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IN SEARCH OF THE IDEAL TRUCK-EXCAVATOR COMBINATION

ABSTRACT

This paper considers the ideal truck-excavator ¢oation, defined as the combination resulting ie th
lowest direct unit cost, in consideration of mukipnaul scenarios characterized by different h&thdces, material
and equipment availability. Through the applicatmhMonte Carlo simulation, selected for its unicalglity to
handle the uncertainty of activity durations, tieut to six passes” loading rule is shown to natrelate with the
selection of the minimum cost fleet. Additionaltiirough the results of the simulation it is deterad that the haul
truck capacity has a greater effect on the ovefditiency of the system than does the excavatpacity. As a
result, in order to arrive at efficient operatiottsg entire earthmoving system must be viewed adaymamely,
considering haulers together with excavators, g@oegd to the popular method of first selectingaaliong unit and
then selecting a hauler obeying the “four to sigges” loading rule. Furthermore, truck utilizatiemd excavator
utilization exhibit an inverse relationship and ther directly correlates with the overall efficignof the
earthmoving operation. The following conclusiong arawn: first, with limited financial resources,i$ more
valuable to increase hauling unit size before iasiy loading unit size and second, predefinedsrue
generalizations, not based on evidence, potentelliyinate optimal truck excavator combinationsnirdeing
considered.
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INTRODUCTION
Current Practice

When browsing handbooks from equipment manufactukar browsing classical textbooks, one is
presented with the rule of thumb that for best ltesgonsidering output and economy, the haulinig simould be
selected in order to be filled in “four to six passof the excavator (Peurifoy and Oberlender 2008js approach
neglects a critical factor in earthmoving operatiothe hauling distance. Manufacturers’ materiéd® generally
neglect the effect that different materials mayehawn the loading capacity of the hauler and thevexior bucket.
For example, when hauling a light material, sucmaskeg (coversoil), haul trucks are restrictedhgyvolume that
can be contained in their box, whereas when halleayy secondary materials (subsoil), haul trucksganerally
restricted by their payload capacity, and are ldadell below their volumetric capacity. The heapmatcket
capacity of the excavator also varies depend omtiterial being loaded. By simply considering tmplications of
these two factors; material type and haul distanoe, must question the realism of assigning acstdéal truck
excavator combination.

Additional factors that are neglected with this rggeh are in relation to the indirect cost. Whediriect
costs are high, an emphasis is placed on achiégtter production in order to minimize the totaktger unit
moved, however when indirect costs are low, therkess emphasis on the production rate and moréasigpon
minimization of the direct cost as this correlatéth a minimization of the total cost per unit mdveilso, larger
excavators, while with larger buckets and high&mty capacity than smaller machines, generallyehalower
hydraulics than the smaller machines. The lardtndi capacity is a benefit in heavy materials (setary), but the
slower swing speeds can be detrimental in excavatidighter materials (muskeg).

The production efficiency of earthmoving operatiasssubject to complex interactions between the
individual pieces of equipment that make up théheaoving system. This further complicates the peabhs due to
the systemic nature of these operations, the syatem whole must be considered when estimatinguptimeh or
efficiency. In simplest form, this means that btlie excavator and the haul truck must be considé¥ed more
complex operations it may be necessary to consither pieces such as dozers and compactors.

Much of the previous research determines the apiateptruck-excavator fleet applying the previously
mentioned “four to six passes” rule. No justificatiis given concerning the validity of the rule,t bather is
accepted as common knowledge. Additionally, muchihef previous research, while useful in identifyigich
haul units should be considered based on perforenelmaracteristics and real-world applicability di address the



excavator-truck system as a whole. As a resulsettapproaches are useful for pre-selection of eagrip units but
do not provide a pathway to identifying the optimtrock excavator combination.

Previous Resear ch

Karshenas (1989) selected the loading unit base¢teoproduction required and then selected thétruc
capacity for the selected loader determined byeeith rule of thumb of four to five passes todilldirect unit cost.
As shown later, this may effectively eliminate thgimal truck excavator combination from being stdd.

Smith et al. (1995) used discrete-event simulatipanalyze earth moving operations as a systeminfin
that the most important factors affecting productiate were in order: the number of trucks, haturretime, the
number of passes per load and then the loading Thte supports the previous statement that coredide of the
number of passes per load is a poor indicator terdening the ideal truck-excavator combination.diinally,
Smith et al. (1995) showed that the factors affecthe production rate varied in their importanséhaul distances
varied. An explanation as to why the number of pag®r load has remained prevalent in determimiagptimum
truck-excavator combination was given; the bucketses per load is a factor controllable by theractdr. While
this is true, it must be recognized that this facdmnot deterministic and that there exist marheoexternal factors
that affect the reality of achieving it.

Lineberry (1995) identified that horsepower was iti@st important characteristic in selecting offivigy
trucks in order to minimize the haulage cost. Whitgsepower is related to capacity, it was foundbéoa more
accurate input variable allowing for a formula tiglg horsepower to haulage cost to be establidhgplerience and
knowledge can be used to assure that the seleciddis not over-utilized or under-utilized in tesraf power, but it
was identified that further research would be regglin order to link horsepower to operating caodg. While this
formula considers ownership cost, overhaul costrang cost and mobilization, it must be noted theninimizes
the haulage cost of the haul unit only and doesmmatmize the haulage cost per unit at the systewellas the
loading unit is not considered. This approach efulsfor pre-selection but does not guarantee amopn truck and
excavator combination.

Gransberg (1996) identified that the loading undbility to load the haul units would determine the
maximum productivity of the system and acknowledtfeat most approaches do not consider that the tnaitl
capacity, which is often not an even multiple ofttrof the loader bucket, and that a partial budkées
approximately the same time to load as a full buckensidering these factors, Gransberg (1996) ywed load
growth curves for various loading facilities. A neydvas developed to determined the number of truefaired by
dividing the truck cycle time by the truck loaditime. The model remained deterministic and shaliddratations
of deterministic models. Haul unit size was selédtg looking at direct cost per ton relating to kbading unit only
and did not consider the entire earthmoving system.

Genetic algorithms were applied by Marzouk and Muos@002) in order to select the optimal loader-
hauler fleet by minimizing the total costs, howetle model must be provided with a fixed loader &indk types
as inputs limiting its applicability to the indugtr

Komljenovic et al. (2003) established a comparatiwefficient for different mining trucks, and edtabed
that motor power depends strongly on gross vehiedgght, payload and heaped capacity. Their selectio
methodology considered only technical parameters ratios and again was useful for narrowing théd fief
possibilities to be considered but did not guaraate optimal pairing of hauler and loading unit.

Burt and Caccetta (2007) used a match factor pusiyaapplied to homogenous truck and loader flaats
applied it to heterogeneous truck and loader fl&die match factor indicates whether the loadetsafar the trucks
(greater than 1) or the trucks wait for the loagiess than 1), or there is a perfect “match” ofHeve the trucks and
loader are balanced. In reality this match does aast due to queuing and cannot be determinedhey t
deterministic inputs used to calculate the mataitofa Additionally, cost was not accounted for g¢hd authors
clearly indicated that in practice, the match fadsonot all that useful, as mining operations megnt a lower
match number in order to minimize cost, whereasirantion operations may want a higher match nurmberder
to maximize production.

Kirmanli and Ercelebi (2009) developed an expegtay to select the excavator truck combination that
minimizes production cost while satisfying the teicll constraints. It must be noted, that with tggproach, the
excavator is selected before the haul units, iriotd address production requirements. This imghiasthe number
of haul units selected must be excessive in om@ntble the excavator to be the limiting resoufée truck type
is again based on being able to be filled withire¢hto seven passes of the excavator. As did KaashgL989),
Kirmanli and Ercelebi (2009), made the excavaterlitmiting resource in all cases. This approach méss the true
optimal truck excavator combination which minimizest cost.



Limsiri (2011) applied genetic algorithms, perfongia similar operation to lower total equipmenttcs
Marzouk and Mosehli (2002), but allowed for a nuiki truck and loader types to be considered and a
heterogeneous fleet to be outputted. The solufi@aes however remains limited to the initial consédieoptions and
cannot be easily applied in the field.

All of the previous approaches are limited by onenore of the following three aspects: 1) a detarstic
model using average production rates is consid2jashly hauling units obeying the “four to six passrule are
considered 3) it is assumed that the excavator imeighe limiting resource. Any of the above assimngt can
result in less than optimal truck excavator comtiims, and can have serious repercussions whemiptarhe
overall length of the project.

METHODS
M ethodology

Simulation is the only approach that can considecettainty in the duration of activity times when
providing decision support for earthmoving openagioand thus, the results obtained from the proaessleemed
more indicative of the real world (EI-Moslmani, Alks and Al-Hussein 2002). Kannan (2011) clearlytiéied
simulation as a valuable tool for earthmoving ofiers. As a result, Monte Carlo simulation was #&gplin order
to determine a realistic estimate for the numbeloafls dumped in a given shift, using the followamsgyinputs: a
specified number of trucks, truck type, materigbety haul distance, excavator type and excavator tarak
availability, defined as the probability that thgesific machine is available to work. Simulationlisited however
by the quality of its input. As a result, real wbrllata for trucks’ speeds and loading times obthifnem the
Caterpillar VIMS systems for a large Canadian caxtor were analysed. Certain fleet configuratiomd enaterial
considerations were not available. Missing loadimguts distributions were determined from a similacorded
distribution by applying two multiplication factqrene for the effect of changing the amount of waduand one for
the effect of changing the type of material. Thishown below:

new distribution€original distributior) * (volume factoy * (material factoy Q)

Where the volume factor is obtained by dividing dhiginal truck volume by the new truck volume ahd
material factor accounts for the difference betwinoriginal swell factor and the new swell factbis important
to note that the loading time distributions usechdbrecognize or reference the number of buckse$gmrequired to
fill the truck but rather are representative of &mtire loading process of the truck selected.

Considerations and Parameters

All scenarios analysed considered 10 operatingshout of 12 calendar hours. All costs are in costsy
not dollars, in order to shield the confidentialesaof the contractor; however, the cost ratio betwequipment
pieces remains constant. Two material types, theader types, four excavator types and two hauhdies were
considered. Specifications for the haulers carobed below:

Table 1- Hauler Specifications

Capacity (bcm)

Hauler Type Tonnes Coversoil Subsoil Cost/hr (unit/hr)
777 90.7 60.2 41.6 200
785 133 78 60.7 300
793 227 176 103.2 400

It is worth mentioning that all haulers are payldeited when hauling subsoil material due to itghh
density, and volume limited when hauling coversoil.

The excavator specifications can be found belomnm@lwith the hauler size pairings suggested by the
manufacturer:

Table 2- Excavator Specifications



Excavator Type Heaped Capacity (m3) Cost/hr (unit/hr) Tonnes (@gul

850 8 100 n/a

1200 8.25 250 38.0t0 59.0
1900 11.25 400 59.0 t0 90.9
2500 15 500 90.9 to 168.0

The bucket fill factors for the two material typm® as follows:

Table 3- Material Fill Factors
Material  Fill Factor
Coversaoil 80%
Subsoil 95%

The theoretical number of bucket passes for eachvator to fill each hauler for both material tyfzee
shown below:

Table 4 - Number of Buckets Required to Fill Hawéth Subsoil Material

Truck
Excavator /77 785 793
850 55 8.0 136
1200 53 7.8 132
1900 39 57 97
2500 29 43 1.2

Table 5 - Number of Buckets Required to Fill Hawéth Coversoil

Truck
Excavator /7 785 793
850 94 122 275
1200 9.1 118 26.7
1900 6.7 8.7 19.6
2500 50 6.5 147

Haul distances considered were 5 km and 10 km. \Etoa availability was considered to be 83% and
truck availability was considered to be 90%. Anlgsia was performed to identify for each scendtie, excavator-
truck combination that offered the lowest directtunaterial cost. Indirect costs were not addressedhese are
generally spread over the units of planned prodactin other words, to lower indirect unit costeeaould use a) a
larger machine capable of greater production omAitiple smaller machines. If the smaller machio&sred a
significant direct cost savings, this would gengrdle the better option as it not only reduces ¢het of the
operation but also provides a “cushion” to the leadving system against equipment breakdown. Thg dast of
the equipment was calculated as follows:

Where(Cpy is the hourly cost of the excavator in cost units,is the number of trucks in the fleet, afidis
the hourly cost of the truck. The cost per’tman then be calculated as:

cost per brh = —D:’:Syoif;:n 3)
Where the daily output is calculated as:
Daily Output(bm?®) = (Truckloads/day(bm® per truck (4)



Custom Monte Carlo code was implemented in MATLABjng the inputs above. The simulation was
executed for a large quantity of runs for each adenas it was determined that 1000 runs was tihemam needed
to assure that the outputs of the simulation woesd&mble normal distributions.

RESULTSAND DISCUSSION

The first case considered involved a 5 km coversaill where truck availability was set at 90% amdamator
availability was set at 83%. The total cost is teteed using Equation 2 and the cost perf was determined by
applying Equation 3. The following lowest directiturost truck excavator combinations were identifie

Table 6 - Coversoil 5 km Haul (Truck Availability)%, Excavator Availability 83%)

Truck Excavator
Loads Utilization Utilization Daily
# of Mean St.  Mean St.  Mean St. Output Cost per bcm
Excavator Truck Trucks Dev. Dev. Dev. (bcm) (unit/bcm)

850 777 4 83.5 29 84.0 2.7 52.5 2.1 5057 2.14
850 785 3 58.5 2.4 84.8 3.3 48.1 2.3 4524 2.65
850 793 2 325 2.0 805 47 60.8 3.9 5632 1.92
1200 777 6 1248 3.7 81.5 2.3 62.4 2.3 7525 2.31
1200 785 4 76.5 2.8 82.3 29 62.2 2.4 6006 2.90
1200 793 2 32.8 2.0 81.0 4.8 60.7 4.0 5808 2.17
1900 777 5 96.0 3.5 78.6 2.6 67.3 2.9 5779 291
1900 785 4 70.4 3.0 78.9 3.2 69.6 3.1 5460 3.52
1900 793 3 52.6 2.7 77.4 3.7 70.1 3.7 9328 2.06
2500 777 9 186.9 5.2 78.3 2.2 70.9 2.6 11257 2.45
2500 785 6 121.7 3.7 81.7 2.3 61.0 2.67 9516 2.90
2500 793 3 55.3 2.9 77.6 3.6 62.4 4.2 9680 2.11

The simulation results indicate that the loweseclircost for this haul can be achieved by usindp@ 8
excavator paired with 793 haulers, a combinati@h émtails 13.6 bucket-loading passes and wouldchalty not be
considered if the “four to six passes” rule hadrbapplied. One could argue that this is an excaptige to the
abnormally large bucket size, for the machine wediss, of the 850, however, when observing trst tend for
the various haulers, the 793 hauler results indtest direct cost combination for all excavatagen though the
“four to six passes” rule would exclude use of T®8 haulers for any coversoil operations. Thideéaity shown in
the figure below:
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Figure 1- 5 km Coversoil Haul with 90% Truck Avdiibity and 83% Excavator Availability



The next best combination is pairing any excavatith 777 trucks. This is in clear contradiction tbg
“four to six passes” rule as efficiency of the @t@m does not increase by using larger excavatbish more
readily match the rule.

The second case considered was a 10 km coveradil fraick availability was set at 90% and excavator
availability was set at 83%. The following lowegtedt unit cost truck excavator combinations welentified:

Table 7 - Coversoil 10 km Haul (Truck Availabili®p%, Excavator Availability 83%)

Loads Truck Utilization  Excavator Utilization Cost per
#of Mean St. Mean St.Dev. Mean St. Dev. Volume bcm
Excavator  Truck Trucks Dev. (bcm)  (unit/bcm)
850 777 6 716 25 871 2.7 45.7 2.1 4334 3.60
850 785 5 56.0 2.2 87.0 3.1 46.9 2.1 4368 4.40
850 793 2 217 14 86.3 5.2 41.3 2.9 3872 2.79
1200 77 9 107.0 3.1 859 2.4 54.2 2.4 6441 3.82
1200 785 6 66.8 23 854 2.8 55.1 2.2 5226 4.71
1200 793 3 313 18 826 4.4 58.8 2.6 5456 3.19
1900 77 8 89.7 3.0 826 2.6 63.7 3.0 5418 4.43
1900 785 6 63.3 24 829 3.0 63.7 2.7 4914 5.37
1900 793 4 47 23 824 3.9 60.5 3.2 7920 3.03
2500 777 14 1669 4.0 84.0 1.9 64.4 2.6 10053 3.94
2500 785 11 1238 3.6 836 2.3 63.1 2.9 9672 4.71
2500 793 5 55.6 2.7 79.8 3.5 63.8 4.3 9856 3.04

Once again, as with the 5 km coversoil haul, theelst direct unit cost is provided by the 850 wi887
haulers. As with the 5 km coversoil muskeg haulvali, the figure below clearly shows that theradsefficiency
gained by increasing the hauler size with excavsime and rather the lowest direct unit costs imiobd using a
consistent hauler size across all excavators.
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Figure 2 - 10 km Muskeg Haul with 90% Truck Availélp and 83% Excavator Availability

The third case considered was a 5 km subsoil nahtedul. Truck availability was set at 90% and
excavator availability was set at 83%. For thisecdke lowest direct unit cost is provided by tB®@ excavator
with 793 haulers. This combination is outside thege suggested by the “four to six passes” ruleeCagain for
other combinations, efficiency was not directlyated to the size of hauler paired with the seleetexvator.



The fourth case considered was a 10 km subsoil riabteaul. Truck availability was set at 90% and
excavator availability was set at 83%. The lowéstad unit cost is, as with the 5 km haul, the Istvdirect unit cost
is provided by the 2500with 793 haulers. Other cimatfions follow a similar trend to the 5 km subdwalul.

CONCLUSIONS

Through the four scenarios postulated, it can beloded that the “four to six passes” rule doeshuid
when evaluating real world earthmoving system &fficy. Through the analysis of the simulation resuit is clear
that small excavators can be paired with large draplrequiring much more than six passes to filj aesult in
lower direct unit cost than combinations suggestgdhe equipment manufacturers. In fact, nearlytiadl ideal
combinations observed would have been classifiechaadng excessive truck capacity in comparison he t
manufacturer’s suggestions. Furthermore, oftersthallest excavator, paired with the largest hauésulted in the
lowest direct cost for the light coversoil materifbr the heavier secondary material the mostiefftcexcavator
combination for the 793 hauler is the 2500, howgwgae would have expected the 785 hauler paireld thié 2500
to be a more efficient combination by applying tfoar to six passes” rule.

In general, the “four to six passes” passes rutosgly underestimates the efficiency of using demal
excavators with larger trucks. This can be explhibg multiple factors. First, the faster hydrauigeeds of the
smaller excavators seem to easily overcome thekdiicapacity limitations. Second, smaller excangal@mve much
lower operating costs than their larger countegpahd the cost increase, as capacity is incredsetht linear.
From the data provided by the earthmoving contraét@ppears that an excavator that is twice egelavill cost
more than twice the cost of the smaller machingrdThhe actual loading time duration is a smalttipm of the
total truck cycle time for a haul of any reasonatiktance. As a result, decreasing the loading biynesing a larger
excavator only slightly raises the production, gatly increases the operating cost, resultifigwrer efficiency.

It is noted that material type has an enormousiénfte on the ideal truck excavator combination, taatl
haul distance has more of an effect on cost tharidal truck excavator combination. The haul distaalso does
not have a linear effect on the ideal truck excavabmbination. It is apparent that hauler size dgseater impact
on efficiency and production of the earthmoving mpiens than the excavator size.

It is also noted that, selecting a loading ungtfito satisfy production requirements, and théacteg an
appropriate hauler, results in a higher per ungt ¢tboan the optimal configuration. In no optimunersario was the
excavator observed to be the limiting resourcesasimed in much of the previous research. As atrestdrage
production rates are far from accurate in predictimoduction. It would be unreasonably expensiveravide
enough haulers to ensure an excavator is kept @atups a result, the efficiency and the productioast be
observed from a system point of view. This is fartlsupported by the fact that excavator utilizatiord truck
utilization exhibit an inverse relationship. Duedoeuing caused by the stochastic nature of theatipas, both
trucks and excavators cannot exhibit high util@atione comes at the expense of the other.

In conclusion, there cannot be any pre-set rutbetermining the ideal truck excavator combinatiRather,
each case must be viewed and analyzed independdithwever, certain trends can be observed. For one,
undersized excavators, appear to offer more effagiehan the pairings suggested by the manufastu&&mnaller
excavators offer numerous advantages in that tleeye lmuch lower capital costs and can greatly iserethe
redundancy of the earthmoving operations compaoetheir larger counterparts. This is not to say thager
excavators do not have their place, as for certaimditions, they can offer greater efficiency thhmrir smaller
counterparts. For example, it may not be realisticontain four smaller excavators in a small logdarea in order
to meet production, but rather, safer to use twgelaexcavators. Additionally, when labor is shant,associated
operator costs are high, a larger machine offersenedficiency per worker. All things considered ttwiimited
resources to be considered, it appears that aambotrwould be better off spending money on acqgitarge haul
trucks before necessarily increasing their excawsittes. There is no shortcut to detailed, thougtahalyses, and
predefined heuristic rules that are not supportefirm evidence may result in the abandonment eftthie optimal
solution.
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