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Abstract: The subject of the research presented in this article is the dimensional optimisation of
the box structure of the main girder for overhead cranes, with the aim to reduce the main girder’s
own weight. Described are the applied optimisation methods and also the problems arising during
the optimisation process. Loss of shape stability is analysed in more detail, as well as the methods
determined for a constructional proposal of the girder cross-section. The developed optimisation
procedure is a combination of the calculations, performed in the MS Excel environment, with the
simulation of a parametrically modelled girder realised using Dassault Systémes SolidWorks software
v. 2023. Using the example of optimisation of an overhead crane girder with a lifting capacity of
50 tons, the effectiveness of the proposed optimisation procedure is declared, where the existing
overhead crane box girder is compared with the optimised cross-section of the box girder.
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1. Introduction

In the design of any structure, some parameters are fixed, while others can be changed
at will by the designer. In the field of load-bearing structures of material handling equip-
ment, the maximum load capacity of the structure, the working temperature of the machine,
the service life of the structure, the maximum weight of the structure itself, the production
price, and the operating costs are often specified. The task of the designer is then to design
the concept of the structure, the choice of suitable materials, and the dimensions of the
structure itself. The chosen configuration is often similar to a structure that has already been
constructed. This is modified until the resulting structure meets all of the technological,
strength, functional, and legislative requirements.

The impacts of various additional loads are often introduced into the structure [1], or
due to incorrect manufacture technology (repair) [2], this structure is devalued or worn
out [3].

However, the modification of a structure is now also understood to include a certain
degree of optimisation of the structure’s parameters.

The most common optimisation criterion in the design of overhead cranes is the weight
of the entire structure. The weight of the structure is related to the purchase price of the
necessary material, the production costs, and the costs of operating the machine.

Some authors have mathematically described the optimisation of welded beams of
bridge cranes. Pavlovic and team [4] describe in detail analytically and using standards
the methodology of optimisation of the box girder of bridge cranes. This optimisation is
performed analytically for the two most important variables (beam height and width) using
the Lagrange multipliers method, with consideration of the constraints on wall buckling
and buckling.

A methodology focusing on the mass optimisation of a bridge crane girder considering
stiffness and strain constraints is described in detail by a team of Chinese authors from
Shenyang University [5]. In their work, the optimisation is solved numerically using simple
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nonlinear programming. However, the stability of the beam itself is not considered at all in
the constraints. Both the objective functions and the constraint conditions are formulated
using analytical equations in their work.

The mass optimisation of a bridge crane girder using point cloud is described by
Sun et al. [6]. Ten constraint conditions and six design variables are included. These
are quantified and formulated analytically. A total of 400,040 variations of the constraint
conditions and the objective function are required to find a solution. The relatively high
number of enumerations is characteristic of all heuristic optimisation methods. A direct
link to the finite element method is practically impossible due to the high number of
analyses performed.

The mass optimisation of box girders (bridge cranes) is also described by a team of
authors [7]. The optimisation is solved using MS Excel software. Verification is provided
by ANSYS software using direct optimisation solvers. This is because the stability con-
straint is not solved using FEM, only the deflections and stresses are solved. The resulting
optimisation is solved for 11 design variables. The stability of the beam is investigated ana-
lytically using the conditions of the “Crane Manufacturers Association Recommendations”
in the USA.

Another method of mass optimisation of beams is presented in [8]. During structural
design of the bridge crane, it is necessary to choose parameters of beams such as weight and
span and various parameters of the cross-section according to their importance. The optimal
design of the bridge crane structure is performed using the Bees algorithm. The bridge crane
is numerically compared before and after optimisation with regard to design parameters.

Mathematical optimisation methods are rarely used in the design of steel structures.
In the actual design and construction, an empirical approach including experience, trial-
and-error, or comparing several analysed scenarios prevails. Although this procedure is
called optimisation, it is not optimisation in the mathematical sense. A prime example is
the optimisation of the web and stator thicknesses of a bridge crane girder [9].

The above works use either an analytical form of function description and constraint
conditions or a direct link between the optimisation solution and the finite-element system.
None of the above approaches address the stability constraints using the finite element
method and a significant deviation from the optimum solution can also be caused by
rounding to the available sheet thicknesses. None of the above work takes into account
material fatigue. Published reports define the sheet thickness to decimal integers. However,
it should be pointed out that rounding to integers can cause significant deviation [5,7].
When dealing with the stability of steel structures, standards are always used, which
contain rules that take into account the influence of imperfections.

Many optimisation procedures are inspired by nature. Such techniques include gen-
erative design and topological optimisation. Using generative design, which involves
some automation and process autonomy, several designs are created. The design process
mimics the evolutionary process in nature by starting with one or more different designs
and changing them over time into solutions that are more suitable for the requirements
constrained by specific conditions. Solutions to design criteria that are not satisfied or
constraints that are not satisfiable are discarded, and the search (evolution) process moves
in a different/new direction [10-12].

Topological optimisation minimises the amount of material required while maximising
the structural performance or efficiency of the design, given specific load and boundary
conditions. Conceptually, shape and/or size optimisation is easy to define, considering its
scope, limited to variables such as cross-sectional properties, element types and geometry,
and tightly constrained by predefined configurations. Simply put, the topology cannot be
changed and therefore this concept is considered an improvement on the existing design,
which depends heavily on approaching the optimum [13]. Genetic algorithms [14] are
a robust method suitable for solving various optimisation problems. They investigate
a large area of design variables to find the best solution. From the user’s point of view,
the algorithm requires encoding the design variables into chains, and the optimisation
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procedure uses them for optimisation. Here, it is key for the designer to find the form of
the objective function, including the limitations of the task, as well as to avoid critical states
in the solution of structural responses.

It is often used in the initial design phase to study and assess different design options
in accordance with predefined criteria, such as weight reduction, stiffness increase, stress
reduction, and strain reduction, among others [15]. In contrast to topological optimisation,
in dimensional optimisation, the values of the design parameters related to the cross-
sectional areas of the elements are adjusted in order to obtain the best solution in terms
of weight, stress, strain, and other factors. These methods only allow changing the values
of their parameters, not adding or removing new elements or cavities in the design of the
elements [16].

The most effective method of reducing the weight of the crane structure is the use of
suitable thin-walled structures. The disadvantage of this method is the high susceptibility
of the supporting structure to loss of dimensional stability, which can lead to the crane
itself crashing. The above-mentioned loss of shape stability can be determined by different
approaches, e.g., by manual calculation or mostly by using FEM simulation analysis.

2. Loss of Dimensional Stability

Loss of dimensional stability is the limit state at which the compressive stress is rapidly
converted to a bending stress. This process is accompanied by a rapid increase in local
deformation, which causes another limit state to develop. This limit state often leads to the
collapse of the entire structure.

In terms of material cross-section utilisation, bent members of load-bearing structures
are much worse off than pushed or pulled members. The bending stress is not the same
throughout the section, but varies not only throughout the length of the beam but also
throughout the entire cross-section. In the middle of the beam, on the so-called neutral axis,
there is no stress, which means minimum material utilisation [17]. The beam is essentially
a thick-walled or thin-walled member with a predominant bending stress. There is also
shear stress, but this is negligible.

The cross-section consists of crawlers and uprights. The flanges mainly transmit the
bending moment, and the racks mainly transmit the shear stresses. The dimensioning of
the flanges and racks is based on the transmission of these stresses. The cross-sections of
beams (bridges) can be open or closed [18]. Open sections are prone to buckling or twisting,
which is a major disadvantage for the purpose of use as a load-bearing element of the
structure (Figure 1). However, they are cheaper and can be easier to manufacture. From a
technological point of view, these cross-sections are most often produced by welding or
direct rolling and rarely by riveting. Closed sections are more difficult to manufacture but
can withstand greater stresses and are often suitable for the construction of heavy-duty
overhead cranes. They are most often produced by welding.

bending torsional ben?hng
buckling bucklin torsional
& buckling

Figure 1. Types of beam buckling under simple compression loading.

The main girders of an overhead crane have the upper part of the cross-section
subjected to compressive stresses [19]. This means an increased risk of loss of dimensional
stability (Figure 2). The figure is illustrative and represents the mechanism of loss of stability
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due to tilting of beam. This condition can arise in two cases, depending on the type of
boundary conditions, the magnitude of the load, and the arrangement of the cross-section:

e  Local buckling of racks or flanges,
e  Local buckling of the beam.

von Mises (MPa)
max.

l deplanation
without
deplaning

Figure 2. Load capacity loss of a real member.

Loss of dimensional stability is minimised by the appropriate choice of constraint
conditions. In practice, there are several approaches with varying degrees of computational
complexity and accuracy. Designing beams from composite cross-sections is possible in
several ways. The aim is to choose the dimensions so that a given load is carried by the
crane at minimum dead weight but, at the same time, the inherent stiffness of the structure
must be maintained.

2.1. Methods of Designing Cross-Sections

- Numerical methods are suitable for designing structures of complicated shapes.

- Analytical-empirical methods use the analytically calculated critical load of the beam
to determine the degree of slenderness. This is used in comparison with the limit
curve of the shape stability limit state or elastic limit state.

- Analytical methods are complex even for simpler beams because they are based on
strongly simplifying assumptions.

Description of the proposed optimisation methodology (Figure 3):

I Eurocode 3 Il—>| Problem description |'—>| Industry standards |
I Experime:nt planning I
I Use of mathematical approximation methods I
I Use of mathematica?optimisation methods I

¥

| Analysis and verification using FEA |

v

| Optimal design |

Figure 3. Simplified view of the proposed methodology.

The proposed optimisation methodology is focused on the design optimisation of the
load-bearing nodes of steel structures of bridge cranes (girders). Mathematical optimisation
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methods (gradient and heuristic based [20-22]), structural analysis (FEM), and mathemati-
cal approximation methods are applied in the methodology. The generated imperfections
for FEA (shape and size) are developed according to Eurocode EC3 [23].

The methodology thus developed represents a systematic interconnection of various
sub-methods into a single coherent procedure that leads to an optimum solution of the
structure (Figure 4).

Dassault Systémes Solidworks | I Microsoft Excel I

Simulation and calculation on the metamodel |«

| Determination of the set of dependent parameters |

v v

Post-processing of data I

| Determination of the set of independent parameters |

Post-processing I Application of the correct experimental plan |

between software

I Refinement of metamodel parameters |

Metamodel data transfer

A,

Comparison of results | | Application of mathematical optimisation methods |

’_.
il

Optimal solution |

Verification by manual calculation I|=

Figure 4. Schematic diagram of the methodology from the point of view of use of the software.

2.2. Methods of Computational Prediction of Loss of Shape Stability

The methods are used to formulate a boundary condition that accurately describes
the limit of safe (stable) behaviour of the structure. To introduce geometric imperfections
and nonlinear stability analysis performed in Dassault Systemes SolidWorks, a codified
approach using Annex “C” of STN EN 1993-1-5 [23] is used in the calculations. Since
no permanent deformations of the structure are allowed when loading the bridge crane
superstructures, the maximum allowable load is determined by reaching the yield strength
(under continuous loading of the structure with the influence of geometric nonlinearity).

2.3. Approximation Methods (Mathematical)

They are used to identify the parameters of the metamodel under study in order to
obtain bounding conditions and a description of the objective function in the design
space. Artificial neural networks, radial basis functions, and linear regression meta-
models can be simulated in Microsoft Excel (Microsoft Office Professional Plus 2010 v.
MS0:14.0.7268.5000 (32-bit.)).

2.4. Optimisation Methods (Mathematical)

They are applied to the generated metamodels in order to find the optimal configura-
tion of the investigated node structure (given the constraint conditions and the objective
function). Heuristic and gradient-based principles are commonly used. The optimisation
methods can be applied in Microsoft Excel.

2.5. Structural Analysis Using FEM

Since the finite element method allows solving common structural problems on three-
dimensional solids, a parametric form of the model is crucial for this methodology, allowing
a simple and fast change of the model of the solved node. This guarantees the automatic
execution of the calculations in all configurations that have been determined by the ex-
perimental plan. Dassault Systéemes SolidWorks software v. 2023 allows the creation of
parametric computational models. The program also allows the automatic evaluation
(summation) of the necessary variables. The resulting values are calculated by including
the limit loads of the structure determined by geometric nonlinear analysis, taking into
account the influence of possible imperfections of the structure (Figure 5).
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| Selection of design variables and description of the optimization problem |

v

— | Choice of metamodel type |

v

| Choice of appropriate approximation method |

v

| Identification of specific metamodel parameters |

y

I Use of an appropriate experimental design |‘_

v

| Evaluating the quality of the resulting approximation |—

v

I Application of the selected mathematical optimization methods to the metamodel I

v

| Optimal design |

v

| Performing calculations using FEM |

y

| Checking and verifying the results by manual calculation |

Figure 5. Procedure for finding the optimal solution.

3. Application of the Developed Methodology and Parameterisation of the Bridge
Crane Cross-Section

Based on the given input parameters (boundary conditions), the objective of this
chapter will be to use the developed optimisation methodology to design and parameterise
the box section of the overhead crane. The optimisation is solved for a closed box girder
cross-section with longitudinal and transverse stiffeners.

In any structural design, some structural parameters are given, and some can be
changed at will by the designer. In the case of gantry crane structures, the capacity of the
structure is specified, as well as the speed of travel and stroke, height of travel, and span of
the bridge. The choice of the type of structure, the choice of materials, and the dimensions
of the load-bearing parts remain the task of the designer, and the design is usually based
on an already implemented solution.

Normally, the choice of the cross-section of the girder (bridge) depends on the dimen-
sional parameters and on the type of crane service load expected. The height of the bridge
girders is determined by the optimum between structural, functional, deformation, and
strength requirements. The crane bridge itself must be sufficiently rigid so that it does
not deform under loading. However, an unnecessarily large weight of the crane bridge
increases not only the production cost of the crane but also the operating costs and, at the
same time, the stresses on the crane runway. Thus, great emphasis is also placed on the
weight of the girder itself, and the height of the main girder is always influenced by the
bending moment in the strength check with regard to the ultimate limit state. Emphasis is
also placed on the serviceability limit state, which is defined as the quadratic moment of
the cross-section in the deflection check.

In terms of structural stresses, the crane bridge is bent as a closed frame, bent in the
horizontal and vertical planes and, in addition, twisted. Therefore, the main girder often
takes the form of a box structure with a rectangular cross-section (Figures 6 and 7). In such
cases, the flanges are of greater thickness and the uprights are thin-walled; local stability of
the wall is achieved by reinforcement at regular intervals (transverse reinforcement). In
order to make the cross-section better able to withstand torsional stresses, the walls are
reinforced internally with transverse baffles (diaphragms) [24].
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Figure 6. Single crane box girder cross-sections.
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Figure 7. Cross-sections of box girders with reinforcements of a 250 t capacity casting crane. (a) cross-
section of main lift beam (250 t capacity), (b) cross-section of auxiliary lift beam (50 t capacity),
(c) cross-section of crosspiece, (d) dimension parameters of the used profiles.

As the stability failure of uprights usually occurs in the upper fifth to quarter of the
beam height, the risk of buckling can be reduced by welding in longitudinal reinforcing
angles. The transverse stiffeners are spaced 100 to 125% of the height of the main beam.
Normally, the width of the projecting part of the bracing should not be less than 1/15 of the
width of the projecting part of the structure. The height of the box girder shall be selected in
the range of 1/15 to 1/20 of the span. The ratio of the height to the width of the rectangular
cross-section should not be greater than 3.5 times. The thickness of the rack shall be at least
5 mm and shall be increased with regard to the stability of the wall.

All bent beams shall have part of the cross-section loaded in compression. For this
reason, there is an increased risk of loss of shape stability in these beams and therefore
the loss of stability must be taken into account in the form of constraining conditions
when optimising the design. Using the example of a steel structure of an existing 50 t
capacity crane with box girder beams as shown in Figure 8, we will show the dimensional
optimisation procedure and its results, where the main optimisation criterion was the
weight of the beams.
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Figure 8. Beam cross-section: (a) cross section of the examined girder, (b) dimension parameters of
the used profiles.

3.1. Definition of Boundary Conditions

The aim is to design an optimal solution of a reinforced welded girder of a bridge
crane with the girder meeting all of the strength, legislative, technological, and functional
requirements given by the valid legislation. Only those parameters that are relevant to
its design are included in the optimisation. The optimisation will address the design of
the optimal geometric configuration of the girder of the overhead crane without including
local type details (e.g., local stress concentrators). Beam buckling (global case) and local
buckling of flanges and/or stands will be taken into account.

The new beam must meet the following parameters:

Material: S355]R + N (fy = 355 MPa)

Beam length: L = 31.8 m

Load capacity: 50,000 kg

Maximum vertical deflection: dax = L/700 = 45 mm

The cross-section stand cannot be thinner than 5 mm.

Beam height to be chosen in the range of 1/15 to 1/20 of span.
Beam height/beam width ratio at 3.5.

Cross bracings are spaced 120% of the height of the main beam.

A simple linear regression is used in the developed program in the MS Excel envi-
ronment (Figure 9). Using this, the minimum and maximum heights of the box girder
cross-section are created based on the input data bounding the resulting girder height
between 1/15 and 1/20 of the crane span.

boundary conditions min max
The cross-section stand cannot be thinner than 5mm 5 50
Beam height to be selected in the range of 1/15 to 1/20 of span 20 15 1590 2120 min/max height
Maintain beam height/beam width ratio at 3.5 3.5 454.2857143 605.7142857 min/max width
Cross bracing spaced 100 to 125% of main beam height. 1 1.25_enter the selected value by hand
Figure 9. Entry conditions to the program in the MS Excel environment. ¥ —fixed variable boundaries,

B —manually entered value of variables.
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This range of heights is then divided into 100 equal parts and rounded to whole
numbers. The set of 100 beam widths is then calculated based on the selected input
parameter, in this case 3.5. In our case, the cross-section with the dimensions 1590 x 455
meets the above-mentioned conditions (31,800/20 = 1590, 1590/3.5 = 454.3, rounded to
455). Since 31,800/15 = 2120 and 2120 — 1590 = 530, we will increase the cross-sectional
dimensions with a step of 5.3 mm and round them to the whole numbers. Then, the next
cross-sections will have the dimensions 1595 x 455, 1600 x 460, 1605 x 460, etc. Each of
the proposed cross-sections is recalculated with beam web thickness values of 6, 8, 10, 12,
and 15 mm.

Several different thicknesses of uprights and flanges are assigned to each section. In
total, this produces 1700 different box sections. All further calculations and optimisations
will be performed on this set of box cross-sections (Figure 10).

7x10"°
Jy [mni']

6x10°

B0 et e

4x10"° eer®

3x10”°

2x10° 1

1x10° i

00 Girder box from 1590x455 Girder box to 2120x610

- thickness of stands 6 mm -thickness of stands 8 mm - thickness of stands 10 mm .thickness of stands 12 mm - thickness of stands 15 mm

Figure 10. Quantity of all possible cabinet cross-sections.

From the 1700 cabinet cross-sections created, it is necessary to find the optimum
cabinet dimensions and thicknesses of racks and strips. Finding the optimum based only
on the rms moment of the cross-section Jy is not efficient because often the optimum values
cause an increase in beam weight. Therefore, in the developed program, the optimum
is searched based on both requirements, namely, the optimum weight and a satisfactory
second moment of cross-sectional area. Thanks to this filter, real weight savings are possible
while meeting standard conditions.

Once all of the input data have been entered, the created program automatically
performs all the calculations and iterations. The input data in this case (apart from those
already entered for selection of the cross-section) are the dynamic coefficients selected
according to the relevant technical standard for the chosen specific load condition and
load combination defined by the technical standard, as this is common during manual
static calculations, which is a necessary part of the technical documentation elaborated for
each crane. Out of the 1700 cross-sections created, the program automatically reduces this
set and filters out 71 cross-sections that are compliant in terms of load carrying capacity
(Figure 11).

These cross-sections are then converted according to the length and number of mem-
bers to the total weight of the beam. From this set of 71 weights, the first 10 lightest beam
designs are selected and, from the lightest to the heaviest, they are screened by calculations
according to the standard. Once the calculations have been carried out, it is possible to
check the calculations carried out on the “Result” page and obtain the recommended
dimensions of the casing of the proposed beam.

All of this is possible thanks to efficient data processing. Despite the variability of
factors, the program can provide fast and efficient processing of the entered data. Thanks
to optimisation and efficient data processing, the program should meet this requirement in
the vast majority of cases. Finally, the first standard-compliant beam is verified using the
finite element method.
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Figure 11. Quantity of suitable cabinet cross-sections.

The data are automatically shared with Dassault Systemes SolidWorks v. 2023.

Once the program is started, the beam dimensions are automatically updated.

It is then necessary to enter the principal load from the load v and run the simulation
(Figure 12).

Figure 12. Proposed beam before FEA analysis. Red arrow—gravity, purple arrow—wheel pressures
from the crane trolley, green arrows—fixation of the crane to the runway.

Dassault Systemes SolidWorks performs the analysis using the Finite Element Method.

The results can then be compared with the program’s calculations. Of course, the
values obtained will have some deviation, since numerical analysis and the finite element
method use different calculation principles.

3.2. Evaluation and Comparison with Existing Cranes

After optimisation, we obtained a beam cross-section for which the one-meter length
weighed 656 kg.

The weight of the beam without cross bracings was 20.87 tonnes and with cross brac-
ings it was 25.53 tonnes, with internal dimensions of the enclosure of 840 mm x 1900 mm,
wall thickness of 12 mm, and flange thickness of 22 mm.

After performing the analysis using the finite element method in SolidWorks, we
calculated the deflection of the existing beam w = 13.3 mm (Figure 13). In this case, the
standard allowed a maximum deflection of 45 mm. According to this deflection value, we
could conclude that the existing beam was oversized.

Given the same input data and boundary conditions, the generated optimisation
program designed an enclosure with the same wall thickness of 12 mm and flange thickness
of 22 mm, but with an internal enclosure dimension of 605 mm x 2105 mm. This designed
beam had a mass per meter of length of 597 kg, so the mass of the designed beam without
cross bracings was 19 tonnes and with cross bracings it was was 24 tonnes.

After performing the analysis using the finite element method in SolidWorks, we
calculated the deflection of the designed optimised beam wpt = 18.2 mm (Figure 14). In
this case, the standard allowed a maximum deflection of 45 mm, the same as in the previous
case. Hence, the designed beam also complied with the standard, but it was more slender.
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|
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- 6.7
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I 0.0

Figure 13. Deflection of the existing beam. Red arrow—gravity, purple arrow—wheel pressures from
the crane trolley, green arrows—fixation of the crane to the runway.
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Figure 14. Deflection of the designed beam. Red arrow—gravity, purple arrow—wheel pressures

from the crane trolley, green arrows—fixation of the crane to the runway.

By comparing the two beams overall, we could say that the optimised beam was
1.5 tonnes lighter than the existing beam, while meeting all of the conditions set out in the
standard. This was a 5.8% weight savings. For a twin girder crane, this was a total material
savings of 3 tonnes, which was already a significant value.

4. Conclusions

The article addresses the possibility of using modern mathematical optimisation meth-
ods and the finite element method in the design of the optimal cross-section of overhead
cranes. The first step is the mathematical formulation of the optimisation problem, to which
the methodology proposed in the paper is subsequently applied. CAEA nonlinear analysis
considering the influence of imperfections represents the highest computational level of
stability analyses today. The ultimate load of the beam is obtained by nonlinear stability
analysis on already imperfected metamodels according to EC3 (for analyses using FEM).

The optimisation methods are applied as part of a comprehensive methodology that
uses mathematical approximation methods to describe the objective function and optimisa-
tion constraints and parametric finite-element models to perform the structural analysis.
The entire methodology is computerised to automatically obtain solutions without the
intervention of a computational engineer.

In solving each problem, there are certain boundary conditions that need to be com-
petently taken into account. It should therefore be stressed that the application of this
methodology requires the creative thinking of an engineer who is familiar with the princi-
ples of all of the optimisation methods used.

After applying the proposed methodology on an existing crane beam, it was found that
the beam was oversized and by the proposed beam cross-section optimisation procedure,
we are able to save at least 5.8% of the beam’s weight.

The developed methodology is able to design the girder in such a way that the material
usage is optimal and, at the same time, the designed girder meets the legislative requirements.
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