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MULTI-CRITERIA OPTIMIZING METHOD OF EARTHWORK MACHINE GROUP
SELECTION IMPLEMENTED INTO SOIL PROCESSES

ABSTRACT

The optimal selection of machine or machine graupbiuilding processes is very important role
of building planner during the process of buildplgnning. During this process building planner hawve
analyze several factors influencing the final effex decision concerning this problem. There anesd
factors and criteria for effective selection of Iding machines. In our contribution there are apedy
ability of machines to realize designed buildingqass (quality aspect), duration of mechanized gg®c
(time aspect) and minimizing of energy consumpficost and environmental aspect). Selected sdentif
methods and theories of problem solution can ba&ed/into these groups: theory of system (creabibn
building machine selection method), multi-critedptimizing method (analysis of mechanized building
process from the point of more optimal criteriajieqing theory (application during the mathematical
modeling of mechanized soil processes), methodoiéntific analysis (analysis of factors influergiimal
decisions), method of scientific synthesis (cwatdf optimizing method implemented into building
processes and possible application in construcsewtor). Multi-criteria optimizing method were thg
our research work implemented into soil processesselected building group machines (excavators and
trucks), which are very often used in construcon mining processes. This method can be considered
a multi-level decision making process based oniplaljpparameters. In our contribution is presentey k
mathematical models for model example solution softivare built in Java, which has been created as a
support for method described in this contributiépplication of this method and software will incseathe
effectiveness of building machine selection from point of key criteria of optimizing: quality, tenand
energy consumption.
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INTRODUCTION

The optimal selection of machine or machine graupbiuilding processes is very important role
of building planner during the process of buildiplgnning. During this process building planner must
analyze several factors influencing the final eifexdecision concerning this problem. During tleqgess
of building planning planner must analyze suitabldection of building machines and its group for
effective proposal of mechanized building proces3é®re are several criteria for selection of Hoid
machines. In our contribution there are analyzédity of machines to realize designed building ¢ess
(quality aspect), duration of mechanized procasse(spect) and minimizing of energy consumptias{c
and environmental aspect). From the above merdi@spects results, that the lowering of the power
requirement of the construction process preseniseatitable social-wide problem.

Soil processes are involved in construction anbuilding process and they can be an important
part of a construction project because of power&dvy equipment. They involve repetitive work cgele
large volume of work, high fuel consumption andytheed to be completed within deadline. The scdpe o
these processes varies from a small amount of &antioving millions of cubic meters of earth. Theeo
thing that all soil processes have in common i$ ¢haeful planning is the key to success. Trad#ilyn a



project manager uses deterministic methods in amajysoil processes, although real processes are
stochastic.

Considerable efforts have been made in developofeefficient techniques and procedures for
soil processes and many techniques have been gedeto far. Recently, more researches are interaste
earthwork operations and most of them use optimizeand simulation as the methodologies that can be
used for analyzing soil processes. CYCLONE and SBROCOPE are the commonly used simulation
tools specified for construction (Zhang, 2008). Sénetools for construction modeling, such as
STROBOSCOPE enable accurate and detailed moddliagyocomplex situation but these tools demand a
level of training (Martinez, 1996). In the cont@tSTROBOSCOPE Martinez developed an EarthMover,
which is a discrete-event special-purpose simutatimodeling tool for earthwork planning. This tool
includes STROBOSCOPE as a simulation engine, \f@idhe graphical and interactive model definition,
Excel for tabular and graphical output and Prooindation for dynamic output (Martinez, 1998). Halphi
developed CYCLONE methodology for modeling and dating repetitive construction processes
(Halphin, 1977). Shi and AbouRizk introduced thsongrce-based modeling (RBM) methodology in order
to automate the modeling process and by using rffeéthodology can the project manager construct
a simulation model for a project in a few minutiest it consisted of only eight basic atomic modeid is
connected only with earthmoving operations (Shi BoARizk, 1998). Marzouk and Moselhi analyzed
earthmoving operations by combining genetic alpamit(GA) with CYCLONE and other simulation
techniques. Their simulation and optimization cdestd multi-objectives for selecting near-optiniaet
configuration for earthmoving processes, but cawdtiselect any potential combination of variousetyb
equipment which are in the fleet (Marzouk & Mosel®04). The work of Zhang formed a framework of
multi-objective  simulation-optimization for optimimy equipment-configurations of earthmoving
operations and it is proposed by integrating aiviagiobject-oriented simulation, multiple attriutitility
theory, a statistical approach like the two-stageking and selection procedure and particle swarm
optimization algorithm. His procedure is equippedhelp compare the alternatives that have random
performances and thus reduce unnecessary numbeinufiation replications. It can speed up the
evaluation process, but this integrated framewsmtill developed (Zhang, 2008).

In this study a computational example is providegustify our selected scientific methods and
theories like theory of systems, multi-objectivetiojfizing method, queuing theory and method of
scientific analysis and synthesis. These methodse vimplemented into soil processes and building
machines and its group and will be presented ipgsed mathematical model by software which was
developed in JAVA. Applications of these methods anftware will increase effectiveness of building
machines selection from the point of key criterfaoptimizing: quality, time and fuel consumptiohus
speeding up whole process and avoiding exhausdileellations and experiments.

MACHINE SELECTION OPTIMIZING METHOD

By suggesting the “Machine Selection Optimizing Met” (MSO Method) we have developed the present
state of knowledge of the purpose of the machimesraachine groups for building processes (Gasparik,
2007) and also of the information which has beetaiobd by study of the theory of systems (StacB3)9
and optimization theory of the process (Niedes#ti, 1983). The “MSO Method” consists of the three
phases (figure 1) — entry, decision and optimizatio

An analysis of all these phases except introdudtoexamined:

» the input universe of the system: that is the $#ié@ machines submitted for analysis in the given
phase,

» the criterion, according to it is the input univers the system of given phase analyzed,

» the procedural steps being necessary to realizappeeciation of the input universe of the system
according to the criterion of the given phase,

» the output universe of the system: that is theo§ghe machines fulfilling the criterion of the
given phase.
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Figure 1 — Phases and criteria of building mackglection optimizing method



The introductory phase contains definition of peshland objectives necessary to be reached by ¢vajua
for example the type of building works, charactatian of the final product of the mechanized butgi
process, input information necessary for solvinthefproblem and so on.

M achine selection optimizing (M SO) method char acteristics
MSO method consists of 3 phases. THi¢ehtry phase) characteristics:

The input universe of the system is the set ofntlaehines suitable for a given type of the buildivayks.
The criterion (¥ eliminating) is the usefulness of the machinesttier realization of the final product of
the building process

The procedural step consists of;

e astudy of the resulting product of the buildingqess,

» the analysis of problems of the proposal on thehimacfor a given type of the building process,

e the collation of all the information including theerformance data of the machines for their
incorporation into a model of the mechanized baidprocess.

The output universe of the system is the set ohthehines suitable for realization of the final gwot of
the building process.

The 29 (decision phase) characteristics:

The input universe of the system is the output ersig of the entry phase.

The criterion (2 eliminating) — production rate aspect (time reegdiffor the realization of the final

product or quantity of production in determinedeim

The procedural steps:

» the construction of the verbal — graphic modehef teal system,

« the choice of the variants of the machines, letaysof the machine groups for realization of timalffi
building product,

» the selection and the choice of the model varialtkesr definition, symbol, dimension, quantificzii
with the source of the quantification,

» the formulation of the particular mathematical tielas of the model,

» the construction of the mathematical model for apg@tion of variants of the machines according
to the & eliminated criterion,

« the verification, quantification, numerical solutioising software, interpretation and implementation
of the created mathematical model.

The output universe of the system - the set ofthehines performing the requirements for realizatib

the final product.

The 3¢ (optimizing phase) characteristics:

The input universe of the system is the output ersig of the decision phase.

The optimization criterion - the minimizing of trenergy consumption machines, let us say machines

groups for realization of the final product of theilding process.

The proceeding steps:

» the selection and choice of the decision variatifesy definition, symbol, dimension, quantificatio
with giving of the source of the quantification,

« the construction of the mathematical model of ttigeiGon of the optimization,

« the verification quantification, numerical solutiosing software, interpretation and implementation
of the mathematical model of the criterion for apgation.

The output universe of the system -the machineysesay the machine group with the minimal energy

consumption for realization of the final producttié building process.

M SO method application

This “MSO method” was applied into the selectafmmachine group for the excavation and the
removal of the earth at the given distance fromat@ve mentioned criteria (figure 2).



Figure 2 - Building machine group: excavator + s@ort means (model example)

With regard to the great number of the model véemland the extent of the work this paper is caraid
the decision and optimizing phases.

Basic input data:

 final product of building process — building pitidth — 50 m, length — 90 m, depth — 3,5 m,

+ soil type and class — sandy soil, tH& @ass of cohesion (according to Slovak Nationah8ard
STN 733050),

« required work capacity & 15 750 n,

e transport distance L= 4 km,

» required time of duration of works T= 14 400 miBO (shifts),

» season of year of realization of works — April, May

» kind of road surface — mastic asphalt, plane omihele length.

Comment: presupposition of approximate identicarafion of machines during shifts, time for luncida

inspection of machines at the beginning and the @nghift have not being included in time of shift
duration.

The input universe of the system of the decisibase is being created by 3 types of depth shovel
excavators: DH 411, DH 621, Cat 225 and 3 type®lding transport means: T 148 S1, T 815 S3, S 706
MTSP 24. The same transport means were appliedeiy ¢ype of the excavator. There are 9 variants of
the excavator machine group together with the frarianeans and in every variant we used from 13to 1
pieces (pcs) transport means. For the evaluatiadineinachine groups in the decision and optimipatio
phase the concept gfueuing theonyjs being applied. In our contribution are showrafimathematical
models (1,2) of decision and optimizing phases.dalla necessary for equations 1 and 2 can be fiound
Gasparik (2007) — see references.

The mathematical model of th& 8liminating criterion of the decision phase igia form:

Tsk= Vp. teg (Ving Kegi Kigi Kagi Ko Ngi)™ (min) 1)
for j=1,2,3; N=1,2,...,13,

where,

Tsk- duration of work of machine group by earthworksemuired volume (min.),

V,- required volume of earthworks G

t.a - duration of duty cycle of transport mean (min.),

Vna- volume of earth removed by transport mean indoesl state (1),

kea- plant factor of transport mean (-),

kea- coefficient of influence of operation of transporean at its capacity (-),

kqa- coefficient of influence of transport distancecapacity of transport mean (-),

k, - coefficient of calculation of soil in looseneatg at volume of soil in natural state (-),
N,- number of transport means in machine group (pcs).



The output universe of the system of the desigibase follows from graphical interpretation in
figure 3, where suitable variants of machine groaps placed under line representing required tifne o
duration of works T The suitable variants of the machine group of theision phase are being evaluated
in the optimizing phase from the point of view bétminimal F.C. (Diesel olil).
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Figure 3 — Dependence of actual duration of eartkwWp (min) on number of vehicles (pcs) of machine
group variants (excavator + vigsig by required volume of earthworks \& 15 750
T= 14 400 min. (required time) for variants A —dee figure 6

The mathematical model of the optimizing criterisin form as follows:

MS :Tsk-Tps-l-Vp_l-[Tmri.Sﬂri+Tpri .Spri+ (Tcaj.scaj +|—naj .S1aj + Lpaj .Spaj)-Naj] (1-m_3) (2)

for i=1, 2, 3; F1,2,3, N=1,2,...,13,

where

MS - specific F.C. of machine group, excavatoransport means by the required volume of the works

(.m?3),

Tps- duration of operation of machines during a stmifin.shift?),

Twme- time of excavator manoeuvre (min.sHjft

Sie- fuel consumption of excavator at manoeuvringifi:i

T, - duration of work regime of excavator except tiofienanoeuvring (min.shify,

Syr- fuel consumption of excavator in operating regimain™),

Tea- duration of waiting regime of transport mean dgriunning engine (min.shify,

Sea- fuel consumption by waiting regime of transpogan (1.miff),

Lna- length of road covering by transport mean withad, from place of loading to place of unloading

(km.shift"),

Lpa- length of road covering by transport mean withoiubad, from place of unloading to place of loagli
(km.shift")

Sha- fuel consumption of transport mean by drivinghwatload (1.krd),

Spa- fuel consumption of transport mean by drivinghwitt a load (1.k.

The other decision variables are being given by riddations 1. Input data concerning the
consumption of fuel were given by producers of eatar and transport means. The best energy saving
machine groups of each kind are being comparedgird 4. The most advantageous solution for the
realization of output and removal of earth at gidéstance from the point of view of minimizing aféf
consumption is at analyzed model example a chditigeomachine group Cat 225 + 6 pcs of T 148 S1.
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Figure 4 — Machine group (excavator-trucks) vasantaluation from the point of minimum consumption

of fuel for variants A — | : skgure 6

The Machine Selection software was created by theau.GaSparik as a software support for
method described in this contribution. Machine &#d& is a desktop application, built in Java. Hiere
it is runnable on all operating systems that suppava Virtual Machine. Introduction screen (figie
contains panels to enter input variables. Userctawse number of excavator and vehicle types. 6tr b
one as minimum and three as maximum. It is enaoledve inputs into file and load inputs. User abso
change excavator and vehicle names. Clicking “CHapkits” button provides control of input variables
values. Wrong values are marked as red, acceptablreen. Button called “Calculate” leads to result

MSO METHOD SOFTWARE SUPPORT

screen, which is divided into four sections:
1. Optimal Solutions(s),
2. Complete Work Time Table,
3. Complete Fuel Consumptions Table.
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Figure 5 - Input screen of Machine Selection sofewva

“Optimal Solution(s)” contains a list displayingl &kriants of excavator and vehicle(s) able to
solve the task in desired time and volume of w&wst variant is marked as green. It is also possthat
task in desired volume with desired work time ig¢ solvable with maximum number of vehicles 13. In



this case, fuel consumption of variant is not clamd and this variant is marked as “out of rangebr.
This part of result screen is displayed on figure 6
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Figure 6 - Result screen, Optimal Solution(s) secti

“Complete Work Time Table'ls a table created to display data for all comlmst of excavator and
vehicle types. Data show the time in minutes nedgedombinations of 1 excavator and 1 to 13 vehicle
to solve the task in desired volume. If a comborabf excavator and vehicles is able to completetdisk

in time set by user, result time data is highlightgeen, otherwise red. This part of result scrisen
displayed on figure 7.
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Figure 7 - Result screen, Complete Work Time Taddetion

“Complete Fuel Consumption Table” shows fuel congtiom in litres of combination consisting by 1

excavator and 1 to 13 vehicles by realization cfirgel earthworks volume. This part of result scrisen
displayed on figure 8.
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Figure 8 - Result screen, Complete Fuel Consumftadsie section



THE ANALYSISOF SELECTED FACTORSINFLUENCING WORK DURATION AND
CONSUMPTION OF FUEL

Using our software we analyzed these selectadriaand effects for the optimal machine group
from our model example described before:

» effect of required volume of earthworks on theadion of the work and fuel consumption (figure 9

and figure 10)

Effect of the volume of excavation on the
duration of the work
80

Volume of excavation (m3)

Effect of the volume of excavation on fuel
consumption
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Figure 9 - Effect of required volume of earthworks Figure 10 - Effect of required volume of &avbrks

on the duration of the work

» effect of transport distance on the duration ofwloek and fuel consumption (figure 11 and figurg 12

on consuroptof fuel

Effect of transport distance on the Effect of transport distance on fuel
duration of the work consumption
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Figure 11 - Effect of transport distance Figure 12 - Effect of trapnspdistance
on the duration of therk on consumption of fuel
+ effect of the terrain and the resultant speed dickes on the duration of the work (figure 13 and
figure 14)
Effect of the speed of vehicle on work Effect of the speed of vehicle on fuel
duration consumption
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Figure 13 — Effect of the speedadliicle
on work duration

Figure 14 — Effefthe speed of vehicle
on fuel consumption




CONCLUSION

Multi-criteria optimizing method was during oursearch work implemented into soil processes
and selected building group machines (excavatodstiartks), which are very often used in constructio
and mining processes. In our contribution was presk key mathematical models for model example
solution and software built in Java, which has besrated as a support for method described in this
contribution. Application of this method and sodine will increase the effectiveness of building hiae
selection from the point of key criteria of optirmg: quality, time and energy consumption. Thestno
important factor in our MSO method is that it ideato eliminate energy variants of the machinesindu
the design and preparation phase of constructignudng software it gives information about energy
usage of machines when considering their use irfitia product of the building process and gives th
possibility to make fast decision for the choiceta optimal machine in a short time.

As you can see in last chapter, all the observetbifa are influencing the duration of work and fuel
consumption. It is important to note that thesddisccannot be ignored and disregarded. The resglts
have achieved, it is clear that each and everypfaignificantly affects on fuel consumption andation

of work. The impact of some is larger, with some&onj but in either case, is not negligible.

For a practical application of the proposed MSGhuwe it is necessary to improve the quality of inpu
data, especially energy use information. The volwhsavings of the operating expenses possibleeto b
obtained already in the preparation phase of mgkliby this method are not negligible, vice versa,
shows the disclosure of reserves that are availahtlee choice of machines for building proces3dsgs
MSO method will find a full application only whehédse reservations will be removed. This contrilutio
was prepared as a part of scientific research gr®EGA N. 1/0184/12.
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