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Abstract

This thesis explores the development and preliminary operation of a new test
method for roller and roller path arrangements on ultraclass mining shovelsThe
lack of existing labscale test methods discourage significant changand restrict the
development of the roller and roller path to minor adjustments to th& geometry
and material. Once in full operation the test method will allow for the optimization
of existing, or the development of new, roller pathtechnology for specific mining
conditions. Preliminary testing has shown that with some improvements, the
developed apparatus is cpable of producing endof-life roller path samples in four
weeks of continuous operation.The impact of various damage models could then be
characterized for sensitivity to provide further information on how to develop the
optimal roller and roller path system. With further development, the test method
developed here would allow for improving the roller and roller path technology at a
more rapid pace. Improved rollers and roller paths would reduce the required
maintenance time for a mining shovel, decreasgmaintenance costs and increasing

production.
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Chapter 1: Introduction

Mine profitability requires rel iable equipment with resistanceto harsh mine
operating conditions. In terms of machinery that operates in a mine, there are fewer
shovels(Figure 1) in the equipment fleet as they service multiple trucks. However, a
shovel is a critical piece of equipment, as ibperates directly in the exposure or
extraction of the profitable commodity. Unexpecteddowntime for maintenance may
cause a high opportunity cost or revenue loss as the resource remains irsitu.
Ensuring high quality partsreduces unexpected breakdowns, butequires research
and lab-scale testsprior to field-testing or deployment. Performing lab-scale tests
reduces overall costs related to research and development disese tests produce
results sooner, and havethe potential to remove unsuitable candidatesprior to

field-testing.

Figure 1: 4100C Bossultra -class mining shovel (After Ot p nm#O0HI@AT ho ¢nnyx q

The life of aset of shovel tracks is often determined by the life of the roller
path. The roller path is built onto the inside of the tracks andallows the
undercarriage to roll smoothly along thetracks. The undercarriage consists of the

track shoes front and rear idler pulleys, arear drive wheel, and eight lower load

1



rollers as seen inFigure 2. The lower load rollers support the weight of the shovel
and move along the roller path. Dueto high contact dresses, rolling contact fatigue,
and debris contamination, the material loss on the roller path may cause the shoe to
be disposed ofpre-maturely (Boundary Equipment Co. Ltd., 2014)Specific damage
mode mixtures are unique to each mine site, but the general characteristics for each

mode can be identified.

Figure 2: Shovelundercarriage, consisting of the i dler pulley [1], drive wheel [2], lower load rollers [3],

and track shoes [4]

Operating in an open pit mine subjects the roller path to debris
contamination from two sources. First sandsized particles and other ground
material exposed to the atmospheremay become airborne from wind erosion and
be deposited on the roller path. Second, spillage from the digging facer track
surroundings may introduce sand-sized or larger particles. Rock guards on the
shovel prevent largeboulder-sized materiak from entering the roller path, but fail
to prevent smaller sandor gravel-sized particles. Introducing particles or debris to

the roller path leads toabrasion and gougingvear while the roller is in motion.

The <hovel operation consists of both diggingat the working face and
walking (driving) between work locations. While digging, the shovel rolls on its

roller path in reaction to digging and dumping motions until it is stopped by track



tension. Rolling under high loads introduced whileworking is expectedto introduce

multiple fatigue modes.

There is nocurrent lab test for atrack roller and track roller path (called the
roller and roller path for the remainder of this document) As a result, design is
reactionary and based on failures observed in presus models. This slows the
development of newer, better, rollerpath design A lab test makes it possible to
analyse new alloys or treatments, as well as shoe geometries, and test them in
conditions equivalent to those seen in mineOptimization of material for hard rock,
soft, or abrasive mining conditions may increasehe roller path service life, or

reduce unexpected failure.

Current strategies consist of wsing two track steel alloys, A12&1 and 4330.
The A128EL1 alloy (also known as Hadfield or highmanganese steeljs primarily
used in hard rock mines and is generally the preferred alloy for track shoehie to
its work-hardening abilities and resistance to abuse The 4330 alloy(hardenable
low alloy steel) is heat treated to a Brinell hardness of340 (340 BHN) prior to
service, and is primarily used in soft abrasive conditions suchas oil sands as its
hardening treatments increase itsresistance to abrasion (Boundary Equpment Co.
Ltd., 2014).



Chapter 2.Literature Review

2.1Scaling Theory
2.1.1 Hoist brce and Suspended Load

When reproducing a set of equipment and conditions in a lab for testing,
scaling offers a more manageable approach in terms of size alodd. Conveniently,
the general design of the shovel trechanged very little in the past60 years(Joseph,
2013). Thispersistent designallows for a direct scalinganalysis using three shovel
models including the P&H 4100, P&H 2300, and Dominion 50Qvith a dipper
capacity of 44, 23, and b3 cubic meters respectively. The scale difference between
the P&H4100 and the Dominion 500 can be seen graphically Figure 3 with a total
scale of 2.85Joseph & Shi, 201Q)

Scale up:
2.85

Dominion 500
compared to P&H
4100BOSS

Figure 3: P&H 4100C Boss and Dominion 500 geometric comparison (After Joseph & Shi, 2010)

By using the ratio of hoist force and suspended loadetween the P&H 4100
and 2300 models as seenin Table 1, the performance of each shovekan be
compared for similarity. The two shovels were located in separate mé sites with
the P&H 4100 in the oil sandsat Fort McMurray and the P&H 2300 at alifferent

4



mine site operating in hard rock (Joseph & Shi, 201Q)While the digging conditions

and equipment size varied, the ratio remained similar between the two shovels

across he dig cycle suggesting that a lab model may be representative of multiple

mining conditions with minor modifications such as the load magnitude or roller

path material. The peak hast force was determined using the ratios in Table 1.

Table 2 shows the peak hoist force along with other specifications for the shovels

Table 1: The hoist force (Fh) and suspended weight (G) ratio(s) (Adopted from Joseph & Shi, 2010)

Dipper Position P&H 2300: | P&H 4100:
Fn/G Fn/G
Tucked 0.85 0.83
Approaching face | 0.85 0.83
Entering face 0.85 0.84
Digging 0.88 0.86
Exiting face 0.92 0.90

Table 2: Specifications for each shovel considered (After Joseph & Shi, 2010)

Model | Dominion | 5 e 19300 | p&H 4100
Parameter 500
DippCl’ 1.53 3 3
capacity (m) ) 23 (30yd®) | 44 (58yd?)
Dipper width 12 29 36
(m)
Payload (kg) 2,600 39,000 75,000
Dipper handle |5 4, 51,480 90,325
(kg)
Suspended
load (kg) 8,000 90,480 165,325
Peak hoistdig | 4400 125,280 285,560
force (kg)

Plotting the peak hoist force and suspended load against the dipper (bucket)

capacity for the three shovels shows #éinear relationship for the suspended load

and a near linear relationship for the peak hoist forceThis relationship is shown in

5



Figure 4: the dipper capacity for the three shovels studieds plotted against boththe
peak load and hoist forcePlotting a linear line for the peak hoist forceindicates
some discrepancy with the P&H 2300 not in line with the P&H 4100 and the
Dominion 500 (also in oil sand). As the peak hoist force represents the maximum
force required throughout the dig cycle the discrepancy may be attributed to the
digging conditions.The P&H 2300operated in blasted and loose hard rock material
while the P&H 4100 and Dominion 500perated in in-situ material. While hard rock
may result in a lower peak loading, the suspended load @otal load remained the
same with respect to the dippe capacity after the bucket hadexited the face and

was suspended in the air.
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Figure 4: Dipper capacity comparison with the peak force and suspended load (After Joseph & Shi, 2010)

Due to the correlation between the peak hoist force and the size of the
equipment, it was reasonable to expect a similar correlation for the loading on a
roller and roller path arrangement between shovels of different sizes.This
correlation suggests that it is possible to successfully recreate the roller and roller

path arrangement in a laboratoryusing a single, programmable, roller



2.1.2 Scaled Power Requirements

Different shovels have different power requirements. To determine the
correspondence between the scale of the machine and its power requirements
normalizing factor was developed(Joseph & Shi, 2010jor each shovelz shown in
Table 3. The hoist forces were then normalized, by dividing the forces by their
normalizing factor (Table 3), to create a unitless performance ratio that could be
comparedto determine commonality between the three shovelgseeFigure 5). The
defining features such as peaks, plateaus, and cyclesere comparedfor an overall
correlation between the small and ultraclass systems The presence of a strong
correlation suggest the power requirement and therefore the hoist forces were also
scalable for lab testing(Joseph & Shi, 2010)

Table 3: Normalization factors for the three shovels (After Joseph & Shi, 2010)

Shovel performance data Normalizing Units
factor

Dominion 500 hoist force 8000 kg

P&H 2300 hoist motor 1300 A

current

P&H 4100 hoist motor 1100 A

current
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Figure 5: The normalized hoist performance for each shovel (After Joseph & Shi, 2010)

2.2 Railmad Comparisomand Rolling Contact Fatigue

2.2.1 Rolling Contact Fatigue
In the absence of abrasivespiling contact fatigue (RCF)was expectedto be a

driving damage mode to the roller and roller path system onan ultra-class mining
-



shovel. RCF occurs as a roller passes over a material under highd causing sub-
surface cracksand a progresson to spalling. Spalling is defined asthe surface
material breaking into smaller pieces and occursinder high loads of both normal
and shear stress.Under repeated loads or passes, the cracks grow and resurtt

fractures and flaking.

The most directcorrelation of RCF tahe shovel roller path was found in the
rail industry. Similar to a roller and roller path, a train usesardened steel wheels to
move along hardened steel track RCHs a major causefor failure in track segments,
and leacs to their replacement (Patra, Bdhar, & Kumar, 2010) The rail industry in
general ha been increasing train loads, density, and speed in ordr to decrease
operating costs (Patra et al., 2010) While these measureshave succeeded in
reducing operating costs, they have also increased maintenance costs as it has
become necessary to replacevorn out rail segments and damaged d&s or wheels.
The wear was attributed to RCFand could be divided into surface andsubsurface
cracking. While subsurface crackshave beeninitiated by defects in therail, surface
cracks are a more direct product of increased loads, traffic density, and speeds
(Patra et al., 2010)

The stresses experienced by rail have routinely reached 1,500 MPaand
exceeced 4,000 MPa with poorly fitted wheel and rail combinatiors (Patra et al.,
2010). While a shoves roller path ideally never reactes those stress levelsunder
normal operating conditions (max 1,200, min 220 MPa) it experiences a much
greater number of stress cycles per daykor example, the rail line located atLisbon-
Oporto in Portugal had beensubject to 15 million tonnes per year, a loaddescribed
as OAT 1T OE A#he Aai lind bas a planned lifespan of 20 yeargCaetano &
Teixeira, 2011). In contrast a typical 4100C Boss roller path hasan expected life of
20,000 haurs, equal to approximately 4 to 5 years of active service(Boundary
Equipment Co. Ltd., 2014pnd 40.6 million tonnes per year Tables 4 and 5 show a

summary of the usage of both the rail and the roller path.



Table 4: Summary of the Lisbon -Oporto Portugal rail line use

Peak Stress undeNormal Operation 1,500 MPa
Stress Cycles per day 1,825
Cars per day (4 rollers per car per rail) | 456

Assumed average speed 80 km/h
Car length*® 50m
Total active timeper day 17 min

*(Caetano & Teixeira, 2011¥*(CN Rail, 2013)

Table 5: Summary of P&H 4100 r oller path use

Peak Stress under Normal Operation| 1,200 MPa
Assumed availability 0.8
Assumed utilization 0.8
Rollers per track 8

Average cycle time* 45 sec
Total cyclecount per day 9,800
Total active time per day 15.4 hr

*(Boundary Equipment Co. Ltd., 2014)

As seen inFigure 6, an undeformed rail experiences both shear and pure
compressive stress in the event of a moving, lodoearing wheel. If the wheel is
applying frictional forces to the rail (e.g. braking or drive wheel) the shear stress
amplifies and moves closer to the surfac@Patra et al., 2010) While the 4100C Boss
does not apply either loading or driving forces with the same rollers, the load
bearing rollers would still induce shear stressat depth in the roller path and on the
surface as a result of the combined resistive forces to tmeotion. These forces may
include friction between the pin and bushing, but may also include rolling

resistances between the rollers andoller path, or debris on the roller path
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Figure 6: Stress variations near contact zone between wheel and rail (Adapted from Patra et al., 2010)

2.2.2SN Curve and fF Intervals

The SN curveis a common method of smmarizing the effectthat the cyclic
forces have on a given materiab O | EjAA8 DD AA | AOAOEAIFguwe AAOECOA
6 shows an SN curvefor a 300M gradesteel sample The stress ratio(R) is the ratio
between the minimumand maximumstresses tlrough eachcyclez see equation [1]
For a stress ratio ofR =-1, the minimum and maximumstresses would be equal ath
in opposite directions (e.g. max = 900 MPa in compression,im= 900 MPa in
tension). An R = (Oratio would result in the maximum stressbeing unchanged, but
the minimum stress equaling 0 MPa, meaning the sample was in an unloaded state.
As shown in Figure 7, the closer the stress ratiais to 1, the higher on the yaxis and
the steeper the general slope of the curvé&or any given stress ratio, a change in the
maximum stress results in an exponential change in the required cycles to failuie.
this example, a sample of 300M grade steelith a tensile strength of 1930 MPa was
subject to 1,200 MPa stress cyclesnd failed in fewer than 10,000 cycles A sample
subjectedto 700 MPa faiedin fewer than 1,000,000 cycles.

Y — [1]
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S-N Curve for 300M Grade Steel
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Figure 7: SN curve for 300M grad e steel heat treated to a tensile strength of 1930 MPa , R =-1 (Adapted
from Boardman, 1990)

The potential to failure interval (P-F interval) is an expansion from the SN
curve, mapping the mean defect and mean fatigue life of the rail segments the
interval between where defects first make amappearance and the end of life of the
rail. An exampleof this interval can be seen irFigure 8. For an analysis of the rail S
N curve, the stress ratio was assumed toe 0 as the cycles were routinely between
1,500 and 0 MPa in compression while in use. Thaefore, the variable was the
maximum stressor the load on the rail cars Following the SN curve behavior a
large stresscycle, or in this case a heavier rail cawould lead to defects andcause
the rail to fail sooner, reducing its life. Similarly, a lower maximum stress would
result in an extension of the rail life. The HF interval was the difference between the
manifestation of defects and the end of life of the rail. As tiennage inFigure 8 was
measured on a logarithmic scale, the effect of ¢neasing the load @ the rail

exponentially reducedits total life.
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P-F Interval for Steel Rails
P-F Interval
Mean Defect Life  \. Mean Fatigue Life
o .
2
=
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Figure 8: P-F interval z Adapted from (Patra et al., 2010)
Where:

1 Aeqwasthe equivalent stress experienced across the life of the rail
1 The SN-P curvewas the SN curve for the rail material bounded by the data
limits

1 The defect distribution represented the range at which defectswere first

recorded during rail inspections

1 The fatigue distribution was the range at which the rail failed due to fatigue
and required replacement

1 The P-F interval represented the difference between mean detection of

defects andmeanfailure of the rail

The RF interval in Figure 8 was targeted atthe rail industry, and therefore
measured raillife in units of tonnage.According to Patra et al(2010) establishing a
strong P-F interval is among the most important stepsto create an effective
preventative maintenanceprogram. The PF interval estimated the remaining ralil
life after the defectswere observed and allowed for schedulingthe replacement or

repair of the rail to reduce total down time(Patra et al., 2010) Unfortunately, due to




the difference in workload, frequency, and conditions, the 4 interval must be
determined independently for the mining industry and could not be approximated
from Patra et al Additionally, a true PF interval could not be determined without
testing the subject to failure. A shovels roller path rarely reachesfailure; having
tracks fail in the field during active service is not idealas it can cause potential
safety hazards and losses due to down timé&Jsing the following steps, t is possible
to estimate the point of failure by estimating the growth rate and initial size of the
cracks(Patra et al., 2010)

1. Collectload data
Calculatemax shear stress
Convert varying stress levels to an equivalent stress
Determine SN curve and its mean from equivalent stress
ConvertSN curvecycles to million gross tonnessimilar to Figure 8
Collect RCF data in million gross tonnes from field

Determine defect life and mean

© N o g bk~ WD

Subtract means from step 7 and 4,to obtain the P-F interval

2.3Damagewhile Rolling

A known issue for rolling contact fatigue is high contact stressfocused on a
small contact areaVarying surface conditions react differently to the concentrated
stress and result in multiple wear mechanismgStachowiak & Batchelor, 2005)
Stachowaik and Batchelor(2005) outlined four operating conditions and their

resulting wear. The operating conditions include stiff roller operating on:

Unlubricated metals and noroxide ceramics
Lubricated rolling

Oxide ceramics

H w0 bdp

Polymers
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The most applicableoccurrencewasA O OE £& O1 | ludlaoridatedA OAOET C
metals andnon-oxide ceramics specifically the unlubricated metals,as shownin
Figure 9. The surface of the materiain direct contact with the atmosphere createl
an oxidized layer. As the roller moved over the oxidized layer, the high
concentration of stress causeé the layer to break or wear off (Stachowiak &
Batchelor, 2005) The oxidation effect may not be as prominent on the roller pgh of
a shoveldue to the frequency of cyclesbut spalling can still occur Through cyclic
loading, the wearing of the oxidized layer occurs repeatedly and causéise surface
to wear or lose material over time.The material loss could be reducedby applying
lubricants, but the wear from the cyclic stress loadingvould remain (Stachowiak &

Batchelor, 2005)

Destruction of oxide film

Formation of oxide film

Figure 9: Unlubricated metals and non -oxide ceramics (Adapted from Stachowiak & Batchelor, 2005)

Stachowaik and Batchelor(2005) said that it is too difficult and not
economical to achieve perfect lubrication wheresolid to solid contact was
prevented. Contactcan still be made directly through asperities or through debris

suspended in the lubricantas seen irFigure 10.
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Figure 10: Contact between asperities and particles in lubrication (Adapted from Stachowiak &
Batchelor, 2005)

With lubrication, solid to solid contactwould still be commonin mining conditions,
becauseas a shovel operates outside, the roller path isexposed toground material
particles. Debris or other contaminants, like quartz crystals with a hardness of 200
Vickers, would adhere to the lubricant and persist on the roller path causing
abrasion and gouging A constant flow of lubricant will prevent persistent
contamination, but will also have negative effects both economical and
environmental due to the high volume required to main&in constant flow.
According to Stachowaik and Batchelor (2005h Ox EAT OEA 1 ET Ei O AEI]
the debris is greater than the minimum film thickness, damage to theontacting
surface is inevitableo It is impractical to lubricate the roller path for ultra-class

mining shovels and will no longer be considered in this research.

Internal or castimbedded impurities form an initiation point for crack
growth. Under cyclic loading, a subsurface crac&an grow to form a surface flake.
Flakes becomedebris particles that contribute to gougingand wearing while on the
roller path. Pitting occurs on thesurface material as flakes are removed, developing
subsurface secondary cracks (seBigure 11) which contribute to further pitting or

spalling. Spalling and pittingmay form on the surface,but result in greater material

15



losswhen initiated on the subsurface(Stachowiak & Batchelor, 2005) The flake size

in Figure 11 was exaggerated for demonstrative purposes.

Normal Force

O e Release of flake forms wear debris

— T

Formation of A, Ve

Subsurface Cracking Formation of Secondary Cracks

Figure 11: Flaking and formation of secondary cracks under cyclic roll loading (Adapted from
Stachowiak & Batchelor, 2005)

2.4Cyclic Fatigue Loading4340 Grade Steel

Determining the fatigue life of any grade of steetequires multiple factors
such as stress concentrations, loading conditions, and temperatur@Boardman,
1990). Figure 12 shows that increasing the tensile strength through heat treatment
significantly increases the number of cyclesrequired to fail the steel. Altering the
temperature of the steel alsoaffected the fatigue strength. A 300-degree Celsius
changewas required for a significant difference in the fatigue life (Boardman, 1990),
but such a temperature change wouldot occur during regular shovel operations.
Shovels work in open pit mines and are therefore affected by seasonal
temperatures. The roller path temperature is also dfected by regularuse or load
cycles While it is something to be aware of, temperature change is naxpected to
be a major factor in the life of the4330 roller path for the P&H 410C Boss shovel.
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Cyclic Fatigue Life of 4340 Steel Heat Treated to Different
Tensile Strengths
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Figure 12: Fatigue life of 4340 steel, heat-treated to different tensile strengths (R = -1) (Adapted from
Boardman, 1990)

According to Boardman (1990)the presence of defects, impurities, cracks, or
notches had the greatest impact on fatigue life for steel alloysrigure 13 showsthe
relationship for notchesusing a 4340 steel sampleln this example,adding a notch
resulted in a difference of three orders of magnitude between the twgoints of

similar stress cycles

S-N Curve - 4340 Grade Steel
B Notched A Un-Notched
560 Three orders of
0 = magnitude dropped
|
o —t gnitude dropp
ﬁaso - = — — = — — i)
& 280
£
E 210
a
2 140 [
70
0
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Fatigue Life (cycles)

Figure 13: SN Curve for Notched and Un-notched 4340 Steel . (Adapted from Boardman, 1990)
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Therange of the stress ratio testedy Boardman(1990) was 0.2 to-1. As the
stress ratio was reduced, ormoved closer to 1, the tolerable stress cyclesvere
increased, as seeimn Figure 14. For a given point on a shovel roller path the stress
ratio is assumed to be 0. The minimum load at a given point occurs as the roller path

at that point is unloaded, and the maximum load occurs as the roller passes over it.

Fatigue Life of 300M High Strength Steel for Various Stress Ratios
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Figure 14: Fatigue life for 300M steel (a modified 4340 alloy) under cyclic loading, where R is the ratio

between the minimum and maximum stress . (Adapted from Boardman, 1990)

Hadfield steel (a high manganese alloy)s known for its work -hardening abilities, or
ability to rapidly increase in hardness as it is woked. As Hadfield steel issubjected
to high stressesit produces alayer in the stressed regionthat is more resistant to
fatigue or damage(Kang, Zhang, Long, & Lv, 2014Hadfield steel is commonly used
in the roller path of shoes in hard rock mining(Boundary Equipment Co. Ltd., 2014)

and railway crossings(Kang et al., 2014)

Over the service life of a Hadfield steel roller path the hardness increase
with the stress cycles The fatigue strength of Hadfield steel increases with the
stress ratio (Kang et al., 2014) As the loads on the roller path are equal to the
ground reactive force, the stress ratio in the roller pat increases proportionately to

the hoist force. Because fatigue strength increases with the stress ratio, Hadfield
18



steel is commonly used for the roller path in hard rock minedue to the high rate of
work-hardening, it is unnecessaryfor the steel to undergo heat treatments and
hardening prior to service. Therefore while Hadfield steel initially has a poor
resistance to wear, itwill become highly resistant, but only after a certain level of
wear has already occurred (Harzallah, Mouftiez, Felder, Hariri, & Maujean, 2010a)
As seen inFigure 15, the initial 15,000 cycles produced the greatest rate of
hardening followed by a lower rate thereafter. To reach a hardened statethe
Hadfield steel must first deform. Harzalla et alplaced aHadfield steel ball between
two circular disks or tracks androtated the lower track, causing the ball to spin. As
the test progressedthe contact width between the ball and the plates increased, and
as shown inFigure 15, the majority of deformation occurred in the same initial
15,000 cyclesas the hardening Hadfield steel $iovel track shoescome new with the
roller path fluted or grooved to allow space fo the material to flow as they are
worked (see Figure 16). Over the initial service life, the roller path flattens through
shovel operation and can reach hardness lels in excess of 400Brinell (BHN),
increasing resistance to operational damaging(Boundary Equipment Co. Ltd.,
2014).

The Change in Hardness Across Loading Cycles
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Figure 15: Vickers hardness change in rel ation to loading/rolling cycles. (Adapted from Harzallah,

Moulftiez, Felder, Hariri, & Maujean, 2010b)
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Figure 16: Roller p ath for high manganese shoes

2.5 Shear Crack Growttn Surface

Figure 17: Surface cracks developed from wheel sliding or wheel induced tension

Surface cracks form as a result of the wdirectional flow of material from
wheel friction and partial tangential forces. These cracks can cause an increase of
10x in shear strain when located on the surface and may lead to spalling or
fracturing if permitted to grow (Ringsberg, 2005) According to Ringsberg2005)
shearinitiated cracks are driven by stresses associated with the wheeail
interface. Material properties, lubrication, and loading deermine if rolling contact

fatigue or wear will drive rail damage.
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Complex Crack Growth Rate Response
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Figure 18: Life cycle of a crack in a rail scenario. (Adapted from Ringsberg, 2005)

Where:
a = the crack length.
N = the load cycle count.
da/dN = the change in crack length per cycle.

Figure 18 showsthe life of a surfaceshear crack and its relative growth rates.
At initiation in Zone (A),the growth rate was high but rapidly decreased Crack
growth then becamedriven by low cycle fatigue. As it grew, the effective dress at
the crack tip increased Becauseof this increase in stressthe rate of growth also
increased through Zone (B). Thegrowth rate was stunted upon reaching the
perimeter of the high stress zone, and as vas then subjected to lower stresses the
growth rate decreasedas shown in Zone (C). Eventually the crack growtlvas

dominated by bending and by tensile stresses and increageagain to failure

(Ringsberg, 2005)

While arail is considered a rigid system subject to bending and flexingnder
the load of a train theshovel tracksystem is made of sevellsshoes, pinnedogether,

allowing for a degree of adjustment to groundand loading conditions. Fexibility
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would in effect protect the roller path fom some of the bending forces, but is not

expected toprotect the roller path from any tangential or shear forces.

Subsurface crack growth initially occurs within 20 degrees parallel to the
surface. After exceeding a total crack length of 0.4mrthe direction changes and
grows toward the surface and leadsto spalling failure (Ringsberg, 2005) This
directional changedecreases the maximum shear stain range due to the geometry
between the crack and the direction ofhe load. Ringsberg (2005)performed a finite
element analysisof the crack growth but noted that it only accounted for one cycle
and therefore was an overestimation because it failed toaccount br work-
hardening over a multicycle test. He observed that crack growth, even when
truncated by wear, remained positiveThe cracks continued to grow as material was
worn off, showing thatthe crack growth rateswere faster than the track wear rates.
The roller path of a 4100C Boss shovel is subject to similar stress levels under
normal operating conditions (seesection 2.2 to those studied by Ringsberg (2005)

suggestingthat spalling is a contributing cause of material loss.
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Figure 19: Finite element model used by Ringsberg to predict crack growth . (Adapted from Ringsberg,
2005)

2.6 Abrasive Wear
Abrasive wear is expected tde a major contributor to the damage seen on
the roller path. Abrasion, while present at all mine sites, is particularly proonunced

while mining oil sand or Bitumen. Bulldozer unitswith hardened abrason-resistant
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blades operating at the Syncrude site in Fort McMurrayrequired reskinning after
5000 hours of use due to excessive wear. Reskinning the blade requir20-40 man
hours, with an additional 160 man hours for refurbishment of the damaged blade
(Llewellyn & Tuite, 1995). Ground engaging tools (GET such asbucket teeth on a
4100C Boss mining shovelalso experience high levels of abrasive damageThe
volume of material loss to bucketteeth can be calculated using equatia®[2] and
[2]. Using the example data from Chapter 4nd assuming an arrangement of nine
chromium carbide teeth on the bucket, the volume of material lost per Bour shift

was calculated to be214 cm3 for each tooth.

w0 — [2]
o ————- [3]
Where:
Vv = the volume lost to abrasion(ms3).
Er = the total energy absorbed by the bucket teetfJouley.
Hv = Vickers hardness rating inGPa
t = the time required to completea dig (seconds)
Pp = the peak power level consumed by the hoist motor while digging
(Watts).
Pc = the hoist motor power required to suspend theull bucket (Watts).

While ground engaging toa are pushed through or across abrasive material,
A OE iTrdddk baihOs not, and requires spillage or other forms of deposition to
occur. Additionally the deposited material is then compressed between the roller
and the roller path. Therefore,while ground engaging toolsexperience low stress
abrasion atnear-total surface aea coverage the roller path experiences high stress
abrasion at an unknown, but lower,coverage Because of the dissimilar abrasive

wear between the roller path and other surfaces, such as the bulldozer blade or
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bucket teeth, it is currently not feasibleto predict the damage done to the roller path
by abrasion. Development of a roller path specific test, would allow for the feiate
analysis of abrasion damage, and provide a methdd test new, abrasionresistant,

roller paths prior to field testing.

2.7 Summary

It is reasonable to move forward with the development of a roller path test.
Research exists concerning spalling, crack growth, and rolling contact fatigue, the
most similar of which is concerning the rail industry. While similar, the rail and
roller path are subject to different loading patternsand environmental conditions.
Increased frequencyin stress cycles, a reduced oxidization period, @nan increase
in sand-sized particle contamination can all alter the life of the roller path. The
impact each of these differences will have on the life of the roller patis unclear,
particularly after stacking as it may,over- or underestimate the overall damage or
material loss to the roller path. Abrasive wear, to be studied in the future, is
expected tobe a major contributor to roller path material loss followed by spalling
and rolling contact fatigue.Scaling the roller and roller path arrangement for lab
testing should provide an accurate basigo determine the effects of each mechanism

for future roller and roller path design.

24



Chapter 3:0bjectives

The purpose of this study is to constructan accurate scale model of the
shovel roller and roller path arrangement that will make it possible todevelop
improvements to the system.Investigating an unproven roller path may increase
service life and a reduce maintenance cost New materials and geometries for
either the track shoes or rollers could be tested. Adding site-specific intrusive
material to the roller path would make it possible to moreclosely represent the
mining conditions. The lab apparatus was to be both programmable and
customizable toapply a range ofscenarios Initially the lab arrangement would be
set to reproduce current damage as seen on the shovélfter accuracyis shown,
new materials or geometries may be testedl he indicator for roller path life used by
industry is depth of material lost, and was the target for reproduction in the lab. For
vertical loading the cube root scaling methodwas used to produce equivalent
contad stress on the roller path.Because the contact stresses in the lab aset to be
OEA OAI A AO OEI OA ET OEA #£EAI Ah EOG0O
roller on the roller path. Maintaining one to one horizontal motionis positive in that
it yields a larger sample for analysis and is less likely to oveor underestimate the
effect of abrasion and gougingFor more information on the dig cycle and the

process that causes the suspected wear, sgection 4.2

The design objectives wereset as:
1. Collect and analyse hoist data to determine roller and roller path loads.
2. Design a test apparatus that mimicshe field conditions at a lab scale
including:

a. The loads experienced thealler(s).
b. The movement of the roller on the roller path.
c. The mntamination of the roller path with mine specific debris.

3. Reduce the required time to fail the lab scale roller path to a manageable

level
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The experimental objectives were set as:
1. Operate apparatus under constant supervision and monitor for design flaws
2. Confirm the re-creation of roller path damage as seen in the field including:
a. Abrasive wear
b. Gouging wear
c. Indentation
d. Rolling contact fatigue
e. Toe-nailing or the flow of material along the roller path(See section
6.2.5 for description)
3. Evaluate wear rates ad confirm the validity of the cube root scaling method
in determining loads used in the lab.

4. Evaluate the coupon wear behavior using microscopy.
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Chapter 4Field Data and Behavior

To accurately recreatethe field stresses and conditions in the laboraty
environment, testing included the use ofa true load-bearing roller from a smaller
shovel, coupons madevith similar material and heat treatments as the roller path,

and a system of hydraulicgo mimic the motions that occur during the dig cycle.

Figure 20: Lower load bearing roller to rec reate on a 4100 XPC

4.1 Pre-Testing DataCollection andAnalysis
To determine the forces on the lower load rollers the following steps were
used:
1. Hoist datawas collectedfrom field scaleshovel operations (volts, amps, time
speed.
2. Conversionof hoist power requirementsto hoist force (MN).
Forces on shovel bodywere reduced to body force and hoist force
(downwards), and ground reactive force (upwards)z seeFigure 21.
4. The location of the ground reactive force was determined through a
summation of momentsusing the free body diagram seen ifigure 21.
5. The ground reactive force was expandedacross the length of the track
system

6. The expanded eactive forcewas reducedto points on rollers.
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7. For negative forces on rollersthe force wasreset to zero and steps 5 & 6
were repeatedwith the track system shortened to excludethe now zeroed
roller.

8. The dig cycle key phases were isolated to produce an average load for each

roller in each phase.

Sep 7 was necessaryasit is impossible to have negative loading on the roller
path. Such loading would indicate a tensile load between the unattached roller and
roller path. Tension is not possibleas the roller would be suspenced above the
roller path with a total load of 0 MN Resetting theforce to zero for the suspended
roller allowed the ground reactive force to be spread across the rollers still in
contact with the ground. Removing the free hanging rollers from the equation
decreasea the magnitude or the load on theroller sto the expected real worldvalue,
as they were no longer over compensating for negative loading on the system.
Further details on each step will ballustrated below. SeeAppendix H for code used

to run steps 4z 7 for each data point.

l Hoist Force
10.5m 20.25m

Center of Gravity
Counter Weight
l ,

Ground Reaction Force

Figure 21: Free Body Diagram of Shovel and Forces (Adapted from Marek, 2006)
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Step 1 z Collecting the data.Hoist force data was already in the databasat the
University of Alberta for the 4100C Boss shovetligging in the oil sands.Additional
hoist data was collected from a 4100 XPCSunhills Mining, 2015). The report

included time, voltage, amperage, field amperageand rope position.

Step 2 z Equation [4] was usedto convert from wlts and amps into Newtons of

force.

2 - [4]
Where:

F = Force in Newtons

V1 = Voltage of hoist motor 1

V2 = Voltage of hoist motor 2

A = Currentin Amps

v = Velocity of hoist rope in m/s

s = Hoist motor dficiency rating *

* Note: While the standardhoist motor efficiency rating is 86%(Joseph & Shi, 2012)
an efficiency of 100% was used for this analysis (see section 6.2.2 for further

details).

The velocity was calculatedbetween readings,using the difference between

the rope positions. Each data point was 0.1%/elocity was calculated with equation

[5]:

- [5]

The resulting forcewas then graphed and isshown in Figure 22.
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Step 37 The 4100C Boss tare weightvas 1,410,184 kg (Joy Global, 2012)or 13.83
MN and balancedover the pivot point while the bucket was suspended and empty.
Usingthe hoist force datathe tare hoist force was determinedto be 0.64 MNwhich
was then subtracted from the total weight of the machine to determine a resultant
vehicle weight of 13.19 MN The center ofgravity of the shovel waslocated 20.25m
from the hoist rope according to a summation of moments about the hoist rope,

similar to equation [7] and can beseen in Figure 21.

Hoist Rope Force for 4100C Boss and 4100 XPC

——4100C Boss ——4100 XPC

<o
o

B vl
<} <}
| |

Force (MN)
W
o

g
o
|

1.0 u
00 T T T T T T T l T

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000
Time (s)

Figure 22: Hoist rope forces of the 4100C Boss and 4100 XPC shovels

Step 4 z The magnitude of the ground reactive force for each point in the data set
was calculated by summingup the hoist force for thatdata point calculated in Step
2. The location bywas calculatedsumming moments about the 4100C Bosscenter of
gravity using equation [6]

O 0 O © [6]

O [7]

Where all locations weretaken with respect to the4100C Bosscenter of gravity (See
Figure 21) and:
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Lr = Location of the reactive force
Fr = Magnitude of the reactive force
Fcw= Counter weaght

Lcw= Location of counter weight

F+ = Hoist force

Ln = Location of hoist force

Fum = Machine tare weight

Step 5z To distribute the reactive force across the load rollergt was first
necessaryto convert the reactive forceinto a distributed load. Equations [8] and [9]
were rearrangedfor wi and we.

| /

W,/m

W,/m

L F;’

& =
< ra

Figure 23: Relationship between a point and distributed load

The original equationswere:

@ 0 0 - 8]

® — - [9]

Equations[8] and [9] were re-arranged as

6 — — [10]

o — — [11]
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Where:
1 W = The ground reactive force
1 L =The supported length of track §.4 meters in this case)
1 x = The bcation of the reactive forcecorresponding to Figure 21.
1 wi=The total load onthe heel end ofthe track system
1 w2=The total load onthe toe end ofthe track system
Note: The toe end of the track system is the front end, or the end closest to the
working face. The hel end is the rear most end, located under the counterweight of

the shovel.

Step 6 z Due to the true geometry of theundercarriage, the reactive force is not a
distributed load but instead a collection of several point loadsone point on each
roller. To determine the magnitude of these point loads the length of the chasaias

divided into equal portions centered on the rollers and the distributed load in each

portion was summedonto the roller as shown inFigure 24.

_—]

Load Per Roller

Figure 24: Concentrating the distributed load onto the lower rollers

Note: The bad per roller was the summation of the distributed load, within the

rollers area of influencemarked by the dashed lines

Step 7z In the event of negative loading on any of the rollerghe outermost (toe or

heel) negatively loadedroller was reset to azero force value and the chassiength
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(L) was shortened by the supported portion of that roller (0.8 meters). Steps 5, 6,

and 7 were repeated until no negative force valuegemained.
Step 8z The key dig cyclestepsare as follows:
The hucket is emptyand suspended in the air (after dumping into truck)

The shovel is in the empty tucked position

The shovel is in mid dig (digging forces are highest)

A w0 NP

The hucket is full and suspended in the air

4100C Boss Hoist Rope Forces

——4100C Boss

Force (MN)
w
[=)

N
[=]

1.0

o LY |

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000
Time (s)

Figure 25: Key steps for one dig cycle on a P&H 4100 XPC(Adapted from Marek, 2006)

Unfortunately, isolating these keysteps in a dig cycle required some human
judgment, and therefore introduced error to the process.The bounds of each phase
were identified, and events such as the large spike ifhase 2 were excludedThis
large spike in force represents theinitial contact between the bucket andthe
ground. Toinclude it would overestimate the loading on the lower rollers when the
shovel is sitting empty and tucked.
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Following these steps produced the loading profile shown ifrigure 26. The
curvature in both the max digging and full suspended steps were a result of
reducing the data points to an averagdndividual data pointsresult in linear loading
across the load bearing rollersFigure 27 shows the calculation of the distribution of
average loadsFigure 27. The mean was then takerto obtain an expected value of

the loadon each roller per cycleSeeAppendix C.1for all phases.

Forces Experienced by Each Roller Position
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Figure 26: Load levels for the rollers in each key dig cycle phase. Position 1 under the counterweight and

Position 8 at the face.

Recorded Hoist Forces for Roller 7 Position
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Figure 27: Distribution of roller loads at Position 7 for both the max digging and full suspended phases
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The large spikes in the hoist force created problemsn analysis While
equations [10] and [11] assume that the system is stablethe hoist forces at the
large spikes were high enough to tip a shoveaver. Due to the brief, impact like
nature of the loads tipping did not occur and it was assumed that the shovel
remained stable.The roller loads calculated at the spikes ranged frorr2x108 MN to
6x108 MN, which was incorrect and large enough to obscure the correct results
calculated elsewhere The calculated roller forces and the sum of the machine
weight with the hoist force were compared andrevealed that the two forces were
equal until the ground reactive force was directly under roller position 8 (the most
forward position) , the positionat which the discrepancy occurredTo eliminate this
issue of shovel imbalancea maximum hoist force was selected at 3 NI which
placed the ground reactive force slightly behind roller position 8. A hoist force of
3.13 MN placed the ground reactive force directly under position 8 but was not
used, as a discrepancy was observed between roller loads and ground reaction
forces. All hoist forces were capped at 3 MMWith the excessadded to the force at the
next data pointto maintain the total force observed.The process was repeated for

the entirety of the data setas shownin Figure 28.
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Figure 28: Hoist rope forces after flattening at 3 MN
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After calculating the loads for each roller position on the shovel, the cube

root scaling method was then used to determine the lab scaled loading for each

roller position. Thescale factor used in this scaling law was 2.61, the scale difference

AAOxAAT OEA AEAI AGAO

section 5.2 for more details on the test roller.
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Figure 29: Load levels for each roller position after cube root scaling was applied

4.2 Field Behaviour to Reproduce

The observation of a 4100 XPC shovel in operatio(Sunhills Mining, 2015)

revealed thatthe movement of theroller on the roller path was as follows:

1. Theshovel startedin the tucked position

2. Immediately upon bucket contact with the face, theoller rolled backwards

approximately three inches on its tracks depending on track tension

3. Theshovel completed a dig.

4. Upon rotating to dump its load, the shoverolled forwards to its starting

point on the tracks.

5. The shovel dumped, rotatedback to the working face, and returnedto the

tucked position.
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The roller path loading was assumed to remainconstant through the roller
movement. This assumption holds in Step 2 of the dig cyclebut fails in Step 4 if
evaluating an individual cycle and only holds if evaluating multiple cycles At the
initial stage of Sep 4, the shovelwas in line with its tracks with the bucket filled.
The ground reactive forces were focused under the front rollers at this stage(see
Figure 26). Upon rotation, the loaded bucket passediirectly over the toe end of one
track as it movedto its final position over the truck approximately 90 degreesrom
its original position. While passing over the toethe forceswere focused in the front
most rollers of that track and are reduced in the rollers of the opposing tracksee
section 6.2.4 for an alternate lad profile simulating this behavior. Truck loading is
performed on both sides of theshovel however, and considering a combination of
multiple load cycles the assumption of steady load is expected to holdr the trial

test and proof of concept

Figure 30 shows roller path damage ratesthat were collected from the field
As the sample roller paths were made from the A128 E1 alloy the surface
deformation was initially high but later reduced to a seenngly linear rate. Because
the data resolution was poor, it was noknown how quickly the initial deformation
happenedin stage 1 offFigure 30, and how much roller path material was lost from
damage. Howevermaterial loss rates observed at later stages could be identifieth
be 0.118 mm/hr for stage 2 and 0.093 mm/hr for stage 3
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Roller Path Material Loss Across the Life of Shoes
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Figure 30: Reported material lossfor A128 E1 roller paths (Adapted from Engineering, 2014)
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Chapter 5:Apparatus Design, Build, anfissembly

The test apparatus, or the mechanical components of the test methoayas
designed to be programmable with a safety factor afvo at its weakest point,to
allow for differing load profiles at a higher magnitude.If the strength of the
apparatusis required to be increased, the components to first address are the lower
shuttle plate rollers (safety factor of 2.15 see Section 5)3and the shuttle plate
(safety factor of 6.25). See Appendix D forapparatus construction drawings,
Appendix E for the maerial spedfication sheets for the coupons and shuttle plate,
and Appendix F for the speification sheets for each electrical or hydraulic

component.

5.1 Coupons

The two primary materials used for the track shoes of the ultralass shovels
are an A128E1 hgh manganese steel alloy, and a 4330 grade steel alloy heat treated
to between 331 t0388 BHN (Boundary Equipment Co. Ltd., 2014)The A128E1 alloy
is favored in hard rock mines due to the workhardening features of the material,
the 4330 alloy is used primarily in highly abrasive conditions as it is heat treated
and resistive to abrasion.For the purposes of field verification 4340 and A128 E1
grade skeelswere usedand are seen irFigure 31. The 4340 coupon wasused due to
availability and heat treated to 360 BHN to match the hardness of th&330 roller

path usedin the field, performance was expected to be similar

Figure 31: Test coupons, 4340 (left) and A128 E1 (right) 7z see Appendix D for dimensions
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The flutes in the A128 E1 coupon allow the material room to flodrom wear
for the purposes of work-hardening similar to the true roller path. A128 Elis not
generally heat treatedas extensively prior toactive service and insteads worked to

achieve the hardening process.

5.2 Main Load Roller

The scale of the test model was driverby the size of the roller. Due to
availability constraints, an 11.5inch diameter lower load roller from a 1963
Bucyrus Erie 22B shovel was selected. The 2B roller differs from the P&H 4100C
bossroller as the 4100 roller is made of 4340 grade steel ahheat treated to 400
BHN (Boundary Equipment Co. Ltd., 2014)where the 22B roller is made of a
manganesesteel (Bucyrus Erie, 1963) Between heat treatments and past field use,

the 22-B roller had an estimated hardness of B0 BHN A¢ 8 v 6 €haft@doA E 1

length was fabricated to be used as the main roller pior axle.

Figure 32: Main load roller ; mounted onto the loading frame (left) ,and isolated (right)

40



5.3 LowerApparatus

The baseapparatuswas constructed with eight lowershuttle rollers and two
brass guides tarestrict the motion of the shuttle plateto a single direction as seen in
Figure 33 and Figure 34.

Figure 33: Baseapparatus with shuttle removed show ing: brass guides [1], lower shuttle rollers [2], and

base plate [3]

Four shuttle rollers and one brass guide were mounted to each of the roller
mounts (seeAppendix D). The roller mounts were then attached to the base plate
(Figure 33) which was then mounted toa Material Testing SystenSeries 793(MTS)
loading frame base plate as seen inFigure 34. Theapparatus was oriented for the
shuttle to travel perpendicular to the viewing angle for ease of use and safefyee
Appendix F.8 for risk assessment)The orientation placed thehydraulic ram on the
opposing end of the frame from the operatorin the event of a failure The shuttle
and coupon were then installed on the baseapparatus and the primary roller

attachedto the loadingcylinder for the MTS framein line with the shuttle.
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Figure 34: Baseapparatus with shuttle [1] and coupon [2], installed below the main load roller [3]

5.4 Hydraulic System for Horizontal Movement

For the purposes of matching hardware, imperial units will be used for this

section. The strength requirements for the system areseen inTable6.

Table 6: Strength requirements for hydraulics

Max Main Roller Load 12,650 Ibs
Friction Coefficient* 0.15
Required Horizontal Force | 1,900 lbs

*Estimated from bushing rating (0.05z 0.15)

Selecting asafety factor of 1.5 and a maximum pressure rating of, 30 psi
(standard rating for hydraulic rams) the calculated required bore (internal
diameter) was 1.1 inchesTo provide the required force ahydraulic cylinder with a
p8uvd AEAI AOA washdeéted D rolDpeadirctide field was measured
via camera time stamp to be approximately 0.7 in/s, wh a total roll distance of
25um8uv ET AEAO8 41 |1 AOAE OEEO ODPAAAN

stroke was calculatedto be 5.41 cubic nichesbasedi T OEA p8ué

OEA OANC
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Therequired 5.41 cubic inch volume with a4 second roll time produced a required
0.7 GMPof hydraulic oil.

A1 HP HydroTek power unit was selectedwith a maximum rating of 3000
psi and 0.7 GPM of continuous flow to match the hydraulic rand flow rate valve
was placed on thesolenoid valveimain input line to reduce speed as needed, and a
secondaryflow rate valve was placed onthe line leading to the rod endof the ram
for the purposes of matching retraction speed to extension speedetraction
required a speed reduction as the presence of the rod reduced the available volume
in the hydraulic chamber and resulted in an increase in retraction spee@oth flow
rate valves were mounteddirectly to the solenoid valveon their respective linesand
the ram placed in line with the coupon/shuttle path (seeFigure 35). The active
running pressures for the hydraulics in this test were read at 500 psi during
cylinder extension and 2400 psi during retraction. The increased psi while
retracting was as a result of theestricted flow rate valve placedto match the speed

of travel.

As seen inFigure 35, two u-rods were used to extend the support structure
beyond the main base plate for use by the hydraulic ram system. At the end of the u
rods a cross bar waplaced,connecting the tworods, and provided a mounting base
for the ram. The solenoid valve was also placed at the end of therods for
convenience reasonsThe rod end of the ram was then pinned to the shuttle in the

half-inch mounting holeas seen inFigure 35.
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Figure 35: Hydraulic ram system: Solenoid valve ( 1), flow restrictor valves ( 2), hydraulic ram ( 3), and

power unit shown in Figure 36

Figure 36 provides a better view of the power unit used for the horizontal ram

(lower left corner of Figure 35).

Figure 36: 1 HP Hydro-Tek power unit (pump)

5.5 Electronics

An electronic system was used to control the horizontal ram fronthe MTS

system and included the following (forspecification sheets seeAppendix F:
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Hydac Solenoid Valve (WK10Q)
E-Switch Limit Switch (LS085-15-06-F045-C1-A)
OMRON Relay (G2R--SD12S)

= =/ =2 =1

MTS Flex Test control unit

The wiring for the electrical systemcan be seen inAppendix F.6 and F.7
Appendix F.6represents the sensory system and includes the limit switches that are
mounted on each end of the shuttle plate listed as LS1 and LS2. LS1 was mounted on
the ram end of the shuttle and LS2 on the free endt each end a stopper was placed
mounted magnetically to the loading frame base plate. As the shuttle moved in
either direction the limit switch would press into the stopper and be triggered. Full

details on the program used to control this motion will bdisted later in this section.

Appendix F.7represents the ram control system and includestwo power
supplies, two power relays, and a position solenoid valve. The solenoid valvevas
powered by the 24 volt power supply. Wiile unpowered the valve remaired in the
neutral position, feeding the hydraulic oil directly back to the pump, bypassing the
ram. The two relays are used to power the solenoid valve in either the S1 or S2 coils.
Powering the S1 coil directed oil to the rod end of the ram and causedtdt retract.
Powering the S2 coil directed oil to the base end and caused the ram to extend. The

relays were controlled using the 12 volt system and the flex test control unit. In the

MTS program OOOT ET ¢ OEA AECEOAI 1 O00OPOO g Of

controlling S1 and retract the ram. Digital output 2 extended the ram.
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5.6 Bracing and Stability

The main platform of the MTS loading frameequired stabilization. While
able to support high loads, it was adjustable with little effort. Unfortunately, because
of the cycling horizontal loading the platform would slowly adjust in tilt and
rotation. To prevent adjustment it was secured to the foundations Tslots using
threaded rods and bolts Figure 37). The threaded rods also allowed for minor
adjustments to be made to the tilt of the platform to align the coupon with the roller.

Alignment was done by tightening one side of rods or the other.

Figure 37: T-Slot stabilizers for leveling and fixing the platform

While trial testing, it was observed thatthe horizontal movement of the
coupon causeda horizontal flexing of the main load cylinder Additionally over
several load cycles theMTSload cylinder would rotate, causing the main roller to
rotate out of alignment with the path of the couponA brace was added tgrevent
both issues bracing theroller and the load cylinder to which it was mountecdagainst
the main supports of the MTS frame and can be seenhigure 38. The brace added
to one side only to couter the flexing of the load cylinder under high loadShould
the test load be changed in the future to a high load in both directionsf shuttle

movement, bracing should be added to both sides. This brace also prevented the
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main cylinder from rotating in its load cell by bracing both supporting walls of the

main roller frame as seen irFigure 38.

Figure 38: Horizontal brace to prevent horizo ntal movement and cylindrical rotation of the primary

roller

5.7 MTS Program

The MTS program was setup to begin by resetting the coupon to a starting
position prior to proceeding with the test. The data limit detector in step one was
put in place as a preautionary measure should the limit stops on the shuttle fail and
the coupon be pushed out from under the roller. The data limit detector was set to
trigger should the roller move 5 mm below the original coupon surface elevation
with the intent on increasing this limit if required due to roller path material loss.
The program was setup as follows and can be seenkigure 39.

1. Data Limit Detector z A safety moduleset to trigger at 5mm below the
original roller path surface to stop the MTS frame should the roller fall off the
end of the coupon

2. Home Startz initiated the retraction of the horizontal ram

3. Home Switchz watched for the shuttle to reach the starting pogion (trigger

of limit switch 1)
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4. Home Stopz stopped the retraction of the ram upon the trigger of the home

switch in step 3

5. Ramp Basg ramped the load up to the base value (17 kN)

6. Loopz The remainder of the test occurredwithin this loop

1.

Ramp Peak rampedthe load up to the peak value (112.6 kN)

2. Ramp Highz ramped the load down to the high value (96.2 kN)
3.
4. End Switchz watched for the shuttle to reach the end position(trigger

Extend Startz beganthe extension of the horizontal ram

of limit switch 2)

Extend Stop z stopped the extension of the ram upon the trigger of
End Switchin step 4

Ramp to Lowz ramped the load down to the base value (17kN)
Retract Startz beganthe retraction of the horizontal ram

Home Switchz watches for the shuttle to reach thestarting or home
position (trigger of limit switch 1)

Retract Stopz stopped the retraction of the ram upon the trigger of

the home switchin step 8

7. Return to zeroz upon completion of 2880 cycles (&ours of testing) the loop

endedand the roller waslifted 1cm off the coupon

----- Home start

----- [ig Home switch

----- Home stop

----- E Ramp base

----- B4 Timed Acquisition
----- [#] Ramp Peak
..... E Ramp High
----- Extend start
----- E End switch
----- Extend stop
----- [~ Ramp to low
----- Retract start
----- E Home switch
----- Retract stop
----- [7] Retum to zem




Figure 39: Screenshot of the program used for running the MTS frame

5.8 Operationof TestApparatus

As mentionedin Section 4.2, the shovelrollers did not move on the roller
path while digging or dumping of its bucket.The rolling occurred prior to digging
and dumpingwhile the load was relatively constant. To mimic thisobservedrolling
behavior, the loading frame was prograrmed to wait for the coupon to be
completed before the load igamped up or downas seen in Section 5.7Thetarget
profile is represented inFigure 40, and is described as:

1 Under a load of 17kN, the coupon is moved under the rder a total of 2.5
inchesz corresponding to initial roll while the shovel is empty and tucked

1 The coupon is held stationary while the load ramps up to a peak df12.6kN
and back down to 93kNz corresponding to the active dig of the shovel.

1 The load is leld constant at 93kN while the coupon is moved back to its
starting position z corresponding to the roller movement during the rotation
of the shovel.

1 The coupon is held constant while the load is reduced to its original low of

17kN z corresponding to theshovel dumping its load into the truck.
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Figure 40: Desired load profile and coupon positioning for the test
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Load and Vertical Displacement of Test Roller as Coupon
Shifts Between End Points
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Figure 41: Actual load cycle and vertical displacement of loading ram with a sample rate of 4  per second.

It can be seen inFigure 41 that while the force is held constant the vertical
displacement does not.The main load roller was not perfectly round and was
expected to be the primary cause of the roughness of the verticdisplacement.
Variability was introduced in the system by rotating the roller to a new position
every testing session Should complete automation be required the MTS frame could
be programed to rotate the main roller through a series of ram extensions vile
lifting the main roller off the coupon for the ram retraction. The rotation module

could be added prior to or after the loop as set in Section 5.7.

The variability in the vertical displacement inFigure 41 was not directly seen as
problematic, it does however verify the uarounded shape of the roller. The un
uniform roller profile reduced the contact area and increased contact stress

between the roller and the roler path. See Section 6.2.3 for further details.
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Chapter 6:Results andDiscussion

6.1 Results

6.1.1 ApparatusPerformance

The overall performance of theapparatuswas as expected and without issue.
The load did not exceed theapparatus strength, andthe chosen hydraulic system
moved the coupon close to the desired velocities. Table 7 shows the required
hydraulic pressure. The resulting speed of the couponmeasured using loading
frame wait times, was 0.038 m/s, falling short of the target 0.045 m/s by 17%. he
total horizontal coefficient of friction for the system calculated from the hydraulic

pressures was 0.07.

Table 7: Required hydraulic pressure for horizontal movement of coupon

Push frame load = 93kN) | 500 psi
Pull (frame load =17 KN | 2,400 psi*

* A flow restrictor was placed on the hydraulic line to reduce the speed of retraction

resulting in a higher pressure

The paint or coating of the lower black shuttle rollerswas removed
throughout the test, leaving a polished surface. No further damage was seen and the
rollers never exceeded 39% of their maximum rated load The load was not
perfectly distributed however, as one side of the roller set had a small zone of
unpolished surface asshown in Figure 42, and is likely due to roller misalignment
Similarly, the bottom of the shuttle platesustainedlittle visible damage The area in
contact with the lower rollers darkened in color 7 likely from the roller paint z with
the side corresponding to the unpolished roller zongaking on less discoloration
The brass guide were worn faster than expected witheachmore than 50 grams of
material over the course of the testduration (see Table 8). The brass shavings
required regular cleaning, asthey would contaminate theroller faces, creating an

uneven contact surface and higher stressonesbetween the shuttle and the shuttle
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rollers. SeeSection 6.2.1for further discussion on design changes to address the

concerns surrounding the brass guides

Figure 42: Brass shavings after one day of testing (large red arrows) and the shuttle roller unpolished

Table 8:

zone (small blue arrows) .

Mass of brass guide material before and after testing.

Guide Number

Starting Mass (g)*

Finishing Mass (g) | Mass Loss (Q)

Brass Guide 1

820.83

770.46 50.37

Brass Guide 2

820.83

764.32 56.51

*1' 0 OEA COEAA xAAO

weighed prior to testing. A replacement setwas made to identical specifications

with masses of 820.98 and 820.68. The reported starting mass is an estimate based

x AOT thorigibhl @éidesware noO |

on the average of the two replacement guides.

6.1.2Wear Rate
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The duration of the test was 76122 load cycles. Each load cyclansisted of
one loop outlined in &ction 5.7and represented one dig g/cle of the shovel in the
field. Table 9 compares the duration of the lab and field tests
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Table 9: Test Duration .
Cydes 76,122

Lab Hours 213
Equivalent Field Hours 1,189.4
Field Roller Path Life 25,000

Progress to Failure Point | 4.8%

*By completed field hours

The material lost through the course of the test di not reach the expected
values.The loss ratewill be discussed further in®.2.2 Testing Accuracyd SeeTable

10 below for a compkte breakdown of expected and achieveahaterial lost.

Table 10: Test and Field Comparison .

TestMassLost 1.67 g
Test Volume Lost 0.21 cms
Test Volume Lost écaled tofield level) | 3.78 cmd
Field Volume Lost 3458 |cmd
DamageRate Achieved in Lab* 10.9%

*When compared to rates observed on the shovel

Where the field volume lost is the volume of material lost proated to the

test cycle count.
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Volume of 4340 Lost per Load Cycle
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Figure 43: Actual and expected lab volume lost volume lost comparison for the first 76,000 cycles ; the

expected rate was taken from stage [1] of Figure 30, and assumed a linear loss of material .

The roller and roller path contact stresses initially peaked at 808 and 740
MPa while respectively stationary and rolling, but reduced to 570 and 522 MPa as

the contact area between the roller ad roller path increased through the test(see

section 6.2.3)

6.1.3 Dry Réihg Wear

Abrasive debriswere not addedto this iteration of the test apparatusto first
allow for discovery of design flaws therefore, all damage and material loss to the
roller path was due to the dry rolleron roller path interaction. Figure 44 showsthe
wear across the roller path.Becauseof the mismatch in the roller and roller path
profiles (see section 6.2.1 and 6.2.3 for detailsxhe center d the roller path
indicates the initial stages of damageand the outer zones represent a more

developed stage of roller path damage.
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Figure 44: Complete roller path section , at 8x and 16x magnification , arrow indicates direction of roll
(Nychka, 2016).

Where each zonen Figure 44 indicates a stage in the development of roller path
damage(Nychka, 2016

1.
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An undamaged zone with a singlebrasive or ploughing scar, likely from
debris generated inStage®.

Denting develops, likely from contamination of particles between roller and
roller path.

Berms develop from plastic deformation around the dents, indicated from
the wavy pattern in this region.

The berms flatten in line with the roller path; they become very thin flakes
and may overlapresembling a fishscale texture see alsd~igures45 and 46.
More flattened berms.

Deformation of berms (now flakes) reach failure limit and break off through
shear or fracture, adding debris to the roller path and leaving a pbehind,
starting the process over.

Ploughing scratches formed as the roller compresses the debris created in
Stage 6. A crack is also seen, likejue to surface shear crack growth as
described in Section 2.5.



Figure 45: Composite image (16x magnification) of the flattened berm zone on the roller path

showcasing a thin flake peeling off the surface .

Figure 45 shows the flattened berm zoe on the roller pathwith a large flake
curling upwards about to fracture loose. The lattened berms overlap each other,
many are beginning to curl upwards, preparing to fracture or spall off the surface. A
clearer image of the large flake and immediate surrounding area can be seen in
Figure 46.

Figure 46: Single image of the flattened berm zone featuring the large flake at 16x magnification .
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6.2 Discussion

6.2.10bservedProblemsand ProposedSolutionsof the Apparatus

An early goal was to achieve unsupervised testing allow for testing over
nights and weekends but this was not realized with the current iteration of the test
apparatus. The following recommendations would address the known issues
preventing unsupervised operation.

1. Replace the brass guides witla three-quarter inch track roller, similar to the
lower shuttle rollers.

2. Add a data detection module to the MTS program, watching for major and
repeated deviations from the target load andterminate the program when
triggered.

3. Add a signal out module to the MTS progransending the stop command to
the horizontal ram when the previous moduleis triggered.

4. Add a data limit module to the MTS progranto trigger the stop signal if it
took more than 10 seconds for the ram to complete the extension or
retraction.

5. Add a webcam b watch the testand take photos of the couponand a remote
desktop client to the MTSontrol computer for remote monitoring.

6. Add a remote emergency stop function.

7. Instruct the operator to conduct remote periodic checks on the test while
away.

8. MachinetheOT 11 AO O CEOA O1TEAI OIf bDOT £ZE1T A AT A

path radius.

Many of the known operational concerns were produced from the material
loss to the brass guides and the loading frambeing out of calibration. Prior to
calibration, the MTS frame would occasionally and rapidly oscillate the load,
continually over correcting itself until the load dropped to below approximately 40
kN. Calibrating the frame solved the issue but adding a data-limit detector is

recommendedshould the frame fall outof calibration. The brass guides wore down

57



more than was expectedand resulted in brass shavings that got under the shuttle
and into the rollers, as seen inFigure 42. The chosen rollers weresealed to prevent
contaminating their bearing systems but the brass got in between the rollers and
the shuttle, introducing an uneven contact surface and high stressones. Due tdhe
contamination, the brass and rollerswere cleanedonce per day orsevenhours of
testing time. If testing is conducted full time (24 hours per day, seven days a week)

it is required to reduced or eliminated the need for such cleaning

Another symptom of the brass wear was the widening of the allowable path
for the shuttle. Widening the path permitted the coupon to deviate from the
intended position and resulted in the roller exiting the roller path, increasing
contact stress on one siddut reducing it on the other.Additionally, the shuttle was
no longer inline with the ram, resulting in heightened friction between the shuttle
and guide, and an acceleration of the wear on the brass guiddacreasing the
friction between the guide and shuttle resulted in a skipping motion and uneven
material loss.Removing the brass guides and introducing #aree-quarter-inch roller
would solve both issues.Placing one roller in each mountinghole for the brass
guideswould be sufficient. Some modificabn and rethreading to the holes may be

required. An example of a suitable roller can be found in Appendix A.

The remaining stepsto improve the apparatus are to increase loading
framed O A th Eebogn@2&) andreact properly to unforeseen issuesFor example,
Recommendation 2 at the beginning of this section was based orpersonal
observation. It wasseenthat most problems, such as excessive wear on the brass
guides,were accompanied by an oscillation in the load as the frame reacted the
changing condition. Some deviation must beallowed: it was common for the load
feedback to read a single point welbutside the target load, and mayoccur several
times a day. The reasofor the load deviationswas unknown, but were assumedto

be sensory and werenot addressed The deviations occurred across a single data
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point and often failed to register on the output screenTherefore, the test did not

need to be shut down but may warrant a further check.

6.2.2 Testing Accuracy

As mentioned previously thetest produced10.9% the requiredwear rates to

match those seen in the field. Because of the reduced wear rate, the test lasted for

4.8% of the cycles required to reach failure but only removed 0.52% of the required
volume. The wear ratewas likely due to the following reasons ranked in order of
probable severity.

1. The debris or material that would normally be found in the fieldwere not

included in the first iteration (e.g. bitumen).

2. The load levelswere too low.

3. The muponbecame unstable as mentioned in6.2.1

4. Thetest used 4340 steel instead of 4330 steel.

As part of thetest, it was assumed that material loss rates 04330 and 4340
were comparable To prove the accuracy othe test apparatus, it was necessaryto
reproduce known wear rates as seemn the shovel roller path Data was obtained
Al O A 0Q( ¢xnm 80" AT A cymnn 80!8 "1 OE
A128 E1 Hadfield Steel(Boundary Equipment Co. Ltd., 2014)Due to supplier
restrictions on 4330 grade steel,couponsof 4340 grade steelwere used this steel
has similar traits and was more readily accessibldnaccuraciesmay be introduced
with this change such as a change in fatigue or abrasion resistanand therefore

further investigation for a source of 4330 material should beonducted

The damage rate recorded in the lab was 10.9% the rate observed in the field
data (Section 4.2)assuming linear wear rates The trial test was 4.8% in length and
resulted in 0.5% volumelost when conpared to a shovel A specific correction could
not be determined with confidence additional testing is required. Considering the

volume lost however, t was assumedthat the lab scale test performedmore slowly
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than required to match the field The current test iteration lacked the input of
debris, which is likely the driving cause of the reduced damage rate ahown in
Figure 43. Adding debris such as sandor bitumen would increase the rate of
material loss to the roller path but at an unknown levelUsinga sensitivity analysis
to include debris on the roller path would provide insight about the effect of
contamination on roller path life. Determining the sensitivity of the roller path to
debris could provide information about specific concentrations of roller path

contamination for estimating the damage effects at a specific mine site

Along with adding debris to the roller path to achieve a 1:1 cycle
representation from lab to field, it may be necessary to increase the loadAs the
test run only reached 0.5% volumeoss on the roller path to reach failure, it was
unreasonable to predict load increase with confidencelhe stress analysis shown in
6.2.3 can assist in predicting required load level changeslt should also be noted
that for the test run, the load profile of roller position 7 was used as seen inFigure
47. Roller position 1, which residesat the back of the shovel, experienced similar
load profile with a high rolling load of 96.8 kN compared to 93.2 kN at position.7
The points at which rolling occurredon the roller path were when the bucket made
initial contact with the ground, andwhile rotating with the bucket suspendedand
full of material. It should be noted however that the forces indicated ifrigure 47 are
OEAxAA Ol xAOAO OI 11 A0 PIi OEOEIT yh AO A OEA
a 100% efficiency, where in actuality it is at 86%. The true efficiency was
determined late in the course of this researctand the resultingroller forces can be
seen inFigure 48, but were not used in the development and initial operation of the

test method.Table 11 compares theroller forces between the two efficiency ratings.

Table 11: Sample load comparison between efficiencies

Efficiency 100% | 86%
Roller 7 Full Suspended (kN) | 93.2 82.1
Roller 6 Full Suspended (kN) | 60.5 61.7
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Forces Experienced by Each Roller Position
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Figure 47: Loads at each roller position for key phases of the dig cycle

Forces at Each Roller Position at 86% Hoist Efficiency
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Figure 48: Loads at each roller position with a hoist motor efficiency of 86%

The most noticeable difference in changing the hoist motor efficiency to 86%
is the reduction in the extreme loads on the front rollers at positions 7 & 8. The
roller positions 1 z 6 remain similar between bothefficiencies. The implications this
efficiency changewould have on the test which,focusedon roller position 7, is a
peak load value increase of 7% to 120.6 kN, a high load decrease of 11.9% to 82.1
kN, and a base load decrease of 10.3% to 15.2 kN. The damage done to the rolling
zone would be decrased, but there would be an increase in fatigue damage where

the roller path experiences the peak load.
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6.2.3 Stress Analysis
Stress analysis was performed téearn aboutthe damage caused directly by
the loading of theroller on the roller path. Equations [L2] and [13] (Bamberg, 2006)

were used to determine contact area and peak contact stresses.

" — [12]

€

[13]

Where:
9 m E #1171 O0AAO OO0OAOGO
F = Contact force
L = Contact length
b = Contact hakwidth
E = Modulus of elasticity
O E 0T EOOIT60 OAOEI

= =2 =2 =4 -4 -2

R = Radius of cylinder

R2 was set to infinity to represent a flatroller path surface as oppsed to a
cylinder. The contact length (L) changed dynamically throughout the test. Initial
coupon design matched the curvature to a measured profile on the roller. The roller
surface curvature was not consistentand did not match the coupon initially,
requiring a break in the phase.A break in phase may ao be required in the field,
but would vary in length between individual track systems Machining the roller
into a continuous profile is recommended for future testgo increaseits consistency,
repeatability, and to make it more representative of multiple roller and roller path
arrangements In Figure 49 the progression in roller and roller path contact are is

shown. The correlated progression of contact stress is shown iRigure 50.
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Initial (L) @ Final (L)

Figure 49: Coupon roller -path contact area through test . 1) Unworn coupon with initial contact outlined
2) Partially worn coupon 3) Coupon after 76,000 cycles, approaching full roller path contact 4) Green

highlights denote cracks, folds, and damage
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Figure 50: Stress levels experienced at each point labeled in Figure 49

Calculated ontact stress levels between the roller and roller pattare shown
in Table12.

Table 12: Roller and roller path contact stresses (MPa)

Initial Stationary 808
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Initial Rolling 740

Final Stationary 570
Final Rolling 522
Full Contact Stationary | 500
Full Contact 457

4340 Yield Strength >760*
4340 Endurance Limit | 500**
*(Boundary Equipment Co. Ltd., 2014) ** (eFatigue, 2016)

While initial contact stresses far exceeded the endurance limit of the roller
path, stresses assuming fultoller path contact reduced to below the endurance
limit while moving, and matched it while stationary.Equations [12] and [13]
(Bamberg, 2006)were usedto evaluate contact stressegor a P&H 4100C Bossit
roller position 7 and resulted in 802 MPa while stationary and 730 MPawhile
moving. The inequality between contact stressesmay be attributed to the
calculation method. Equations [12] and [13] assume pure elastic deformatioWhile
the roller path achieved a yield strengthof 760 MPa or greater (Boundary
Equipment Co. Ltd., 2014Xhrough heat treatment, some plastic deformation was
required in the formation and flattening of the berms seen irFigure 44. Further
investigation into the direct contact stressis recommended to determine the
continued use of the cube root scaling method, or an adoption of a @ifént method,
for future work . Assuming a pure elastic deformatiora load increase of 2.7>xmay be
required to match the lab and field stresses As mentioned in Chapter 5, the
A D b A O Ahé&tOnrs the lowest factor of safety was the lower shuttle rollersat
2.15. Should a load increase be required it may be necessary to replace the lower

shuttle roller s. A suitable replacement can be found in Appendix A.

6.24 Alternate Load Profiles
The load profile assumed for the test run of theapparatus held the load

constant while moving the coupon.n the field, after the shovelcompleted the dig
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cycle, it rotated its body to dump the load in a truck thatwas typically parked

alongside the shovelThrough the rotation, the distribution of loads changed on the

rollers as seen inFigure 51. Passing the loaded bucket over a corner of the tracks

ET AOAAOGAA OEA O I 1 Thesbdvel dolinteriveightht thE©damdeQimdd I OT A O
passed over the opposite corner of théracks, resulting in a similar effect. The loads
experienced by rollers elsewhere in the track system were reducedFor
simplification, it was assumedn the test run that because the shovel rotated in both

directions equally, the loads would balance and could be held continuoug\ more

detailed load profile, which may be required, is shown in Figure 52. No
modifications to the apparatus would be required for a dynamically changing load

profile.

=

Figure 51: Effect of shovel rotation on track roller load (Adapted from Marek, 2006)
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Expected Loading Behavior Durring Shovel Rotation
at Roller Position 7

Truck Side

Open Side

Expected Time of
Roller Movement

Vertical Loading

Time

Figure 52: Load profiles of the two rollers at position s7 and 8 during shovel rotation

6.2.5 Toeniling and Material Flow

To allow for track flexibility , gapsare placedbetween the roller paths of each
shoe in the field. As the roller moves off the shoe and crossethe gap, the stress
concentration increasesat the roller path ends and resultsin material flowing
towards and extending beyond the end of the roller pathThe effect called
toenailing, causesthe paths of adjacent shoes to clidle as the track flexedrom use,
and increases the stress and damage throughout the systenDuring the setup of
the test apparatus, while the MTS program was being developedhe coupon was
moved out from under the roler. While leaving the roller path was unintentional,
the instance showed a possibility of thetoenailing effect (see Figures53 and 54). It
may be possible to recreatetoenailing using a modified coupon design, possibly

with a notch cut out of the middle of theroller path.

66



Figure 54: Possible toenailing re-creation, top view at 8x magnification

Possiblere-creation of the toe-nailing effect was further supported inFigure
55. From the lighting, it can be seen that the worn zone is built up higher in
elevation than the original surface Because the roller stopped before reaching the
edge of the oupon, the roller path materialdid not flow off the edge, but build up at
the end point of the wear zone. This flowvas becauseof the creation of bermsand
folding them over in line with the rollers movement.The folding and flattening of
the berms isindicated by the fish-scale likepattern, in the worn zone ofFigure 55.
This particular zone is exaggerated from the addition of the material from the wear
scare locaed at the top of the figure. The scar formed in the initial setugprior to

bracing the loading frame, and its material was pushed down into the roller path,
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where it flowed outwards, to the edge of the roller path, through the toenailing

effect as descted earlier.

4K Roll Direction

Figure 55: Edge of roller path wear zone at 16x magnification .The arrows indicate the flow path of

material , and the light source is located to the left of the sample .

6.2.6Test Length

It was impractical to run atest with a duration equivalent to the average
roller path life as observed on a shovel. The test lengtiad to be reduced whilestill
producing damage similar to thatseen on a shovel roller path. To satisfy this

requirement the following were not modeled into the test method:

Operator lunch and coffee breaks or crew change
Expected or planned downtime for maintenance

Unexpected downtime for maintenance

A w0 NP

Idle time while waiting for trucks.

The cycle time for each dig could also be truncated or reduced. It was
expected that theleading cause of damage was theoller moving under a high load

across the roller path. Allnon-essential moments were removed or reduced from
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the dig cycle, as seemiFigure 56. Truncating the dig cycle reduced the total time of
one cycle from 45 to 10 seconds. The combination of ignoring shovel down time and
unessential cycle tme reduced the overallroller path life from 25,000 hours as seen
in the field to a lab life of 670.

Toe Roller Loading Across one Dig Cycle
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Figure 56: Truncation of dig cycle, red =removed, yellow = reduced

As mentioned in Sction 6.1, thetrial test spannedeight weeks and resulted
in 76,122 completed cycles overn space of 213 hars. Therate of material loss to
the couponroller path in the lab was recordedto be 10.9% of the rate seen on the
shovel roller path in the field (0.28cn vs 2.6cn® respectively per 100,000 cycles)
assuming linear wear ratesUsing the following steps, theates recorded in the lab
may be increased to match thebserved rates seenin the field. These steps were

mentioned previously, but are reiterated here for emphasis.

1. Testing 24 hours a day, seven days a weelisupervisedwould increase the
test rate by 4.8x. For this study,testing was done a maximum o$evenhours
per day.

2. Debris, dirt, or sand should be addedto introduce abrasive and gouging
wear.

3. Theload profile should beadjustedto matchthe field damage 1:1
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If followed these aforementionedmethods are expected tomatch the roller
path material lost rates in thelab to the rates in thefield, and reduce the total time
to fail a coupon from 168 weeks to 4 weeks. It is recommended that load
adjustments be made only after the addition of debris, as is expected for debris
will make up the majority of the difference between observed field and lab damage
rates. Regardless of steps taken to reduce test lengths and increagatomation,
general maintenance of theapparatus will be required periodically. Maintenance
and operation will be discussed further in Section 8.3.2 Test length may be subject

to change based on the sh@&} type and digging conditions.
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Chapter 7:Conclwsions and Future Work

7.1 Conclusion

While basic function of the test method has been established, some
improvements and calibration are required before active testing can occur.
Resolvingproblems that manifested during the initial testing run and preparing for
potential future unseen issues are key, asthese stepswill make it possible to
conduct both supervised and unsupervised tests. The following steps are

recommendations based on the first test run:

1. Replace bbass guides withthree-quarter-inch rollers.
2. Add modules to the MTS program to watch for various issues as mentioned
in 6.2.1, and shutdown not only the MTS but the horizontal raras well.

3. Add a webcam and remote emergency stop for remote checkup.

While the three steps outlined would eliminate the known issues, general
checkups should be required for periodic maintenance such asrotating the main
and lower shuttle roller s for re-lubricating the bushing andbearings, weighing the
sample, and taking otherreadings as desired fortest purposes. A checkup would
also include inspectingfor unknown problems. Following these steps would allow
testing to be completed in a maximum offour weeks without the expense of

producing a full track system.

All objectives listed in chapter 3 were met with the exception of those
involving roller path contamination, abrasive damage, and gaing damage. It is
expected adding debris to the roller path will accelerate the damage done
considerably, though the exact amount remas to be discovered. The damage done
by the debris is expected to progress faster than the wear seen in the Dry Rolling
section (6.1.3) and therefore reduce the amount of berms and flakes seen on the

surface. Another objective that may require further workis validating the use of the
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cube root scaling method and determining the exact loads to use in the test. While
the rolling contact stress remains below the yield strength of the roller path, some
plastic deformation is occurring; therefore, investigationinto the direct contact
stress assuming elastiglastic deformation may be needed. While the calculated
stress reduced throughout the test as the contact area increased (as seen in section
6.2.3), thewear rate of the roller path did not, but remained reatively constant (see
Figure 43). It is therefore recommended that priority is given to 24 hour operation
and the addition of debris contamination, and continuing the analysis of stress and

wear rates afterwards.

7.2 FutureWork

Future work recommendations are, first, to improve the test apparatus as
outlined in sections 7.1and 6.2.1; and, second, to further develop the method of

breaking down hoist data into roller loads.

The current iteration of the apparatus design tests the roller path for rolling
contact fatigueand cyclic fatigue Future work priorit ies should focuson:
1. Adding debris (sand sized particles, bitumen, or minspecific ground
material) to the roller path and developinga sensitivity analysis
Improving the apparatusto allow unsupervised testing
3. Adjusting the load profiles, if required, to match field damage rates
4. Comparison of microscopic damage between a worn field shoe and lab

coupon to assist in adjustments to load profile and debris contamination.

Modifications could be made to permit testing the entire track system.
Adding a tray on the shuttle in place of the coupon would allow rocks and dirt to be
placed underneath a set of linked shoe&uch aset-up would allow the shoes to flex
asseenin the field. Periodic disturbance of the ground material would be required

to avoid ruts or settlement.
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Developng the data analysis method used in thisesearchcould allow mine
operations to regularly monitor live loading on roller paths. The periodic
monitoring of loads could then be used to predict theemaining life of the roller
path. Should extending the life of the roller path in this manner prove to be
impractical, an analysis such as thone conducted for this studycould at minimum,

provide apredictable end-of-life date for budgeting purposes
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Appendices

Appendix A:Part Recommendation for Design Improvements
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1. To replace the brass guides a set of 3% inchliliameter rollers are
recommended The roller found on this web pagewould be a suitable

candidate: http://www.mcmaster.com/#cam -followers/=10n0 03k

It is capable of sustaining a load of 600 Lbs at maximum rotation and 2000
or 4,100 Lbs at no rotation depending on the model usedThese
specifications exceedhe required strength of approximately 400 Lbs while

moving.

2. A suitable lower shuttle roller replacement candidate is the Higthoad variant

of the currently used roller  found at McMasterCarr:

http://www.mcmaster.com/#cam -followers/=117kku?

The raller is capable of 16,000 Ibs (vs the currently used rollers at,800)
AT A 1T &£ OEA OAI A AEATI AGAO jc¢8uvd6Qs
threading.


http://www.mcmaster.com/#cam-followers/=10n003k
http://www.mcmaster.com/#cam-followers/=117kku7

Appendix B:ApparatusProgression

Figure 57: Apparatus Version 1

Initial plans wereto use a small 4 inch roller attached to an electronic motor
as shown inFigure 57. Thissetup would allow for easy switching of the coupon and
rollers to OAOO A E A£/A&A Ofhkr® weke AvidAniajdrGliénd with this design
however, the first being the fixed coupon position and the second being the extreme
scale. While thestatic coupon wasfixable using a small rail systemthe scale was the
critical reason for stopping the test design as any errors would be compounded It

was decided to go bigger in order to increasthe testing confidence
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Figure 58: Apparatus Version 2

The second version design forthe system was to have afixed coupon
mounted on the baseplate of the MTS loading frame, a double axel rol{as shown
in Figure 58) would be mounted in the loading ram. The roller was designed to be 8
inches in diameter and was to be pushed back and forth using the same electric
motor that was to be used in version 1 othe design. This design failed in that the
motor was not capable of pushing the roller back to the center position once it left.
Additionally aroller from a drill rig by was madeavailable. While this drill rig roller
was ultimately not used (in favor ofthe Bucyrus 22B roller), the possibility of using
a true roller of similar properties as the shovel lower load rollerdirectly influenced

the decision to move beyond apparatus version 2.
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Figure 59: apparatus Version 3

In an d@tempt to cut the costs of the projectversion 3 utilized two hydraulic
pistons as springs once combined with a hydraulic accumulator. This design
mounted the track coupon above the cylinders on the angled beam. As the loading
frame pushed down the beam wuld rotate causing the point of contact on the
coupon to move. It was discoveregeometrically that due to the nonzero radius of

the roller, the required length of roll was not practicably achievable
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Figure 60: Apparatus Version 4A

Apparatus version 4A was a minor concept desigrgrawn to test the idea of
having the MTS loading frame directly move the coupon instead of having a separate

system

Figure 61: Apparatus Version 4B

Version 4B was considered to be the final design. It utilized the
piston/accumulator spring setup as version 3 did to create a vertical movement
with the changing loads. The frame surrounding the pistons would be linked to the

shuttle, causing the shuttleto move exactly with the changing loads in the frame. As
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the pistons were compressed the frame would lower pushing on the links which
would move the shuttle/coupon out. Similar for the reverse scenarioAfter a site
visit (Sunhills Mining, 2015), it was determined that this test was not representative
of the real world scenario due to the motion and the loading being so directly tied

together.

Figure 62: Apparatus Version 5 z Concept

Figure 63: Apparatus Version 5 z Working Prototype
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The final design removed the need ofhaving the frame directly control
everything and returned to using a separate systerfor coupon movement Using a
hydraulic ram attached to the shuttle inFigure 62, the coupon would be pushed
back and forth under the frame mounted roller. TheMTS software, using trigger
points in the load cycles to initiate the movement of the coupormrontrolled the ram.
Using this system the motion of the coupormould be programed, allowing forthe
coupon to be pushed or held in place independent of the actualotion or loading
from the MTS frame.The decision for independent control of load and coupon
movement cameas a field study at Sunhills Mining revealed the rocking dion on
the track occurred when the loadwas constant, andwas held rigid while the shovel

was actively digging or dumping its load it
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Appendix C:Additional Notes
C1lLower Roller Field Loadimyofiles

Below are shown the load levels experienced by each roller position for each
phase of the dig cycleData foreight dig cycleswere represented with the error bars
representing the minimum and maximum average loadRoller position 1 wasto the
heel (rear) of the shovelunder the counterweight, and roller position 8 was at the
toe (front) of the shovel.The phase with thewidest range of roller loading was the
0&01I1T 300PATAAA OEAOAG AO .loweksuspentied lbadx AO OT EX
represented a partially loaded bucket, whilehigher suspended loads representea
fully loaded bucket. The phasavith the narrowest range wasthe empty suspended
phase becausethe bucket would always weigh the same while empty. The only
variation from the empty bucket weight would be in he event of carry back
material. The distribution on the max digging phasevas likely due to the required
hoist force on each dig, varying withmaterial density, ground penetration, or dig
speed The distribution on the empy tucked phasewas likely due to how farinto the
tucked position the bucket was taken before beginning the next dig cycle.Other

factors not considered heremay also contribute(e.g. presence of large rochs
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C2 Operation of MTS Frame
This section will be used as aafework procedure for day to day operation of
the MTS loading frame.

1. Turn on the pump bank and run on low pressure for warmup.

2. At the control computerOAT AAO O. Ax 3PAAEI AT 6 AT A OAT A
(This step only required for day to day comparison or data collection).

3. Turn on the small pump for the horizontal ram first making sure the
solenoid valve is set to neutral(Digital Outputs in Figure 65 turned to the
O/ AAS6 )PTheparpad tirned on with the light switch on the desk next
to the monitor.

4. After 10 minutes turn the main pumps to high pressure

5. Engag the powerthen the pressureon the MTS framendicated by the HPU
and HSM 1 settings respectively. Set to low until stable and switch to high.
SeeFigure 64.

a. Off isstage 1 (one red line)
b. Low is stage 2 (two orange lines)
c. High is stage 3 (three green lines)

6. 50ET ¢ OEA O- Al OAIlFigue 65, OOthel nGia rolerAdkf hé  E T
coupon by setting it to-17 (Negative direction is up, or retracted)

7. Spin the main roller a few rotations to spread around the lubrication. The
operational rotation of the main roller is 15 degrees and risks pushing the
grease out of position.

8. Position the roller at a random point with the hatchedside downwards if
using the 4340 coupon, or upwards if using the A128 E1 coupon.

9. Lift the shuttle andspin each lower shuttle roller a few complete rotations.

10.Using compressed air, blow off any brass or delwithat have accumulated

(may not be required with the use of rollers instead of brass guides).
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11.5 0ET ¢ OEA O- Al OAI Figtréd 65@@dr ith® mainbxdliér Aol  E T
lower the main roller to the coupon.

123 AOAT AAO OEA Owl AAT A - AT OA1 #7111 AT A6 AE?X
DAT Al h AT A OAlI AAO OEA 02016 Kiguedd)l 11 OE
in the MPT section (indicated as an arrow button).

13.Supervise the test. The most common indication of problems is the rapid
oscillation of either the load or vertical displacement lines on monitor 2

14.Upon detection of an issue, the MTS frame can be stopped by either the
Emergency Stop button on thdlex test control unit, or by clicking the Stop
button in the MPT section. Should the ram be active it can be stopped by the
light switch next to monitor 1.

15. At the end of the test period initiate shutdown by turning off the horizontal
ram.) Cb@sbto do this after full extension as mid push and full retraction can
create problems for start-up of the next test period. Further details at the end
of this secion.

Note: The MTS frame wilramp down to its lowest load (following the load
pattern in this paper) and will remain there, waiting for the ram to retract.

16.3 01 B OEA -43 EOAI A AU OAI AAGET ¢ OEA 0301
Station Manager panel.

173 A1 AAO OEA Os5111AE6 1 POEIT ET OEA 30A0ETI

18.3 A1 AAO OEA Owl AAT A - AT OAl #1101 AT Ad AEAAEAX

19.Unload the frame bymoving the selector in the negative direction. Stopping
as soon as the output reads 0 kN. Lifting the main rolleff the coupon is not
recommended, as it will settle down again after the frame is shut down.

202 A1 AAOA OEA 1 AET DPOAOOOOA TETAO Au OAI AA
the Station Manager panel.

21.! £FOAO OEA OUOOAI EAO OOAMBHEMIWAAR OAI AAO C

22.$ EOAAT A OEA T AET DI xAO AU OAT AAGET C O, 1 x56

23.0 0OAOO AT A EIT A OEA O(ECE 00OAOOOOASG AOQOOI

deselects. Wait for the psi to level out at approximately 190 psi.



24.0 0OAOO OEA O/ mao pukoar® toturnit dff. OE A

Operational Notes:
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1 With further development of the program, the ram can also be stopped by

the MTS controls. Allowing all processes to be stopped in this manner will
increase safety of the system and allow for better remet monitoring or
access.

Stopping the horizontal ram mid pushpull for the shutdown will cause the
solenoid valve to remain in the puskpull position. Upon startup for the next
test period the ram will begin moving the shuttle as soon assoon as the
power is turned on. Unless caught, this movement will bend or damage the
stop sensors in place and can push the limiters off the main platfornthe
unexpected shuttle movementcan be fixed by turning all the digital outputs
Oi OEA O/ mHdgobe 69, bud thi &xird step and possible negligence
can be avoided by waiting for the shuttle to reach the limiter before
shutdown.

Stopping the ram in the fully retracted posiion will cause the home sensor to
be fully depressed and remain depressed until the next test period. Upon
start-up, the beginning of the MTS program causes the horizontal ram to
retract until reaching home. Because the shuttle is already in the home
position it will immediately send the stop signal. There is a brief period
where the shuttle retracts,causing the sensoto bend. Sensor damagean be
avoided by using the digital outputs as seen ifigure 65 to manually move
the shuttle off the limiter. Digital output 1 controls retraction, and digital
output 2 controls extension of the ramAlternatively stopping the ram in the
fully extended position at the end of the ést period will also prevent sensor

damage.
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B4 Station Manager < Ctlr_02029137 : AEGIS.cfg : daley >

= | = E@T

File Display Applications Tools Help

M= =88R > 8| O @ -] 9
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Procedure Name: | Daley.000
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Master Span
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Figure 64: Main MTS control panel



& Signal Auto Offset < AEGIS.cfg > = £ |

- Station Signals
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Current Value Offset
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Figure 65: Manual Controls for Frame and Ram



Appendix D:ApparatusConstruction Drawings
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