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Abstract: The present research describes a design of an overhead crane using different materials
with a prestress method, which corresponds to an external compression force with the aim of
reducing the displacement of the beam due to the external load. This study concerns a bridge
crane with a span length of 10 m, with a payload equal to 20,000 N and an estimated fatigue life of
50,000 cycles. Three different materials are studied: steel S355]R, aluminium alloy 6061-T6 and carbon
fibre-reinforced polymer (CFRP). These materials are analysed with and without the contribution of
the prestress method. In reference to the prestressed steel solution (which has a weight equal to 79%
of the non-prestressed configuration), this study designed an aluminium solution that is 50.7% of
the weight of the steel one and a composite solution that is always 20.3% of the steel configuration.
In combining the methods, i.e., the materials and prestress, compared to the non-prestressed steel
solution with a weight evaluated to be 758 kg, the weight of the aluminium configuration is equal to
40% of the traditional one, and the composite value is reduced to 16%, with a weight of 121 kg.

Keywords: overhead crane; composite materials; lightweight; finite element analysis; weight
reduction; prestress technique.

1. Introduction

In recent decades, the usage of innovative materials in many industrial sectors has
increased. It has been seen that these kinds of materials have been applied in automotive
applications [1,2], earth-moving machinery [3,4] and lifting equipment [5], where the
traditional material adopted is steel. The main reason for adopting these innovative
materials in the cited structures is for their low density and high performance, which
can lead to a reduction in the energy used to move the target structure, thus being more
eco-sustainable than the traditional material.

Another technique to reduce the weight is the concept of prestress; this method
is usually used in civil engineering to reduce the stress inside a beam structure [6-8],
usually in pre-compression due to the kind of material adopted, which has a low tensile
strength. But in considering the adoption of this concept, it must be considered that to
prevent buckling issues from compromising the functionality and safety of the structure
analysed, this instability condition has been already studied, for example, in components
where buckling is a significant concern, like in hydraulic cylinders [9,10]. In the literature,
the implementation of innovative materials, such as fibre-reinforced polymers or using
aluminium instead of steel, has been studied also in building constructions; in this field, one
of the main structures is the crane. Also, these structures, which can be applied in various
fields, have been analysed through the application of innovative materials [11-14]. A type
of crane involved in intralogistic systems, such as distribution centres, is the overhead crane.
Overhead cranes have already been studied in the literature: Alkin et al. [15] studied an
application of FEM to a double-box girder overhead crane, observing the implementation of
two different element types, a four-node tetrahedral element and a four-node quadratic shell
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element, starting from a known geometry. Savkovi¢ et al. [16] proposed the implementation
of biologically inspired algorithms in the process of optimizing box sections of single-girder
bridge cranes, with the optimization task being the minimization of the mass. Yildirim
et al. [17] analysed, using finite element methods, the load dynamic effects occurring on
the bridge during the movement of carriages, for both single- and double-bridge cranes.
Oellerich and Biischer [18,19] showed an alternative design approach of an overhead
crane, dividing the structure of the bridge into standardized individual parts. Here, due
to the unusually segmented structure, a precompression force is applied, and it has the
ability to influence the resulting deflection of the beam. Each of these authors curated
a part of the design or carried out a complete design analysis for an overhead crane,
without using innovative materials or the prestressed methodology. With this in mind,
this paper aims to present new concepts, the implementation of two methodologies, and
the adoption of innovative material and the prestress method for the design of lifting
machines; these structural approaches can lead to an important weight reduction in the
studied component, which is the main target of the research, as already observed in one
of the authors’ previous studies [20]. To underline this approach, a design analysis for an
overhead crane is presented.

In order to achieve the aim of this article, the next steps, described in the following
sections, must be followed. Section 2 describes the analysed structure with its boundary
conditions and constraints, describing also the prestress methodology. Section 3.1 shows
the analytical design theory adopted; after this, the mechanical properties of the materials
implemented in this study are shown in Section 3.2. Then, Section 3.3 describes FEM analy-
sis with a comparison of the displacement obtained between the numerical and analytical
results, and after that, Section 4 proposes the construction methods for the innovative
CFRP solution designed. Section 5 compares the studied configurations, focusing on the
lightening of the structures, and at the end, Section 6 provides a brief summary and critique
of the results.

2. Description of the Overhead Crane

The overhead crane is a type of crane designed to efficiently lift and transport heavy
loads within an industrial environment. It is composed of the following;:

* A bridge structure that spans the width of the area where the crane operates. This
element is typically a beam; it supports the runway system and provides a stable
platform for the movement of the hoist and trolley.

* A runway system described as parallel steel beams secured to the building struc-
ture. This system ensures that the crane can move smoothly and safely along its
designated path.

e End trucks mounted on either end of the bridge; they house the wheels or rollers that
enable the crane to travel along the runway beams.

¢ The hoist assembly responsible for lifting and lowering loads. It consists of a motorized
hoist unit mounted on the bridge, connected to a lifting mechanism.

* A trolley mounted on the bridge. It moves horizontally along the length of the bridge,
and it provides lateral movement for positioning the hoist assembly precisely within
the working area.

The main dimension of such a crane is the length of the bridge, which is equal to 10 m.
The payload is placed in the middle of the crane, which is the most critical position, and
it weighs 20,000 N (/2000 kg), as shown in Figure 1; the weight of the applied load takes
into consideration the dynamic effects induced by the movement of the load itself, which
can be estimated analytically [21] or experimentally [22]. Also, a fatigue life of around
50,000 cycles has been estimated, as already seen for other components in the literature [23].
Furthermore, the idea is to apply the precompression technique, also called the prestress or
prestrain method, to the beam: with this technique, a structure is subjected to external loads
that produce opposite, internal stresses with respect to the ones in exercise [24,25] in order
to have a lower average stress along the component. The described methodology is typically
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applied in civil engineering, primarily because concrete, the main material used in this
field, has good mechanical properties in compression but low tensile strength. However,
the use of this technique for materials other than concrete has not been widely explored in
the literature, likely due to limited knowledge, research, and the technological challenges
associated with the methodology itself. Despite this, its advantages are numerous: by
adopting the precompression method, the beam’s load-bearing capacity increases, allowing
for thinner and longer spans, which leads to more efficient use of materials and cost savings
in both materials and construction. Additionally, it offers better crack management, and
lower stress enables greater design versatility, such as the ability to create more complex
and visually appealing structures. For this reason, a prestressing force of 100,000 N has been
applied to the bridge structure. The process of selecting the precompression value has been
conducted through multiple iterations, aiming to find a balance between reducing vertical
displacement and increasing stress, as reported in [26]. Based on the described boundary
conditions, the equations of the elastic line [27] can be applied to analyze this crane. The
main constraint for this type of crane, as defined by standards [28], is the maximum
allowable vertical displacement. The regulations specify that the ratio of maximum vertical
displacement to span length must not exceed 1/450 to prevent trolley rolling. This means
that any solution must result in a maximum vertical displacement of less than 22 mm.

| o u}ji

10,000 mm JG
5,000 mm
—_—

Main beam

Runway
system

Trolley 20,000 N

Payload

Figure 1. Dimensions of the analyzed overhead crane, with zoomed-in views of the constraints; the
permitted movements and rotations are indicated by arrows.

3. Design Methodology
3.1. Analytical Design Theory
3.1.1. Evaluation of Stress and Displacement

The model used to represent the problem under study consists of a beam with a hinge
at one end and a cart at the other. The rotation of both constraints is replicated in reality by
the contact between the rail system and the wheels of the end truck, while the allowable
translation of the cart is provided by the greater length of the wheels—only on one end
truck of the overhead crane—relative to the thickness of the rail system. This structure is
influenced by three factors: the weight of the girder itself, the load to be lifted, and the
force that causes the prestress. The prestress (or prestrain) methodology involves applying
a deflection to the beam that opposes the deflection caused by the weight of the structure
and the external payload. One possible solution is to apply an external load that generates
internal stresses opposite to those induced by the aforementioned factors. This external
load can be implemented in various ways; one of the simplest solutions is to attach steel
ropes to the lower part of the structure, creating a uniform bending moment along the
entire boom. This vertical displacement counteracts the deflection caused by the applied
load. By reducing deflections, the internal stresses are also reduced. With lower internal
stresses, it is possible for booms with reduced geometry to withstand the applied loads
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while remaining within the limits set by the standards. To illustrate the methodology,
Figure 2a shows where the loads are applied: in this configuration, the precompression
force P, is applied at a distance y from the centreline of the beam, as shown in Figure 2c,
producing a constant bending moment of P - y.

<

| I
¥ <

(b) ()

Figure 2. Schematisation of the crane boom and section adopted. (a) Schematisation of the boom
analysed. (b) Sections adopted of the configurations. (c) Position of the precompression force respect
to the beam.

Considering that P is the force due to the lifted weight, g(x) is the distributed load
due to the weight of the beam, L is its length, E is the Young’s modulus of the material,
and ] is the moment of inertia of the boom’s cross-section, d,:(x) represents the vertical
displacement at position x imposed by all the effects, as defined in Equation (1):

1 P+gL P P12 L3  PyL
Otot(x) = 0g(x) +dp(x) +dp.(x) = = (qx4 M L oYy ( 4= I )x) 1)

T Ej\24 12 2 16 ' 24 2

To evaluate the maximum vertical displacement of the beam, x must be replaced with
L/2. Additionally, by defining & as the height of the boom and A as the cross-sectional area,
the maximum stress acting at position x of the structure can be calculated. The top position
is indicated by a red dot in Figure 2b, and the bottom position by a green dot:

P+gL h

o(X)top = (—gxz + qu — Pcy) 2—] —P.A (2)
P+gL h

U(x)hot = (sz - 2‘7 X+ pc]/) T] —P.A 3)

Here too, to determine the maximum vertical displacement of the beam, x must be
replaced with L/2. Equations (2) and (3) refer to the stresses at the two points shown in
Figure 2.
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3.1.2. Buckling Analysis

The phenomenon of buckling manifests as lateral deformations in structural elements
subjected to compressive forces. In the context of steel structures, where thinness is
common, buckling assumes particular significance. According to elastic stability theory,
Equation (4) defines P, the critical load at which a perfectly elastic component begins to
exhibit non-axial deformations:

m’E]J

="

()
where E is Young’s modulus of the material, ] is the minimum moment of inertia of the
section, and Ly is the length of free vertical displacement, which depends on how the beam
is constrained. In this scenario, Ly = L. Equation (4) assumes that the load is perfectly
applied at the centre of the section. However, in reality, this is not achievable. Moreover,
accidental inhomogeneities within the material or pre-existing deformations in the fibres
may result in a beam that is not perfectly straight. These effects are known as second-order
effects [29], and to account for them, the criteria in Equation (5) must be satisfied:

Pﬂ ng Pﬂ
+ <1 where 6=
Py  My(1-06) —

P, cr,m

(5)

where P; is the axial failure force in the presence of a primary bending moment, P, is the
buckling load at failure in the absence of a primary bending moment, M, is the equivalent
bending moment along with the axial force, and M, is the ultimate bending moment at
failure without axial force. To define P, Equation (6) must be used:

A
XAy where 7(:;<1 (6)

T g+ /P2 + A2

where A is the cross-sectional area, f, is the material strength, )1 is the material safety
factor, and x is the reduction coefficient accounting for the buckling phenomenon. The
factors ¢ and the non-dimensional slenderness ratio A are described in Equation (7):

Pcr,m -

- - - A
¢=05-[1+a-(A2-02)+A%]; A:i: Aly where A =7 E (7)
Al Pey fy

where a accounts for imperfections and can take values of 0.13, 0.21, 0.34, 0.49, and 0.76 for
buckling curves ay, 4, b, ¢, and d (European design buckling curves), respectively [29,30].
The non-dimensional slenderness ratio A is the ratio between the slenderness of the rele-
vant buckling mode A (in this scenario, along the x-axis in Figure 2) and a coefficient A4,
which depends on Young’s modulus E and the material strength f,. It should be noted
that slenderness A is the ratio between the critical length Ly and the radius of gyration
about the relevant axis. For the other terms in Equation (5), Equation (8) shows how to
evaluate them:
_ SyWai

w= T Mo =Cu: |Mp| where C, =0.6—04(My/Mpg) < 0.4 ®)
M1

where M4 and Mg are the moments at the ends of the boom, and their ratio is consid-
ered negative for single curvature bending and positive for double curvature bending.
The coefficient W), represents the plastic section modulus of the beam and is defined in
Equations (9) and (10), derived from the dimensions shown in Figure 2b:

s =22 w5 (o= ]) T heere )]
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bh? h 2
Wpl,rectangulur = 1 (b - Zt) (E - t) (10)

Another type of instability that can occur is flexural-torsional buckling, which can
lead to the failure of thin-walled structural elements made of either metallic (isotropic)
material [31] or composite (orthotropic) material [32]. This instability causes the element to
twist out of the critical plane and bend laterally. Both generalised [33,34] and specific [35]
solutions to analyze this condition are available in the literature, as this instability tends to
occur when elements have low bending and flexural-torsional rigidity compared to the
rigidity in the load plane. One method to prevent this is by using sections that are resistant
to buckling. For instance, closed sections have greater torsional stiffness (GJ) and bending
stiffness (EI,, where I, is the lesser moment of inertia of the section with respect to the
y-axis in Figure 2b) compared to open I-sections. They are less prone to flexural-torsional
buckling. To determine the critical load that could lead to flexural-torsional buckling failure
of the boom [36], the following parameters must be estimated:

_ 42be3+ha® eh?b®

In Equation (11), | is the torsional constant of the section, where the section’s geometry is
shown in Figure 2b, I, denotes the warping constant of the section, and y is the distance of the
applied load from the centroidal axis (z-axis in Figure 2b) of the beam. With these parameters,
it is possible to evaluate the flexural (P; and Py) and torsional (Py) buckling resistance.

2 2
“El, m°Ely,

n*El
Py = (61 +72) /1 (12)
Using the values from Equation (12), the beam’s uniform bending buckling resistance
My, and the bending moment M; can be calculated through Equation (13), which can be
approximated under the condition that the compressive load P is less than P;:

M I—
Finally, the compressive load P for the studied beam can be evaluated using Equation (14):
M p p P
Myx—(l‘ﬁz)'(l‘p;)'(l‘pj) (14)

In particular, for the buckling analysis of composite materials, the FEA-based mod-
elling approach and methodology adopted are the same as those used in previous stud-
ies [37-39].

3.2. Description of the Adopted Material

This type of structure is typically made of steel. In this paper, a solution using steel
S355]R, as defined in the UNI EN 10027-1 standard [40], has been studied in order to
analyze the traditional configuration both with and without the prestress method. Another
configuration made of aluminium 6061-T6 has also been examined, and the properties of
these isotropic materials are presented in Table 1.

Table 1. Mechanical properties of metallic materials.

Material Ultimate Tensile Yield Shear Young’s Densit Poisson’s
Strength Strength Modulus Modulus y Coefficient
— R,, [MPa] Rpo.2 [MPa] G [MPa] E [MPa] p [kg/m?3] v
S355]R 510 355 81,000 21,0000 7800 0.29
Al 6061-T6 310 275 27,000 69,000 2700 0.33
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The third proposed solution was designed using a carbon fibre-reinforced polymer.
This material was chosen due to its exceptional mechanical properties, as demonstrated in
Ashby’s diagrams [41], where stiffness and density play a crucial role for this component.
While it would be possible to use natural composite materials, as has been carried out in
previous research [42,43], the main focus of this study is weight reduction, so a higher-
performance material was preferred. Specifically, the carbon fibre selected for this study is
MS50] [44], and the matrix is epoxy resin SX10 [45]. Their mechanical properties are shown
in Table 2. The properties of the ply are shown in Table 3.

Table 2. Property of the M50] carbon fibre and SX10 epoxy resin.

Carbon Fibre Epoxy Resin
Property Symbol Value Symbol Value
Density of 1880 kg/m? Om 1200 kg/m3
Young modulus E f 475 GPa En 3.3 GPa
Tensile strength Ot 4120 MPa Omt 65 MPa
Compressive
strength Ot - Ome 120 MPa
Poisson ratio vy 0.28 Vm 0.34

Based on the fibre and matrix information, and assuming the fibres are aligned along
the main longitudinal direction, the theory of micromechanics of orthotropic plates [46] was
used to calculate parameters such as density, Poisson’s ratio, etc. (Equations (15) and (16)):

0= vaf + 0mVins 1/12(: 1/13) = vaf + Vi Vin; Ey = Efo 4+ En Vs (15)

E(E E
~ _ frm . _ . _ _ _ Lm
Ex(= E3) = ViE; 1 VEn Xr=01Vy Yo =0mc[l+ (VF—/Vf)(1 Ef )] (16)

To determine the longitudinal compressive strength (X¢), shear strength (S), and
transverse tensile strength (Y7), values from [44] were used.

Table 3. Mechanical properties of CFRP

Mechanical Property [MPal] Symbol Value
Longitudinal tensile elasticity modulus E 286,000
Transversal tensile elasticity modulus E; 8160
Shear elasticity modulus G 3000
Longitudinal tensile strength Xr 2472
Transversal tensile strength Yr 45
Longitudinal compression strength Xc 880,000
Transversal compression strength Yc 99.2
Shear strength S 59

Using the proposed geometry of the component and the percentage of ply types, it
is possible to apply classical composite theory for two-dimensional laminates [46] for an
initial analysis. By introducing a reference system with the first two axes on the lamina and
neglecting the deformation €3 (which is orthogonal to the lamina plane), the deformations
for a special orthotropic lamina can be evaluated using Equation (17). The S;; components
of the compliance matrix S are calculated based on the elastic constants of the lamina
(Table 3), with a density p of 1608 kg/ m3, a Poisson’s ratio v;, of 0.3, and a carbon fibre
percentage V% of 60%.

€1 S1 Sz O ot 1 1 1
€| = |52 Sn 0||o|; Su= T Sp=—; Sp=—-—F7"= T Se6 = o (17)
712 0 0 Seo] LT12 ! 2 12
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To calculate stresses from deformations, the stiffness matrix Q, which is the inverse of
the compliance matrix, must be used. These formulations can also be applied to laminates
with fibres aligned along the main axis. However, if there is a relative angle 6, it is necessary
to use the rotation matrix T, where ¢ = cos 6 and s = sin 6, as described in Equation (18).

(%] Q11 Q12 0 €1 C2 S2 2sc
ol =1Qp Q»n 0 € T=|s 2 —2s (18)
T2 0 0 Qesl | 712 —sc sc c*—s?

To adjust the compliance matrix S and the stiffness matrix Q for the new direction, the
transformations in Equation (19) must be followed:

(] = [T} [S][T] Q] = [T [QI[T] (19)
Additionally, the expression used to calculate stresses in a generic lamina is given in
Equation (20):
Ox Qu Qiz Qi | &x
oy | = Q2 Qn Qx| | €y (20)
Txy Qe Q26 Qo6 L7xy

At this point, the forces and moments can be evaluated using the following equation:

Ny An A A B B B[ €

Ny Ap Ax Az Bip B B 6(?

Nyy | _ |Ae A2 Aes Bie Bz Bes | [Ty (21)
M, Bi1 Bia Big Diun D1z Digl | ky

My Bi By By Dia Dy Do | ky

Myy Bis By Bes Die D26 Desl | kyy |

where € and ki represent the deformations and curvatures of the laminate in the principal
directions, respectively. Equation (21) can also be written as:

N A B][e°
=15 olf5] @
The components of the so-called ABBD matrix shown in Equation (22) can be described
by Equation (23):
S 1 - 2 2 13 3.3
Aij =Y (Qij)i(zk — zk-1) ; Bij = 3 Y (Qiji(z% —z;_1) ; Dyj = 3 Y (Qipi(z —zp_1) (23)
k=1 k=1 k=1

where i represents the number of rows of the matrix, j the columns of the matrix, and k
the number of layers. Thanks to the choice of a balanced and symmetrical laminate, the
components of the B-matrix, such as A1 and Ajyg, are zero. Furthermore, a local reference
system has been defined to evaluate the stresses; the x-axis has been chosen as the one
longitudinal to the bridge (see Figure 2a), and the XY plane is tangent to the surface of the
component. By setting the total number of laminas N and the thickness & of the composite,
the coordinate system shown in Figure 3 can be defined:

3 3 1
Z0 2
L % t 72 3 Middle surface
h vz Zi1 t 1 }
K thk ZK=ZN-1 | N
v N vy

Figure 3. Coordinate system for the position of laminas.
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The deformations and curvature of the laminate can be calculated analytically by
multiplying the inverse of the ABBD matrix with the matrix of forces and moments, as

evaluated using Equation (24):
e’ A" B'|[N
i) =[5 ollu &

Through the inverse of the ABBD matrix, it is also possible to evaluate the equivalent
membrane elastic constants of the entire laminate. If the chosen laminate is symmetrical and
balanced, this results in equal deformations throughout the laminate and zero curvature.
These equivalent membrane elastic constants are defined in Equation (25):

1 1 1 —Al, i

Exm = —7—; Eym = 3 Gxym = —— 5 Vxym = —72% ; Vyxm = (25)
TAR T T Ay " Ay AL Ay

where & is the thickness of the laminate, and the other terms are the values within the
inverse A-matrix. The results of Equation (25) for the composite solution under study are
shown in Table 4:

Table 4. Equivalent membrane elastic constants of the CFRP solution.

Ex,, [MPa] Ey,, [MPa] Gxym [MPa] VXYm VYXm
CFRP 215,000 46,000 17,250 0.36 0.08

Thanks to the deformation and curvature values from Equations (2) and (3), and the
thickness of the laminate, it was possible to use Equation (26) to obtain the local stresses
along the directions for each lamina composing the entire laminate.

€x e Oy [ex o) Oy
ey | =h[A] 0 — oy | =[Q] | ey — o | =[T]| oy (26)
Yxy Tt Ty Yy T2 Txy

By connecting the local and lamina reference systems, and considering the maxi-
mum bending stress, the maximum shear stress (obtained based on the geometry of the
component and the boundary conditions described in Section 3.1), the Tsai-Hill criterion
(Equation (27)) can be applied to determine the factor of safety (FOS) for a composite
material. This is based on the resistance values shown in Table 3, as described in the
literature [47]: , , ,

FI:Q_@+Q+@ ; FOS:i 27
X xe xte VI @7)
where X represents Xt if 07 > 0 or X¢ if 07 < 0, while X, represents Y7 if 02 > 0 or Y if
oy < 0. To determine if the ply theoretically reaches failure, the FOS should be less than
1. After several analytical computations, a square profile in composite material with a
thickness of 11 mm was designed, as shown in Tables 5 and 6, using 22 plies with different
orientations. Specifically, 35% of the plies have an orientation of 5°, 35% have an orientation
of —5°, 10% have an orientation of 45°, 10% have an orientation of —45°, and 10% have
an orientation of 90°. These angles were chosen considering a filament winding process,
specifically the possibility of using only helical winding (the filament winding process
for angles from 5° to 85°) or maximum hoop winding (for orientations from 85° to 90°).
Although the best orientation for bending loads is 0°, the process cannot easily lay fibres
exactly along the length of a component [48], so polar winding (for angles from 0° to 5°)
was avoided to prevent significant impacts on productivity.
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Table 5. Configurations without prestress, as shown in Figure 2a, JP and g are the vertical displace-
ment due to the payload and the weight of the structure itself.

Dimensions Weight Vertical Displacement [mm] (6P + &q)
Material
[mm] [kgl Analytical Numerical
S355]R HEA 280 758.66 —17.88 —18.24
Al 6061-T6 HEA 400 429.22 —15.16 —15.65
CFRP 300 x 150 x 11 151.4 —18.74 —19.55

Table 6. Configurations with prestress P, = 100 kN, as shown in Figure 2a, g, 0P and dtot are the
vertical displacement due to the weight of the structure, the precompression load and the combination
of the whole three external loads applied.

Vertical Displacement [mm]

Material Dimensions Weight Wi :
[mm] [kgl 1th01:1t Payload (dq + S'PC) Wl.th Payload (dtot) '
Analytical Numerical Analytical Numerical
S355]R HEA 240 599.32 10.26 10.20 —15.31 —15.64
Al 6061-T6 HEA 300 303.83 19.19 19.19 —13.83 —14.67
CFRP 244 x 122 x 11 121.69 19.52 19.58 —14.80 —15.62

3.3. Design and FEM Analysis

The design of the bridge structure was divided into two phases: the first involved an
analytical evaluation of the optimized geometry, while in the second phase, a solid model
was implemented using Ansys®and Solidworks®to validate the analytical computations.
Three solutions were developed in this paper: one in S355]R and another in Al 6061-T6
with a section geometry defined as an HEA beam described by UNI 5397-78, while the last
solution was made from CFRP with a tubular constant section. The analytical formulations
differed based on the material behaviour: for the critical load, the formulations derived
from the literature were applied to isotropic materials, while for the composite solution,
the equations described in Section 3.2 were adopted. For the evaluation of maximum
displacement, the equation of the elastic line was applied for all solutions. For the CFRP
solution, the Young’s modulus used was Ex,, from Table 4. The mesh consisted of quadratic
solid elements, with approximately 85,000 nodes and 42,000 elements for the boom study.
An example of the mesh is shown in Figure 4. As described in Section 3.1, the bridge
structure is constrained by a hinge and a roller at the edges, with a concentrated force of
20,000 N (equivalent to a weight of about 2000 kg) applied in the middle, gravity acting on
the structure’s weight, and precompression simulated by applying forces to the ends of the
girder along with a moment resulting from the distance between the ropes and the beam’s
centreline. Figure 5 shows the FEM model of the CFRP prestressed configuration. Due to
the system’s symmetry, only half of the beam was modelled to reduce computation time.

The precompression load was set to 100,000 N, and the applied moment varied for each
solution depending on the geometry. The main idea was to define this value as the product
of P; and the sum of half the boom height plus 80 mm, which is the imposed distance
between the bottom of the bridge structure and the rope, referred to as / in Figure 2c.
This value was chosen to minimize the overall dimensions. Table 5 shows the vertical
displacements of the non-prestressed configurations analyzed. Without the pre-strain
method, the geometry of the sections in the obtained configuration had higher values than
those shown in Table 6, which shows the vertical displacements of the prestressed solutions.
All these displacements never exceeded 20 mm, meaning the vertical displacement/span
ratio was 20/10,000 = 1/500, which is within the limits imposed by the standards. When
the precompression technique was applied, the section (and therefore the weight) was
smaller, with similar displacements.
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Figure 4. Model adopted for the CFRP solution with a zoomed view to represent the mesh used. To
simplify the simulation, the fillets at the corners of the cross-section have been neglected, but this
modification does not affect the results due to the small size of these dimensions compared to the
overall structure.
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Figure 5. Total displacement of the main boom in CFRP: the top shows the displacement without
payload, while the bottom shows the displacement with payload.

To fully understand the improvement in weight, Table 7 provides a comparison of the
main beam’s weight in all configurations and the payload. The payload is defined in [kg],
and the weight reduction can be observed in the last column, comparing the prestressed
and non-prestressed configurations.

Table 7. Configurations with and without prestress method, compared to the payload to be lifted.

. . . . wo

Material Dimensions Weight W Payload P Ratl? 7 %o
[mm)] [kgl [kgl [%]
Non-orestressed S355]R HEA 280 758.66 2038.74 37.21
o Purati N Al 6061-T6 HEA 400 429.22 2038.74 21.05
contigurations CFRP 300 x 150 x 11 151.4 2038.74 7.43
Prestressed S355]R HEA 240 599.32 2038.74 29.39
T Al 6061-T6 HEA 300 303.83 2038.74 14.91
& CFRP 244 % 122 x 11 121.69 2038.74 5.97

Regarding the global buckling analysis, Figure 6 shows the first two modes of insta-
bility for the solutions. The S355]JR and 6061-T6 configurations exhibited similar buckling
modes due to their similar geometries, as shown in Figure 6a,b. For the CFRP solution,
Figure 6¢,d show its first two buckling modes. The numerical results reported a safety
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factor 1 concerning buckling phenomena of 14.03 for the steel configuration, 7.33 for the
aluminium one, and 10.07 for the composite solution’s first buckling mode. Local buckling
was also considered, as described in the literature [49]. The safety factors for the steel
solution were 5.46, for the aluminium 4.09, and for the CFRP configuration 6.41.

0 2x10° 4x10° (mm) 0 2x10° 4x10° (mm)

(a) (b)

0 2.5x10° 5x10° (mum) 0 2.5x10° 5x10° (mm)
)

125x10% 3.75x10° 1.25x10% 3.75x10°

Figure 6. Buckling mode of the analysed configurations. (a) First buckling mode of the HEA beam
(Wsteet = 14.03 145 = 7.33). (b) Second buckling mode of the HEA beam (#5101 = 15.84 14; = 11.92).
(c) First buckling mode of the CFRP beam (1jcpgrp = 10.07). (d) Second buckling mode of the CFRP
beam (WCFRP = 101)

For the modal analysis, Figure 7 shows the first two vibration modes for each pre-
stressed configuration. These analyses were carried out due to the system’s dynamics,
which involved different electric motors for the lifting phase on the trolley and the move-
ment phase on the end trucks. As can be seen, the high Young’s modulus and low density
of the CFRP result in higher resonance frequencies than the other solutions. In contrast,
the high density and lower moment of inertia of the steel, compared to the aluminium
configuration, resulted in the lowest resonance frequencies.

Regarding the fatigue life of the three solutions, due to the adoption of the pre-
compression method, which reduces the stress within the bridge structure, both the analyti-
cal and numerical results confirm that the highest stress, with the payload in the prestressed
configuration, was 56 MPa for the steel solution. This is far below the material’s fatigue
limit [50]. For aluminium, the maximum computed stress was less than 40 MPa, and even
in this case, the estimated life at such stress [51] exceeds the number of cycles the structure
is designed to withstand. For the CFRP solution, the highest stress was around 90 MPa,
but [52,53] indicate that for an average CFRP material, this stress does not lead to failure
over the estimated life cycle described in Section 2.
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Figure 7. Modal analysis of the prestressed configurations.(a) First vibration mode of the S355JR
beam (wygye; = 7.87 Hz). (b) Second vibration mode of the S355]R beam (ws,.; = 10.66 Hz). (c) First
vibration mode of the Al 6061-T6 beam (w 4; = 9.57 Hz). (d) Second vibration mode of the Al 6061-T6
beam (w4; = 10.32 Hz). (e) First vibration mode of the CFRP beam (wcrrp = 14.92 Hz). (f) Second
vibration mode of the CFRP beam (wcprp = 18.76 Hz).

4. Construction Methods

The innovative solution proposed, as described in Section 3.3, involves a CFRP beam
with a hollow section, produced using the filament winding process [54]. Figure 8 shows
the actual solution:

Aluminium support:
Aluminium support: Trolley Main beam cart

Hinge

-

1
| Ropes for prestress technique | |_m|

Figure 8. 3D model of the overhead crane designed in CFRP.

N
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Focusing on the details of this configuration, the components designed include the
trolley on the bridge, the runway system, and the connection between the runway system
and the bridge structure. As seen in Figure 9a, the trolley used to lift the load is com-
posed of two aluminium plates, each weighing 5 kg, which connect eleven rollers that
allow the winch to move along the overhead crane. The rollers are made of steel and
Vulkollan®polyurethane rubber [55], each weighing 0.3 kg, in order to prevent wear on the
composite surface. The total mass of this trolley is 13.3 kg, excluding the motorized winch,
which is lighter than the average trolley for these boundary conditions, typically around
20 kg.

Figure 9b shows one side of the runway system. The hinge constraint is defined by
the allowable rotation of the trolley wheel and its guide, which can be seen more clearly
in Figure 9c. Horizontal displacement is prevented by the connection between the CFRP
boom and the lateral trolley. This connection is made using a safety pin and adhesive,
as described in the literature [56], between the aluminium support and the beam. This
connection is absent on the other side of the crane, where the roller constraint is located, as
shown in Figure 9d. The aluminium support weighs approximately 10.2 kg.

Precompression of the girder is achieved through steel ropes, connected to the alu-
minium support with a pin held in place by a cotter pin. The two ropes have a metal core,
with a diameter of 14 mm and a 7 x 19/133 wire configuration, providing an ultimate
tensile load of 124,000 N each. With the precompression load, P;, equal to 100,000 N and
applied through a commercial rope tensioner, there is a safety factor of 2.48. The ropes
weigh 0.82 kg/m, making each one 8.2 kg. Considering the mass of the non-prestressed
steel configuration, these components do not significantly affect the overall weight of
the structure.

330 mm

—— A\
(a) (b) (o) (d)

Figure 9. Main areas designed for the new innovative solution. (a) Zoom of the trolley on the bridge.
(b) Detail of the hinge side of the runway system. (c) Second view of the runway system. (d) View of
the roller side of the runway system.

5. Results

Using the geometry of the proposed solution and FEM software, the masses of the
overhead crane booms have been determined.

Considering the different materials, without the use of the prestressed beam concept,
it was evaluated that the weight of the aluminium component is 56.6% of the traditional
solution, and the value is reduced to about 19.9% for the composite material component, as
shown in Table 8. Focusing on the prestressed configurations, the weight of the aluminium
solution is reduced to 50.7% compared to the prestressed steel configuration, and for the
composite, it is even lower at 20.3%, as shown in Table 9.

It is also interesting to observe not only the weight reduction due to the use of different
materials, but also to compare the same material with and without the prestressing method
to assess the impact of this concept alone. To analyze this, Equation (28) has been used:

WPrestressed material
pPre/Non—Pre% = W -100 [%] (28)
Non—Prestressed material
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where Wpyestressed material 1S the weight of the prestressed solution of the material analyzed,
and Wiyop— prestressed material 15 the weight of the non-prestressed configuration of the ma-
terial analyzed. The value ppy./Non—pre% provides an indication of the weight reduc-
tion achieved by the prestressing methodology alone. The prestressed S355]R solution
is 79.0% (=599.32/758.66) of the non-prestressed version. For the aluminium, it is 70.8%
(303.83/429.22), while for the composite, the result is around 80.4% (121.69/151.40).

Table 8. Comparison of the found non-prestressed solutions, the percentage is obtained from the
ratio between the weight of the observed configuration and the weight of the steel solution, both
non-prestressed.

S355JR 6061-T6 CFRP
Weight [kg] 758.66 42922 151.40
Winat / Wace [%] 100 56.6 19.9

Table 9. Comparison of the found prestressed solutions, the precentage is obtained from the ratio
between the weight of the observed configuration and the weight of the steel solution, both prestressed.

S355]R 6061-T6 CFRP
Weight [kg] 599.32 303.83 121.69
Winat / Wace [%] 100 50.7 20.3

Examining the combination of different materials and the prestressing method, the
weight of the prestressed aluminium configuration is 40% (=303.83/758.66) of the tradi-
tional solution, with the value further reduced to 16% (=121.69/758.66) for the composite
component, as shown in Figure 10.

120%
100%
100%
79%
80%
60% 56.6%
40%
40%
— 19.9% 16%
% e
S355JR 6061-T6 CFRP
@ Non Prestressed @ Prestressed

Figure 10. Column chart showing the percentage weight of each solution compared to the non-
prestressed steel configuration.

These results show that using innovative materials can lead to significant weight
reductions, and the weight loss can be even greater when the prestressing methodology is
applied. Another notable observation is that the prestressing method has a greater effect on
structures where the material used has lower stiffness. The primary reason is that the most
significant constraint in overhead cranes is the maximum vertical displacement, which is
directly related to the stiffness.

6. Conclusions

The work outlines a comprehensive process aimed at reducing the weight of an
overhead crane structure by employing innovative materials and the prestress method. It
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begins by detailing the analytical criteria and selected materials, followed by extensive
numerical and analytical analyses for each solution. The design has been developed to
cover many aspects of the studied structure. By performing static structural, buckling,
fatigue, and modal analyses for each configuration, significant results have been achieved
with the goal of weight reduction.

The solutions bring important innovations to the literature:

¢  The prestress methodology can be applied to the design of heavy industrial structures,
offering benefits for lightweight design.

¢  The implementation of innovative materials, such as composite materials, can be
adopted for these specific structures, achieving results similar to steel in terms of
deflection but with a much lower density, and therefore, lower mass.

*  The combination of the two methodologies can lead to a significant reduction in
weight. For instance, when comparing the non-prestressed steel solution with the
composite prestressed configuration, the latter weighs only 16% of the former.

The results achieved in weight reduction carry noteworthy implications:

*  Electric motors powering the overhead crane require less effort.

*  The lighter structure reduces inertia forces.

*  The brake systems also benefit.

e The building itself, where the overhead crane is located, experiences less stress.

*  The installation of the analyzed structure can be carried out with easier procedures
compared to a heavier configuration.

*  The successful implementation of these methodologies opens up possibilities for their
application in other sectors of construction machinery. For instance, similar techniques
could be adapted for different types of cranes, facilitating further advancements in
the field.

It should be noted that the CFRP configuration is suitable for environments where
temperature is not an issue, due to its thermal properties. This, along with other factors that
could decrease long-term performance, will be the subject of future research. Additionally,
this composite material is far more expensive than traditional materials, but the overall
cost of the assembly has been considered, as previously discussed in the literature [57].

Future Developments

To validate the numerical and analytical results, the research is ongoing, and some
experimental tests with small-scale prototypes are scheduled. Furthermore, a cost com-
parison analysis will be carried out to provide greater insight into the economic aspects of
the structure.
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