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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 ultra-class mining shovels. The 

lack of existing lab-scale test methods discourage significant change, and restrict the 

development of the roller and roller path to minor adjustments to their  geometry 

and material. Once in full operation the test method will allow for the optimization 

of existing, or the development of new, roller path technology for specific mining 

conditions. Preliminary testing has shown that with some improvements, the 

developed apparatus is capable of producing end-of-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, decreasing maintenance costs and increasing 

production. 
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Chapter 1: Introduction 

 Mine profitability requires rel iable equipment with resistance to 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 it operates directly in the exposure or 

extraction of the profitable commodity. Unexpected downtime for maintenance may 

cause a high opportunity cost or revenue loss as the resource remains in-situ. 

Ensuring high quality parts reduces unexpected breakdowns, but requires research 

and lab-scale tests prior to field-testing or deployment. Performing lab-scale tests 

reduces overall costs related to research and development as these tests produce 

results sooner, and have the potential to remove unsuitable candidates prior to  

field-testing.  

 

 

Figure 1: 4100C Boss ultra -class mining shovel (After Ȱτρππ#"ÏÓÓ-ÓÈÏÖÅÌȟȱ ςππχɊ. 

 

 The life of a set of shovel tracks is often determined by the life of the roller 

path. The roller path is built onto the inside of the tracks and allows the 

undercarriage to roll smoothly along the tracks. The undercarriage consists of the 

track shoes, front and rear idler pulleys, a rear drive wheel, and eight lower load 
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rollers as seen in Figure 2. The lower load rollers support the weight of the shovel 

and move along the roller path. Due to high contact stresses, rolling contact fatigue, 

and debris contamination, the material loss on the roller path may cause the shoe to 

be disposed of pre-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: Shovel undercarriage,  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, sand-sized particles, and other ground 

material exposed to the atmosphere, may become airborne from wind erosion and 

be deposited on the roller path. Second, spillage from the digging face or track 

surroundings may introduce sand-sized or larger particles. Rock guards on the 

shovel prevent large boulder-sized materials from entering the roller path, but fail 

to prevent smaller sand or gravel-sized particles. Introducing particles or debris to 

the roller path leads to abrasion and gouging wear while the roller is in motion.  

 

 The shovel operation consists of both digging at 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 

1 
1 3 

2 

4 
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tension. Rolling under high loads introduced while working  is expected to introduce 

multiple fatigue modes. 

 

 There is no current lab test for a track 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 previous models. This slows the 

development of newer, better, roller-path 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 mines. Optimization of material for hard rock, 

soft, or abrasive mining conditions may increase the roller path service life, or 

reduce unexpected failure. 

 

 Current strategies consist of using two track steel alloys, A128 E1 and 4330. 

The A128 E1 alloy (also known as Hadfield or high manganese steel) is primarily 

used in hard rock mines and is generally the preferred alloy for track shoes due to 

its work-hardening abilities and resistances to abuse. The 4330 alloy (hardenable 

low alloy steel) is heat treated to a Brinell hardness of 340 (340 BHN) prior to 

service, and is primarily used in soft abrasive conditions such, as oil sands, as its 

hardening treatments increase its resistance to abrasion (Boundary Equipment Co. 

Ltd., 2014).  
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Chapter 2: Literature Review 

2.1 Scaling Theory 

2.1.1 Hoist Force 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 and load. Conveniently, 

the general design of the shovel has changed very little in the past 60 years (Joseph, 

2013). This persistent design allows for a direct scaling analysis using three shovel 

models including the P&H 4100, P&H 2300, and Dominion 500, with a dipper 

capacity of 44, 23, and 1.53 cubic meters respectively. The scale difference between 

the P&H4100 and the Dominion 500 can be seen graphically in Figure 3 with a total 

scale of 2.85 (Joseph & Shi, 2010). 

 

 

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

 

 By using the ratio of hoist force and suspended load between the P&H 4100 

and 2300 models, as seen in Table 1, the performance of each shovel can be 

compared for similarity. The two shovels were located in separate mine sites with 

the P&H 4100 in the oil sands at Fort McMurray and the P&H 2300  at a different 
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mine site operating in hard rock (Joseph & Shi, 2010). While the digging conditions 

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

across the 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 hoist 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: 

Fh/G 

P&H 4100: 

Fh/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) 

 

 

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

capacity for the three shovels shows a linear relationship for the suspended load 

and a near linear relationship for the peak hoist force. This relationship is shown in 
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Figure 4: the dipper capacity for the three shovels studied is plotted against both the 

peak load and hoist force. Plotting a linear line for the peak hoist force indicates 

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 2300 operated in blasted and loose hard rock material 

while the P&H 4100 and Dominion 500 operated in in-situ material. While hard rock 

may result in a lower peak loading, the suspended load or total load remained the 

same with respect to the dipper capacity after the bucket had exited the face and 

was suspended in the air. 

 

 

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 laboratory using a single, programmable, roller. 
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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, a 

normalizing factor was developed (Joseph & Shi, 2010) for each shovel ɀ 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 

compared to determine commonality between the three shovels (see Figure 5). The 

defining features, such as peaks, plateaus, and cycles, were compared for an overall 

correlation between the small and ultra-class 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) 

 

 

 

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

2.2 Railroad Comparison and Rolling Contact Fatigue  

2.2.1 Rolling Contact Fatigue 

 In the absence of abrasives, rolling contact fatigue (RCF) was expected to be a 

driving damage mode to the roller and roller path system on an ultra -class mining 
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shovel. RCF occurs as a roller passes over a material under high load causing sub-

surface cracks and a progression to spalling. Spalling is defined as the surface 

material breaking into smaller pieces and occurs under high loads of both normal 

and shear stress. Under repeated loads or passes, the cracks grow and result in 

fractures and flaking.  

 

 The most direct correlation of RCF to the shovel roller path was found in the 

rail industry. Similar to a roller and roller path, a train uses hardened steel wheels to 

move along hardened steel tracks. RCF is a major cause for failure in track segments, 

and leads to their  replacement (Patra, Bidhar, & Kumar, 2010). The rail industry in 

general has been increasing train loads, density, and speed in order to decrease 

operating costs (Patra et al., 2010). While these measures have succeeded in 

reducing operating costs, they have also increased maintenance costs, as it has 

become necessary to replace worn out rail segments and damaged axles or wheels. 

The wear was attributed to RCF, and could be divided into surface and subsurface 

cracking. While subsurface cracks have been initiated by defects in the rail , surface 

cracks are a more direct product of increased loads, traffic density, and speeds 

(Patra et al., 2010).  

 

 The stresses experienced by rails have routinely reached 1,500 MPa and 

exceeded 4,000 MPa with poorly fitted wheel and rail combinations (Patra et al., 

2010). While a shovelȭs roller path ideally never reaches those stress levels under 

normal operating conditions (max 1,200, min 220 MPa), it  experiences a much 

greater number of stress cycles per day. For example, the rail line located at Lisbon-

Oporto in Portugal had been subject to 15 million tonnes per year, a load described 

as ȰÃÏÎÓÉÄÅÒÁÂÌÅȱ. The rail line has a planned lifespan of 20 years (Caetano & 

Teixeira, 2011). In contrast a typical 4100C Boss roller path has an expected life of 

20,000 hours, equal to approximately 4 to 5 years of active service (Boundary 

Equipment Co. Ltd., 2014) and 40.6 million tonnes per year. Tables 4 and 5 show a 

summary of the usage of both the rail and the roller path.  
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Table 4: Summary of the Lisbon -Oporto Portugal r ail l ine  use 

Peak Stress under Normal 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 time per 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 cycle count per day 9,800 

Total active time per day 15.4 hr 

*(Boundary Equipment Co. Ltd., 2014) 

 

 As seen in Figure 6, an un-deformed rail experiences both shear and pure 

compressive stress in the event of a moving, load-bearing 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 surface (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 stress at depth in the roller path and on the 

surface as a result of the combined resistive forces to the motion. These forces may 

include friction between the pin and bushing, but may also include rolling 

resistances between the rollers and roller 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)  

 

2.2.2 S-N Curve and P-F Intervals 

 The S-N curve is a common method of summarizing the effect that the cyclic 

forces have on a given materialȭÓ ÌÉÆÅ ÓÐÁÎ ɉÉȢÅȢ Á ÍÁÔÅÒÉÁÌȭÓ ÆÁÔÉÇÕÅ ÂÅÈÁÖÉÏÕÒɊ. Figure 

6 shows an S-N curve for a 300M grade steel sample. The stress ratio (R) is the ratio 

between the minimum and maximum stresses through each cycle ɀ see equation [1]. 

For a stress ratio of R = -1, the minimum and maximum stresses would be equal and 

in opposite directions (e.g. max = 900 MPa in compression, min = 900 MPa in 

tension). An R = 0 ratio would result in the maximum stress being unchanged, but 

the minimum stress equalling 0 MPa, meaning the sample was in an unloaded state. 

As shown in Figure 7, the closer the stress ratio is to 1, the higher on the y-axis and 

the steeper the general slope of the curve. For any given stress ratio, a change in the 

maximum stress results in an exponential change in the required cycles to failure. In 

this example, a sample of 300M grade steel with a tensile strength of 1930 MPa was 

subject to 1,200 MPa stress cycles and failed in fewer than 10,000 cycles. A sample 

subjected to 700 MPa failed in fewer than 1,000,000 cycles.  

 

 Ὑ  [1]  
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Figure 7: S-N 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 S-N 

curve, mapping the mean defect and mean fatigue life of the rail segments, or the 

interval between where defects first make an appearance and the end of life of the 

rail. An example of this interval can be seen in Figure 8. For an analysis of the rail S-

N curve, the stress ratio was assumed to be 0 as the cycles were routinely between 

1,500 and 0 MPa in compression while in use. Therefore, the variable was the 

maximum stress or the load on the rail cars. Following the S-N curve behavior a 

large stress cycle, or in this case a heavier rail car, would lead to defects and cause 

the rail to fail sooner, reducing its life. Similarly, a lower maximum stress would 

result in an extension of the rail life. The P-F interval was the difference between the 

manifestation of defects and the end of life of the rail. As the tonnage in Figure 8 was 

measured on a logarithmic scale, the effect of increasing the load on the rail 

exponentially reduced its total life.  
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Figure 8: P-F interval  ɀ Adapted from (Patra et al., 2010)  

Where: 

¶ ʎEq was the equivalent stress experienced across the life of the rail 

¶ The S-N-P curve was the S-N curve for the rail material bounded by the data 

limits  

¶ The defect distribution represented the range at which defects were first 

recorded during rail inspections 

¶ The fatigue distribution was the range at which the rail failed due to fatigue 

and required replacement 

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

defects and mean failure of the rail 

 

 The P-F interval in Figure 8 was targeted at the rail industry , and therefore 

measured rail life in units of tonnage. According to Patra et al. (2010) establishing a 

strong P-F interval is among the most important steps to create an effective 

preventative maintenance program. The P-F interval estimated the remaining rail 

life after the defects were observed, and allowed for scheduling the replacement or 

repair of the rail to reduce total down time (Patra et al., 2010). Unfortunately, due to 
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the difference in workload, frequency, and conditions, the P-F interval must be 

determined independently for the mining industry and could not be approximated 

from Patra et al. Additionally , a true P-F interval could not be determined without 

testing the subject to failure. A shovelȭs roller path rarely reaches failure; having 

tracks fail in the field during active service is not ideal, as it can cause potential 

safety hazards and losses due to down time. Using the following steps, it is possible 

to estimate the point of failure by estimating the growth rate and initial size of the 

cracks (Patra et al., 2010): 

1. Collect load data  

2. Calculate max shear stress 

3. Convert varying stress levels to an equivalent stress 

4. Determine S-N curve and its mean from equivalent stress 

5. Convert S-N curve cycles to million gross tonnes similar to Figure 8 

6. Collect RCF data in million gross tonnes from field 

7. Determine defect life and mean 

8. Subtract means from steps 7 and 4, to obtain the P-F interval 

 

2.3 Damage while Rolling 

 A known issue for rolling contact fatigue is high contact stress focused on a 

small contact area. Varying surface conditions react differently to the concentrated 

stress and result in multiple wear mechanisms (Stachowiak & Batchelor, 2005). 

Stachowaik and Batchelor (2005) outlined four operating conditions and their 

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

 

1. Unlubricated metals and non-oxide ceramics 

2. Lubricated rolling 

3. Oxide ceramics 

4. Polymers 
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 The most applicable occurrence was Á ÓÔÉÆÆ ÒÏÌÌÅÒ ÏÐÅÒÁÔÉÎÇ ÏÎ Ȱun-lubricated 

metals and non-oxide ceramicsȱ, specifically the unlubricated metals, as shown in 

Figure 9. The surface of the material in direct contact with the atmosphere created 

an oxidized layer. As the roller moved over the oxidized layer, the high 

concentration of stress caused the layer to break or wear off (Stachowiak & 

Batchelor, 2005). The oxidation effect may not be as prominent on the roller path of 

a shovel due to the frequency of cycles, but spalling can still occur. Through cyclic 

loading, the wearing of the oxidized layer occurs repeatedly and causes the surface 

to wear or lose material over time. The material loss could be reduced by applying 

lubricants, but the wear from the cyclic stress loading would remain (Stachowiak & 

Batchelor, 2005).  

 

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 where solid to solid contact was 

prevented. Contact can still be made directly through asperities or through debris 

suspended in the lubricant, as seen in Figure 10. 
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Figure 10: Contact between asperities and particles in lubrication (Adapted from Stachowiak & 

Batchelor, 2005)  

 

With lubrication, solid to solid contact would still  be common in mining conditions, 

because as a shovel operates outside, the roller path is exposed to ground material 

particles. Debris or other contaminants, like quartz crystals with a hardness of 1,200 

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 maintain constant flow. 

According to Stachowaik and Batchelor (2005)ȟ Ȱ×ÈÅÎ ÔÈÅ ÍÉÎÉÍÕÍ ÄÉÍÅÎÓÉÏÎ ÏÆ 

the debris is greater than the minimum film thickness, damage to the contacting 

surface is inevitable.ȱ It is impractical to lubricate the roller path for ultra -class 

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

 

 Internal or cast-imbedded impurities form an initiation point for crack 

growth. Under cyclic loading, a subsurface crack can grow to form a surface flake. 

Flakes become debris particles that contribute to gouging and wearing while on the 

roller path. Pitting  occurs on the surface material as flakes are removed, developing 

subsurface secondary cracks (see Figure 11) which contribute to further pitting or 

spalling. Spalling and pitting may form on the surface, but result in greater material 
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loss when initiated on the subsurface (Stachowiak & Batchelor, 2005). The flake size 

in Figure 11 was exaggerated for demonstrative purposes. 

 

 

Figure 11: Flaking and formation of secondary cracks under cyclic roll loading (Adapted from 

Stachowiak & Batchelor, 2005)  

2.4 Cyclic Fatigue Loading ς 4340 Grade Steel 

 Determining the fatigue life of any grade of steel requires multiple factors 

such as stress concentrations, loading conditions, and temperature (Boardman, 

1990). Figure 12 shows that increasing the tensile strength through heat treatment 

significantly increases the number of cycles required to fail the steel. Altering the 

temperature of the steel also affected the fatigue strength. A 300-degree Celsius 

change was required for a significant difference in the fatigue life (Boardman, 1990), 

but such a temperature change would not occur during regular shovel operations. 

Shovels work  in open pit mines and are therefore affected by seasonal 

temperatures. The roller path temperature is also affected by regular use or load 

cycles. While it is something to be aware of, temperature change is not expected to 

be a major factor in the life of the 4330 roller path for the P&H 4100C Boss shovel. 
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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 alloys. Figure 13 shows the 

relationship for notches using a 4340 steel sample. In this example, adding a notch 

resulted in a difference of three orders of magnitude between the two points of 

similar stress cycles. 

 

 

Figure 13: S-N Curve for Notched and Un-notched 4340 Steel . (Adapted from Boardman, 1990)  

0 

Three orders of 

magnitude dropped 
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 The range of the stress ratio tested by Boardman (1990) was 0.2 to -1. As the 

stress ratio was reduced, or moved closer to 1, the tolerable stress cycles were 

increased, as seen in 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. 

 

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) is known for its work -hardening abilities, or 

ability to rapidly increase in hardness as it is worked. As Hadfield steel is subjected 

to high stresses it  produces a layer in the stressed region that is more resistant to 

fatigue or damage (Kang, Zhang, Long, & Lv, 2014). Hadfield 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 increases 

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 path increases proportionately to 

the hoist force. Because fatigue strength increases with the stress ratio, Hadfield 
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steel is commonly used for the roller path in hard rock mines. Due to the high rate of 

work -hardening, it is unnecessary for the steel to undergo heat treatments and 

hardening prior to service. Therefore, while Hadfield steel  initially has a poor 

resistance to wear, it will become highly resistant, but only after a certain level of 

wear has already occurred (Harzallah, Mouftiez, Felder, Hariri, & Maujean, 2010a). 

As seen in Figure 15, the initial 15,000 cycles produced the greatest rate of 

hardening followed by a lower rate thereafter. To reach a hardened state, the 

Hadfield steel must first deform. Harzalla et al. placed a Hadfield steel ball between 

two circular disks or tracks and rotated the lower track, causing the ball to spin. As 

the test progressed, the contact width between the ball and the plates increased, and 

as shown in Figure 15, the majority of deformation occurred in the same initial 

15,000 cycles as the hardening. Hadfield steel shovel track shoes come new with the 

roller path fluted or grooved to allow space for 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 levels in excess of 400 Brinell (BHN), 

increasing resistance to operational damaging (Boundary Equipment Co. Ltd., 

2014). 

 

 

Figure 15: Vickers  hardness change in rel ation to loading/rolling cycles. (Adapted from Harzallah, 

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

 

2.5 Shear Crack Growth on Surface 

 

 

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

 

 Surface cracks form as a result of the uni-directional 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 Ringsberg (2005) 

shear-initiated cracks are driven by stresses associated with the wheel-rail 

interface. Material properties, lubrication, and loading determine if rolling contact 

fatigue or wear will drive rail damage. 

 












































































































































































































