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FIELD AND LABORATORY STUDIES ON THE PERFORMANCE
PREDICTION OF RAISE BORING MACHINES

SUMMARY

Excavation of shafts and other vertical structimeaining and civil engineering fields
for material and human transportation and ventifatpurposes is a difficult and
dangerous job taking quite long time. Raise boprayides a safe means of excavating
shafts between two levels of underground structwigsout using explosives. A raise
boring machine (RBM) operates by the principleidtfdrilling a small diameter pilot
hole and then, reaming the hole in one or moresstégythe desired size.

Raise boring system is the most up-to-date, seandefast way for boring large
diameter shafts. RBM creates a hole with smootlswaiich usually does not require
lining. The hole is more stable than a drilled atakted raise and has better air flow,
making it ideal for ventilation raises. In additi®&BM can safely be used in areas of
geological sensitivity.

One of the applications of raise boring machineBurkey was realized in Eti Copper
Kure Asikoy underground mine located at Kastamanaxcavate a ventilation shaft
between the levels 660 m and 630 m having a leofg22 m and excavation diameter
of 2.6 m. This thesis describes an analysis ofréiiee boring performed, and gives
suggestions on how to optimize the raise boring dimalysis is made in two parts, a
laboratory analysis and an analysis of the excematiThe laboratory analysis

investigates the physical, mechanical and petrdugcap property of sample which

collected from mine. In addition linear cuttingteeare performed to find out samples
cuttability and relationships between cutting parfances of cutters with different

cutting depth, and maximum tool forces. The analydi excavation concerns the
achieved penetration rates, thrust force, and rnhatel torque and the factors
influencing these parameters.

At the last section of the thesis, excavation perince parameters of RBM such as
thrust, torque, and penetration rate theoreticadlymated based on the experimental
results. Then, the realized and predicted valuespeoed to serve a useful guide for
future applications.

The findings of the study showed that the two besrepts of rock cutting mechanics
could be used to estimate the performance of lmsag machines. Thrust force and
torque values could be formulated using the parara¢hat are a function of the rock
compressive strength, the number of inserts inaawith the face for a given time
and the projectile area of each insert. Anothewirigmt point emerging from this study
is that field specific energy obtained for TBMs @BMs isvery closely related for a
given penetration and in rocks having similar giternvalues. This interrelationship
will permit to use immense accumulated data for TRpplications in different
projects for predicting the performance of RBMs.
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BASYUKARI KUYU ACMA MAK  INALARIN PERFORMANS TAHM iNi
ICIN SAHA VE LABORATUVAR CALI SMALARI

OZET

Tirkiye'de ve Diinya'da gerek maden gerekse depaliyacin kuyu acmasleri son
senelerde 6nemli dlgulerde arttm. Bu nedenle kuyu agma makineleri bir cok maden
ve insaat projelerinde tercih edilmektedir. Dinya'dadoik Ulkede ve 6zellikle maden
sahalarinda bu makinalar kullaniimaktadir. (@indsvec'in Kiruna demir madeninde
17 adet bu makinalardan bulunuyor. Bu madende bkinalarla kullanarak 3 vyil
icinde 50 km'lik kuyu agmayi planlaghar. Turkiye'de ise bu makinalarin kullanimi
gittikce artmaktadir. Turkiye'de 6zellikle metatikadenlerinde bgukari kuyu agma
makinalar1 en guvenli ve en hizlh kuyu agcma yontetarak goziukmektedir. Maden
ve insaat projelerinde, cevher ve insan nakliyati ve temdirma amaci ile acilan dikey
kuyular veya dier dikey yapilar, cok zorlu ayrica da tehlikeliza@anman alici birstir.
Basyukari kuyu acma makinalari, madenlerde iki diizegsmda patlayici madde
kullanmadan, ¢ok gam kuyu agmasini sunmaktadir. Bu makinalar 195@saden
bu tarafa Dinya’da bircok maden de havalandirmaexder nakli kuyulari agmak
icin kullaniimstir. Ayrica gecen 20 yilda tunellerde de kullany@daglamistir. Bu
makinalarin 0-90° acisi arasinda gabildigi icin madenlerin havalandirma ve cevher
nakil saftlari, hidroelektrik santrallerin denge bacalagimli cebri boru hatlari,
metrolarin yeralti geglierinde hatlari arasi gecitiinelleri (yatay), havalandirma
bacalari, merdiven tunellerigenli), kara yolu tinellerinin havalandirmasi gilarkli
amaclar icin kullaniimaktadir. Kazi, yer altindduman galeri ya da Btuga ulgana
kadar devam ediyor. Makine bu surecte tijleri otaknbir kol rod tutucu yardimiyla
ekleyerek pilot delgiye devam ediyorsa&ida bulunan galeri Btuguna ulaildiginda
ise trikon bitler sokilerek asil kaziyr yapacaknadgnsgletici baslik (reamer) takiliyor
ve bayukari olarak tabir edilegekilde, tersten kazi klayor.

Delme-patlatma yontemlerine gore bircok avantgjesan RBM'ler ginimuzde en
cok kullanilan kuyu agma ekipmanlari arasindadiask yonteme gore daha hizli ve
guvenli delgi yapabilen makinenin dort farkh yomieile kuyu acmasini gayor.
Klasik kuyu agma yénteminde, trikon bitlerin yardiile dnce kicuk ¢apli bir kilavuz
delgi aciliyor ve sonra bu acilan debir veya daha fazlssamada istenilen ¢capa kadar
bayatur. Pilot delgi sirasindagidtilen malzeme flashing ile ylzeyde cokelme
havuzunda toplanirken, kesici kafa ile yapilanrta&azisi sirasinda tarayici kafadaki
kesici uclarin her dorsii sirasinda keserek zeminden sgkt0-5 mm boyutlarindaki
kazi malzemesi isesaslya dokuluyor ve belirli araliklarla yikleyici yardiyla
toplanarak kamyonlarla pasa sahasina nakledilijformalde bir 50 metre kuyunu
delme-patlatma yontemi ile bir ka¢ ayda acarkenmakina ayni kuyunu 15 ginde
acmak kapasitesine sahiptir. Bu makinalar ayricalkiehirlerde de su, elektrik,
atiksu kuyu agcmasini da daha kolay gakilde yapmaktadirlar§ehirlerde delme-
patlatma yontemi yasak olgu icin bu yontem en givenilir ve en hizli kuyu agcma
yontemidir. Ayrica madenlerde yukari seviyeysiariolmadginda bu makinalar alt
seviyede kurulup ve yukariya g kuyu acma Ozeliine sahiptiler. Bu yontem
literatirde 'kor kuyu' acma yontemi olarak gecmekteDordince yontemde de
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madenin alt seviyesi kesici kafani takmaya mushitadigl icin kullaniimaktadir.
Burada da hem kilavuz delgi ile ve hem de kilavalgidiz gengletme operasyonu
yapiimaktadir. Bu makinalarin yatirrm maliyetlenk¢yuksek oldgundan dolayi,
secim g@amasinda dikkatli olmak gerekiyor. Oldukca kagrkave pahali olan
RBM'lerin performansi kuyu ¢api ve jeoloji gibi karve ¢cok sayida parametreyesha
olarak dgismektedir. Bu nedenle RBM sec¢imi 6zenle yapiimalpwvgje icin uygun
Ozelliklere sahip bir makine secilmelidir.

Bir diger 6nemli noktada da buyuk ¢apli kuyu acmaklaidgil Buytk ¢capl kuyular
acmak icin, bgyukari kuyu agma sistemi en guincel, gavenilir vAihyéntemdir. Bu
makinalar orselenmemikuyular aciyor ki tahkimata bile gerek duyulmuy@u
sistem ile acilan kuyular, delme ve patlatma yomtden acilan kuyulardan daha
sglamdilar ki bu avantajlari havanin iyi detaasina sebep oluyor ve bu yontemi
havalandirma kuyularinin agmasinda tsttin konumdsdu Bu kuyularda tahkimata
ihtiya¢ oldysu zaman puskirtme beton, bulon, ve gelik hasirakuthbilmektedir.
Ayrica bgyukari kuyu acma makinalari, jeolojik duyaghlolan alanlarda da guvenli
olarak kullanila bilir.

Tarkiye'de bayukar kuyu agma makinalarin uygulamalardan biast@monu ilinde
bulunan Eti Bakir Kire'nin §kdy yeralti maden sletmesinde yapilngtir. Bu
isletmede bgyukari kuyu acma makinasi 2012 yilinda Atlas Coficmasindan
alinmstir ve bu projeden dnce iki havalandirma kuyusuigigmBirinci havalandirma
kuyunun uzunlgu 65 metreydi ve ikinci kuyunun da uzu@lul100 metreydi. Yeni
acilan havalandirma kuyusu 660 m ve 630 m dizeyésinda acilmtir. Bu kuyunun
uzunlysu 22 m ve capl da 2.6 metreydi. Burada ilk dndetribit kullanarak 30 cm
capinda kilavuz delgi acilgtir, sonra sabitleyiciler ilave edilgtir. Sabitleyicilerin
asll kullanma amaci gou yonde ve dgru acida kuyunun ilerlemesidir. Sonra normal
tijler ilave olarak delmesi devam etmitir. Burada toplam 16 tij (kesici kafanin tiji
dahil) kullaniimstir. Normal tijlerin &irligi 450 kg ve uzunluklari 1.52 metredir. Bu
kuyunun kilavuz delgisi Jigunude bitmitir ve gengletme glemi ise 4 ¢ gun icinde
bitmistir. Boylece 22 metre i¢ havalandirma kuyusiy glininde bitmitir.

Bu tezde, kullanilan Bgukari kuyu agma makinanin performansi incelenreidaha
verimli kullanilmasi icin 6neriler sunulmgtwr. Bu incelemeler, iki ayri bolimde yani
laboratuvar ve sahada yapitm. Laboratuvarda, sahadan alinan numunelerin
fiziksel, mekanik ve petrografik incelemeleri yapitir. Bu deneyler icin Amerikan
Standart ve Test Metotlart (ASTM) ve Uluslararasty Mekangi Birli gi (ISRM)
tarafindan onerilen standartlara g6z 6ninde tutgegkims. Fiziksel ve mekanik
Ozellikleri belirlemeye yonelik olarak, tek ekseblsin¢g dayanimi, cekme dayanimi,
statik elastisite modull, akustik deneyler (dinaelgstisite moduli ve Poisson orant),
ve ince kesitlerin petrografik analizleri yapiktm. Bu deneylerin sonucu detayl
olarak 5. Bolum ve Ekler Bolumunde agiklagtm

Ilaveten dgrusal kazi deneyi, numunelerin kazila bifirfve kazi performansi ile kazi
derinligi arasinda ki igkileri belirtmek icin yapilmgtir. Taginabilir dgzrusal kazi
deney setinde kama ve konik uclu keskiler kullanithgi gibi mini disk keskiler de
kullanilabilmektedir. Yapilan bu ¢aima kapsaminda farkli 6zelliklere sahip 3 standart
keski yani kama, konik ve disk kullanilghir. Kazi deneylerin yapiimasinin asil amaci
laboratuvarda spesifik enerjinin hesaplanmasi védsaplan miktarlarin hangisinin
sahadaki spesifik enerjiye daha yakin olmasinirelemektir. Bu incelemenin
sonucunda disk keskilerin spesifik enerji miktarléeellikle 5 mm derinlikte ve
yardimsiz kazi biciminde daha vyakin gdder gostermektedir. Ayrica Kazi
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incelemesinde, makinanin penetrasyon orani, itmeedleri ve kesici kafanin dénme
momentinin etkileyen faktorleri de gtailmistir.

Bu tezin son béliminde, makinanin performansilgiéi blan faktorler 6rngin itme
kuvvetleri, dbnme momenti ve penetrasyon oraniikedeneysel sonuclarina gore
tahmin edilmgtir. Sonra, tahmin edilen faktorler ile sahadareeddilen gercek veriler
bir sonraki uygulamalara katkida bulunmak amackil@slanmgtir. Sahadan elde
edilen sonuclara gére makinanin penetrasygiede-11 tijleri icin 2.12 mm/devir
olmustur. Disk kesiciler penetrasyon yontemi ile hesaptamiktar ise 2.49 mm/devir
olmustur. itme kuvvetin gercek geri sahada 1376 kN hesaplagtm Tahmin edilen
miktarsa 1484 kN gostermektedir. Torkzdeerine bak&imiz zaman da saha verileri
91 kNm ve tahmin edilen miktar ise 94 kNm gésteriyo

Tunel agma makinalari ile ilgili bir ¢ok literatiiulunmaktadir ama kgukar kuyu
acma makinalari ile ilgili ciddi bir eksiklik gozakektedir. Bu tezin asil amaci bu
makinalarin calma yontemini ve uygulanan performans parametreferiiinel agma
makinalar1 gibi tahmin etmektir. Bu ¢ginanin sonucunda bu karara vargtmi ki
kaya kesme mekaginin iki temel kavrami, bgyukari kuyu acma makinalarinin
performansini tahmin etmek igin kullanilir olabiliitme kuvvetleri ve donme
momentleri, Kaya basing dayanimi fonksiyonu verbéiir siire icin kayanin yizu ile
temas eden insertlerin sayisiyla formule edilebBiu calsma sonucunda bir ger
onemli konu da saptangtir. Sahadan elde edilen spesifik energelteri, tiinel agma
makinalarda ve Bgukari kuyu acma makinalarda, belirli penetrasyenbenzeri
kaya¢ basin¢ dayaniminda, biri-birine ¢ok yakindiBa kagilikli ili ki, tinel agma
makinalarindan elde edilen verilerin, sakari kuyu acma makinalarinin da
performanslari ile ilgili olan faktorlerin tahmirde kullanilabilmesine uygun
bulunmutur.
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1. INTRODUCTION

Excavation of shafts and other vertical structumenining and civil engineering fields
for material and human transportation and ventifatpurposes is a difficult and
dangerous job taking quite long time. Raise boprayides a safe means of excavating

shafts between two levels of underground structwit®ut using explosives.

The RBM was developed to meet the demands of thergnound mining industry but
has also found wide range of applications in tuimgglor infrastructural projects. A
raise boring machine operate on the principle st firilling a small diameter pilot
hole and the reaming the hole in one or more stapdse desired size. Raise boring
machines are usually used for boring shafts asg¢saanging from 0.7 to 9 m diameter
and up to 2000 m length. Raise boring is a weklddshed full-face excavation
method. In full-face excavation method, the enth@ss section of the hole is bored to

the final diameter without using explosive matevial

In RBM operation, workers are not needed to actlkssraise while it is under
construction and this lead to safe work area faikenxs. However, capital cost of these
machines are high and in most cases, companiesabped in shaft boring are

preferred for short length of shafts.

1.1 Objective of the Thesis

This thesis aims to summarize a case study on baiseg machine performance used
to excavate ventilation shafts in a copper minated at the city of Kastamonu, Kure
Province, on Northern Turkey. Later, compare tredized excavation performance
with the results of previously developed a thecedtimodel and an experimental

model by using concepts of rock cutting mechanics.

In this study firstly, petrographic, physical, antechanical characteristics of the
samples taken during pilot hole drilling operatiware identified in the laboratory.
Later, two prediction methods, by using the expental results, were used to predict
the excavation performance of the RBM used in KAséoy underground copper



mine for excavating a ventilation shaft. One of tiethods is based on the theoretical
concept of disc cutting penetration (Roxborough Rhilips, 1979) and the other one
is based on the experimental specific energy cdri&agstami et al. 1994). In addition,
the linear cutting test is performed to find outgdes cuttability and relationships
between cutting performances of cutters with défércutting depth, and maximum
tool forces, which is very important by machine mifacturers to design appropriate
machine for different geological conditions. In erdto validate (compare) the

prediction results, the performance of the RBM wa®rded in the field.



2. GENERAL INFORMATION ABOUT RAISE BORING MACHINES

2.1 History of RBMs

The raise boring technology was developed to mieetdemands of the mining
industry but has also found numerous applicationsunneling or infrastructural
projects for ventilation purposes even in very hrack formations or in opening deep
shafts.

As Stack (1995) stated in his voluminous work, Baue 949 did the first major
breakthrough in this area. He tried to eliminateriecessity of intensive workmanship
for shaft excavations in difficult conditions. Rob&. Cannon during the late 1950s
embodied in German mine operation basic principigsited by Bade, i.e. he drilled
a small pilot hole, which was then enlarged by baaming. In 1962 Cannon, 31R
raise drill was used to drill a 17 cm pilot holdhieh was later back reamed with a 100
cm diameter reaming head, in Iron River Mine, Mgam. German Wirth Company in
1963 introduced an electro-hydraulic raise dridittthe pilot hole was drilled from the
lower level to the upper level and the hole wastteamed downwards. Calweld-
Smith Company introduced the first blind hole or{tmle raise borer in about 1967.
In this machine, rotational and thrust forces fa tutter head were provided via the
drill string from the power unit located on the mifioor at the foot of raise (Stack,
1995). Robbins designed their 81R machine for usingt. Isa mines, Queensland,
Australia in 1971-72. This mine required 2.4 m deden holes of varying length up to
600 m. Ingersoll-Rand were producing large diametise drills in 1973 and installed
at Copper CIiff North mine for trial purposes. Sepsently the drill was used to back-
ream raises of 2.10 m to depth of 300 m. Raisengavperations were also used in
coal mines in Europe to diameter up to 8 m (Bruemanel Wollers, 1976, Grieves,
1981, Muirhead, 1982). Bruemmer (1979) stated stese studies in operation blind
shaft borer with hydraulic muck removal systemha German coal mining industry.
Todd and Facchinetti (1979) explained down reanan§an Giacomo Al Vomano
Hydro-Electric project in ltaly. Friant et al. (198illustrated combination blind or

reaming drill for raise construction. They statbdttraise boring could be conducted



with a predrilled pilot hole or blind (without piithole) at advance rate between 1.22
and 1.83 meter per hour. Hendricks (1985) investjdevelopment of a mechanical
shaft excavation system. Worden (1985) providedtailgd, pragmatic description of
activities in the reaming cycle. Pigott (1985) sthtvariety of techniques and
equipment which when combined to permit faster@rehper drilling of shafts in soft
to medium strength formations. Pugsley (1989) eapdid deep hole raise boring at
Falconbridge operation, Sudbury Ontario. Stacey Hade (1989) explained the
problems when using of raise boring machine foragation of deep level mines of
South Africa. They described high cutter wear amdming and oscillating of the head
occurred in deep level mines. Oosthuizen (2004)rimrted on large diameter vertical
raise drilling and shaft boring techniques as taraétive to conventional shaft sinking

techniques.

2.2Working Concept and Classification

Raise boring machines are used for excavation atslnd other vertical structures
in mining and civil engineering fields for materiahd human transportation and
ventilation purposes. RBM uses a small diametdl dril, around 230-350 mm, to
drill a pilot hole down to the required depth oétehaft, which can be drilled up to
around 2000 m. Once the pilot hole has been dritdetie desired depth, a reamer of
up to 9 m diameter is attached to the drill rode Téamer is then pulled back up to the
upper level, creating a round shape. Raise boriaghme has been generally used in
the underground mining and construction developrferioring shafts ranging from
0.7 to 9 m in diameter and up to 2000 m in lendrhise boring is also a well-
established full-face excavation method. In fuldaexcavation method, the entire
cross section of the hole is bored to the finalnaiger without using explosive

materials.

Raise boring site preparation begins with a comgmeive plan. Rock formations
having several geological discontinuities are fakors prolonging the termination of
shaft boring process (Visser, 2009). In such caséegtailed geotechnical evaluation
or ‘raise bore rock quality assessment’ based emMtCracken and Stacey method is
recommended in the case of deep and / or largeetirshafts (Peck and Lee, 2008).

Excavating shafts with raise boring machine divigetbur ways as explained below:



2.2.1 Horizontal

Standard raise boring machines are capable ofdpogises at angles from vertical to
45 degrees from horizontal. Raise drilling can beduto drill horizontal holes, such
as holes for water, electricity or gas pipes. Amsge Figure 2.1, by addition of only a
few accessories and minor adjustment in stand&é b@ring machine, the raises have
been completed from 45legrees to horizontal. In horizontal raise boriogtting
removal is the most important subject, and spatiahtion has to be taken for efficient
operation. In pilot drilling the water flow has be adequate to prevent the cuttings
from settling along the bottom of the hole. In dabah, during reaming the cut face
must be cleaned.

a0 = —

Figure 2.1: Overview of horizontal (or low angled) raise bgrimachine (After
courtesy of Atlas Copco).

2.2.2 Down Reaming

In this way, the pilot hole is drilled down to anler level of elevation in the mine or
civil project. The drill string is then retrievetkamer is attached, and then is pushed
down towards the lower level of elevation belowg(ie 2.2). This method uses drill
string in compression and usually stabilizers rbeshstalled to eliminate the potential
of the drill string buckling. This method is usehen space at the lower level does
not permit the connection of a reamer. Safety ésdignificant advantage of down
reaming over back reaming. Men and equipment ame &itne exposed to the hazards
associated with working under an open raise. S&eatyignificant advantage of down
reaming over conventional back reaming. Men andpaggent are at no time exposed
to the hazards associated with working under am ogise. Secondly, cost associated
with conditioning, supporting the ground at thedire¢hrough area are no longer
required, as access to the break through siteeoner installation, and maintenance

has been eliminated.



Pilot down Ream down

Figure 2.2: Overview of down reaming (After courtesy of Atlasfco).

2.2.3 Up Reaming

In this way, the pilot hole is drilled down to awler level, once the pilot drilling

operation is finished the drill bit is removed andeamer is attached to drill rod. The
broken rock or cuttings will fall to the lower ldvby gravity where they can be
transported away. However, in this way, the dtiihg will remain in constant tension

whilst being rotated in order for it to drill at tium stability and safety. Figure 2.3
show the conventional raise boring with pilot d@nijf and back reaming. In this way,
the entire shaft is extended upwards from the bottath the diameter of the reamer.
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Figure 2.3: Conventional raise boring (After courtesy of RamebAustralia).



2.2.4 Boxhole

In this method, a hole is drilled vertically, fraire bottom upward. Boxhole boring is
used to excavate raises where there is limited @ceess to the upper level. It should
be noted that, for reduce oscillation and bendingsses, stabilizers are periodically
added to the drill string. The crushed rock faisvdwards and is collected in a special
device attached to the raise drill. Figure 2.4 shiogvboxhole boring with pilot hole

and without pilot hole drill operation.

Pilat up

Ream up witheut pliot hele

Figure 2.4: Boxhole boring with and without pilot hole dril\fter courtesy of Atlas
Copco).

2.3 Technical Features of RBMs

There are two main systems of powering the cuttatiom raise boring machines.

1. Electric drive through gear reducers: In this systelectric motors of O to 125

hp are directly geared to the cutterhead main bgari

2. Electric-hydraulic combination: Hydraulic motorseansed in combination

with electric and turn the cutterhead.



There are at least four types of cutter geometeg dsr raise boring applications
(Brooke, 2008). These are disc cutters, kerfedidarinsert cutters, rowed cutters
and randomly placed carbide insert cutters. Digtecyprovides higher boring
rates. Tungsten carbide insert rings have been usdely on disc cutters.
Compared to randomly placed carbide insert cuttesd, cutters tend to require
higher thrust and torque to spall out chips, batraore efficient if sufficient load
and torque are available. The rowed cutter desagmtultiple rows of inserts, but
no steel kerfs. These cutters are preferred in mases since they have much
longer life although their penetration is compasly low giving small chips and
smooth shaft walls. As stated by Brooke (2008),rdr@lom insert cutters show
significant increases in drilling rates, while rethg drilling torque. Figure 2.5

show the four cutters, which used in raise boriragnme.

Figure 2.5: The cutters used in raise bore machine; a) Dis&elf, c) Carbide
rowed, d) Random insert cutterg€Atourtesy of Atlas Copco).

Removal of cutting from a down-excavated shaftaselby compressed air,
water or high viscosity water (mud). During bac&meng, the cutting fall by

gravity to the lower level where they can be pickedvith a mechanical loader.



2.4The Advantages and Disadvantages of Raise Boring

There are many advantages inherent with use o fasing machines. The main

advantages are:

Speed: Continues operation (pilot, reaming and xémgomuck) provides a

faster advance rate than other methods.

Safety: The operators sitting in an operator cakitnout any risk for air

pollution or rock fall from weak rock zones.

Rock support: This machine creates a shaft withasmwalls, which usually

does not requires roof and side support.

Labor requirements: Labor requirements are gerydesls for RBM, reducing

labor costs as well as less construction time piless cost.

The main limitations are:

High capital cost: Capital cost is high and in moases, contractor and
companies prefer this machine when be certainttigatachine is suitable for

use over a sufficient length of shaft due to amerthe cost.

Geological discontinuities: Several problems areefh in geological
formations where geological discontinuities are d@mt. In such case, boring
time extended due to supporting shaft walls wittkroolts, wire mesh or steel
lining.

Assembly and disassembly time: These times couldl tue2 weeks in some

cases.
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3. ONE RAISE BORING MACHINE CASE STUDY FROM TURKEY

3.1 Description of the Project and RBM

Kure Mine has an ore body having about 600 m lerigihm width and 800 m depth.
The ore body contains a reserve of around 25 mitlhms, which is planned to last for
up to 20 years. Around 754 miners work on differeavels, and the mine is in

operation 24 hours a day, seven days a week. The ®opper Mine is located at the
60 km north of Kastamonu and 25 km away from thecBlSea coast (Figure 3.1).
Bakibaba open pit mine operations finished in J20@9, then the underground mine

operations have been started in Bakibaba and Asigigns in Kure.

Eti Cupper A.S Kure
Underground Mine

_Istanbul
o

Bursa
©
Ankara

_Kayseri
@
_lzmir.
v

_Konya
-

_Gaziantep
-

JAn'..llyn UMur.\m

Figure 3.1: Location of the Eti Copper A.S. underground mine.

One of the applications of raise boring machineBurkey was realized in Eti Copper
Kure Asikoy underground mine located at KastamémuAtlas Copco Robbins 73RH
C Raise Boring Machine with specifications summedim Table 3.1 was selected for
excavation of the ventilation shaft between theelev660 m and 630 m. Length and
diameter of the ventilation shaft are 22 m and 1B,6respectively. Daily working
schedule was one shift of 8 hours for pilot drdleind two shifts (16 hours) for reaming
operations.
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Table 3.1:Main characteristics of 73RH C Raise Bore.

Parameters Value
Diameter (range) 1.5-24 m
Derrick Length 5.19m
Thrust Capacity 4,159 kN
Reaming Torque 173 kNm
Break out Torque 210 KNm
Rotational Speed of Pilot Drill 0-52 rpm
Rotational Speed of Reamer Head 0-17 rpm
Drive System Power 200-250 kw
Derrick Mass 13,150 kg

RPM is the revolution per minute.

Roller cutters with tungsten carbide inserts astailted into gauge saddles on the
cutterhead. The machine was originally designedirith diameters up to 1.8 m;

however, it was modified by adding 6 further roltertters the cutterhead to drill a
shaft with 2.6 m diameter. Figures. 3.2 and 3.8wsthe raise boring machine and one

of the roller cutter used in reamer head, respelstiv

Figure 3.2: Atlas Copco 73RH C Raise Boring Machine (After ¢esy of Atlas
Copco).
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Figure 3.3: One of the roller cutters used on the reamer head.
3.2 Geology of the Project Site

The area mentioned in this study is located atdfashu Province, Kure County in
Northern Turkey. Asikoy and Bakibaba undergrounchesiare in operation. The
copper deposits in this region are known as Kurpp@o Deposits. Kovenko (1944)
stated that, MTA institute in 1938 was explored ¢j@®logy vicinity of deposits in
Asikoy and Kizilsu. As a result of this researchsgans zone were revealed in these
places. Kure Copper Deposits are located at theéewepart of medium Pundits
tectonic. Koc et al. (1995) stated that copper dapodespite having quiet different
geological properties of southeastern Anatolia olitkei belt, might be included in
Kuroko and Cyprus of Kieslager. The general gealaigmap of Kure is given in
Figure 3.4. The Kure area is chiefly made up ofesmsgnclinal accumulations
comprising subgraywacke and black shale and a Suenaasalt complex. Kure ore
mass is part of ophiolitic series. This ore haduoad in series of altered basalt and
covered with black shale. Hanging wall rocks car@i®lack shale and coarse-grained
gravel. Stockwork pyrite and chalcopyrite veins &end in footwall rocks. The
massive sulfide ores consist of pyrite, chalcopyrtbornite, covellite, sphalerite,
digenite, marcasite, tennantite, and carrollite jdvildectonic movements occurred
within the Kure Formation. The units of Kure Formatare cut by north-south faults.
Mineralization accordingly to the effect of thisifazone has emerged in the tholeiitic
basalts, near the borders of pelagic sediments€lbres have average copper contents
of 6% in the Bakibaba Mine and 2-2.5% in the Asilkbiye.
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Figure 3.4: General geological map of Kure (Revised and medifirom Japan
international Cooperation Agency, Thenbtal Exploration of Kure
Area Consolidated Report [March 1995]).

3.3 Underground Production Method

Sublevel caving method issed for ore production and filling process isduléd this
operation. The main reason for using this methdd @btain full recovery of the ore.
At first, both a raise and a network of tunnelsragale. At different sublevels, jumbos
are used for long hole drilling, drilling directiyowards into the roof. Then these holes
are charged with explosives and blasted (Figurg B#lling and blasting takes place
at different underground levels of the mine at slaene time. After each blasting
operation, broken ore is mucked out with remoterabiscoop trams vehicle (Figure
3.6). Moreover, the waste rock above the ore badgs gradually upwards as the ore
is extracted. The blasting, caving and transpamabperations are repeated until
depletes the entire ore body. After the blasting mmoving muck from panel, the
filling operation carried out between excavatecelsvin Asikoy underground mine,

between 945-792 m levels, the ramps incline is %i®waste panel size is 5x% m
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(wide x height) and the ore panel size is 5%5(wide x height). However, between
792-610 m levels, the ramps incline is %12, thetevaanel size is 5x5 ffwide x
height) and the ore panel size is 7x5(mide x height). In sublevel caving method,

continuous excavation activity on going at one suél without interfering with

another.
|
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/ |
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s | Drilling machine: Jumbo Rocket Boomer.
[ Tamrock DD320
[ Bit diameter: 45 mm
| I" Hole lenght: 3.5 m
fe s | Explosive: Power Gel PM365
| J
/ -
i |
| \
| |
I !
I |
/ i
i
|
Figure 3.5: Ore and waste gallery.
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Figure 3.6: Ore transport operation.
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4. EXPERIMENTAL STUDIES OF SAMPLES AND RESULTS

4.1 Physical and Mechanical Properties

Physical and mechanical property tests includingpual compressive strength,
Brazilian tensile strength, and static elasticigdulus were performed based on ISRM
suggestions (Ulusay and Hudson, 2007). Acoustiocigl test (dynamic elasticity
modulus and Poisson’s ratio) are performed basedA®nM (2005). In addition,
petrographical characteristics of three rock sampiere analyzed by using a
microscope with plane polarized light. Applied tegtmethodologies are summarized

in the sections below.

4.1.1 Uniaxial compressive strength test

Uniaxial compressive strength (UCS) is an importaethanical parameter required
for the design of geotechnical, mining, and turingllprojects. The compressive
strength, is used to identify and classify the stasice of rocks. UCS tests were
accomplished on grinded core samples with a letmythameter ratio of around 2.5.
The stress rate applied to core samples was 0.5. kiMle uniaxial compressive

strength values are calculated by using equatibn 4.

o, :Z (41)

Where;
o.. Uniaxial compressive strength, MPa
F: Failure Load, N

A: Core sample section area, mim

4.1.2 Brazilian tensile strength test

Brazilian (indirect) tensile testing of rock congsan easy and common method for
determining the tensile strength of rock. In tha#&lran test, a cylindrical specimen is
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loaded in compression (indirect tensile) until dedl over a short strip along the
specimen length at each end of the vertical diam@&razilian tensile tests were
performed on core samples with 0.25 kN/s stress aatl the ratio of a length to
diameter of around 0.7. Tensile strength of the samples values are calculated by

using equation 4.2:

Gy D (4.2)

Where;

o;. Brazilian tensile strength, MPa
F: Failure load, N

L: Core sample length, mm

D: Core sample diameter, mm

4.1.3 Static elasticity modulus and poisson'’s ratio

The samples prepared for uniaxial compressivegtietest were used for determining
static elasticity and poission’s ratio. The elastiedulus of rock sample is defined as

the slope of its stress-strain curve in the elastformation region.

For measuring the deformation of rock samples, d@bonal and axial deformation
are mesured in stiff machine has exist in MiningjiBeering Department of Istanbul
Technical University. Equation 4.3 and 4.4 are usezhlculate the diagonal and axial

displacements in rock samples (ISRM, 1981).

a™ (4.3)

Where;

&, . Axial displacement, mm

Al : Change in length of sample, mm

l, : Sample length, mm
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= (4.4)

Where;

&, . Diagonal displacement, mm

AD : Change in diameter of sample, mm

D, : Sample diameter, mm

The stress-versus-strain curves for the axial aagbdal direction are plotted.
Average slope of the more-or-less straight lindiporof the stress-strain curve is
used to calculate the average static elastic mediind the Poission's ratio is
calculated by Equation 4.5:

V=T (4.5)

4.1.4 Acoustic P and S wave velocity test

Acoustic velocity test are performed based on ASERD5). P-wave velocities ¢y
and S-wave velocities (Vs) were measured on the@kEsnhaving a diameter of 48 mm
and a length of 120 mm. These tests involve prapagan ultrasonic compression
wave and two orthogonal shear waves along the thadigial axis of the sample, then
measuring the velocity of the waves as they tréiwelugh the specimen to calculate
dynamic elastic properties, including Young’'s maglbulk modulus and Poisson’s
ratio. In the tests, the PUNDIT 6 instrument and tvansducers (a transmitter and a
receiver) having a frequency of 1 MHz were usedoAd acoustic coupling between
transducer faces and sample surface is necessathdoaccuracy of transit time

measurement.

4.1.5 Petrographic analysis

Petrographical characteristics of three rock samplere analyzed by using a
microscope with plane polarized light. A petrograplanalysis is an in depth
investigation of the chemical and physical featusés particular rock sample. A
complete analysis should include macroscopic taeeeopic investigations of the
rock sample.
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4.2 Portable Linear Cutting Machine Test

Full-scale cutting machine is a laboratory testaapfus designed to provide data for
the evaluation of rock cuttability selection andidaing of mechanical miners, and
predicting their excavation performance. Averagd forces are used for machine
design and performance optimization. Normal foecased to determine the machine
thrust requirements to achieve a given rate of ackwaCutting force is used for
calculating machine torque and power requiremertts. ratio of cutting to normal

force, also known as the cutter coefficient, insesawith tool depth of cut.

One of the disadvantages of large scale lineainguthachine is related to block size.
When blocks have small size, it is not possibleawy out the cutting test. In order to
solve this problem, the small scale (portable)dmeutting machine was developed.
The new small scale linear cutting machine wasgtesl in ‘Excavation Technology

and Mining Machinery Laboratory’ of Istanbul Tectali University, which is able to

carry cutting test with chisel, conical and disd¢texs. The new designed machines
working principle is the same large scale maching,it needs less manpower and

instead of large blocks, small blocks can be usgqabtform linear cutting test.

Three borehole samples were used in linear cutéeg The data sampling rate was
1,000 Hz and the cutting speed of the linear cgttmachine was around 3 cm/s. A
chisel tool having a rake angle of -Blearance angle of5and 12.7 mm tip width, a
disc tool having 2 mm tip width, and a conical tbaving a tip angle of 8attack
angle of 48 and clearance angle of % Svere used to cut borehole samples at two
different depths of cut in unrelieved cutting moBédgin et al. (2014) stated that tool
forces alone are not enough to evaluate the efiigieof cutting systems. Specific
energy is defined as the energy used to drill oaaunit volume of rock which is one
of the most important factors in determining thiecefncy of a cutting system. Specific

energy is estimated as shown in equation 4.6 (Rom&B63; Roxborough, 1973).

Where SE is specific energy (MJ)nFC is cutting force acting on the tool (kN), and
Q is yield or rock volume cut in unit cutting lehgim’’km). Specific energy might be
used to estimate the net cutting rate of tunnehlganachines, roadheaders, and other
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mechanized excavation machines. Equation 4.7 cansbd for estimation of net
cutting rate (Rostami et al., 1994):

NCR= k'R:utting /Szopt (47)

Where NCR is the net instantaneous cutting raféhfirk is the coefficient related to
transference of cutting power to the rockuRyis the cutting power of the excavation
machine (kW), and Sk is optimum specific energy (kWhAnobtained from linear

cutting experiments.

4.3 Sieve Analysis of Muck Samples From RBM

The size distribution of muck samples are useceternining the efficiency of cutting.

Coarseness index (Cl) is a comparative size digtab of the cut rocks using sieve
analysis of the cut materials (Roxborough and Risp®73a). Roxborough and Rispin
(1973b), stated that Cl is a nondimensional nurabed for comparison of muck size.
Cl is the sum of cumulative weight percentagesimethin each sieve. Literature

survey on the ClI studies were executed by Tuncdehail, (2008) .The sieve set used
in calculating CI values have the apertures of 8,&, 1, 0.5, 0.25 and 0.125 mm in

this study for pilot and reaming operation as \@slLCM tests..

4.4 Experimental Results

4.4.1 Physical and mechanical properties
Summary results of physical and mechanical progedf borehole samples are given

in Table 4.1 and the detailed results are givelygpendix Al.

Table 4.1: Physical and mechanical properties of the rock $esniested (Ulusay
and Hudson, 2007 and ASTM, 2005 standards).

Properties Value
Uniaxial compressive strength (MPa) 81.6 £29.3
Brazilian tensile strength (MPa) 10.96 £ 2.7
Static Young’s modulus (GPa) 11.28+25
Static Poisson’s ratio 0.14 + 0.07
p-Wave velocity (m/s) 5994 + 560
s-Wave velocity (m/s) 3083 + 329
Dynamic Young's modulus (GPa) 71+14
Dynamic Poisson’s ratio 0.32+0.03
Density (g/cm) 2.81
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Examples of the borehole samples before and aftS,BTS and elasticity tests are

presented in Figures 4.1-4.3.

Project: Master Thesis
Sample No: 3
34.95 - 35.15
Before Test
ucs
Project: Master Thesis
Sample No. 3
34.95 — 35.15
After Test
ucs

Figure 4.1: Sample 3. a) Before UCS test b) After UCS test.

Project: Master Thesis
Project: Master Thesis Sample No. 23
Sample No. 23 39.63 — 39.80
39.63 — 39.80 After Test

Before Test

BTS BTS

Figure 4.2: Sample 23. a) Before BTS test b) After BTS tes.
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Project: Master Thesis | Project: Master Thesis
. « Sample No. 4

Sal le No. 4 -
S '35.15 - 332

35.15 = 35.32 P ot
Before Test N LS
UCS + Ei

UCS + Ei

Figure 4.3: Sample 4. a) Before elasticity b) After elasticity

Photographs of the thin-sections of three rock sasngre shown in Figures. 4.4, 4.5
and 4.6. The sample 1 is generally composed dfizdkion plagioclase and abundant
calcite; brecciated texture dominated the sampie.smple 2 consists of calcite vein
and plagioclase; the void space of the sample il@d Wwith the calcite. The sample 3

is characterized as an iron oxide and plagioclab&f the crushed material is filled

with oxide iron.

0.5 mm
ST

Figure 4.4: Photograph of thin section of the Sample 1: Aflaition Plagioclase
(AP), Calcite (C), Spilite (S) [planelanzed light].
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Figure 4.5: Photograph of thin section of the Sample 2: Calditein (CV),
Plagioclase (P) [plane polarized light]

Figure 4.6: Photograph of thin section of the Sample 3: Iromd® (10), Plagioclase
(P) [plane polarized light].

4.4.2 Linear cutting test

Before taking a cut, the borehole samples werenechto produce smooth flat surface
by using a chisel tool. Average normal and cutfiogges (FN, FC), and Specific
Energy (SE) obtained from linear cutting testsiedrout by three different types of
standard cutter tools at two different depths @f(8uand 5 mm) in unrelieved cutting
mode are summarized in Table 4.2 and detailedtseare given in Appendix A2. As
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seen, the average normal forces from the highdbkettowest are obtained as sample
three (disc cutter), sample one (chisel), and sartwab (conical). The average cutting
force values from the highest to lowest are obthsesample one, sample three, and
sample two. However the average specific energyeghbre obtained 26.18, 21.69,
and 18.69 kwh/rhfor samples, respectively. Coarseness Index €ised for the

comparison of muck size.

Table 4.2: Summary of the linear cutting test results.

Cutting Tool  Depth of Cut Average Average Specific Energy CI
Type (mm) Normal Force Cutting Force (KWh/m®) %
(kN) (kN)

Chisel 3 10.54 5.40 34.19 626
5 13.13 6.94 18.17 646

Conical 3 2.89 1.67 24.65 607
5 5.19 3.01 18.74 683

Disc 3 8.67 1.49 20.00 610
5 22.13 5.41 17.38 627

Maximum normal and cutting forces obtained fronedéincutting tests in unrelieved
cutting mode are summarized in Table 4.3 for tisaraples. As seen in Table 4.3,
the maximum normal forces follow similar trendsa&erage normal forces.
However the maximum cutting forces don’t follow dantrends as average cutting

forces and sample two have much forces than saimae.

Table 4.3: Maximum normal and cutting forces obtained froneér cutting tests.

Cutting Tool  Depth of Cut Maximum Normal Force Maximum Cutting Force

Type (mm) (KN) (KN)
Chisel 3 27.32 15.74
5 35.25 22.83
Conical 3 9.54 5.56
5 20.77 12.67
Disc 3 22.77 4.42
5 41.94 12.29
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5. FIELD STUDIES ON PERFORMANCE OF THE RAISE BORING
MACHINE

The raise boring machine passed 22 m of undenkatsalt rocks between the depth
of 660 and 630 m. Figure 5.1 show rod assemblydssassembly in the pilot drilling
and reaming. The RBM started running on the 1 Falyrd014 and its advance rates
until 11 February 2014 are summarized in Tableférlpilot drilling and reaming
operations. Operational parameters of the RBM fagimachine rotational speed,
thrust, torque and penetration were recordethbyauthor during this period, which

were used for further analysis of the excavatiafiopmance.

Pilot Hole Raise Head
Assembly Assembly

R fus|
b T ot ' | Rod 15

Drill Steel

S
t

Rod 4 ||| {

e
_‘_{Hh%_ e
i
]

Rod 3 Integral Rib |

‘Stabilizer

T

Rod 2

— f
(R A

Rod 1

Bit reamer
Stabilizer

i

Rod 1

| Reamer
; l Rod (Step)

pilot Bit [
—--r—---m ~ “—:-;‘-1

|

Raise Head _
Assembly

Figure 5.1: Rod assembly and disassembly in the pilot drilang reaming.
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Table 5.1: Mean advance rates of the RBM for pilot drillingdareaming between
the upper and lower levels (the depth betw&60 and 630 m).

Parameter Pilot Drilling Reaming
Best advance rate, (m/h) 6.185 1.433
Mean advance rate (all stoppages included), (m/h) .5412 1.247

Performance parameter analysis of the RBM equipptdtungsten carbide inserts in
reaming, such as penetration rate, thrust and ¢ovglues are presented in Table 5.2.

A detailed calculation for 15 rods is shown in T&bl3.

Table 5.2: Mean measured values of the RBM operational paesie

Operation Penetration Net Thrust Torque
(mm/rev) (KN) (KNm)
Reaming 2.12 1376 91

Table 5.3: Performance analysis of the RBM penetration retgyst, and torque
values for 15 roads in reaming.

RPM  Net Thrust Torque Penetration

Rod No.
(Rev/min) (KN) (kKNm)  (mml/rev)
15 4 176 37 4.00
14 6 757 54 2.12
13 7 088 63 2.09
12 7 608 66 2.72
11 9 1221 86 1.82
10 9 1270 85 2.61
9 9 1245 91 2.28
8 8 1349 93 2.20
7 10 1382 94 2.39
6 10 1498 94 1.91
5 10 1472 96 1.96
4 9 1493 94 2.11
3 9 1436 94 2.15
2 9 1323 84 1.65
1 9 1444 94 2.19
Reamer Rod 7 354 38 8.12

All analyzed data are summarized in Figures 5.2-As7seen in Figures 5.2 and 5.3,

the mean penetration rate for pilot drilling andmeng operations were 10.63 and 5
m/h, respectively. However, it is also worth notthgt mean penetration rate increased
up to 23.6 m/h in 5 February 2014 for pilot drifiand increased up to 7.11 m/h in 10
February 2014 for reaming. It should be noted peatormance of RBM for the first

and the last three rods is exceptional, sincearfitat rod operator increases gradually
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rpm, torque and thrust until stable values areinbthand in the last three rods operator
decreases gradually the operational parameter8df R order to stop the sudden
collapse of the shaft collar. These facts are ljledgmonstrated in Figures 5.4 and
5.5. As can be seen in Figure 5.4 the rotationakdpralues in reaming operation
varied between 4 and 10 rpm. As it is shown in Fadhal5, the mean and maximum
thrust values for reaming were 1126 and 1498 kbBpeetively. RBM torque value
varied between 37 and 94 kNm (Figure 5.6), angdeance rate varied between 0.89
and 1.43 m/h for reaming operation (Figure 5.7shibuld be noted that maximum
penetration rate should be controlled by predetezthibit force using the rotational
speed. Increases in penetration rate due to ireseasrotational speed are not as
dramatic as penetration rate increases due toasedecutter load. Load per cultter,
reamed diameter, geological formation and anglethef raise are some factors
influencing the torque requirements. Geologicahfation might be more complex
subject in higher torque requirements. Howeveggneral, due to deeper penetrations
in the softer formation, higher torque may be eigmered in RBM. At the beginning
and end of the reaming operation, the operationedrpeters of RBM show lower
values. At the beginning of reaming (rod 15) whes ¢utters contacted with the roof
rocks of bottom level due to concern over wearrdf string and drill string failure,
rotational speed should be lower than the othes.rd¢hereas at the ending of reaming
(rod 1), when the cutters are near to floor of uppeel, rotational speed should be
lower than other rods. Otherwise, rock blocks cdialdl in the reamer and cause
damage to cutters.

25

20

15

10 13.250

Net Advance Rate (m/h)

5 3.455

0.350

Date

m02/01/14 m02/03/14 02/04/14 m02/05/14

Figure 5.2: Net advance rate values for pilot drilling.
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7.111

Net Advance Rate (m/h)

Date

m02/07/14 m02/08/14 m02/10/14 m02/11/14

Figure 5.3: Net advance rate values for reaming.
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Figure 5.4: Rotational speed values in reaming operation Qroefer to reamer rod).
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Figure 5.5: Net thrust force values applied to reamer head Qraefer to reamer
rod).
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Figure 5.6: Torque values in reaming operation (rod O refeetmer rod).
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Figure 5.7: Net advance rate values in reaming operation@roefer to reamer rod).

Specific energy is the another important factorjclwhndicates the performance of

RBMs. Table 5.4 summarizes the net penetration paiweer spent to excavate the

rock and field specific energy. As seen from thldé¢ the average field specific energy

for 1-11 rods, is around 15 kwh?m

Table 5.4: The net penetration rate, power and field speainergy values in
reaming operation.

Rod No Net Penetration Rate Power Field Specific Energy

' m3/h kw kwh/m?
15 4.00 15.50 3.08
14 2.12 33.92 8.48
13 2.09 46.18 10.06
12 2.72 48.38 8.13
11 5.16 81.05 15.71
10 7.38 80.11 10.85
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Rod No. Net Penetration Rate Power Field Specifiergy

m3/h kw KWh/n?

9 6.46 85.76 13.27
8 5.52 77.91 14.11
7 7.51 98.44 13.11
6 6.00 98.44 16.39
5 6.17 100.53 16.29
4 5.98 88.59 14.82
3 6.07 88.59 14.59
2 4.65 79.17 17.01
1 6.20 88.59 14.28
Reamer Rod 8.12 27.85 1.56

Caner (2010) analyzed the performance of TunnahBdviachine (TBM) for Uluabat

power tunnel. In Uluabat (Bursa) project tunnel teowonsisted of Akcakoyun
limestone between chainage 7+750 and 6+000 m amdkKga meta sandstone,
mudstone; graphitic schist within chainages 11+4G5mM50m and 6+000m-1+792
m. Tunnel excavation started in 2002 using conwveali excavation methods.
However the excavation stopped in November 2003ae&treme roof deformations
and floor heaves up to 1m. However a private iroregiok over the project and
decided to continue the project with 5.05 m diamEtB-TBM. In this project due to
consequence of squeezing ground squeezing, disuegtion was 0.034 discsim

(Caner, 2010). As seen from Figure 5.8, he fouritbedcorrelation between field

specific energy and advance per revolution paranietéimestone.

Bilgin et al. (2012) investigated the effect of leeping disc cutters with chisel cutters
in Beykoz Tunnel, Turkey. The formations in Beykonnel varied from alluvium,
sludge, mudstone, shale and limestone to quasuite strengths from soft to very
hard. The dykes frequently intruded the sedimentaks resulting in different
degrees of weathering causing tremendous delgygress rate of the single shield
hard rock TBM. The disc cutters started cuttingffinently in clayey medium
strength ground with extreme water income, at whatso excessive disc
consumptions started due to insufficient frictiaiveen the disc cutters and very soft
formation, and it was decided to replace all disitezrs with chisel tools (Bilgin et al.,
2012). As seen from Figure 5.9, they founded thetiomship between field specific
energy and advance per revolution parameter fagdtone, sandstone and carbonate

shale.
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Figure 5.8: The relationship between advance per revolutionfiahdl specific
energy in Uluabat (Bursa) water tunnelA&cakoyun Limestone,
uniaxial compressive strength = 52 MPan@a2010).
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Figure 5.9: The relationship between advance per revolution Beld specific
energy in Beykoz Tunnel for limestonandstone, carbonated shale,
Uniaxial compressive strength = 96.3 MBi&gin et al., 2012).

As stated in Chapter 4, the laboratory mechangststindicated that the samples taken
from RBM area had 81.6 MPa uniaxial compressivengfth. As seen in Chapter 5,
the average measured penetration in the field B@am/rev. Figures. 5.8 and 5.9 show
that specific energy is around 20 kWH/for TBM’s working in rock formations
having 52 MPa and 96.3 MPa of compressive streagthfor a penetration value of
2 mm/rev. As seen from Table 5.4, the average fpkkific energy for 1-11 rods is
around 15 kwh/rh The similarity between specific energy values T@M'’s and
RBM'’s is worth nothing, showing that tremendousadadllected for TBM‘s may also
be used to estimate the performance of RBM's.

The muck samples obtained from pilot and reamiregaimon are given in Figure 5.10,

which shows that the muck size is a good indicatdhe main characteristics of the
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geologic formation excavated and the efficiencylolfing and reaming operations.
The CI values are calculated for pilot and reanopgration as 559% and 764%,
respectively, indicating that reaming operatiores more efficient than pilot drilling
due to difference operation and tool (bit) sizegeSlistribution curves are seen in
Figure 5.11. As seen from these figures the mutkioéd from the reaming operations
Is coarser than the muck obtained from the pildlirty operation emphasizing on the
efficiency of reaming operations since specificrggevhich is indicator of efficiency
of cutting and drilling operations, decreases withrseness index (Tuncdemir et al.,
2008). Specific energy is the energy used to drittut a unit volume of rock and it is

always preferred as small as possible.

Figure 5.10:Sample obtained from. a) Pilot drilling b) Reaming.
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Figure 5.11:Muck Size distribution curves. a) Pilot drillingg Beaming.
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Machine utilization is one of the most importartttas in determining the excavation
efficiency and economy, since daily advance rateslmectly related to these factors.
Machine utilization time is defined as the ratiatloé net cutting time of the machine
to the total working time. Advance rate is averagachin advance rate per day,
including all delays, calculated from instantanecu#ting rate and utilization, and
expressed in m/h. Figure 5.12 shows the time Higion of different activities in the
shaft from 1 February to 11 February 2014. As shoadvance time for drilling,
involved 40% of all activities (pilot drilling andeaming). However, the main
downtime in RBM advance was the delays due to watectric and shift change 26%,
delays due to site preparation 11%, delays relatquull and tear down rods 10%.
Besides for starting the excavation operation, @igparation should be done and the

delays related to this operation was 11% of alvdiss.

Removal Operation Site Preparation
10% 11%

LR 4
L

Reaming
30%

Various Delays

Sy 0

QSA20505552552555) (/]
S
STy

Pilot Drilling
10%

Figure 5.12: Time distribution of different activities in théaft excavation.

35



36



6. PREDICTION PERFORMANCE OF THE RAISE BORING MACHINE

Performance of the raise boring machine used foawtion of the ventilation shaft
in Kure-Asikoy Copper Mine is predicted by usinghaoretical model based on disc
cutting penetration concept developed by Roxboroagth Phillips (1975) and, an
experimental method based on specific energy carmeggested by Rostami et al.
(1994).

6.1 Performance prediction based on disc cutting peneation theory

Roxborough and Phillips (1975) investigated th&rmxcavation by disc cutters. They
used a simple mathematical model to describe thatian of thrust and rolling forces
depending on diameter, edge angle, and penetrattidisc cutter. They assumed that
the normal force equals the value of compressirength of the rock multiplied by
the projected area of disc contact area in thesthdirection (Equation 6.1) as

illustrated in Figure 6.1.

FT :UCXA (61)

Figure 6.1: A typical disc cutter: Fis applied thrust force, A is projected area, p is
penetration, and r is disc diameter.
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The concept described by Roxborough and Philli@%] was also used below to
formulate thrust force of roller cutters used ila&tCopco Raise Boring Machine.
First, the contact area of one tungsten carbides barmulated; then, the number of
bits, which are in contact with the rock, are fowsid by using site observations. At
the end, thrust force is estimated by multiplyihg tompressive strength of rock by
total contact areas of the bits contacting the rock

The disc contact area of a bit (see Figures 6.5a)dcan be estimated approximately

as in equation 6.2:

A=Wx(L+2x) (6.2)

Figure 6.2: Disc contact area (L is the length of the bits»ekxtended length of bit,
W is the width of bit).

Figure 6.3: Dimension of an insert bit used in reamer rollgtter.

where, W is the width of bit (in this case 0.8 any L is the length of bit (1.7 cm in
this case), x is the extended length of the bittdueaclination (in this case, the bit is
inclined sideways with an angle of 60°). The par@me, which is related to bit
penetration, can be calculated estimated as shofigure 6.4. According to the given
input parameters, the parameter x is founded ®2piHés.
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Figure 6.4: Extended length of the bit.

For estimating penetration, daily advance rat@|J tbrust force and torque of the raise
boring machine; total number of effective bits {N)contact with the rock should be

estimated by using equation 6.3:
N =N x0.05 (6.3)

Where, N’ is total number of carbide inserts inm@ay head (Bilgin et al., 2014). N

depends on design of cutter and may be taken de&dftumber of all inserts in contact
with the rock for a given time t; this value candi@ained from the in situ observations
during operation of machine. In this applicationisNestimated for 16 cutters having

129 inserts in each roller cutter as in equatidn 6.

N’ = Total number of bits Number of rollertters (6.4)

N =129x 16x 0.05 10

The total thrust force can be estimated by mulingythe total number of areas of
effective bits (N) by the compressive strengthheftock. However, it should be noted
that net thrust applied to the reamer might bereded after subtracting the weight of

drill string and reamer head from total thrust éorecorded in data acquisition system.

Home (1978) stated that, equation 6.5 could be tesedtimate torque value of a
RBM:

Torque= 0.6& K x & 1 (6.5)

Where, r, is the RBM radius, n is the number ofarst f is the ratio of rolling force

to thrust force, and T is the total thrust forcheTatio of rolling force to thrust force
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is usually taken 0.08 for roller cutters with irtsefbutton or strawberry cutters) and
0.15 for single disc cutters (Bilgin et al., 2014).

6.2 Performance prediction based on specific energy coapt

Specific energy is one of the most important faciardetermining the efficiency of
rock excavation. Bilgin et al. (2012) stated thpedfic energy might be used to
estimate the net production rate of TBMs, roadheadand other mechanized
excavation machines. Rostami et al. (1994) and Cepal. (2001) expressed that
equation 6.6 could be used to estimate net pramluctate of any mechanical

excavator:
NPR= kx P/SE, 6.6)

Where NPR is net production rate in*(h), k is energy transfer ratio from the cutting
head to the tunnel face. It is usually 0.8 for TB&fsl 0.45-0.55 for roadheaders
(Bilgin et al., 2014). P is power spent to excavie rock, and Sf: is optimum
specific energy obtained from full-scale laboratimgar cutting tests in (kWh/n

Operational (field) specific energy (SE, in kWHJrof a raise boring machine can be

estimated by equation 6.7 assuming it works inmpin cutting conditions:
SE= 2xntxRPMx T/NPR (6.7)

Where, RPM is rotational speed in (rpm) of the reahead and T is RBM torque in
(KNm). The part (2xx RPMxT) of the above equation is the net powensgdaring

excavation rock.
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7. COMPARISON BETWEEN FIELD AND PREDICTED PERFORMANCE
PARAMETERS

A comparison is made between the results of betld find peredicted performance
parameters for this project. Performance analystte@ RBM in reaming operation,

and comparison of the measured and predicted RBidtpaion rate, thrust and torque
values are presented in Table 7.1. A detailed tation for 15 rods is shown in Table
7.2.

Table 7.1:Mean measured and predicted (based on disc cyitingtration concept)
values of the RBM operational parametersdos 1-11.

Operation Measured Predicted Measured Predicted Measured Predicted

Penetration Penetration Net Thrust Torque Torque
(mm/rev) (mm/rev) Thrust (KN) (KNm) (KNm)
(kN)
Reaming 2.12 2.49 1376 1484 91 94

Table 7.2: Performance of the RBM for 15 roads in reaming emchparison of the
measured (in situ) and predicted (baseddsie cutting penetration
concept) penetration rate, thrust and ®neplues.

Measured Predicted Measured Predicted Measured Predicted

EOd RPM Net Thrust Thrust Torque Torque Penetration Penetration
o (Rev/min) (KN) (KN) (KNm) (KNm) (mm/rev) (mm/rev)
15 4 176 1782 37 12 4.00 4.45
14 6 757 1483 54 52 2.12 2.48
13 7 088 1483 63 68 2.09 2.48
12 7 608 1578 66 42 2.72 3.10
11 9 1221 1436 86 84 1.82 2.17
10 9 1270 1561 85 87 2.61 2.99
9 9 1245 1514 91 85 2.28 2.68
8 8 1349 1499 93 93 2.20 2.58
7 10 1382 1530 94 95 2.39 2.79
6 10 1498 1452 94 103 1.91 2.27
5 10 1472 1467 96 101 1.96 2.37
4 9 1493 1483 94 102 2.11 2.48
3 9 1436 1483 94 99 2.15 2.48
2 9 1323 1404 84 91 1.65 1.95
1 9 1444 1499 94 99 2.19 2.58
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As seen from the tables the field and predictedashbre close together. However, it
should be noted that in the first and the lastahoels is exceptional especially in thrust
force. The main reason for this difference is edatio operator in order to stop the
sudden collapse of the shaft collar. In the ficgt operator increases gradually rpm,
torque and thrust until stable values are obtasadl in the last three rods operator
decreases gradually the operational parameters BWl. RFigures 7.1-7.2 show
relationship between measured and predicted vafueBM performance parameters.
As seen, a significant concurrence are identifietiveen the measured and predicted
torque, and penetration values, with a coefficihtdetermination (R of 0.91, and

0.99, respectively.
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Figure 7.1: Relationship between measured and predicted tovajues.
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Figure 7.2: Relationship between measured and predicted @dioetvalues.
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The analysis of field data indicates that, aversgggEific energy value for 1-11 rods is
15 kwWh/n?. In addition, as describe in Chapter 5, the averagasured penetration in
field is 2.12 mm/rev. The linear cutting test wittsc cutter at 3 mm depth of cut in
unrelieved cutting mode show closely value (20 kafy/to the field value (15
kwh/m®). However, specific energy value (17.38 kwPFyrobtained in laboratory
experiment is very close at 5 mm depth of cut imelieved cutting mode. The
laboratory analysis indicate that linear cuttingt$ecould be used to predict specific

energy.
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8. CONCLUSIONS AND RECOMMENDATIONS

Raise boring system is the most up-to-date, seandefast way for boring large
diameter shafts. RBM creates a hole with smootlsywahich usually does not require
lining. The hole is more stable than a drilled &tekted raise and has better airflow,

making it ideal for ventilation raises.

The raise boring machine was developed to meeti¢éneands of the underground
mining industry but has also found wide range opl@aations in tunnelling or
infrastructural projects. The selection of appra@iRBM is very important for the

success of the shaft excavation and it must be dithea great care.

Eti Copper A.S Underground Mine raise boring operatvas visited to recording
operational conditions and performance parameteRBM. In addition, borehole
samples were collected for performing physical mwedhanical tests in the laboratory.
Then the samples were tested with a linear cutisg using three different cutters

(chisel, conical, and disc) to determine the culitglof the samples.

This research study showed that two basic conadptsck cutting mechanics might

be used to estimate the performance of raise bomaghines.

1. Thrust force and torque values may be formulatedguthese parameters,
which are a function of the rock compressive stiienthe number of bits,

which are in contact for a given time, and the gebje area of each bit.

2. Another important point emerging from this studyhat field specific energy
obtained for TBMs and RBMs are very closely reldtada given penetration
and in rocks having similar strength values. Thierrelationship will permit
to use immense accumulated data for TBM applicatiahfferent projects for

predicting the performance of RBMs.

The obtained result from field measurements andigted values are summarized

as follows:

» The mean daily advance rate for pilot drilling ardming were measured

as 2.54 and 1.25 m/h, respectively. The penetrasitmwas measured 2.12
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mm/rev and predicted penetration rate for reansngery close values as

2.49 mm/rev.

The RBM torgue value for reaming changes betwedd\Bd and 96 KNm.
The thrust force value of reaming changes betw&21-1498 kN. The
estimated value for torque is 94 kNm and for thfaste is 1484 kN. As
seen, the estimated values for RBM performancenpetex are close the

real measurement values in the field.

The field data indicate that average specific epgejue for 11 rods is 15
kWh/nm?. In addition, the average measured penetratiofield is 2.12
mm/rev. The linear cutting test with disc cutter3anm depth of cut in
unrelieved cutting mode show closely value (20 kafito the field value
(15 kwh/n?). However, specific energy value (17.38 kwPywery closely
at 5 mm depth of cut in unrelieved cutting modeisTesult indicate that

linear cutting tests could be used to predict sjgeenergy.
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APPENDICES

APPENDIX Al: Detailed results of UCS and static elasticity modukst.

iTU Maden Fakiiltesi / ITU Faculty of Mines
Maden Mihendisligi Bollimii / Mining Engineering Department

Tek Eksenli Basing Dayanimi ve Statik Elastisite Modulil Deneyi/ Uniaxial Compressive Strength and Static Elasticity Modulus Test

Proje / Project:

Firma / Company:

Yer | Location:

Sondaj No | Borehole No:
Numune No / Sample No:
Derinlik | Sample Depth:

Yapan / Performed by:

Analiz / Reduced by:
Deney Tarihi/ Test Date:

Master Thesis

iTu

Kiire - KASTAMONU
AS 10

36

42.35-42.53

Emre Avunduk
Aydin Shaterpour

Aydin Shaterpour
24 Nisan 2014

ET. Brown, (ed.), ISRM Commission
on Testing Methods, Rock

Lateral and Axial Micro Strain

Standart/ Standard: |charactenzation Testing and Kirilma Oncesi Kirilma Sonrasi
Monitoring, ISRM Si sted
D Barsar o s 061 Before Failure After Failure
< o N N Ni LD |Ys luk| Yeniime Basing Statik Elastisite S!aﬁk 2 :
Sondaj /Derinfik /Numune No.| 5o iy [ cam) | Agrig | orami | () |Yika(P)| Dayammi(e) | Modiili (Exe) OF;':T:’",‘) TanimeTies
. P . . Static
Sample Sample Sample LD | Density | Failure | Compressive | Static Elasticity g
Borehole/Depth/Sampie ID |, .o i) | Diameter(D) | Weight | Rao | () |Load(P)| Swength (o) | Modulus (E ) P;:,’f?:f Fafiurs Type
(cm) (cm) @ (gicm*3) |  (kN) (MPa) (GPa)
Normal Yenilme /
AS 10 11.400 4760 568.61 | 2.39 2.80 86.1 48.4 1.7 -0.08 Normat Eailiire
NOT: Yikleme Hiz 0.5 kN/s tutulmustur. Deneyler dodal nem icenigindeki numuneler izerinde yap
NOTE: Loading rate is kept 0.5 kN/s. These tesls are performed in the samples with nalural water conlent {air dned)
66
/
1]
[\
= 20 I
S
7]
0 10|
[}
—
0 &
-25000 -15000 -5000 5000 15000 25000

Figure A.1 : Sample one (altered basalt) UCS and static elgstreddulus test
details.
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iTU Maden Fakiiltesi / ITU Faculty of Mines
Maden Miihendisligi Boliimii / Mining Engineering Department
Tek Eksenli Basing Dayanimi ve Statik Elastisite Modillil Deneyi/ Uniaxial Compressive Strength and Static Elasticity Modulus Test

Proje | Project: Master Thesis

Firma/ Company: ITU

Yer/ Location: Kire - KASTAMONU
Sondaj No / Borehole No: AS 4
Numune No | Sample No: 21
Derinlik | Sample Depth: 39.00- 39.23

Emre Avunduk
Yapan | Performed by: Ayslin Shalerpour

Analiz/ Reduced by: Aydin Shaterpour
Deney Tarihi/ Test Date: 2 Nisan 2014

Lateral and Axial Micro Strain

ET. Brown, (ed.), ISRM Commission
on Testing Methods, Rock .
Standart/ Standard: |characterzation Testing and Kiriima Oncesi Kirima Sonrasi
Monitoring, ISRM Suggested
Methods'. Pergaman Press, 191 Before Failure After Failure
Sondal/ Dernk/ Numune No,| Numune | Numune | Numune | LD - (Yoguniuk| Yenime | Basing | Statk Elastsite ol ISR
‘| Boyu(L) | Gapi(D) Agiigi | Orami (p) | Yikii (P)| Dayammi () | Modillii (Egs,) Orani (v g
Sample Sample Sample | LD | Density | Failure | Compressive | Static Elasticity Sh
Borehole/ Depth / Sample ID | o uh (1) | Diameter (D) | Weight | Ratio | (o) |Load(P)| Swengih (o) | Modutus (€u) P;:;:";’E)’ ol
(cm) (cm) (9 (glem*3) [ (kN) (MPa) (GPa)
Yapisal Yenilme /
AS4 11.800 | 4750 57973 | 248 | 277 | 1007 56.8 225 -2.78 Structural Failure
NOT: Yikleme Hizi 0.5 kN/s tutulmustur. Deneyler dogal nem icerigindeki numuneler Gzerinde yapimistr.
NOTE: Loading rate is kept 0.5 kN/s. These tests are performed in the samples with natural water content (air dried)
60
50 //“
7
T 3 /
18 /
3 2
; o/
I
(]
=
0 - & - - —_— —_—
-2000 0 2000 4000 6000

Figure A.2 : Sample two (altered basalt) UCS and static el#gtmcodulus test

details.
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iTU Maden Fakilltesi / ITU Faculty of Mines
Maden Miihendisligi Bollimii / Mining Engineering Department
Tek Eksenli Basing Dayanimi ve Statik Elastisite Moddlii Deneyi / Uniaxial Compressive Strength and Static Elasticity Modulus Test

Proje | Project: Master Thesis

Firma/ Company: ITU

Yer ! Location: Kire - KASTAMONU
Sondaj No / Borehole No: AS 4
Numune No/ Sample No: 21
Derinlik | Sample Depth: 39.00 - 39.23

Emre Avunduk
Yapan | Performed by: Aydin Shaterpour

Analiz/ Reduced by: Aydin Shatempour
Deney Tarihi/ Test Date: 2 Nisan 2014

ET. Brown, (ed), ISRM Commission
on Testing Methods, Rock
Characterization Testing and
Monitoring, ISRM Suggested

Standart/ Standard:

Kirilma Gncesi

Kirlma Sonrasi

Methods”, Pergamon Press, 1981 Before Failure After Failure
Sondal | Deriniik/N N Numune | Numune | Numune | LD |Yogunluk| Yenime| Basing Statik Elastisite Ps:aﬁk Yeniime Tii
ondaj| Derinlk!Numune No.\ v 1) | a() | Agiigs | Oram | (o) |Yiki(P)| Dayammi(o) | Mo (Exe) 0;;7:':' el
Sample | Sample Sample | LD | Density | Failure | Compressive | Static Elasticity Fak
Borehole/ Depth/ Sample 1D | ocuh 1) | Diamerer () | Weight | Ratio | (s) |Load(P) | Strength (ar;) | Modulus (Eq) P;;;:’;’;’)’ e
(cm) (cm) (9) (glem*3) | (kN) (MPa) (GPa)
Yapisal Yenilme /
AS4 11.800 | 4750 57973 | 248 | 277 | 1007 56.8 225 -2.78 Structural Failure
NOT: Yikleme Hizs 0.5 kN/s tutulmustur. Deneyler dogal nem icerigindeki numuneler tzerinde yapiimistir
NOTE: Loading rate is kept 0.5 kN/s. These tests are performed in the sampies with natural water content (air dried)
60
50 //“
v /
T 3 /
o /
E an
) =V
) ] /
8 10
—
F——r—
-2000 2000 4000 6000

Lateral and Axial Micro Strain

Figure A.3 : Sample three (altered basalt) UCS and static eigsthodulus test

details.
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iTU Maden Fakiiltesi / ITU Faculty of Mines

Maden Miihendisligi Bol(imii / Mining Engineering Department

Tek Eksenli Basing Dayanimi ve Statik Elastisite Modiili Deneyi/ Uniaxial Compressive Strength and Static Elasticity Modulus Test

Firma/ Company:

Sondaj No/ Borehole No:
Numune No / Sample No:

]

AS5
32

Proje / Project: Master Thesis

Yer/ Location: Kiire - KASTAMONU

Derinlik / Sample Depth: 41.42-41.59

Emre Avundul

Yapan | Performed by: Avibn Shalazour

Analiz | Reduced by: Aydin Shaterpour
Deney Tarihi/ Test Date: 2 Nisan 2014

ET. Brown, (ed.), ISRM Commission
on Testing Methods, Rock

Lateral and Axial Micro Strain

Standart/ Standard: |characterization Testing and Kinlma Oncesi Kinlma Sonrasi
Monitoring, ISRM Suggested
M?&;g's?‘ pergemﬂ%gsressl 1084 Before Failure After Failure
Sondaj/ Derinlik | Numune No. Numune | Numune | Numune | LID |Yobuniuk| Yeriime — Sercatm Pilt::i:n Yenilme Tipi
‘| Boyu(L) | Gapi(D) Agirligi | Orani (p) | YUKU(P)| Dayammi(o.) [ Modlii (Ega) Orani(v) ’
Sample | Sample | Sample | LD | Densiy | Failure | Compressive | Static Elasticty | = °* "
e/ Digh g & Length (L) | Diameter (D) | Weight | Ratio (p) |Load(P)| Strength(a) | Modulus (E s) F;;?ﬁ; dnad o
(cm) (cm) () (glem*3) | (kN) (MPa) (GPa)
Normal Yenilme /
ASS 11.600 4760 606.02 | 244 | 294 | 1535 86.2 19.3 -4.59 Normal Failure
NOT: Yikleme Hizi 0.5 kN/s tutulmustur. Deneyler dodal nem icenigindeki numuneler iizerinde yapilmigtr
NOTE: Loading rate is kept 0.5 kNis. These lests are performed in the samples with natural water conlent (air dred)
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'!e 1 /
= /
60 /
- 50
0 ] /
o 40
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Figure A.4 : Sample four (basalt) UCS and static elasticity nhositest details.
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iTU Maden Fakiiltesi / ITU Faculty of Mines
Maden Miihendisligi Boliimii / Mining Engineering Department
Tek Eksenli Basing Dayanimi ve Statik Elastisite Modiilil Deneyi/ Uniaxial Compressive Strength and Static Elasticity Modulus Test

Proje | Project: Master Thesis

Firma! Company: ITU

Yer ! Location: Kiire - KASTAMONU
Sondaj No / Borehole No: AS 9
Numune No/ Sample No: 30

Derinlik | Sample Depth: 41.05-41.25

Emre Avunduk
Yapan | Performed by: Hicdn Shelomour

Analiz/ Reduced by: Aydin Shaterpour
Deney Tarihi | Test Date: 24 Nisan 2014

ET. Brown, (ed.), 1SRM Commission
on Testing Methods, Rock

Standart/ Standard: | characterization Testing and Kinima Oncesi Kiriima Sonrasi
Monitoring, ISRM Suggested
Methods’ " Pergamon Pess, 1961 Before Failure After Failure

Basng | Statik Elastisite | _Statik
Sondaj  Deriniik/Numune No. Numune | Numune | Numune | LD |Yogunluk| Yenilme 4

Bl | GamD) | Agrig | Oni | () Yk P)] Ooyamm (o) | ot B | guary |

. ; ; . Static
i Compressive | Static Elasticity
Borehole / Depth / Sample ID Sample Sample Sample LD | Density | Failure P

Length (L) | Diameter (D) | Weight | Ratio (p) |Load(P)| Strength(ac) | Modulus (Eg,) F;:;:’?:)" Gl o

(cm) (cm) (g) (glem*3) | (kN) (MPa) (GPa)

Normal Yenilme /
AS3 11,900 | 4760 61175 | 250 | 289 | 181.1 101.8 266 -0.24 Normal Failure

NOT: Yikleme Hizi 0.5 kNis tutulmustur. Deneyler dogal nem icerigindeki numuneler Gzerinde yapiimistir
NOTE: Loading rate is kept 0.5 kN/s. These tests are performed in the sampies with natural water content (air dned)

128

40 A /
wl ]

e L R 0 U o T
-10000 -7500 -5000 -2500 0 2500 5000 7500 10000

Stress (MPa)

Lateral and Axial Micro Strain

Figure A.5 : Sample five (basalt) UCS and static elasticity ntosltest details.
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APPENDIX A2: Detailed results of small-scale linear cutting.tes

%, L.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST(V.1.2)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
Test No: 1
File Name : msc_d3 {1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : lgneous Depth of Cut : 3 mm

Cutter : Standard Chisel

FN FR FS
Cutting Length : 12.5 cm Mormal Cutting Side
Muck Weight : 15.25 1] Average: 12279 G08.4 1.8 kof
Sample Density : 2.82 olcm3 Std. Dev.: 5159 2816 18.7 kof
Q: 0.04 m3fkm Min: A17.8 -120.0 1229 kof
Specific Energy : 137.96  mJim3 Max: 29366 1498.3 63.7 kof
Specific Energy : 38 32 fewh/m3
Explanation:
—FN(kgf) ——FR(kef)] — Fslkef)

2482
15382 1

1482

Tool Forces (kef)

Time (seconds)

Figure A.6 : Chisel cutter; depth of cut 3 mm in unrelieved iogtimode (line 1).

57



, |- T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
TestHo: 2
File Name : msc d3 t2 Tool Holder : TU
Sample : Basalt Cutting Speed : 3 cm/sn
Sample Type : Igneous Depth of Cut : 3 mm

Cutter : Standard Chisel

FN FR FS
Cutting Length : 12.0 cm Normal Cutting  Side
Muck Weight : 14 45 g Average: 879.7 471.0 -0.9 kof
Sample Density : 2.82 giem3  Std. Dev.: 5112 300.7 19.3 kof
Q: 0.04 mafkm Min:  -5613 1821 -76.2 kgf
Specific Energy : 108.21  mJim3 Max: 25279 1649.6 45 2 kgf
Specific Energy : 30.06 bwtifm3
Explanation:
—FN (kef) ——FR(kef] ——FS(kef)

2439 ]
1939 1

1439 1

939 1

Tool Forces (kef)

439 A

51 e . A s ot s R

42 47

-561 -

Time (seconds)

Figure A.7 : Chisel cutter; depth of cut 3 mm in unrelieved iogtimode (line 2).
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i, |.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Time (seconds)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
TestNo: 1
File Name : msc_d5 t1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : Igneous Depth of Cut: 5 mm
Cutter : Standard Chisel
FN FR FS
Cutting Length : 10.5 cim Normal Cutting  Side
Muck Weight : 33.40 g Average: 13604 T015 189 kof
Sample Density : 2.82 giem3  Std. Dev.: 6206 3876 246 kof
Q: 011 m3km Min: 2404 1994 4291 kgf
Specific Energy : 61.01 mdJfm3 Max: 34668 21957 56.7 kgf
Specific Energy : 16.95 kwhim3
Explanation:
—FN (kegf) ——FR[kef] ——Fs(kef)
3260 1
2760 7
E 2260
i
5 1760 ] :
2 1260 | ' ARl '
= | I
| 1(’
760 4 N | .
A Il | et
260 {/h u’ 1"l l
240 0.5 1 15 2 15

Figure A.8 : Chisel cutter; depth of cut 5 mm in unrelieved iogtimode (line 1).
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I.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST(V.1.2)

3261

2761

2261

1761

Tooll Forces [kef)

1261

761

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kiire-Kastamonu Tested by: A. Shaterpour
TestNo: 2
File Name : msc_d5 t2 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cm/sn
Sample Type : Igneous Depth of Cut: 5 mm
Cutter : Standard Chisel
FN FR FS
Cutting Length : 10.5 cm Normal Cutting  Side
Muck Weight : 27.76 g Average:  1266.7 586.8 -2.1 kaf
Sample Density : 2.82 glerm3  Std. Dev.: 628.1 394 .8 18.0 kgf
: 0.09 m3fkm Min:  -2392 2132 964 kyf
Specific Energy : 71.87 mJdim3 Max: 35828 23714 83.5 kof
Specific Energy : 19.96 fwfiim 3
Explanation:
—FN (kef)] ——FR(kef) —F5(kef)

15

Time (seconds)

Figure A.9 : Chisel cutter; depth of cut 5 mm in unrelieved iogtimode (line 2).
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% L.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A Shaterpour
Test No : 1
File Name : msc_konik_d3 t1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : Igneous Depth of Cut : 3 mm

Cutter : Standard Conical 1

FN FR FS

Cutting Length : 12.0 cm Normal Cutting  Side
Muck Weight : 7.02 ¥ Average: 2961 163.8 221 kgf
Sample Density : 2 82 gem3  Std. Dev.: 1573 86.1 215 kof
Q: 0.02 m3fkm Min: -18.6 =281 A48 kof
Specific Energy : 77.44 mJim3 Max: 944 6 074 1322 kyf

Specific Energy : 21.51 kwhim3

Explanation:

—FN(kgf) ——FR(kef] —Fs(ke)

921 A
721 1
521 1

321 A “! |
|

f'. w‘ | 'V'}J

Tool Forces (kef)

121 A

i J
I ’ y
-79. 4 05 1 15 A

Time (seconds)

Figure A.10 : Conical cutter; depth of cut 3 mm in unrelievediogt mode (line 1).
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I.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A Shaterpour
TestNo: 2
File Name : msc_konik_d3 t2 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cm/sn
Sample Type : Igneous Depth of Cut : 3 mm

Cutter : Standard Conical 1

FN FR FS

Cutting Length : 13.0 cm MNormal Cutting  Side
Muck Weight : 6.09 g Average: 2828 169.5 -2.1 kof
Sample Density : 2 82 gem3  Std. Dev.: 168.9 921 64 .2 kof
Q: 0.02 mafkm Min:  -158.5 460  -200.3 kof
Specific Energy : 100.07  mdJim3 Max: 963 .6 6038 1341 kof

Specific Energy : 2780 bawhi/m3

Explanation:

| —eNkel —fRikell —Fsllef

BOO

600

400 A

Tool Forces (kef)

200

-200 -

Time [seconds)

Figure A.11 : Conical cutter; depth of cut 3 mm in unrelievediogt mode (line 2).
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%\ LT.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
Test No : 1
File Name : msc_konik_d5 t1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : Igneous Depth of Cut: & mm

Cutter : Standard Conical 1

FN FR FS

Cutting Length : 11.0 cm Normal Cutting  Side
Muck Weight : 12 85 g Average: 443 1 2641 -226 kof
Sample Density : 2 82 gem3  Std. Dev.: 3305 2054 98.3 kof
Q: 0.04 m3fkm Min:  -178.0 613 4548 kof
Specific Energy : 62 54 mdJim3 Max: 19072 11110 2489 kof

Specific Energy : 17.37 kwhim3

Explanation:

| —Nlke) —FRikel —Fsllef

1545 A
1045 I|
E 1k
S 545 i | . | —
(=] |
L | |‘. A i
5 iy i 1
= ] Jl
45 . __.'....nl_.zl__ :
1.5 2 25 3
-455 <
Time (seconds)

Figure A.12 : Conical cutter; depth of cut 5 mm in unrelievediogt mode (line 1).
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|.T.U. MINING ENGINEERING DEPARTMENT

SMALL-SCALE LINEAR CUTTING TEST(V.1.2)

Company : [TU Test Date : 6/2/2014
Project : Master Thesis Analysis Date : 6/2/2014
Location: Kire-Kastamonu Tested by: A Shaterpour
TestNo: 2
File Name : msc_konik_d5 t2 Tool Holder : [TU
Sample : Basalt Cutting Speed: 3 cm/sn
Sample Type : Igneous Depth of Cut: & mm

Cutter : Standard Conical 1

FN FR FS

Cutting Length : 11.0 cm Normal Cutting  Side
Muck Weight: 1486 g Average: 5959 /35 NI kef
Sample Density : 2 82 gem3  Std. Dev.: 43938 266.5 563 kaf
Q: 0.05 m3fkm Min:  -72338 -128.2 2005 kef

Specific Energy : 72.40 mdJim3 Max: 22466 14230 1474 kgf
Specific Energy : 2011 kwhim3

Explanation:

—FN(kgf) —FR(kgf) —Filkgf)

1776

=
Pl
=l
o

-~
~
o

Tool Foces (kef)

276 41

-214

-4

Time (second)

Figure A.13 : Conical cutter; depth of cut 5 mm in unrelievediogt mode (line 2).
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% L.T.U. MINING ENGINEERING DEPARTMENT

1851

1451

Tool Forces (kef)

851 A

451 1

-49 3

Company : [TU Test Date : 6/4/2014
Project : Master Thesis Analysis Date : 6/4/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
Test No : 1
File Name : msc_disk_d3 {1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cm/sn
Sample Type : Igneous Depth of Cut: 3 mm
Cutter : Standard Disc
FHN FR FS
Cutting Length : 10.0 cm Mormal  Cutting Side
Muck Weight : 3.64 i} Average: 7461 1193 2554 kof
Sample Density : 2.82 giem?  5td. Dev.: 478.2 86.0 2103 kof
Q: 0.01 makm Min: 10.1 49 -49.1 kaf
Specific Energy : 90 66 mJdim3 Max: 23033 4337  803.7 kof
Specific Energy : 25.18 kwhim3
Explanation: 1. Hat
—FN (kef] —FR (kef) — FSikef)

Time (seconds)

Figure A.14 : Disc cutter; depth of cut 3 mm in unrelieved cgtmode (line 1).
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SMALL-SCALE LINEAR CUTTING TEST(V.1.2)

Company : [TU Test Date : 6/4/2014
Project : Master Thesis Analysis Date : 6/4/2014
Location: Kiire-Kastamonu Tested by: A. Shaterpour
TestNo: 2
File Name : msc_disk d3 t2 Tool Holder : ITU
Sample : Basalt Cutting Speed : 3 cm/sn
Sample Type : Igneous Depth of Cut: 3 mm

Cutter : Standard Disc

FN FR FS
Cutting Length : 11.5 cm Hormal Cutting Side
Muck Weight : 10.65 q Average: 988 1 179.6 351 kaof
Sample Density : 2.82 olem3 Std. Dev.: 5337 1049 2026 kof
Q: 0.03 mikm WMin: /7 ST 3848 kof
Specific Energy : 53.66 mJdim3 Max: 22501 4489 4682 kof
Specific Energy : 14.91 bwfiim 3
Explanation: 2 Hat
—FN (kgf) —— FR {kef] — F5(kef)
2850 +
1350 1
5
5
—= 950 -
o 1
+ L’ R A /_A/\ = [
VN \\"/—/’:\V‘X /\J -/ \‘ui
_5£|-" R e L L L e e e . o L e T e e e
0 1 2 3 4 5 B 7
Time (seconds)

Figure A.15 : Disc cutter; depth of cut 3 mm in unrelieved cigtmode (line 2).
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SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : [TU Test Date : 6/4/2014
Project : Master Thesis Analysis Date : 6/4/2014
Location: Kire-Kastamonu Tested by: A. Shaterpour
Test No : 1
File Name : msc_disk_d5 _t1 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : lgneous Depth of Cut: 5 mm
Cutter : Standard Disc
FN FR F5
Cutting Length : 12.0 cm Hormal Cutting Side
Muck Weight : 29.07 g Average: 24956 6529  -534 kof
Sample Density : 2.82 giem?  5td. Dev.: 11953 3974 2989 kof
Q: 0.09 m3/km Min: 19.5 473 71369 kof
Specific Energy : 74.56 mJdim3 Max: 54338 17893  518.3 kof
Specific Energy : 20.71 kwhim3
Explanation: 1. Hat
—FN (kef] —FR (kef) — FSikef)
5263
4263 1
5 3263 1
IE‘! 3
5 2283 1
= ]
= i
T 1263 1
263 4
i:l 1 2 3 4 5 = 7
437 =
Time (second)

Figure A.16 : Disc cutter; depth of cut 5 mm in unrelieved cgtmode (line 1).
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SMALL-SCALE LINEAR CUTTING TEST (V. 1.2)

Company : [TU Test Date : 6/4/2014
Project : Master Thesis Analysis Date : 6/4/2014
Location: Kire-Kastamonu Tested by: A Shaterpour
TestNo: 2
File Name : msc_disk_d5 {3 Tool Holder : [TU
Sample : Basalt Cutting Speed : 3 cmisn
Sample Type : Igneous Depth of Cut: & mm
Cutter : Standard Disc
FN FR FS
Cutting Length : 11.0 cm Hormal  Cutting Side
Muck Weight : 25.83 g Average:  1931.2 4296 4296 kof
Sample Density : 2.82 oem3 Std. Dev.: 6207 1229 3495 kgf
Q: 0.08 mikm WMin: 674 20 1250 kof
Specific Energy : 50.61 mdim3 Max: 29547 669.1 11629 kof
Specific Energy : 14.06 fwfiim 3
Explanation: 2. Hat
—FN (kef) —— FR (kef] — F5(kef)
2875 ]
2375 4
T 1875 -
PR
5 1375 4
2 ]
] - \
2 B75 1 \
375 4 e
E T T LI | T T T T T 1 T T I\\_‘I‘-’; T T T T T T T T = T T T T T T T T LI | T T
A5 % 1 2 3 1 5 B 7

Time (seconds)

Figure A.17 : Disc cutter; depth of cut 5 mm in unrelieved cigtmode (line 2).
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