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REPORTIMITATIONS ANDISCLAIMER

The report scope is further enunciated in section 1.1 and being a limited pilot trial there are avenues for
further progress and research into the processxplored within this reprt. The scope has focussed on
variability inputs that are known to have the most bearing on friction valu&sme, but not all of the relevant
topicsthat may be subject of further research addvelopmentthat are notwithin the scope of this report
include:

A Evaporation rates in terms shrfacefriction recovery related to time

A Road material geotechnical composition

A Road surface moisture content prior to test protoather than to observe all test roads were dry
before the test procedure water application.

A Site specific wd velocity and ambient temperature although log&ather station observations on
the test days are included in Appendix C.

A Tyre specific analysis where different tyaelectionsare used on thesame vehicle.

A Laden trucks; anecdotal evidence indicates empty vehicles are subject to greater uncontrolled
movement risk.

Disclaimer:

Thisreportis based on a limited pilot stu@yd the report authors do not accept any liabifity the risk
managemeniprocedures adopted at individual mine operations based on the contents or findings of this
report.
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BEXECUTIVBUMMARY

Uncontrolled vehicle movements, is a significant operational hazard in the mining environment exacerbated by
rain events and potendil overwateredroad surface conditions. Thieport outlines the results of an

innovative surface friction assessment pilot program conducted at two (2) functioning open cut coal mines in
Queensland.

The program involved conducting friction supptigsts in controlled conditions to replicate a range of real
world mine operating conditions and vehicles. The project is adapted from a recently introduced procedure
used by the Queensland Department of Transport and Main Roads to measure road sucfamednd has

been tailored for mine road network evaluation.

The trial has establisheatiat the technology and friction appraisal method is robust and enablesta
effective and scientifically sound metholdgy. The procedure allowsine personnel to objectively test road
network friction values to support thegurrentsubjectiveroad network operational safety evaluations

The results aflpha Mineclearly displayed the critical nature of road surface friction supply variabiliyater
application rateson a highclay content road surface environment. The fdotcoefficient after a single
regula? water applicatiorrun reduced on average b40%in contrast withdry surface friction values.

Overwatered or light rainfallcondiionsresulted inmeasured frictiorreduction of up to~65% effectively
rendering the road networks foklpha Minehazardoudor business as ususgghicle operation.

In contrast withAlpha Mine the results aBravo Minefeaturedslightlymore variabilitydue to different
imported road surface material. The imported crushed rock road surface matergdneraldisplayed less
sensitivity to increased water application rateShesinglesite tested that was constructed from-situ ground
materialwith significant clay content, displayed high sensitivity to water application.

All the test sites provided outstanding friction supply in dry conditions with some performing to a standard
equivalent to that of sealed road®ifferent vehicle types were testash commonsites to form a basis for
heavy vehicle proxy result ratios with light vehicles; eliminating any requirement taisgsglarge vehicles.

Typical sealed road surfaces demonstratgablereduction of friction supply in eange of~20-40% whenwet,
with a small percentage reducing by as much as &lB6ugh from a higher base level thamsealed roads

The core findings of the Pilot Friction Assessment Program include:

%+ The methodology utilised for the pilot program provides a benchmarkémplate for mine operators
to frame anenhanceduncontrolled vehicle movement risk management strategy.

+ The technology used waenfirmed assufficiently robust for measuring road network friction
coefficientsin a mine environment.

% The pilot identifiedthe variability of watered or rain affecteunsealed road friction supplyt
supportsthe needfor an objective assessment proceduoeprovide greater confidence and
corroborationtogetherwith the current subjective judgement of safe operating coratfis.

+ Road vatering application practice is considered a critical risk management learning outcome from
the results of the pilot program.

Surface Friction @ficient available from the particular surface and vehicle type to enable safe vehicle control
2400m|/m20r 0.4mm rain as measured using the mine water truck under typical operating settings
3800mL1200mI/m2 or 0.8mm1.2mm rainfall representing tworal three consecutive normal watering runs respectively
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1.0 PURPOSE

The intention of the pilot testing program is validation of the methodology and measuring techrfology
friction supply evaluationin real world mining conditionslt is also anticipated to provide an objective
engineering process to support safe operations of vehicle movements on mine road networks and to enable
compliance with the following sectiord the Coal Mimg Safety and Health Regulation 2001

Section 128 Specification for design and construction of mine roads

OMO ! Adz2NFIFOS YAySQa alFSie FyR KSFIEGK YIFylF3aSyYSyi
construction of mine road®tenable the safe movement of vehicles about the mine.

Qx
(]
Q)

Section129 Standard operating procedure

A surface mine must have a standard operating procedure for maintaining and watering mine roads, including
dealing with hazards caused by excessive watesfrrgads.

In addition and complimenting the regulations, the purpose is to provide a robust system in support of the
recommendations of Mine Safety Bulletins 94 andi88ued in 2010 by the Queensland Mitiespectorate
Safety and Healthé&partment. Spedfically, some othe relevant recommendationisiclude

A aAySaQ {GFyRFNR 2LISNIGAYy3 LINPOSRdzNB A -raadsht a0 F2NJ R
require urgent review.

A The material types used by mines for road construction, including on thesuofade to provide for
frictional value, require urgent review.

A Introduce engineering controls in place of administrative controls to reduce or eliminate the
probability of judgemental error by the water truck operator.

1.1 SCOPE

The pilot program iimited to using thetest instrument for unseadd road network friction supplgnalysis
Two operating open cut coal mines were selected for the project:

1. Alpha Mine is a high clay content road environment where no external road material is imported
onto the common operational road network. Two third party maintained sites on the mine lease with
an imported road surface material were tested for compariséiout170 individual friction
measuring tests were conducted Atpha Mineusing 4 different veltles at 15 locations including pit
ramps, intersections and curves.

2. Bravo Mine encompasses various-site materialand imported road surface material including
treated haul road surfacesApproximately 30 individual tests were conducted at Bravo Mirgng 5
different vehicles on 7 different roads and ramps.

The scopef the project alsexaminedbraking systems and vehidienchmarkselection, in order to provide a
framework offriction evaluationconsistencysupported bycommonlyavailable mine resourceshe road

4 See Appendix D
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network safety intervention levels amso @nvassed although it is emphassikthis is a pilot project and
cannot account for all mine speciftuations

The information contained within the repois valid only fothe pilot mines road networks although other
mines may record comparable results using the same test protocol. Itis recommended each individual mine
conduct a similar procedure on their respective road network to obtain benchmarking and operational data.

2.0 BACKGROUND OECHNOLOGAPPLICATION

Historically, systematic friction analysis of unsealed road networks has never been conducted for various
technical and logistical reasons. Unsealed roads are to a large extent user regulatechs of safalriver
behaviour relative to friction supply.

The author of this report initiated the introduction of the technology firstly into the Queensland Police Service
and more recently into the Queensland DepartmenfTadinsport andMain Roads The technolog has a
variety of applications for road safety auditing, crash investigation and friction supply analysis.

The strength of the technology is in atmay be characterised ascompellind-ay Persocomprehension It
is an invehicle emergency stop empiakcprocedureto test friction that isunderstood by anon-expertand
does not involve expensiva bulkyequipment, intricate scientific algorithms or a technically complex process.

The technologwpplicationprovidesa number or a friction supply value tn otherwisesubjective evaluation

2.1 METHODOLOGY GRICTIONBUPPLYWEASURE

The technologyVericom VC4000DAQ Acceleroméisressentially an instrumented accelerometer with
additional features including GPS tracking and additional data acquisition characteristics that can be selected
dependent on the test data or method mandated. The instrument measurexiai acceleratio atup to

1000 hertz to provide & Forcalimensionless factor stated as a coefficient of friction value. This value is
usually less thaone’ anda typical dry sealed road surface coefficient of frictiomighe range(0.60-0.80).

Unsealed road suates have had virtually no systematst regimes applied to thepknowledge ofmeasured
real world friction values igerylimited andtherefore subjectof suppositionsn road design and safety

Frictiondemand value factorsare universally used ipublic and mine road design with particular importance
with regard to geometric standards, therefore the measured fricopplyvalues using the stated
methodology are uniquely related and directly analogous to road design and safety standards.

Forexample a 10% grade pit ramp requires a surface friction value greater than (0.10g) for a vehicle to
maintain traction in a stationary position. If the vehicle was being driven down the ramp and modeakee br
application is appliedG:15g; the surface fiction necessary to accommodate this action withpotential loss

of traction, is a minimum of 0.10 + 0.15g(0.2%9).

If a 4WD vehicle was driving up the 10% ramp with a rabdeceleration factor 0fG:10y; to maintain
traction control, friction supplyieedsto be greater than 0.10 + 0.16g(0.2@).

° 1 represents the acceleration of gravity 9.81A2sNJ m W3 Q
6 . _—
See section 5.2 for definition
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http://www.vericomcomputers.com/wwtraining.html

A Pilot Study of Friction EvaluatiMethodology and Operational Protocol for unsealed Mine Road Networks

3.0 TESTSTEPROCEDURE

The pilot test procedure was conducted in a light vehicle at low speed (35km/h) in both conventional brake
application (wheel lock) and standard Antilock Brake System operatiB8)(with thedenticalvehicle.

The test runs were conducted at multipdelected locations at eadhine to include variable surface types and
critical locations including Intersections, Ramps and horizontal cuimgsractice, statistical integrityuggests
a minimum of 3 test runs for each categasyrecommended.

The testskid distances were adjusted &35km/h result to enable direct comparisoithe test speed of

35km/h was chosefor several reasons with safety being the prime basis. Peisdcsis alsdn alignment with

the operating speed of many large mine vehicles, the test speed used by government road authorities using
the same instrumenand theState Standard for performance of braking systéms

Test runs were conducted athigher speedange(60-70km/h) to see if speed sensitivity is an issue; no
apparent frictionsupplyanomalies were observed although the scope of the project didcaliotva full
evaluation of this topic

Each test location was subject to a total of1I2 ABS and conventional bratests to replicate the range from
ideal through to overwatered or rain events conditianghe following categories

A Dry surface

A 400ml per square metre or 0.4mrainfallwater application (1 water cart run)
A 800ml per squarenetre or 0.8mnrainfallwater application (2 consecutive water cart runs)
A 1200ml per square metre or 1.2mrainfallwater application (3 consecutive water cart runs)

Gradecontributes to the acceleration andeceleration of a vehicldiencea requirementto adjustto a level
surface result to remove that influenceA 5% negative slope result is adjusted by an addition of (0.05) and
vice versa with a positive slope road surfadde test results from this procedure were grade adjusted to
enable comparatie surface friction evaluation for each site and graphically pres@ruada straight line graph.

Figure 1Test instrument setuin vehicleat Bravo Mine

7 Appendix D No.4
Test runs with common parameters averaged.
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3.1

Adownhilltest on a 10% (0.10) pit ramp even at 35 km/h may be problematic in low friction conditions;
therefore the test can be conducted uphill andcuratelyadjusted for a downhill or level surface result using
the following procedure:

TESTRESULADJUSTMENPROCEDURE

Vericom Test Site Resulton Add and Average Method Negative Grade Correction Positive Grade Correction
6% Grade

Example

Negative Grade Direction 0.44 0.44+ 0.06

Positive Grade Direction 0.56 0.56-0.06

Divide by 2 0.44+0.56=1.0

Grade Corrected 0.50 0.50 0.50
(Level Surface) Friction
Coefficient Value

Figure2 Friction resul grade correction procedurtor a 6% grade

4.0 MINESTEBENCHMARKINEBROTOCOL

To benchmark or pragte a yardstick road surface efficient of friction comparison; it is necessary to use
protocol to limit or control the variables involved in the proceglu The most criticdkatureis water
application so ishouldbe measured; othesignificantelementsare the vehiclaype and brake application
mode.

The followingproceduresexpandedon in sections 4.1 through.4isrecommendedmnethodology that may be
used as a benchmarking frameworkan operational mine environmeniyre inflation pressures, hardness
readingsand general weather conditions during testing are recordedppendix Clt is assumedall vehicles
were mechanicdy sound and subject to the usual pre start checks

4.1

Select key sites to teshat may be categorised as follows

TESTSTELOCATIONRECOMMENDATIONS

Exhibitingcharacteristicghat include:

A Horizontal curvegarticularly small radiuer those with adverse cross fall or substandard super
elevation;

A Vertical curve(crest) alignmentocations particularly whereninimumline of sightstandardsmay be
compromised

A Vehicle conflict pints, for instance intersections particular where challenging geometric
characteristics are also present.

Ramp roads particularly those up the upper limit of gradient specifications.

Locations where uncontrolled vehicle movements have bgwiouslyreported are obvious
candidates dr testing.

A To evaluate variations in road surface wearing course material for friction performance analysis.
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Figure3 Example of a key locatiat Alpha Mine.

4.2 \WATERAPPLICATION

It isessentiako quantifyroad surface sensitivityotwater appliction rates. Theaneasuring protocol can be
conducted by replicating current watering practice in terms of hozzlayspusedwater truckspeedand any
number of selected settingsSophisticated watering systems may already facilitate weteyround area
application rates and negate the need to manually quantify

The simple process used as displayed in figure 4 is to use 3 or 4 containers that are measured to waidulate
catchment aregcorrected to a 1rhbaseline) and then placed on the ground within the spray coverage. It is
recommended at least 4 runs; 2 in each directiwamade the water quantity measured and divided by the
number of runs to provide an averaged watempéipation ratefor eachm? of road surface ira single pass.

Figure4 Water application rataneasuringat Bravo Mine

Water application practice is considered a critical risk management learning outcome from the results of the
pilot program. The pilot highlighted the variatyilof different surface material to water quantity sensitivity.

4.2.1 RECOMMENDATION
V Conduct a water application measuring procedure and water cart operator awareness program.

RoadSafety Training Services Pty Ltd Pagel0
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4.3 TEST VEHICISELECTION

A 4WD or typical light vehicle commonly used onmatie sites is the recommended benchmarking test
vehicle. Different types of light vehicles are wonsidereda significant variable, howevghe braking system
is along with some specialty tyraad this washighlighted in the results of thgilot program.

It is not practicabr necessaryo conductregularoperationalfriction testing with large mine vehicles,
therefore,a componenif the project was to compare the friction disparity betwesttightbenchmark
vehicleand large vehickeusing the samegadtest site location Therationaleis to provide a friction ratio or
correctionfactor to correlatebetweena light vehicle tesanda large vehicle resyltvithout the requirement
to perform regular testingisinga large vehicle

The pilot trial scopevas not intended to be definitive; as not all vehicle types were tested and the vehicle
comparison tests were only conducted on a limited number of road surfaces. Different road surfaces may
result in slight variations in the friction differential betwediiferent vehicle types. The pilot test method was
designed to provide the greatest friction differential over the range of vehicles being utilised at the mine i.e.
smallest and largest.

For exampleif alight vehicle test result i€.45 by multiply this value by a 80%(.8) large vehicleorrection
factor or ratio the large vehicle friction value(0.36). This simple calculation provides a vehicle disparity
friction supplyrangefor the particular location

Figure5 All Test vehicles
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4.3.1 RECOMMENDATION
V  Applyacorrection ratio as determined from mine vehicle comparison testiogscertainthe friction
supplydifferencebetween the benchmark Il vehicle test results and largeshicle friction supply.

4.4 BRAKINGSYSTEMSELECTION

Throughout the pilot program friction testing was conductedhwionventional braking (wheebtk) and Anti
Lock Braking Systems (ABS) on the same test vehtdles identical location$o lessenvehicle specific
variation Thisprocedure also providethsight intobrake system performarcin terms of stopping capacity
and stability. The addition of water produced in most casesexpecteddownward trendin friction supply
although, the occasional outlier results occurgatticularlywhen using convetional wheel lock braking.

The ABS test method has the advantage of maintaining vehieetidinal control and stabilityhowever, the

test programresultsrevealed that after water application, friction supply values were nearly alvoayestr|

than the tegs conducted in conventional brake madi was observed that the test result anomalies occurred
when using conventional braking (n@xBSyndthe tyres broke thragh the wearing surface causiaglough
effect. This is considered an invalid friction supply test and was a considefatitine recommendation of
brake system selection.

It isconsidereddesirable from a friction supply safetgnalysis thathe lower value is use@nd this iprovided
using he ABSmode. Modern vehicles with ABS and electronic stability control (ESC) featisesrovide
lateraland directionaktability during the test procedurerhich is an important safety consideratiohlon ABS
testing sometimes resulted in vehicle roi@ most pronounced on low friction surfaces with cross fall or
super elevation present analthough mitigated by low speedhay still be potentially problematic.

The anomaly between the different brake application mode friction coefficiertsntraryto typical results
that occur on sealed road surfaceghere ABS friction valudgpicallyoutperform conventional brake
applications by-10-20%.

4.4.1 RECOMMENDATION
V  Utilise alight 4AWD or AWD vehiclidted with ABSbrakesto conductbenchmarlkfriction supply
analysis

50 MINESTEAFETYRICTIOMNALYSIS

The termslipperysurfaceis well understood in a general senss awarning of gpotential lack of friction to
safely control a vehicli cautionis not practiced Frictionsupply is a combination of vehiabaracteristics
and road surface conditions anddsnsequenthdriver independent. Friction demand, howevés,
fundamentally defined by combinationof activedriver behaviourand prevailingoad geometry.

Mine road networksshould,as with all vehicle transport desigtandards, takénto account as many of the
variables as possible. Friction demamdgnitudeis controlled byroad geometric design standards such as
curve radii, gper elevation and grade. Theerator input componentis influencedby individualbehaviour
which includes operating speathoiceand vehicle control decisions

Simply put; to conduct a friction safety analysis we need to compare friction supply with friction demand. If
friction demard exceeds friction supply loss of vehicle tractiois thepotential net result

RoadSafety Training Services Pty Ltd Pagel2



A Pilot Study of Friction EvaluatiMethodology and Operational Protocol for unsealed Mine Road Networks

5.1 FRicTiONBUPPLY

Simplicity is a key objective for operational practicality and data usefulness; for that putmogariability of
dynamicfriction values has througthe technologyand methodologyexpanded orin thisreport, been
condensedo an average dimensionless factbependenton vehicle typebrake modesand roadsurface
conditions, primarily water application quantity.

Toputit in context;friction supply factors greater thafl) are uncommon on public roads witegular
vehicles. A dry sealed road surface may fall in a range bet{@e®q 1) or be as low af0.10) on ice affected
roads. Water affected sealed roads will rarely droplag0.30) and may be as high 8.80) on some
surfacesspecifically designed to provide high friction performance

The determination with regards to appropriate or safe levels of friction supplyine road networkss to
some extent dependent on the fricin demand or in other words location specifiss previously stated

unsealed road friction is virtually untested, thereforeery limitedstandards exiswith which to use as a
reference or guide and they are at best vague on the subject.

The road degin referencesave a discussioim terms of friction demand standards rather than friction supply
values. As previously discussed the methodology and technology used for this study means these values are
interchangeable or directly analogous.

TheGuidelines for Mine Haul Road DeSiglicateso n ®H 10 A& YA YA Y dzvgereralfaS NI ¢
20%lateral coefficient of traction is safe for all but slippery conditi&ns.

The Queensland Road Planning and Design MéQr(LGHlapter 11 Horizontal Alignmerajivises using a
desirable maximum of (0.21) side friction demand for trucks on a sealed surface at 50km/h.

The same manual has a table for unsealed roads with a maximum side friction demand value of (0.12) at
50km/h. he probablerationale is thatsealed surfaces are friction tested and there is a higher confidence
level in thatvalue Unsealed roads are not friction tested and asssumedo be more variable therefore a
lower number igusedto account for the uncertaity.

If unsealed road surfaces are tested in a methodical maandrfriction supply values are known with high
confidencethere appearano reason why these side friction values should not fall more into line puithic
road design and mine road desigrthodoxy.

The minimum friction supply value of (0.25) selected as a result of this pilot study accommodates the side
friction factors, which from a vehicle control safety aspect is critical, for both public and mine road design
standards.

Longitudinal obraking friction supply is closely aligned with stopping sight distance friction demand as a
safety priority. Chapter 9 of the Queensland Road Planning and Design Maswabesign specification of
(0.29) for truck coefficient of longitudinal deceleiai This value is also consistent with the minimum
requirement of braking efficiendipr commercial heavy vehicles as requiredstate legislation™*

The (0.29) factor applies to sealed road surfaces and for heavy \a&tnélelling on public roadsTre
minimum value (0.25) recommended in this report is considerpdaatical andeasonableinsealed road
compromise with the better performed sealed public road surface standards.

® See References Appendix
loSee references Appendix D
llTransport Operations (Road Use managerméehicle Standards and Safety) Regulation 2010
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Based on the afore mentioned information, the report authors experiéhaed the pilot program data the
traffic signal model detailed ifigure 8represents broad based friction supply traffic management levels
considered sufficient to accommodate the management of safe mine road network operations.

5.2 FRICTIONDEMAND

Fricton demand is a permutation of longitudinal acceleration or deceleration and lateral accelersitiben a
vehicle travels around a curve it is subject to a certain lateral acceleration force that increaseseases
with a change in speed arigl alsainfluenced by the radius and super elevation.

Alterationin speed requires either acceleration or brakingut from the driver and a change in direction
requires steeringnput. The combination or vector sufiof the driver inputs together with speed andad
geometryinfluenceis defined adriction demand This dimensionless factds directly comparable witthe
friction supplycoefficient

Driving behaviour revolves around, among other road features, so called comfort factors that are a function of
tri-axial acceleration X Sa | OG Ay 3 2 A ortler thiFddé tRis/condepad @riaBsercar

acceleration factor frm a stationary position is ~0.15 and an average braking factoiirgho anon-urgent

stop is a similar valueMost drivers arecomfortable with a maximum of ~Q03ateral acceleration factor in a

small radilow speed curvePeople are not generally comfortable with that level of lateral acceleration forces

at higher speeds of 80km/h with a comfort acceptance of about halfitegnitude

On a straight section of road there may only be a friction demand requirement for the acceleration or
decelerationfactor, however, in a curve or during a steerimginoeuvrethere may bea need toalsobrake and
this induces biirectional orvector sum friction demandThe friction demand values can be solved
mathematically or by ifvehicle simulation using the same instrument that measures friction supply.

6.0 FRICTIONRUPPLYNTERVENTIONEVELS

Settingindividualmine road networlsafety guidelines and intervention levels is not the intention of this pilot
study, however, it is a topic expected to be raised considering the content of the report and is included for the
purpose of wider industry consideration.

Friction supply guideiies developed by the author of this report and currently used by Queensland Road
Authorities foraccelerometer measureftiction supply sufficiency analysis on sealed public roads is depicted
in Figure6.

A benchmark grade corrected friction result ab@/85in a mining environment should, in general, provide
adequate safeguard against uncontrolled vehicle movements in the majority of situations vegedar

vehicle operatobehaviour is observed. This would allow unrestricted or business as usual vehicle movement
within the majority of mine road networks.

lZThe Director RoadSafety Training Servicesriember of theState Road Authority SkiResistance Advisory Committee and person
responsible for the development and creation of figures 6, 7 & 8

13Seefigure 8
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Investigatory Levels of Skid Resistance Using G Force Meter (Vericom)

. . = e Grade Corrected
Site Category Site Description Investigatory level
1 Traffic light controlled intersections 0.55

Pedestrian / school crossings
Railway level crossings
Roundabout & approaches
Curves with radius = 100 m

2 Curves with radius = 250 m 0.50
Gradients = 5% and = 50 m long
Freeway / highway / on/off ramps

3 Intersections 0.45
Curves with radius < 750 m
Manoeuvre-free areas of undivided roads

4 Manoeuvre-free areas of divided roads 0.40

Represent Vericom average values (Grade Corrected) and aligns with SCRIM Table 4.3-2 RTA/Vic Roads

Figure6 Public Road Authority Guidelines (Queensland Main Roads)

If active testing result® friction values falling in @.250.35range;it may be prudent to provide some form of
caution message to selected vehicle type and/or mine location specific movements. Targeted speed limit
reduction may provide an option for managing potential untcotled vehicle movements.

Friction values unded.25may call for selected limitations or even blanket restrictions on vehicle and/or
location specific vehicle activities. Critical locations may include ramps particularly those at the upper range of
gradent specifications, vehicle conflict points and geometrically demandiad layouts.

6.1 THETRAFFIQGGNALMODEL

Thetraffic light management moddias been developed by the report authors to facilitate, further develop
and promotesafer mine road netwrk traffic management protocolThe model represents friction value risk
categoriesnly; it is a virtual modelpperational implementatioractivitiesis a matte for individual mine
operators.

#0.35 Unrestricted 0.25-0.35Caution Q.25 Hazardous
Movement Required Restrictions Apply,
Figure7 Friction Supply Traffic Managemevibdel©.

6.1.1 RECOMMENDATION
V Itis recommended that the mine traffic management plan incorporates friction supyysis
proceduresand vehicle movement specificatiomsorder to address and mitigate the risk of
uncontrolled vehicle movements.
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6.2 FRICTIOMNALYSIFABLE

Thepurpose of a road surface friction analysis is to idergtifactor of safety (FOS). The FOS is simply the
margin between friction supply and friction demand. For example, if a vehicle approaches a stop sign and the
driver reaches a braking peak value off)a2d the measured friction supply is 0.50 there large safety

margin and vehicle control is not compromised.

If the surface is wet and the friction supply reduces to 0.30 that same driving behaviour will provide only a 0.05
margin for errorand the driver is unaware, other than through experience, mouch the friction supply has
reduced The vehicle cannot slow down at a greater rate than the available friction supply factor will allow,
conversely, aimultaneoussteering action is limited as most of the available friction is being used to slow the
vehicle, hencethere is littlefriction supplyremainingto provide effective steering control.

The safety issue identified is that the driver is unablad¢ouratelymeasure the available friction as this is a
subjective assessment based on experiemcsitnilar conditions with a similar vehicl&his learned driving
behaviour provides the basis for setting friction supply values that provide a safety margin between known
driver comfort levels which may be defined looselynasmaliseddriver behaviour.

To establish a reliable and consistent examination of what can be a somewhat complex concept, a table has
beendevelopedby the report authorsas a tool to enable and simplify mine road site friction supply and
demand analysis.

The table as illustrateth Figure8 below was developed specifically in support of this pilot program for the
purpose of assisting mine operators improve road surface friction analysis practices.

Several case study examples of how to use the table depictiglire 8 are contanedin AppendiA.

Site Specific Friction Analysis Table

Site Specific Friction Supply & Demand Safety Assessment Table applicable to Mine Road Networks
Friction Supply Friction Demand Factor of Safety
. — i Site Specific
} N f Maximum
Mine Site i Site Specific | Maximum ;'tezjfre; 'Ocr - Desirable Calculated AR S?T’#
Location inimum Measured Desirable cul E1aut Combined Combined Desirable Site Factor of
Desirable - Calculated | Longitudinal Safety
Category . Friction Lateral Gy I Gx/Gy Gx/Gy Factor of
Friction 1 Lateral Gy Gx Factor e Rl
Factor Factor Factor? Friction Friction Safety fos
acton Vector Vector Su
Curves
<40km/h 0.25 0.20 0.10 0.22 115
50 km/h
m/ 0.25 0.18 0.10 0.20 125
L 0.25 0.16 0.10 0.18 1.40
S 0.25 0.14 0.10 0.17 1.50
80 km/h 0.25 0.12 0.10 0.15 1.60
Intersections | 0.10 0.10 0.15 018 0.18 1.40
Ramps
> 5% Grade 0.25 0.10 0.10 0.20 0.22 0.22 115
Grade corrected to level surface friction coefficient.
- Measured with accelerometer or calculated using road geometry and speed limit data.
Vector Sum of the default longitudinal Gx factor and the lateral Gy factor. ,/Gx2 + Gy?
Friction Supply value i divided by Friction Demand valuel

Figure8 Friction Supply v ¢ Demand Factor of Safety Analy$able©.
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7.0 VEHICLERICTIONCORRECTIONACTORS

An important aim of the pilot study was to develop a procedure enabling a benchonéight vehicle test
friction result to be utilised in lieu of an actual large vehicle t@83tecorrection factor or ratio waachieved
by conducting direct comparison testing on the same road seetitinthe results illustrated ifigure 9 & 10

Vehicle Correction Factors
. Friction Supply Friction Supply CaEHlen
Water Mine Factor
Application Location Rear Dumper Benchmark (Ratio)
Vehicle
Caterpillar 785C Jeep Cherokee
Alpha 0.389 0.604 0.64
Caterpillar 793C Toyota Prado
0.0mm Bravo 8489 yO 511 0.96
5 Terex 3700* Toyota Prado a7
ravo 0.392 0.511 :
Caterpillar 785C Jeep Cherokee
Alpha 0.323 0.391 0.83
Caterpillar 793C Toyota Prado
0.4mm Bravo 0358 0.434 0.83
Terex 3700* Toyota Prado
Bravo 0.327 0.434 0.76
Caterpillar 785C Jeep Cherokee
Alpha 0.121 0.203 0.60
Caterpillar 793C Toyota Prado
0.8mm Bravo 0253 0411 0.62
Terex 3700* Toyota Prado
Bravo 0.199 0.411 0.48
Caterpillar 785C Jeep Cherokee
Alpha No Data 0.176 N/A
Caterpillar 793C Toyota Prado
2 sravo 0.164 0.390 0.42
. Terex 3700* Toyota Prado G4
ave 0.190 0.390 :
*Note: Friction supply testing in the Terex 3700 was conducted using only the vehicle
retarder with no front wheel braking. The test results have been adjusted to allow for full
front wheel braking based on a 46.4% front to 53.6% rear axle mass ratio.

Figure 9Benchmarkvehiclesto largevehiclefriction supply correctionéctors

The variation in dnsurfacetest results can beroportionallyattributed to the mechanical brakgefficiency of
the large vehiclesDue to the high friction supplgrovided by a dry surfacehe front wheel braking systems
on the Caterpillatruckswere unable to generate sufficient brake force to lock the frohieels Suffice to say
that dry surface friction on all of the surfaces tested was more than adequate for safe, business as usual
vehicle operations.

Limited testing conducted at botpilot mines where there was a variation in road surface material and tes
vehicles produced almost identical correction factors for the Caterpillaksof approximately 80% at 0.4mm
water application and®0% at 0.8mm water applicatiohisdataindicates that further vehicle comparison
testing is warrantedo evaluate poéntial generiaccorrection factosfor those critical water applications rates.
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Rear Dumper to Benchmark Vehicle Comparison

100%

95%
__ 90% 196%
2 oo ———83%
S 80% 177%
(o]
L 75% \
s 70% 76%
S 65%
g o 164% ~—.62%
8 55% 6
= 0) 4070
K 40% = 42%
>
2 35%
S 30%
@ 25%
S 20%
s 15%
I 10%

5%
0% ‘ ; ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Water Application (mm/m~2)
—8— 793C NonABS/Prado ABS —+— 785C NonABS/Jeep ABS Terex 3700 Retarder Adj/Prado ABS

Figure 10Chart display of figure 9 Table

8.0 PROJECALPHAMINETESTRESULTS

The pilot projecinvolved two operational open cut coalines;the first of the mines testeds producing
thermal coal in southeast Queenslarithe project mines were selected to represent a variety of road
networks with particular emphasis on different road material constructidhe scope of the project did not
entail detailedphysicalroad constuction material analysis.

8.1  ALPHAMINE(SOUTHEASTQUEENSLAND

Alpha mines a small operation withigh clay content road construction material. Imported road construction
material is not used so the majority of test locations were similar surfaemal type, although, there were
subtle differences in mix and compaction.

A series of tests were conductedsslectedlocations includingt intersections, 2 ramps and a curve road
section. A third party road network bisecting the lease was also tegjadhst orsite materialat 2 locations
to compare withthe significant disparity of the imported road materiaferredlocallyas a black Ipswich coal
stone chidlers mix.

8.2 HIGHO.AYCONTENTATERESULTS

The friction supply test resuftShave been grade corrected arollatedinto specific road surface water
applicationand vehiclegparameters The benchmark vehicle for this series of i@sfBS and conventional
brake modewas a 2009 model Jeep Cherokee

14See appendix B for individual site results
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Photographs depidhe typicalroad surface materidbefore and after wettindright) at Alpha Mine.

Figurell Curve intersectionand ramp test site locations at Alpha Mine.

Alpha Mine - Benchmark Vehicle Site Composite

0.65 |
0.60

055 L

0.50

0.45 -
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0.20 = ﬁi

0.15
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Coefficient of Friction (Level Surface)

0.05
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0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Water Application (mm/m~*2)
‘-Q-Site B —#-Site C Site D Site E = Site F —®—Site G ‘

Figurel2 Note limited data collected at 0.8mm water application.

ALPHA MINE — DATA STATISTICAL ANALYSIS

WATER FRICTION SUPPLY STANDARD COEFFICIENT OF
APPLICATION (MM) | AVERAGE DEVIATION VARIATION

0.0 0.566 0.027 5%

0.4 0.339 0.048 14%

1.2 0.190 0.025 13%
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8.2.1 COMPOSITIONGRAPH OAESTRESULTS
Figure Bdisplays all the commosite surface characteristics benchmark vehicle test results averaged. It also
incorporates theTraffic Signal Modedligned to the preferred ABS (Aditick Braking System) method.

The 0.4mm water gglication rate represents eegularwater cartpassso the Alpha Mine road network
friction performance could be described as water sensitive. Overwatering ordigifidll represents a
potential significant hazard in terms ohcontrolled vehicle movement.

Alpha Mine - Benchmark Vehicle Traffic Signal Model

0.0 02 0.4 06 08 10 12 1.4
Water Application (mm/m”2)
‘—O—ABS Avg —#—NonABS Avg - -+ - ABS Max - -= - ABS Min - -~ - NonABS Max - -= - NonABS Min‘

Figurel3 Composite graph of benchmark friction supply- water application rate

8.2.2 BRAKINAISTANCISRAPH ATBB5KM/ H

The following graph represents the average braking distance of the benchmark vehicle for all the tests
completed comparing ABS andn-ABSoraking performance. On a dry surface performance difféatis
negligible; howevesignificant divergences dispayed as the water application rate increas@sis
emphasises the importance of using ABS testing procedure since this method delivers longer stopping
distancerequirements than conventional brake mode.

Alpha Mine - Benchmark Vehicle Braking Distance
275

25.0
225 //
20.0
175 /.
15.0

e / /

10.0

i M

7.5

5.0

Average Braking Distance (m)
@ 35km/hr Level Surface

25

0.0

0.0 0.2 0.4 0.6 08 10 12 14
Water Application (mm/m~2)
‘—0— ABS Average -®- NonABS Average ‘

Figure14 Composite gaph ofbrakingdistance at 35km/h v - water application rate
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8.2.3 IMPORTEIROADMATERIAICONSTRUCTIOfHIGHPERFORMANGE
The & party haul road bisecting the lease was testeddomparison and displayedsdablefriction valueafter
initial friction decrease simitao other surfaces for the 0.4mm application of water

Alpha Mine -Imported Road Material

T T T
06 08 10 12 14
Water Application (mm/m ~2)

—~ Jeep ABS

Figurel5 Composite graph & photograph of imported road material on third party raéipha Mine

8.3 VEHICLAEYPEEVALUATION

Dissimilar vehicles were testexh similarroad sections under the same water application regime to establish
vehicle specific sensitivityThe purpose of this evaluation was to proval@ehicle type ratio anttiction
supplyvehicle specificange. This enables a benchmark or standafuicletype to be used fologistically
friendly and safe test procedures.

Thenon-ABSor conventional brake tests consistently produce higher friction results particularly after only a
singleregularwater pasg0.4mm)due to theplougheffect which proportionallyreduced as more water was
applied The smaller olde€AT773 rear dumper (yellow line) did not obtdimnt wheel lockat any stage
therefore does not represena pure surface friction evaluationThe largeiCAT785C (light blue line) did

obtain front wheel lock on all except the dry test runs and hence is a true vehicle surface friction evaluation.

Alpha Mine - Vehicle Comparison
R 0.70 ]
§ 0.65
= 0.60 Et e S
3 055 B>
S 050 SO >
045 = o
Z 0.40 NG R
80 S e
FoR ——
5 Y = N *
£ 0.20 & = = =
[¢3]
5 015 —
E 0.10
8§ 0.05
0.00 \ \ T T ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Water Application (mm/m*2)
—¢ —Jeep NonABS Avyg — = Triton NonABS Avg 773 NonABS Avg 785C NonABS Avg ——Jeep ABS Avg —=—Triton ABS Avg

Figure16 Composite graph of vehicle type friction supply comparisnia common surface
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8.3.1 CAT/85CREARDUMPERGRAPH

A site specific vehicle correction factor was calculated using the data displafjgdran16which is a
compilation of test results between the different vehicles on the saozal site. This vehicle comparison
process provides the correction ratio déta the 785Gv-Benchmark Jeep) comparison

0.3890.604=65% @ Omm 0.3290.391=83% @ 0.4mm 0.121/0.203=60% @ 0.8mm

The calculated correctiofactor (underlined abovejvas then applied to the composite average friction supply
for Alpha Mineusing the datadepicted infigure 13

0.65x0.566=0.368 @ Omm 0.83x0.339=0.281 @0.4mm 0.60x 0203=0.122 @0.8mm

Figure 17depicts tis procesgraphically, illustrating the overall performance of Alpha Mine road friction for
the Benchmarkehicle data (dark blue line) and the traffigisal model calculated for largeshiclesin this
instance a CAT 785 his procedure can be used &ther site specific analysis or any combination of sites
dependent on theprecisionor extent of frictionsupply data required.

Alpha Mine - Cat 785C Traffic Signal Model

0.60

055 I
Y 050
8
S 045
(]
© 040
[
< o35
c
o
S 0.30
2
&L 025
kS
2 020
2
2 015
2
§ 0w

0.05

0.00 ; ; ; ;

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Water Application (mm/m~2)
‘ —o— Jeep ABS Average Cat 785C (Correction Factor) ‘

Figure I Traffic signal model calculation for large vehicles based on Benchmark vehicle.results

The CAT785C testing was concluded at 0.8mm water application rate for safety reasons although projected
results are likely to aligwith the trend displayed by the benchmark vehicldigure 17.

8.4 ALPHAMINE DISCUSSION OF RESULTS

The test results from Alpha Mine in general, displakigghwater application sensitivitgomparedagainst
friction supply. This was@mmonanecdotaltheme alreadywell understood by mine personnghlthough,

the correlation between specific water application rates aneasuredfriction change was somewhat more of
a revelation.

A single water pass run tife water cart centre nozzle onlwas sufficiehto reduce friction supply by an
average ofi0%and in somdocations such as ramps thizayadversely influenceehicle movement control
particularlyin relation tolarge vehicles.
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The post watering time factor was also important in the sense thatitse5-10 minutes after a water run
pass are friction supply criticahd influenced byhe environmentakonditionsof surshine intensitywind
velocityand temperature A tactical time period between normal watering runs and vehicle transition over
the surface significantly allays reduced friction supply issues on the Alpha Mine road material.

Water application procedures to manage potential overwateipngctices particularly at friction supply

critical locationswas aclearbeneficialoutcome of the pilot programAn observation at Alpha Mine was that
semipermanentroads at friction critical sites may warrant consideration for some form of treatment or mix
with higher frictionroad material

| 9.0 PROJECBRAVOMINETESTRESULTS

The second operationalilot projectminelocated inCentral Queenslanid producinglow volatile PCI coal,
semisoft coking coal and thermaloal product.

9.1 BRAVOMINE(CENTRAIQUEENSLAND

Bravo Mine is a medium size operation with a variety of road construction material and characteristics.
Imported and treated road material is used extensively and road layout and construction formations provide
an enhanced safety eteent to control vehicle movement and interaction

A series of tests were conducted at locations selected mainly to evaluate the differemvezathgsurfaces.
This includea test location where thelay soil material had been used for road constructon significantly
underperformed all other road construction material.

9.2 BRAVOMINETESTLOCATIONS

The following series of photographs depict the variety of road surface material used to construct the road
network at Bravo Mine Friction supplytests were conductedt all these locations to obtain benchmark
vehicle results.

Figure B Depicts D Road used for vehicle comparison testing.
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C Road C Road (dump ramp)

A Road (seal treatment) E Road (Mudstone)

A Roadramp) Road 17clay surface)

Figure19 Amalgamation of test sites at Bravo Mine
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9.3 BRAVOMINETESTVEHICLES

The benchmark vehicles used for this series of test in ABS and conventional brake mode were a 2010 model
Toyota Prado (ABS only)2608 model Toyota Prado (ABS & n®BS modes) and a 2011 Toyota Landcruiser
troop carrier with conventional norABS brakesral off road mud tyres.

A MercededMini-bus was also usefor testing which provide@xcellentvehicle friction performance in
comparison to the benchmark vehicles.

The large vehicketested were a Tex 3700which was restricted to full retarder application to the rear drive
wheels onlyto avoid possible brake system damage under full emergency stop. This limited the braking
capacity to approximately 50%, however, thdjustedresults did corrobeate thoseof the CAT 793C which
was tested using full mechanical braking

9.4 TESTRESULTSRAPHS

A selected location of individual road results have been grade corrected to level surfacdemjuredues for
graphic display with thé&raffic signal modeshading added for visual clarity of resuliBhe full list otest
locationgraphs is available ippendixB.

The benchmark vehicle féigure 20is a 2010 Toyota Prado using ABS brakes éfijure 2land22
benchmark vehicle is a 2008 model Praging ABS and neABS braking methods.

9.4.1 GRAPHROADC(DuUMP RAMP)

Bravo Mine - Benchmark Vehicle (Road C Dump Ramp)
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Figure20
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9.4.2 GRAPHROADE(MUDSTONE

Bravo Mine - Benchmark Vehicle (Road E)
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Figure21

Road E friction supply may be classified as stable; displayiigure21 a steady lineadecline with increasing
water applicatiorrates This is a desirable trait because of its predictabaityeast within the test limit water

application maximum of 1.2mm.

9.4.3 GRAPHROAD17 (HIGHO.AYCONTENTSURFACE

Bravo Mine - Benchmark Vehicle (Road 17)
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Figure22

Road 17 was thenly Bravo Mine road testethat was constructed of clay basesitu material Bravamine
personnel wereaware of its friction supply underperformance made to look warsigure 2 dueto an
exceptiondly good performance when dry.

The friction supplyghape of Rad 17 is undesirable due tosaidden deterioration after only a single water pass
run at the(0.40mm) water appication level. Overwatering represents a critical safety consideration for this
road when compared with other roads tested at Brdime.
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9.5 VEHICLEOMPARISONGRAPH

Bravo Mine - Vehicle Comparison (Road D)
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Figure23

Road Cfeaturedin figure 19 and graph display depicted figure 23 was used for the vehicle comparison
benchmarking The troop carrier high result is due to it bemgn-ABS with mud tyres. Roaddidplayed

excellent overall performance providing desirable traits of frictieductionstability andhigh friction

coefficient numbers.

Note: The Teex and Cat 793C rear dumper results are not a direct coisgraas the Tex is drive wheel
braking onlyor an approximate 50% braking capacity result. A full brakitjgstedcomparison aligawell

with the other large vehicles used in the pilot program digeire 10

9.6 RoADCOMPARISONGRAPH

Bravo Mine - Benchmark Vehicle Road Comparison
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Figure24 Depicts the roads tested at Bravo Mibenchmarked with the same vehicle.
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9.6 BRAVOMINE DISCUSSION OF RESULTS

Bravo Minetest results® overall, displayednoderateand predictablevater application sensitivity when
compared to friction supplyalues The mix of different road surface consttion material adds to the task of
measuringfriction to water sensitivity This alsgotentiallyincreases the assignment ofanagingsafe vehicle
movements on the road network, although in the case of Bravo Mine results, most surfaces displayed
relatively consistent trends and friction supplyluas within the tesparameters.

A single water pass run of the water cagplying ~0.40mm of watergducel friction supply by an average of
25% still in the green zone of the traffic signal model unlike results at Alpha MineThis friction supply
percentagereduction is consistent with sealed road results under a similar water application rate.

Road 17 was specifically requested by Bravo Mine management for analysis as thergenesl
understardingthe claymaterial utilised for road construction was friction sensitive to water application. It
proved to be an accuratiorecast as this surface significantly underperformed all other tested surfakes.
single water pass (0.4mmeduced friction gpply by 65%and 80% after 1.2mm water applicatiovhich was
greater than what wasbserved on the high clay content road surfaces at Alpha Mine

An observation at Bravo Mine was that although there were a relatively wide variety of road surface wearing

courses; friction supply results within the road network are relatively stable witteaonablypredictable
friction reduction measured within the limits of the testing protocol.

10.0 CONCLUSIONS

% The pilot program has conclusively demonstrated that unseasded surfaces can bsubjected to an
effective and robust friction measuring protocol that validates the original purpose of the project.

%+ The operational hazard of uncontrolled vehial®vementson unsealed mine road networksn be
significantlyreduced;the report outlines the process by which the risk can be objectively measured
and managed.

% The procedure enhances mine road network safety by providing a framework for benchmarking roa
surface friction response to water application operations at mine sites.

%+ The progranhighlights the importance of controlled watering procedures particularly on water
sensitive road surfaces and frictisapplycritical locations.

% Thefriction datameasuing methodology outlined in the report enables clédentification ofinferior
sections of a mine road networfacilitatinga focussed approach feoad infrastructure safetand
resource allocation for road construction improvements

% This innovativdriction analysis protocdias the potential to positively influen@nd advance mine
road network safety, design and development into the future.

% Further test research is recommended to develop a greater understanding of the factors that
influence frictionsupply that were outside the scope of this report

15 See Appendix B for all test graph results
16See Appendix B Page 55

RoadSafety Training Services Pty Ltd Page28



A Pilot Study of Friction EvaluatiMethodology and Operational Protocol for unsealed Mine Road Networks

THIS PAGE IS INTENTIONALLY BLANK

RoadSafety Training Services Pty Ltd Page29



A Pilot Study of Friction EvaluatiMethodology and Operational Protocol for unsealed Mine Road Networks

11.1 APPENDDA C FACTOR OBAFETYCASESTUDIES

In order to showcase how to use the methodology a series of case studies have been completed based on test
data of selected sites from the pilot mines. Thraffic Signal Modé$ a general total mine coverage road
performance assessmetdol. TheAssessment Tablaay be used for a criticalte specific analysis.

Case Study 1

Alpha Mine - Benchmark Vehicle Site D

0.65
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——ABS Average

Figure 5 Alpha Mine Intersection Site D

The benchmark vehicle result is in the green at (0.39) after a regular watering pass (0.4mm) with a large Factor
of Safety margin of 2.15 as displayedigure .

0.39 2.15

Figure B Alpha Mine Intersection Site D Friction Assessnigarichmarkv/ehicle(Regular Waterin@0.4mm)
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