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Abstract

Rock bolt pullout testing is a common method sfitey the strength of ground support in
underground mining over time. Bolts that fail fhdlout test fail either due to shear failure at
the head of the bolt or by slipping in one pieceadistructurally incompetent rock. There are
many methods for quantifying rock mass strengthhis study, Bieniawski's Rock Mass Rating
(RMR) system is used. This study focuses on theelaion between slipped rock bolt pullout
tests with low RMR scores in underground mines. é/gcbund mine sites participating in this
study are located in Eastern Nevada, which is ioiasrfor its low rock strength. Bolts used in
this study are inflatable friction bolts, primarBwellex bolts by Atlas Copco but with a few
other manufacturers of inflatable friction boltsvesll. When data was controlled for corrosive
weakening of the bolt and normalized for bolt léngiorrelations between slipped pull-tests and

low RMR scores were generally strong, positive, stadistically significant.
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1. Introduction

The Rock Mass Rating (RMR) system for rock masansith qualification was first
introduced by Bieniawski in 1973 (Bieniawski, 19.7B continued to develop and modify this
system until 1989 (Bieniawski, et all. 1989). TREIR rock mass classification system’s
purpose is to quantify rock mass characteristiaswere previously only qualitatively classified
based on geologic descriptions (Bieniawski, 20Thh)s score is used as a preliminary
assessment of ground strength and ground suppsigrndeequirements (Lowson, 2013). An
RMR rating is derived from a series of tables thantify RQD, discontinuities, jointing,

roughness, and ground water to obtain a score @reri00 (Bieniawski, 1989).

This master’s thesis will explore correlationabteénships Bieniawski's RMR rating
scale and failed friction rock bolt pull-out tegtsunderground mines in Eastern Nevada. The
objective of the pull-out test is to measure thekivig and ultimate capacities of a rock bolt
anchor (ASTM, 2014). However, upon observing pedit in a mine, it was observed that weak
rock is sometimes not able to hold on to the lawig the bolt started sliding out when tonnage
was applied by a pull-testing machine, indicatingttthe bolt was not providing support to the
mine wall. It is this type of failed test that thieesis attempts to correlate with low RMR scores

— low scores being between 0 and 40 (Bieniawsk9).9

2. Literature Review

Previous research on the relationship betweendndiolt pull-test results has been
conducted by various researchers. Brady et al0@b 2liscovered a strong correlation between
bolt pullout test values measured in metric torpessmeter and RMR. However, this research

was aimed at underground design methods in wedk ama the study focused more on bond



strength than on friction bolts. Additionally, thetudy included different types of bolts, such as
split-set and cable bolts. Finally, though thelgtwas aimed at discovering trends in weak rock,

most RMR scores fall at 60 and above, which ifien“fair’ to “good” range of Bieniawski’'s

system.

Lewis Martin et al. in 2004 also found a stron@tieinship between RMR and pullout
values in tonnes per foot. However, this data idetlidifferent types of bolts (cable, split set,
and expansion bolts) compared using the same me&tribout accounting for differences in
properties of the bolts. Additionally, the bolt jmuit data came from seven different mines, but
totaled only 83 data points across all mines. Rialmust also be noted that the RMR scores
studied by Martin were all higher scores, mosthygiag between 60 and 80. Ultimately, the
correlation study between RMR and pullout load tweasscattered, as shown in figure 1, and so
a neural network (Ward system 2003) was used tmalime to an expected curve that the data

should fit. This neural net was used to find loagmort predictions.

_E U Mime 1 Mire 5

'7:-' O Mina 2 = Mine 6

— goel_ & Mine 3 i Mins 7 * -
?._-? & Mine 3a MNewural %

- Ming 4 . o - B

= 30p= ” _,.ﬂ- ¥ |
= X 'ﬁ' ﬁ_-.-'_ - el ;

= .. /'—'-r""" =8v #H

2 ] " . A =

0 20 40 &0 a0 100
Rock mass rating

Figure 1: RMR Correlation with Neural Trendline (Martin, 2004)

Anita Soni in 2000 also explored the relationshepAdeen RMR and pullout test results.

The focus of the study was on Swellex inflatabietifvn bolts. This study contained 37 data



points total. Additionally, figures were compileslghow the correlation results for the slipped
tests alone. There were 15 data points for slipesis. Bolt pull data was collected from many
different mines in Canada. A strong correlation ¥easmd, though the fact that the data is
clustered around an RMR of 73 makes the statistigaificance of the distributions

guestionable.
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Figure 2: RMR Correlations found by Soni (Soni, 2000)

The influence of bolt length on ultimate load begrcapacity of the bolts was also
explored. However, this was only explored for ttendard Swellex bolt type, not the coated
bolts. The correlation found in this study had @tere of 0.21 (derived from the square root of

the variance score displayed on the graph) withd:ata points.
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Figure 3: Bolt Length versus Pull-Test Load (Soni, 2000)

3. Geology

Three mines were used in this study, known frone lo@ as Mine 1, Mine 2, and Mine
3. Mine 1 is located in the Getchell mining didtiit northern Nevada (Muntean, 2009). Mine 2
is located along the Carlin Trend (Mohling, 2002)ne 3 is located in Lander and Eureka
County in North-Eastern Nevada (McMurdo, 2009). tAllee mines are in Carlin-type deposits
(Tosdal, 2003). Carlin-type deposits are mainlywnas sedimentary rock hosted, or carbonate
hosted, or disseminated gold deposits. The maimanerals consist of disseminated sub-micron

sized gold that replace mainly limestone or otlebonates (Berger, 1993).

The primary ore-controlling structure in Mine 1'stict is the Getchell fault zone in
Eastern Nevada. This fault strikes NNW, dips 40d8§rees east, and has a history of normal,
reverse, and strike-slip motions. Evidence sugghstsgold replacement in the carbonates
resulted from fluid-rock reaction and replaceméntiitean, 2009). The presence of the shallow
dip faulting as well as the fluid-induced replacetn&ctions are main causes of the weak-rock
conditions observed in the Mine 1. RMR scores areeeally described as very poor to poor

(Sandbak, 2013).



The geology of Mine 2 is decalcified and weaklyrioderately silicified rocks along the
Carlin Trend. In the distant past, deep wateresilics rocks were thrust eastward over carbonate
platform rocks along the Roberts Mountain thrusil{&ts, 1960). Fluid-induced replacement is
again considered the most probable cause of ggdsiteg Teal 2002). Most of the ore body is
located in silty-sand type rock mass in the loveentfations. The deposit follows the downdip
extension of the carlin gold system in the footvedilthe northeast-striking Hardie fault (Jackson,
2003). Rock mass rating in Mine 2 is generallydats poor to very poor, with a highly fractured

and weak rock mass (Sun, 2013).

The geology of Mine 3 is a mostly carbonate depbsisted by the Roberts Mountains
Formation. The mine is mostly silty-limestone, danin nature to the silty-limestone of Mine 2.
Fluid-induced replacement during the Jurassic-Vheggeriod is the probable reason behind the
emplaced gold deposits found here. Micron-sizetighas of gold is found disseminated through
the host rock, often found with secondary silicanioxides or pyrite. The location of the mine is
in the Battle Mountain Eureka Trend, geographicqliite close to Mines 1 and 2. The deposit is

again a Carlin-type deposit (Walker, 2009).

4. Ground Support

Ground support standards in all mines include gig®its, mesh, spiling, and shotcrete
(Sun 2013, Muntean 2009, Walker 2009). Rock baty in length, material, and come from
different manufacturers. However, all bolts mustfoom to the same industry standards in order
to be used (CFR, 1998), making bolts from diffemmainufacturers comparable for engineering

purposes.



Rock bolt length and type vary throughout both majriteough primarily rock bolt types
are Swellex bolts manufactured by Atlas Copco. $ivellex rock bolt is made of a welded tube
folded on itself and sealed at one extremity. &xpandable using a high pressure water flow
provided by a pump. The bolt is expanded insideraliole, which adds an active pressure to the
interior of the rock mass. The expansion of the imolhe borehole creates a friction and
interlocking anchor, which provides full column gapt along the whole length of the borehole.

(Minova Americas, 2009a).

Bolts are installed in a square pattern. The sgaairthe bolts depends on the size of the
mine opening as well as the proximity of any dntersection within the mine. Spacing as well
as bolt length also depend upon the quality of indke area, as well as state of water inflow

(Sun, 2013).

Bolt embedment length at the three mines variesdst 4.5 and 19.5 feet. Bolt coating
types are uncoated, manganese, coated, and mlaated. The yield loads vary with length,

between 100 and 190 kN (Minova Americas, 2009a).

5. CoreLogging

Rock Mass Rating scores are constructed usingdaieefrom drilling sites within the
mine. Cores are evaluated by geologists who rett@rdata for each intact core unit that is
greater than four inches in length (Deere, 1988¢hhical descriptions of rock core for
engineering purposes are a recording of data tetatphysical discontinuities, bed thickness,
joint properties, lithology, texture, rock type, atkering, void conditions, color, and hardness
(Deere, 1963). Evaluating rock quality is a precttst is outlined and standardized in the

ASTM D6032 — 08.



6. RMR Scoring

Bieniawski’'s Rock Mass Rating system is laid outhie following table as created by

Bieniawski in 1989 and further improved in 2011

A CLASSIFICATION PARAMETERS AND THEIR RATINGS

Paremetar Range of vakes
Strength Paint-load =10 WPa 4- 10 MPa 2-4MPa 1-ZMPa For this low range - uniasial)
of sirength index m“ =
intect ok -
1 maerid Unigzial comp. *250 MPa 100 - 250 MPa 50- 1040 MFa 25-50 MPa 5-25 1-5 <1
sirength MPa MPa | MPa
Rating 15 i2 T '} 2 i a
Orill core Quality ROD 0% - 100R% TE% - 90% 5if - 75% 25% - 5% = 5%
2 Rating 2 17 13 | 3
Spacing of discontinuitias =2m 0E-2.m 200 - 600 mm 80 - 200 mm < 0 mm
3 Rating 0 is i 8 5
ary rough suriaces Shghtly rowgh surfaces Slightly reugh surfaces Shekenzided surfaces Saft goupe =5 mm thick
Condition of discontinutiss Mot continuous Saparation < 1 mm Separafion <1 mm or Gouge < & mm thick o Separsdion > 5§ mm
[Sae E) Mo separation Slightfy weathersd walk Highly weathersd walk iar Saparation 1-5 mm Cordnuous
4 Unweathered wal mck Comtinuous
Rating 30 ® . ] 0 ]
fridow per 10 m Nong =10 10-25 25-125 =125
bmel length (Wim)
Groundwa | (Join water pressjy 0 =01 01,-02 02-05 =05
5 ier | Major principal o)
Genaral condiions Completely dry Damp Wt Diripging Flasing
Rating 15 ] 4 4 ]
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS {Sea F)
Strike and dip onentaions Vary favoursbia Favourabls Fair Unizvourabls ‘ary Unfavouratie
Turnsks & minas i} -2 5 -0 -12
Rafings Foundations ] = -15 25
Siopas 1] -5 -5 -50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Fating 00 « B1 B0« &1 B0+ 41 40— 2 =
Cless number I i 1l n v
Descripfion Wary good rock Good ook Fair rock Poor rock \iary poor rock
D. MEANING OF ROCK CLASSES
Cless number I i Il 1 v
Average stend-up me 20 yes for 15 m span 1 year for 10 m span 1 week for S mspan 10 s for 2.5 m spen 30 min for 1 m span
(Cohasion of rock mass (kPa) =400 300 - 400 200 - 300 100 - 200 = 100
Friction angle of rock mass (deg) =45 35 - 45 25-35 15- 25 =15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINIATY conditions
Disconfinuity length {pemsistence) <1m 1-3m 3-10m 10-2m =Hm
FEing B 4 2 1 i]
Separation {aperture) None =0.1 mm 01 -1.0mm 1-5mm =5mm
Rafng B L) [l i 1]
Rraghness Wary rough Rough Slightfy rough Smooth Shckensidad
| Sging g 5 3 i i
Infilirg {gauge) None Hard filling < 5 mm Hard filing > 5 mm Soft filling < 5 mm Saft filing > 5 mm
Reing 5 4 2 2 ]
‘Weaedng Unweathered Slighly weatherad Modarately washersd Highly weathered Decomposad
|Raings -3 ] 3 1 i}
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IM TUNNELLING*
Srrike perpendicular o tunnal axis Srike paralal o wnnal aiis
(Driwve with dip - Cip 45 - 50° Dvive with dip - Dip 20 - 45¢ Dip 45 - 80 Dip 20 - 45%
Vary favoursiie Favourable Vary unfavourable Fair
Drive: egainst dip - Dip 45-80" Dhrive ageinst dip - Dip 20-45% Dip 0-20 - Imespective of sirika®
Fair Unfavourzble Fair

Figure 4: Bieniawski's RMR System (Bieniawski, 1973)




Values collected from the field and core samplesuzied as guidelines to navigate the
table. Field data includes rock type informatiann§ properties and descriptions, and other
physical properties. Values for rock strength al@lCRare also factored in to the table. Scores

below 40 are considered to be poor or very podk (bloek, 2007).
7. RMR Block Model Construction

Block models are constructed using modeling so#viieom Maptek Vulcan. Block
models are constructed by inputting first the ltundg, latitude, and elevation of the chosen
geographic area of the mine, denoted as X, y, arebpectively. Block offsets and size are
decided by the user. Blocks vary in size dependmthe amount and accuracy of data contained

within the block (Peterson, 2012).

Databases containing relevant data can be creabed Microsoft Access. This includes
collar locations and elevations of bore holes, @ipyor deviation of the borehole, geologic data,
assay data, and geotechnical data. The datab&skmded into Vulcan after the block sizes
have been decided. The databases used to corRMiRblock models are drill hole databases.
Both numerical and text values are used to cornstinecblock model. Values for blocks can be
interpolated across the model or limits can bedsgiending on the user. For Mine 1, block
values are interpolated where no empirical datac@diected. For Mine 2, this is not true; the
RMR values are clustered around the boreholes@asrsim figure 6. RMR data from Mine 3
was delivered from the mine already tabulated iexagel table, so no correlation with block

models was necessary.



8. Data Collection M ethods and Procedures

Data was collected both by file sharing and fietlatkv Mines 1 and 3 were able to
transfer pullout data collected over years of testiThis data was transferred in a spreadsheet
along with, in the case of Mine 1, a block modethe# mine. The block model was cross

referenced with the pull test locations in ordecadlect data.

Mine 2 also provided past pull test data. Howetles, data was supplemented by pull
tests performed and recorded in the field. Putkte®re performed in compliance with ASTM —
D4435 standards on pull testing in underground miRelll test locations were chosen based on

areas of interest in the mine as well as basedtirage and type.

Figure 5: Pull-Testing Equipment at Mine 2

The pull-tester is designed to be accurate andplert The adapter has a rubber sleeve that grips

around the head of the bolt when the equipmerdtiss. The adjustable tripod insures that bolts
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are pulled along their main axis, to avoid sheafaigire. Hydraulic pumps can pull up to 20
tonnes, though generally pull-tests range fromal®4 tonnes depending on bolt length and type
(Minova Americas, 2009b). Pull tests were perforrasgbart of the annual report for safety

standards as well as periodically for upkeep ambsmn testing.

9. Data Analysis Procedures

After collection, data was sorted and analyzed-teést information was saved in
an Excel ™ spreadsheet. Pull-tests were labeleat@iog to their location in the mine, test
number, and year. It was important to note whedhieolt had slipped, broken, or passed the pull
test, as well as to note what tonnage was pullegah circumstance. RMR data had to be
obtained from the block models for the mines. Toalate pull-test locations to RMR data in the
block model, pull-test locations were looked at byene. For each bolt at each location, the
block model was loaded and cut so that only tha dathe elevation of the pull test in question
was viewed. RMR scores were shown in blocks. ThekKsl that fell on or near the pull test
location in question were recorded as the RMR efrtictk at that location, as shown in figure 6a

and 6b:
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B

2Q14_4350_6
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Figure 6a,b: Block Model with RMR Scores Superimposed

In figure 6a, it can be seen that RMR data for loiihes is based on proximity to the boreholes
that had been drilled. Figure 6a is a profile vigwen boreholes drilled in Mine 2, and figure 6b
is a plane view of the same area of Mine 2. The Rid#&tes were interpolated using Vulcan’s
algorithms in areas where there was no boreholiggumes 6a and 6b, the white text labels are
locations of pull tests in a particular portiontldé mine. RMR scores can be seen in the red
blocks on the image. These scores are only thesdtbat correlate to the proper coordinates for
the pull tests in that image, using the image j#on from Vulcan’s menu. This method of

correlation was used for both Mine 1 and Mine 2.

Data was further broken into categories basedottridngth, bolt type, whether or not the

bolt was coated, and type of failure mode (sheatip) present in failed tests.
10. Data

The following tables are a summary of all dataexitd from both mines, broken down

by bolt type and embedded length:



Table 1: Bolt Descriptions at Mine 1

Failed 61
Pass 139
Total Data Points 205
Length | Embedded | Number
Data Lengths of bolts

4.5 feet 16

5.5 feet 5

6.5 feet 34

7.5 feet 145

11.5 feet 5

Total Fail
Coated 61 7
Uncoated 139 54

Table 2: Bolt Descriptions at Mine 2

Failed 21
Pass 89
Total Data Points 110
Length Embedded Number
Data Lengths | of bolts
7.5 feet 109
Total Fail
Coated 39 8
Uncoated | 70 40

Table 3: Bolt Descriptions at Mine 3

Failed 21
Pass 0
Total Data Points 21

12
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Length | Embedded | Number
Data Lengths of bolts

1.6 feet 11
2 feet 10
Total Fail
Coated 21 21

All mines used predominately Swellex bolts produbgditlas Copco, as well as a few
other inflatable bolts by Jenmar and DSI. Boltse@dbetween being coated with a plastic coat
and being uncoated. Most bolts were made of dbedts made of manganese (Atlas Copco,
2014) were disregarded, as their propensity fetcting and deformation altered their behavior
drastically, rendering them incomparable to stedtisb Additionally, manganese bolts were rare,
with fewer than 10 appearing in all data sets. Botbedment length varied in Mine 1, though
the vast majority were 8-foot bolts embedded 7&5. fline 2 and Mine 3 pull tested only 8 foot

bolts with a 7.5 foot embedment length.

Bolts used at Mine 2 also include some made bydd8I1JSR. Additionally, Mine 2 had
a larger variation in length between their bolteweéver, design standards render bolts from

different manufacturers comparable, and bolt lengdh normalized.

Mine 3 presented data from slipped tests only. rata Mine 3 also presents a low
anchorage value of 1.6 and 2 feet for all boltsaé/8 included inflatable bolts from DSI, JSR,

and Jenmar as well as Atlas Copco.

Atlas Copco remarks that a test pulled to 8 tomm@snon-destructive test used for
maintenance and quality checking purposes. A td&tgto 12 tonnes is the destructive design

load for the bolts (Minova Americas, 2009b). Teglere the bolt breaks or slides out of the
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rock when pulled to fewer than 8 tonnes are fadledlipped tests; similarly, if it is decided that
a bolt will be pulled to failure load (12 tonnesg)dat slides out or breaks before 12 tonnes, it is
also called a failed or slipped test. Bolt failuoesur as either a shear failure or “break”, where
the bolt head is separated from bolt body entir@lyg slip, where the bolt begins to slide in one

piece out of incompetent rock.
11. Data Analysis

To come to any meaningful conclusion regarding R84Bres and failed pull-out tests,
the data provided and gathered at the mines hlad separated into categories. Each category
was then analyzed for correlations, positive oratieg, that could meaningfully describe any
relationship between pull tests and rock strenfftiese sub categories are: bolt manufacturer,

bolt type, bolt age, and bolt coating.
11.1 Bolt Manufacturer

Bolts from different manufacturers have been usext the years at each mine. Choice of
manufacturer at the different mine sites dependepring, environmental factors, and the
discretion of the ground support engineers atithe.tManufacturers used at the three different

mines were:

e DYWIDAG Systems International (DSI)
e JMR Mining (JMR)
e Atlas Copco (AC)

e Jenmar

DSI produces grouted, resin, and expansion sh#f tmbe used in underground mines (DSI,

2014). Though all bolts are pull-tested, there wereenough data points for specific DSI-
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manufactured bolts to produce a meaningful cormia®it both mines, fewer than 10 DSI bolts

were included in the given and collected data.balts from DSI were of the uncoated variety.

JMR Mining produces rock bolts similar to DSI. Hoxge, JMR mining only appeared in
one of the mine’s datasets, and then had only fi&Z mtants. As with DSI, all IMR bolts were of

the uncoated variety.

Atlas Copco produces Swellex rock bolts. Swelleksooome in coated and uncoated
steel, as well as zinc-coated and manganese Btiis. Copco’s Swellex bolts, both coated and
uncoated, were the overwhelming majority in alledsets. A table of bolt manufacturers is

exhibited in Table 4.

Table 4: Bolt Manufacturers at the Three Mines

DSI 6
Mine 1 | JMR 17
AC 183
Mine 2 | AC 109
AC 10
Mine 3 | DSI 6
Jenmar S

11.2 Bolt Type

For Mines 1 and 2, all data points came from Swetleated and uncoated bolts. Mine 3
was the only mine with bolts from Jenmar and D8lpfawhich were coated and with an
embedment length of 7.5 feet. In all cases, infil@#olts were used in this study. Swellex steel

bolts come uncoated or with bitumen or plastic soat



16

Swellex steel bolts, known as “premium” or “PM”eaelatively stiff bolts used for
tunneling and mining in moderate stress conditidingse bolts have a high yield load and good
deformability. PM bolts can be coated or uncoaldstic coated bolts are coated in a plastic
coating to provide corrosion protection (Atlas Cop2012). These bolts were most widely used
at all three mine sites. Bitumen coated bolts werteused in the data collected or presented in
the data received. Additionally, PM bolts can Inddid together to form extra-long bolts used in
hanging ground conditions, which was found to ke in fewer than 10 data points for Mine 1.
However, since the linked bolts were the same naakiemodel as the non-linked bolts, both

types were comparable and were included in coroslatudies.

Manganese bolts are a softer material, highly adefte and meant for compensating for
ground movement. These bolts were used in an erpatal capacity in Mine 2, and present in
fewer than ten data points. Their different mecbalnproperties and behavior render them

incomparable to steel inflatable bolts.

11.3 Bolt Length

Bolt length varied in Mine 1. Here, bolt lengthtagen to be the embedded length of a
rock bolt, meaning the entire length less six isctegjuired to remain free for pull testing and
maintenance activities. Embedded lengths at MiaadMine 3 are all 7.5 feet. Embedded
lengths at Mine 1 range widely, though a vast nigjare also 7.5 feet. The length of the bolt
greatly affects its strength properties, both irchamical pulling capacity and skin friction
values. Longer bolts are pulled to higher strengihdg have different failure loads. This means
that the same tonnage applied to different bolvslpeces different results, regardless of rock

mass strength or ground conditions.
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However, it is important to note that while anclygdength is variable, materials remain
the same. This indicates that if length is nornealito a value of tonnes per unit width, all bolts
of the same type may be compared regardless ahlefdhis length normalization is achieved
by simply dividing the tonnes applied during tegtby the embedded length of the bolt, to yield

a value in tonnes/foot.
11.4 Age of Tested Bolts

There is not much available data on correlaticts/ben bolt age and failed bolt tests.
However, it is important to note that both coated ancoated inflatable bolts can be used for up
to ten years in low corrosion environments. In hyglorrosive environments, the lifespan of the
uncoated bolt is less than two years. Atlas Copebadher manufacturers developed its coated
bolts to be used permanently (Soni, 2000). A tahlaving the breakdown in age of the tested

bolts for Mine 2 is shown below:

Table 5: Bolt Ages at the Three Mines

Less than a year 108
Between 1 -3

years 30
More than 3

years 5

11.5 Coating on Tested Bolts

Atlas Copco produces uncoated and coated botteiswellex line. The coated bolts are

meant to withstand acidic and corrosive environmamiuch like the environments at all three
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mines included in this study. Without length norizedl to a tonnes per foot measure, comparing

rock bolt failed tests to RMR scores shows verykaaarelation (graph 1):
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Graph 1: All Pullout Data

It is important to note that all mines exist iniigcorrosive environments (Kuehn, 2008,
McMurdo 2009). Often, a bolt will fail due to shdaiure caused by the corrosive weakening in
the first foot or two of the bolt, even though tiest of the bolt is intact and holding steady, as

illustrated in the figures 7 and 8.

Figure 7: Bolts Failed due to Corrosion at Mine 2
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2 inches from collar 2-f from collar 4-ft from collar

8 inches from collar 2-ft from collar 4-ftfrom collar

Figure 8: Images of Installed Bolts 2 inches, 2 feet, and 4 feet from Bolt Collar

The bolts shown in figure 7 are examples of bdigd failed due to breaking. When a bolt
fails due to breaking, the cause is exceedingbfyiko be corrosion of the steel due to water or
acidic inflow. This failure due to corrosive weakemwill happen irrespective of the rock mass

strength surrounding the bolt.

At this point, it becomes necessary to differeptiatween the two modes of failure;
when a bolt breaks near its head due to corroseakening, it is a “failed test”. When a bolt
fails by sliding intact out of weak rock wallsjstcalled a “slipped test”. Since coated bolts are
unlikely to fail due to corrosion, the data waglier separated into coated and non-coated bolts

for further study.

Though data derived from passing pullout testess feliable than that due to slipped or

failed pullout tests, a compilation of RMR scoresnpared to both passed and slipped pullout
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scores can be evaluated for further analysis. HigMR scores should correlate to a passed

pullout test.

Analysis of failed tests due to corrosion was cateld by assuming that all non-coated
bolts that failed sheared off within the first tfeet of the bolt, as demonstrated by figure 2.
Since these bolts will fail at very low tonnagelpuh any type of rock mass, strong or weak, the
correlation between these failed tests and thepeetive RMR scores is meaningless. In order to
truly evaluate the correlation between low RMR ssaand failed bolt tests, it was necessary to

eliminate the corrosive failure aspect from theadsts.

12. Results

12.1 General Results

Analysis was done according to the parameterslangions outlined in the analysis
section. For Mines 1 and 2, only Swellex bolts pictl by Atlas Copco were used in this
analysis. For Mine 3, Swellex bolts were compamgairsst other inflatable coated bolts produced
by DSI and Jenmar as well as Atlas Copco. Bolttlemegas normalized by dividing the
maximum tonnes pulled by the total embedded leafithe bolt in order to compare bolts of
different total lengths. Coated and uncoated bwdie then split into two groups and analyzed
separately. Failed uncoated bolts are assumedseofaded due to breaking or shearing off
within the first two feet of the bolt. Failed codteolts are assumed to have slipped out of
incompetent rock. The correlation between slipgstistand low RMR scores is generally
positive, strong, and statistically significantggh 3). The correlation between RMR scores and
uncoated bolts is much more randomized (graphg.cbrrelation between RMR scores and all

pull-test results on coated bolts is positive,rsfraand statistically significant (graph 4).
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12.2 Bolt Length

When not normalized, bolt length plays a largedam bolt strength. The increase in
bolt length causes a dramatic increase in thefskiion resistance between the bolt and the rock

mass, as illustrated by the equation derived bgnd Stillborg (1999):

L
Py = ndbf Tpdx
0

Equation 1: Relationship between Bolt Length and Skin Friction Resistance (Li and Stillborg, 1999)

Where L is bolt lengthd,, is bolt diameterP, is the applied load in tonnes, angdis shear
strength at the bolt interface with the rock. Wheit length is not normalized, and maximum
pull is evaluated against total length, the treaddmes clear in graph 2. Longer bolts have a
much higher pull capacity. Therefore, in order eonpare failed pull tests, length must be

normalized to a value in tonnes/foot.
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Graph 2: Relationship between Anchorage Length and Tonnage Applied during Testing; n=sample size, r = correlation strength, p
= probability of statistical significance
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12.3 Bolt Age

Both coated and uncoated Swellex bolts can be faseg to ten years in low corrosion
environments. In highly corrosive environments, lifesspan of the uncoated bolt is less than two
years. Atlas Copco developed its coated Swellektbdde used permanently (Soni, 2000). Since
a large majority of the bolts tested are coatedaaradess than three years old, the age of the bolt
is not considered a large factor in pull testingcomes, though it may be if further research is

conducted on older sections of mines.

12.4 Bolt Coating

In order to evaluate slipped tests separately fianlad tests due to corrosion, data was
separated into “coated” and “uncoated” categotidkatable steel bolts are compared across all
mines, and pullout test results are comparablegasanilar geology in all mines. Graph number
3 illustrates the strong correlation between wegk mass and slipped pullout test results for
Mines 1 and 2. It is important to note that all boe test occurred at a low RMR score, generally

accepted as a score lower than 40 on Bieniawstae gBieniawski, 2011).
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3. RMR vs Slipped Pull-Tests on Coated Bolts
Only, Mines 1&2 Ri=05872
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Graph 3: Relationship of RMR and Slipped Tests for Coated Bolts; n=sample size, r = correlation strength, p = probability of
statistical significance

Further analysis was performed on coated bolt ptilesults by combining slipped test
results with passed test results. RMR strengthpaisded test results should still correlate at
higher values of RMR. In graph 4, it is importamtibte that many of the scores are at RMR
scores greater than 40; these are the passingiptdisults. It is important to note that some
rock bolts passed pullout testing even though #reyhosted in weak rock. This is the expected

behavior of rock bolts in underground mines.
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4. RMR vs Pull-Test Tonnenage for all tests on__.
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Graph 4: Relationship between RMR and Pull-Test Tonnage for All Coated Bolts: n=sample size, r = correlation strength, p =
probability of statistical significance

Graph number 5 illustrates the effect of uncoatatfailures in the data. Unlike the
correlation shown for slipped tests, the distribatior failures in uncoated bolts is scattered and
weak. If uncoated and coated bolts are evaluatklsi side as seen in graph 1, the correlation
is very weak due to the wild-card nature of uncddtelt failures. The lack of correlation in the
uncoated bolts masks the strong correlation irctiaged bolts, producing the obscured
correlation seen in graph 1. This indicates thabated bolts are likely failing due to shear
failure caused by corrosive weakening of the dte#lwithin the first two feet, as shown in

figures 7 and 8.
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5. RMR vs Failed Tests, Uncoated Bolts n=39
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Graph 5: Relationship between RMR and all Failed Tests for Uncoated Bolts n=sample size, r = correlation strength, p =
probability of statistical significance

Mine 3’s data was treated separately from Mined 2anTrhough the mine exists in
similar geologic conditions and uses the same daatkatable type bolts, this dataset included
bolts that were tested with pull sleeves only. Tise of test, called a two-foot anchorage test,
means that a non-expansive sleeve is wrapped atbardwer 6 feet of an 8 foot long
uninflated bolt. When inflated, only the last tveet will inflate fully, giving the test its name
(Qian and Zhou, 2012). The purpose of this is limrathe bolt to stretch and deform with the

rock, making it most commonly used in highly mobibek masses such as along a fault zone

(Perry, 2014).
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Graph 6: Relationship between RMR and Pull-Test Tonnes for Slipped Two-Foot Anchored Bolts at Mine 3 n=sample size, r =
correlation strength, p = probability of statistical significance

The correlation in this graph is weaker than catrehs in graphs 3 and 4. It is important
to note the clustering of the date points. All 2ings of this pullout data for this data set
included only RMR scores of 33, 37, 45, and 78. &/tban half the data set, 6 and 10 points
respectively, had an RMR score of 33 and 37. Thoaets had a score of 45 and two had a score

of 78.

13. Statistical analysis

To measure the correlations between each compaadmear regression was calculated
using the Pearson method, along with a correlatomificient (r), and a p-value. A t-test was
also used to evaluate the strength of the coroelati is important to note that a p-score with a
low value shows that a correlation is statisticalynificant — however, in the case of graph 5,
the more randomized distribution caused by the-aéd effect of uncoated bolt failures causes

a higher than desirable p-score.
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A p-score using the two-tailed analysis method wsesl due its more conservative
nature. An r-score with a score closer to one migi€ a strong correlation, with weaker
correlations going closer to scores of zero. Indhse of graph 5, this is acceptable, as a weak
correlation corresponds with expected behaviomabated bolt failures due to corrosive
weakening of the steel bolt. In the case of grapd\Beaker correlation could be ascribed to the
fact that RMR scores are clustered around 4 valleish throws the statistical significance of
this dataset into question. Additionally, bolt sleg were used in this dataset, causing a much

lower anchorage length and likely affecting theadsgread.

Table 6: Statistical Analysis of Pullout Data

Graph n r p (2-tails)
1 63| 0.27037| 0.03210
2 202| 0.537494| 1.62e-16
3 14| 0.764918  0.00232
4 73| 0.760658  0.00000
5 39| 0.092736] 0.57445
6 21| 0.15843| 0.49227

14. Discussion

In this study, inflatable friction bolts were stadiexclusively in order for accurate
comparisons to be made of different mines’ redutis pull-tests. While Atlas Copco’s Swellex
bolt was the most common, bolts from other manufacs were compared as well where that
data was available. Since all bolts must adhetkestandards set out by the American Steel
Manual (Standard D4435), for engineering purpostatable bolts from different

manufacturers are deemed comparable in this study.

Similarly, since all three mines are located istéen Nevada in Carlin-type geologic

deposits, data from different mines was comparedgaaphed on the same charts where
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possible. Eastern Nevada is infamous for low-stitengck mass (Mac, 2003). Faulting, jointing,
mineral composition, and a host of other factofecfthe RMR score of rock masses; since all
three mines share similar geology, the variousaggolfeatures that affect RMR scores are

similar and considered comparable.

However, the spread of the data at Mine 3 as agethe different nature of the bolt

installation meant that Mine 3 data be kept sepdram the data from Mines 1 and 2.

14.1 Length

Comparing pull-test results is not accurate withaedounting for length. The length of
the bolt has a dramatic effect on the skin-frictt@apacity of the bolt, which increases the pull-
test capacity of the bolt. While most bolts werto8t bolts with a 7.5 foot anchorage length,
there were some with shorter or longer embedmaeugths. Consequentially, lengths were
normalized for all bolts by dividing the tonnagetioé pull test by the embedded length, yielding
a value in tonnes per foot of bolt length anchareithe rock. This insured that all bolts were

comparable regardless of length or mine location.

The effect length has on pull-test capacity is destrated graphically (graph 2) as well
as numerically (equation 1). While Mine 2 used ddtfpot bolts with 7.5 foot embedment
lengths in pull-testing, Mine 1 used bolts with esdted lengths ranging between 4.5 and 11.5
feet. Given the relative scarcity of slipped pelt results, comparing bolts of all lengths was a

necessary step in finding a meaningful correlation.

Mine 3’s bolts were also normalized for differentleedment length. However, Mine 3’s
data only included bolt pull-tests for two-foot aocage tests, resulting in very low embedment

lengths compared to the rest of the data from Minasd 2. Additionally, since the majority of
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the length of the bolt is left uninflated duringe#ie tests, the behavior of the bolt in-hole is
changed from a traditionally installed inflatabldtiSun, 2013). As a result, Mine 3's data was

not directly compared with the data of Mine 1 an@iZph 6).

14.2 Coated and Uncoated Bolts

Corrosion in underground mining is in large parésult of water inflow from the
formation that comprises the mine (Colin, 2008hc8ithe corrosion of the rock bolts generally
occurred within the first two feet of the boltwas concluded that water flowing down the face
of the rock was causing failures due to corrosieakening of the steel (figures 1 and 2). This
corrosion likely causes bolts to fail in shear. Addally, bolts installed at an angle or pull-
tested at an angle would also probably fail dughear. Since shear failure of the bolt at or near
the head of the bolt is not indicative of rock mssength in any way, the bolt tests that failed

due to shearing of the bolt were separated frond#te and studied by themselves.

All bolt manufacturers produce coated and uncobt#ts. Uncoated bolts are steel bolts
with no covering against corrosion. Coated bolesarated in bitumen, rubber, plastic, etc. in
order to provide protection against corrosive esrvinents in underground environments. The
effect of coating on bolts is drastic. Considerahlyre uncoated bolts fail than coated bolts.
Since the mines exist in similarly corrosive enmammeents, it can be concluded that uncoated bolt

failure is likely due to corrosion.

Graph 5 clearly demonstrates the wild-card affieatiuced when uncoated bolt failures
are compared with RMR scores. Bolt failures ocaansingly at random along a wide
distribution of RMR scores. Given the more randadidistribution of failure, it was concluded

that rock mass had little effect on uncoated laltifes, and such failures were likely a result of
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shearing produced by corrosive weakening of thedieel where it came in contact with water
inflow at the rock face. Since corrosive failuresuar regardless of rock mass strength, data was

separated into “coated” and “uncoated” bolt types.

Graphs 3 and 4 show results for pull-testing csted bolts only. Here, it is much more
likely that bolts failed due to “slips”, which ie say that the bolts began sliding intact out of
weak rock mass as the pull-test was being perfor@edted bolt failures present a much more
uniform and predictable distribution of failure,tiviall but one of the failures presented on graph

3 occurring below an RMR score of 40.

Graph 4 takes the correlation further by explopug-test results on coated bolts both in
failure and passing during pull-tests. The additbooated bolts that withstood the maximum
tonnage expanded the distribution of results almgder range of RMR scores. The r-scores in
graphs 3 and 4 are similar, coming in at 0.766@ii@1 respectively. Both p-scores are well
below 0.05, indicating a strong and statisticailgyngicant correlation between low RMR scores
and slipped pull-tests on coated bolts. This idlamto results obtained by Soni in 2000, though
the data in this report is more plentiful and prese more statistically significant distribution

than Soni found.

While Mine 3 used coated inflatable bolts for pelting, the results from this mine were
not as strong as results from Mines 1 and 2. Wirdgh 6 still shows a positive correlation
between low RMR scores and slipped pull-tests roated bolts, the results show a much
weaker correlation, with an r-score of 0.16 andsz@e well above 0.05. However, it must be
noted that the data distribution of this graph €#ststatistical significance into question. There
are only four RMR scores presented across 21 aabéspAll 21 points of this pullout data

included only RMR scores of 33, 37, 45, and 78. &/tban half the data set, 6 and 10 points
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respectively, had an RMR score of 33 and 37. SinedRMR score is a scale of 0 — 100, the
difference between a score of 33 and 37 is minahakst. Three points had a score of 45 and

two had a score of 78.

Additionally, the nature of the bolts used in MBi@vas altered by using six-foot long
sleeves to constrict most of the length. This metlealled the two-foot anchorage test, means
that only the final two feet of the bolt is inflatén the hole, producing a very low anchorage
length compared to data from Mines 1 and 2. Thasdachorage length changes the behavior of
the bolt in-hole and possibly drastically affedts tesults of pull-testing. There is little litexed
available on the subject of pull-tests with two{faachorage lengths. This coupled with the
suspicious spread of the data presented in graphdgrs the results from pull-testing in Mine 3
guestionable. However, the graph is presented aldagnore supportive graphs in the spirit of

academic integrity.

15. Conclusions

Many factors present in pull-testing of bolts affdata distribution. Aside from shearing
failure due to corrosion, human error such as iperdolt installation or pull-test application
could result in a failed test regardless of roclssn@dditionally, human error and bias in core
logging and block-model construction must also lBmtioned, as a certain amount of
subjectivity is present in both of those procesbiesvever, there are many standardized rules

and regulations that govern these processes.

This thesis explored data from three different mirkhe datasets from these mines
included many different types of bolts from diffetenanufacturers, comprising of variable

lengths and coating types on the bolts. Given teetipul data available on inflatable bolts, these
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bolts were chosen as the topic for this study. ddreelation between slipped pull-tests and low
RMR scores in rock mass appears to be strong afidtgially significant when the data is
controlled for uncoated shear failures and lengtimalization. When controlled for these
variables, correlations between slipped pull-tasis RMR scores presents at an r-score of
around 0.766 and with a two-tailed p-score much tean 0.05. Though data from Mine 3
presented a much weaker correlation, the statisigaificance of the distribution of the data as

well as the type of pull-testing applied rendees ghaph questionable at best.
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