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ABSTRACT
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Lifting and carrying equipment have a considerable place among the construction
equipment. There are several lifting equipment on a construction site. Tower cranes, mobile
cranes, crawler cranes, construction telehandlers, electric hoists, back hoe loaders and even
excavators are examples of lifting and carrying machines. Scissor lifts, cherry pickers are
also other machines. All these machines have variable power sources, variable lifting
capacities, and different work spaces. Some use chords and others do not. Some has
hydraulic drives while the others have electric or diesel engines. On the other hand, floor or
shop cranes are a type of Mobile Crane which are used mainly in industrial working
environments, generally in factories, workshops, open logistic stores etc. Floor cranes are
also used in the construction sites and this is for the applications of glass facade placements
and such specific installation tasks. Floor cranes might have little lifting capacities from 200
kg and can reach up to a capacity of 1500 kg. The capacity depends on the required working
load. The target of this study is to investigate the possibility of using a mini floor crane of
250 kg lifting capacity on a multistorey building construction, specifically for carrying and
lifting operations on reinforced concrete slabs or newly poured fresh reinforced concrete

slabs in order to carry, load and unload rebar frames, formwork pieces and falsework pieces.
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A dynamic and a structural analysis are performed based on static and dynamic loads for

customization in order to obtain a light crane assembly.

Keywords: Crane, Floor Crane, Shop Crane, Engine Crane, Crane Dynamic Analysis.
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1. INTRODUCTION & PURPOSE

Cranes and derricks lift and lower loads, by means of ropes and pulleys, and move the loads
horizontally. The height of the load, the weight of the load, and the speed of the operation
are the vital criteria that determines what kind of a crane shall be used in the operation. The
crane’s degree-of-freedom depends on its mechanism design. A mobile crane with a
telescopic swivel (i.e. slewing) and luffing boom is a 3 degree-of-freedom mechanism. One
degree of freedom from the slider-joint of the boom plus one degree of freedom from the
slewing rotation plus one degree of freedom from luffing rotation, that is to say two rotation
and one translation. A tower crane, for instance, that has no luffing property and only
swiveling has two degrees-of-freedom. One DOF by swivel rotation plus one DOF by
hoisting rope. When a jib raises or lowers its jib and changes the radius of its working space,
this operation is called luffing. When a crane mast rotates around its own vertical axis, this
operation is called slewing or swivel. One another criterion for the suitable crane selection
is the safety issue. Because rigging, which is the compound action of moving, securing,
lifting, carrying and putting down a load is a dangerous action prone to falling, tipping,
overturning, tilting, breaking, tearing, entangling and rupture etc. However, lift planning and
not to be hasty are regarded as the best safety precautions for rigging operations. The cranes
are equipment that are used in the operations as loading, unloading, installation and
transportation of heavy loads that human cannot perform or cannot perform as fast as a crane.
Therefore, they are one of the most favoured machines of industrial applications such as
manufacturing, storage or construction applications. Assembling a crane connects the
disciplines of principally Mechanical Engineering and Structural Analysis. Besides, the
electronic devices, appliances and gadgets are inevitable pieces of a secure crane design. So,
many of engineering branches need to collaborate in order to bring out a safe, endurable,

practicable, and efficient crane.
1.1 MOTIVATION OF THE THESIS

In the sector of the construction industry, recently, demand for mobile cranes shows a
significant ascent. This tendency is also expected to grow up to and beyond 2027. Instead of
other types of cranes, nowadays, mobile cranes are the first option for the construction

companies and managers. Moreover, these companies began to prefer mobile cranes even

1



instead of tower cranes and derricks. The motive of this selection is that mobile cranes are
more cost-effective, more rapid and more flexible at the operations. Recently, there is a
worldwide reconstruction of old and longstanding cities where the population, city’s daily
activities, existing buildings, city centers, urban transportation, public transportation, large
avenues, street’s physical conditions produce restrictions and obstacles for a construction
site. On the other hand, mobile cranes are the riskiest heavy equipment among all crane
types. Hence, mobile crane selection is both a matter of safety planning and machine
management. Selecting the correct type of mobile cranes minimizes the risk of accidents.
Amid the mobile crane operations on a site, rigging light loads (100 kg — 300 kg) that arises
from lifting formworks, falseworks, reinforcements, timbers etc. holds an important place.
And even this kind of light loads are handled with large capacity mobile cranes. More
attractively, these loads are carried by labourers in a number of repetitive performing. In this
study, it is considered whether a floor crane with less payload capacity has validity, efficacy
and applicability to be operated on a newly poured fresh floor of a multi-story building
construction, it is aimed to clear out the ambiguity of utilizing a lightweight, detachable floor
crane on a freshly poured concrete without giving rise to concrete microcracks or concrete
large cracks or a decrease in the ultimate strength of the floor concrete. A minimized
vehicular mass with reduced vehicle dimensions is also going to be a leading object of the

analysis.

Construction equipment is frequently placed on the reinforced concrete slab but mainly after
assuring that the concrete slab is adequately hardened, cured, and gained 70% of its
compressive and flexural strength. Especially the concentrated point loads stemming from
the rubber tyres makes the situation complicated. In addition, the braking and acceleration
forces of the tyres bring about a wearing force on the floor, and in the case of a fresh concrete,

this can make significant abrasion damage.



Figure 1.1: A Mobile Construction Hoist.

As illustrated in above figure, it might be easily derived that construction people need this
kind of equipment heavily in their job site but they are not able to find the optimum
customization and obliged to create their own solutions. However, the figure also proves that
such innovative solutions without a scientific touch may result in hazards in the apparatus as
bending, buckling, torsional buckling etc. The mobile hoist shown is heavily bended on the

base structure frames due to overloading.

The below figure is another example of the necessity to optimize the right mobile crane for
the present hoisting task. In the figure, a 30 Tons capacity mobile crane is assembled to hoist
the column reinforcement frames which weigh about 200 kg each. One can easily realize

that the crane is totally clogging one lane of a two-lane road.
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Figure 1.2: A Mobile Crane Hoisting a Load Much Below Its Capacity.
1.2 GENERAL INFORMATION ABOUT CRANES AND DERRICKS

According to US’ Occupational Safety and Health Administration Specification OSHA-
1910.179 [1], a crane is a machine that has a hoisting mechanism as a fixed attachment to
the machine and a crane is able to lift a load, lower a load or move a load horizontally.
According to OSHA-1910.181 [1], a derrick is an apparatus assembled from a mast held at

the head by guys or braces, with or without a boom.



Unlike a crane, a derrick has a stationary mast, i.e. a vertical post that is attached to a movable
boom. The boom structure and the mast structure are connected to each other by braces or
wires and are braced together. On the other hand, a crane has generally a boom and a mast
connected together as one member and moves also horizontally. Derricks are generally
preferred and found helpful for jobs that require high-rise rigging, that lasts for long
durations and when the jobs impact into the street and pedestrian traffic is a matter of
handling. Figures 1.3 and 1.4 illustrate the subtle distinction between a derrick and a crane,

as described by Maritime Safety Innovation Lab LLC [2].

Figure 1.3: A Crane [2].

Figure 1.4: A Derrick [2].

The derricks in general might be classified as A-Frame, Basket, Breast, Chicago Boom, Gin
Pole, Guy, Shear-leg, Stiff-leg and Oil derrick. In the maritime industry especially two types

of derricks are common. These are Velle Derrick and the Hallen Derrick.
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Figure 1.6: A Velle Derrick [2].

The cranes can be categorised in two main groups as static cranes and mobile cranes. Some

examples of static cranes are over-head cranes with its sub classes bridge, gantry, jib,
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monorail and workstation cranes, tower cranes, hammer head tower cranes, self-erecting
tower cranes and luffing tower cranes. Mobile cranes vary from truck cranes, crawler cranes,
rough terrain cranes, all-terrain cranes, floating cranes, carry-deck cranes, stacker cranes and
telescopic cranes and telehandlers. The figure below illustrates some of the most used ones

in the industry.

N
AT TR e

4
=

E i
A|i

Figure 1.7: a) Carry-Deck Crane. b) Crawler Crane. ¢) Rough Terrain Crane. d) Stacker Crane
e) Small Size Shop Crane [3].

Concerning the structural design of the cranes and most load lifting construction equipment,
an exceptional calculation is necessary compared to other vehicles which is the tipping
moment calculation as shown in Formula 1.1 in its basic form. This topic covers an important
role in the overall design of such assemblies. To prevent the tipping moment about any

corner point of the crane, there are many methods. Installing outriggers as extending outward
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supports to enable the weight of the crane to create a counter-moment against the overturning
moment, locking mechanism between the guide rails and the bogies or implementing
additional counterweights to the assembly are some of these methods. The point or support
on which a lever force rotates is named as the fulcrum point. The crane fulcrum points are
either the edge point of the outriggers, the edge line of crawlers or the rear or front axles

depending on the load direction.

tipping moment = force x lever arm to the tipping edge (1.1)
1.3 AVAILABLE FLOOR CRANE MACHINERY ON THE MARKET

There are several types of the machinery. The machinery might be categorized as motor-
driven and hand driven as well as luffing and non-luffing or slewing and non-slewing. The
load capacity is in the range of 500 kg to 2 Tons. These categorizations depend on the
designated duty of the equipment such as operating in a workshop, installation of facade
members of a building etc. The figures below give a rough description of the equipment on

the market.
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Figure 1.8: ULINE Hydraulic Floor Crane BL-2853. Capacity 2 Tons Max. Retracted [4].



Figure 1.9: VESTIL Electric Powered Shop Crane. Capacity 2500 lbs. Max. Retracted [5].

Figure 1.10: BRANDON 6 Mini Glass Lifter. 24 V Battery Powered [6].



1.4 ADVANTAGES AND DISADVANTAGES OF PREFERRING FLOOR CRANES

Floor cranes are used in the construction sites at only restricted conditions due to health and

safety issues. Table 1.1 illustrates a comparison of advantages and disadvantages of utilizing

such an equipment on a multi-storey building construction.

Table 1.1: Advantages and Disadvantages of a Floor Crane.

Advantages

Disadvantages

More ergonomic than a mobile crane, could be placed
in any corner or side of a floor compared to a mobile

crane which requires a location of assembly.

Mobile cranes might reach more points once they

are placed and located safely.

Possible to operate for fine finishing works inside a
story when boom length of the floor crane is modified

and shortened.

It is also impossible to operate floor cranes on

narrow aisles or through narrow walls and door

gaps.

Easy to operate with any lectured labor, doesn’t need

an operator as a mobile crane.

In case of a distraction of the operator, the
machine might hit anything or a person in the

vicinity.

More cost-effective than a mobile crane as can be used

in any time of the work hours, daily or weekly.

The load capacity is lower, when it is necessary to
lift heavy weights, the floor crane cannot do it, for
example steel bundles, steel hot rolled or cold

rolled profiles etc.

No need of path preparation as a mobile crane, the

floor crane operates right on the concrete slab.

There is the danger of the machine to fall down

from the floor.

10




Table 1.1: Advantages and Disadvantages of a Floor Crane “Table Continued”.

Doesn’t make a traffic obstruction as a mobile crane to

the residential units, roads, nearby traffic flow.

The floor crane cannot be sufficient and efficient
as a mobile crane when a loaded truck of
construction material is going to be unloaded on

site.

The floor crane on a slab might reduce the risk of

workers to get injured by lifting heavy loads.

It cannot reach every point on the slab, especially
the edges of the slab where there is a risk of
falling, the columns and shear walls outside
facades, nearby the spacings like staircases, shaft

gaps of the floors etc.

In the absence of another crane on site, the floor crane
is an identical spare equipment for handling the duties

of the primary crane that is absent or out of order.

It cannot be operated in rough terrain and needs

smooth surfaces for the rubber tyres.
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2. LITERATURE REVIEW

2.1 GENERAL REVIEW

There are various mobile crane variants which are already described in the previous chapter
and floor cranes are not the first options to be manipulated in a construction site. According
to Yogesh & Krishan [7], the hydraulic floor crane was invented in New Castle-United
Kingdom in order to hoist coal into barges by William Armstrong. Given that multistorey
building constructions necessitate high mobile crane booms, higher crane load capacities
arising from the boom extension and more precise security appliances by the crane,
construction management staff generally make a crane selection decision over mobile cranes
or stable fixed tower cranes. On the other hand, this study aims to bring about a floor crane
that has the possibility and practicality to be a substitute of a mobile crane and that will be
lifted easily and placed on the latest slab of a multistorey building construction, it is still a
requirement to assign the investigation to the mobile cranes. After all, a floor crane is
statically and dynamically a sort of mobile crane and has exactly the same task with the
mobile crane. According to Duragkar et al. [8] for carrying loads within a short distance,
floor cranes seem to be one of the most effective ways. A floor crane might be designed with
different properties and members such as counterbalances, outriggers, the ability to slew or
to luff in order to extend the booms working space, stiffened and braced chassis, locking
mechanisms, safety instruments etc. A locking device for example is an additional assembly
to prevent static failure when hydraulic cylinder for luffing mission is out of order and it was
released by Chukwulozie et al. [9]. Mini cranes are efficient in tight space environments. In
this sense, top of a concrete floor slab being a crowded area full of columns, timbers,
falsework and formwork pieces, steel profiles etc. is a perfect example of this type of
working environments. The mini cranes are also efficient as a low-cost alternative to other
types of mobile cranes according to Jadhav et al. [10]. The work clarified a good design
example of a mini workshop crane with a mast height of 117.5 cm [10]. A self-propelled
crane was designed by Safarzadeh et al. [11]. The target of the self-propelling in this study

was again the accident-prone state of mobile crane lifting operations.

The literature review also shows that the surveys about cranes might be classified in five

different sub-divisions. These are dynamic motion and static tipping-overturning analysis’,

12



structural design of the mechanism by Finite Element Method, health and safety-based path
planning and lift planning surveys, investigations and design of appliances that are used in

the mobile cranes and technological safety appliances that are attached to the overall system.

Safety based modeling for example; recommends models as Building Information Plan by
Peng and Chua [12]. Here it is stated that in year 2014, 60 fatal accidents in Singapore were
involving mobile crane lifting operations. Path planning studies cover spatial constraints and
interactions within the environment to specify a safe route for the crane as defined by

Sangmin et al. [13].

Mini cranes are dynamic machines that are on translational motion while travelling and on
rotational motion while luffing, slewing or changing its translational direction. These studies
delicately deal with finite element method analysis during the design process. Dynamic
motion and overturning stability analyses are other subdivisions of the crane studies. Urbas
et al. [14] focused on dynamic effects that originates from different load shape geometries
and different rope sling systems by presenting a dynamic model of Lagrange equations.
Dawid and Pawel [15] concentrated on the effect of rope system and its interaction of wind
pressure. There are also multiple available dynamic analysis and inertia loads that mobile
cranes are exposed to. Fujioka [16] defined inertia loads for different dynamic states about
angles and motions and composed a detailed overturning stability analysis based on these
inertia affects. Finally, a full thorough review of technologies in crane-lift automation in

construction industry is available by Zhu et al. [17].
2.2 REVIEW FOR DYNAMIC AND DESIGN ANALYSIS OF CRANES

Urbas et al. [14] presented a thorough dynamic analysis of crane loading and unloading
motion by taking into consideration different geometrical types of loads instead of using a
lumped mass, boom and drive flexibility and different rope sling systems. Loads were
classified as cylinder, log shaped and block shaped. Variants of rope sling systems of interest
were one, two, three and four rope attachments to the crane’s hook. The open-loop kinematic
chain with auxiliary sub-chains dynamic system model was inspected under varying rope
length and load shapes. Validation of the mathematical model was tested with software
programs of MATLAB, MSC.Adams and ANSYS-MSC.Adams interface. The influence of

flexibilities of boom, drive and rope sling system via their spring-damping properties were
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added to the general second order Lagrange equations. Likewise, spring-damping properties
of outriggers and two back twin wheels were also evaluated together with overall crane
system. It was summarized that compared to simplified dynamic systems, the kinetic energy
of the load after crane’s motion cycle and its completion causes free oscillations of the load
and that these afterward oscillations have significant influence on the dynamic forces on the
crane. The loads when considered as lump mass and when considered as complete
geometries of several mass moment of inertias definitely vary. Moreover, the open-loop

kinematic chain is heavily refined by adding hydraulic pistons as sub-chains.

Fujioka [16] investigated the tip-over stability analysis of a mobile crane under different
conditions. First a static analysis was performed assuming that the crane is under stable
position where the payload and the rope do not have any swing, in other words there is no
pendulum motion of the payload. It has been observed that a full static analysis gives a basic
understanding of the relationship between tip-over stability and the moment contribution of
the payload mass to the crane overall structural frame. Then, a pseudo-dynamic analysis was
held assuming that the maximum payload swing angle is a constant value rather than a time
dependent value. Here, it was observed that the maximum possible payload is related to
acceleration and velocity inputs of the boom. Also, it is proved to be a good method to
foresee the tip-over risk of the crane. Next, the analysis was extended to a pseudo-dynamic
analysis with a double pendulum effect. The double-pendulum effect is more realistic due to
the hook’s contribution to the swinging motion of the payload. And finally, a real-time full
dynamic tip-over analysis was implemented by adding software programs MATLAB and
AUTOLEV to the investigation where the luffing motion of the boom and the slewing
motion of the boom exerts elaborate inertial forces to the overall structure. Naturally, the full
dynamic analysis is composed of various initial acceleration, velocity and position (luffing
and slewing angles) inputs. It has been evaluated that different dynamic motion inputs results

in different inertial forces, yet pseudo-dynamic analysis is a valid means to predict tip-overs.

Chukwulozie et al. [9] presented design and fabrication of a mini floor crane of 1000 kg.
maximum payload is realized. The boom, the mast, the base are made of mild steel and a
load locking facility is added in between the boom and mast which is produced from High
Carbon Steel. A counterbalance load of 260 kg. served to balance the tip-over balance. The

overturning moment factor of safety has been calculated as 3,034. A hydraulic piston is
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attached to the overall system to enable the crane to make the luffing motion. The boom
height is 2 m, the mast height is 1.5 m and the length of the crane is 1.3 m. The assembly
has been mainly completed by welding pieces together and a test load has checked the system

that it is capable as it is designed.

Towarek [18] inspected the dynamic stability of a crane placed on a flexible soil during the
rotation motion of the boom. The basic scientific method of adding the soil effects might be
described as the three-dimensional semi-infinite soil medium is reduced to separated elastic
structures with various degrees of freedom under each outrigger of the crane. Each four
outrigger stands on six degrees of freedom massless springs. Therefore, the main crane mass
m is also modeled as six degrees of freedom rigid solid suspended on 12 springs, three of
them under each outrigger. Via Second order Lagrange equations and Duhamel integral and
the dissipation functions of the plastic soil type, it has been concluded that the kinematic
parameters, especially the rotation (slewing) is a significant parameter on the deflection of

the rope with the weight hoisted.

Dawid and Pawel [15] focused on a deformable rope system of Kevin-Voigt is presented
and analysed. The load is accepted as a rigid body, the chassis and body of the crane are
assumed as non-deformable parts resting on the ground and the boom is taken as infinitely
stiff member with variable telescoping motion. Second order Lagrange equations were
established for cranes rotational motion, booms telescopic sliding joint motion and presented
second degree Kevin-Voigt model of hanging load is also attached to the overall dynamic
system. The system was observed and evaluated by software under wind pressure that is
defined by ISO Guidelines. The effect of wind on load trajectory was desolately analysed
and later combined with the overall reaction of the dynamic system. It has been concluded
that wind pressure has a significant impact on load trajectory and is capable of changing the
trajectory of load during hoisting, rotation and luffing and special attention should be given

to sudden gusts during hoisting motion of the load.

Jadhav et al. [10] presented an optimization of a rotating hydraulic crane is performed and
the equipment was manufactured and tested for several conditions as strength, cost efficiency
and load range. The hydraulic system is composed of mild steel Su=250 MPa, and the hand
powered gearbox system of Plain Carbon Steel Sy=750 MPa. The maximum payload
capacity of the crane is 2 tons, even when the boom is rotated 90° to the left or right. The
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gearbox provides the slewing motion of the crane and the 150 MPa internal pressure, 60 cm
stroke luffing piston is hand-powered. The crane stability factor is almost 1.00 when the

piston stroke is at maximum position.

Safarzadeh et al. [11] realized the design and manufacture of a self-propelled crane. The
object of self-propelled crane is to attach the whole assembly to a remote-control system and
provide the operator a safer working environment and make the person capable of all
operations of crane remotely. The study claimed the remote control of a mini-crane is a safer
option since the operator will be able to see, to observe or to realize anything that is on the
path of the crane from a safe distance. The study states that according to OSHA regulations,
15.2% of crane events took place in manufacturing environments and these are places
deemed as messy, crowdy, disorganized, untidy and most importantly frequently in a rush.
The total mass of crane is 850 kg as a lot of driving unit and hydraulic units are added in the
configuration. A hydraulic unit for boom rotation and luffing with a tank and a drive, a speed
reduction gearbox, two pieces of 12V x 200 Ah batteries, another 4 kW electromotor for
driving the crane, three wireless cameras are assembled together. The main motivation of
the machinery is to overcome the visibility problems of the crane operator which is stated to
be the reason for 80% of the truck-forklift accident that has occurred. In particular, the design
velocity of the crane is planned to be 2 km/h and a maximum speed of 2.8 km/h which are
also designated especially to prevent hit-stop and crash accidents. The dynamic stability

analysis is established according to ISO 4305 Specification.

Romanello [19] developed a MATLAB code as a mathematical model for determination of
outriggers of a mobile crane. The analysis was performed on the basis of Static Theory of
Rigid Body. Ground is characterized by a linear elastic constitutive law and the crane as a
rigid body. The wind force is neglected. The hypothesis of linear elastic ground makes it
convenient to eliminate the statically indeterminate system’s unknowns and solves the

system equation matrix for outrigger reaction.

Posiadala [20] is the first to integrate the behavior of the crane support system to the
equations of dynamic motion matrix. The paper presented four points of crane support with
3 translational degrees of freedom. The spring constants ki, kyi and k-; represents the elastic
suspension of the point support. Further, the equations of motion are computed by an
algorithm to extract the forced motion lifted load motion’s trajectory by time. From the
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extracted position values, the three reaction components of the crane support point Fx, Fy
and Fz are calculated with respect to time. The load kinematic behavior is described with

the addition of taking into account the crane support system.

Umut and Mete [21] dealed the same subject of the crane mathematical modeling of dynamic
equations and implement a PID Control to the mathematical model. The PID control
minimizes the effect of pendulum motion of the load on the crane solid system by

manipulating the speed and actuation of the boom extraction, rotation, and luffing.
2.3 REVIEW FOR LIFTING OPERATIONS

Omer & Giirkan [22] presented a mobile selection algorithm using Best and Worst Method
(BWM) and fuzzy Measurement of Alternatives and Ranking according to compromise
solution (MARCOS). The study emphasized that a mobile crane is the fundamental
equipment for modular constructions that are going to be assembled on site such as wind
turbines, autoclaves, power plants, and industrial unit installations. The fuzzy model that is
a mix of MARCOS approaches consists of five stages that handles the weights and ranks of
the criteria and prepares an initial fuzzy matrix. The hierarchical structure criteria of the
fuzzy matrix consisting of a primary matrix of 3 elements that are aspects of technique,
economy, and quality and a sub-matrix of 15 elements that are load capacity, hoist height,
drive engine power, crane engine power, driving speed, the total weight of the crane, fuel
reservoir, energy consumption, costs of consumables, costs of maintenance, availability in
second-hand market, purchasing price, emission class of crane, brand awareness and safety.
After typical best values, worst values, comparisons, optimization, ideal non-ideal cases
processes of the methods, the sensitivity analysis finalizes with comparing results of MCDM

approaches such as MABAC, F-TOPSIS, MOORA, and MAIRCA.

Le Peng et al. [12] presented a decision support system for mobile crane lifting plan with
Building Information Modeling (BIM). The motivation of the research comes from the
insufficiency of single engineering experience for planning mobile crane lift operations
which is claimed to be error-prone. The research combines a Building Information Modeling
software such as Autodesk Revit with the mobile crane information model and the lifting
task. The building information modeling provides the input of the working environment and

space that is consisting of the existing structures, the construction site borders, geometric
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information of other construction equipment, and the boundaries of the site. The mobile
crane information supplies the information about the mobile crane structure, the outriggers,
jib lengths, boom lengths, rope lengths, the clearance space for safe operation, load chart of
the crane for different luffing-slewing, positional parameters of the crane such as loading
point on site and unloading on site, parametric lifting task and extendable dimensions of the
crane. Gathering these data, the decision support system automates a lifting capacity check
and an obstruction check and determines the lifting constraints and the lifting plan with an

algorithm.
2.4 REVIEW FOR MOBILE CRANE AUTOMATION

Zhu et al. [17] in their review made an efficient summarization of the safety technologies as
attached appliances to several types of tower and mobile cranes. The main smart sensing
technologies are Lidar (acronym for light direction and ranging), loT (acronym for internet
of things), Imu (acronym for inertia measurement unites), RFID (acronym for radio
frequency identification), IR cameras (Infrared cameras), RGB cameras (red green blue
cameras), RGB-D cameras (red green blue distance imaging camera), environmental
sensors, encoder sensors and force sensors. Translational velocity of the crane is measured
by encoder sensors. Acceleration of the crane might be measured by the encoder and also by
the Imu sensor. RGB and Lidar are utilized for detection of obstacles and collision.
Environmental sensors measure wind speed. RFID can detect the surrounding workers,
machines and materials. Force sensors and contact sensors can foresee the overturning and
tipping of the crane while computing the crane’s shifting centre. Force sensor is capable of

determining the payload that the crane is lifting.

2.5 REVIEW FOR CRANE TRAFFIC LOADING OF 1 DAY AGE CONCRETE
SLAB

Reinforced concrete is not a prefabricated material. It comes to site as a plastic viscous fluid
and it 1s casted in the formwork. When it starts solidifying, this chemical reaction is called
setting of concrete. This chemical reaction is a type of hydration reaction and it starts just in
the following few hours after placement and the concrete begins losing its plasticity.
Concrete gains its ultimate strength by this water-cement hydration within almost 28 days.

At the end of 28 days, 99% of the designed concrete strength is reached. However, concrete
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can reach 65% to 70% of its ultimate compressive strength in 7 days. Below Table 2.1 is

from Midtech website where time-strength variation of fresh concrete can be seen [23];

Table 2.1: Compressive Strength of Fresh Concrete During its Setting Duration.

Age of Concrete | Gained Compressive Strength
1 Day 16%
3 Days 40%
7 Days 65%
14 Days 90%
28 Days 99%

The characteristic compressive strength of the concrete fex is of the utmost importance owing
to the fact that concrete structures bear to compressive stresses through the medium of
concrete compressive strength. Despite, it is contradictorily rather weak in tensile capacity.
Especially in the early stages of the setting process, the bonding between the reinforcement
steel and concrete is low. Chapman and Shah [24] called this phenomenon as the bond-slip
behavior of early age concrete. Cooper stated that early ages loading of concrete may result
in excessive deflection and cracking [25]. Taking into consideration the bond-slip and the
cracking behaviour in the early stages, it is merely the flexural strength of concrete but not
the contribution rebars that will bear the bending and the tensile forces exerted on a slab.
The conducted tests by Song et al. [26] identifies that early loading might result in severe
deflection and concrete cracking on the concrete slabs and beams. For slabs of early concrete
ages and unbonded concrete overlays, by the nature of a loaded beam laying on an elastic
surface, wheel loads cause critical flexural tensile stresses at the bottom of the slab below
the neutral axis and flexural compressive stresses above the neutral axis. As mentioned
above, this critical condition is a consequence of yet unbonded concrete overlays and lack
of bonding between rebars and fresh concrete. According to Cole and Okamoto [27], for

typical concrete slabs in new construction and unbonded concrete overlays, it is commonly
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accepted that traffic loads bring in critical flexural tensile stresses at the bottom of the slab

and flexural compressive stresses at the top.

As a result, minimizing the fatigue damage by repetitive flexural cracking to the concrete
slab during the construction period at early stages is of primary importance. Loading a
freshly poured reinforced slab is not a construction operation that can be realized without
hesitation. However, concrete pavement construction industry tells us a lot about opening a
road to wheel loads at early stages. This idea is summarized as Fast-Track Paving. There is
a generous amount of conducted researches, specs and collected data about the Fast-Track
Paving application. According to Cavalline et al. [28], the compressive strength required for
pavement openings typically ranges from 2,200 to 3,500 psi (15.2-24.1 MPa) when intended
for construction vehicle traffic, and increases to between 3,000 and 4,500 psi (20.7-31.0
MPa) for standard traffic loads. Similarly, flexural strength values generally fall between
500 and 650 psi (3.4—4.5 MPa) for both construction and regular traffic conditions. Cavalline
et al. [28] also states that Minnesota State Highway guidelines specify a required flexural
strength between 350 and 500 psi (2.4-3.4 MPa), with the exact value contingent on the

thickness of the concrete slab.

The formula for converting Concrete Compressive Strength to Concrete Flexural Strength

(Modulus of Rupture) or also Concrete Tensile Strength in Flexure is;
M.0.R = 0,7.\/fx (2.1)

Below is a table where time-strength variation of fresh concrete C30 (28 Compressive

Strength fox 30 MPA) is seen;

Table 2.2: Flexural Strength of C35 Concrete in the Course of its Setting Process.

Age of Concrete | Gained Compressive Strength Gained Flexural Strength
1 Day 16% = 5.6 MPa 1.66 MPa
3 Days 40% = 14 MPa 2.62 MPa
7 Days 65% =22.75 MPa 3.34 MPa
14 Days 90% = 31.5 MPa 3.93 MPa
28 Days 99% = 34.65 MPa 4.12 MPa
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Under these circumstances of collected and calculated data, it is impossible to utilize any
heavy equipment on a concrete slab before 7 days such as a rather light shop crane. However,
several concrete admixtures in order to obtain High-Early-Strength are available on the
construction materials market. Below figure shows the compressive strength of fresh

concrete with different early-strength admixture proportions by Tezel et al. [29].
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Figure 2.1: Concrete Compressive Strength-Time Diagram for Different Proportions of Early-

Strength Admixture [29].

It can be stated from Figure 2.1. that when a new-age early-strength admixture is added to
the concrete mix design with different proportions, it is possible to attain half the
compressive strength of concrete within 12 hours. For a typical structural concrete C30, this
corresponds to a value of 15 MPa. According to [28], for a typical C30 MPa concrete, this
is a sufficient strength value to utilize a light traffic equipment on the concrete, in this case
a crane. In conclusion, in order to operate the crane after 12 hours on a fresh slab concrete,

there is a necessity of high early strength admixture in the concrete mix design.
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3. METHODOLOGY

3.1 OBJECTIVE AND SCOPE

Initially, a preliminary static-structural design is conducted since there is a definite known
payload, and there are definite target crane dimensions. The payload for design is taken as
250 kg and factored to 350 kg for the initial design. An approximated 100 kg horizontal load
is also assigned to the analysis that is representing any lateral load. Under these loading

conditions, the crane structural sections are determined as 100x100x5 mm box sections.

Using this information, a main design is accomplished by using the load multiplication
factors for several loads from FEM 1.001 [30]. The standard is only used as an auxiliary
source for defining design load conditions and for assessment of dynamic loads from
MATLAB environment. There are numerous standards for floor crane and mobile crane
manufacturers. Even in USA, more than one standard is available as being the most
favourable ASME B30. However, FEM 1.001 [30] is a standard that covers the designation
for Erection and Dismantling Cranes for power Stations, shop cranes etc. in its appliance
group A2-A4 and the designation of Workshop Cranes in its appliance group A3-AS5 [Table
T2.1.2.5 FEM 1.001]. As a result, especially the design load multiplication factors are taken
from this standard. The crane width and length are taken as 1.5 m to 1.5 m, allowing it to
wander around construction obstacles, columns walls, timber pile or steel pile easily while
reaching any narrow corners in order to install a column reinforcement or a shear wall
reinforcement or concrete forms for these members. The length of the jib is selected as 1.6
m and the spacing between the two side frames of the chassis 1.5 m provides a 1.5 mx 1.3
m projected area for the load that will be stuffed into this gap, hoisted and carried to final

position.

An AC Motor Drive wheel, an AC Hoist Motor and Lithium-Ion batteries that can be
customized for length and weight are selected from the market. All members of the structure
such as jib, boom, chassis are to be manufactured from High Strength Low Alloy Steel. The
market brand of the HSLA Material is StrenX1100. The steel is provided to the customer in
the quenched or quenched and tempered form. Square Box sections can be directly

purchased from the supplier.
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Next, having clarified the detailed masses such as crane body, counterweight and appliances,
a dynamic analysis is performed with the software MATLAB_ Simscape Multibody and

inertial dynamic effects of acceleration, deceleration and impact collision are calculated.

The Figure 3.1 and Figure 3.2 show the design dimensions of the shop crane.

CRANE DIMENSIONS AND STRUCTURAL SECTION
1600
JiB
100X100X5 mm
MAST
100X100X5 mm o
(e
(e
REAR PENDANT <t
COUNTERWEIGTH
VERTICAL HOIST
DRIVE RUDDER MICTOR
CONNECTED TO /
WHEEL I@/
FRONT WHEELS
VERTICAL WHEEL /
DRIVE MOTOR / |
/
BATTERY UNIT
BASE CHASSIS FRAMES
1500  100x100x5mm

Figure 3.1: Shop Crane Dimensions and Structural Sections.
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CRANE DIMENSIONS - REAR VIEW
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Figure 3.2: Shop Crane Dimensions and Structural Sections.
3.1.1 High Strength Low Alloy Steel and its Mechanical Properties

High Strength Low Alloy Steel (HSLA) is a steel type which has better mechanical
properties and better corrosion resistance. It has a higher strength-weight ratio that makes
automobile, agriculture equipment, transport equipment, and lifting equipment industries to

prefer this material. The high strength to weight ratio advantage of this steel provides the
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products to be manufactured lighter in the range of 20 to 30%. The steel is provided by
supplier in the Quenched or Quenched and Tempered form [31]. By these thermomechanical
treatment techniques, the fine grain structure and impact toughness of HSLA are obtained.
According to Dhua and Sen [32], accelerated cooling is for the purpose of fine grain structure
and quenching is for the purpose of obtaining a good weldability and good toughness. For a
typical automobile industry HSLA Steel, one can notice the following chemical composition

below.

Table 3.1: Typical Chemical Composition for a Market Product HSLA-STRENX960MC [31].

C- SI- Mn P S Nb- \% Ti
Carbon Silicium | (Max %) | (Max %) | (Max %) | Niobium | (Max %) | (Max %)
(Max %) | (Max %) (Max %)
0.12 0.25 1.30 0.020 0.010 0.05 0.05 0.07

Fine ferrite-grain size is the main property of HSLA Steels. In order to manufacture HSLA,
refining the grain size is the main task to increase the yield strength of a steel alloy and for
every halving of the mean grain diameter, there is a 50% yield strength increase. The more
the ferrite increase and perlite form decrease, the more increase in strength is attained. In the
case of carbon steel, the structure is coarse, it is composed of alpha ferrite and cementite and
has a low yield strength. On the contrary, HSLA matrix is finer, it is composed of ferrite,
perlite and sometimes bainite and martensite and copper, titanium, vanadium are mixed to
the composition for this strengthening purpose, to modify the microstructure. Metals as
Vanadium, Titanium and Niobium have an affinity to free carbon in the composition. They
attach to free carbon, form the carbides and more carbide in the matrix means more grain
refinement. These are called grain refiners. Carbides are stable structures against thermal
processes and do not dissolve and decompose during thermal processes. Therefore, in
general, HSLA is regarded to have a higher weldability property compared to plain carbon
steel Fe + C. A carbon content in the range of 0.05 to 0.25% is added to continue formability
and weldability as the primary hardening element, on the contrary it creates a low ductility.
Manganese (Mn) is added for increasing strength, toughness, hardenability and hot working

properties of the steel. Molybdenum also increases the machinability, resistance to corrosion,
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enhances the alloying with other elements as well as also contributing to the fine grain
structure. Phosphorus is also used for the same purposes but to a maximum 0,05%. Besides,
copper, silicon, nickel, chromium, and phosphorus create a corrosion resistance on the steel
alloy. Borum is another hardener admixture of the alloy and its content is in the range of
0,0005%-0,005%. Nickel has the contribution of increasing the yield strength and toughness
of the alloy.

Below is a typical market product material table of HSLA producer. The product is preferred
widely in lifting industry in the manufacture of aerial work platforms, loader cranes, mobile
cranes, forestry cranes, concrete pumps, lattice-boom cranes, tower cranes and telehandlers
with reduced weight in the static structure of the equipment. All equipment manufactured of
this type of steel has the advantage of more load capacity and further reaching range.
Especially in the lifting equipment industry, structural hollow sections made of hot-rolled
high-strength steels are available for example with a yield strength of 960 MPa, 40 J Impact
energy, min. 6% elongation and section wall thickness range 4.0-6.0 mm. The prefabrication
process of such ready to use steel hollow sections is completed by cold-forming and HF-

weld, high frequency welding of bended profiles.

Table 3.2: Mechanical Properties of Different HSLA Products [31].

HSLA Yield Thickness Elongation Impact Energy
Strength (MPa) (mm) (%) CHARPY V
(10x10 Specimen -40°)

700 4.0-53.0 14 2717
900 4.0-120 12 2717
960 4.0-53.0 12 271
1100 5.0-40.0 8 271
1300 4.0-15.0 8 271
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Weldability of HSLA is quite high compared to plain carbon steel owing to its high CE-
Carbon Equivalent content. However, this process depends on four main aspects. These are
preheating process, weld process, kind of filler material and post-weld-heat treatment. HSLA
has a good compatibility with most welding processes such as gas metal arc welding (MIG
Welding, MAG Welding), gas tungsten arc welding, plasma arc welding etc. However, extra
care should be given for electro slag welding, electro gas welding and submerged arc
welding. As mentioned earlier, HSLA has a high carbon equivalent due to presence of alloys
that form carbides and this property necessitates a preheat process and a low Hydrogen
practice. On this purpose, welding consumables with a low hydrogen content is an
obligation. Whenever there is preheating in the required zone which is maximum of plate
thickness or approx. 75 mm, the heat transfer from the weld area to the vicinity by conduction
or convection decreases, to put it another way, the cooling rate of the base and filler is
reduced in the weld area. As a result, excessive hardening and cracking tendency risk
diminish. Also, with reduction in the cooling rate, martensitic formation in the welding area
matrix reduces, the residual stress development in the heat affected zone reduces and
hardness in the area reduces. An increase in the cooling rate means rapid heat expansion and
contraction which will increase the cracking tendency too. Besides, hydrogen cracking
should be avoided by reducing the hydrogen content in the process. Preheating temperatures
are available in ASTM for type of HSLA or one can supply it from the provider’s data sheet.
Post-welding-heat-treatment aims to relieve the residual stresses and prevent the formation
of a brittle structure. Post heating also decreases the potential of HIC, hydrogen-induced-
cracking. Evacuating the weld region free from hydrogen immediately after the weld

process, a post heating is necessary.

The product suppliers of HSLA steels [31] prove that HSLA Steels with yields strengths
such as 700 MPa, 960 MPa, 1100 MPa etc. has good compatibility with MAG Welding. In
the research conducted by Gir [33], the compatible welding gas is defined as M20 (8%COa,
92%Ar) and the compatible filler material is defined as ER110SG (NiMoCr). This filler
material has same strength characteristics as a 700 MPa HSLA steel. Consumable filler
material selection is significant in the aspects of strength, mechanical preparation, low
Hydrogen content and response to the heat treatment. In the work, the test specimens of the
welded sections give similar mechanical results with the product supplier of the HSLA Steel
especially in terms of Yield Strength and Ultimate Yield Strength. It is also clarified in the
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paper that this kind of steel has a high utility in manufacturing of lifting equipment even in
the military sector. According to the supplier SSAB [31], unalloyed, low alloyed and

stainless-steel consumables should be preferred while welding a Strenx steel.

Leitner et al. [34] conduct the fatigue analysis of the welded area subjected to High-
Frequency-Mechanical-Impact-Treatment (HFMI) combined with Post-Heat-Treatment
(PHT) is researched. HFMI is a mechanical post-weld-treatment that reduces the geometrical
notch, emerges a compressive residual stress and increases the local hardness. The research
covers the two HSLA Steels S690 and S960. The search is conducted under the strong
recommendation of International Institute of Welding (IIW) that the fatigue strength of
welded structures is independent of the base metal which is an HSLA Steel for the case.
Therefore, enhancement in the weld area is an obligation before the welding as preheat and

inter-pass or post HFMI-treatment. Figure 3.3 shows the results of weld test for 960 MPa

steel.
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Figure 3.3: S-N Curve by Leitner et al. [34].
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Table 3.3 shows the results that Leitner et al. [34] obtained for HFMI-treated S960 Steel
fatigue stress S-N logarithmic curve. The values are taken from the above test data by the

deriving a general logarithmic-curve formula for the given values of Leitner et al. [34].
A (Ot =y (3.1)
5582,89. (Number of Cycles) %1982 = Nominal Stress (3.2)
Table 3.3. below gives some of the values for the above equation.

Table 3.3: S-N Curve Values for S960 HSLA Derived from Logarithmic Curve Formula.

Stress [MPa] N (Cycles)
314,99 2.10°
361,38 1.10°
387,84 7.10°
458,74 3.10°
570,30 1.10°
900,00 1.10*
960,00 0

A similar weld fatigue behavior test is conducted by Jonsson et al. [35] for 1100 MPa yield
strength HSLA steel. The results of them are also similar to that of Leitner et al. [34] for
HFMI-treated welded steel.
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S-N curve for HFMI treated butt welds in Strenx 1100+ (R = 0.1)
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Fatigue evaluation of HFMI treated Strenx® 1100Plus butt welds.

Figure 3.4: S-N Curve by Jonsson et al. for STRENX-1100 [35].

Same formula derivation is executed like the above test data for the table values of Jonsson

et al. [35].

The general logarithmic curve, given by Eq. (3.1), is used again to model the data.
4551,40. (Number of Cycles)™%2° = Nominal Stress (3.3)

Table 3.4. below gives some of the values for the above equation.

Table 3.4: S-N Curve Values for STRENX1100 HSLA Derived from Logarithmic Curve Formula.

Stress [MPa] N (Cycles)
250,00 2.108
287,17 1.108
300,28 8.10°
378,93 2,5.10°
455,14 1.10°
721,34 1.104

1100 0
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Both successive S-N Curve data for 960 MPa and 1100 MPa HSLA steels prove that for the
fatigue case of welded HSLA steel members, the base metal strength is not an exact
parameter and the weld fatigue strengths mainly depend on other factors such as preheating
temperature, inter-pass times, consumable metal, base metal composition etc. Therefore, a
1100 MPa Steel strength can be selected with a fatigue data inserted from Table 3.4. It can
be noticed that for 250.000 cycles, the maximum allowable stress is 378,93 MPa.

3.2 DESIGN LOADS AND LOADING COMBINATIONS ACCORDING TO “FEM
1.001-RULES FOR THE DESIGN OF HOISTING APPLIANCES”

In the chapter 2 of Specification FEM 1.001 [30], loads subjected to the structure and
mechanism of the hoisting appliances are clarified separately. The floor crane loads are
determined via this standard [30]. Primarily, the following abbreviations should be

presented:

Table 3.5: Forces and Force Multiplication Factors that are Considered in the Structural Design.

Force Description

Sa All Dead Weights in the Crane including Self Weight, Counterweight etc.

St Design Payload of the Crane

Su Horizontal Inertial Effect Contribution of the Payload

Sw | Wind Force on Payload and Crane

SwMa | Maximum Wind Force for the Case of Gust-Sudden Wind

St Buffer Load, i.e., Collision Impact Load

q Wind Pressure

vc | Load Amplifying Coefficient from Table T.2.3.4. FEM 1.001 [30]

i Dynamic Test Coefficient for Hoisting Motion Acceleration from Clause 8.1.1. FEM 1.001 [30]

p2 | Dynamic Test Coefficient for Hoisting Motion Acceleration from Clause 8.1.2. FEM 1.001 [30]

Dynamic Coefficient of Vertical Payload for Hoisting Motion Acceleration

IS Flexible Jib Crane Experimentally Determined Coefficient from Section 2.2.2. FEM 1.001 [30]

Sc1is the Dead Load on the crane. S is the Crane Working Load, that is payload of the crane.

Sz is the Horizontal Inertia Load on the crane. Sy is the Wind Load on the crane and the load
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material. Swaax is the Maximum Wind Load on the crane for the designated working
environment elevation when the crane is out of service. Sris the impact load due to collision.

The working load or payload is designated previously as S.=250 kg.

The loads are combined in four separate cases according to the specification Section 2.3.
[30]. All cases have a different force content or different amplification factors. Table 3.6

summarizes the force content of each combination;

Table 3.6: Loading Combinations.

Combination No. Combination Content
CASE 1 All Self Weights, Payload, Driving Acceleration Force
CASE 2 All Self Weights, Payload, Driving Acceleration Force, Wind Force
CASE 3 All Self Weight, Payload, Max. Wind Load, Collision Impact Load
FATIGUE CASE All Self Weights, Payload, Driving Acceleration Force with =1

CASE 1 includes all the dead loads, the design payload and the driving acceleration

horizontal effect.
CASE 2 adds the contribution of wind load to CASE 1.
CASE 1 and CASE 2 load amplification factors are the same except the wind load.

FATIGUE CASE is only slightly different from CASE 1. The load amplifying coefficient
¥c of CASE 1 is omitted and taken as 1. It can be commented that the FEM 1.001 [30]

doesn’t take wind loads, gust loads and collision impact loads as influential repetitive loads

for fatigue design.

CASE 3 looks into extraordinary conditions such as maximum wind load in a gust event,
impact load that a collision generates and last one the sudden changes in vertical hoisting

motion acceleration.
The load combinations and with the corresponding coefficients for each are as follows;
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CASE 3 = Max (SG + SWMAX 'SG + SL + ST ,SG + l/)p:lSL ,SG + pZSL) (36)
CASE Fatigue = (S; + ¢S, + Sy) (3.7)
£1=1.2 and p2=1.4 according to Item 8.1.1. and 8.1.2. [30].

According to International Organization for Standardization standard ISO 12482-1:1995
[36], cranes are designed for a finite lifetime duty and this lifetime is typically 10 to 20 years
for industrial cranes. FEM 1.001 [30] also arranges the crane design based on a specific
design lifetime. Table T.2.1.2.5. [30] identifies the shop crane classification as A3 class, A4
class and A5 class. The class quality increases with the numbers. For the lifetime of an A4
class workshop crane, the standard then directs the user to Table T.2.1.4. [30] where the
maximum allowable load cycle class for a moderate loading regime is U4 and for a moderate
to heavy loading regime is U3. When one refers to table T.2.1.1. [30] once again, U4 class
defines a life cycle of maximum 250.000 cycles. Over a rough exaggerated estimation of
using the crane 40 times a day, 310 days a year and for a lifetime of 20 years, this makes
40x310x20=248.000 cycles. This life time in the yearly base is very close to that suggested
by ISO [36]. Moreover, regarding a construction environment, an average per day hoist
loading cycle might be considered 20 cycles as well which then corresponds to class U3 in

the specification [30]. General load coefficient /¢ is then determined from Table 2.3.4. [30]

based on the class. For the selected A4 class ycis found as 1.11 from Table 2.3.4.
7c=1.08 according to Item 2.3.4. [30].

¥ is the Dynamic Coefficient Factor for the vertically hoisted working load. These loads
result from the acceleration or deceleration of the hoisting motion and the inertia shock that
the mass creates under the vertical acceleration. The coefficient is calculated according to
Item 2.2.2.1.1 of the spec [30]. The item clearly identifies a factor for jib cranes as £=0.3
because the jibs are none-rigid members of a structure and the flexibility of this member
makes a decrease in the dynamic coefficient compared to more rigid overhead travelling
cranes and bridge cranes. As a safe assumption, a hoist motor of V=1 m/s vertical motion

is selected.

Y=1+¢&V, (3.8)
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& =03 for Jib Crane
By substituting the values of & and V7 into Eq. (3.8), we obtain ¢#=1.3.

By using the vertical hoisting acceleration dynamic coefficient factor, ¢, there is no need

for further vertical hoisting dynamic analysis in MATLAB. This factor accounts for an
inertial acceleration of 3 m/s?, which corresponds to an additional inertial load of 750 N (i.e.,
75 kg for a 250 kg payload). This value is significantly higher than the expected motor

acceleration, which corresponds to an operating speed of 1 m/s.

In conclusion, the combinations with amplification factors applied are the following;

By substituting the factors into Eq. (3.4), Case [ yields 1.08 x (Sg+ 1.3S.+ Sn),

Into Eq. (3.5), Case 2 yields 1.08 x (Sg+ 1.3S7.+ Su) + Sw,

Into Eq. (3.6), Case 3 yields max |Sc + Swmax ; S6 + St + St; S + 1.3x1.2 x 8 ; S6 + 1.451,
Into Eq. (3.7), Case Fatigue yields (S¢+ 1.3S.+ Sn).

3.2.1 Determination of Wind Load Sw and Maximum Wind Load Swmax

The standard FEM 1.001 table T2.2.4.1.2.1.[30] defines 3 types of wind condition. These 3

types and the related wind speed values are given in Table 3.7;

Table 3.7: Wind Speeds.

Type of Appliance Wind Speed in Service (m/s)
Lifting appliance in light wind and erection operations 14
All normal types of cranes installed in the open 20
Appliance which must continue to work in high winds 28

The floor crane is designated to carry formwork loads or steel rebar loads in erection
operations. As it will be operated on a fresh concrete slab, heavier design assemblies should
be avoided as much as possible. Therefore, it is not designated for heavy storms or gusts.
Selecting the minimum design wind speed option will reduce the overall dimensions and

counterweight of the crane. Furthermore, it is an erection crane as specification states [30].
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A conventional prefabricated reinforced column form has an approximate area of 3m x I m
= 3 m’. The FEM Standard defines [30] the dynamic wind pressure correlated with wind
speed by the formula where wind speed Vs is in m/s and wind pressure q is in N/m?. V=14

m/s and the related wind pressure q as 125 N/m>.
q = 0.613 V2 (3.9)
By substituting the value of Vs into Eq. (3.9), ¢ yields 125 N/m?.
The action of the wind on the hook is related with projected wind area of the load;
F=S,=25A4A.q (3.10)
By substituting the values of 4 and ¢ into Eq. (3.10), Sw yields 937.5 N.

Table T.2.2.4.1.2.2 [30] clarifies the out of service maximum wind pressure gmaxas 800 N/m?
up to heights of 20 m. elevation. ANSYS has an option to assign the wind pressure directly.

However, the projected area of steel box section profiles of the floor crane is calculated as;
Acrane = 0,10 % (4 + 1,5+ 1,5+ 1,5 + 1,5) = 1 m? (3.11)

By substituting the values of A¢rane and gmax into Eq. (3.10), Swaax yields 2000 N.

3.2.2 Determination of Horizontal Load Su

Driving acceleration and deceleration inertial loads of the crane are derived from the
dynamic analysis performed by MATLAB_ Simscape Multibody software. The dynamic
moving pendulum effect is in general related to these specified parameters; the rope length,
mass of the suspended load, the total mass of the crane, the ratio of these subsequent masses,
mean duration of acceleration or deceleration, period of free oscillation and finally the value
of acceleration or deceleration. Keeping this information in mind, the MATLAB analysis is
performed with modeling a crane-pendulum system that has similar mass distribution with
real case. That is to say, the counterweight of the crane which is installed far from the
fulcrum point is exactly modeled as in the real case because this mass and its position has
significant effect on overall mass distribution and inertia matrix of the system. MATLAB

results from Dynamic Analysis show that for a mean 0.33 m/s” acceleration or deceleration
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to stop or to pace the crane to / m/s velocity in 3 seconds, the maximum acceleration of the

total crane and 250 kg suspended load system is computed as;

amax=0,47 m/ 52

Finertia = m.a (3.12)
By substituting the values of amaxr and 250 kg mass into Eq. (3.12), Sy yields 117.5 N.
3.2.3 Comparison of Force Su of MATLAB and Recommended Value of FEM 1.001

“Section A2.2.3.-Calculation of Loads Due to Acceleration of Horizontal Motions” [30] in
standard describes an identical method to find out the inertia effect of payload during a

horizontal motion with the above variables computed one by one.
Tm: Mean Duration of Deceleration = 3 seconds
L: Length of the Suspended Load= 2 m

T1: Period of Oscillation of the Suspended Load

T, =2.m. (—) (3.13)

T1=2,84 seconds

m: Total Mass of the Crane System Other Than the Load = 667 kg (rotational inertias

negligible)
mj: Mass of Payload = 250 kg
Fem: Mean Inertia Load

Jn: Mean Acceleration or Deceleration = 0,33 m/s’

U = E (3.14)

By substituting the values of m; and m into Eq. (3.14), u yields 0.375.

36



Im

= T (3.15)

B

By substituting the values of 75, and 77 into Eq. (3.15), £ yields 1.056.
wi: Load Amplification Factor for Inertia Load

Yp=2foru<1 (3.16)
Equation (3.12) is again applied using the variables Fen, m; and Jy.

By substituting the values of m; and J,, into Eq. (3.12), Feon yields 82.5 kg.m/s>.

Fenax = Yn-Fem (3.17)

By substituting the values of ¢/, and Fe into Eq. (3.17), Femax (i.e., Sp) yields 165 N.

Su found from the MATLAB Simscape Multibody Analysis is 117,7 N and Su derived from
FEM 1.001 Standard [30] is 165 N. The value of Sy for static-structural analysis is taken as
117,7 N for ANSYS calculations.

3.2.4 Description of Buffer Load St

As the English Language meaning of “to hit the buffer” means “to come to an unwanted
end”, the buffer effect on the suspended load is the impact load of accidental collisions with
the surrounding obstacles and according to the FEM 1.001 [30] Standard Item 2.2.3.4, “it
can be computed by considering that the horizontal force applied at the lever of the load
which is capable of causing two of the crab wheels to lift”. This load is calculated from
moment arm equilibrium in Section 3.2.7 with taking again into consideration the total

counterweight load as Scounterweigh=450.

St =131.00 kg = 1310 N

S ScoUNTERWEIGTH * MomentArmsCW + Sg * MomentArmSG — 8 * MomentArmSL (3.18)
L MomentArmg., '
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3.2.5 Overturning Moment Calculations and Specifying the Counterweight

The design working load or in other words payload of the crane is 250 kg.
S, =250kg = 2500 N

The total counterweight of the crane consists of an additional ballast that will be mounted
separately, a lithium-ion battery, an AC type driving electric motor and a hoist motor.
Despite lead-acid batteries have several other advantages, the lithium-ion battery is the most
suitable option for this model because it will be hoisted up or down in a construction site and

lead-acid batteries cannot be tilted or turned upside down that will cause leakage.

The counterweight is determined from the most inconvenient loading combination.
Remembering CASE 1 doesn’t cover wind load which has a significant overturning moment
arm and CASE 3 is about extreme cases after all the masses, forces and loads are clarified,
CASE 2 is the most unfavourable one for overturning of the crane. In the above overturning
moment check table, after a couple of trial and errors, a minimum counterweight is calculated

as 450 kg.

It should be emphasized that increasing the counterweight is anytime possible for a higher
overturning safety as it will be proved later by additional MATLAB investigation. Finite
element analysis by ANSYS and motor calculations are also held for 800 kg counterweight.
However, the crane is intended to be used on fresh concrete and the lighter it is, the more
practical it will be to operate on slabs and high floors. The counterweight is derived from

Case 2 as it is the most inconvenient loading case.
From Eq. (3.5), we recall that Case 2 is given by 1.08 % (Sg+ 1.35.+ S) + Sw.

Sw, Su, Sr induces an overturning moment about fulcrum with a (-) sign and Sg and
ScouNTERWEIGHT creates a resistive moment against overturning with a (+) sign. Fulcrum
Point is the front wheel axle of the crane. To prevent the overturning of the crane subjected
to above loads, additional counterweight is necessary which will be installed adjacent to

battery and hoist motor units.
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Table 3.8: The Moment Equilibrium About Fulcrum for Loading CASE 2.

CASE 2 LOADING Force (N) X y a Inertia Force CASE 2
(m) | (m) | (m/s?) N) Moment (N.m)
1,08*SCRANESELFWEIGHT 1,08%217*9,81 | 0,82 _ _ _ +1885,24
Inertia Effect of _ _ 1,61 | 047 | 1,08%217*%0,47 -177,34
1,08*SCRANESELFWEIGHT
1,08 *SCOUNTERWEIGHT 1,08*450%9,81 | 1,16 _ _ _ +5530,49
Inertia Effect of _ _ 0,20 | 0,47 | 1,08*450*0,47 -45,68
1,08*ScOUNTERWEIGHT
1,40*S, 1,4*250*9,81 | 0,70 y r i -2403,45
1,08*Sy 1,08*117,5 _ 4 B _ -507,60
SwinD 937,5 _ 4 b N -3750
Total Moment About the Fulcrum +531,66 N.m

The overturning stability factor of the crane is defined as the ratio of Mgesisting t0 MoverTumning.
In the static lifting case without wind, the factor of safety against overturning is 3.14,
including dynamic effects. Under wind conditions, the overturning stability factor can reach
to values which complies with relevant standards such as ISO [36] by increasing the

counterweight up to 800 kg as mentioned previously.
3.2.6 Specifying the Buffer Load St

As mentioned earlier in Section 3.2.4, buffer load is the minimum overturning load applied

to the loading point which is able to destabilize the moment equilibrium about fulcrum.

From Eq. (3.6), we recall that Case 3 is given by max |S¢ + Swmax ; S¢ + S + Sr; S¢ +
1.3x1.2 x 8 ; S¢ + 1.48y).

St and Sp induces an overturning moment about fulcrum with a (-) sign and Sg and
ScoUNTERWEIGHT creates a resistive moment against overturning with a (+) sign.
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Table 3.9: The Moment Equilibrium About Fulcrum for Loading CASE 3 and Determining St

Buffer Load.
CASE 3 Loads N X y a Inertia CASE 3 Moment
(m) | (m) | (m/s? | Forcein N.m
SG_CRANE SELF WEIGHT 217%9,81 | 0,82 _ _ _ +1745,59
SG_COUNTER WEIGHT 450%9,81 | 1,16 _ _ _ +5120,82
SL 250*9,81 | 0,70 _ _ B -1716,75
St 1310 _ 4 _ B -5240
Total Moment About the Fulcrum <= 0,00

Buffer load is calculated as Sr=1310 Newton.
3.3 DIAGRAM OF ALL DESIGN LOADS

Figure 3.5 and Figure 3.6 show a brief description of the unfactored loads and their

corresponding moment arms;
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DIAGRAM OF UNFACTORED LOADS AND MOMENT ARMS
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Figure 3.5: Unfactored Design Loads and Corresponding Moment Arms About Fulcrum.

41



Figure 3.6: Dimensions of the Crane.
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3.4 MOTOR CALCULATIONS

In the succeeding subsections, the contribution of masses of these appliances to the
counterweight will be inspected. Afterwards, this information will be used to determine

whether an additional ballast is necessary or not for counterweight.

The floor crane is a 2 degree-of-freedom machine. It needs a hoisting motor for the vertical
axis and another motor for driving the crane horizontally on the floor. The vertical hoisting
motion is delivered with a hoist motor which generates a rotational motion by electric energy
and transfers it to translational motion directly from the pulley. The horizontal driving
motion of the floor crane is also converted from the rotational motion of the second motor

and converted to linear motion via a gear system.

Fundamental criteria for choosing the right electric motor according to Groschopp Electric
Motor Company [37] are speed, start or stall torque, duty cycle, size, weight, motor life
expectancy, maintenance, noise, surrounding temperature, available input power source such
as voltage-frequency-current-control, running periodically or running continually, price,

quality, and delivery.

There are a variety of electric motors in the market. Common examples are universal AC,
universal DC, DC, AC, brushless DC or asynchronous AC. But mainly AC type motors use

alternating current and DC type motors use direct current.

For an outdoor construction floor crane, asynchronous AC motors seem to be a good option

as the below following reason

a. Asynchronous motors are cheaper than brushless dc motors

b. Good speed regulation with a control

c. High starting torque where for a crane, the load is available before the start of the motor
d. Long life with long maintenance which is limited only by bearings

e. No common wearing parts that must be renewed regularly

f.  Maintaining speed over a wide range of torque

43



g.  Gearbox compatibility

In spite of the fact that AC motors have a low efficiency between 40% - 70%, poor speed
regulation, higher cost per horsepower and low power levels comparative to size, its
durability makes it a better choice for outdoor heavy construction conditions. Moreover, it

is recently more preferable in the electric car industry at the same time.

3.4.1 Translational Drive Motor Selection from Conventional Motion Resisting

Forces

To attain the required motor size and power, there are 3 factors. These are constant torque,
load inertia on acceleration, and desired speed of the total mass. Constant torque is the load
torque when the mass is at constant speed with a balancing counter force that creates the
opposite torque. It stems from frictional forces and gravitational forces. Meanwhile, the
acceleration torque is the amount of force to compel the total mass of the system to reach
the required velocity within the required time by overcoming the inertial resistance of all
masses against changing their velocity. This is merely Newton’s Second Law of motion that
states that ‘the acceleration of an object is directly related to the net force and inversely

related to its mass’ [38].
The following relationship, first introduced in Eq. (3.12), is used again: F=m.a

The acceleration torque of the motor might be calculated by usual way or from the FEM
1.001 Standard [30]. Previously, the usual way is used with general formulations via Vehicle
Dynamics and next the required torque value of the FEM [30] standard is calculated and the
most inconvenient of these two is selected. The relation of acceleration and angular

acceleration and torque are;

a=r.a (3.19)
F=mr.a (3.20)
T=F.r (3.21)
T=mr%a (3.22)
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For dynamic susceptibilities of the freshly poured slab concrete which is resting on a
falsework and the dynamic susceptibility of the crane impact loads due to collision with
surrounding obstacles and or visible object, Linear acceleration and Linear velocity of the

crane is kept as low as possible.
V=1m/s and a = 0.33 m/s?

According to table T2.2.3.1.1. [30], having an average acceleration rate 0.33 m/s? and
gaining the speed to be reached 1 m/s in acceleration time 3 seconds, the crane is regarded

as a high speed-high acceleration device.
The crane frame structural mass is 217 kg, mcrane=217 kg. For counterweight;
Mmotor + Mpattery + Mpatiase = 800 kg (3.23)
Mpayioaa = 250 kg . Therefore, total load for motor design is;
Meotal = Meounterweight T Meranefame = 800 + 217 + 250 (3.24)
Meotar = 1267 kg
Diameter of the drive motor wheel is ¢ = 30 cm and radius r = 0.15m;
The angular velocity of the motor is;
V=wr (3.25)
Alternatively, Eq. (3.25) can be rearranged to express < as ; .
By substituting the values of V" and r into Eq. (3.25), the angular velocity « is calculated as
6.67 rad/s (i.e., rotational speed N=63.7 rpm).

The necessary time to gain the angular speed is again 3 seconds which makes

_dw_6,67
“=ar T3

= 2,23 rad/ sec? (3.26)

The acceleration torque 7, (running up to speed) of linear mass system can also be obtained

from Eq. (3.22).
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By substituting the values of mwwm, v and r into Eq. (3.22), the acceleration torque 7 is

calculated as 63.57 N.m.

Additional inertial force comes from the rotational inertia of shaft and wheel but since these
are small and negligible amounts, it is neglected and considered as perishing in the factor of
safety multiplication of the Torque. However, one can easily add these values from the

following formulas;

2
] = ’”’;r (3.27)
and the rotating pieces’ additional torque
Trot = Jxa (3.28)

For calculating the total travel resistance torque, one needs the Rolling resistance f of the
crane. Rolling resistance f of a body, i.e. rolling friction or rolling drag is the friction force
that is resisting while a body is rolling on a surface. For floor crane on rubber tire, this value
is f = 0.015 . This value is taken from Decadura Solid Tires internet site showing the
frictional resistance of rubber tyre electric stackers or rubber tyre electric forklifts [39]. It is
stated that a solid tire rolling friction is 15% higher than that of a pneumatic rubber tire which

has a coefficient value 0.013.
The total travel resistance force is calculated as;
F,=f.m.g =0,015x1267x9,81 = 186,44 N (3.29)

By substituting the values of Fs and r into Eq. (3.21), the travel resistance torque

TTrave]Res[stance IS CalCulated as 27.96 N.m.

TTotal = Ta + TTravelResistance (3-30)

By substituting the values of 7, and Trraveigesistance 1nto Eq. (3.30), the total torque 77w 1S
calculated as 91.53 N.m.

General motor power formula is given by:

fsthotalxN

Power (kW) = 9548

(3.31)
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The load multiplication factor of safety is randomly taken as f; = 2 to stay on the safe side.
Thus, the required torque for driving electric motor is found by substituting the values of f;,

T'rota and rotational speed N into Eq. (3.31) as 1.22 kW.
Powerprivinomoror=1.22 kW
3.4.2 Translational Drive Motor Selection from FEM 1.001

So far, the necessary power selection of the driving motor according to a basic Vehicle
Dynamics approach is attained. On the other hand, FEM 1.001[30] set forth also some other
conditions based on same Vehicle Dynamics understanding. The following computation
shows FEM 1.001 [30] approach for determining necessary torque of horizontal motion

motor from section 5.8.3.
m = equivalent mass of loads, structure and rotating parts
m; = Mass of lifted load,w, = Travel Resistance at Zero Wind, a = Acceleration
V = Travel Speed of the Crane , n,, = Rotation Speed of Motor rev/min
n = Overall ef ficiency of the mechanism
wg = Total Travel Resistance at wind pressure q = 80 N /m?

w,s = Total Travel Resistance at wind pressure q = 250 N /m?

60
Casel T=[a.(m+my)+wy|.V.0—m—— (3.32)
2.T. Ny M
Case2 = M |[( +my) + wy. Area]. V. — Area.V (3.33)
ase 2 = Max |[a.(m + m,) + wg. Areal]. '2.7T.nm.n'w25' rea. Tl &

Remembering the general formula

v my Rev ) Rad " min r 334
(?)_nm<Min)* 7T(Rev)* (sec)*% (334)

And if we extract » from the above general formula above
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60

2.y,

Alternatively, Eq. (3.34) can be rearranged to express  as V.

It is apparent that the FEM Standard [30] uses the general formula Torque = Force *
radius identically with a slight difference of using an efficiency parameter. With an

estimated efficiency n = 0.80

By substituting the values of ws (i.e., Fs), W a, m, mr, V, ny (i.e., N), 1) into Eq. (3.32), Case
I Torque T yields 113.28 N.m.

Case 1 TorqueT = 113,28 N.m

By substituting the values of wo, ws, wos, load area, a, m, mr, V, nn (i.e., N), 7) into Eq.

(3.33), Case 2 Torque T yields from Max|203.23; 316/ as 316 N.m.
Case 2TorqueT =316 N.m

One can notice that a travel resistance counting a wind load effect of a 2x3 m? load particle
with a wind pressure of g=250 N/m’ generates a great difference in the final Torque that is

necessary for the motor compared to P=1.24 kW from the general approach.

Equation (3.31) can be again applied using the variables maximum torque 7rey from FEM
1.001 [30] and rotational speed N to calculate the required motor power Powerrey according

to FEM 1.001 [30].

By substituting the values of N and Case 2 Torque Treym into Eq. (3.31), Powerrey yields
2.11 kW.

Powerprivinemoror FEm = 2.11 kw

PDRIVING MOTOR FEM = 211 kW > PDRIVING MOTOR VEHICLE DYNAMICS = 1.24 kW

The translational motor power required by FEM 1.001 [30] is significantly higher than that
estimated by a general vehicle dynamics approach, as the standard [30] accounts for

increased wind resistance acting on the load.

The closest market production for this requirement is a 2500 Watt — 1800 kg — Forklift
driving Wheel Assembly Wheel Drive System with a mass m=56.4 kg.
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Marivingmotor = 56.4 kg
3.4.3 Vertical Hoisting Motor Selection from FEM 1.001

FEM 1.001 Standard 5.8.2. section [30] also presents the below formulas for determination

of the required power for Motors of Vertical Motion, in other words, for a hoisting motor;
Pymax =L *V, #1073 % (3.35)

Where:

L=maximum nominal permissible lifting force [N] = 250kg x 9,81m/s?

Vi=lifting speed [m/s] = 26 m/min = 0.43 m/s

7)=efficiency of the machinery (0,82 for a standard market product construction hoist)

By substituting the values of L and ¥ and 7, into Eq. (3.35), Pymax yields 0.86 kW.

9550
Tnmax = Pymax * N_ (3.36)

m

Given a drum radius »=0.075 m and and a linear velocity V iiesr = 26 m/min (i.e.,

Viinew=0.433 m/s), the angular velocity « can be calculated from Eq. (3.25) as 5.77 rad/s.

rad sec
N, = 5,77( ) £ 60+ (—) = 55,1 rev/min (3.37)

sec min/ (2m) (%)

By substituting the values of N, and Pymax into Eq. (3.36), Thmax yields 149.01 N.m.

The specification [30] requires that Ty, 4, = 1,4 * Tymax for all types of motors supplied by
voltage, where Tpax is the maximum torque of the motor. In other words, this increases the

required torque by applying a specific safety factor.

9550
Thax = 1.4 % 0,86 * 551

)

= 208,68 N.m (3.38)

Then the maximum required power of the hoisting motor, according to FEM 1.001 [30], is

calculated from Eq. (3.31) by substituting 7=T.ax and N=N,,, yielding 1.20 kW.
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Priax reEm stanparp = 1.20 kW

3.4.4 Vertical Hoisting Motor Selection Verification from a Real-time Site Hoist that

is Mounted on a Derrick

The above value 7.20 kW is the required torque according to the specification [30]. It is also
possible to check the selected market electric hoist motor directly from the efficiency values

of the product [40].

Hoist Motor Selection from Market Products:

Mass = 60 kg, Lift capacity = 250 kg

Drum Speed (Viinear) = 24 m/min. = 0.4 m/sec

Power—2 Hp = 1.5 kW

Gearbox Efficiency =0.80

25 m rope —AC — Low Noise & Weight — Pulley Radius r=7.5 cm — Speed up Time 1 second

By substituting the values of 7 and Viinear into Eq. (3.25), the output angular speed of the

motor & 1S calculated as 5.333 rad/s.

Gearbox efficiency 7)=0.80

TOUT = Tacceleration + TGravitation + TPulleyfriction (3-39)
Tout = (Facceleration + FGravitation + FPulleyfriction) *T (3-40)
FPulleyfriction ~T—Tx ellﬁ (3-41)

Coefficient of friction £¢=0.1 for steel rope and cast-iron pulley.
Angle of contact for pulley 5= 77/2

Pulley tension force 7=250 kg = 2500 N is on the maximum side of the pulley. By
substituting the values of Pulley Tension 7, /5 and w into Eq. (3.41), the pulley friction

force Fruiteyfiiciion 18 calculated as 425 N.
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TOut = (m a+m. g + FPulleyfriction) *T (3-42)

By substituting the values of Lift Capacity m, Linear Acceleration a, r and Fpuiieyfiiciion 1Nt0

Eq. (3.42), the output torque 7o is calculated as 223.3 N.m.

TOut
n .
Tln(actual) = gearbnoxratlo_ (3.43)
223,3
0,8 279,13
Tin(actuar) = = N.m (3.44)
gearboxratio n gearboxratio
Power(W) = Tin * Win = Tin * Weye * Ngearboxratio (3.45)
279,13

Power (W) = % (5,333 * Nyearpoxratio) = 1488 W ~ 1500 W  (3.46)

gearboxratio

Mass of the electric hoist motor product of these power values on the market is 65kg [40].

Figure below displays an example of construction hoist in the same class;

~
N
: \ i“

p

Teknik Bilgiler |Model/ Km - V250
Motor Giicti 2Hp 380V
Kaldirma Kapasitesi 380V 250KG
Hiz 26-30 m/dk
Halat Boyu 25 /50 m
Halat Cap: @8 mm
Agirhd -65 Kg

Figure 3.7: Construction Hoist from the Market [40].
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4. RESULTS

4.1 STRUCTURAL ANALYSIS RESULTS

The crane model is defined in ANSYS Finite Element Method Software with precision.

Some of the significant parameters that are used in ANSYS are shown in Table 4.1.

Table 4.1: ANSYS Parameters.

ANSYS Parameters
Average Skewness 0,25 (Vertex Sizing on stress concentration areas)
Wheel Supports 3 Cylindrical Supports in the location of rubber wheels
Equivalent Uniaxial Stress Equivalent Von-Mises (since steel is a ductile material)
Value of Stress Tensor
Overall Fatigue Strength K=0,60
Factor
Desired Fatigue Analysis 250.000
life-time Cycles
Fatigue Analysis Theory Goodman Theory
Fatigue Analysis Method Stress-Life Method (over 100.000 cycles)

The fatigue analysis S-N curve is taken from Table 3.4 by Jonson et al. [35]. The computed
fatigue analysis safety factor for 250.000 cycles is FS=1,47. Mesh damage is not observed

as all damage results for 250.000 cycles in the fatigue analysis.

The closest loading combination to a real-time operation is Fatigue-Case loading and
maximum payload loading of Case 3. The deformations of the jib in vertical direction are

found as 29,99 mm and 34,62 mm respectively with the bending of the jib cantilever.

The maximum stress value appears in the Case 2 loading where wind direction is applied
both in plane and toward the out of plane as 385,86 MPa in the jib-mast joint. This value
corresponds to a Factor of Safety FS=2,85 for static loading cases for a 1100 MPa HSLA
steel. The minimum stress value appears in the Gust Wind Loading Case while the crane is
out of service. Minimum stress value is 116,86 MPa. This value corresponds to a Factor of

Safety FS=9,41.
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4.1.1 Case 1 Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 283,93 MPa.

The following figures are the ANSYS Structural Analysis results for Case 1 Loading;

31,55
0,002532 Min

Figure 4.1: Equivalent Von Mises’ Stress. Case 1 Loading.
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Figure 4.2: Forces. Case 1 Loading.

Figure 4.3: Jib Deformation. Case 1 Loading.
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4.1.2 Case 2-Wind in X Direction Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 356,64 MPa.
The following figures are the ANSYS Structural Analysis results for Case 2-Wind X
Loading;

39,620
0,0021484 Min

CASE2 -WIND inX

Figure 4.4: Equivalent Von Mises’ Stress. Case 2-Wind X Loading.
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CASE 2-WIND inX
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Figure 4.5: Forces. Case 2-Wind X Loading.
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4.1.3 Case 2-Cross Wind Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 385,86 MPa.
The following figures are the ANSYS Structural Analysis results for Case 2-Cross Wind
Loading;

42,887
0,015482 Min

CASE 2 - CROSS WIND

Figure 4.6: Equivalent Von Mises’ Stress. Case2-Cross Wind Loading.
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Figure 4.7: Forces. Case 2-Cross Wind Loading.
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4.1.4 Case 2-Wind in Z Direction Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 366,83 MPa.
The following figures are the ANSYS Structural Analysis results for Case 2-Wind Z
Loading;

40,77
0,012064 Min

CASE2-WINDInZ

Figure 4.8: Equivalent Von Mises’ Stress. Case 2-Wind Z Loading.
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Figure 4.9: Forces. Case 2-Wind Z Loading.
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4.1.5 Case 3-Collision Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 320,37 MPa.
The following figures are the ANSYS Structural Analysis results for Case 3-Collision
Loading;

CASE 3 - COLLISION IMPACT

Figure 4.10: Equivalent Von Mises’ Stress. Case 3-Collision Loading.
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Figure 4.11: Forces. Case 3-Collision Loading.
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4.1.6 Case 3-Maximum Wind out of Service Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 116,86 MPa.
The following figures are the ANSY'S Structural Analysis results for Case 3-Maximum Wind

out of Service Loading;

25,97
12,986
0,001632 Min

CASE 3 - Maximum Wind Load

Figure 4.12: Equivalent Von Mises’ Stress. Case 3-Maximum Wind Loading.
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CASE 3 - Maximum Wind Load

Figure 4.13: Maximum Wind Pressure on Surfaces. Case 3-Maximum Wind Loading.

64



4.1.7 Case 3-Maximum Payload Loading Combination Results

For this case, the maximum Equivalent Von Mises’ Stress is calculated as 315,59 MPa.
The following figures are the ANSYS Structural Analysis results for Case 3-Maximum
Payload Loading;

0,003202 Min

CASE 3 -AMPLIFIED PAYLOAD

Figure 4.14: Equivalent Von Mises’ Stress. Case 3-Maximum Payload Loading.
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CASE 3- Maximum Payload (1,56X250 kg)

SLy=-3900 N

Figure 4.15: Forces. Case 3-Maximum Payload Loading.
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4.1.8 Fatigue Case Loading Combination Results

For this case, the maximum Alternating Equivalent Von Mises’ Stress is calculated as 247,43
MPa. Safety Factor FS=1,47 for 250.000 cycles. The minimum safety factors appear near
the jib-mast connection where dense welding and HFMI-treatment is going to be applied.

The following figures are the ANSYS Structural Analysis results for Fatigue Case Loading;

il
27,494
| 0,0022681 Min

FATIGUE CASE

Figure 4.16: Equivalent Alternating Von Mises’ Stress. Fatigue Case Loading.
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FATIGUE CASE

Figure 4.17: Safety Factor for 250.000 Cycles. Fatigue Case Loading.
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FATIGUE CASE

Figure 4.18: Jib Deformation. Fatigue Case Loading.

FATIGUE CASE

Figure 4.19: Forces. Fatigue Case Loading.
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4.1.9 Summarization of Loading Combination Results

So far, all the loading combinations are executed in the computation. Table 4.2 below gives

a brief result and comparison of finite element analysis for all cases;

Table 4.2: Safety Factor, Stress and Deformation Values for all Loading Cases.

Case Deformation (mm) Stress (MPa) F.S.

Case 1 32,015 283,93 3,87

Case 2 -Wind X 36,961 356,64 3,08
Case 2-Wind Z 79,647 366,83 3,00
Case 2-Cross Wind 63,373 385,86 2,85
Case 3-Collision 30,311 320,37 3,43
Case 3-Max. Wind 15,412 116,86 9,41
Case 3-Max. Payload 34,620 315,59 3,49
Fatigue Case 29,992 247,43 1,47

The selected design material Strenx-1100 has a yield strength 1100 MPa. None of the stress

values in Table 4.2 reaches this value. The design is considered safe in the static loading.

S-N Curve by Jonsson et al. for STRENX-1100 [35] displays an endurance limit as 250 MPa.
In Table 4.2, it is clear that Fatigue Case Maximum Stress is under Endurance Limit of the

selected design material.
4.2 DYNAMIC ANALYSIS RESULTS

The dynamic analysis of the shop crane is carried out by computer software MATLAB
Simulink environment. The Simulink environment has different libraries for many
engineering disciplines and among them, SimScape Multibody has a convenient library for
mechanical configurations. The built-in ready blocks help the user to easily configure a
mechanical system without a necessity of using computer algorithms, especially C++ codes
or MATLAB codes. The maximum acceleration to be used in the Static-Structural design is
derived from MATLAB results and the related inertial force Sy is later computed with

implementing this acceleration. The acceleration and deceleration values are such that the
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operating velocity of the crane 1 m/s is reached in 3 seconds in acceleration or the crane

stops from operating velocity 1 m/s to 0 m/s in 3 seconds.

The analyses are repeated for a system with a double-pendulum model and a system with a
single-pendulum model. The single pendulum system has a 1 mass with m; and a weightless
rope with length 1. The double-pendulum system has 2 point-masses m; and m> with
different rope length I and . In Figure 4.20, the main physical model differences of the two

models are compared.

DOUBLE PENDULUM MODEL SINGLE PENDULUM MODEL

m_payload ’

m_payload

Figure 4.20: Physical Models. Single and Double Pendulum.

The MATLAB analysis diagram for double pendulum model is shown in Figure 4.21 with
two strings and two revolute joints. The single pendulum model’s only difference is also

illustrated in the black-boxed section, consisting of one revolute joint and a single string.
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Figure 4.21: MATLAB Simulink Simscape Multibody Diagram of the System.

The diagram consists of several Simulink blocks. These are world frame as main reference
frame, solver configuration for Simulink operations, mechanism configuration for Simulink
mechanical operations, weld block that connects the reference frame and motion line, a solid
block for motion line, a prismatic joint block for connecting the motion line and the crane
main body, crane main frame as an exported block from .step file, a revolute joint block that
1s connecting the rope solid block and the crane frame, a revolute joint connecting the rope
solid block and the payload solid block, a switch block to cut the applied torque after the
desired motion values are obtained, a counter block for time data, constant blocks for
providing input force values to the system as constant values, translational motion sensors
to measure motion values between the desired connection lines and scope blocks for
measuring and observing the computed results. The switch blocks stop or ignite the force
and switch the force to 0 value by activating or deactivating the 0 constant block. The sum

block adds up the connected data and outputs the calculated sum.
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Later in the PID Control analysis, additional blocks are attached to the diagram. Manual-
PID Control system is composed of 3 multipliers; Kp, K1, and Kp factors. The error of the
system is calculated by subtracting target velocity from measured velocity by SIMULINK
sensors and later, multiplied by all of these to feed the system back. Kp represents the
proportional gain and is used to reach the target rapidly. Kp is the derivative gain and
calculates the derivative of the error by derivative block in order to eliminate overshooting
and oscillation by detecting the rapid changes of the error. Kjis for the the integral gain and
eliminates the steady-state error by tracking the past changes by integral block. Finally, an

Auto-PID Simulink block is added and the two control systems are compared.
4.2.1 Dynamic Analysis with Double Pendulum

The data below is taken from the figures below as MATLAB Simulink output of a crane
with a double pendulum load attached.

Maximum Acceleration at speed-up case, a=0,46520,47 m/s’ at time t=0 s.

Reaching operation velocity at speed-up case, V=1 m/s at time t=3 s.
Maximum pendulum oscillation at speed-up case, 12,99 cm

Maximum Deceleration at break down case, a=-0,4652-0,47 m/s’ at time t=0s.

Reaching stop at break down case, V=0 m/s at time t=3 s.

Maximum pendulum oscillation at break down case, 12,99 cm
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Figure 4.22: Double Pendulum Velocity vs. Time Graph for Speed-Up Case.
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Figure 4.23: Double Pendulum Acceleration vs.

Time Graph for Speed-Up Case.
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Figure 4.24: Double Pendulum Oscillation vs. Time Graph for Speed-Up Case.
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Figure 4.25: Double Pendulum Velocity vs. Time Graph for Break Down Case.
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Figure 4.26: Double Pendulum Deceleration vs. Time Graph for Break Down Case.
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Figure 4.27: Double Pendulum Oscillation vs. Time Graph for Break Down Case.
4.2.2 Dynamic Analysis with Single Pendulum

The data below is taken from the figures below as MATLAB Simulink output of a crane

with a single pendulum load attached.

Maximum Acceleration at speed-up case, a=0,46520,47 m/s’ at time t=0 s.

Reaching operation velocity at speed-up case, V=1 m/s at time t=3 s.
Maximum pendulum oscillation at speed-up case, 12,69 cm.

Maximum Deceleration at break down case, a=-0,465=-0,47 m/s’ at time t=0 s.

Reaching stop at break down case, V=0 m/s at time =3 s.
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Maximum pendulum oscillation at break down case, 12,80 cm.
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Figure 4.28: Single Pendulum Velocity vs. Time Graph for Speed-Up Case.
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Figure 4.30: Single Pendulum Oscillation vs. Time Graph for Speed-Up Case.
76



1l I |[3]7m # ¥ Cursor Measurements ax
: » Settings
T | 4 ¥ Measurements

|
| Time Value
| 1] 3.000 -52.749 mm/s
| 2 45000 -15.173 mm/s
i 1 AT 42.000 s AY  37.576 mm/s
|
| 1787 23810 mHz
! il INGENS 894.666 pm/s*
|
|
! 14
| 14
! 4
1
1
! ~
| w
| SSS
1 i
. g
\ ~
|
| ey
[} . 8

/\/\/\/\/\fw-*m 3
i ©

o (S) |
|

L il il L 1 >

25 30 35 40 45 50

Figure 4.31: Single Pendulum Velocity vs. Time Graph for Break Down Case.
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Figure 4.32: Single Pendulum Deceleration vs. Time Graph for Break Down Case.
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Figure 4.33: Single Pendulum Oscillation vs. Time Graph for Break Down Case.
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4.2.3 Dynamic Analysis for St Collision Impact (Buffer) Load of FEM 1.001

The St collision impact load is derived previously from. As might be remembered, it is the
minimum horizontal inertia load exerted by the carried payload to overturn the crane during
a sudden collision with surrounding obstacles. In this section, a reverse engineering approach

is adopted to verify or assess the collision scenario of FEM 1.001 standard [30].
Sr=131,00 kg, mpayLoap=250 kg

Using Newton’s Second Law of Motion, the following relationship, first introduced in Eq.

(3.12), is used once again: F=m.a

St = MpayLoap- ACOLLISIONIMPACT (4.1)

Maximum Deceleration at Collision Case, a=-5,2 m/s’ at time t=0 s. (putting m=250 and

St=131 kg at the right above formula)

In the next step of reverse engineering, the deceleration of collision which is a=-5,2 m/s’ is
searched in the overall Multibody Simscape model. The force necessary to break the crane
at exactly a deceleration of this a=-5,2 m/s’ rate from 1 m/s operating velocity to 0 m/s is

implemented on the model and the following results are obtained.
Reaching stop at collision case, V=0 m/s at time t<0,2 s.

Maximum pendulum oscillation at speed-up case, 44,10 cm
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Figure 4.34: Buffer Load Deceleration vs. Time Graph for Collision Case.
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Figure 4.35: Buffer Load Oscillation vs.
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Figure 4.37: Buffer Load Velocity vs. Time Graph for Collision Case.

The figures above prove that St load urges the crane to stop less than 0,20 second.
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4.2.4 Dynamic Analysis for Heavier Counterweight 800 kg

The counterweight is modified in the system as 800 kg and dynamic analysis results are
observed for the single-pendulum speed-up case. It is inspected that the acceleration
amax=0,41 m/s” is decreased with the shift of center of overall mass to the crane side more

and the pendulum effect on the system becomes smaller.
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Figure 4.38: Single Pendulum Oscillation vs. Time Graph for Counterweight 800 kg.
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Figure 4.39: Single Pendulum Velocity vs. Time Graph for Counterweight 800 kg.
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Figure 4.40: Single Pendulum Acceleration vs. Time Graph for Counterweight 800 kg.
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4.3 DYNAMIC ANALYSIS IMPROVEMENT AFTER RESULTS OBTAINED

The MATLAB results display that the algorithm of the systems may be enhanced in the way
of adding some control to the system for velocity targets. The breaking and acceleration
torques in the analysis are applied for a specific time duration to attain the target values but
not controlled after the target is reached. Therefore, the additional pendulum in the overall
system had a significant oscillation effect on the velocity values. To eliminate these
oscillations and to obtain a smooth target value, a proportional control is attached to the

system to attain target velocity. The diagram below shows the controlled system.
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Figure 4.41: MATLAB Simulink Simscape Multibody Diagram of the P Control System.
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The improvement in the system is achieved by adding proportional control to the system.
The additional switch block asses the signal values that are directed from velocity output of
the prismatic joint and when the signal begins overshooting over 0 m/s velocity for break-
down or Im/s velocity for speed-up, the block activates the resistant force to prevent
overshooting the target value. The added switch block number is 2, former one to wait for
the velocity to reach target with time control value and the latter one to activate the resistant

force after overshooting starts.

The improved system is implemented for both the single pendulum case and the collision

load or in other words Buffer Load.
4.3.1 Dynamic Analysis Proportional Velocity Control System Results for St Load

In the improved condition, velocity oscillations and overshooting are reduced significantly.
The impact load is breaking down the crane to 0 m/s velocity within a quarter of a second.

The oscillation results differ from the previous analysis that is without velocity control.
Reaching stop at collision case, V=0 m/s at time t<0,2 s.
Maximum pendulum oscillation at speed-up case, 39,19 cm

Maximum Acceleration amax=-5,2 m/s’
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Figure 4.42: Buffer Load Oscillation vs. Time Graph for Collision Case.
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Figure 4.44: Buffer Load Acceleration vs. Time Graph for Collision Case.

4.3.2 Dynamic Analysis Proportional Velocity Control System Results for Single

Pendulum

In the improved condition, velocity oscillations and overshooting are reduced significantly.
Velocity precisely settles to 1 m/s value. The oscillation result doesn’t differ much from the

previous analysis without velocity control.

Maximum Acceleration at speed-up case, a=0,46420,47 m/s’ at time t=0 s.

Reaching operation velocity at speed-up case, V=1 m/s at time t=3 s.

Maximum pendulum oscillation at speed-up case, 13,10 cm
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Figure 4.45: Single Pendulum Oscillation vs. Time Graph for Speed-up Case.
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Figure 4.46: Single Pendulum Velocity vs. Time Graph for Speed-up Case.
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Figure 4.47: Single Pendulum Acceleration vs. Time Graph for Speed-up Case.
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4.3.3 Dynamic Analysis PID Velocity Control System Results for Single Pendulum

For further inspection, a manual and an Auto PID control is attached separately to the system
to control velocity. Auto-PID is added to check and compare the behavior of Manual-PID

system.

Maximum Acceleration at speed-up case — Manual PID, a=0,619 m/s’ at time t=0 s.
Maximum Acceleration at speed-up case — Auto PID, a=0,619 m/s’ at time t=0 s.
Reaching operation velocity at speed-up case, - Manual PID, V=0,9914 m/s at time t=3 s.
Reaching operation velocity at speed-up case — Auto PID, V=0,9963 m/s at time t=3 s.
Maximum pendulum oscillation at speed-up case — Manual PID, 18,74 cm

Maximum pendulum oscillation at speed-up case — Auto PID, 19,39 cm

In the figures below, altered system diagrams and system results are available;
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Figure 4.48: Single Pendulum Oscillation vs. Time Graph for Speed-up Case. Manual PID.
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Figure 4.51: Single Pendulum Velocity vs. Time Graph for Speed-up Case. Auto- PID.
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Figure 4.52: Single Pendulum Acceleration vs. Time Graph for Speed-up Case. Manual PID.
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Figure 4.53: Single Pendulum Acceleration vs. Time Graph for Speed-up Case. Auto- PID.
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4.3.4 Video Links of MATLAB Results

The videos of the MATLAB simulations can be found in the links below;

Crane acceleration to 1m/s and deceleration to Om/s. Video available at:
https://youtu.be/GfIwEZcbZOE

Crane acceleration to 1 m/s - 3D View. Video available at: https://youtu.be/-135hzbeKLM
Crane acceleration to 1 m/s. Video available at: https://youtu.be/mfNMGQtZ500
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5. DISCUSSIONS & CONCLUSIONS

5.1 STRUCTURAL DESIGN

The load combination Case 2 of Section 3.2 for Static-Structural analysis gives results much
below the selected steel HSLA-1100 yield strength. The obtained stress results are in the
range of 300-400 MPa. Regarding static loading, with a minimum factor of safety 2,85 the
selected steel box sections comply with the design factored load combinations in the static

loading cases.

The importance of selecting a high strength steel shows up during the fatigue design case.
The fatigue analysis load combination of section 3.2 and the S-N curve properties of HFMI
treated 1100 MPa high strength steel are combined together. Later, in the ANSYS fatigue
analysis, a general fatigue strength factor K¢=0,6 is attached to stay on the safe side. In the
fatigue analysis results, a minimum factor of safety value 1,47 is obtained by reaching a life
time 2,5x10° cycles. Besides, fatigue strength factor Ky is estimated generously as 0,6 for an
HFMI-Treated weld section which has been treated to eliminate the notches. Consequently,

the fatigue analysis might be considered successful.

The fatigue analysis” minimum factor of safety value is calculated around welded sections
in the real manufacturing case. As a result, taking the S-N Curve for HFMI-treated welded

section of a 1100 MPa steel seems to be an appropriate selection.

The fatigue analysis safety factor 1,47 can be assessed as an acceptable fatigue design safety

factor.

HSLA1100 MPa proves to be a convenient option as this type of steel is mainly used in

heavy-lifting industry.

It is also observed that making traffic load with this equipment on a fresh concrete surface

without taking the necessary precautions of additional curing is not possible.

To finalize, a light-weight crane is obtained with a main chassis of 217 kg. Keeping the
counterweight unit separate and modular with ballasts, motors and batteries together, it is

possible to hoist this chassis with a 250 kg capacity construction hoist.
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The modification of an engine crane or a shop crane or in other words floor crane to a mobile

construction crane might be deemed as completed successfully.
5.2 DYNAMIC ANALYSIS

The maximum oscillation displacement of the payload appears on the implementation of
buffer load St (131 kg). This is the minimum load to overturn the crane while carrying the
maximum payload when a collision creates an impact. The oscillation due to this impact is
39,20 cm after the improvement of control. This size of oscillation is a risky condition as
there might be people around the crane. In operating speed-up and operating break-down

cases, the oscillations are almost equal, in the range of 12-13 cm.

The impact model is derived based on a dynamic behaviour in which a horizontal load that
will generate a -5,20 m/s?> deceleration on the suspended payload is applied to the system
which is previously operating at a 1 m/s velocity and causes the system to stop to 0 m/s
velocity abruptly. The sudden stopping time is calculated below 0,20 second. This
calculation also verifies that the standard has a good approach in estimating a possible

collision impact load effect even in the time criteria as well as the force criteria.

The double-pendulum and single-pendulum inertia loads do not differ too much in the cases
of acceleration or deceleration. For both cases, the maximum acceleration or deceleration is
almost 0,464 m/s. The reason for this is the short length of the rope. Both cases have similar

pendulum oscillations for 2 m. rope length.

The computed acceleration is 0,619 m/s* for PID control added accurate system. The value

of maximum acceleration and deceleration increased after system control.

The counterweight is exactly positioned in the model similar to its original real place. As the
multi-particle dynamics of the crane will generate more rotational energy when the applied
force gets far from the centre of mass of the crane body, the suspending load will have a
larger oscillation. It has been witnessed that the ratio of suspended load mass to the ratio of
crane body mass has a large role in the generation of the inertia load that stems from the
suspended load. Thus, the counterweight is positioned delicately in the MATLAB Simscape

Multibody model. The more the system shifts energy to particles with less constraint, the
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more will be their unconstrained effects on the system. The more the system shifts energy to

constrained lump masses, the more the system will behave like a point mass.

The horizontal inertial force of suspended load which is calculated from the FEM [30]
standard and that of the MATLAB Simulink are close to each other. The former is 1/15th
and the latter 1/20th of the suspended payload.

The PID Sy force can be calculated as 154,75 N. This value is almost the same with the Sy
recommendation of FEM Standard 165 N. Difference between Sy of ANSYS design and last
enhancement is only 40 N or 4 kg. This is a negligible amount to alter the design as the

design loads increased up to 100 kg by load factors.

It might be concluded that an operating velocity of 1 m/s is an appropriate selection for the
available crane size optimization as moving further from this speed endangers the crane
stability in case of a collision impact load. Furthermore, it will necessitate installing huge

counterweights.

The proportional control enhancement in velocity in order to resemble more like a real-time
case doesn’t significantly change the inertial acceleration values in speed-up or break-down

case.

The additional PID control enhancement in velocity in order to resemble a real-time case

makes a slight change in the final horizontal force Sy which will not endanger the design.

Increasing the counterweight stabilizes the system dynamic behaviour. While the stable
kinetic energy ratio increases in the constant masses, the ratio of kinetic energy that shifts to
pendulum decreases. The Lagrangian of the system intensifies around the mass with more
constraints. As a result, the system resembles more like a lump mass compared to the

previous case.
5.3 FURTHER INVESTIGATION

Utilizing a floor crane in construction sites is a common application. However, the
construction managements generally avoid this option since the risk of overturning, the
collision with surrounding and workers is higher compared to utilizing this type of crane in

a workshop or manufacturing hall environment. The wind, the surrounding gaps, the
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elevation of the storeys, the lack of barriers around the storey, a number of people working
in the vicinity with rushing mood etc. generates a high risk and probability of an accident.
However, by the reveal of new technologies, these risks might be reduced to acceptable
limits. A further investigation in installing any of these technologies to a shop crane on open
area erection duty will help the managers tend to utilization of this type of crane in
installation works. With the Al technologies more coming into our lives, Al systems might
be inspected which will use all the available technologies and combine all the information

to guide the operator of the crane for any risk.

While the computed results clarifies that it is possible to manufacture a main crane assembly
with less than 250 kg weight, an investigation might be conducted to lighten all the
appliances that are attached to the main crane assembly. A lighter drive motor, a lighter hoist
motor and even using a lighter crane frame with higher strength steel will contribute the
users to have more practicality while carrying the crane up and down or here and there

around the construction working area.

In the design perspective, modular assemblies and extendable-retractable assemblies might

be examined to increase the ease of utilizing the crane in a construction environment.

In this study, the auxiliary standard for determining the crane design loads and drive design
loads is used as FEM 1.001 [30]. A comparison with other international standards for design

of a shop crane might be held out.

The crane is modified for construction purposes. Therefore, it might be necessary to use it
in the edge of the storeys to hoist loads from the ground level. In this position, there is a
necessity of additional interlocking safety for the crane. A rail-bogie-guide rim system might

be presented to improve the safe working condition of the crane on high level storeys.

A dynamic analysis of the floor crane is presented to the literature with mast modification.
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