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In the mining industry, the use and maintenance of equipment are associated with significant

operational costs. One of the issues in this case is tire wear, as tires account for a major part
of the operating costs of rubber-tired equipment. This paper aims to improve the tire life span
of hauling dump truck tires using the Six Sigma approach. The case study was conducted at
a medium-sized coal-hauling contractor company. The root causes were identified through
a cause-effect diagram, which improved operations by increasing tire life by 27% from 56.065
kilometers to 73.093 kilometers.
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Introduction

Dump trucks are widely used as transportation
equipment in surface mining operations. Using and
maintaining such heavy equipment incurs significant
operational costs (Li et al., 2012a). Such a high cost
has been a main concern for coal-hauling contractors
due to its substantial contribution to total operational
costs. For example, the Indonesian coal-hauling com-
pany under investigation bears a maintenance cost of
about 14% of the total revenue. Among equipment
parts requiring maintenance, the tire incurs a large
portion of the total cost. Therefore, the company aims
to reduce tire costs to minimize overall operational
costs. One way to achieve this is by increasing the tire
lifespan, which will reduce tire usage. Using this coal-
hauling company as a case study, the current study
examines the improvement of tire lifespan using the
Six Sigma approach.

The Six Sigma approach consists of five steps: define,
measure, analyze, improve, and control (DMAIC). This
approach has been widely used to improve performance
in various businesses (Brady & Allen, 2006; Chaurasia
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et al., 2019; Herlambang, 2020) and has been proven to
improve process performance, including in the service
sectors (Patel, 2017; Gutierrez et al., 2016; Kumar et
al., 2018; Zhang, 2017; Tay & Aw, 2021; Bloj et al.,
2020). Hauling businesses fall under the category of
transportation or logistic services. Therefore, the Six
Sigma approach is suitable to apply in coal-hauling
companies. By adopting a case study method, the
authors observed the operational situations in real
time and collected the existing tire lifespan, analyzing
it and improving it.

Literature Review

Tire wear is a significant concern for companies, as
tires constitute a major portion of operating costs.
To mitigate this, companies seek strategies to extend
tire lifespan and reduce consumption. The most effec-
tive method for achieving this while ensuring safety
is proper tire maintenance (Weissman et al., 2003),
which can be done by either replacing the existing tire
with a new model with a longer lifespan or improving
the existing lifespan. Since the former will incur even
higher costs, the latter seems to be the most viable
solution.

The foundation of this approach is to prioritize ser-
vice quality and safety. Studies indicate that certain
operating conditions influence tire lifespan Weissman
et al., 2003; Vimal, 2012; Abdullah et al., 2013), which
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include tire maintenance, road pavement conditions,
and driving practices. Yong Li et al. (2012b) stated
that tire lifespan depends on tire structure and prop-
erties, environment, and operating conditions. The
study also revealed that overloading leads to early
tire retirement, so it must be avoided. The study also
concluded that optimum tire pressure can reduce tire
wear; thus, maintaining tire pressure is important dur-
ing operations. Abdulaev et al., (2019) agree that tire
pressure plays a significant role in tire life. Likewise,
Lindeque (2016) mention that tires should be properly
inflated and maintained at the correct pressure. Proper
inflation can help prolong tire lifespan, as shown in
a past study by Bell (2016). Considering the previous
research on tire lifespan extension as outlined above,
this study aims to improve tire longevity by optimiz-
ing operating conditions rather than introducing new
models or structures.

Materials and Methods

To address the tire issue, the company employed
the Six Sigma DMAIC method. The first stage is the
define phase, where a main problem is identified: the
high maintenance costs of hauling dump trucks due
to excessive tire wear. In this case, the solution is
to extend the tires’ lifespan. The second stage is the
measure phase, where data on total tire consumption in
one year, including tire lifespan, is collected. The third
step is the analysis stage; in this stage, where a cause-
effect analysis is employed to find the actual root
cause. The fourth stage is the improve phase, where
actionable plans are devised and executed according
to the timeline. The final step is the control, where the
result and potential savings from the improvement are
calculated, including recommendations to sustain the
achievement. These stages are summarized in Figure 1.

Define the Problem

Data Collection & Measurement

=3
=

Analyze Cause-Effect Analysis

Improve

!

Fig. 1. Research method

Improvement Plan

Sustain Solution

The case study was conducted in a medium-sized
coal-hauling contractor in Indonesia. The company
uses trucks to transport coal from pits to ports. The
trucks use off-the-road radial tires with size 11.00R20
dump truck series. The cross-section view of the radial
tire can be seen in Figure 2. The truck capacity is
about 24-25 metric tons, and each truck is equipped
with ten tires. Minitab statistical software was utilized
to analyze the data.
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Fig. 2. Cross-section view of tire radial. Source: Ghoreishy
& Hamid (2020)

Results and Discussion

Define Phase

In this stage, the team defined ’tire lifespan’ in mea-
surable terms, such as the number of kilometers a tire
can travel before replacement or the rate at which
the tread wears down. The basic data on the current
tire lifespan was collected over one year, and the aver-
age lifespan was calculated. In one year, the company
used 64 tires with an average of 56.065-kilometer (km)
lifespan. The data on the tire lifespan for the whole
year is presented in Figure 3. The company aims to
improve the lifespan to 65.000 km per year to minimize
operational costs.
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Fig. 3. Tire lifespan data before improvement
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Measure Phase

In the measure phase, the improvement team an-
alyzed the data in detail using statistical tools with
Minitab software. Key metrics, such as the tire life’s
mean, median, and standard deviation, were calcu-
lated. This analysis helps to understand the current
performance situation and pinpoint variability in the
tire lifespan. The data is presented in Figure 4, where
the mean is 56.065 km, the median is 57.122 km, the
standard deviation is 11.013 km, and the maximum
tire lifespan is 72.809 km.

Analyze Phase

In the analysis phase, the team identified the root
cause of the problem. To visualize potential factors
affecting the tire lifespan, such as materials, methods,

machines, manpower, measurements, and the envi-
ronment, the team used cause-and-effect diagrams, as
shown in Figure 5. The process began with brainstorm-
ing potential causes and validating the root causes.
During the session, the team identified several factors,
including road conditions, which caused impact forces
on the tire when the truck encountered bumpy roads.
Other causes included the lack of a tire maintenance
schedule, low driver awareness, and the absence of
calibration for the pressure gauge. To validate the root
causes, the team used a Genba investigation, which
means a direct field investigation in Japanese. The
root cause validation is described in Table 1.

To validate driver awareness, the team interviewed
the drivers about their tendency to drive at high speeds
on bumpy roads. Most drivers cited concerns about cycle
time, with little regard for tire life or potential damage.

Summary Report for Tyre life Before Improvement

Anderson-Darling Normality Test

A-Squared 107
P-Value 0,008
Mean 56065
StDev 1013
Variance 121286145
Skewness -0,13660
Kurtosis -1.22282
64
Minimum 36059
1st Quartile 47403
Median 57122
3rd Quartile 66724
Maximum 72809

95% Confidence Interval for Mean
53314 58816

95% Confidence Interval for Median
50872 61179

95% Confidence Interval for StDev
— I o381 1338

95% Confidence Intervals

Mean k *

Median b *

50000 52000 54000 56000 58000

60000 62000

Fig. 4. Tire lifespan histogram before improvement

Table 1
Root cause validation
No Root Cause Validation Result
. The driver did not understand the correlation
Lack of driver . . . .. . ..
1 Driver interview between tire lifespan and high-speed driving on
awareness .
bumpy roads (Valid)
No tire maintenance . There was no regular tire maintenance schedule
2 Genba observation .
schedule (Valid)
3 Road damage Genba observation Several road segments were dan?aged, especially
after the rain (Valid)
4 Lack of measurement Measurement System | Gage repeatability and reproducibility (Gage
system Analysis (MSA) Study R&R) meets the standard (Not Valid)
5 No standar(.i for tire Genba observation The company ha.s a stan~dard opera.tlon
repair procedure for tire repair (Not Valid)
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Trucks travel in high speed
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Fig. 5. Cause-effect analysis

The company also lacked a regular tire maintenance
schedule, and tire pressure was only measured during
new installations or repairs. During direct observation
of the hauling road, the team identified several damaged
segments in need of maintenance. The company already
had a tire repair procedure in place, which was followed
when the tire technician performed repairs.

Meanwhile, to validate the tire pressure measure-
ment system, the team used a Measurement System
Analysis (MSA) study. This was done to validate any
errors in the measurement system, which is crucial, as
the literature indicates that tire inflation significantly
impacts tire lifespan (Bell, 2016). The MSA was carried
out using the MSA standard consisting of two ANOVA
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methods: two inspectors, ten parts, and three repeti-
tions (Patyal et al., 2021). Lastly, Gage repeatability
and reproducibility (Gage R&R) were used to evaluate
the tire pressure measurement system, as described in
Figure 5. The results were satisfactory, as the Gage
R&R was 18.16%, indicating that only 18.16% of the
variation was due to the measurement system.

According to automotive standards, the Gage R&R
should fall between 10% and 30%, indicating that the
measurement system may be acceptable for certain
applications (Down et al., 2010). The results of the
MSA study, as described in Figure 6, are acceptable,
which means the measurement system has followed
the standard MSA. The lack of a measurement system
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Fig. 6. Gage R&R tire pressure
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is not a valid root cause.

Improve Phase

After finalizing and validating the root cause, the
team set up an improvement plan, as shown in Table 2.
There are three improvement initiatives to improve tire
lifespan. The first is to raise drivers’ awareness of the
impact high speeds have on tires. By providing knowl-
edge on how traveling at high speeds can increase the
impact force when encountering bumpy roads, drivers
can better understand the consequences. The second
is establishing a tire maintenance schedule every two
weeks, where the tire technician checks and records all
tire pressures in the tire maintenance record. The third
initiative is to improve road conditions and conduct
regular maintenance to minimize or eliminate bumpy
roads. The team put more effort into tire maintenance,
as the company had 15 trucks, each equipped with 10
tires. Every two weeks, the tire technician was respon-
sible for checking the tire pressure and addressing any
instances where the pressure was below standard. The
standard for tire pressure is 130 Psi.

Control Phase

The control phase was when the team evaluated the
improvement results after implementing the improve-
ment plan. After the improvement was carried out, the
team collected data for one year following implemen-

Table 2
Improvement Plan

No Root Improvement Plan
Cause
Lack of
1 driver Training the drivers
awareness
No tire Establishing a tire
mainte- maintenance and
2
nance pressure check schedule
schedule (every two weeks)
Poor road Impr(.)v.lng road
. conditions and
3 | quality due .
conducting regular
to damages .
maintenance

tation. The total tire consumption in one year after
the implementation was 109 pieces. Compared to the
total consumption before implementation, which was
64 pieces, the truck required more tires due to the
significant increase in production volume.

However, looking into the details, the tire lifespan
has improved significantly from a mean of 56.065 km
to 73.093 km, which is about 27%. The detailed sta-
tistical metric can be seen in Figure 7. Since a longer
tire life improves tire performance and reduces the
cost per kilometer, comparing the maximum tire life
before and after the improvement became important.

Before/After Capability Comparison for Before vs After

Before: Before
After: After
Capability Histogram
Are the data above the limit and close to the target?

LSL Target

Before

30000

20000

45000 60000 75000 105000 120000

Acmual (overall} capability is what the customer experiences.

_ Patential (within) capability is what could be achieved if
process shifts and drifis were eliminated.

Fig. 7. Statistical analysis before and after
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Process Performance Report

Process Characterization

Before After Change
Total M 54 109
Subgroup size 1 1
Mean 56065 73003 17028
StDevioverall] 1132 21404 1033
StDreviwithin) 10634 17731 0469
Capability Statistics
Bafore After Change
Actaal {overall)
op B B B
Ppk o018 036 013
Z.Bench 0.55 1.08 0.53
% Qut of spec (obs) 3504 17.43 -1851
% Out of spec {exp) 29.09 14.03 -15.06
PPX (DPMO) (obs) 359375 174312 -185062
PEM (DPMO) {exg) 200920 140307 150613
Potential (within)
o * * B
Cpk 01g 043 0.24
ZBench 057 130 073
% Out of spec (axp) 2851 9.64 -1887
PPEM (DPMO) {exp) 285133 96385 -laarae
improvement
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The maximum tire life before the improvement was
72.809 km, and after the improvement, 109.626 km.

After the improvement, the data distribution be-
came wider, reflecting a higher standard deviation.
This is because more tires now have a longer lifespan,
leading to more data points exceeding the target value,
which is beneficial for tire life. The target value given
by the management was 65.000 km. The process capa-
bility index (Cpk) before the improvement was 0.19,
while after the improvement, it increased to 1.3. To
ensure timely monitoring of tire performance, the team
established a control chart, as shown in Figure 8. The
chart indicates that, after the improvement, the mean
has increased, reflecting the improved tire lifespan.

A hypothesis test was performed to confirm that the

improvement results are significant using two Sample
t-tests and the p-value 0,000 means that the improve-
ment is significant. There is a significant difference in
mean after improvement. The visual boxplots before
and after improvement can be seen in Figure 9.

Conclusions

This study has shown how tire life improvement was
achieved using the Six Sigma approach. Enhancements
in operating conditions, such as tire maintenance,
road pavement quality, and driving habits, have led
to a significant increase in tire lifespan. The data
shows that tire lifespan increases by 27% from its

Before/After I-MR Chart of Before vs After
Diagnostic Report

Befare After

Individual Value

Maving Range

Compare the mean and variaton before and after the process change. The | chart plots the individual data values and the MR chamt

plots the moving ranges. Look for differences in the center ling and control limits, wiich are calculated independenty for each

stage, to determine how the change affects the process.

Look for differences in:

Means Variation

Control Status

Al Aa ’I[\ A —T
AWK ML LA A
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Fig. 8. Control chart before and after the improvement
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Fig. 9. Visual box plots of the data distribution after the improvement
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previous conditions. This finding confirms past studies
stating that tire life depends on the environment and
operating conditions (Li et al., 2012b), which include
road conditions and tire pressure. The findings in the
study also confirm that tire pressure plays a significant
role in tire lifespan (Abdulaev et al., 2019; Bell, 2016;
Lindeque, 2016).
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