ain stable during the mine 

life.

c) Y ield  p illars: these pillars are designed to  be initially intact, 

but can yield in a stable m anner as loaded beyond their peak 

strength as the mining progresses.

d) S len d e r  o r  C ru sh  p illars: these p illars with a small width to 

height ratio are designed to  crush w hile either they are still 

part o f  the face or in the back area at shallow mining depth. 

Their post-peak residual strength provides sufficient support 

resistance to the immediate hangingwall,

2.3.2 Pillar strength and design

In the past, the rock mechanics research effort in the design o f  pillars was 

focused on coal mines. In pillar design, the most com plex task is to estimate 

the rock mass strength, and thus the pillar strength due to the variability o f  the 

properties o f  rocks. It had been noticed at the earlier stage o f  rock mechanics 

that the uniaxial com pressive strength o f  the intact rock was not enough to 

express the rock m ass strength. Nevertheless, it rem ains one o f  the most 

im portant param eters in the majority o f  rock mass classification and pillar 

strength. Correlation o f  laboratory measured strengths to in situ values is 

important, because m ost design criteria are based on the rock strength, 

Unfortunately, in general terms, no single design approach or pillar strength 

formula has been accepted as reliable in hard rock pillar design,
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This literature survey examines some empirical formulae:

-  Evans and Pom eroy (1958), and Evans et al. (1961) found that the crushing 

strengths o f  coal cubes o f  various side lengths decrease w ith the side length o f  

the cube. A m athem atical expression o f  this relationship is as shown below:

o , =  K a“

W here a , : crushing strength 

K: constant

a :  0.17 - 0,32 for various coals

- Protodiakonov (1964) proposes the following relation:

ad /ar =  [(d/b) +  m] /  [(d/b) +  1)

W here O d: strength o f  a cubical specimen 

o r : in situ strength o f  the rock mass 

d : side length o f  a cubical specimen 

b : average spacing o f  discontinuities in the rock mass 

m : strength reduction factor, This value is selected as shown below:

-Sd compression tension

> 7 5 M p a  2< m < 5 5< m <  15

<  75 M pa 5 < m < 10 15 < m <  30

- Obert and Duvall (1967) derived the following form ula from laboratory tests 

on hard rock and elasticity considerations for w idth to  height ratio o f  0,25 to 

4,0:

ctp =  K (0.778 +  0.222 .w/h)
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W here ctp is the pillar strength,

K  is the uniaxial com pressive strength o f  a cubical specimen, 

w  is the pillar width and 

h is the p illar height,

- Salamon and M unro (1967), after conducting a survey o f  stable and unstable 

pillars in South A frican coal mines, came up with the formula shown below to 

estim ate the strength o f  coal pillar:

o , =  K hawp

W here a « : pillar strength 

h : pillar height 

w : pillar w idth

a  and (3: constants depending on the nature o f  coal deposits.

For South Africa Coal Fields, the statistical values are as follows: 

a -  -0,66 and p=  0,46

K: constant depending on the geostrUv...re o f  the material,

- Subsequent w ork by Hedley and Grant (1972) recommended the above 

form ula with a  =  - 0,75 and p =  0.5 for the most common hard rock pillar 

design.

- Laubscher (1990) proposed to use the Design R ock M ass Strength (DRMS) 

for constant K, in cases where a rock mass classification has been carried out. 

The DRM S is the strength o f  unconfmed rock mass adjusted to the specific 

m ining environm ental conditions such as weathering, orientation o f  joints, 

m ining in situ induced stresses, blasting effects.

- H ardy and Agapito (1977) took into account the scale effect between the 

laboratory specim en and the rock mass by using the following formula:
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CTp/o-e =  (Ve/ /p )° '118 [(Lp/fifpJfHe/Le)]0'833

Where o p: pillar strength

(Jo: uniaxial com pressive strength 

V p: volum e o f  pillar 

Ve : volume o f  laboratory specimen 

L p : pillar w idth 

H p : pillar height

Lc : specimen width ( specimen diameter)

H e ; specimen length

- Ryder and Ozbay (1990) proposed a methodology for designing pillar layouts 

for shallow mines and introduced the correction factors to be applied to the 

laboratory value of UCS:

o . =  UCS*f,*&*&*f4*G*&

W here UCS : Uniaxial compressive strength .

f t : size e f fe c t; expressing the weakening effect o f  discontinuities’ 

features, Experimental results from tests on rock have shown that 

there is, a  strength reduction with increase from  small size to critical 

size at w hich the strength values can be directly applicable to full 

size p illars (Fig 2 .2). A size correction factor has been assessed at a 

value o f  0 .4 o f  the uniaxial compressive strength.
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f j : foundation strength effect in case o f  a brittle pillar on weak or 

plastic foundations, o r the punching/shearing/ heave o f  pillar 

system in the foundations. F or shallow  mines, the conventional 

value o ffs  is equal to  1.

f6 : creep e f fe c t: 1 for hard rock

- F or estim ating the triaxial strength o f  rock materials, M urrell (1965) proposed 

the following equation:

c i  =  F  ( a 3)A + CTC

W here a i : major principal stress 

0 3 : m inor principal stress 

CTo : uniaxial com pressive strength 

A  and F are constants

M oreover, Hoek (1968) proposed these empirical failure criteria:

(Tm -To)/ 0C =  B(CT„/ac)C

W here xm is the maximum shear = (o, - 03) /  2,

0m is the mean normal stress (01+03) /  2 and 

B , C are  constants.

F or practical purposes To= Uniaxial tensile strength,

- Some mine designers apply the Hoek and Brown (1980a) rock mass strength 

failure criterion given the Allowing empirical formula:

- 0 i =  03 +  (m0 c03 + 0 o2 s ) ,/2

W here 0 1 : major principal stress at the failure

03 : m inor principal stress or confining stress
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Oe: uniaxial compressive strength

m and s :material constants depending on the properties o f  the rock and 

the extent to  w hich it has been fractured, being subjected to principal 

stresses cti and 03.

F or rock mass, P riest and Brown (1983) proposed the following estimates:

m =  m i * e x p I(RMR-9i>/13'4! 
g =  e x p  [(RMR.iaO)/6,3]

W here RM R: rock mass rating from the Geom echanics Classification (after 

Bieniawski, 1976), 

m i : empirical constant for intact rock

A ccording to Bieniawski (1984), this empirical strength criterion for rock and 

rock m asses is the m ost promising in rock engineering,

A fter having conducted some studies in South African mines Ozbay, Ryder and 

Jager (1995) found out that an acceptable unconfined rock mass strength for 

‘good quality’ rock (o 3 -  0 and s = 0.1) is o f  the follow ing form:

01 =  O.32o0

W here a i  is the m ajor principal stress at failure, and ae is the uniaxial 

com pressive strength o f  intact rock.

From  the above form ulae, it is clear that the pillar strength depends on the size 

(height and width), shape (square, rectangular, circular or irregular) and 

material property (uniaxial compressive strength, nature o f  discontinuities, 

anisotropy and pore w ater pressure).
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2.3.3 Pillar loading system

In general, the assessm ent o f  pillar load in mining applications is a complex 

issue. However, sorn«, available theories are described in the literature. One o f 

the m ajor available approaches for expressing the pillar loading system is the 

tributary area (F ig 2.3). This method is sim ple and practical for regular pillar 

system.

Fig.2,3 Tributary area approach for pillar loading 

The general expression for pillar load is given as follows:

u p= y H ( A /A p )  (1)

A  =  Ap +  Am

W here A: Total area (mz)

Ap: Pillar area (m2)

,A(Tributary area)
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Am: Mined area (m2) 

y : Unit w eight o f  the overburden (N/m3)

H: Depth below  surface (m)

cip: Pillar load o r the average pillar str' s (M Pa)

This theory is w idely used in most o f  the room  and pillar mining systems 

w here pillars are left for support purposes.

The pillar load can also be expressed as a function of extraction ratio (the ratio 

o f  the mined-out area to the total area):

e =  ( A - A p ) / A = l  - ( A p / A )

W here e is the extraction ratio.

Substituting the above equation in (1), we find that the pillar load or the 

average pillar stress is expressed as follows:

c p =  y H  /  (1 - e)

This equation gives the prediction o f pillar loading by the tributary area theory 

and the variation o f  the average pillar stress with extraction at the depth o f  500 

m eters is shown in Fig 2.4. This approach assumes that the pillar is subjected to 

the vertical pressure only. This is presumed to be constant over the mined area 

and each pillar supports the column o f  rock above area A. It is also assumed 

that stress distribution is uniform over the cross-sectional area o f  the pillar. 

Nevertheless, rock mechanics research has shown the opposite, In most cases, 

the maximum stress occurs at the corners formed by the sidewalls o f  the pillar 

and roof or floor.
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Variation of pillar stress factor witL traction
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Fig.2.4 Average pillar stress vs percentage extraction at the depth o f  500m.

A nother approach is the theory o f  elastic-deflection developed by Salamon 

(1964, 1967), Coates (1966), and Oravecz (1977). The most important 

consideration is to  sim ulate seam convergence by incrementing load due to 

mining, in order to  obtain pillar-load distribution. Coates (1966) derived the 

following com plicated serial formula for the plane strain case to com pute 

incremental loading resulting from field stresses and mining:

Sp/Sy =  (ASp/Sv) +  1

ASP -  2 R -kh fl-w Y l-x2+h) - w_ fkhn)

hn +n ( l .R )( l+ l/N ) [ l  +h/(l-x2)]/[2+2R b’(l-w )  n]

W here Sp =  total pillar load

Sv =  virgin vertical stress (field stress normal to  the mining zone)

ASP =  pillar load due to mining
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n = M / M P w h ereM  =  E / (  1 - y2 ) an d M p =  E p /( 1  - y 2)

E: modulus o f  elasticity o f  the medium 

Ep: modulus o f  deform ation o f  the pillar rock, 

w  = y / ( 1 - y )  w h ere y = Poisson’sra tio

k =  ok /  o v w here a h  and a v  are respectively horizontal and vertical 

stresses acting on the seam, 

b ’=  b /  L w here b =  width o f  the pillar and L= breadth o f  the mining 

zone.

x =  xV (' w here x ’=  displacement in x direction and d’=  pillar length 

h =  h’ /  d’ w here h ’=  pillar length 

N  =  number o f  pillars

R  =  radial distance from centre to the specific point

This equation might be used as a guide in planning pillar system. It has been 

shown that results obtained from this equation are low er than the values from 

the tributary area theory (Coates, 1966),

From  mining observations and in situ measurement, Salamon (1983) confirmed 

that the magnitude o f  pillar load is a function o f  the mined area size. This 

m eans that the w ider the mined area, the greater the load on the pillar as 

illustrated in Fig, 2,5, This is because o f  the load bearing ability o f  the 

abutments.
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Fig.2.5 Pillar load versus mined area size 

2.4 F a ilu re  M ode o f  P illa rs

Investigations, conducted by Bieniawski (1967) have shown that above a 

certain stress level, which is referred to as the long-term strength, rock material 

fails som e time under constant load, M ining observations have also shown that 

pillars subjected to uniaxial compressive stress can fail in one o f  the three main 

m odes o f  failure, when stresses approach the rock mass strength. (See Fig. 2.6)

(a) (b) (c)

Fig. 2.6 Pillar failure modes
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a) Failure bv shearing along oblique planes: This results from a crushing failure 

when pillars are subjected to a uniaxial com pressive stress (Coates, 1966). 

Brady and Brown (1985) found that there are kinem atic factors, which prom ote 

the development o f  shear zones. A  high height /  w idth ratio in regularly jointed 

ore body rock may favour the transecting o f  the pillar. This has been confirmed 

in the model tested by B row n (1970),

b) Failure bv slabbing o ff pillars: The central sections o f  the pillar start 

disintegrating, B rady and Brown (1985) have noticed from field observations 

in relatively m assive rock that the generation o f  small surface spalls may be 

the first signs o f  local overstressing in the m ine pillar.

c) Failure bv lateral expanding and vertical splitting: Coates (1966) highlighted 

that in some cases th is failure mode can be u better indication o f  approaching 

failure than som e deformation or stress measurements, Brady and B row n 

(1985) said that this failure might occur in a stratiform  ore body where soft 

bedding partings define the foot and hanging walls o r in an ore body with 

highly deformable surfaces o f  weakness forming the interfaces between the 

pillar and the adjacent country rock.

According to Jaeger and Cook (1979), pillars at high stress induced by mining 

activity can cause v iolent failures, termed rockburst when it results ir. dam age 

to  excavations or ‘bum ps’ when it does not necessarily generate damage in the 

workings.

2.4.1 Failure criteria

Jerem ic (1987) suggested that for mine stability studies both tensile and shear 

failure criteria should be considered:

---



- Tensile failure criteria

a) Maximum tensile stress criterion of failure,

This criterion assumes that rock fails by brittle fracture in tension if the 

absolute value of minor principal stress c% is equal to the uniaxial tensile 

strength o,:

ABS (0 3 ) = at

In this case, the rock splits parallel to the direction of the major principal stress 

and perpendicular to the direction of the maximum tensile strain.

Earlier, Stacey and Jongh (1977) used a macro - strain approach to express the 

failure criterion. They conclude that fracture of the rock will occur in indirect 

tension when the tensile strain exceeds a limit value, which is dependent on the 

properties of the rock:

O t =  0 3  -  V  (CT| +  0 3 )

Where v = Poisson’s ratio

Gi = major principal stress 

0 3 = minor principal stress.

b) Grifffith (1924) assumed that failure takes place when the maximum tensile 

stress in the crack of most dangerous orientation reaches some value 

characteristic of the material:

(oi - 0 3 ) 2 + 8 T(oi + 0 3 ) = 0 if (0 1  + 3 0 3 ) > 0

0 3  = -To if (oi + 3 0 3 ) < 0

Where To = uniaxial tensile strength.
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- Shear failure.

The Coulom b-N avier's criterion o f  failure postulates that failure occurs when 

the maximum shear stress at a point in the material reaches its shear strength 

(Jerem ic 1987):

x = Ts + pan

W here x =  shear stress acting along the plane o f  failure 

x, = intrinsic shear strength or cohesion 

|i  =  coefficient o f  friction 

a„ = normal stress acting on the plane o f  failure.

Jerem ic (1987) indicated that M ohr extended the Coulomb-Navier’s failure 

theory by postulating that a material fails w hen the shear stress on the failure 

surface has reached the shear strength o f  the material, w hich is dependent on 

the normal stress acting on the surface. However, in a tensile stress state the 

material will fail w hen the tensile principal stress has reached a limiting value 

that is experimentally determined.

-  F or underground excavation design, Bieniaw ski (1974) proposed this 

empirical strength failure criterion.

o i /  CTC =  1+ A (a „ /a c)k o r xm /  a 0 =  0.1+ B ( a ja c)c

W here xm =  (o i - CTj) /  2

0m =  (o i  +  03) /2

o c= uniaxial com pressive strength 

k 5  0.75 and c = 0.90 for the range o f  rocks tested by 

Bieniawski.

A =  from 3 to  5 and B =  from 0.70 to 0.8 depending on nature o f  rocks.
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- Another practical empirical failure criterion suggested by H oek and Brown 

(1980a) has been described in section 2.3,2.

2.4.2 Pillar safety factor

a) The simplest w ay to  express the safety "factor in pillar design is that pillars 

will fail as soon as the  applied load reaches their ultim ate strength;

Safety Factor SF =  a s/  ctp

W here a s  is the pillar strength and op is the pillar stress.

This approach assum es that the stress distribution is constant and uniform 

across the entire pillar section. Using the pillar strength and pillar stress 

equations described above, it can be shown that the safety factor is a function 

o f  pillar size, stope span and pillar height,

The choice o f  a suitable factor o f  safety to guard against pillar failure is based 

upon engineering experience and various authors recommend different safety 

factors for different applications:

Safety factor fSFl

Conventional production panels 1.6

Geological disturbed areas 1.7

Com petent seams 1,5

M ain developm ent layouts 2 - 2.5

Shaft bottom areas 2.5

From  the back-analysis study conducted by Salamon and Munro (1967) in the 

South African coal mines, it has been shown that pillars in the range o f  safety
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factor from 1.3 to 1.9 w ere stable. In this case, the acceptable average value o f  

safety factor in pillar design is 1,6 ,

b) The H oek - B row n failure criterion may be used to  express a safety factor 

(SF) at a given point in the following manner:

SF> ra3 +  (m acCT3 +  o c2 s ) 1/2 ] /  cri

W here a i : major principal stress at the failure

0 3 : minor principal stress or confining stress 

Og: uniaxial com pressive strength

m and s : H oek -  Brow n material constants as defined in the section

2.3.2

This equation is useful for computing a safety factor in areas having a non- 

uniform stress distribution,

2.5 Basic Concepts of Numerical Modelling in Rock Mechanics.

The development o f  powerful com puters observed during the two last decades 

has helped to im prove the numerical m odelling programmes in rock 

mechanics. Therefore, the modern trend in rock mechanics is to use more 

numerical modelling techniques (eg: finite element, finite difference, boundary 

element) than the other analytical methods such as physical models and 

mathematical m odelling (closed-fonn solutions), One o f  the advantages o f  the 

numerical modelling in rock mechanics is to integrate some rock mass 

properties,

The numerical m odelling techniques are well described in most rock 

engineering courses and various references such as Chandrakant and John 

(1977), Crouch and Starfield (1983), Brady and B row n (1985), Hoek et al. 

(1995), this literature survey will be limited to  the basic concepts o f  these
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techniques. Actually, the most common numerical m odelling methods in 

geotechnical engineering are categorised in tw o distinct groups; namely 

Differential and Integral methods. Both recognise geologic structure as being 

discontinuous,

In differential methods, the entire domain o f  interest is discretized in 

subdomains or zones as shown in Fig. 2.7. This means that a complex problem 

o f  large extent can be divided into smaller equivalent units. These methods use 

the implicit solution schem e termed matrix solution to  solve the problem. 

M ethods, such as Finite element, Finite difference, and D istinct element, are 

categorised under Differential group.

Grid point

X
. ......... Zone

Excavation

Fig. 2.7 Finite difference method.

Boundary
elem ent

Excavation

Fig,2,8 Boundary elem ent method.
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In  integral o r boundary methods, the contour or boundary o f  excavation is 

discretized us depicted in Fig.2.8. So, the numerical solution built on analytical 

solutions is found by using the explicit solution schem e in order to satisfy the 

specified boundary conditions at each elem ent along the boundary. Depending 

on the type o f  formulation, the following m ethods have been established:

a) Indirect method, using “fictitious forces” known as Boundary element 

method and using fictitious “displacem ents” known as Displacement 

discontinuity method. In Boundary element method, it is assumed that 

fictitious unit forces applied at the centre o f  a  segm ent generate forces 

and displacem ents at the centre o f  every other segment. In the 

Displacem ent discontinuity method, ui.it displacements are used across 

each segment.

b) Direct method, m aking use o f  B etti’s reciprocal theorem that gives a set 

o f  sim ultaneous equations o f forces (T), displacements (U), the 

unknown values o f  induced forces (t) and displacements (u) to be solved 

numerically.

The numerical solution is first obtained at the boundary, and then the solution 

at different points within the body is obtained from the boundary solutions. 

M ethods, such as Indirect method, D i r a  m ethod, and displacement 

discontinuity method, all belong to the Integral method o f  numerical 

modelling.

According to the data-limited problems in rock mechanics either in quantity or 

in quality, Starfield and Cundall (1988) described a methodology for rock

2  T.u =  S U.t
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m echanics m odelling by defining a useful set o f  guidelines that may be 

summ arised in the following steps:

a) Establish the raison and objectives o f  numerical modelling,

b) Design a conceptual model at the earliest stage o f  the project.

c) Identify im portant mechanisms, modes o f  deform ation and failure,

d) Think o f  experim ents to be performed on the model and visualise 

wha; the answer might be.

e) Design or borrow  the simplest model that will allow the important 

mechanism s to occur.

f) Im plem ent the model, choose the sim plest experim ent and run it. I f  

the model ties w ith the expectations, proceed to m ore complex. I f  not, 

identify the weaknesses in the model ! remedy ti im before 

continuing.

g) I f  the only available model has irrem ediable weaknesses, make a 

series o f  sim ulations in order to bracket the true case.

h) Run m ore com plex models indua'iv ; 'h e  geology in order to explore 

its aspects.

2.6 C O N C L U SIO N

F o r this work, the tw o must recent approaches, namely the Geological Strength 

Index (GSI) derived from the Bieniawski (1976) rock mass classification and 

the R ock M ass Index from the (^-Classification, appear to offer the most 

effective method o f  evaluation o f  the Kamo to rock mass characteristics from 

the available data.

T he strength o f  pillar will be determined using the most promising empirical 

formulae in hard rock engineering such as proposed by Hedley and Grant 

(1972) from m athem atical expression derived by Salam on (1967) and Obert et
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a l  (1967). The stress on pillars will be computed by numerical modelling using 

an available boundary elastic code.



CHAPTER 3

KAMOTO MINING GEOLOGY

3.1 Introduction

This chapter gives a b rief geological overview o f  the stratiform  orebodies in 

K am oto mine with the view o f  setting up the geotechnical parameters for 

determ ining rock mass strength. It summarises available information about 

geology, stratigraphy and mineralisation obtained from various technical 

docum ents from K am oto mine.

3.2 Form and Structure of Ore-Body

T he K am oto Principal ore-body belongs to the K atanga copper be!, named 

“Serie des m i n e s I t  is one o f  the biggest parts o f  the Kolwezi copperfteld and 

shaped as a regular synclinal basin limited on each side by the major faults. Its 

m ean geom etrical dim ensions are as follows:

- N orth - South extent: 1300 m

- East - W est extent : 1500 m

- D epth : 0 - 5 3 5  m

- N um ber o f  ore bodies : 2

- Ore-body thickness : 12m for the upper ore body,

14 m for the low er ore body.

On average a 15 m eter-thick waste rock layer separates the two ore bodies. The 

dip angle changes from  W est to East*



W estern part M iddle part E astern part F ar extrem e part

25°-30° 3 0 ° -4 0 ° 6 0 ° -8 0 ° 8 0 ° -9 0 °

The Northern part o f  the ore body, where the Room  and Pillar mining method 

had been applied, is flat dipping at an angle o f  between 0° and 12°.

3.3 Lithostratigraphy of the Kutangan System

The lithostratigraphy o f  the Katangan system in K atanga (Democratic Republic 

o f  Congo) compiled from Francois (1973) and up-dated by Cahen (1984) is 

shown in table 3.1. These authors used the following abbreviations to describe 

rocks o f  the K atangan copper belt:

- R.A.T.: Argillaceous dolom itic siltstone (Roches Argilo-Talqueuses)

- S.D.B.: L ow er dolomitic shales (Shales D olom ique de Base)

- R.S.F.: Sileceous laminated dolostones (Roches Silicieuses Feuilletees)

- BOM Z: B lack Ore M ineralized Zone (Zone a minerals noir)

- D .Strat.; Stratified dolomite (D olom ites Stratifiees)

- S.D.: D olom itic shales (Shales Dolomltique)

- R.S.C: M assive and sileceous dolomite (Roches Siliceuses Cellulaires)

- R.G.S: D olom itic and argillaceous silstones (Roches Gr6seuses

Superieures)

- Ks: Upper K undelungu (Kundelungu supcrieur)

- Ki: Low er K undelungu (Kundelungu infdrieur

- R: “Roan”

n r t n n r f f  m



Table 3.1 Lithostratigraphy o f  the Katangan system

P le is to c e n e 'CAROO

U p p e r  C a rb o n ife ro u s a n d

+ /- 6 5 0  M a KALAHARI

Supergroup Group Fonnation and /o r  Lilhologies
Plateaux
(Ks-3)

Arkoses w ith  sandstones and sliales

U pper
K undelungu

Kiubo
(Ks-2)

K s-2 .2 /K s-2 ,l: carbonated shales,sandy and 
argillaceous shales.sandstones

(Ks) Kalule
(Ks-1)

K s -1 .3 /K s -i.2 : carbonated sillstones,sandy and 
argilleceous shales, pink limestones 
K s-1 .1: diam ictide ( ‘petit cotifilomcr.U’)

K
A
T
A

Low er.
K undelungu

Monwezi
(Ki-2)

Arkosic sandstones with carbonated sliales and 
sillstones

(Ki) Likasl
(K M )

Ki-1.3: carbonated  slmles and sillstones. 
Ki-1.2: do lom 'tes and lim estones witli s h a le s . 
Ki-1.1: d iam ictite ( ‘grand conglom erate

N
G
A
N

M washya R-4,2: dolom itic sliales, w ith  sandstones or 
carbonaceous shales at top; ‘conglom erat de 
M w ashya’ at the base.
R 4 .1 : dolostones, dolom itic shales, jasper, 
oolites, pyroclastic units, iron.

P ro tc -
R o z o ic

Dipcta

(R-3).

R-3.4/R-3.3: dolostones, limestones, shales, 
sandstones an d  arkose,
R-3.2/R-3.1: dolom itic and argillaceous sillstones 
(R .G .S),dolostones

Roan
(R)

Kam bove D olom ite 
(R-2.3)

R-2.3,2 (upper unit) 
R -2 .3 .1 (low er unit)

M ines
(R-2)

D olom itic shales 
(R-2.2)

R-2.2.3: SD3a/3b 
R-2.2.2: SD2b/2c/2d 
R-2.2, l:SD B /B om z/2a

Kam oto D olom i’,. 
(R-2.1)

R-2.1.3:R.S.C. 
R-2.1.1:grey R .A .T . 
R-2.1.2:R.S.F./D.StraL

R.A.T.
(R-D

R -1J/R -1 .2 /R -1 .1 : argillaceous 
dolom itic sillstones and sandstones

H -
1050M a

Base ol the R.A.T. scqucnce -  unknow n 

Basal conglom erate

+ /■ ' 
2050M a

K1BA RAN and P R E -K IB A R A N



3.4 Stratigraphy o f  the Roan Group.

- Red R.A.T (R -l): argillaceous dolomitic siltstones and sandstones. These 

rocks have a red colour and essentially consist o f  m assive detritus formations. 

T he thickness is m ore than 235m. They have been fractured during the 

orogenic events and sometimes have no cohesion m presence o f  “oligiste” 

plates.

- Grey R.A.T. (R -2.1 .1): this formation consists o f  around 2 meter thick 

chloritic and dolom itic siltstone,

- D.Strat, (R -2 .1.2.1): this formation is a 4.5-m eter thick stratified dolomite 

including a fine-grained dolostones.

-R .S .F  (R-2.1.2.2): this 6,5 meter thick unit is siliceous, laminated dolostones.

- R .S.C  (R-2.1,3): this formation is massive and generally stromatolitic 

dolostones. It is about 7 to 25 meters thick.

- S.D (R-2.2): The dolomitic shales. This 30 -1 «0 meter thick formation 

consists mainly o f  fine clastic material cemented by a micritic dolomite. A t its 

base, there are sedimentary rocks, which are characterised by carbonaie-quartz 

nodules, irregular lenses and lenticular beds called Low er dolomitic shales (R- 

2,2.1). These rocks constitute the upper ore body.

- C.M.> '• this formation forms the upper part o f  the M ines group and is divided 

into two main units:

a) The upper C.M.N; generally composed by clean dolostones 

containing interbedded chloritic - dolom itic siltstones.

b) The low er C.M.N; generally dark dolostones, enriched in organic 

matter.



3.5 M ineralisation

In  K am oto M ine, the mineralisation occurs as stratiform  copper-cobalt 

deposits, The primary mineralisation is the disseminated sulphides o f  which the 

m ajor minerals in association are:

- Chalcocite (Cu2S)

- Canrollite (CuCo2S4)

- B om ite and Chalcopyrite are seldom  observed,

The copper and cobalt average grades are 5 % and 0,3 - 0.4 %  respectively.

3.6 Geological Mining Reserves

So far, the available geological reserves for Kam oto ore body are estimated at

40,2 millions tons o f  o re (December 1995), which has been mined by different 

m ethods according to  the geometric and gectechnic properties o f  each part o f  

the main ore body. Table 3,2 displays provisional geological reserves by 

m ining method:

Table 3.2 Geological mining reserves

M ining  m ethod Reserves ( M tn) %

Caving system 8,0 20%

R oorii and pillar 8.4 21%

Cut and fill 23,8 59%

T o ta l: 40.2 100%



CHAPTER 4

KAMOTO ROCK MASS CLASSIFICATION AND STRENGTH 

4.1 Introduction

The purpose o f  this section is to  apply geotechnical classification to the rock mass 

o f  the Kam oto mine room and pillar area in order to estim ate the strength o f  the in 

situ rock mass, It has been stated that one o f  the most fastidious tasks in design 

m ining and stability analysis is the evaluation o f  the strength o f  rock mass, 

especially when not enough geological and geotechnical data are available at the 

designing stage. There are, however, many methods o f  expressing the strength o f  

rock mass, which have been briefly explained in the literature survey. 

Unfortunately, there seem s to be no exclusive param eter o r index that can fully 

and quantitatively describe a jointed rock mass for engineering design purposes. 

During the past tw o decades, different attempts have been made to carry out in 

situ tests on jointed rock masses in order to predict their strength. At this stage o f  

research, knowledge is limited to confirm their reliability.

F or this work, tw o different systems have been used for evaluation o f the rock 

mass classification and strength:

a) A  com bination o f  the R ock Mass Rating (RMR) system developed by 

Bieniawski in 1976, the modified Hock-Brown criterion (Hoek et a / . ,1992) 

and the Geological Strength Index (GSI) proposed by H oek et al (1995),

b) The Rock M ass Index (RM I) based on the Q-Classification developed by 

Palm strom  (1997),

These systems have been extensively used in the mining industry because they 

take into account som e param eters that are measurable in the field and provide a

1 0



reputable systematic m easure to relate to rock quality and strength, In this study, 

the K am oto rock m ass classification has been conducted based on information 

from  available database,

4.2 Mechanical Properties of Kamoto Intact Rocks

The table 4.1 sum m arises the laboratory tests conducted on various samples o f  

rocks a t the M ining research centre o f  Gecamines company.

Table 4.1: Physical properties o f  Kamoto intact rocks

PH Y SIC A L PROPERTIES OF IN TA CT ROCKS

R ock designation h P V
UCS Ts V E G <!>

m Kg/m MPa M Pa - GPa GPa Degr.

U pper dolomite (SS) 2.79 148.7 10.5 0,3 59.5 22.9 61.8

Low er dolomite 
(SDB)

12 2.87 136 11.4 0.29 62.1 24.1 58,7

M assive dolostono 
(RSC)

15 2.68 180 10.3 0.27 79,7 31.4 61.7

Siliceous laminated 
dolostones (RSF)

6.5 2.66 148.3 10.7 0.22 67.6 27.7 60.4

Stratif. Dolom ite 
("D.Strat.)

4.5 2.83 2t773 10.6 0.28 89.5 35 60.4

Grey RAT 3 2.74 77.7 9.7 0.29 50.4 19.5 59

Breach RAT (No 
altera tion )

- 2.83 81.2 8.7 0.23 44.7 18.2 -

Red RAT - 2.73 70.5 7.1 0.31 38.7 14.8 51.9

W here h is the layer thickness,

, p  is the density o f  rock,

UCS is the uniaxial compressive strength, 

Ts is the tensi’e strength, 

v is the Poisson’s ratio.
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E  is the elasticity modulus,

G  is the rigidity m odulus and 

(j> is the internal angle o f  friction,

4.3 Rock Mass Classification by Bieniawski’s System

H oek and Brown (1988) proposed that the 1976 version o f  B ieniawski’s R ock 

M ass Rating (RMRyg), as shown in Appendix C, is acceptable to assess R M R  

values, hence the G eological Strength Index (GSI). This version assumes 

co, pletely dry conditions and a very favourable jo in t orientation. This rock mass 

classification is based on the following parameters:

- strength o f  intact rock material,

- rock quality design,

- spacing o f  discontinuities,

-  condition o f  discontinuities,

- ground water condition.

4.3.1 Strength of intact rock material (IRS)

Ths intact rock strength is the unconfined uniaxial com pressive strength (UCS) o f  

the rock obtained mainly from the destructive laboratory tests on cores. In  the 

present work, the UCS values are taken from  the Gecamines company 

Geotechnical Database. Follow ing the stratigraphy, the classification o f K am oto 

rocks using RM R761 system  is as shown in Table 4.2,



Table 4.2 UCS values

R ock  designation U C S

( M P a )

R an g e  values 

(M pa)

R M R  R ating

U pper Dolom ite (SS) 149 1 0 0 - 2 0 0 12

Low er Dolom ite (SBB) 136 1 0 0 - 2 0 0 12

M assive D olostone (RSC) 180 1 0 0 - 2 0 0 12

Siliceous laminated dolostone (RSF) 148 1 0 0 - 2 0 0 12

Stratified Dolom ite (D. Strat.) 207 > 2 0 0 15

Grey RAT 78 5 0 - 1 0 0 7

Breach RAT 81 5 0 - 1 0 0 7

Red RAT 70 5 0 - 1 0 0 7

4.3,2 R ock  quality  designation  (RQ D )

RQD is one o f  the m ost widely used geom echanics measurem ents in rock mass 

classification theories. D eere (1964) defined the RQD as follows:

RQD -100* ( S I )  / L

W here /; are the lengths o f  individual pieces o f  core having length o f  10 cm or 

greater, and L is the total length o f  the drill run.

The compilation o f  results coming from different drill hole R Q D ’s (F1512, 

F1481, F I 683, F I 686) conducted in Kam oto flat ore body as shown in Table 4.3 

and Fig. 4.1, gives the mean RQD values.
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Table 4.3: RQD values

R ock designation R Q D

(% )

R ange  values 

(M Pa)

R M R  R ating

Upper Dolomite (SS) 40 2 5 - 5 0 8

Low er Dolomite (SBB) 37 2 5 - 5 0 8

M assive Dolostone (RSC) 59 50 -  75 13

Siliceous laminated dolostone (RSF) 51 5 0 - 7 5 13

Stratified Dolomite (D. Strat.) 72 5 0 - 7 5 13

Grey RAT 52 5 0 - 7 5 13

Breach RAT 50 5 0 - 7 5 13

Red RAT 41 2 5 - 5 0 8

ROCK QUALITY DESIGNATION

Kamoto rock stratigraphy

Fig 4,1 Kamoto rock quality designation

D  Upper Dolomite (SS)

■  Lower Dolomite (SBB)

n  M assive Dolostone (RSC)

D  Siliceous laminated 
dolostones (RSF)

■  Stratified Do!omlte(D. 
Strat.)

D G re y  RAT

■  Breach RAT 

□  Red RAT
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4.3,3 Spacing of joints: Js

The influence o f  discontinuities where an opening is driven in a jointed rock mass 

m ust be taken into account in order to adjust the laboratory values and in this 

special case, the rock  mass strength. At Kamoto mine, some major geological 

structures are com bined with secondary fracturating and jointing. Consequently, 

the spacing o f  jo in ts changes from point to point along a drive and in different 

drives. So far, neither geostructural nor geotechnical study has been described in 

detail. Thus, the survey conducted by the geological departm ent o f  Kam oto mine 

in som e drifts o f  room  and pillar workings (Tab.4.4) in the upper ore body has 

been examined in order to find out a mean spacing o f  joints.

Table 4.4 Kamoto room  and pillar jo in t spacing

D rift number Upper Orebody

L (m) N X

D 16N E 10.9 9 1.2

D16NW 12.8 10 1,3

D16SE 14.6 23 0.6

D16SW 18.2 17 1,1

R4E/D16 34.4 42 0,8

R4W /D16 33.4 37 0,9

D12NE 17.8 21 0,8

D12NW 18.4 16 1,2

D12SE 19.3 20 1,0

D12.SW 14.3 19 0.8

R4E/D12 23.7 32 0,7

R4W /D12 23.2 37 0.6

TOTAL 241 283

SPACING JOINT M EAN 0,9

W here L  is the drift length,
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N  is the num ber o f  join ts and 

X  is the jo in t spacing mean.

According to  R M R  Classification tables (Appendix C), as the spacing jo in t mean 

is between 0.3 and 1 m, thus a rating value o f  20 has been allocated to all 

geological layers.

4.3.4 Joint condition: Jc

Joint condition is an estimation o f  the frictional properties o f  joints. Field 

observations at Kam oto room and pillar area have shown that the joints roughness 

profiles can be categorised into three mean groups as follows:

- slight! v rough surface and hard jo in t wall contact,

- slightly rough surface and soft jo in t wall contact,

- slickensided surface and continuous joint.

An adjustm ent rate mean o f  12 has been taken to assess mechanical properties o f  

joint.

4.3.5 Ground water condition: Gwc

According to H oek et al. (1995) rock mass criterion, the rock mass should be 

assumed com pletely dry and a rating o f  10 is assigned to the groundwater 

condition in the B ieniaw ski’s (1976) Rock M ass Rating.

4.3.6 Joint orientations

In the 'B ien iaw sk i^  (1976) Rock Mass Rating, very favourable jo in t orientations 

should be assum ed and an adjustment for jo in t orientation is set to zero.
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4.3.7 R ock mass classification summary

Fig. 4.2 and Table 4.5 summ arise the rock mass classification o f  Kam oto mine by 

using Bieniaw ski’s 1976 R ock M ass classification. It has been noticed that there 

is very little variation in rock quality in term s o f  rock masses defined by

Bieniawski (1976).

Kamoto rock and rock mass strength

DL

I

A0'
*  /

Rock designation

c m

UCS (MPa) 

Sigrm (MPa) 
GSI

Fig.4.2 Kamoto rocks and rock mass strengths
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4.4 Strength of Kamoto Jointed Rock Mass by GSi approach

In spite o f  numerous literature on pillar strength, for m ost engineering and 

numerical modelling analysis in rock mechanics practice the Hoek-Brown criteria 

is used among different types o f  strength criterion to  express the failure, o f  

isotropic rock material (W agner 1992, H oek et al. 1995), This criterion takes into 

account the characteristics o f  rock mass that regulate its strength and deformation 

behaviour once any load is applied. The most general form o f  Huek-Brown failure 

criterion to  determine the strength o f  jointed rock mass is:

o ' i =  a 'a  +  Cc {mb ( a V  a c)+  s}a

W here mb is the value o f  the constant m for the rock mass

s and a are constants which depend upon the characteristics o f  the 

rock mass

a c is the uniaxial compressive strength o f  the intact rock 

a*i is the axial effective principal stress 

a ‘3 is the confining effective principal stress,

Hoek, K aiser and Baw den (1995) suggested a procedure for estimating the 

strength o f  jointed rock mass using the H oek-Brow n and Mohr-Coulomb 

criteria, in which the main parameters remain the geological strength index 

(GSI), the strength o f  the intact rock (c rCi) and the Hoek-Brown constant o f  

intact rock (mi), This method based on the range o f  equations derived by Priest 

and B row n (1983) and Balmer (1952) operates as a spreadsheet computing 

these parameters.

A ccording to  Priest and Brown (1983) the values o f  the rock mass, constants 

mb, s and a can be determined by the following equations:



For G SI > 25 (Undisturbed rock masses)

mb =  mi e x p { (G S I -1 0 0 )/2 8 }

s =  exp { (G S I -100) /  9 }  

a =  0.5

F or GSI <  25 (Undisturbed rock masses)

8 =  0

a =  0.65 - (GSI/200)

W here G SI is the geological strength index com ing from  Bieniawski’s 1976

rock mass rating. F or RM R76’> 18, GSI -  F.M R76’.

mi is the intact rockmass constant suggested by H oek and Brown (1980b)

as follows:

- mi =  7 for carbonate rocks (dolomite, limestone, marble),

- mi =  10 for lithifed argillaceous rocks (mudstone, siltstone, 

shale and slate),

- nii s  15 for arenaceous rocks (sandstone and quartzite)

- mi =  17 for fine-grained polym inerallic igneous crystalline 

rocks (andesite, dolerite, diabase, ihyolite)

- mi s  25 for coarse-grained polym inerallic igneous and 

metamorphic rocks (amphibolite, gabbro, gneiss, granite, 

norite, quartz-diorite)

Balm er (1952) expressed the Mohr-Coulomb shear strength criterion in term s o f  

principal stresses as follows:

t - - c  +  a n  tan(j>

On "  0 3  -I- ( o r  0 3 ) /  ( ( 8 a i / 5 o 3 ) + l )  

t = (a„- 0 3 )  (8 0 1 /6 0 3 )°  '



For GSI >  25, a =  0.5:

601/5 0 3 1  +  ((mbOc) /  2 (o i-  03))

For GSI <  25, s =  0

801/803 =  1 +  a (mb) a  (aV oc) *"1 

W here t  =  shear strength on a plane o f  failure, 

o n=  normal stress acting on the plane,

c =  cohesion and (j) = angle o f  internal friction, These tw o values are 

carried out from the linear relations between 0 i - / ( o 3) and x = /(o „ )  

mi,= constant for rock mass 

801 and 803 are variations o f  principal stresses 

Finally, the uniaxial com pressive strength o f  the rock m ass is related to c and (|> 

by the following equation:

a cm =  2c cos<|>/(l-sin<t>)

Table 4.6 summarises some characteristics o f  K am oto rock mass from the 

spreadsheets (Appendix D) using the above range o f  equations:
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4.5 Strength of K am oto Rock M ass by RM I approach

The R ock M ass Index (RM I) explained briefly in the section 2.3.1 o f  the literature 

survey ana some field observation will be used to  assess the rating o f  the 

following features; JR, JA  and JL, which are involved in calculation o f  the 

join ting  param eter JP. This param eter expresses the rock mass classification as 

defined by Patm strom  (1997).

4.5.1 Rating of the joint roughness iactor (JR)

In Kam oto mine, the jo in t roughness is alm ost slightly undulating on a large scale 

und between slightly rough and slickensided surface at small scale. Therefore, a 

value o f  1.5 can be allocated.

4.5.2 Rating of the joint alteration (JA)

It has been observed in Kam oto room and pillar area that in most cases the contact 

between the two jo in t surfaces is clean and fresh. Therefore, the rating o f  jo in t 

alteration can be assum ed to be 1,

4.5.3 Rating of the joint size and continuity factor (JL)

From observations in Kam oto room and pillar area, it has been found that jo in t 

lengths encountered during the mining process can be categorised as medium, 

long and very long. A ccording to Palmstrom’s tables (Appendix B) an average 

rating o f  0.75 might be suitable for the jo in t size and continuity.

4.5.4 Strength of Kamoto jointed rock mass

Palm strdm  (1995) suggested the use o f  the equations below  to perform the Rock 

M ass Index (RMI) w hich reflects the strength o f  rock mass.



The jo in t condition factor: JC =  JL  .(JR /  JA)

The join ting  parameter: JP =  0.2 (JC)0,5. Vb“

W here a  =  0.37JC-0'2 

R ock  M ass Index: RM I =  o c . JP

W here JR  is the jo in t roughness factor,

JA  is the jo in t alteration factor,

JL is the jo in t size and continuity,

Vb is the volum e o f  the rock block (m3) and

Cc is the uniaxial com pressive strength o f  the in tact rock (MPa),

The strength o f  a cubical specimen o f  rock material in each ore body is given by a 

sim ple spreadsheet carrying out the above equations in T able 4,7,

T able 4,7 RMI results on Kam oto rock mass

Ore

body

Rock type Oc

(MPa)

JC Vb

(m3)

JP K

(Mpa)

OBS Lower dolomite(SDB) 136 1,125 1 0.21 29

O BI Siliceous dolostones(RSF), 

Stratified dolomite(D.Strat) 

and Grey RAT,

152 1.125 I 0.21 32

W here K  is the strength o f  one cubic meter o f  the rock material,

4.6 Conclusion

The R ock M ass Rating (RMR) system is used to estim ate the mechanical 

properties o f  rock masses for mining purposes, This system  has been used on 

different types o f  rocks found at Kamoto mine. D espite the paucity o f  available
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data, the Bieniaw ski’s geotechnic classification proves that almost all Kam oto 

rocks are categorised in the class o f  “good rock” with a R M R  between 62 and 70. 

The only exception is the red RAT rock, which is in the class o f  “fair rock" with a 

R M R  equal 57, This section represents an attem pt fo r classification o f Kam oto 

rock mass and the starting effort for evaluation o f  the strength o f  rock by using the 

Geological Strength Index concept. The strength o f  Kam oto jointed rock mass has 

been assessed by using  Hoek-Brown and M ohr-Coulom b failure criteria. I t has 

been noticed that the strength o f  upper and low er ore bodies rock masses are 20,0 

M Pa and 29,8 M Pa respectively. According to the rock mass conditions presented 

in this work, these values give an indication that the strength o f  the rock m ass in 

the room and pillar area is in the range between 13% and 21%  o f  the uniaxial 

com pressive strength. This is mainly related to  the influence o f  joints that reduce 

the com pressive strength and facilitate the fracturing o f  mine pillars. From mining 

experience, Jerem ic (1987) indicates that structural defects could decrease the 

pillar bearing capacity by up to 50 %.

From  the Rock M ass Index (RMI), the jointing param eter o f  Kamoto rock mass 

was found to be 0,21 and the strengths o f  cubical specim en to  be 29 M Pa and 32 

M Pa for the upper ore body (OBS) and the low er ore body (OBI) respectively. 

These values will be used in the following chapter to com pute the pillar strength.



CHAPTER 5

KAMOTO PILLAR STRESSES A N l» d'l'EENGTH

5.1 Introduction

In general, Kam oto mine used rectangular pillars as integral parts o f  the room and 

pillar mining method. These pillars weve left in place during the mining process in 

order to provide regional support to maintain ground stability in the working area, 

In Kam oto Mine room and pillar area, excavation o f  each ore body was usually 

carried out in three main phases due to its thickness, F igure 5.1 shows the 

different mining phases.

H

Fig. 5,1: M ining phases (section view)

The first stage (1) is the development o f  6 m wide and 5 m high drifts at the top o f  

the ore body. The second stage (2) is the drifts w idening in order to have the full 

room  span o f  15 m. The third stage (3) is the benching o f  the bottom part o f  the 

ore body. The primary ro o f support during developm ent w as 2.4 meter long and 

16 mm diameter mechanical bolts. After widening out stopes, a permanent support 

between pillars was provided by 4 meter long and 38 mm diameter cement 

grouted bolts. In poorer ground conditions, shotcrete and mesh could be used. The 

m ining proceeded-as a sequence o f  isolated blocks, A  typical block had 5 rooms 

separated by rectangular pillars, A “barrier pillar” had been designed between 

different mining blocs. This variant o f  room and pillar m ining method for Kamoto 

m ine has been designed with a system o f  non-yield and barrier pillars for the two
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ore-bodies. This should have provided a regional support and hence, stability o f  

all the room and pillar area (Fig 5.2). The m ost im portant parameters o f  the 

geom etry design w ere as follows:

F o r non-vield pillars:

Pillar length: 15 m 

Pillar width: 10 m

Pillar height: 12 m (upper ore-body), 14 m (low er ore-body)

Room  length: 100 m (Normal room)

Room width: 15 m

Room height: 12 m (upper ore-body), 14 m (low er ore-body)

F or barrier pillars:

Length" 150 m (in room direction), 125 m (in transverse direction)

W idth: 35 m (in room direction), 25 m (in transverse direction)

The barrier pillars w ere located between blocs.

This case study will be focused on the rectangular pillar: within a room and pillar 

m ining block as show n in Fig. 5.2. These pillars, classified as non-yield pillars, 

failed in 1990 during the mining process. However, the numerical model will 

integrate all pillars left during the mining process.

K am oto mine had a com puterised seismic activity recording station (Electrolab) 

which could capture seismic events through geophones installed in som e room 

and pillar mining blocks. Unfortunately, this system w as not always reliable 

because it was not properly calibrated in order to determine som e specific 

param eters o f  seism ic events such as the source, nature, magnitude, and 

frequency. In 1990, seismic events, especially rockfalls and pillar splitting, 

increased in exponential manner. These events have preceded the global 

instability in the room ar  I : " area in both ore bodies.
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Audible seismic events
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Fig. 5.3 Audible seism ic events

Figure 5.3 illustrates the number o f  events called “Bum ps” per month. These are 

seismic activities that w ere audible to the miners during eight months before the 

collapse, These were clear signs that the acting stress in the pillars had reached the 

pillar strength, Therefore, the aim o f  this w ork is to  determine what the pillar 

strength or bearing capacity was in the Kam oto room  and pillar workings by 

com bining the classical method and numerical modelling method,

5.2 Stresses in Kamoto Pillars

5.2.1 Tributary area approach

This approach assumes that the ore body is subjected only to vertical and constant 

pressure from the country rock, each pillar carries the uniform load o f  rock over a 

tributary area. Consequently, pillars should be able to carry the all load o f
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overburden rock, In this case, the equation to com pute the pillar stress has been 

defined in section 2,3,3 by the following mathematical expression:

Op =  y H (A /A p )  (1)

W here A  =  Ap +  Am: Total area (m2)

Ap: Pillar area (m 2)

Am: M ined area (m 2)

y : Unit w eight o f  the overburden (MN/m3)

H: Depth below  surface (m)

o p : Pillar load o r the average pillar stress ( M P a )

The typical Kamoto rectangular pillars parameters required in this formula were:

-Pillar length: 15m 

-Pillar width: 10m

-Pillar height: 12 m in upper ore body 

14 m in lower ore body 

-U nit weight o f  the overburden: 0.027 M N /m3 

- D epth below surface: 465 m from the upper ore body 

492 m from the lower ore body

Table 5.1 gives the average pillar stress from the form ula ( I )  for each ore body. 

Table 5.1: A verage pillar stress from tributary area concept

O re body A (m 2) A p(m ') y(MN/m3) H(m ) Gp(MPa)

OBS* 625 150 2.7 465 52

O B f 625 150 2.7 492 55

OBS* is the upper ore rody and OBf" the lower ore body.
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Recently, many researchers have shown that the assum ptions made in this 

approach are m ore conservative and overestimate the pillar load because it does 

not consider the capacity o f  the abutment to  carry a part o f  load. From 

m easurem ents, H ustrulid and Swanson (1981) found tha t the pillar load could be 

overestimated by about 40% . This conservative theory may be valid only i f  the 

m ined-out area, w ithout any barrier pillar, is greater than the mining depth. In fact, 

th e  stress i distribution is not uniform along the pillar section and is highly sensitive 

to  the w idth/height ratio.

5.2.2 Numerical approach

5.2.2.1 Stress analysis com puter programme

A  large number o f  software packages for geotechnical-engineering purposes are 

available on the market. For this work, it has been m .unly planned to use M in sH - 

W  (M ine simulation). This com puter program is a boundary element elastic code 

for the analysis o f  stresses and displacements around multiple arbitrarily 

orientated tabular excavations. The first version (1.1) w as developed in 1994/95 

by the CSIR’s (Council for Scientific and Industrial Research) Mining 

Technology division. This com puter code is widely used in the following mining 

applications:

- M odelling o f  changes in stress and deform ation associated 

w ith inciementa! mining.

- M odelling o f  backfill and crush pillars.

- D esign assistance o f  stope layout and support.

-  Planning assistance o f  stope layout and support.

- Potential o f  fault slip analysis.



M insim W  is com posed o f  three main parts:

1) M ine Edit: this m ine plan editor helps to build or to  represent a mine situation, 

w hich needs to be simulated. A t this stage, m ining steps, geology, off-reef 

w orkings and backfill can be the input.

2) Job set-up: this is the data preparation and processing part. During this step, 

w e can place some on-reef or off-reef sheets in the area o f  interest to be analysed.

3) Post Processor: this portion o f  the main program m e provides graphic 

representation o f  different parameters such as contour plots, stress and 

displacem ent vector plots, ERR (energy released rate).

Furtherm ore, it is im portant to point out that this program m e can accommodate up 

to 99 reefs, 99 mining steps and 99 coarse and fine on-reef sheets,

5,2.2.2 Kamoto room and pillar model

The aim o f  this w ork is to  determine the pillar strength from  the collapse o f  room 

and pillar workings in Kamoto mine, In order to  understand the complex 

mechanism o f  pillar loading and to determine the pillar stress values just before 

the collapse, a numerical modelling approach was used in this investigation. This 

approach v/ould enable simulation o f  the situation o f  pillar loading in tim e and 

space from  the beginning o f  benching to the manifestation o f  instability in the 

K am oto room and pillar area. This model takes into account the quasi-real 

situation o f  pillars left during the mining process, m ining strategy adopted at 

K am oto mine and the physico-mechanical properties o f  rock mass as calculated in 

C hapter 4.

Kam oto room and 'p illa r area has been modelled with the well-known com puter 

code M insimW  (M ine simulation for windows) described in Section 2.5, It has 

been chosen because it is particularly suitable for use in design and back analysis



in room and pillar system  o f  multiple seams. This com puter code is widely used in 

the mining industry. The M insimW /M ine edit program  and the Summasketch 3 

digitizer have been used to generate the different com puter mine plans (Fig. 5.4a 

and 5.4b) from the real Kam oto mine plans. This model includes the mining steps 

based on the m ining strategy that was familiar, and the approximate periods 

during the Kamoto room and pillar benching. F ive main mining steps have been 

selected for the purpose o f  this work.

Mining step Approximate mining period

1 1 9 8 2 -  1985

2 1 9 8 5 -  1987

3 1 9 8 7 -  1988

4 1 9 8 8 -  1989

5 1 9 8 9 -  1990

5.2,2.3 Assumptions and parameters required in M insimW

Some assumptions and parameters have been established before carrying out the 

M insim W  programme as follows:

a) The room and p illar area is assumed to be alm ost horizontal at the mining 

depths o f 465 and 492 meters for the upper and low er ore bodies respectively.

b) The local coordinate system o f  Kamoto mine has been adjusted to right 

handed system w ith  a positive Z  down system that is stated in MinsimW.

+Yj

t+z
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c) A fter running tests and according to the size o f  a  typical pillar (15x10 m), a 

decision was m ade to  select the grid elem ent size o f  6x6 m for the coarse 

sheets in order to  improve the resolution, A  coarse sheet has 64x64 square 

elem ents and covers 384x384 m2 o f  mined area. F o r the K am oto model, a total 

o f  8 coarse sheets have been positioned on each ore body in order to  extci.d 

over all the mined area (Fig. 5.4a and 5.4b).

d) In order to obtain a fine solution, fine sheet has been placed within a coarse 

on-reef sheet covered the first mining step in each ore body as the area o f  

interest. M insimW  automatically allocate a grid element size o f  1.5 x 1.5 m 

for these fine w indow s. Two and cne fine sheets have been provided in this 

model for the upper and lower ore bodies respectively, as shown in Fig. 5.4a 

and 5.4b

e) From  the properties o f  rock mass classification given in section 4.5, Table 4.6, 

the following param eters have been assessed for M insimW  use, as shown in 

Table 5.2. Laubscher’s monogram (Appendix E ) has been used to estimate the 

strength o f  rock m ass o f  the lower ore body com prising hard and soft layers.

Table 5.2 Param eters and constants used in M insim W

R eef

designation

Sigcm

(MPa)

Cohesion

(MPa)

Friction

angle

Ore body 

thickness 

(m)

Young

modulus

(MPa)

Upper ore 

body (OBS)

20 4.7 40 12 19953

Low er ore 

body (OBI)

29 6.9 40 14 27320
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In this M insim W  version, the elasticity m odulus and the Poison’s ratio are 

assumed to  be the same for host rock and the ore body. F or this study, the 

Young modulus o f  23637 M Pa and the Poison’s ratio o f  0,29 have been used 

as average values between the two ore bodies,

f) The sign convention is that the com pressive stresses are negative and the 

tensile stresses are positive.

5.2.2.4 M insim W  results

The M insim W /Job set-up uses the Solution and B enchm ark programs to  compute 

stress and displacem ent values at the centre o f  each elem ent for both coarse and 

fine sheets. A fter each run, the program creates various output files, which contain 

different rock mechanics variables, Each variable o r  a criterion using different 

variables can be displayed or plotted by using the M insim W /Post processor 

programme,

Tables 5.3 to 5,14 and Figures 5.8 to 5.11 show  the compilation o f  MinsimW  

output values o f  some rock engineering param eters fo r five pillars in the upper ore 

body and six pillars in the lower ore body which are covered by the fine sheets 

(Fig. 5.5a, Fig.5.5b and Appendix F), In this work, the selected rock engineering 

param eters are as follows:

- TZZH: Hangingwall stress in the direction normal to the ore

body (MPa)

- TXXH; Hanging wall stress in o re body strike direction (MPa)

- TYYH: Hangingwall stress in ore body dip direction (MPa) 

-*SIG1: M ajor principal stress (M Pa)

- SIG2: Intermediate principal stress (M Pa)

- SIG3: M inor principal stress (M Pa)

67



CN
LL U- M O  o

o o o o o o o o
° ? rr “? u? t c? cV 'n

03 a : o  od o

rrrn r r r nr ITT TTTTTT11 I I

f

68

Fi
g.

 5
.5a

 
Fi

ne
 

sh
ee

t 
6 

on 
the

 u
pp

er
 o

re 
bo

dy
 

sh
ow

in
g 

ve
rt

ica
l 

str
ess

 (
TZ

ZH
) 

in 
MP

a 
ar

ou
nd

 
un

m
in

ed
 

(p
ill

ar
) 

gr
ou

nd



x=
23

8.
9

o o o o o o o o o  
cr, 09 • up up ^  C7  cni v o ?

ro
dZUJ 
g

Q

cp q
LL u- CO O  o  

1 1 1
E 8  l i s l g

p
p

ro o>

II
CO

TTTTTiTTmTTTr -rrrxrrrrT

69

Fi
g.

 5
.5b

 
Fi

ne
 

sh
ee

t 
13 

on 
the

 
low

er
 o

re 
bo

dy
 

sh
ow

in
g 

ve
rt

ica
l 

str
ess

 (
TZ

ZH
) 

hV
M

Pa
: a

ro
un

d 
un

m
in

ed
 

(p
ill

ar
) 

gr
ou

nd



w eg h- co o> oco co co co co m
O) O) CD O) O) O)

811811 11 I I
IS II<D % o  E  .& 

CQ O  CO Q

in

o

to

(BdlAl) HZZ1

Fi
g.

 5
.6 

No
rm

al
 s

tre
ss 

(T
ZZ

H)
 l

ine
 

plo
t 

in 
the

 
up

pe
r 

ore
 

bo
dy

 
pi

lla
rs



Li
ne

 
Pl

ot

in <0 h- 00 m n
00 00 00 CO 00 CD
0) O) CD 03 O) CD

y r" y y y
P 0 P P P P
o d d d d d

q
u. u- co o  0

& W
LL U- i

^  <N O 
o
co

o

o o oQ O o

(BdlAl) HZZ1

71

Fi
g. 

5.7
 

No
rm

al
 s

tre
ss 

(T
ZZ

H
) 

lin
e 

pl
ot

 
in 

the
 

low
er

 o
re 

bo
dy

 
pi

lla
rs



UPPER ORE BODY

Table 5.3 Normal stress (TZZH) in the upper ore body

Peak abutm ent TZZH 
(Mpa)

C entre o f  pillar TZZH 
(MPa)

M ining steps M ining steps
Pillar N o 1 2 3 4 5 ' 1 2 3 4 5

1 -29 -25 -25 -25 -2,5 -22 -19 -19 -19 -19

2 -32 -32 -32 -32 -32 -23 -24 -24 -24 -24

3 -47 -50 -50 -50 -50 -24 -25 -26 -26 -26

4 -29 -30 -30 -30 -30 -25 -25 -24 -24 -24

5 -43 -38 -37 -37 -37 -22 -20 -19 -19 -19

Average -36 -35 -35 -35 -35 -23 -23 -22 -22 -22

Table 5.4 Strike stress (TXXH) in the upper ore body

Peak abutm ent TXXH 
(Mpa)

C entre o f  pillar TXXH 
(MPa)

M ining steps M ning steps
Pillar No 1 2 3 4 5 1 2 3 4 5

1 -18 -16 -16 -16 -16 -13 -12 -12 -12 -12

2 -20 -20 -20 -20 -20 -14 -14 -14 -14 -14

3 -32 -33 -33 -33 -33 -15 -15 -15 -15 -15

4 -28 -28 -28 -28 -28 -16 -15 -15 -15 -15

5 -34 -30 -30 -30 -30 -16 -14 -14 -14 -14

Average -26 .-2 5 -25 -25 -25 -15 -14 -14 -l-i -14

  —



Table 5,5 Dip stress (TYYH) in the upper ore body

P eak abutment TYYH 
(MPa)

Centre o f  pillar TYYH 
(MPa)

M ining steps M ining steps
Pillar No 1 2 3 4 5 1 2 3 4 5

1 -23 -20 -20 -20 -20 -14 -14 -14 -14 -14

2 -25 -25 -25 -25 -25 -16 -15 -15 -15 -15

3 -38 -39 -39 -39 -39 -16 -16 -16 -16 -16

4 -27 -28 -28 -28 -28 -16 -15 -15 -15 -15

5 -34 -30 -30 -30 -30 -16 -14 -14 -14 -14

Average -29 -28 -28 -28 -28 -16 -15 -15 -15 -15

Table 5.6 M ajor principal stress (SIG1), in the upper ore body

Peak abutm ent SIG1 (MPa) Centre o f  pillar SIG1 
(MPa)

M ining steps M ining steps
P illar No 1 2 3 4 5 1 2 3 4 5

1 -30 -25 -25 -25 -25 -22 -17 -17 -17 -17

2 -29 -30 -30 -30 -30 -23 -24 -24 -24 -24

3 -48 -52 -52 -52 -52 -24 -25 -26 -26 -26

4 -29 -29 -29 -30 -30 -25 -25 -25 -26 -26

5 -42 -38 -38

CO -38 -22 -19 -19 -19 -18

Average -36 . -35 -35 -35 -35 -23 -22 -22 -22 -22

m m rnsm m



Table 5.7 Intermediate principal stress (SIG 2) in the upper ore body

Peak abutm ent SIG  2 (MPa) C entre o f  pillar SIG 2 (MPa)
M ining steps M ining steps

Pillar N o 1 2 3 4 5 ‘ 1 2 3 4 5

1 -25 -22 -22 -22 -22 -16 -15 -15 -15 -15

2 -27 -26 -26 -26 -26 -16 -15 -15 -15 -15

3 -31 -32 -32 -32 -32 -14 -15 -15 -15 -15

4 -23 -22 -22 -22 -22 -18 -17 -17 -17 -17

5 -36 -32 -32 -32 -31 -16 -15 -15 -15 -15

Table 5,8 M inor principal stress (SIG 3) in the upper ore body

Peak abutm ent SIG 3 (MPa) C entre o f  pillar SIG 3 (MPa)
M ’ning steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5

1 -17 -15 -15 -15 -15 -13 -12 -12 -12 -12

2 -18 -18 -18 -18 -18 -14 -14 -14 -14 -14

3 -37 -38 -38 -38 -38 -15 -16 -16 -16 -16

4 -17 -17 -17 -17 -17 -14 -14 -14 -14 -14

5 -25 -22 -22 -22 -22 -13 -12 -11 -11 -11

Average -23 -22 -22 -22 -22 -14 -14 -13 -13 -13
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LOWER ORE BODY

Table 5.9 Normal stress (TZZH) in the lower ore body

Peak abutm ent TZZH (MPa) Centre o f  pillar TZZH (MPa)
M ining steps M ining steps

P illar N o 1 2 3 4 5 1 2 3 4 5
1 -45 -46 -44 -44 -44 -23 -23 -22 -21 -21

2 -43 -42 -43 -42 -42 -25 -25 -25 -24 -23

3 -47 -48 -48 -45 -45 -27 -27 -26 -25 -25

4 -52 -52 -52 -49 -49 -25 -25 -24 -24 -22

5 -39 -39 -38 -38 -36 -26 -27 -25 -24 -24

6 -43 -44 -44 -40 -40 -29 -30 -30 -27 -27

A verage -45 -45 -45 -43 -43 -26 -26 -25 -24 -24

Table 5.10 Strike stress (TXXH) in the lower ore body

Peak abutment TXXH (MPa) Centre o f  pillar TXXH (MPa)
M ning steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5
1 -27 -26 -26 -26 -26 -14 -13 -13 -13 -13

2 -27 -28 -27 -27 -27 -14 -15 -14 -14 -14

3 -28 -27 -27 -27 -27 -15 -15 -15 -14 -14

4 -31 -31 -30 -30 -30 -14 -14 -14 -14 -14

5 -23 -23 -22 -22 -22 -16 -17 -14 -14 -14

6 -24 ' -24 -23 -23 -23 -16 -16 -16 -16 -15

Average -27 -27 -26 -26 -26 -15 -15 -14 -14 -14



Table 5.11 Dip stress (TYYH) in the lower ore body

Pcaic abutm ent TYYH (MPa) C entre o f  pillar TYYH (MPa)
M ning steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5
1 -39 -39 -39 -38 -38 -16 -16 -16 -15 -15

2 -34 -35 -34 -33 -32 -17 -17 -17 -16 -16

3 -39 -40 -39 -39 -39 -20 -20 -19 -18 -18

4 -31 -32 -31 -30 -30 -15 -15 -14 -14 -14

5 -23 -23 -22 -22 -22 -16 -16 -15 -15 -15

6 -24 -24 -23 -23 -23 -16 -16 -15 -15 -15

Average -32 -32 -31 -31 -31 -17 -17 -16 -16 -16

Table 5.12 M ajor principal stress (SIG1) in the low er ore body

Peak abutm ent SIG1 (Mpa) Centre o f  pillar SIG l(M Pa)
M ining steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5
1 -36 -36 -36 -34 -34 -18 -18 -18 -17 -17

2 -33 -34 -34 -32 -31 -20 -20 -20 -19 -19

3 -37 -38 -38 -36 -36 -21 -21 -21 -20 -20

4 -52 -51 -51 -50 -49 -25 -25 -25 -24 -23

5 -39 -40 -38 -38 -37 -26 -27 -27 -25 -24

6 -43 -44 -44 -42 -40 -29 -30 -30 -27 -27

Average -40 -41 -40 -39 -38 -23 -24 -24 -22 -22

— ——



Table 5,13 Intermediate principal (SIG 2) in the lower ore body

Peak abutm ent SIG 2 (Mpa) Centre o f  pillar SIG 2 (MPa)
M ining steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5
1 -37 -38 -.37 -37 -36 -16 -16 -16 -15 -15

2 -35 -35 -35 -35 -34 -17 -18 -18 -17 -16

3 -40 -41 -41 -39 -39 -20 -20 -20 -19 -18

4 -44 -45 -45 -44 -43 -18 -18 -17 -17 -17

5 -32 -32 -32 -31 -30 -19 -19 -19 -18 -18

6 -34 -35 - 3 j -34 -34 -22 -22 -22 -21 -21

Average -37 -38 -38 -37 -36 -19 -19 -19 -18 -18

Table 5.14 M inor principal stress (SIG 3) in the low er ore body

Peak abutment SIG 3 (Mpa) Centre o f  pillar SIG 3 (MPa)
M ining steps M ining steps

Pillar N o 1 2 3 4 5 1 2 3 4 5

1 -26 -26 -26 -25 -25 -13 -12 -12 -13 -12

2 -25 -25 -24 -24 -23 -14 -15 -15 -14 -14

3 -28 -29 -29 -27 -26 -15 -15 -15 -15 -14

4 -31 -32 -32 -31 -30 -14 -14 -14 -14 -13

5 -23 -23 -22 -22 -21 -16 -16 -16 -15 -15

6 -24 -25 -23 -23 -22 -16 -16 -16 -15 -15

Average -26 * -27 -26 -25 -25 -15 -15 -15 -14 -14
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Stresses at pillar abutment i n  the lower ore body
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5.3 K am oto Pillar Strength

The strength o f  rock pillars is the ultimate stress at w hich failure occurs. This 

value m ay be assessed either by extrapolation o f  the uniaxial com pressive strength 

from laboratory tests o r based on a rock mass classification system in combination 

with som e pillar strength formulae, In some cases, the back analyses o f  mining 

histories have been used. In this work, empirically based formulae used in hard 

rock pillar design and numerical modelling results have been employed to 

evaluate the strength o f  K am oto rectangular pillars left in the room and pillar area,

5,3,1 Cubical strength o f  rock mass or K valu^

The cubical strength o f  rock mass or the K  value is the critical data involved in 

pillar strength formulas. The literature survey has show n that the K  value is 

subject to much discussion in the field o f  rock engineering, This is confirmed by 

the existence o f  several methods o f  its estimation. H ow ever, in this work, the first 

K  values have been assessed from the RMI system in Section 4.5:

- For the upper ore body pillars, K =  29 M Pa

- For the low er ore body pillars, K =  32 M Pa

R yder and Ozbay (1990) suggested another procedure in w hich a factor o f  1.3 is 

used to adjust the difference in shape between a standard cylindrical core and a 

cube o f  rock, From  the strength o f  Kamoto rock mass obtained by using H oek et 

al.(l995) method in the Section 4.4, K values or the strength o f  a unit cube o f  the 

pillar material for each ore body can be calculated as follows:

- For the upper ore body pillars, K  =  20,0 x 1.3 =  26 M Pa

- For the low er ore body pillars, K =  29.8 x 1.3 -  39 M Pa

8 0



5,3,2 Pillar strength by Salamon’s formula

Salamon (1967) expressed the strength o f  rectangular pillars by the following 

equation:

a s =  K (w c7 h p) (I)

W here o 8 is the pillar strength 

h is the pillar height

w  is the equivalent pillar width that is calculated afte r W agner (1980) 

by this equation w = 4A/C, where A is the plane area and C the 

perim eter o f  pillar.

a  and p are constants. For pillars in hard rock, Hedley and Grant (1972) 

suggested the values o f  0.5 and 0.75 for a  and p respectively.

K  is the strength o f  one cubic meter o f  pillar material.

Know ing the mechanical properties o f  the rock, the strength o f  the pillar depends 

on the pillar size; w idth and height. For w =  12 m and h =  12 and 14 m in the 

upper and lower ore bodies respectively, the strength o f  pillars in Kamoto room 

and pillar should have been as follows:

a) W ith K  values from  the RM I system,

- Op =  29 (w0,5/h0'75) =  16 M Pa for the upper ore body pillars

- o p =  32 (w0'5/h0,75) =  15 M Pa for the low er ore body pillars

d) W ith K  values from  the combination o f  Ryder and O zbay’s procedure and 

H oek  et tf/.(l 995) method,

- Op =  26 (w0'5/h0,75) =  14 M Pa for the upper ore body pillars 

"p =  39 (w°'5/h0,75) => 19 M Pa for the low er ore body pillars



5,3,3 Pillar strength by Obert-Duvall formula

O bert and Duvall (1967) derived the following pillar strength formula from 

laboratory tests on hard rock and elasticity for w idth-height ratin o f  0.25 to 4,0:

ctp =  K  (0 .7 7 8 + 0 .2 2 2  w/h)

W here crp is the pillar strength,

K is the uniaxial compressive strength o f  a cubical specimen and 

w  and h are pillar dimension.

For the same width and height, the pillar strength form ula becomes:

a) W ith K values from the RMI system,

- o p -  29 (0,778 +  0,222 w/h) =  29 M Pa fo r the upper ore body pillars

- Op =  32 (0.778 +  0.222 w/h) =  31 M Pa fo r the low er ore body pillars

b) W ith K values from  the combination o f Ryder and O zbay’s procedure and 

H oek et a l,{\995) method,

- Op =  26 (0,777 +  0.222 w/h) =  26 M Pa for the upper ore body pillars

- Op =  39 (0.777 +  0.222 w/h) = 38 M Pa fo r the low er ore body pillars

F igures 5.12 and 5.13 illustrate the comparison between the pillar strengths from 

Salam on’s formula and Obert et a l  formula with the sam e K value (K=26 M Pa 

fo r the upper ore body and K=39 MPa for the low er ore body). These two cases 

indicate the variation o f  pillar strength with the pillar w idth and the mining .eight:

a) o p -+  f(w): the pillar strength with a constant m ining height (h) o f  14 r. 

in the lower ore body and a variable pillar w idth is as follows: 

O p = 5 .3 9 W 0,5 (Salam on’s formula) 

o p=  30.34 +  0.62 w (Obert-Duvall form ula)
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b) ctp -»  f(h): the pillar strength with constant w idth (w) o f  12m in the 

lower ore body and a variable m ining heig as follows:

a p=  90 /  h0,75 (Salam on's formula)

ctp=  30.34 +  103.9 /  h (Obert-Duvall formula)

Pillar strength versus pillar height
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Fig.5 .12 The relationship between pillar strength and pillar height by Salam on’s 

formula (1) and Obert-Duvall formula (2)
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F ig .5 .13 The relationship between pillar strength and pillar w idth by 

Salam on’s formula (1) and Obert-Duvall formula (2)

5.3.4 Pillar strength from M insim W  results

From  a back analysis o f  stresses in Kamoto room and pillar by a boundary elastic 

code in  section 5,2.2,4, it has been sla 'od that at the tim e approaching the collapse 

the average stresses in the direction normal to the pillars were as follows:

- 35 M Pa and 22M Pa at the abutment and the centre o f  pillar 

in the upper ore body respectively.

- 43 M Pa and 24 M Pa at the abutm ent and the centre o f  pillar 

in the lower ore body respectively.
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These results confirm tha t the edge o f  pillar is subjected to a much higher stress 

than the centre o f  pillar. H erget (1988) defined a critical field stress as the stress at 

which a break down o f  rock or an extensive failure on excavation walls occurs in 

the field. This happen when the stresses at the pillar edge exceed the strength o f  

the pillar material and the failure m echanism.can m igrate to  the pillar centre and 

destroy the pillar. This is sim ilar to what it has been observed in the Kamoto room 

and pillar area before the large-scale instability. Therefore, the rectangular pillar 

strength may be derived from these ultim ate pillar edge stresses as follows:

- The pillar strength o f  35 M Pa for the upper ore body pillars 

The pillar strength o f  43 M Pa for the low er ore body pillars

5.4 A dm issible P illa r  S tress

Taking into account a factor o f  safety (SF) o f  1.6 in K am oto room and pillar 

conditions, the average acting stress on rectangular pillars designed should not 

exceed 22 M Pa and 27  M Pa respectively in the upper and lower ore bodies. 

According to stress values either from the tributary area theory or from numerical 

modelling, the pillars in Kam oto mine room and pillar workings were unstable 

structures.

5.5 C onclusion

From these analyses and results obtained throughout this chapter, the following 

conclusions may be drawn:

a) The pillar stress predicted from the tributary area is higher than that computed 

by numerical modelling.
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b) The strengths o f  one cubic m eter o f  ore body rock material using separately 

the R M I m ethod and the combination o f  R yder-O zbay procedure and 

H oek et ah (1995) method are as follows:

Ore body

K values (M pa)

RM I method Ryder-Ozbay procedure 

and H oek et al. method

Upper 29 26

Lov/er 32 39

c) F igures 5.12 and 5.13 show that for a constant pillar w idth and a constant 

height, Salamon’s pillar strength formula is m ore conservative than the Obert- 

Duvall formula.

d) This back-analysis has shown that the Kamoto pillars in room and pillar area 

w ere subjected to  high stress since they were isolated. It is probably that the 

failure mechanism w as delayed due to the presence o f  barrier pillars.

e) The numerical m odelling o f  Kam oto room and pillar reveals that the stresses’ 

lim it corresponding to the rectangular pillar strengths w ere 35 MPa and 43 

M Pa respectively in the upper and lower ore bodies.

f) The low pillar w idth/height ratios between 0.8 and 1 had played an 

unfavourable ro le in the strength o f rectangular pillars in Kamoto room and 

pillar.

g) The M insim W  run w ith backfill has not given a significant difference. This 

confirms that the uncemented backfill in its passive role could not carry any 

load. However, it could improve the pillar sidewall confinem ent in order to 

reduce the spalling.
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 Introduction

This chapter will focus on the analysis and interpretation o f  the different results 

presented in the previous chapters, namely the Kam oto rock mass classification, 

pillar stress and strength, in order to  evaluate their reliability and validity in the 

context, o f  Kam oto room  and pillar,

6.2 Rock Mass Classification Results

The input data for rock mass classification have been compiled from the 

com pany’s available geotechnical database. All geotechnical classification 

systems are subjective and do not lead to the same results if  applied on the same 

rock mass. The main reason for choosing the B ieniaw ski’s geotechnical rating 

system and the R ock M ass Index (after Palmstrtim) to classify the rocks o f  

K am oto has been clearly explained in Section 4.1.

B ieniaw ski’s classification has shown that the R ock M ass Rating system (RMR), 

which defines the Geological Strength Index (GSI), is between 57 for Red RAT 

rock  and 70 for the stratified dolomite, From this method, different types o f  

Kam oto rocks are classified as " Good rock", except Red RAT, which is the group 

o f  “Fair rock” . Although the data size is limited, the Geological Strength Index 

gives a relatively good idea about the effects o f  properties o f  rock mass on its 

strength.

From  the procedure suggested by Hoek et al. (1995) using the relationship 

between the Hoek-Brown and the Mohr-Coulomb failure criteria and the GSI 

concept, it was possible to determine different param eters that define the 

properties o f  Kam oto jointed rock mass. In terms o f  this concept, the different
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spreadsheets as show n in Appendix D commute the elasticity modulus, strength, 

friction angle, cohesion and constants mb and s required in the Hoek-Brown 

equation. Results in Section 4.4 show that the mechanical properties o f  rock mass 

depend on the Geological Strength Index (GSI) values.

An additional rock m ass classification by the R ock  M ass Index (RMI) method, 

developed by Palm strtim  (1995), has evaluated the jo in ting param eter o r  the 

reduction factor o f  the  intact rock compressive strength at 0,21 (21%). Therefore, 

the strengths o f  a  cubic m eter o f  Kamoto rock m ass are 29 M Pa and 32 M Pa for 

the upper and lower ore bodies respectively. Table 6.1 summarises the values o f  

rock mass strength obtained from the two procedures.

Table 6.1: com parison between intact rock and rock mass strengths

O re  body

In ta c t  rock 

s treng th  

(M pa)

M ix system * R M I system

Rockm ass

streng th

(M Pa)

K  value 

(M Pa)

K  value 

(M P a)

Upper 136 20.0 26.0 29.0

Low er 152 29.8 39.0 32,0

* The mix system is a  combination o f  RM R system, GSI approach, H oek- 

Brown failure criterion and Ryder-Ozbay procedure.

According to these results, the uniaxial com pressive strength o f  rock mass in 

Kamoto room and pillar area represents between 15 and 21 % o f  the uniaxial 

com pressive strength o f  the intact rock, The strength o f  a  unit cube o f  rock
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material or K value is in the range o f  20 to 26 % o f  the uniaxial compressive. 

These results reveal that the two methods o f  estim ating K value are relevant 

because the standard deviation in the Kam oto case is between 1,5 and 3.5 M Pa (5 

to 10 %  o f  the mean value) They are significant because they show  clearly that 

rock m ass classification is, to date, the best w ay to express the rock mass 

properties in rock engineering. However, detailed research needs to be undertaken 

in this field in order to  provide a  useful and adequate tool to m ining engineers to 

je lect one o f  the different classification systems encountered in underground 

engineering,

6.3 P illa r  S tress an d  S treng th

Under conditions assumed during the design o f  the Kam oto model and the use o f 

the elastic boundary elem ent code MinsimW, the following observations can be 

made concerning stress and strength analysis:

a) The average pillar stress calculated from the tributary area theory is greater by 

between 29%  and 49%  higher than those com ing from the numerical 

modeling. This confirm s that the tributary area approach overestimates the 

pillar load when the mined area length is sm aller than the mining depth or 

lim ited by the existence o f  barrier pillars within the m ining area. This latter 

case reflects the K am oto situation,

b) The stress distribution shown in different figures (5,5, 5,6 and appendix F) 

illustrates that the distribution o f  stress in the pillar is not uniform. The 

contours o f  stresses show that compressive stresses at the abutment are higher 

than at the centre o f  the pillar. In the upper ore body, the hangingwall stress in 

the direction normal to the ore body (TZZH) has the sam e magnitude as the 

m ajor principal stress (cti). The horizontal stresses (T /.X H  and TYYH) ale 

about 0.6 times the vertical stress (TZZH) at the center in the upper and lower 

ore bodies.
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c) F igure 5,8 to 5,11 show  that, from the earlier stage o f  benching, the average 

vertical stress in the rectangular pillar increases from 12,6 M Pa (in situ stress) 

to  22 M Pa at the pillar center and to 35 M Pa at the pillar border in the upper 

ore body. It changes from 13.3 MPa to 24 M Pa at the center o f  pillar and to 

43 M Pa at the pillar board in the lower ore body. Consequently, the pillar edge 

w as subjected to  high stress once a pillar was isolated, This confirms that the 

Kam oto room and rectangular pillar mining system w as an unstable structure 

and apparently the zone o f  potential rock failure.

d) The different pillar strengths calculated from hard rock pillar design formulae 

and numerical m odelling are recapitulated in Table 6,2.

Table 6,2 Pillar strength values

M ethod  used

P illa r steng th  (M Pa)

Upper ore body 

UCS = 136M P a

Low er ore body 

UCS =  152M Pa

Salamon’s form ula 1 4 - 1 6 1 5 - 1 9

Obert-Duvall’s formula 2 6 - 2 9 3 1 - 3 8

M insimW 35 43

This table illustrates that the average strength o f  the rectangular pillars left 

during the mining, derived from the numerical analysis o f  the Kam oto room 

and pillar collapse, represent 26 % and 28 %  o f the uniaxial compressive 

strength o f  the intact rock respectively in the upper and low er ore bodies, These 

values are more than twice and about 1.2 times more than those predicted 

respectively by Salom on’s formula and Obert-Duvall’s formula, Figures 5.12 

and 5.13 show that Salam on’s formula is more conservative than the Obert-
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Duvall formula for the same w idth-to-height ratio. The relative difference 

between the numerical modelling and Salam on’s form ula is about 59 % while 

it is 21 % with O bert-Duvall’s formula. It is apparent from these figures that 

for lower width-to-height ratios the Salamon’s form ula predicts the lowest 

pillar strength, w hich is out o f  the range o f  pillar strengths from the back 

analysis, due to  the influence o f  the increase o f  pillar volum e in the formula. 

F or future pillar design at Kam oto mine and in the absence o f  numerical 

m odelling the Obert-Duvall might be recommended. In fact, doing a  cross­

checking by using other pillar strength form ulas, field instrumentation and 

engineering judgem ent must be considered.

Field observations have confirmed that the pillar edge failure by \.: ,H n g  or 

shearing was observed during the mining o f  slopes within som e blocs, ju st after 

pillars have been form ed at their final size. Furtherm ore, The haulage sidewall in 

the barrier pillar around a mining block, which showed stable conditions during 

the mining period, started showing intensive fracturation about four months 

before the large-scale instability. This implies that the overloading mechanism o f 

pillars should have been initiated at the earlier stage o f  mining and the pillar 

failure mechanism at Kam oto room and pillar w as progressive in time and space, 

by gradual deterioration o f  the rock mass. Potvin, H udym a and M iller (1989) 

defined this pillar failure as “ stable (progressive) pillar failure,” the rectangular 

pillars w ere likely conveying a part o f  their load to the barrier pillars around a 

m ining bloc till w hen the barrier pillars strength has been also exceeded.
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CHAPTER?

CONCLUSIONS AND RECOMMENDATIONS

7.1 C onclusions

From  the rock m ass classification, empirical m ethod fo r determination o f  pillar 

strength, numerical modeling, field observations and the assumptions made in 

previous chapters, the following main conclusions are drawn:

a) The Geological Strength Index (GSI) or the Rock Mass Rating 

(RM R76) is in the range o f  57 for the Red RA T (Fair rock) and 70 

for the Stratified Dolomite (Good rock) in the stratigraphic 

column,

b) The strength o f  rock mass in the area o f  interest before the 

collapse, as computed by H oek-Brow n failure criterion for 

jointed rock mass (Hoek et a l l 995), is 20.0 M Pa in the upper ore 

body and 29.8 M Pa in the lower o re body.

c) The strength values o f  a cubic m eter o f  the pillar material derived 

from a combination o f  the Rock M ass Rating (Bieniawski’s 

RM R70), the Geological Strength Index (GSI) from Hoek et al, 

(1995) and the Ryder-Ozbay procedure are 26 M Pa and 39 M Pa 

respectively for the upper and lov/er ore bodies. From the Rock 

M ass Index (RMI) developed by Falm strom  in 1995, these values 

are 29 M Pa for the upper ore body and 32 M Pa for the lower ore 

body. It has been stated in this w ork  that these two methods are 

relevant and can be used in the future design at Kamoto mine to 

assess the K values.
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d) The average modelled stresses by a boundary elastic code 

(M insim W ) acting on the edge o f  pillar a t the tim e approaching 

the large scale failure mechanism w ere 35 M Pa and 43 M Pa 

respectively in the upper and low er ore bodies. The spalling 

observed on the surface o f  pillars in the two ore bodies was 

initiated by these stresses. The mechanism  o f  pillar disintegration 

was progressive, probably due to  the existence o f  some barrier 

pillars within the mined area. The pillars o f  15 m long, 10m w ide 

and 12 m high in the upper ore body or 14 m high in the lower 

ore body high could not bear m c .e  than these loads. Therefore, 

the average pillar strengths in ti e K am oto room and pillar area 

w ere 35 M Pa (26 % o f  ‘ s  UCS) fo r +he upper ore body pillars 

and 43 M Pa (28 %  o f  the UCS) for the low er ore body pillars. 

These values are more than tw ice the magnitude o f  those 

predicted by Salam on’s formula and 1.2 tim es greater than those 

assessed by the Obert-Duvall equation.

7,2 Recommendations

a) D espite the research that has been carried out in the last two decades, the 

determ ination o f  pillar strength in hard rock, taking into account the properties 

o f  rock, is subject to controversial debate in rock engineering and mine design, 

This implies that research must continue in order to  provide a reliable tool to 

the m ining industry. This should include the use o f  rock mass classification and 

numerical modelling on different case histories involving pillar failure in order 

to  improve knowledge o f  pillar strength estimation in rock engineering. The 

reliability and relevance o f  the modified Salam on’s strength pillar formula 

need to  be confirmed in different types o f  hard rock, in term s o f  the constant 

values ( a  =0.5 and p=  0.75) suggested by Medley and G rant (1972),
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b) Even if the m ost promising concepts in rock engineering have been practised 

in this work, the available geotechnical data was limited. However, this w ork 

represent., the beginning o f  a complete and com plex study o f  Kamoto room and 

pillar collapse. Therefore, from the rock-engineering point o f  view, it is 

im portant to analyse this case because it is a rare application o f  the room and 

pillar block system  w ith pillar barrier, This w as applied simultaneously in two 

thick (12 and 14 meters) and superimposed sedim entary ore bodies at shallow 

depth.

c) It has been pointed out that not only was the geotechnical data insufficient at 

the designing stage, but also and above all, it w as not sufficiently updated, 

analysed and interpreted by a m ultidisciplinary team. Therefore, the 

understanding o f  pillar stability might be am biguous, In order to avoid what 

happened in the past, the following points are recommended:

- Kamoto mine, Geological Department, M ining research Department and 

eventually som e good external experts should up-date and complete the 

existing geotechnical database with the rock m ass classification, in situ 

m easurem ents and some important field observations in order to set up a 

rational engineered approach for design and stability analysis.

- In the light o f  the conclusion drawn in this work, a mining system suited 

to sedim entary and flat ore bodies must be investigated and redesigned 

for the rem aining flat parts o f  Kamoto ore bodies, The objective o f  the 

design should be the maximum extraction o f  ore compatible with safe 

working conditions.
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A ppendix  A 

Appendix A l Production by m ining method

PRODUCTION BY MINING 
METHOD

METHOD (Kin)

YEARS SLC CAP RAP OTHER TOTAL

1970 170,4 25,6 0 0 196
1971 351,2 523,6 0 0 874,8
1972 653 973,6 0 0 1626,6
1973 863,9 1288 0 0 2151,9
1974 850 ,5 1690,9 0 0 2541,4
1975 1149,3 1451,2 0 0 2600,5
1976 1462,1 1327,1 0 0 2789,2
1977 1388,3 1351,3 0 99,1 2838,7
1978 1519,1 1179 29,8 65 ,2 2793,1
1979 1434,5 1438,3 111,5 71,8 3056,1
1980 1316,5 1230,4 169,6 333 ,5 3050
1981 1581 5 692,2 384,7 56,3 2714,7
1982 1379 532,1 794,4 21 ,6 2727,1
1983 1385,1 336,3 1115,8 11,9 2849,1
1984 1035,4 158 1693,4 0 2886,8
1985 576 333,7 2213,2 14,5 3137,4
1986 558,3 308 2341,2 0,5 3208
1987 425 ,2 264,9 2597,5 0 3287,6
1988 481 ,4 294,8 2361,5 5,6 3143,3
1989 603 159,1 2526,3 1,3 3289,7
1990 432,2 295,7 1838,8 64 ,4 2631,1
1991 417 309,1 68,1 3,5 797,7
1992 336,6 406,1 325,4 0 1068,1
1993 132,7 231 65,2 58 ,2 487,1
1994 97,4 175,2 0,7 34 ,3 307,6



Appendix B

Table B1 R ock M ass Index tables (after Palmstrtim, 1997); ratings o f  the 

factors represented in the jo in t condition factor (JC)

R atings  o f (he jo in t roughness fac tor (JR)}
S m a ll  s c a l e  

s m o o l h n e s s  o f 

f e in t  s u r f a c e

L a rg e s c a l e  w a v f n e s s  o f  |o l< tl p la n e

P la n a r If j S tro n g ly  j 
I u n d u la tin g  *

S te p p e d In terlocking  

(largo s c a le )

V e ty  to u g h 3 4 1 3 7.5 9

R o u g h 2 3 1 4 5 6

S lig h tly  rou g h 1 ,5 2 1 3  1 4 4 .5

S m o o th 1 1.5 1 2 2.5 3

P o lis h e d 0 .7 5 1 1 1.5 2 2 .5

S llc k a n s ld e d 0 .6  • 1.5 t ♦ 2 1 1.5 . 3  : 2 * 4 2 . 5 - 5
*) For Med join is jfl * 1

R atings  o f the joint alterstlon /actor (jA)

1. C O N T A C T  B E T W E E N  T H E  T W O  J O IN T  W A LLS

J o i n t  w a l l  c h a r a c t e r D e s c r i p t i o n H a l in g  o f  JA

C L E A N  j o i n t s :

N o n - s o h e n ln g .  im p e rm e a b le  filling fa u a r tz . e p id o le , e tc .) 0 .75H e a le d  o r  w e ld e d  folnls

F re s h  jo in t w a its N o  c o a t in g  o r  fining in Joint, excep t k- v n  s la in irg  (ru st) 1

A lte red  Joint w o  ; 

1 g ra d e  h i O n o  g r a d e  h ig h e r  a lte ra tio n  o ( wall m c k  th a n  e ls e 2

2  g ra d e s  h ig h e r T w o  g r a d e s  h ig h e r  a lte ra tio n  ol w a 1 ro c k  th a n  e ls e 4

C O A TIN G  O R  T H IN  FILLING O F:

M a te r ia l  o f s a n d ,  sill c a lc tle , e tc , w n o u l  c o n te n t o f ^’a y 3Friction  m a te r ia l*

C o h e s iv e  m a te r ia ls M a te r ia l  o f May. cM on le . ta tc . etc. 4

2 .  FILLED  J O IN T S  W O X  PARTLY O R  N O  JO IN T  V /A L l C O N T A C T P a r t ly  w all c o n ta c t N o w all c o n t a c t

T y p e  o (  J o i n t  f i l l in g D e s c r i p t i o n

T h a t filling 

( a p c r c i .  < 5  m m )

Thick filin g  

c r o o u g p

R a tin g  o l  |A R id in g  o f  |A

Friction  m a te r ia ls S a n d ,  sill c a lo t e .  e tc . w ithou t c c r te n l  o l d a y 4 8

H ard  c o h e s iv e  m a te r ia ls C o m p a - ’o. Jiiing n l d a y .  chlorite , a l e .  e tc . 6 to
S o ft c o h e s iv e  m a le r ia ls M e d iu m  to  low  o v e rc o n so h d a te d  s a y .  ch ic  rile , ta lc , e tc . 3 12

Sw erfing d a y  m a le r ia ls F illing m a te r ia l  exh ib its  sw elling  c ro o c riie s 8 * 1 2  | 1 2 - 2 0

R atings o f the joint size  and continuity /actor (jl)
J o in t T e r m T y p e C ontinuous Joints1 D iscontinuous Joints

l e n g th R a tin g  o f  jL R a i 'n g  o f  |L

< 0 .5  m

11

B e d d in g  o r  fo lia tion  p a r tin g s 3 6

0.1 -  t  m S h o rt nf sm alt J o in t 2 4

1 •  1 0  m M ed .um J o in t t 2

I 0 - 3 0 m L o n g  o r  la rge Jo in t 0.75 I S

> 3 0  m V e r / to n g  o r la rg e (F illed ) Joint, s e a m  o r s h e a r 0.5 t
’I Dticontnvous jomii end n  m&sswo roctt
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Table B2 Q-Classification parameters (after Barton et a/,,1974)

DESCRIPTION VALUE NOTES

1. R O C K  QUALITY DESIGNATION RQD

A , Very poor 0-25 1, Where RQD  is reported or measured as 5  10 (Including 0),
B . Poor 25-50 a nominal value o f 10 is used to evaluate Q.
C . Fair 50-75
D, Good 75-90 2, RQD Intervals o f 5, I.e. 100,95,90 etc, are sufficiently

E , Excellent 90-100 accurate.

2 . JO IN T  SET NUMBER J,
A, M assive, no or few joints 0.5-1.0

B . O ne joint set 2

C . O ne joint set plus random 3

D . Tw o jo in t sets 4

E, T w o jo in t sets plus random 6

F . Three jo in t sets 9 1. For intersections use (3.0 x  ■/„).

G . Three joint sets plus random 12

H. Four o r more joint sets, random, 15 2. For portals use (2.0 X  J,).

Iteavily jointed, ‘sugar cube', etc.

J . Crashed rock, earthlikc 20

3 . J O IN T  ROUGHNESS NUMBER Jr
a. Rock wall contact

b. Rock wall contact before 10 cm shear

A. Discontinuous joints 4

B, Rough and irregular, undulating 3

C , Smooth undulating 2

D. Slickensloed undulating U 1. Add 1.0 if the mean spacing o f the relevant joint set is

E. Rough o r irregular, planar • 1,5 greater than 3 m.

F . Smooth, planar 1.0

G , Slickenslded, planar 0.5 2 .7 ,-0 .5  can be used for planar, sllckcnsidcdjoinls having

c. No rock wall contact when sheared lincations, provided that the lincations arc oriented for

H . Zones containing clay minerals thick 1.0 minimum strength.

enough to prevent rock wall contact (nominal)

J . Sandy, gravely or crashed zone thick 1.0

enough to prevent rock wall contact (nominal)

4 . JO IN T  ALTERATION NUMBER J. ijir degrees (cpprox.)

o. Rock wall contact

A . Tightly  healed, hard, non' roftcning, 0.75 1. Values o f  ijir, the residual friction angle,

impermeable filling are intended as an approximate guide

B . U naltered joint walls, surface staining only 1.0 25-35 to the mincralogical properties of the

C , Slightly altered joint walls, non-softening 2.0 25-30 alteration products, if  present.

mineral coalings, sandy particles, clay-free 

disintegrated rock, etc,

D. Silty-, or sandy-clay coatings, small clay- 3.0 20-25

fraction (non-softening)

E. Softening or low-friclion clay mineral coatings, 4.0 8-16

I.e. kaollnllc, mica. Also chlorite, talc, 

gypsum and graphite etc., and small 

quantities of swelling clays, (Discontinuous 

coalings, 1-2 mm or less In thickness)

1 0 6



Table B 2 : (coniinued)

VALUE NOTES

J. i|>r degrees (approx..

4,0 25-30 .

6.0 16-24

8.0 12-16

8.0-12.0 6-12

6,0
3.0
8.1.12.0 6-74

DESCRIPTION
4, JO IN T  ALTERATION NUMBER

b. Rock wall contact before 10 cm shear 
F. Sandy particles, clay-free, disinlegrating

rock etc,
O . Strongly over-consolidated, non-softening 

clav mineral fillings (continuous < 5  mm thick)
H. Medium or low over-consolidation, softening 

clay mineral fillings (continuous < 5 mm thick) 
J . Swelling clay fillings i.e. montmorillonite, 

(continuous < 5 mm thick). Values o f Jn 
depend on percent of swelling clay-sizc 
particles, and access to water,
c. No rock wall contact when sheared

K. Zones or bands of disintegrated or crushed 
L. rock and clay (see G, H and S for clay 
M . conditions)
N . Zones or bands of silty- or sandy-clay, small 5X

clay fraction, non-softening
O. Thick continuous zones or bands o f clay I0.0-. 3.0
P. & R. (see G .H andJ for clay conditions) 6.0-24.0

'5 .  JO IN T  WATER REDUCTION J .

A. Dry excavation or minor inflow I.e. < 5  1/m 1.0 
locally

B. Medium inflow or pressure, occasional 0,66 
outwash of joint fillings

C . Large Inflow or high pressure in competent 0.5 
rock widt unfilled joints

D. Large inflow or high pn .sure 0.33
E. Exceptionally high billow or pressure at 0.2-0,1 

blasting, decaying with time
F. Exceptionally high inflow or pressure 0.1-0.05
6. STRESS REDUCTION FACTOR

a. Weakness zones Intersecting excavation, which may 
cause loosening o f rock mass when tunnel Is excavated

A. Multiple occurrences of weakness zones containing clay or 
chemically disintegrated rock, very loose surrounding rock 
any depth)

B. Single weakness zones containing clay, or chemically dis- 
tcgratcd rock (excavation depth < 50 m)

C . Single weakness zones containing clay, o r chemically dls- 
tcgratcd rock (excavation depth > 50 m)

D. Multiple shear zones In competent rock (clay free), loose 
surrounding rock (any depth)

E. Single shear zone In competent rock (clay free), (depth of 
excavation < 50 m)

F. Single shear zone in competent rock (clay free), (depth of 
excavation > 50 m)

O, Lous; open joints, heavily jointed or 'sugar cube’, (any depth)

approx, water 
pressure (kgf/cm1)
< 1.0

1.0-2.5

2.5-10,0 I. Factors C to Fare  crude estimates; increase
J„  if drainage installed.

2.5-10.0
> 1 0  2. Special problems caused by Ice formation are

not considered.
> 10

SHF

10.0 I, Reduce these values of SRFby 25-50%  if
the relevant shear zones only Influence but 
do not Intersect the excavation

5.0

2.5

7.5

5.0

2.5

5.0
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Table B 2 : (continued)

DESCRIPTION VALUE NOTES

6. STR ESS REDUCTION FACTOR SRF

b. Competent rock, rock stress problems

a M O.Oi 2. For strongly anisotropic virgin stress field

H . Low  stress, near surface > 200 > 13 2,5 (if measured): when 5£O|/Oj£I0, reduce a .

J. M edium stress 200-10 13-0.66 1.0 to0 .8a .u n d o ,to 0 .8 o ,. W hena,/0 ] > 10.

K. High stress, very tight structure 10-5 0.66-0,33 0.5-2 reduce a , and a , to 0.6or and 0 ,6a , where

(usually favourable to  stability, may o ,=  unconfined compressive strength, and

be unfavourable to wall stability) 0 , = tensile strength (point load) and a , and

L . M ild rockburst (massive rock) 5-2.5 0.33-0.16 5-10 as arc the major and minor principal stresses.

M, Heavy rockburst (massive rock) < 2 .5 < 0 .16 10-20 3. Few case records available where depth of

c. Squeezing rock, plastic flow  o f  incompetent rock crown below surface is less than span width.

under influence o f  high rock pressure Suggest SRF Increase from 2.5 to 5 for such

N. M ild squeezing rock pressure 5-10 cases (see H).

O . Heavy sqi 'tin g  rock pressure 10-20

d. Sw elling, ock. chem ic '! swelling activity depending on presence o f  water

P. M ild swelling rock pressure 5-10

R. Heavy swelling rock pressure 10-15

A DD ITIO N A L NOTES ON TH E USE O F  T H E S E  TABLES
W hen making estimates o f the rock mass Quality (G), the following guidelines should be followed In addition to the notes lined in the ta­
bles:

1. When borehole core Is unavailable, RQD  can be estimated from the number o f  joints per unit volume, in which die number o f  joints 
per metre for each joint set arc added. A simple relationship can be used to convert this number to RQD  for the case of clay free rock 
masses: RQ D =  115-3.3 ./.(approx.), where J , -  total number o f joints per m* (0 < RQD < 100 for 35 > J ,  > 4 5).

2. The parameter Jn representing the number o f joint sets will often be affected by foliation, schistoslty, slaty cleavage or bedding etc. If 
strongly developed, these parallel 'joints' should obviously be counted as a complete jo in t set. However, if there arc few ‘joints' visible, or 
If only occasional breaks in the core are due to  these features, then It will be more appropriate to count them as ‘random’ joints when 
evaluating

3. The parameters J , and (representing shear strength) should be relevant to the weakest significant joint set or clay filled discontinu­
ity in the given zone, However, if the joint set or discontinuity with the minimum value o f  J / J ,  Is favourably oriented for stability, then a 
second, less favourably oriented joint set o r discontinuity may sometimes be more significant, and its higher value of J /J ,  should be used 
when evaluating Q. The value of J/J* should in fact relate to the surface most likely to allow failure to Initiate.

4 . When a rock mass contains clay, the factor SRF  appropriate to loosening loads should be evaluated. In such cases the strength o f  the 
intact rock is of little Interest, However, when jointing is minimal and clay is completely absent, the strength of the Intact rock may become 
the weakest link, and the stability will then depend on the ratio rock-strcss/rock-strcngth. A strongly anisotropic stress field Is unfavourable 
for stability and Is roughly accounted for as in note 2  in the table for stress reduction factor evaluation.

5 . The compressive and tensile strengths (o , and a,) o f the Intact rock should be evaluated in the saturated cotv 'itlon if this is appro­
priate to the present and future in situ conditions. A vcn» conservative estimate of the strength should be made for thi.se rocks that delcrio- 
rate when exposed to moist or saturated conditio.,. _____________ ___________________________________________ _____________________



A ppendix C

Table C l R ock M ass R ating system (after B ieniaw ski, 1976)

C ttx rl/e tth *  p«rm * tert in d  their n r ib p

T u u a a a  Rutia of values
1 tu e a g tb  o f loUct 

ro ck  m attrlU
'‘p o lo t 'lo id  TVcngth 
In tk *  (M Pa)

>1 4 -1 2 -4 1 -2 for th is  low  ra n g e , u n lx tla l 
com pression  teal fa pre fe rred

n t l n s

un U .tiil coeoprcutve 
. ra e s ts th  (M Pa)

> 2 0 0

13

100-200

12

5 O -I0 0

7

2 5 -5 0

4

10-25  3 - 1 0  1 -3

2 1 t  0

2 d rill to r e  qusUty RQD  (% ) 90 -1 0 0 7 3 -9 0 5 0 -7 3 25—50 < 2 3

r it io jt 20 17 13 1 3

3 Jo in t t p a d n i  (ra) > 3 1 -3 0 ,3 -1 0435-0.3 < 0 .0 5

n t l n i 30 43 20 10 5

4 conditloa o f  Jo icu •cry  rough
tu r f i te s ,  not 
continuous, no 
separation , 
h i td  Joint wall 
rock

23

slightly rough 
surfaces, separation 
O n u s ,  hard  joint 
wall f o c i

20

slightly rough  
surfaces, separa tion  
< 1  m o ,  so ft Jolot 
wall rock

12

slickentidcd  surfaces 
o r
gouge < 3  m m  thick

Jo ints op en  1 -3  mm, 
coW fnuoui joints 

6

soft H u g e  >  3 m m  th ick

Joints o p c o  > 5  m m , 
continuous jo in ts

0

3 IflBow p e r  10 m tu n n d  
length ( f  m in "1)

< 2 3 23 -1 2 3 > 1 2 5

g ro u n d w iitf . Joint w a te r p m iu re 0 0 .0 -0 ,2 O J - 0 ,3 >  0.3

m sjor principal itrc ii

j c c n a l  conditions completely
dry

m oht only 
(interstitial w ater)

w ater un d e r 
m oderate  pressure

s o c k  w a te r p ro b lem s

ra tin g 10 7 4 0

(6 )  /teffrig  eefjuttmcnl f o r  Jolnl oritnltllom

S trik e  and  d ip o ricn u tio o s o f joints very favourable

f  tunnels 0 
R atin g s j  foundations 0 

V ilopcl 0

favourable

- 2
- 2
- 3

la ir

- 3
- 7
- 2 3

unfavourable

- 1 0
- 1 5
- 3 0

very  u n fa v o u ra b le  

- 1 2  
- 2 3  
- 6 0

f e j  R ock mess clever detcrm htd  from  rote! rati/ip

R atin g s 1 0 0 - 1 1 8 0 - 6 1 6 0 - 4 1 4 0 - 2 1 < 2 0

C U ss n o , 1 U III IV V

D escrip tion  very good rock good rock fa ir  rock p o o r  rock very p o o r  ro c k

(rf) M tanlng o f  rock elexsa

O u i  o o . I It III IV V

average ftind«up  tim e 10 y e a n  fo r 6 m onths fo r 4 m 1 week fo r  3 m 3 hours foe 1.5 m 10 m inutes fo r  0 .3  m  sp aa
5 m span sp in span sp aa

cobcaloo o f  the  rock mass (kPa) > 3 0 0 200-300 130-200 100-130 < 1 0 0

fric tion  angle o f  the rock eq jji > 4 3 * 40*—43* J5*-40* 3 0*-33* < 3 0 *

1 0 9



A ppendix  D

SPREADSHEETS FO R  TH E CALCULATION OF HOEK-BROW N AND 
M OHR-COULOM B PARAM ETERS (after H oek et a!., 1995)

Table D 1 UPPER D OLOM ITE (SS), Doiomitic shales

GS1 = 62 Sigci =149 mi =10

Sig3 Sig1 Ds1ds3 Sign Tau Signtau Signsq

mb/mi = 0.26 0.15 19.68 10.82 1.80 5.44 9.77 3.23

mb = 2.57 0.29 21.20 10.17 2.16 5.97 12.91 4.68

s = 0.015 0.58 24.01 9.19 2.88 6.97 20.09 8.31

a = 0.5 1.16 28.95 7.90 4.29 8.77 37.60 18.37

Em= 19953 2.33 37.23 6.49 6.99 11.87 82.93 48.81

4.66 50.61 5.17 12.10 16.93 204.84 146.40

9.31 71.74 4.07 21.62 24.84 537.01 467.48

18.63 105.05 3.22 39.11 36.75 1437.33 1529.54

Sums = 90.94 117.54 2342.49 2226.81

Phi = 40.1

Coh = 6.1

Sigcm = 22.0 -

sisesea a u tm aa



Table D 2 LOWER DOLOMITE (SBB), Dolomite shales

GSI = 62 Sigci = 136 mi = 10

'

Sig3 Sig1 ds1ds3 Sign Tau Signtau Signsq

Mb/mi = 0.26 0.13 17.96 10.82 1.64 4.96 8.14 2.69

mb = 2.57 0.27 19.35 10.17 1.97 5.45 10.76 3.90

s  = 0.015 0.53 21.91 9.19 2.63 6.36 16.74 6.92

3  — 0.5 1.06 26.42 7.90 3.91 8.01 31.33 15.30

Em = 19953 2.13 33.99 6.49 6.38 10.83 69.09 40.66

4.25 46.19 5.17 11.04 15.45 170.66 121.97

8,50 65.48 4.07 19.73 22.67 447.40 389.46

17.00 95.88 3.22 35.70 33.55 1197.46 1274.29

Sums = 83.01 107.28 1951.57 1855.19

Phi = 40.1

Coh = 4.7

Sigcm = 20.0
________________ i.....................j

msessBBSBi



Table D3 M ASSIVE DOLOSTONE (RSC) Dolostone

GSI = 167 Sigci = 180 Mi = 15

Sig3 Sigi Ds1ds3 Sign Tau Signtau Signsq

Mb/mi = 0.31 0.18 31.39 14.31 2.21 7.71 17.08 4.90

mb = 4.62 0.35 33.82 13.41 2.67 8.51 22,74 7.15

s = 0.026 0.70 38.28 12.05 3.58 10.00 35.80 V .8 3

a = 0.5 1.41 46.09 10.30 5.36 12.69 68.05 28.75

iiELU 26607 2.81 59.07 8.38 8.81 17.36 152.88 77.57

5.63 79.80 6.60 15.38 25.07 385.70 236.66

11.25 112.12 5.12 27.74 37.30 1034.57 769.34

22.50 162.22 3.97 50.59 56.00 2833.37 2559.84

Sums = 116.36 174.64 4550.21 3697.04

Phi = 45.1

Coh = 7.2

Sigcm = 35.1



Table D 4 SILICEOUS LAM INATED DOLOSTONE (RSF)

GSI = 67 Sigci = 148 mi = 9 r .........

Sig3 Sig1 Ds1ds3 Sign Tau Signtau Signsq

mb/mi = 0.31 0.14 25.03 9.24 2.58 7.39 19.03 6.63

mb = 2.77 0.29 26.33 8.87 2.93 7.86 23.02 8.58

s = 0.026 0.58 28.81 8.26 3.63 8.76 31.77 13.15

a = 0.5 1.16 33.31 7.37 5.00 10.43 52.09 24.96

Em = 26607 2.31 41.14 6.28 7.65 13.37 102.24 58.49

4.63 54.18 5.14 12.70 18.30 232.47 161.32

9.25 75.21 4.11 22.17 26.18 580.25 491.37

18.50 108.74 3.27 39.63 38.21 1514.20 1570.31

Sums = 96.27 130.49 2555.06 2334.81

Phi = 39.9

Coh = 6.2

Sigcm = 26.7



Table D5 STRATIFIED DOLOMITE (D. Strat.)

GSI - 70 Sigci = 207 mi = 9

Sig3 Sig1 Ds1ds3 Sign Tau Signtau Signsq

Mb/mi = 0.34 0.20 40.92 8.84 4.34 12.30 53.41 18.85

mb = 3.08 0.40 42.67 8.55 4.83 12.94 62.53 23.34

s = 0,036 0.81 46.03 8.06 5.80 14.17 82.22 33.66

a = 0.5 1.62 52.22 7.31 7.71 16.47 126.96 59.44

Em = 31623 3.23 63.17 6.32 11.42 20.58 235.01 130.39

6.47 81.68 5.24 18.52 27.59 510.81 342.88

12.94 111.85 4.23 31.87 38.91 1239.96 1015.48

25.88 160,19 3.38 56.57 56.40 3 19 0 /7 3200.34

Sums = 141.06 199.36 5501.38 4824.38

Phi = 40.4

Coh = 9.9

Sigcm = 43.0



Table D 6 GREY RAT, Argillaceous rock

GSI = 62 Sigci = 78 mi - 1 0

-

Sig3 Sig1 Ds1d.s3 Sign Tau Signtau Signsq

mb/mi = 0.26 0.08 10.30 10.82 0.94 2.85 2.68 0.89

mb = 2.57 0.15 11.10 10.17 1.13 3.12 3.54 1.28

s = 0.015 0.30 12.57 9.19 1.51 3.65 5.51 2.28

a = 0.5 0.61 15.15 7.90 2.24 4.59 10.30 5.03

Em = 19953 1.22 19.49 6.49 3.66 6.21 22.73 13.38

2.44 26.49 5.17 6.33 8.86 56.14 40.12

4.88 37.55 4.07 11.32 13.00 147.16 128.11

9.75 54.99 3.22 20.47 19.24 393.89 419.16

Sums = 47.61 61.53 641.94 610.24

Phi = 40.1

Coh = 2.7

Sigcm = 11.5
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Table D 7 BREACH RAT

GSI = 62 Sigci = 81 mi = 10

•
Sig3 Sig1 Ds1ds3 Sign Tau Signta

u
Signsq

mb/mi = 0.26 0.08 10.70 10.82 0.98 2.95 2.89 0.96

mb = 2.57 0.16 11.53 10.17 1.18 3.25 3.82 1.38

s = 0.015 0.32 13.05 9.19 1.57 3.79 5.94 2.45

a = 0.5 0.63 15.74 7.90 2.33 4.77 11.11 5.43

Em = 19953 1.27 20.24 6.49 3.80 6.45 24.51 14.42

2.53 27.51 5.17 6.58 9.20 60.54 43.27

5.06 39.00 4.07 11.75 13.50 158.70 138.15

10.13 57.11 3.22 21.26 19.98 424.77 452.02

Sums = 49.44 63.90 692.27 658.08

phi = 40.1

Coh = 2.8

Sigcm = 11.9
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Table D 8 RED RAT, D oiom itic siitstones and sandstones

GSI = 57 Sigci = 70 mi = 12

•
Sig3 Sig1 Ds1ds3 Sign Tau Signtau. Signsq

mb/mi = 0.22 0.07 7.39 13.35 0.58 1.86 1.08 0,33

mb = 2.58 0.14 8.26 12.13 0.76 2.15 1.63 0.57

s = 0.008 0.27 9.80 10.50 1.10 2.68 2.96 1.21

a = 0.5 0.55 12.38 8.64 1.78 3.61 6.41 3.15

Em = 14952 1.09 16.55 6.85 3.06 5.16 15.79 9.39

2.19 23.09 5.33 5.49 7.62 41.87 30.15

4.38 33,21 4.13 9.99 11.43 114.20 99.90

8.75 49.05 3.24 18.24 17.10 311.99 332.86

Sums = 41,00 51.62 495.93 477.56

phi = 40.9

coh = 2.0

Sigcm = 8.8



A ppendix  E

00
0% \l0% \20% \30^ p % s0% (60% i70% 80% 90%

8 0

6 0

4 0

S O 1 0 0602 0  40  
Average strength as % of strong rock

Fig. E l  Laubscher’s m onogram  (Effect o f  weak rock layers on the 
strength o f  a stratified rockmass)
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Appendix F 

A sample of MinsimW results
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