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Abstract

Estimation of Mobile Crane Cycle Time to Improve the Accuracy of ModularBased

Heavy Construction Project Schedules

Ali Nikeghbali

Modularbasedonstruction projects rely heavily on mobile cranes for liftargequantities
of materialsIn recent years, these materials have bedworagier and largegnd construction site
layouts have become more and more congettedg factorsignificantly impactefficiency and
productivity. In practicepn these large sites toddift planning takes place usingn intuitive
approach which increaseroject cost and decreasproductivity. A lack of comprehensive
methodto identify influential factors on crane motion spgadd motion typdsadsto difficulties
in evaluatingthe accurate work cyclef crane. Therefore, ddressingnobile cranecycle times
during operations is critical to enhang productivity and rapidreaction in projectsn order to
improvemo b i | e ¢ r anggeot, the nhility é0 adccuraregstimatethe work cycle of
mobilecraneds necessary. To address theed this thesis proposeamethodology that invohe
five procedures(i) modelinitiation to build up safety factqiSFs)and clearance functien(ii) a
lift analysis tostudy wind parameters and its effect on module shape, weight, and dimérision
development of wind functigr{iv) a model expansioto build upcranemotion speeds function
and implementation diuzzy if-then andnference system(v) time computatiorio estimate the

crane cycle timeThe proposed framework is praveffectiveby six case studies conducted on a

large, congested industrial site. Acatira i n  t h e ¢ a foremolslé anadeyestimatipnr o j e ¢

of cycle timewereincreased.
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Chapter 1: Introduction
1.1 Background and Motivation

Over the past few years, moduleavyconstruction has become increasingly popular. It is
a costeffective method in which reduction of material waste, site disorder, and construction time
(i.e., weatherelated delay minimization) is highly considergd], [2]]. Modular construction is
helpful for largescale heawconstruction industriesin the period of modular construction
projects in largescale, heavy crawler cranes are commonly utilized for lifting loads {§&k$4]].
[2]. After module preparation at the factory side, they must be shipped to the job site where they
need to be lifted and installed safely and efficiently in their final position by utilizing commonly
mobile craneghatare increasingly used becaauof their higher capacigomparedo the tower
craneg5]. In contrastcranesare consilered almost expensive (i.e., a few thousand dollars an hour)
in terms of rental pricedut the installation of prefabricated modules -Gite and transporting
themonsitemadeheavy cranes efficient and pr §e,tical
[3]]. Modularization enables ofite fabrication which enhances efficiencydHeavymodule
operationrelated activities are essential in-gffe prefabricatiorsincemodule shhment opens
space available for other module preparatibm@addition,on the jobsiteit enables another work

front as heavy lift operation is almost on the critical paths of the pr¢[8¢i§7]].

Moreover,cranes location in the projecis deterministic so that other equipment can be
arranged after locating and considering cranes as the top importance of the equipdgninlist
this respect, site productivity is highly depentbn the crane operati@ificiency,which is highly
related to the duration of the work cy¢[&], [2]]. Crands efficient work with minimum crane

operation cycle time in industrial projetsalmosttheo r o d u c t i o n Bencefshottenihge n e ¢ k
1



the cycle time of operation is tlueitical element in construction projects to achieve productivity

and efficiency[[4], [2], [8]].

Tens of large and heavy modules need to be lifted and safely installed in the heavy
construction to be placed in their designated point by utiliaiageg[2], [3], [6]]. Inappropriately,
lift planning onsite, in practice, is often based on the experience of experts and highly relies on
trial and erroy which is timedemanding, costly, and errprone[[9], [3]], especially in heawy
industrial projects with a large number of modulaeghis respectpracticalapplication of lifting
objects is vital to ensuring approaching the pr@emtonomicamsMo bi | e cranesd hig
has convinced projedecisionmakers to put them into high demand to apply them to construction

projects.

For advancing to more industrialization and promoting productitigefficient work cycle
time of the crane isignificart [10]. Traditionally, factors that affect the duratiorcofine operation
cycle are consideresksential factors regardless of the working floor height attigghbuildings.
So, the time achieved is estimated. The accurate time needs to be applied tetaadtime

schedule$11].

The duration ofthe work cycle is affected by numerous factovghich are generally
categorized into two grogf factors including hard factors and soft factpwghich both directly

impact the cramwork productivity[[8], [2]]. Thesawo groups are classified as follows:

I.  Hard factors (i.e., geometric relation between building, siteceare and with crane
technical features such as slewing and hoist velocity)

ii.  Soft factors (i.e., cab ergonomic, weathbe field of vision, operator experience)

[8].



Both directly impactconstruction productivity and safetwhich are addressed lihe
construction research conumity. Hard factors govern ttduration of the lifting cycle: thepeeds
generated by craneds mot oupsandangdff poirfisen thedérheat i v e
distancevelocity equatiorj8]. To accuratelypredict the cycle time mod#heweather needs to be
considered[11], [8]]. Crane cycle times are almost divided into different segments due to the
purpose othestudy.Scholarshave divided the cycle time into two twpart phasgas following

[8]:

i.  Hook transfer toward load location
ii. Load gripping
iii.  Transferring the load: that is stedt by hoisting up and finished at hoisting down
moment.

iv.  Installing of the load and releasing the rigging system

The research also shows that since cranes almost start a new cycle when they complete a half
cycle, every half cycle is broken down into teggments: motion time of the hook (i.e., lift, travel
verticathorizontalvertical and approach to the pickup/ drop off point and or rigging/ loadinth

unrigging/unloading time).

1.2 Problem Statement

Mobile crane cycle timencluding all motions involvedn an operation, and factotkat
influencethespeed of crane motions from lift to load positionings not yet been fully established
in the current construction industry literature.garticular for heavy modularconstruction a
method is needed tmnsider the following cycle time evaluation requirementsS ¢ heffdrta r s 0

in thisarealack:



i.  The consideration ahultiple influential factors in crane motion speeds

ii.  Theestimation or optimization of crane cycle time, studies mainly focus on shortest or

optimization of paths

iii.  Detailedmotion speesland time ranges for mobile crane operation remains untouched

although some research try to find the optimum operation paths

iv.  The consideration aflynamic factorsvhich effects (e.g., wind) mobile crane operations

although, their effects are considerable
v. Research inurate project scheduling

1.3 Objectivesand Scope
The main objective of this research ispmpose a method tanprove the accuracy and
efficiency of estimation of the cycle time of mobile crane operation in construction prdjeists

research also focuses on severatabjectives as follows:

i. Develop a fuzzy logibased method to estimate speeds of mobile crane maotion
which integrates with thredimensional (3 visualization of operation tcalculate

cycle time

ii.  Provide anumeic informationplatform toreact rapidlyto project schedule changes

and allow efficient communication among project participants
ili.  Validate the fuzzy logibased cycle time estimation modularbasedconstruction
projecs

iv.  Develop a platform to evaluate lnéntial factors on crane cycle time by applying

expertsod opinions since the only avai

4
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time in constructionse x pert 6s Vvi ews.
The scope of this study is limited to the following aspects:

i.  The evaluation of thevork cycle is based on the mobile crane cycle tafterthe
prelifting procedure untilthe time of positioning a loath which six different
motions are involved (i.e., slewing, hoisting up/down, boom up/down, and load

rotation bythe hook)
ii.  The lifting methods supposed to keecranefrom fixed positions (CFPs) operation

iii.  Among several factors which impact the care motion spdabae are evaluated
based ortheir importance ancefficacies(i.e., Safety factor (SF), clearance, and

wind).

Accordingly, to accomplish the research objedjvthis study satisfies work cycle
requirements bysinga surveyinvestigated by Han (201%yhich identify the main influential
factors on mobile crane motion speeds and clasdifie factors based on their importance.
Moreover,the surveyindicatescrane motionsand c cept abl e moti onsd spee;q
To andyse the influential factors on motions speaéljzzy logic approach is implemented. This
approach determinegveralmotion speeslto calculate the time of operation in order to improve
accuracy of crane cycle timdt also supportsbetterinformed decisiormaking for project
participants and acceleratéhe reactionto project changes. In this respect, the proposed

framework consists of manly five core components:
I.  Model initiation

ii.  Lift analysis



iii.  Development of wind function
iv.  Model expansion
v. Time computation

To implement the planned framework and validate its effectiveness, a case study of six

module operatiasin an industrial site in Alberta, Canada, is selected



Chapter 2: Literature Review

2.1 Introduction

In order tounderstand the research surrounding mobile crane cycle time in mbdatat
large-scale industrial projects, a literature review that considers the tools and algorithms of such
research is necessary. Although numerous attempts have been made to #iitesdsceane
cycle time, the current efforts have weaknes$his chapter provides a summary of mobile crane

cycle timerelated research.
2.2 State-of-the-Art Research in Crane Location

Improve production efficiency depends the orsite layout and matetiananagement
systemwhich is highly affected by optima&quipment locatiomn jobsites. In this regard, cranes
transporting heavy materials treat the most utilized heavy equipment in construction sites have
received attention. Hence, efficient selectidrcrane locatioscan improve project productivity
and safety. However, in practioexperience engineers determine crane location Wimlaand
error process which is tirmdemanding and costljEngineers and researchers have followed
attempts to faalate this processinitial focuses have been on developing crane location
optimization to better handling material supfl{]. In constructingof a public housing project in
a highrise building, Tam et a]13] have proposed a genetic algorithm (GA) approach to optimize
material supply and tower crane location. Research in crane and material supply location have
beeninvestigated due tthe 2D implication of work sitesThe 2D approackacks the ability to
recognize the potential conflict among existing obstacles and crane configundtion creates
complexityin practice This complexity caused wasting more time to relocate cranes in the projects

since part of collisions remains unéeted in 2D planning. To address this problem, Tantisevi and

7



Akinci [14] have provided a-8imersional (3D) simulation of a project to recognize spatial
collision-free to identify the optimal location due to dynamic créedaviours despitethese
efforts, scledule delays, spatial conflict, and inaccuracy of crane capacity limitations tbause
relocation of crandncreasing theost of operation. To overcome these issues, Sofouhi[&bal.
proposed a GA algorithm to determine the feasible mobile crane location by computing crane
configuration in a given distance. Their work had been adopted to the heavy industrial projects in
which numerous objects need to be lifted according to liftingesgzes. Continuing the efforts of

this study, Lie et a[9]have proposed a binary (yes/no)the&lology in lifting operation in which

by calculatingthe minimum and maximum lift radii and controlling crane location inside mobile
crane position area in configuration spacesface). This method tried to conttbé creation of

a path that connespick-up points to drojff points of the object liftinglf the designed method

is notsuccessful in finding a feasible path thappens on various crane fixed posisidhe system
proposes a walking path to complete the lifting process. Themt al [16] have proposed a GA
approach to car walking with load operations in heavy industrial projects since crane walking
operations make more complexitpmparedto operation froma fixed position. This method
considers crane geometry, typical site constsasnd module geometry to calculatdlision-free

area in which mobile crane needs to locate withatollision-free area to pickip the load. Then
possible crane location is presented@area in which load pidwup is startedln this methodthe
designed path shows the start and Rrpsint ofthecrane position for any lifted object. However,

these efforts havevo significantlimitations.

i. 15% to 20% failure rate to find feasible crane location due to complexity and

congestion level in the projects.



ii.  Uncertainty in pick area of matal supply where objects need to lift due to feasible

crane locations.

To overcomedhe challengesbove Han[12] has proposed a method for motion planning in
a 3D-based approach to consider feasible crane locaidtin associated material supply spots in
heavy construction projects with numerous objects for lift. In the proposed methodology, to ensure
the most efficient crane operation, it is needed to assessalhe oper ati onds per
selectinghe crane locatiarin addition, Since studies have not considered multistage construction
(i.e., disintegrating a complex project into a number of work zones) that can lead to suboptimal
crane utilization costantil then, Justin et a[17] have proposed a foulimensional set cover
problem (4DSCP) model to overcome the issue. The provided model prepares better solutions
selecting and locating cras#®r the project in multistage construction. Moreover, By applying A
star algorithm, Bagheri et dlL8] have attempted to optimize crane location by considering cost
reduction of operation and reduce the possibility of crane accidents and failures due to

predetermined lifting sequences.
2.3 State-of-the-Art Research in Crane Selection

Crane selection is an essential and tooasuming activity in projects since it contributes to
productivity and effectiveness. For largeale projects, crane selection is costly since hiring a
crane cost a few thousand dollars an hour; researchers and engineers have attempted to facilitate
crane selection in crane lift planning. Various algorithms hbeen utilized to develop
applications and methodologid42], [19]]. In this regard, Han et dlL2] have categorized crane
selectionrbased algorithms into two major grougd: factorbased algorithms an@l) scenarie

based algorithms. Hanna and Lotfal[af] have categorized three general crane types (i.e., tower,

9



mobile, and derrick cranes) to investigate optimal crane selection for different construction
projects. They have utiled fuzzy logic to convert important project factors (i.e., building design,
crane capability, safety, site conditions, and crane cost) into fuzzy sets to select the proper crane
type. Sawhney and Mun§1] have investigated crane type and model selections by indicating
sets of inputs (i.e., type of use, crane presence duration on site, height of constsitetion,
spaciousness, crane relocation, foundation, site accessibility, and terrain topography) in
IntelliCrane This artificial neural networlbased approach that includes historical data. Some
researchers have developed scerbaged factors in type andoatel selection of cranes as crane

type selection is impacted by considering the heaviest and/or largest lift fradgiseers use
valuabl e time to adjust crane chatoawidasihd capa
errors In response to th problem, AfHussein et al[19] have developed {ITRANE, a relational
databasenanagement system (DBMS) that is designed to support effective crane selection. In
addition, based on data collected from projects and rigging equipment, these resgithave
introduced a lift setting algorithm that determines the feasibility of crane selection and position.
Furthermore, AHussein et al[23] have presented an optimization algorithm, Algorithm 2, to
select and locate mobile cranes on construction job sites according to the minimum boom and/or
jib length and higher crane capacity. Algorithm 2 considers the minimum working radius in the
project . Fur t her m{24]elgoritivifor raabile ardne selection addresses the tedious
procedure of reviewing crane capacity charts in ordectonsi der a craneos
characteristics, bearing pressure, and the dimensions of riggings and equipment. This algorithm
has been combined with a thvéenensional (3D) system in order to integrate cranoelelling
modelling3D computeraided desigrand simulation, rigging calculation, data management, and

crane selection. Some lifts may need two cranegptwate In a twocrane lifting operation, the

10



selection of the cranes is based on thAsir cap

this is a timeconsuming method for crane selection, Herman ef2&] have proposed a
methodology to carry out long lifted vessels using a single crane by developing a mechanism and
a methodology. However, none of the above studies concerning crane selection tools and
frameworks havealidatedof the crane type and model. Han e 82] have presented a method

to monitor crane capacity and working radius to assess safety factors during an operation to prevent
exceeding lifting capacity. This method enables crane engineers and project managers to guarantee
a safe operation and vaddite the crane type and model selection. At this junction, it should be

noted that this study does not encompass crane location and selection.

2.4 Stateof-the-Art Research in Crane Support Design System

Fig. 1. Crane support systenPljotograph by Ali Nikeghbali)

Construction projects can be very hazardous. B@éijrhas described construction in North
America as one of the most perilous industries for wetkted fatalities. From 2009 to 2017, the
Occupational Safety and Health Administration (OSHA) registered 175 deaths related to crane
failure[3]. The US Bureau dfabourand Statistic$27] hasreported the following reasons as the

most common types of failures in cranes: outrigger failure, missing gcavityecontrol, overload,
11



high wind, and side pull. This is due to reasons such as mobile crane design errors, lack of a proper
support system, exceeding the ci@nkft capacity caused by decisiomaking mistakes[28].

Crane support systems are vital elements that help avoid outrigger failure where the outriggers
penetrate the ground during operat[28]. I n pract i cbhedyansitsmpaykadare cr a n €
moving elements, the crane support systems are not designed to consider maximum,reactions
leading to improper crane support systems and outrigger failures. As a result, the dynamic force

of slewing cranes is a critical factoracna | cul ati ng any single outrigg
[30] has investigated geometrical factorsatmalyse the stability of a laboratory model of truck

cranes according to the load conditions and rope length in ordeatgsedynamic stability. In

addition, Hasan et 28] have introduced the calculatioh outrigger reaction values of crawler

and truck cranes in order to design an automated support system. This system provides a chart
detaiingthee act i on of el ements in a cranesb6é suppor

steel plates or timbers to design the support system.

Moreover, in order to design a crane support system, Han [@2hhave proposed a 3D
visualization of crane operations. Proposed motion planning prolodes and lifts angles
efficiently and automatically to design the crane support system. This alternative facilitates the
precise design of crane support systems. It should be noted that the present study does not consider

crane support system design.
2.5 State-of-the-Art Research in Crane Operation Motion Planning

Recently, industrial construction projects have progressively involved heavier, larger, and
longer objects such as modules and vessels utilizing single or cooperative crane ogdafgtions

Although cooperative lifts carry higher risk because of interaction among cranes, the practice of

12



adopting two or more cranes in order to manage larger loads is becoor@gopular. Therefore,

a safe and reliable design of crane operation is essential. In this regard, motion planning has
garnered attention in the design of crane operations. Kang and MiZ2]daave proposed an
incremental coordination method to utilize two tower cranes in a relatively narrow project site.
Due to their consideration of geometric and kinematic constraints of cranes, their methodology
prevents collisiondbetween cranes or betweeranes and existing obstacles during operations.
Despite theesearch efforifdhe methods only consider 2iased systems in which collision errors

may not be precisely detected due to a lackexfuent reflexchanges caused by the complexity

of the projet. It should be noted that effective motion plans search for the shortest operation paths.
Therefore, prepared paths are drawn according to the identification and exclusion of possible
special conflictd[33], [34]]. In this regard, reearchers have tried to unite the-B&sed path
optimizationalgorithmswith 3D evaluation to validate and support precise lifting p§353$.
Tantisevi and Akinc{36] have believed that tdiagnose and eliminate possible crasaemng

crane configuration and existing structures,ihgwetailed 3D of site layouts is essential. Change

et al.[37] have introduced a method to automate the design of fast path planning in dual and single

crane operations by applying two steps:

i.  Building the crane operationintoa3DfCpace) considers the ob
load capacity.
ii.  Utilizing road map method to identify the collisiree paths taking into account C

space.

In addition, Albahnassi and HammEg8] have proposed a framework that visualizes and

Ssimul ates craneds operation due to dynamic <ch
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to operatorby replanning the operation close to rémhe saféy. According b two types of
operations, including crane lift operation from fixed positions (CFPs) and crane pick and walk
operations (CPWSs), Lei et ¢l.6] have introduced 3D visualization by implying 3D Studio (3ds)

Max to design mobi |l e Eawavaregropsacticeptheidevelopmeait3D oper a
visualization is timeconsuming due to changes in site layouts and operational schedules. Hence,
Han et al.[39] have presented a 3D visualization whabased method to evaluate motion
planning in heavy industrial. A couple of limitations are involved irréisearch mentioned above

as follows:

i.  Most of the research has focused on collidiee paths, while in congested sites, the
collision-free motion of crane body shapes is critical either
ii.  This research has utilized 3D visualization as a validation toohdituas a design
tool.
iii.  The research has used applications as saforek tools to desigerror pronemotion

planning. These errors decrease the preciseness during frequent design changes.

To overcome the limitations, Hafl2] has proposed 3D visualizatidmased motion

planning, which is feared as following:

I.  Integration of 3D visualization and mathematical algorithm to design CFP and CPW
operations.
il.  Automated visualization and simulation for numerous lifts in crane operation.

ii.  Satisfying collisionfree paths of crane motions.

ThereafterHan et al[2] have proposed threedimensionabased crane evaluation system
(3D-CES). This system design, verify and siate 3D visualization of crane operation to support
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the most efficient selection of crane operation and planning the crane lift schedule according to the
identification of safety and productivity aspects. Since crane efficient operation promotes site
prodictivity which is directly related to the crane work cycle. Therefore, to increase productivity
and support the efficient crane lifting cycle time, the research has provided a linear correlation
function to identify allowable ranges of some motions of n@lbilanes (i.e., slewing, boom

up/down, hoist up/ down) due to safety identification of SF ranges of the lifts.

The similarity between designing mobile robots and mobile cranes has resulted in the shared
application of path planning for mobile cranes inichiithe application of configuration space (C
space) has been introduced. Both are trying to optimize coliserpaths. Scholars have utilized
numerous algorithms to design path planning. However, due to their computational costs, these
algorithms maynot manage complex environments. In order to increase functionality, Cai et al.
[40] have proposed a parallel genetic algorithm (GA) that produces a hybpdd@ in a complex
envronment for a terrain crane lift. However, the ®Ased method assumes a fixed number of
configurations for given paths. To reduce the complexity of the computations for topological
structure, mainly f orspaaedimmensions l@aiseen realucedeo adifietdne n s i «
load 3D Gspace which has been proposed in a study by Keyhani [@] aln addition,sampling
based algorithms (e.g., rapidly exploring random tree (RRT), probabilistic road map method
(PRM)) have been utilized by some researcljgls Due to repetitive steps in samjtlased
methods resulted fromninitial guess paths provided by these methods are limited in quantity.
Then, these methods are not proper stheg encounter difficultiesshere there i@ no feasible

lift paths.
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2.6 Fuzzy Logic Tool for Estimation of Mobile Crane Motion Speeds

In crisp logic, a proposition can be right or wrong, while a proposition can be both true and
false at the same time. A fuzzy system is able to convert linguistferpnces to numerical
equivalents, which is applied in many scientific cont¢k1g. Moreover, expert opinions to solve
a problem are usually expressed in the form of linguistic variahlegs, (é¢ery Low or Moderate)
in modellingand solving some issues. The single mathematical approach cannot cover these

matterq[41] [42]].

Fuzzy logic is a patterning method that empowers dealing with the calculatiors tha
imprecise rather than accuraféd], [20]]. To transit between gradual sets in a specific variable,
fuzzy logic uses membership functions besidehen rules to make a model that can exchange
inaccurate and uncertain information to certain and precise valdaszy set includselements
that have membership degrees (DOMs) so that a membership function specifies the membership
degrees of eacHamment of set between 0 and44]. The most wetknown fuzzy funtions are

triangular and trapezoidal forn5]. Fuzzy rulebased systems haf@ur stepg46]:

1 Stepl: fuzzification of input varialde
1 Step2: determining the fuzzy functions of input and output variables,
1 Step3: identifying and applying fuzzy inference system (FIS)

1 Step 4: defuzzification

Mamdani and Sugenare the most weknown inference systems due to fuzzy rule
implications. Mamdani inference system is a thdmmged system. To apply linguistic inference,
Mamdani FIS is the best choice. However, Sogeno is utilized for mathematical analysis and linear
systems.[47]. The implication of fuzzy logic to convert the linguistic criteria into algebraic
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measurements facilitate optimize a gdalad et al[20] have proposed fuzzy logic approach to
select proper crane type, as a highly acceptable metho@nstraction projects. since some
parameters in crar@ycle time andnfluential factors arequalitative a subjective implicit cannot
be directly combined intthe classical decisiemaking process. In this regard, Fuzzy logic has

key factors that make well-suited to estimate crane cycle time as following:

i.  Manipulating several input factors to identify their impact on outputs as motions
i. I nferencing data due to expertds opinion
iji. Convert |inguistic data (i .e. , esokgffiecacy) sd6 op

into numeric data to use perceptible mathematical calculation.

Due to these benefits, since motionso6é ti me:
estimating a proper cycle time needs calculation of crane motions time. However, the
aforementioned literature does not support enough information to calculate the crane cycle time,
especially from pickup to the drogoff point in heavy construction projects, duethe following

challenges:

i. None of the reviewed research has investigated the integrated and classified
influential factors on mobile crane motions.

ii.  Some researchers have studied to find correlation among influential factors and crane
motions; however, not onlgrethe influentialfactors are not fully recognized to be
classified but altrane motionsire not investigated (e.g., rotation of hook time).

iii.  Previous research has investigated the influential factors as single fixed values, not

range of efficacy.

In order to overcome thenitations related to previous studies, cycle time estimation of the
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mobile crane in moduldrased heawndustrial construction projects necessitates a-meliched

method satisfying the following features:

Recognize all motions that influence the crapgectime between pickp and drop

off point

Enable to classify influential factors on crane cycle time separately, then inference
their weight impact on crane motions

Making influential factors function so that measurement of factors efficacy is
possible

Calculate every single motion time and speed, taking into accoumfthential
factors

An efficient methodcompatible withdifferent crane types in heavy industrial

projects facilitatesmakingoj ect participant
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Chapter 3: ProposedMethodology
The proposed methodology illustratedfig. 2 depicts the process flot mobile crane

operation cycle timen modulasbased heavy industrial projects.

Main Process

Input Input
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Fig. 2. The proposed methodology of mobile crane cyiohe estimation

Core informationi data collection
The required input data includegghtprincipal categories, which consist of:

I.  Module information, including weight, width, lengttihe height of the module, and set

location of the module on the jobsite

ii.  Crane information, such as the maximum speeds of each of the various crane motions,

including slewing speed, hoist up/down winckeag, boom up/down winch speed, boom
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length, lifting capacity chartrane wind capacitygnd crane geometry information
iii.  Specific user demands such as allowable safety factors (SFs), wind speed, and clearance

iv.  Threedimensional D) visualization data (i.e.working radius, lifting anglesmotion
sequencesn accordance with the 3D visualizatiohcrane lifts. Data extracted from 3D
visualizationshowsmotions sequensen operation and the measurement of the load

changing positiofn every motion horizosilly and/or vertically

v. SFsinformation (i.e., crafegross capacity (GCGindtotal weight ( ) of the lifted

loadaccording to thetudy that has been conducted by Han et al., 2017

vi.  Clearance information (i.e., the distances of crane configuratnd lifteda load from
obstacles during an operatiah)e to thalata collection fron8D visualizatiorof operation

for aminimum distance of lifted with existing obstacle

vii.  Weather information, which for this study principally refers to wieldted faabrs: (i.e,
average wind speedy( , wind gust spee@w ), and calculatiora couple of wind
parameters by considering module and crane specifications, and standards (i.e.,
W , 0 )

viii.  Survey information (i.eidentification of mobile crane motiorsdmotionsgradual sets

with district boundariegheinfluential factors in mobile crane motions spsedth factors

gradual setand theirangesand ifthen rules identificatior)s

Engineers and practitioners try to plane a lift in congested sites so that the crane does not
need to process the operatioynpicking and walkng with load (CPW). This helps mitigate the

risk and complexity associated with the CPW operations and prevents avoidable sdmogt
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operationg[6]. In addition, studies show that the absolute majoritycrahe lift operations in
modular projects are planned to be done with crane fixed position (CFP). For example, records
from major projects in Alberta, Cangdanstructed by PCL Inc., 51 lifts out of 1561 lifts need

the CPW method of operatignwhich accaints for 3.3% of all lifts. Thus, CFPs are dominant
operations in congested si{@}. Therefore, this researchdases on CFP operationss a result,

factors associated with CPW operations are not considérextefore any preparation time,
including installing the rigging system and the time required to disconnect the rigging system after

positioning the load, isot included in data analysis duethe study scope

Mobile cranes are equipped with specific features that enable them to perform their
movements along different directional planes: horizontally, vertically, and rotatiojdd]y
Researchers have indicated tbnes complete themnanoeuvredy utilizing different motions
much likeas robots functiofB]. Any acti on made by a mobirhee cr an:t
To improve the accuracy of an estimation of mobile crane cycle time and the rapid reaction of
schedule changes, it is essential to determine the duration for each motion. Finally, by adding the
time for each motion (actual timé&Y ) with the penalty time (time used between switching

motions (Y )), the total time"(Y ) of each crane operation can be determined.

Notably, severalfactors can impact the speeds of mobile crane motions during a lifting
processThis study useeesults from Han (2017)vhich evaluates path planning of mobile cranes
by considering a 3D visualizati@mulationto achieve optimum crane set location and reaching
acceptable SF and clearance in lifting operatidris studyalsou s e s H a nad mputsdata v e y
to recognize thenfluential factors on mobile crane motion speeds and identify mobile crane

motions. The survey determines numerous factors which affect mobile crane motions. These
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factors are listed as follawv

Vi.

Vii.

viii.

Xi.

SF, which pertains to identifying various ranges of SFs based on compared

GC
Weather, which for this study, only refers to the impact of wim@rane motions

Clearance, which identifies the minimum distance between existing obstacles and

crane configuration during crane operation

Crane configuration, for instance; sulifir(SL) counterweight time which ensures

floating of the SL tray, and setup time to change SL counterweight between lifts

Weight of the load: the heavier the load, theenoist line is requiredvhich

affects the hoist speed

Site condition: for instance, crane operating in live unit vs gfietas'brown-field

environment

Rigging changes between lifts: rigging system may need adjustments to connect to

the module
Rigging cetachment after installation if the load is set at the high elevation
Crane reconfiguration between lifts

Ground allowable pressure: crane boom orientation or crane working radius may
cause high pressure below crawler, crane relocation may need crarieteanp

partial disassembly depending on the ground bearing pressure (GBP)

Project sits safety policies such as lifting plan review and approval procedure
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Xii.

Xiii.

Xiv.

XV.

Incorrect engineering data suchaaserror in centre of gravity (COG) location
Number of cranes irolved in a lift

Crane manufacturer restrictions: for instance, slewing and walking at the same time

may beforbidden if SL counterweight is mounted

Boom deicing and prework inspection during winter when cranes are winterized.

Finally, due to the limitegcope of this study and factedirect impact on the crane

motion times, three are selectge., SF, wind, clearanc&) be studiedThe survey resutalso

show thenumerousengaged motions in mobile crane operatishich are listed as follosy

Vi.

Vil.

viii.

Slewing movement (i.e., angular movement of crane boom in a horizontal plane in

revolutions per minute (RPM))
Hoist up movement (i.e., load vertical upward movement in a straight line in meter)

Hoist down movements (i.e., load vertical downward movement iraiglst line in

meter)

Boom up (i.e., the angular movement of boom by decreasing the working radius)
Boom down (i.e., the angular movement of boom by increasing the working radius)
Rotation of load by crane hook aroundXis

Number of motion changes

Walking.

Exceptwalking, which is not included due to thienited scope of this study, all other

factors are considered estimatingof thetotal time of mobile crane operatioim this junction, it
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should be noted thatis study isa continuation thestudy conducteth 2017by Han et a[2]
regarding th&D evaluatiorof mobile crane operati@nTherefore, inerms of SFand clearance

Han et al. (2017)esultsare used.

For this study, all data aentered, saved, compiled, and updated into Microsoft Eandl
for data processinglATLAB programming isused. To do so, a program is written in MATLAB
that receipts information from Excel and processes themodesigned functions and Inferencing
systemin MATLAB -Fuzzy to provide motions speed estimatmm in case of hook rotation, its
time estimationVarious outcome information from this phése nc | u d i n gelocatiorisi on s 6

distancs, mot i ony 6 ,sapdehe dysle time of operationy¥( )o are added to the

database, updated, and presented into Microsoft Excel. To achieve toalabegical objective

for esimatingmo bi | e craneds <cycle ti me, the first S

variables on the cranedés motions and then mea

To calculate’Y of the mobile crane motions,fact s t hat can affect t
must be considered. In order to doasw to reiterate, the results osarveyby Han (2017)re
used in whichthe participants are asked to define the crane motions and acceptable ranges of
motion speeds of mobile cranes working on congested Sitey. are also asked to identify the
factorsaffecting mobile crane motions and their speed rarigeghis researclgl informationto
determinesafe and responsive lift operations in terms of SFs, mobile crane capacity, and path
clearance&oncening being collisionfree is obtained from prior literature repgeascording to Lei
et al[9] and Han et a[2]. For accurate wind analysis that demonstrates the allowable wind speeds
on the payload, factors pertaining to the mass and dimensions of tharnodkde wind impact

changes regarding the height of the load, are assessed.
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Moreoverre ach f act or 6s degr ee ddevakdtethenfluengeoh e e d s
SFs, wind, and clearanc® crane motion speeds should be noted thadhe surveyparameters
are linguistic For instance, SF describes five sets: Very Heavy, Heavy, Moderate, Light, Very
Light. Any linguistic seis assigned gradual classes based on numeric category (e.g-,58%8}o
forLightseti n SF). Since the factor s, subeaivgreesscamr e t h
affect the preciseness and reliability of the results.i s st udy wuses fuzzy |
descriptors to process the information and achieve numerical veduesercome this problem
and decrease subjectivityn addition, Fuzzylogic is the only algorithm available to interpret

linguistic data into numeric values.

AFuzzy | ogic enables dealing with inaccur a

method fora gradual transition between different classes of continuous vasiableg unsharp

b o u n d [B1].iTRus, By applying this approach, input variables affinential factor (e.g., SF)

are not pertaining to onset(e.g., Heavy) However, pertaining to differemstetswith different
membership degrees. This characteristithefuzzy logicalgorithmmakes ita proper methodo

evaluate influential oinput factors by designinfunctions. Tle use of fuzzy logic guarantees a

stable transaction amoiggadual sets of input factors other wordsgue to the subjectiveness of

input variables and their impact on the precision and consistency of outpufudataogic

implemens distinctfactorsclassifications for the input daj43].

Moreover,the Fuzzy lgyic tool helps overcome the impact of data inaccuracy on motion
speeds by empowering gradual transitions among adjacent sets of continuous @lidbkes
heuristic method is utilized to expand tfreembership functionMF of outputs; additionally,

applyingh tfheno rul es helps clarify the relationsh
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sets of variables meet where their MF value is 0.50. ©h# pf intersection shows a border angel
where changes among sets ocpl8]. Additionally, the total value of set memberships at the

highest value cannot excee4®].

Two main features of the fuzzy logica s ed approach are used to

speeds:

i.  Classiing the influential input as variables (i.eF,&learance, and wind speed) in

separate configurations, indicating each

ii.  Applying fuzzy inferencing system (FIS), which interpitéis relation of outputs and

inputs vaiables using an expert opinion system.

Assesghe cycle time of mobile crane operations in modbksed industrial construction
settings based on the input informatidhis centralprocess of cycle time estimation includies

procedures described semtially:

i.  Model initiation to build SF (i.e. ratio of ® to GC)and clearance functigrin

fuzzy logic supported bgurvey sets and previous studies

ii.  Lift analysisis conducted to identify the impact of wipdrametersn the lifted load.
Notably, wind velocity impactsbjectsaccording tatheir weight, dimensions and

shape

iii.  Development of wind functionwhich amongsix elements associated with the
weather (i.e., temperature, atmospheric pressure, humidity, precipitation, cloud cover,
and wind),this study targets the influence of wind for its direct impact on the crane

motion speed as an essential variabletoestimat he mobi | e [}, anes
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[3]]. In this respect, the Beaufmtandard ofvind scale along with survey sedse

used to construct wind function afuzzy logic algorithm

Model expansioris conductedo build up crane motiospeeds function deeoutput
of fuzzy logic model by consideringthen rules and selecting proper fuzzy inference

system (FIS)

Time computationis used to obtain results from data processing developed by fuzzy
l ogic (e. g. coupledwith®Dsmad& ws@ée a@ad g @elocaton , mot i

andmoti onsd® sequences) to achieve the mot
This framework results in the following output:

i. Cycle time estimation of mobile crane operation in modukased
construction projectsn CFP opeations fom lifting moment to positioning

theload

i. A motionsd speeds dad ambtrieonsdmaspeesds

determine preciserane speeds during operations.

ii.  Presentation of the information numerically to communicate faster and with
greater precision among stakeholders and project participants; this output

data is vital for operational decisionaking.

iv. Develop a flexible platform that can coatdingfuture influential factors in
crane operating cycle time calculation through expandiegjgned fuzzy

system
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3.1 Model Initiation

Studies often describe crane motions by considering a limited or single number of affective
variables such as safety factors or collisitge pathg[2], [3], [29], [30], [32], [33]]. However, in
practice, numerous variables (e.g., weather condjtzab ergonoms; operator experience, field
of vision, and ground conditighinfuenceac r ane6s moti on speeedimand cor
To evaluate numerous variables, this study investigates essential factors and their impact on a
cranedbds moti on s p e @draiterdigthis gtady ik limided m gcope assitwomiyv e y
includes CFP operationéccording to the surveysF is one of the concrete variables affecting a
cranes6 motions. Therefore, for any defined |
consider the influence of SF, which is defined as the percentage of total végight ( over the

gross capacity of the crane as presented if{B@nd Eq(2) [2].

00 W W W W W W (1)
Where:
1 5 is lifted or object weight
T is hookweight.
T is weight of sling.
TS is weight of spreader bar.
T is weight of hoist ropes.
YO QOHX®D O | ——— p TN 2
Oo
Where:

1  fis crane gross capacity.
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Han et al. (2017) documented the linear correlation between SFs ranges and motion speeds

(i.e., slewing, hoisting up/down, and boom up/down) in mobile cri@jes

The resulting findings confirm that the SFs may change during the lifting pri@je3$is

change happens for different reasons, including the following three:

i. A change in the boom angle leads to a change in the load radius,er i ng a <cr

gross capacitj?]

ii. A change in wind direction or wind intensity during load movement; as research

shows,wind direction and velocity influence to change the boom anfg§s

iii.  Slewing motion changethe quadrant of operation (e.g., sideont, or back
operation) defined in the crane capacity chart provided by the manufacturer;

consequently, it alters a craneds | oad c

Among mentioned factothatchanges SF values during operation, load radius changes are
the only factor considedin this study because of mrimation limitation for two other factorBor
this research, the results achiebgtHan et al. (20172] are used for evaluating SISF changes
due toadjustmerg in working radiusduring an operationyhich alter a cran@ gross capacity
(GC).Acceptable SFs are selected from among thec&fded inthe module lifting operationas
shown inFig. 3. Higher SF<ontributeto lower motion speeslIin addition applying multiple SFs
complicates the use of motion speed values in the calculation such that dupgration
numerous speeds are created. Therefore, in practice, there is a possibleimereasel herefore

themaximum SHs selectecandappliedto thefuzzy functionto generate the safest operation
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Module Tracking . . . Safety . . . . Speed
D D Weight Radius Capacity Factor Motion LiftAngle LiftHeight (°.m/min)
1 1 26799.0  96.952 491600 5.45 Riggdownwitfe-stnede — 0800 — — — £0.072 — — 4 237809
1 1 337065.0 151.214 255700 13182 | Riggupwithldl 1 28.651
1 1 337065.0 148367 286600 | 117.60 | Superstructurt Unacceptable SFs I 32,651
1 1 337065.0 96.952 491600 G836 | Riggupwithlde = = = = o= = = = mvov— = =! 128342
1 1 337065.0 93.952 491600 68.56 SuperstructureRotat. -166.140  0.000 82.086
1 1 337065.0 93.947 491600 6856 | Cranewalkingwithload — 99.718 0.000 82.086
1 1 337065.0 93907 491600 68.56 | undefined 59.019 0.000 82.086
1 1 337065.0 93.907 491600 68.56 | undefined 0.000 0322 128.342
1 1 337065.0 93.947 491600 68.56 | undefined 40.699 5000 82.086
1 1 3370650 93.947 491600 68.56 | SuperstrubturcRotat, O e Tud8Ze e 9000 e e 82096
1 1 337065.0 93.947 491600 68.56 | undefined ] ke
1 1 337065.0 93.947 491600 68.56 undcfmcd_' - - Acceptable SFs < 85% kar
1 1 3370650 78.485 568800 5926 | BoomRotationwithload k7
1 1 337065.0 78485 568800 5926 | AdjustRiggwithload ! _ k7
1 1 337065.0 78.485 568800 59.26 | Riggdownwithload 0.000 25.158 143.000
1 1 26799.0 78485 568800 471 Riggupwithoutload 0.000 -25.158 228975

Fig. 3. SFscalculaton of a module operatiof2]

According to the surveyinguistic sets of safety fact®adjusted to the ranges of the sets in

percentagarelisted inTablel.

Tablel. Safety factosets and ranges in percetatken fronthe suney

Very Light Light Moderate Heavy Very Heavy
SF R
X O 440 < X 55 < X 70 < X 85<X
(Percentage)
Five SFsetsbegi nning with | ess than 40% for

H e a vnglicatesdue tothe survey In making the function of SFs in the fuzzy logibe fuzzy
logic regulations are implementdd.fuzzifying SF, buildinga fuzzy function is neestl. Among
different shapes of fuzzy functions (e.g., triangular, trapezoidal, and gaussiagiilar form of
function is selectedBy running a verification process, itfsundthat changsin input variables
(i.e., effective factor in crane motionpsalues in triangular functioncontributemore sensitivity
resultsin outputvariables(i.e., crane motiondeadingto more accurate result§.o build-up the
function calculatinghe survey ranges mean vaug.e., the most probable value in a set) and

assigning the maximum degree of membership function (DOM) 1)és done. This calculated
30
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value is located ad¢ vertex othetriangular form othesupposed functiaTo continue building

the function, esults from prior studies help determarethe deterministic point in the function
whichisi Ver y Beta®yg 0s wi,rnealhing thag SFp are nmainly set to be less than 85
90%[2]. The research also recommends tbhtmanager®r crane engineershould be present

on the jobsite for any lifting operation in which the SF values are greater than 90%. Therefore,
requiring the crane engineer to monitor operationthiat plus90% level guarantees that all
participants accept 90% and higher values as absolute valde¥fyHeavyo lifting. Therefore,

in making membership function (MF), rdadhieg vy He a
90% as shown iffrig. 4. Knowi Viegr yt hHaeta vfigits MB & bne wheraSFtis 90%

means that precede set is getting zero value at this peintd@ %)according to the fuzzy logic

rules [49]. This point(90) is the upper limit ofthei H e a v ywhichsite DPOM is zero. To
determinethe slope f t h e 0 tHeaaeragevalse oftthe skte to survey rangge., (70,

85]) is calculated (i.e., 77.50his point(77.5)al so shows wher e lowehlenitAVery

reaclesDOM of zero[49].

Moreover, to build a fuzzy linear modeljery twoneighbouringuzzy setsieed tantersect
at the point thathe border angle haa (DOM) of 0.5 This represerg an equal membership

function in both setf31]. By following this logiga | | set sdeteimmedct i on i s
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Safety factor

Set ID Range Mean Value Lower limit  Upper limit
Very Light X < 40% 20 0 475
Light 40<X <55 47.5 20 62.5
Moderate 55<X<70 62.5 47.5 77.5

Heavy 70 <X <85 62.5 [ 90 |
Very Heavy 85 <X 00

*According to the research

Very light ez Very Heavy
100
°
€ 075
2
o
= 0.50
4
v
2 i
£ 025
2
Percentage
0.00 - 10 20 25 30 0 50 60 70 ~% \g/ 10 '

475 62.5 775 925
Safety Factor

Fig. 4. MF of safety factor

3.1.1 Clearance Function

Having a clear path devoid of any potential obstacles is essential for accomplishing crane
operations. Clearance, which refers to the mi
lifted load from obstacles during an operation, istri c a | i n asseds$iTheg mot i
greater theclearance valuethe faster the m@ment. In the planning stages of the projects,
clearance can be recognized by @Bualization of operatiofi2]. Clearance is a crisp value.
However, to evaluate the input factors, building their functiothafuzzy logic algorithmis
neededTo do soby using the survey sets and ranggsper and lower limits of all sets and all
values in between géig DOM of 1 as presented iRig. 5. Table2. providesclearancesets and

ranges f roonng efisMeerdy0 @ o fAiVery Cl ear o.
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Table2. Clearancesets and ranges, taken from survey

. - Very
Linguistic range Congested Congested Moderate Clear Very Clear
Unit Meter Meter Meter Meter Meter
. 0.15< X ,03< X d 09< X
| <
Clearance X 00.15 03 ; 0.9 I 3.05 3.05< X
R |
Very T/ — —/
Congested
. ('ongcsti —M"Lerate— Clear Very Clear
£ |
<3 [
E § [\ Distanc4 from obstacle (Meter)
015 05 o o o w90 ) 3.05 3.35
0.07 0.50 1.00 1.50 2,00 2.50 3.00
0.22 0.60 1.97

C L EARANCE
Fig. 5. Fuzzification of clearance classes

All influential factor functions need to be built in fuzipgic to process the fuzzy logic system
However,wind paraments and the way their effeaised in crane motions need to be identified.
To do so, a lift analysis is conducted as follows:

3.2 Lift Analysis
Calculating a mobile craneds cycle ti me

construction can be done if the satisfaction of tHéwvieng criteria in terms of safety and

efficiencyis met
I.  Safety factor confirmation
ii.  Crane capacity assessment
iii.  Satisfaction of clearance

iv.  Wind assessment confirmation
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To have a complete lift analysis, diffetemind parametersvithin the crane realm need to

be identified:

A Tro »»gWhich is he average wind speed at tieght of 10 meters abow@eground

A 4+ .4 = |which istheaverage wingpeedspecified for the load values in the load chart

A T 4 «wWhich isthe effect of wind speed based @nloadd sveight, shapeand dimensions

according to thé&q. (3)

A g . which isthecheckpoint that if wind speed excediJshe operatioiis canceled|t is

the minimum value ofo andw
A which iswind gust speed at thip of crane bom [50].

In order to better understand the process of applying the identifretiparameters tthe

mobile crangFig. 6 illustrates the flowchart of steps that netxlbe taken.
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Estimate VZ Due to operation height

A 4

Estimate Ap = Max Height x Max Length

Change Module or time
of operation

A
Estimate or calculate Cw

No
Read the wind speed given in Calculate the max allowable wind
4 max-TAB > Vz the capacity chart speed
2
(V Max-TaB) . 127 xm,
Vmax = Max-TAB X |[———
AP
Yes Yes
No

z £ min {Vmax, Vmax-TAB}

Plan the lift with wind speed of Vz ‘

Fig. 6. Flowchart to determine the allowable wind speed

The present study asseswvind speed and its effect anotionsas a factor in lift analysis;
other factors (i.e., SFs, and collisiree paths) were already evaluated in the previous studies in

detail[[2], [51]]. The cranavind assessment rmainly performed in two steps:

i.  Calculating the maximum permissible wind speed for the selected crane.
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ii.  Measuring the maximum wind speeds at the highest boonthtgughout an

operation.

Computing the maximum allowable wind capacity is carried out to determine whether the
wind capacity setting obtained from the wind capacity cbéarthe cranewould meet given
constraintg50]. Manufacturer typically provides th&ind capacity of a given crargasedon
different parameters (e.g., boom lengthad standardg50]. It indicates all permitted wind
related capacitiesany wind blows during operatioshould be less or equal to the maximum
permissible wind.The calculation of wind speed, taking to account the weight, dimensions of the
load, the heighait which the operation is performed and t he c¢cranebés wind

Eq.(3) [50].

pg— «
0 A M —9 &

Where:

1 Awis the surface area exposed to the wind)(according to the modulaformation

T O5is thew , iIncluding rigging system weight, hook block weight, lifted weight,

and ropes weigldccording to the project database.

To calculateAw, the value ofdo must be determined, which indicates the maximum

projected surface area tife module tothe wind.Fig. 7 illustrates the maximum projected area

and drag coefficient different shapes. E@4) introduces the formula for calculatirdgy.

o} 0 0 4
Where:
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1 Apis the maximum projecteslrface area

1 Cwis the coefficient of resistance, which is defined according to the lifted object
shapess shown irFig. 7. The minimum value ob & Gandw is considered
as the checkpoint that no wind speed should exceed that during operation. It is

calculated due t&q. (5):

W 0 Qétw hoo

a
PRA pe 5)
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1m v A,=8m?

Drag coefficient

Type of body Cw
- @ 1.05
Cube D
0.8
-
—0.42
Solid hemisphere ‘ID e
«1.
Hollow 038
hemisphere ‘[[D 142
Thin disk - [I:D I
Circular disk - ()ID ZU.T‘Re
24.0/Re
Sphere - ‘{D 0.45
0.2
Streamlined body -‘ﬁ 0.04

Factors for available wind speed
determined over a period of 10

minutes at a height of 10 m

Fig. 7. Maximum surface argaresentationCw, and height adjustmewbefficient

Factors for available wind gust
speed determined at a height of 10 m

It should be noted that any wind speed associated with crane operations should pertain to

wind gusts. Although cranes are equipped with an anemometer to measure the wind force flow,

before any operation, the local wind rmeeement resources should be carefully evaluated for the

following reason$50]:

i. A craneos

anemomet er

measur es

moment ary

operation, the wind speed should be considered throughout the operation.
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i. A craneos anemomet er shoul d not be cons

potential technical issues.

.1t i's essenti al t o c @mp awi en withhetee teadla n e 6 s

measirement resources to avoid unwanted errors.

Wind speeds are typically measured at the height of ten meters above the ground. Two steps

must be taken to achieve a correct and reliable wind speed.
i.  Calculate the maximum height of operation from ground level.

ii. Calculate actual wind gustspeedsue t o operationod6s heigh

gust table.

When heavy lifting is required, wind force at the boom tip shoultbbsidereds effective
wind speedFig. 7 illustrates 3second wind gusts and théieight coeficienfor calculating the
(W) at the cranesd boom tip. Il n practice, wind
resources or alid online websites such agww.windfinder.com Lift analysis considers the
module and crane information so that project personnel can better identify when wind errors occur.
When the (o) or anticipated wind elocity levels exceed the acceptable value, three safer

alternatives should be considered:

i.  Change the time of operation so that the minimunof andw is higher

thanw .
il.  Select different modules that can be lifted witheResting wind speeds.
iii.  Chang crane type with the higher wind speed capacity.

Prior to processing any lift operation, a complete lift analysis needs to be done according to
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the wind evaluation to ensure a safe and reliable operation.

3.3 Development ofWind Function

Thew nd has the most signi fi[t]doreiteratenthiastudy on a
is designed to assess cane operation Wenthelifting work commences to the moment of load
discharging. The survey indicates the wegtsandwind speed ranges of any seButcomes

organize the wind spee(w/s)into five graduakets as shown imable3.

Table3. Wind se$ and their ranges, taken frahesurvey

Linguistic range | Very Weak  Weak Moderate Strong Very Strong
Unit m/s m/s m/s m/s m/s
Wind Speed X O 16 < X 8 < X 10 < X 14<X

Any crane must cease operation when the wind speed exceeds a maximum defined value
associated with a couple of factors (i-site. , t h
regulations, and safety issu&®], [52]). Two types of wind areecordedand registered in local
wind logs: @ andw . Indeed, researchers have stressed the importance of mondoring
during crane operations since it can either decrease crane motion speeds or, in severe cases, stop
all operationg52]. As a resultw is consideredhs a wind parameter pointed out in designed

functions for windduringanoperation as effective wind.

Moreover,Beaufort wind force scales are globally used to classify wind speeds based on
visual estimation of the windBeauforthas13 scales (i.e., calm winsicale which is wind speed
range 00.2 m/s to hurricane windscale which is wind seed over 32.6 m/sThe maximum
acceptable wind speed in the crane redlim to the survey rangedasver than the upper threshold

of the Beauforscale 7Survey windspeedsets are adjusted withind speeds from scale O to scale
40



7 of BeaufortThel V eWey a k ccorrespdnds tthewind scale of O to 3 ithe Beaufort scale.

The rest othesurvey sets correspond a scale from 4, t@Spectivelyas illustrates irfrig. 8.

. . . .
Survey classification Beaufort Scale
B‘:;: Class Characteristics and impacts e oy mileh
0 Calm No wind, smoke billowing upright 0-0.2 1 1
. . The direction of the wind is visible in the
L Light Air . direction of smoke, there is no breeze 0315 . 15 13
v k 2 Lightbreeze I;’:"‘;”i:i;?; on the face; the leaves 16-33 6-11 47
ery wea ‘
v 3 Gentle wind The leaves and twigs continue to sway 34-54 12-19 8-12
Weak ‘ 4 Moderate wind Dust and paper blowing, twigs and small 5579 20-28 13-18
d branches sway
Moderate -
: 5  Freshbreeze ool Uoos WAk whieloaminthesea 545907 | 2938 1924
Strong ‘ :
] The big branches swayed, the sound
V' ) ; : 6 Strongwind of the slectric wire ) 10.8-13.8 39-49 2531
ery strong 7 High wind The whole tree rocked 13.9-17.1 50-61 32-38

Maximum acceptable range of wind 8 G against the wind are quite heavy 72207 6274 3946
9 Severe gale The roof of the house is blown and 20.8-24.4 75-88 47-54
thrown
10 Strongstorm |rees are uprooted, houses are 245284  89-102 5563
severely damaged
11 Violent storm  Storm damage large areas 285-326 103117 64-72
12 fo‘r'g':a“e Big trees uprooted, houses collapsed >326 >117 >72

Fig. 8. Beaufort wind scale and corresponding sursets

Wind speeds are highly variable and change dramatically over a short period of time.
Therefore, asessing wind speeds because of the fluctuating nature of wind is complex
overcome this limitatiorand process the safest operation, the high&salue during an operation
is applied inthe designed fuzzy functionin modularbased heavy construction, cranes are
routinely required to deal with largezed modules in terms of dimensions and weights. Thus,
based on the calculation of effective wind formulas on lifted loads, any changes in wind speed
would have a considable impact on crane loafs0]. Therefore the selected function needs to
reflect the sensitivity of crane speeds toward wind speed changes. As ainethlt study,
different function formsthe triangulaform is selected to construct the wind functions in fuzzy

logic. To verify the preci®n of thetriangular form of functiorwhile building the wind function,
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averification processs conductedo test the #ects of two types of functios (seeFig. 9). The
triangular form of function leads to gradual changes in the motion sdaecsntrast, with the
trapezoidal wind function, the DOMs is accorded unchanged value while wind speeds imcrease

part of wind different setso that even though wind speedsaeeohgi ng, changes i

n

speeds (e.g., slewing) shifts only slightly or remains steady. In actuality, however, any change in

wind speeds has the potential to change crane motions significantly.

Membership Function

6 . 7 g 9
54 59 : 7.9 84
W I'ND 8 P EE D (ns)

5

0 . -‘.‘i . Tb 15 0 5 10 18
-+ Wind speed (m/s) S ... .- Wind speed (m/s)

Fig. 9. Impact of the two DMs presentation on output

For example, DOMs of wind speeds ranging from 6 (m/s) to 8 (m/s) are assigned a value of

1, which means that within this range, all winds would be considabsbluteii We a k 0 ;
accordingly, its impact on output motions remainsdame. In contrast, the sensitivity of crane
motions6 speeds in relation to wind speeds
(m/s) of wind speeds. As shownHig. 9, data simulation indicates that motion changes (e.g., time
of rotation of load) resulted from trapezoidal MFs of wind are stair shape ettalegesn crane

motions are continuoysot stair changes.

To build-up wind function, theverage value of the scale 3 (i.e., the upper Beaufort scale in

the set of 0, 1, 2, and,3yhich is 4.4 (m/s)is identified as the point at which any preceding values
42
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are assumed t oFomtlee othey setdhye meah waledf.sets correspondintp
Beaufort scale ranges are calculated and selecteskign an MF of As shown inFig. 10 (e.g.,

9.35, which is the mean of 8 and 10.70 in the scale five on th&@eaorrespondé Mderaté

in thesurvey). Since thevertex of the triangle that makes any set function gets the value of 1, two
adjacent sets get the value of zero at this pmobrding to the fuzzy logic regulation to budd

linearfunction.This process continues to build all wind s&tenction as illustrates irFig. 10.

Wind Set ID | Set Ranges Set Ranges Mean Value Lower Limit = Upper limit
Scale source | Beaufort Survey (m/s) | |Beaufort Beaufort Beaufort
(m/s)
Very Weak 3.40-5.40 X<o6 4.40 0.00 6.70
Weak 5.50-7.90 <X<8 6.70 4.40 9.35
Moderate 8.00 —10.70 <X<10 9.35 6.70 12.30
Strong 10.80 — 13.80 0<X<l14 12.30 9.35 15.50
Very Strong | 13.90 —17.10 14<X 15.50 12.30 unlimited
3 X <6 (mis) 6 <X <8 (m/s) 8<X<10 (mfs) 14<X (mfs) -
:
&
Scale 0 Scale | Scale 2 Scale } Scale 6 Scale 7
: Verv Weak Strong Very Strong
= F
Tog 10 : '
2 £
i g osof
£ 2 060
i =
g 7
; 0.40 NI R I IEE TR EEE IE E IR Cr D ey J b I PIPUNII PR P A § 1) AP T R
2
g 0.
00 Wind Speed (meter per second)
1 2 3 4 5 6 \"f{ § 9 10 11 12 13 14 15 16 17
4.40 6.70 9.33 C1230 15.50
WIND SPEED MY
Fig. 10. MF of wind speed, presentation of Beauford sealaes, and survey of corresponding

values.

3.4 Model Expansion

Three variables (i.e., SF, wind, clearance)satectedo form functions of fuzzjogic inputs.
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Maximum values of theoperationSFs maximumwind speedduring operation, and minimum
clearance Vae are pointed outo be applied in the designed functidosdetermine DOM values

of any.To complete the model in fuzzy logic, output functions which are motion speeds and time
of rotation of loagdneed to balesignedFig. 11 illustrates the steps to be takernthe process of
estimating the cycle timén the fuzzy section, before inferencing systterminationbuilding

output functions and rule identifications are needed.

v

| Calculate cycle times of _@
g operation

i B y-——-—--- 1
TPT 1
| v Building output |,
! Building input functions :
I functions I
L 11 1
I \ 4 o I
! 1l : : : !
| Extract 3D visualization |1 1 ¥ | Rule identification |
] simulations information : : b FIS I
1 o 1
1 L 1
I i I I
I i I
' \ 4 1 !
: 11 :
I Computation of total X | v A 4 |
: motions distances X : Compute motions speed. Compute rotation :
: 11 Slewing, Hoist speeds, of load time :
! ' Boom speed |
| : I [ |
] - L 1
Lyl Identify motion ! ‘L !
! sequences 1 ) . I
| I .| Calculate total time of motions: |,
T » — T
! + ! T=D/V |
I Compute penalty . |
: times ! ]
! 1
}
1
1

Fig. 11. Flowchart of steps to calculate the cycle time
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Table4. District boundaries of crane motions

Motion Sets (Linguistic Values)
Very Fast Moderate Slow Very Slow
Fast
Slewing Angles o400 6006-70%  409%60% 20%40%  <20%
(% of rpm)
Boom up
(%oofmimin 59004  60%-90% 40%60% 10%40%  <10%
Winch speed)
g Boom down
= (%oofmimin 59004  60%-90% 40%60% 10%40%  <10%
% Winch speed)
S
©) Hoist up
(%oofmimin 59004  60%-90% 40%60% 10%40%  <10%
Winch speed)
Hoist Down
(%oofmimin 59005  60%-90% 40%60% 10%40%  <10%
Winch speed)
Rotation of load 14 <
(Min) < 4 4 < X 8 < X 20 20 <

All motion speeddollow the speedvelocity profile, involving the determination of (1)

acceleration, (2) maximum velocity, (3) deceleratias shown inFig. 12 [53]. All cranes are

equipped with an anrwing system to control their movement to avoid oscillatiothe lifted

load, particularly at the start or stop point of the motion to overcome iftetfidt does not matter

how fast an operator presses the lever or joystick; the motion control system appliessranti

system to achieve

t he
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contintes at a stable spef8B]. With some joysticks, the operator can setifterentspeeds using
a gearing method, enabling the operator to select and jump from speed t Bjogedt or lower.
For this study, to avoid the complexity effect of acceleration and deceleration, the motion speeds

are deemed stabl e; tihtakenintommduntons 6 average spe

10°/m 50 °/m 10 °/m

Constant Velocity

Velacity

&
§
.:’!'
&
&
&
ha

- Time

Average Speed Diagram

Fig. 12. Speed velocity profile [14]

To build upsix motion functions (i.e., boom up/down, slewing, hoist up/down, time of
rotation of load) in fuzzy logic, survey ranges are usddch illustrate inTable4. The survey
determines linguistic sets and their correspondent ranges. The motions in cranes are usually
achieved using levers or joysticks. In some cranes, motions can also be accomplished by manually
entering the desired numerical spe€lsis practiceimplies that even though motions change
gradually However they follow thetrapezoidaform of the speed velocity profileFor example,
five first and last seconds of any motion operattbecrane is increasand decresethe motion
speed respectivelyhowever, for the rest of the tima motion operation the speedemains
steadily aits highest acceptable speed. According to this argunrepart of any set of a motion,
the set6 DOM is 1 therefore,the DOM of 1 happes at more thanone point As aresult, the
function form for motion speeds is trapezoidgbr instance, any speed from 45 to 55 percent of
the maximunslewing speedhould be considereabsoluté'M oderat®. Forpresenting the motion

functionsof sexmotions, the same logic would bepdipd. For all six motions in mobile cranes,
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five sets are determinetb representa specific speed range according to the percentage of
maximum speed. It should be noted that the manufacturers of mobile canes determine the
maximum speed for any motion (e.g., 0.7 (round per minute) RPM for slewing angle). For instance,
for 40% to 60% fo moderate ranges of slewing, it is calculated that the slewing speed ranges are
0.28 RPM to 0.42 RPM if the maximum manufacturer speed is 0.7 RPM. In other words, slewing

movement speed can range from 100.8° to 151.2° per minute.

Fig. 13 illustratesthe final designed form adutput functionswhich is trapezoidal for all
motions. These functions are usedhe fuzzy logic system to decide the behaviour of motion

speed toward input variables.
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X <20% 10% < X < 40% 40% < X < 60% 60% < X < 70% X <70%
& Very slow slow Moderate Fast Very Fast
= o
&
=
e
=
=g
= o
@
]
=]
=
- o
S
=]
S 10 15 20 30 35 40 45 50 55 60 65 70 80 85 90 95 100
Hoist up/down — Boom up/down Percentage of speed
X<4 4<X<8 §<X<14 14<X < 20 20< X
,; 2 Very Fast Fast Moderate Slow Very Slow
= \
1=
S
Z R
E o
= (=4
<
(=]
1 2 10 11 15 17 18 20 23
2.8 H 117'- 18.5 21.5
I*Otdtlol] Uf ]Ud(l tll]](_ (M) Time of load rotation (Minutes)
X <20% 20% < X <40% 40% <X < 60% 60% <X < 70% X < 70%
Very slow slow Moderate Fast Very Fast
= § [ ‘ | | Il |
€ o '
E * |
E = i
L !
I ! \
i \ {
|
- = ‘
-
= |
0.00 !
5 10 20 30 40 50 60 70 80 20 100
25 35 45 55 62.5 67.5
Slewmg Percentage of slewing speed

Fig. 13. Fuzzy logiebased functions of timeonsuming motions.

3.4.1 Motion Matrix

The survey identifies 125 #hen rules that show the relation among inputs and outputs for
any motion. Since there asex motions to be evaluated, 750 rules are identjfem/eing all

possiblemoods of rules that determine relasbips among inputs and outputariables For
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example,ifSF i s ,dmhd gwitwmd ,asdiSkeangowce is ACongest e

isi S| @wllustrates ifrig. 14.

Input
| Safety Factor |
Very Heavy Heavy Moderate
Input  OQutput Wind Wind Wind
Nerystong |__stong | Moderate | wea [ very Weak | vervstong [ stong | Moderate | weak [ veryweak [ vervstong | Stone | Moderate | weak | Very Weak
Slewing Angles vs | vs | ws | ws | ws vs | vs | vs | vs | v vs | ws vs s s
Boom up Vs Vs | Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs | Vs Vs
Very WM Booddown [ vs [ vs [ ws [ ws [ vs | ws [ ws [ ws [ s v [ ws [ ws v [ ws [ ws
Congestion| Hoistup Vs Vs | Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs S | S s
Hoist Down Vs - Vs Vs Vs Vs Vs 5 | s S
Rotation of load Vs Vs S S VS Vs Vs | S S
Slewing Angles Vs s o i b i o M i e i . i o e S5
_Boomup Vs — i Vs 1 [
i e If —then rules, Slewing |
Congestionfi— - 2 —
Hoistup Vs s n ]
Hoist Down Vs s 1 Slewing Motion “Wind Force (-
Rotation of load § Vs Vs S S S Vs Vs S 1 1
Slewing Angles Vs vs | s s s Vs Vs s 1 . 1
Very . Very
| Boomup v | s | 5 5 S Vs s s 1 St i Strong| Moderate | Weak W, Pk L
wof [ Bood down Vs s s s s Vs s s strong i
oderate l-————— =
Obstacles Hoistup Vs VS Vs Vs Vs Vs Vs s I o I
Hoist Down Vs vs Vs Vs Vs Vs Vs s 1 Very Congested Vs Vs Vs Vs VST
Rotation of load Vs Vs S S S Vs Vs 5 Il 1
Slewing Angles l| | - B s Vs Vs s s o Vs s 3 5 5 i
Boomup M M Vs s s . | B
Bood down VS: Very Slow M M vs s s L i
= )
Clear Hol b | £ | Moderate Vs S M M F 1
stup s: SIOW Vs Vs Vs Vs s ]
HoistDown vsows [ws [ ws T s S =
M: Moderate s s vs Vs s | Clear S S M F F 1
Slewing Angles F: Fast s S Vs S s 1 T
| soomup - Fas m M vs s ,M,,,} Very Clear s s M M F IT
Bood down M M Vs s ™M
Very Cl VF: Very F - > k -
eV Cler N Hoistup ery Fast Vs Vs vs vs S e e it g e o o e e ) e ]
Hoist Down vS LT — vs vs vs Vs s s | s Vs s [ wm T m M
Rotation of load vs ‘ vs 5 s H vs vs s s | 5 Vs H | s ™M F

Fig. 14. Presentation matrix for-then rulesllustration of slewing motion

This means that slewing should be at the range of -208%6 of the maximum speed due to
survey ranges presentexthe Table4. Since thef-then ruleoutcome area rargeof crane motion
speedwhich is a linguistic valuamining a single value is needed Hdgfuzzification of resultTo
do sotheMamdani inference systemwhich is usinghe T-norm and centroid methoi$ applied
This process is illustratad Fig. 15 andFig. 16. T-norm method is applied in which selection of
the smallest operator value of input aggregation is used to accomplish the predegzyfogic
system.In addition, the centroid method tocompute the DOMs aggregation is utilized in
defuzzification. All steps are designed and written using MATLAB programming as part of the

study completion.
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Crisp output

Boom up, Hoistup,  Hoist down, . .
< .o Slewing | winch | Boomdown, | n Time of
Scheme of fuzzy rule base system poed MRS Gy Windpeed Totion
{3/m) (m/m) (m/m) (m/m) (m/m) (m)
Zﬁ_ac:_n A@_%ﬂ”mwm”mv Clearance vz ng.a Nmoq . e Module9 | 100 185 434 434 434 143
9 March 23,2020 1.82m 8.05 m/s 68.75 & M Module 21-01 60.5 12.8 30 30.1 301 17.5
21 April 08, 2020 085m 2682 m/s 76.07 g
21-01 April 09, 2020 085m  1035mis 7607 H ﬂ Module23 {756 128 30 244 244 168
il 12, X 60 m/s : .
D T aan i Rules d [men e [Toa [0 [0 |0 |
56 May 27, 2020 2.05m 7.60 m/s 72.60 | ] Module 56 93.1 19.8 465 378 378 15.1
98 July 26, 2020 3.07m_ 2.70ms 72.11 =]
u Module 98 122 383 90 385 38.5 134
-
5 =
DO Fuzzification - = *
Values | &
I i
. -
| = = > Defuzzification
1
| [ -
%
] : 2
N
| . | =
I Intelligence &
| =
— (=]
! &
, FIS ! S
=
Hin @= =— = =
oo Mamdani
0
Fuzzy input set

Fig. 15. Fuzzy logic diagram process considering three inputs and six oogpains
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i Cnisp input Crisp input :
H 1 - - 1 H
P Fuzzification = |

o0
onNG B
Y
I
oo
ok N g
| o
LR
Lo
!
‘

Mix=a1y = 0.5 My =81 = 0.1
Hx=az = 0.2 . Miy=82 = 0.7
.
.. Rule evaluation
1 1 1.0
A3 B1 c1 c2 c3
0.0 0.1 OrR \0.1]
: = (max)
o x1 X (0] yi Y [0] Z
Rule 1: IF xIs A3 (0-0) OR y Is B1 (0-1) THEN zis C1 (0.1)
1 1
1
a0 < 07T 1, c1 c2 c3
0.2 : B2 AND \0-2
. =
1 I (min)
o x1 X 9] yi Y o z
Rule 2: IF x s A2 (0.2) AND yis B2 (0.7) THEN zis C2 (0.2)
1 1
Tl\ 0.5 o.5|C1 XCQ\ i‘ Cc3
o] x1 X (o] P4
Rule 3: IF x is A1 (0.5) THEN zis C3 (0.5)
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Fig. 16. Steps in applying fuzzy logic using Mamdani and centroid technique

3.5 Time Computation

To calculate cycle time of crane operatimnutilizing fuzzy logic approagtwhichestimats
motion speedsand 3D visualization of operatipmvhich measure the motion relocationghe

following steps are implemented:

i. Develop a mot i onydsinméthen iulgsedegree of effidty of h
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inputs are determined on outputs

ii.  Select proper inference tegfuaes for interpreting input data and distribute rules on

output data by considering output data functions
iii.  Measure the position change for motions during operation
iv.  Measure radius of operation and boom length
v. Record the sequencesmbtions engaged in traperation.

After having the mentioned informatiothe time calculation of the operation is dore.
physical quantities and ugjttime is calculated byneasuringhe change in position adinobject
divided by the speed glosition changingin the proces of this study, by utilizing fuzzy logic
algorithm, crane motion speeds are calculated. To complete the distance measw&Dent,
evaluation ofmotions is utilized. Therefore, the time is calculable by applying theobtained
valuesIn addition,it should be noted that during a crane operattemumber ofswitching times
from one motion into anothenotion calledpenalty time {Y)) should be considered thecycle
time of operationStudies have investigatéd betweercrane differentotion changesas shown
in Table5. A modified version of penalty time h&genprovided by Han (201412]. Adding
penalty time calculated kthe providedtable withthetime calculated bwtilizing 3D evaluation
with fuzzy logic is resulted intthetotal time of operation. This process illustrate§ig. 17 as a

flowchart.

All operations are visualizeusing the 3Dsnax application. Information obtained from the
3Dsmax si mul ations indicates motionsd distanc

depending on the linear or rotational nature of the movement. In all pasefty time is calculated
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due to the number of motion changes and the sequences of motions. Aggregation of all data results

in a craneds cycle time. Al | -MATABprogrammng s si ng

Table5. Modified Penalty time foswitching between motion§?], [55]]

Crane motion Boom up or down Slewing Hoistup  Hoist down
Boom up or down 0.00 0.75 1.00 0.50
Slewing 0.75 0.00 0.50 0.75
Hoist up 0.75 1.00 0.00 0.00
Hoist down 0.50 0.75 0.00 0.00

Note: Unit is minute.
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v
_| Calculate cycle times of @
" operation

Time calculation

Fig. 17. Flowchart of cycldime computatiomprocess
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Chapter 4: Case Study.
To validate and demonstrate the effective

components, 6 cases of crawler crane operations out of more than 200 operations are selected from

a modulafbased construction project by PCL industrial management In&lberta, Canada. In

heavy industrial projects, modules are prefabricateesitdf in factory environments and are

transferred orsite to be installed by cranes.

Pick points

Steel structure

Fig. 18. Typical Pipe rack moduld.2]

As illustrated inFig. 18, pipe rack modules include steel structure, pipes, and pick points to
connect and disconnect the rigging system to lift the module. Modillese considered box
shaped in this studyecause of their quabbx shapes and to avoid complex calculationgséh
assumptions are to helpassess and analyze the wind effect on the module. Due to the proposed
methodology in this study, all operations being investigated are from crane fixed positions (CFPs).
The crane path checking (i.e., clearance) and -tireensional (3D)evaluation simulation
developed respectively by lei et@], and Hanetal2], ar e used to select cr:
sequences, measurement of mot i on sadddeti@mirenge nt s,

safety factors (SFs) in operations.

The crane selected is the Demag CC 2800 crawler crane equipped with 660 imperial ton
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superlift, a lattice boom length of 84 m (276 ft), and the super lift counterweight length of 15 m
(49 ft). The modle information and site layout come from a Microsoft Excel file readable by
MATLAB programming as the initial platform for calculations. Dimensions of all modules are
unique as 5.99 x 29.99 x 6.74 m, and the weight of the modules ranges from about 216msetr
(MT) to 343 MT.According to the different classes identified in this studyar@anceiakes any
value of 0.075 m to over 3.05 m. In practice, lift engineers provide input data such as allowable
SFs, allowable wind speed, and minimum clearanceesallBased on the crawler crane
specificationsas shown irFig. 19, the maximummotion speedsincluding slewing speed, the
boom up and down winch speed, and the hgisand down winch speed, atalculated in the
model and considerexb input data in MATLAB. All data processing and software evaluations are
done on a laptop with an intel® core(TM}8650 CPU @ 1.90GHz. All necessary information

for the identified crawleis illustrated inFig. 19.

Both the crane specifications and the survey record the boom and hoist speeds baged on the
winch speed. In this study, favourof compd i ng t he msnkcd tleerdoaddrelocatiane s ,
speeds depend on the number of hoisting roggs(6) is used to calculate the load relocation
speeds.

OQEAYE O OO Q8 ‘e'%’@

(6)
066w O WM

0D QWX €@E L QA QA @%—Q
For instance, for a 120 meters per minute (m/m) winch speedmithope ines, the load

movement is80 (m/m).
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[Load radius

Boom length (m)

Boom angle (°)

24 36 48 60 72 84
12 Mechanisms Speed Single line pull ~ Hoist rope length  Rope Diameter 212 81.80
14 Hoist 1 Max. 120 m/min ~ 16519.83 kg 900 m 28 mm 181 80.40
16 145 79.02
18 Hoist 2 Max. 120 m/min ~ 16519.83 kg 900 m 28 mm 120 77.62
20 Boom derrick Max. 120 m/min - 800 m 28 mm 101 76.70
22 Boom hoist Max. 52 m/min - 2x275m 30 mm 86 74.82
24 Slewing (RPM) | Max. 0.7 1/min 74.5 73.34
26 65 71.10
28 Driving speed Max 1.2 km/h 57 70.53
30 Note: Speeds of boom and hoist are based on the top layer of the winch pully. 50 69.08
34 39.1 66.13
38 30.5 63.11
42 23.8 60.00
46 18.4 56.80
50 14 53.47
54 10.4 50.00
58 7.4 46.33

Fig. 19. Load capacity chart, Demag €£800, crawler crananotor speeds specifications

MATLAB serves as the initial platform for the implementation of the methodology.

In terms of SFs, data retrieved from a study of a thdmeensionalbase crane evaluation

system (3BCES) developed by Han et |] is used to filter the responsive operations of modules

so that all selected operations are feasible scenarios. Thereafter, this research points out the SFs of

the built membership functions (MFs) in fuzzy logic to determine the SFs degree oémsbipb

(DOMs). Module lifting has different SFs during the operational time, resulting in altering load

radiuses required to accomplish the operafzjnst should be noted that the maximum created

safety factor in operations is applied in the fuzzy logic fundiane it gives the safest operation
Table6 presents the maximum SFs for operations of module IDs 9, 21, 23, 32, 56, and 98 according

to thec r a mowldveight (O

DOM

CFPs in the database to perform operations. Due to equal mogesgeasid connection point

of

mo dul

e 96s SF. The

56

cr awl

er

) and gross capacity (G@ig. 20 presentanindication ofthe

crane

S

po:



numbers, in all operations, rigging system weight (i.e., the weight of the hook, slings, spreader

mo d u

moti onsé®o

bars, and hoist ropes) is assumed to be 26799Fgs23 andFig. 24i | | ustr at e
operation process by considering the
Table6. Maximum SFs of 6 module opéians
Module ID  Weight of payload w Radius of "00 Safety factor
(kg) (kQ) operation (m) kg %
9 343252.35 370051.35 27.4 538200 68.75
21 313925.85 340724.85 36.2 447900 76.07
23 327222.00 354021 39.9 419700 84.35
32 215560.80 242359.8 42.1 398300 60.85
56 318776.85 345575.85 33.80 476100 72.6
98 338379.30 365178.3 30.14 506400 72.11
32-001 0.00 26799 42.1 398300 6.72
DOMs _ 1.0 Very light Light Moderate Heavy Very Heavy
P :'_—_:"‘E 0.75 \
Xy >< +
| [E 0.50
rem——— .o
':l_3_0_-5_ _.:g 0.25
S D — _!2 \ l’urcuntngc_
0.00 10 20 25 30 40 50 60 70 80 90 100 )
47.5 62.5 77.5 92.5
S a f e t vy or

Fig. 20. lllustrating the safety factor value and DOMs for Module ID 9.

F a c

Moreover to calculateheclearance of the operations, due to measurements from 3D evaluation

of any operationthe values are calculated amateredhe Microsoft ExcelFig. 21, andFig. 22

illustrate designed function$heses also show the sources of any patiehformation which

is used to calculate the values.
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Operation Crane SFs
Simulation capacity Chart Calculation

_ PCL _ Module . PCL
database : Specification Bl database
1
!

1 I |
1 I 1
: Module ID Welght of payload Wrotal : Radius of : Safety factor
: 1 (kg) | (kg) loperation (m) ! kg A
v [ 9 | [ 34325235 | 1 [370051.35] | 274 i [ 338200 | 1
: 21 ! 313925.85 : 340724.85] ! 36.2 : 447900 :
X 23 V| 327222.00 1| 354021 | | 39.9 X 419700 i
L 32 =  215560.80 ' 2423598 | -+ 42.1 = 398300 1y .
56 318776.85 345575.85 33.80 476100 72.6
98 338379.30 365178.3 30.14 506400 72.11
L_32-001 0.00 26799 421 398300 6.72
Very light Light Moderate av Very Heavy

tion

DOMs
e
(SN =
=2 [=a)
n l|l\e

Membership thc

I’crccntag&
0.00 10 20 25 30 40 50 60 70 80 90 100 )
47.5 62.5 77.5 92.5
Safety F actor

Fig. 21. DOM calculation of SF bgpplying calculated SF value into desigifigalction

_ PCL 3Ds Max _
Database Visualization

1
1
1
1
: Module
1
1
1

D Clearance

9

21 0.85m
e - - > ;to/ 085m |[+=-==~-~- '
2 0.60 m
2 0.29 m
56 2.05m
Very 98 3.07m
Congested i
; o Congested Moderate : ear / Very Clear
1.000 = | -
: ./
£8 ‘ | /
= i |
£ I
Q e ‘ L/
Q i 2 | ! ’/ Distance from obstacle (Meter)
015 03 0.90 j | 3.08 335
0.07 0.50 L00 150 | 2.00 2,50 3.00
0.22 0.60 ' 197
C L E A R A N C E

Fig. 22. DOM calculation of Clearance by applying measured clearance value from 3D
evaluation into designed functiomodule 9
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Fig. 23. Operation of mode! ID 98, including seven sequential motions.
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