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Abstract

Existing lightweight optimization studies on gantry crane girders merely adopt static
strength and stiffness constraints, ignoring fatigue damage induced by dynamic loads and
welding fabrication, which results in impractical optimal designs. To address this limita-
tion, a novel multi-objective topology optimization method incorporating static, dynamic,
fatigue and minimum weld thickness constraints is proposed in this work. With structural
weight and compliance minimization and first-order natural frequency maximization as the
optimization targets, the model is constrained by structural stress, displacement, vibration
frequency and minimum weld thickness, and a modified genetic algorithm is utilized to
acquire the Pareto optimal solution set. Finite element analysis is conducted to compare the
static performance, modal characteristics and transient dynamic responses of the original
and optimized girders under diverse working conditions. The results demonstrate that
the optimized girder exhibits comprehensive performance improvements, with a 15.6%
reduction in structural mass, 8.3% decrease in maximum equivalent stress, 10.9% reduction
in mid-span deflection, 12.1% increase in first-order natural frequency, and 18.3% extension
in fatigue life. The proposed method can effectively support the precise lightweight design
of crane metal structures and provides a feasible technical solution for their high-efficiency
lightweight optimization.

Keywords: gantry crane girder; multi-objective topology optimization; static and dynamic
analysis; lightweight design; fatigue constraint

1. Introduction

With the deeper advancement of the global dual-carbon strategy, the construction
machinery industry continues to move forward towards low-carbon operation, low-
weightedness and intelligence [1-6]. As the logistics transportation equipment for heavy
industries, such as port loading and unloading, the metal manufacturing industry and the
shipbuilding industry, the energy consumption for gantry crane operation and manufactur-
ing cost affect the overall operational efficiency of the entire industrial chain. According
to the statistics, the metal structure part of a gantry crane takes up 60%~70% of the whole
weight of the gantry crane, and the main girder which is its main load-bearing component
takes up more than 80% of the metal structure weight of the gantry crane [7-14]. Traditional
gantry crane design mostly depends on the conservative experience and conservative safety
factor method, and the construction of structure safety requires excessive reserve material.
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This results in large material redundancy in the main girder and therefore increases costs
of manufacturing, transportation and installation; energy consumption of operation; and
the wear of mechanical movement greatly [15-18].

Over the past decades, the lightweight technology for crane metal structure has gone
from the early-stage size optimization to modern-stage topology optimization. The former
work could reduce the weight only by modifying the parameter of the cross section of the
main girder, such as web height, web width, and plate thickness [19-27]. In the optimization
design of the crane’s main girder, some effective methods have been developed. For
example, the response surface method was applied to the size optimization of the crane’s
main girder, which could realize the weight reduction of about 8%. Combining the finite
element method with orthogonal experiments can optimize the structure layout of stiffeners
and improve the utilization of materials. In recent years, topology optimization has
gradually become a research hotspot with the characteristic of automatically searching
for the optimal material layout in the design space. For example, it has been applied
to the end structure of the main girder and realized more than 10% weight reduction,
with unchanged bearing load capacity. Shape optimization of main girder ends based on
intelligent algorithms such as the whale optimization algorithm can effectively optimize
the transition curve of girder ends and reduce stress concentration, and internationally, a
multi-objective optimization algorithm has also been introduced into the girder design,
which can achieve a better lightweight design under the constraints of girder static strength
and stiffness. In general, main girder optimization development is going into multiple
methods and multiple objectives” compound consolidation [28-39].

However, most of the current multi-objective optimization studies consider only
the trade-off between static performance and weight. For example, some scholars have
achieved 12% weight reduction to optimize the sectional form of box girder, but its first-
order natural frequency also reduced by 7.2%, increasing the risk of resonance at high
speed. Some optimization models consider dynamic frequency constraints, but they did
not consider the fatigue damage caused by cyclic load, leading to the optimized structure
that cannot guarantee the service design life of 20 years in practice. For making constraints,
only a few studies considered the minimum thickness limit, and most of them restricted
the minimum thickness to 3~4 mm, which could not meet the requirements of the heavy
steel structures welding process. Although these aforementioned studies made some
progress, existing topology optimization methods still have some important weaknesses in
engineering applications. Most topology optimization research only involves a constraint
of static strength and stiffness, ignoring complicated dynamic loads and long-term fatigue
effects during the actual crane working process, and moreover, ignoring the limitation
of manufacturability [40-42].

Despite these advances, a critical research gap remains unaddressed. Existing topology
optimization studies for crane girders can be classified into three categories: (1) static-
only optimization considering solely strength and stiffness constraints; (2) static-dynamic
optimization incorporating natural frequency constraints but neglecting fatigue; and
(3) fatigue-constrained size optimization that does not involve topology design. None of
the existing studies simultaneously integrate static strength, dynamic frequency, fatigue
damage, and minimum weld thickness constraints into a single multi-objective topology
optimization framework. Furthermore, among those that do consider multiple constraints,
the fatigue and manufacturability constraints are typically applied as post hoc filters rather
than being evaluated at every generation of the optimization process, which may yield
solutions that violate these constraints in practice. This gap motivates the present work,
which aims to develop an integrated multi-objective topology optimization framework that
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incorporates all four constraint categories and evaluates them per-generation to ensure
engineering practicality.

The present lightweight design for gantry crane main girders exists in three bottlenecks.
First, no consideration of the dynamic performance, such that the natural frequency of
the optimized structure often places into the dynamic excitation range of 1.2 to 2.0 Hz of
operation, with a resonance tendency. Second, no consideration of fatigue constraints and
no account of the accumulated damage caused by cyclic load, making it infeasible to reach
the design durability of a 20 year service life. Third, no consideration of manufacturing
restrictions, such as an optimized structure often containing a light wall less than 3 mm
thick, which does not meet the minimum weldable thickness of 6 mm for CO; gas shielding
welding, so theoretical optimum structure solutions cannot be realized.

These bottlenecks persist because they are fundamentally coupled in engineering
reality. A design change to improve static strength (e.g., increasing material) alters dynamic
frequencies and local stress concentrations that affect fatigue, while a topology design
optimized purely for performance may create features incompatible with manufacturing.
Overcoming these bottlenecks therefore requires a holistic optimization framework that
navigates all trade-offs between mass, static compliance, dynamic frequencies, fatigue
damage, and manufacturability from the outset, which is the core objective of this work.

The main contribution of this work is the development of an integrated multi-objective
topology optimization framework that simultaneously incorporates static strength, dy-
namic frequency, fatigue damage (Miner’s rule), and minimum weld thickness constraints.
Unlike previous studies that apply fatigue and manufacturability constraints as post hoc
filters, the proposed method evaluates these constraints at every generation of the genetic
algorithm, ensuring that all solutions on the Pareto front inherently satisfy the engineering
requirements. The framework is validated on a full-scale industrial gantry crane girder
through comprehensive static, modal, and transient dynamic analyses. Table 1 represents a
comparison of representative previous studies on crane girder optimization.

Table 1. Comparison of representative previous studies on crane girder optimization.

Study Optimization Type Objectives Constraints Algorithm
[11] Size optimization Weight minimization  Static strength, stiffness Mulltl-specul'a .
reflection algorithm
[16] Size optimization Weight minimization Stress, deflection Super—ellement
technique
[13] Topology .anq shape Weight minimization Static strength Topology optn.mz;f\tlon,
optimization shape optimization
. R . L . . Multidisciplinary
[15] Size optimization Weight minimization  Static strength, stiffness R
optimization
. . . . Nonlinear damage
[14] Fatigue analysis Fatigue life — accumulation
Multi-objective Mass, compliance Static, dynamic, fatigue,
Proposed method Jective ’ p ! minimum weld Modified adaptive GA
topology optimization frequency

thickness

2. Modeling Methods

Figure 1 shows the process begins with finite element modeling and mesh generation,
followed by formulation of the multi-objective optimization model incorporating static,
dynamic, fatigue, and minimum weld thickness constraints. The modified genetic algo-
rithm then iteratively performs fitness evaluation, adaptive crossover and mutation, elite
preservation, and constraint handling until convergence. The resulting Pareto optimal
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solution set is post-processed to select the final design, which is then validated through
static, modal, transient dynamic, and manufacturability analyses.

1. Finite Element 2. Optimization & Mod|ﬁed : 4. Pareto 5. Final
Adaptive Genetic
Modeling Model Formulation Jlaocithm Solution Selection Validation

Geometric model Design variables Inlhall%e Wit Static analysis
population target
Mesh Objectives: Mass, Density filter Resonance .
generation Compliance, L avoidance Modal analysis
Frequency l
Boundary = l FEA evaluation Stiffness Transient dynamic Optimized crane
conditions Constraints: Stress, requirement analysis girder design
Deflection, Fatigue l
dax:iet'h?g::;:m Adaptive crossover l
Load definition and mutation Manufacturability |— Fatigue
verification
Elite preservation l
a2 Weld thickness
l check
Non-dominated
sorting

Convergence
check

Figure 1. Multi-objective topology optimization workflow for crane girder design.

2.1. Formulation of the Structural Optimization Mathematical Model

Establishing the mathematical model for the lightweight optimization of crane metal
structures requires comprehensively considering the interaction between multiple design
objectives and constraint conditions. Based on the multi-objective topology optimization
theory using the variable density method, the lightweight design problem of the gantry
crane main girder structure is transformed into a triple-objective mathematical optimization
problem aiming to minimize mass, minimize compliance, and maximize the first-order
natural frequency. In the topology optimization of continuum structures, the relative
density variable pe (0 < pe < 1) is introduced as the design variable. The relationship
between material properties and the design variable is established via the SIMP (Solid
Isotropic Material with Penalization) material interpolation model:

E(pe) = p¥ - Eo 1)

where E(p.) denotes the elastic modulus of element ¢, Ej is the elastic modulus of the base
material, and p is the penalty factor. In this study, p is taken as 3.0, which effectively sup-
presses intermediate-density elements and ensures the binary nature and manufacturability
of the optimization results. The penalty factor p = 3 is selected not only to penalize interme-
diate densities but also to ensure that the final material distribution closely approximates a
0-1 (void-solid) solution, which is crucial for interpreting the results for manufacturing.

The selection of p = 3 follows the widely adopted standard in continuum topology
optimization based on the SIMP method, as established by Bendsge and Sigmund [43] and
Sigmund [44]. This penalty value effectively suppresses intermediate-density elements
(0 < p < 1) while maintaining numerical stability and convergence, producing near-binary
(0/1) solutions that are directly interpretable for manufacturing. A penalty factor that is
too low (e.g., p = 1) fails to penalize intermediate densities, resulting in grayscale solutions
difficult to manufacture; a penalty factor that is too high (e.g., p > 4) may cause numerical
instability and convergence difficulties. Thus, p = 3 represents the standard compromise
between solution discreteness and computational stability.

Based on this material model, a multi-objective optimization mathematical model is
established for the main beam structure of the gantry crane. The objective functions include
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minimizing structural mass and minimizing structural compliance. The mass objective
function is defined as the sum of the products of element densities and their volumes,
while the compliance objective function is defined as the strain energy of the structure
under external loads. In addition to fundamental constraints on volume, stress, and dis-
placement, first-order natural frequency constraints, minimum thickness constraints, and
fatigue damage constraints are simultaneously introduced. These address key engineering
challenges in traditional optimization results, such as insufficient dynamic performance,
lack of direct manufacturability for fabrication, and poor long-term reliability. The complete
mathematical model is presented as follows:

minf; () = Y, piVieo (2)
minf,(p) = u'Ku (©)
maxf3(p) = wi(p) 4)

s.t. Omax < [0] 5)

dmax < [0] (6)

w; >2.0Hz 7)

t(x) > 6 mm (8)
D=Y Z,— <1 ©)
0<pi<1,i=1,23...,N (10)

where p; represents the relative density of the i-th element, V; represents the element
volume, py is the material density, u is the displacement vector, K is the stiffness matrix,
Omax 1s the maximum Von Mises equivalent stress. [o] represents the allowable stress of the
material, d,,4y is the maximum vertical deflection at midspan, [8] is the allowable deflection,
w1 is the first order natural angular frequency, f(x) represents the wall thickness at any x
position of the structure, D represents the fatigue damage accumulated in total, #; is the
number of cycles of stress level at i, N; represents the fatigue life of the corresponding
stress level.

Constraining wj > 2.0 Hz is not only a target for performance but also a purely
dynamic isolation target. It adds a 20% safety margin over the maximum excitability to the
range of possible operational frequencies (~1.6 Hz), removing the fundamental mode from
the majority part of the energy input to avoid resonance mode enlargement. The minimum
thickness #(x) > 6 mm constraint is the direct translation of the manufacturability limit.
This value reflects the minimum value that can be welded reliably and completely with
a full-penetration CO; gas shielded welding of high-strength steel, ensuring structural
integrity at joints. The fatigue constraint implements Miner’s linear damage rule with
stress cycles n;, which are obtained from the duty cycle analysis of the crane according to
international standards. Thus, we associate the optimization directly with the life of the
structure intended to be used.

Miner’s linear damage rule is selected because it is the most widely accepted and
code-mandated method for fatigue life assessment of crane metal structures, as specified
in GB/T 3811 and FEM 1.001. It provides a computationally efficient and conservative
estimate suitable for integration into the optimization loop, where thousands of fatigue
evaluations are required. However, Miner’s rule has recognized limitations: (1) it assumes
linear damage accumulation without considering load sequence effects; (2) it does not
account for crack closure or retardation effects under variable-amplitude loading; and
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(3) it may underestimate life for high-low loading sequences and overestimate for low-high
sequences. In the present study, these limitations are partially mitigated by adopting a
conservative allowable damage of D < 0.8 (rather than D = 1.0), providing a 20% safety
margin. More advanced fatigue models, such as nonlinear damage accumulation and
continuum damage mechanics models, will be considered in future work.

This threshold is established based on the operational excitation frequency range
of gantry cranes as specified in the design code GB/T 3811 and corroborated by field
measurement data reported in the literature. The dominant dynamic excitation frequencies
during crane operations—including hoisting, trolley travel, and bridge travel—typically
fall within the range of 1.2 to 2.0 Hz. Setting the minimum natural frequency at 2.0 Hz
ensures that the fundamental mode is separated from the upper excitation limit by a 20%
safety margin, thereby preventing resonance under normal operating conditions.

The minimum weld thickness constraint is enforced through a three-level strategy.
First, a Helmholtz-type density filter with a filter radius Ry, = 6 mm is applied to the
relative density field, preventing the formation of structural features thinner than 6 mm.
Second, SIMP penalization with binary thresholding is employed: elements with filtered
density below 0.3 are projected to void, while those above are projected to solid, ensuring
that solid regions maintain a minimum physical dimension. Third, a post-optimization
thickness verification is performed on the extracted solid boundaries to confirm compliance.

The fatigue damage constraint is evaluated at every generation of the optimization
loop rather than only on the final solutions. For each candidate topology, a finite element
analysis is conducted to obtain the full-field stress distribution, and the stress cycles at
critical elements are extracted using the rain-flow counting method. Individuals violating
this constraint are assigned a large penalty value, reducing their probability of being
selected for reproduction. This per-generation evaluation ensures that all solutions on the
final Pareto front inherently satisfy the fatigue life requirement.

2.2. Finite Element Modeling Method and Mesh Generation Strategy

During the model building stage, actual geometric dimensions of the main beam, such
as web, flange plate and stiffener, are roughly modeled accurately. For model building, the
hexahedral structured mesh (shown in Figure 2) is adopted, and the mesh size is controlled
at 20 mm. Furthermore, a mesh independence study was carried out using five mesh
sizes; the results are shown in Table 2. The finite element solver employs a convergence
criterion based on the residual force norm, with a tolerance of 1 x 10~%. When the mesh
size is reduced from 20 mm to 10 mm, the maximum stress changes by only 0.7% and the
displacement by 1.0%, both below the 2% accuracy threshold, while the computational
cost increases fourfold. Therefore, the 20 mm mesh is selected as the optimal compromise
between accuracy and efficiency.

Table 2. Mesh independence verification results.

Mesh Size  Number of Degrees of Max Stress Stress Max Displacement Displacement Time (min)
(mm) Elements Freedom (MPa) Error (%) (mm) Error (%)
50 48,200 289,200 175.2 6.1 45.8 5.6 42
30 125,600 753,600 180.2 3.5 46.9 33 115
20 312,400 1,874,400 185.1 0.9 47.8 14 28.7
10 1,248,800 7,492,800 186.4 0.2 48.3 04 115.3
5 4,995,200 29,971,200 186.7 - 48.5 - 462.8
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Figure 2. (a) Geometric model; (b) mesh diagram.

2.3. Material Constitutive Relations and Boundary Condition Settings

High-strength structural steel Q345 is the construction material for the main beam
of the bridge, and its mechanical property parameters influence the accuracy of the opti-
mization results. The elastic modulus, Poisson’s ratio and density of the steel are 206 GPa,
0.3 and 7850 kg/m3 respectively. The yield strength of the steel varies with the thickness
of the material: 345 MPa for thicknesses less than 16 mm, 335 MPa for the thickness from
16 to 40 mm and 325 MPa for the thickness from 40 to 63 mm. During the topology opti-
mization process, a linear elastic isotropic model was applied to the material constitutive
relationship. The element density-to-element elastic modulus mapping relationship was
built by the SIMP interpolation model, and the penalty factor was selected as 3.0 to ensure
the discreteness of optimization results.

Accurate numerical analysis and engineering practicality of the optimization solution
both depend on a rational definition of boundary conditions. A hinged connection con-
straint was imposed at the joint of the main beam and leg, limiting the translation degree
of freedom along three directions, but allowing rotation about each axis, thus reproducing
flexible connection characteristics in engineering practice. An elastic support boundary
condition was used at the upper rail beam supporting position. Load boundary conditions
included hoist load, trolley weight, impact factors and wind force. The impact coefficient
for rated hoist load was taken as 1.15, the impact factor for travel is 1.25 and the impact
factor for side load is 1.35.

Specifically, the girder-leg joints are modeled as hinged constraints that restrain all
three translational degrees of freedom while releasing all rotational degrees of freedom,
faithfully reproducing the pinned connection used in industrial gantry cranes. At the
rail beam supporting position, an elastic support boundary condition is applied using
spring elements with a stiffness corresponding to the rail pad modulus, accounting for the
flexibility of the rail-pad-girder interface. The hoist load is applied at the trolley wheel
contact positions through rigid constraint equations, which distribute the concentrated
load over the contact area and avoid artificial stress singularities. The self-weight of the
girder is applied as a distributed body force. The wheel-rail contact is modeled using
surface-to-surface contact with a Coulomb friction coefficient of 0.3, allowing for realistic
load transfer between the trolley wheels and the top flange.

3. Results and Discussion
3.1. Load Analysis and Calculation Under Typical Working Conditions

Based on the real situation of how gantry cranes work, the load calculation model
was established for gantry cranes, including rated load, side load, dynamic factors and
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so on. The major load cases analyzed in this study involve general load cases such as
normal hoisting, fully loaded hoisting, horizontal travel, fully loaded traveling, travel
under side load and extreme load. The load calculation is performed separately for each
direction using vector decomposition. The total load vector Py, consists of vertical and
horizontal components:

Ptotul = Pvertical + Phorizontul (11)

where the vertical component (z-direction) includes the hoist load, trolley self-weight, and
girder self-weight:

Poertical = 11Q + 7261 + Ggirder (12)

where the vertical component (z-direction) includes the hoist load, trolley self-weight, and
girder self-weight:

Prorizontal = Puwind (13)

In the equation, Py, is the total load, 1 and -y, are the hoisting load factor (1.15) and
the trolley self-weight factor (1.0), respectively. Q is the rated lifting capacity, G; is the
trolley self-weight. Ggirge, is the main girder self-weight, and Py, is the wind load. The
load distribution characteristics under different working conditions were obtained through
numerical calculations. The specific load parameters are listed in Table 3.

Table 3. Calculation results of loads under typical working conditions.

Location of Maximum

Load Case Vertical Load (kN) Horizontal Load (kN)  Dynamic Coefficient Stress
Normal hoisting with . ..
full load 2850.6 156.3 1.15 Mid-span of main girder
Horizontal travel with 2650.4 245.8 125 Connectlf)n with
full load end girder
Travel under 31209 198.7 1.35 Main girder support
side loading ' ' ' & Supp
Extreme load 3580.2 312.5 - Mid-span of main girder

The load analysis results indicate that the loads on the main girder structure are most
severe under the side loading operating condition, with a vertical load reaching 3120.9 kN,
where the stress concentration phenomenon at the main girder support is most significant.
The extreme load case corresponds to 1.25 times the rated static load, representing the most
critical condition for structural strength verification.

3.2. Study on Stress Distribution Characteristics of Key Structural Components

Under rated loading conditions, the mid-span region of the main girder is subjected to
the maximum positive bending moment. In this region, the axial tensile stress in the lower
flange plate reaches a peak of 168.5 MPa, while the upper flange plate is under compression.
Under the side loading operating condition, the maximum Von Mises equivalent stress at
the mid-span of the main girder increases to 186.7 MPa, which is 10.8% higher than that
under the rated full-load condition. The central region of the web primarily bears shear
stress, with the maximum shear stress occurring near the connection between the web and
the flange plate in the vicinity of the support, with a value of approximately 78.3 MPa.

There is also a considerable stress concentration phenomenon at the connection node
between the main girder and the leg, as shown in Figure 3. The Von Mises equivalent stress
of this part is about 23.5% higher than that of the mid-span part, and is mainly caused
by geometric discontinuity and the abrupt change in the direction of load transfer. The
analysis of stress distribution in different cross sections shows that the stress gradient is
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greatest in the 1/4-range of span from the mid-span. Stress decreases nonlinearly from
its maximum value at mid-span to support. All the characteristics of the overall stress
distribution indicate that the weak points of the main girder structure are mostly focused
on the cross section at maximum bending moment at mid-span, shear transferring region in
the vicinity of support, connections between major members of the structure. These critical
regions’ stress levels directly define the load capacity and service life of the structure.

Equivalent
stress

200

100

Lower beam

Figure 3. Stress contour map of the main structure of a crane.

To validate the finite element stress results, the mid-span bending stress is com-
pared with the analytical solution from elementary beam theory. The maximum bending
moment at mid-span under rated loading is calculated as M = P-L/4, and the section
modulus W is computed from the cross-sectional dimensions. The analytical bending stress
o = M/W yields 162.3 MPa, which agrees with the finite element result of 168.5 MPa
within 3.8%, confirming the accuracy of the finite element model. The slight difference is
attributed to the shear lag effect and stress concentration at stiffener connections, captured
by the finite element analysis but neglected in elementary beam theory. Additionally, the
stress concentration factor at the girder-leg connection (1.235) is consistent with values
reported in the literature for similar welded crane structures, further validating the finite
element results.

From a structural mechanics perspective, the 8.3% reduction in maximum stress
despite a 15.6% mass reduction is achieved through improved load path efficiency. Topology
optimization redistributes material from low-stress regions (central areas of large flange and
web panels) to high-stress, load-critical regions (support nodes and areas near concentrated
loadings). This creates a more direct and continuous internal force transfer path, reducing
the stress concentration caused by abrupt stiffness changes at structural discontinuities.

3.3. Analysis of Structural Deformation Patterns and Displacement Responses

According to the results of the static FE analysis, the maximum displacement of the
main girder structure happens at mid-span position, and displacement increases almost
linearly with increment of load. In working condition of rated loading, the maximum
vertical displacement of the mid-span of the original (pre-optimization) main girder is
48.5 mm. For topological optimization of the main girder, when the main girder works
under the working condition of rated loading, maximum vertical displacement is also
reduced from 48.5 mm (pre-opt main girder) to 43.2 mm, which means a decrease of 10.9%.

The 10.9% reduction in mid-span deflection is a direct consequence of improved
global stiffness distribution. The optimization algorithm increases material (and thus
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Original design

stiffness) at locations contributing most to global deformation—particularly around mid-
span for bending and support regions for shear—while removing material from low-
contribution locations. This results in a stiffness distribution that better matches the
ideal bending moment diagram. According to elementary beam theory, deflection is
inversely proportional to the effective bending stiffness, so strategically increasing stiffness
at bending-critical locations directly reduces the maximum deflection, even as the total
mass decreases.

At last, the deformation mode of the main girder structure is the overall bending
deformation and local torsional deformation combined. Along the longitudinal direction
of the girder, the displacement response curve obviously presents a parabolic curve dis-
tribution pattern. The gradient of the displacement response is very small in mid-span
of the girder, and increases sharply close to the support. Figure 4 is presented to achieve
two objectives: first, to visually compare the spatial displacement distribution patterns
of the original and optimized girders under identical loading conditions, revealing how
topology optimization redistributes stiffness to achieve a more uniform deflection field.
Second, to provide a quantitative basis for the 10.9% reduction in mid-span maximum
deflection, confirming that the stiffness improvement is not merely a local effect but a
global structural enhancement. Compared with the plain main girder structure with the
same load-bearing capacity, the topology-optimized main girder structure shows obvious
uniformity of the displacement response, and the phenomenon of stress concentration is
greatly relieved.

Displacement
50

Optimized design

Figure 4. Comparison of displacement before and after optimization.

Therefore, the better uniformity of displacement response and the 10.9% decrease
in maximum deflection are direct results of having a better global stiffness distribution
by the topology optimization algorithm. The algorithm clearly increases the stiffness
(by putting material) at those locations that contribute more to global deformation, es-
pecially around the mid-span for bending, around the constraint point for shear, and
depresses it at the less-contributing locations. The resulting structure response better
matches the ideal parabolic bending moment diagram, thus minimizing the maximum
deflection and the displacement rate along the length of the girder becomes smoother. This
efficient stiffness tailoring is the mechanism by which the mass and compliance reduction
occur simultaneously.

3.4. Safety Factor Assessment and Strength Verification

Based on the crane’s duty class and load combination types, a safety factor assessment
model for different working conditions was established. The maximum von Mises stress
obtained from finite element analysis was compared with the material yield strength to
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calculate the safety factor for each critical location. The strength verification formula is
as follows:

Omax < [0] = = (14)

N

where 04y is the maximum working stress in the structure, [o] is the allowable stress, o5 is
the material yield strength, and n; is the safety factor. The calculated safety factors under
typical working conditions are summarized in Table 4. Simultaneously, a fatigue strength
verification calculation model was established, considering the cumulative fatigue damage

effect of the structure under cyclic loading:
D=Y (3 <1 (15)
N;” —

where D is the accumulated fatigue damage value, 7; is the number of cycles at the i-th
stress level, and N; is the corresponding fatigue life.

Table 4. Safety factor assessment results for the main girder structure.

Working Condition Type MaXiI(nl\:IlII:l )S tress Sl\t/[r aetr?;it;l (ﬁ[eli:) Safety Factor Verification Result
Hoisting with full load 168.5 345 2.05 Pass
Travel with full load 142.3 345 2.42 Pass
Operation under side loading 186.7 335 1.85 Pass
Wind load resistance 127.9 345 2.70 Pass
Fatigue strength amplitude 95.4 180 1.89 Pass

Results of the assessment show that the optimized structure of the gantry crane’s
main girder satisfies the strength requirement in any working status; all safety factors
are greater than the minimum value of 1.75 stipulated. Even under the side loading
operation with maximum side load conditions, the safety factor still reaches 1.85, which is
enough to guarantee structural safety. Results of fatigue strength assessment show that
accumulated fatigue damage in the design service life is 0.73, much lower than critical
value 1.0; it can be seen that the optimized structure further improves structural fatigue
strength. In comparison with traditional design scheme, the optimized structure improves
the utilization rate of structure material by 18.9% while guaranteeing the safety; a very
good balance is achieved between safety and economy:.

3.5. Modal Analysis and Study of Natural Frequency Characteristics

Calculate the natural frequencies of the structure from the undamped free vibration
equation, and its eigenvalue equation can be given as follows:

(K] - wi[M]){gi} = {0} (16)

In the equation, [K] is the structure stiffness matrix, [M] is the mass matrix, w; is the i-th
order natural angular frequency, and {¢;} is the corresponding mode shape vector, respectively.

Modal analysis results show that the first-order bending vibration natural frequency
of the original structure is 2.45 Hz, and the second-order torsional vibration frequency is
4.32 Hz. The first-order natural frequency is 2.75 Hz after optimization, which is an increase
of 12.1%, effectively making it out of the excited frequency range of 1.2~2.0 Hz during the
hoisting process of the crane, as shown in Figures 5 and 6.
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Figure 5. The first bending mode of the main beam: (a) original structure; (b) topologically optimized
structures.

(a) 4.32Hz (b) 6.78 Hz

0 0
Relative density Relative density

Figure 6. Second-order torsional mode diagram: (a) original structure; (b) topologically optimized
structures.

It needs to be noted that static preload will affect structural stiffness. We therefore take
a prestressed modal analysis into consideration for the static-dynamic coupling calculation.
The static preload decreases the first-order natural frequency by about 4.2% from the result.
The first-order natural frequency of the optimized structure influenced by the preload is
2.64 Hz, which is still very far from resonance. Therefore, the risk of resonance will be
very small.

Changing in the first-order natural frequency f; by 12.1% is the classic sign of an
increased structural stiffness—mass ratio. Mass is decreased everywhere but in the optimiza-
tion process mass is decreased from locations that contribute little to the global bending
stiffness, but are important in mass. Simultaneously, it increases mass from the locations
that matter for bending stiffness and twisting rigidity. This intelligent redistributing in-
creases the effective global bending stiffness EI more than it decreases the effective mass
per unit length, increasing the fundamental frequency according to the simple relation
f1 o (EI/m)"2. Tt effectively shifts the dynamic signature of the structure out of the excita-
tion band and thus decreases the risk of resonance.

It should be noted that this study focuses on the first two natural frequencies, as
the first-order bending mode is the most critical for the following reasons: (1) it falls
closest to the operational excitation range of 1.2 to 2.0 Hz; (2) it has the largest modal
participation factor for vertical loading, the dominant load direction for gantry cranes; and
(3) higher-order modes (above 5 Hz) are well separated from the excitation frequencies
and have significantly lower modal mass participation factors for vertical loads, making
their contribution negligible under normal service conditions. However, under special
conditions such as severe asymmetric side loading or sudden braking, higher-order tor-
sional and lateral modes could potentially be excited. Therefore, a comprehensive multi-
mode dynamic analysis under extreme loading conditions is recommended as a future
research direction.

3.6. Dynamic Response Characteristics and Vibration Behavior Analysis

Under real working conditions, the main girder structure of a gantry crane is subjected
to more complex working dynamic loads (e.g., load swing, braking impact, impact of
disturbance wind load), and the dynamic characteristics of its dynamic response have
a great influence on the structure’s safety and reliability. A dynamic equation derived
from the finite element method can be written into a structural equation of motion, which
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describes the dynamic equilibrium relation between the mass matrix, damping matrix and
stiffness matrix.

[M]{a} + [Cl{u} + [KI{u} = {F(t)} (17)

In the equation, [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness
matrix, {u}, {u}, and {ii} are displacement, velocity, and acceleration vectors, respectively,
and {F(t)} is the time-variable load vector.

The transient dynamic analysis employs Rayleigh damping, in which the damp-
ing matrix is expressed as [C] = a[M] + B[K], where « is the mass-proportional damp-
ing coefficient and B is the stiffness-proportional damping coefficient. The coefficients
are determined based on the first two natural frequencies of the optimized structure
(f1 =2.75Hz, f» = 4.68 Hz) and an assumed damping ratio of { = 0.02, which is a typical
value for welded steel structures as reported in the literature. The Rayleigh coefficients
are calculated using a = 47& f1-f2/(f1 + f2) and B = &/[n(f1 + f2)], yielding a = 0.245 s~ !
and B =0.00128 s.

Transient dynamic analysis shows that under the action of the hoisting load, the
maximum dynamic displacement of the optimized structure is 23.7 mm, which is 18.3%
lower than that of the pre-optimized structure. The maximum dynamic stress concentration
factor decreased from 1.47 to 1.32, which means the optimized lightweight structure has
better dynamic stability and vibration resistance.

Both of the improvement in the dynamic stress concentration factor (decreasing from
1.47 to 1.32) and the 18.3% decrease in the maximum dynamic displacement under impact
load both arise from increased dynamic stiffness and dynamic damping. The optimized
and more uniform material distribution offers more alternative and superfluous load
paths to bear the transient dynamic load force, which reduces the contribution of a few
important load paths, which are prone to induce stress concentration. Meanwhile, a
structure with a higher natural frequency and smoother mode shapes (achieved) also has
more intrinsic capability to hold back the low-frequency excitation, resulting in smaller
dynamic amplification. The improved structural continuity also promotes more effective
energy dissipation through material damping, contributing to the attenuation of transient
vibration responses.

To further validate the dynamic performance advantages of the optimized structure,
a transient dynamic analysis under impact load was performed, and the results are pre-
sented in Figure 7. Each subfigure illustrates a distinct aspect of the dynamic behavior.
Figure 7a presents the displacement time history, showing that the optimized structure
exhibits significantly faster vibration attenuation with the peak dynamic displacement re-
duced from 28.5 mm to 23.2 mm (18.6% reduction), confirming improved dynamic stiffness.
Figure 7b shows the stress response curve, demonstrating that the optimized structure
has a lower peak dynamic stress and faster stress decay, indicating reduced dynamic
stress concentration. Figure 7c presents the acceleration response, where the optimized
structure shows lower peak acceleration and quicker decay, indicating improved dynamic
comfort for operators and reduced fatigue loading on equipment. Figure 7d displays the
frequency spectrum analysis, clearly showing that the dominant frequency shifts from
2.45 Hz (original) to 2.75 Hz (optimized), effectively avoiding the resonance zone of
1.2-2.0 Hz during crane operation. Collectively, these results confirm that the multi-
objective topology optimization method significantly improves dynamic stability and
anti-vibration performance while achieving lightweight design.
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Figure 7. Dynamic response comparison under impact load: (a) displacement; (b) stress; (c) accelera-
tion; (d) frequency spectrum.

3.7. Design of Multi-Objective Lightweight Optimization Algorithm

As the premature convergence and uneven distribution of Pareto solution sets are
common problems of traditional genetic algorithms, this paper uses an improved genetic
algorithm to address these problems. The improvements mainly include the introduction
of an adaptive crossover and mutation strategy based on population fitness variance,
introduction of an elite-preserving strategy, introduction of a constraint-violating function
for the purpose of constraint judgment.

The core of the improved algorithm is its ability to respond dynamically to the opti-
mization process. An adaptive crossover and mutation strategy adjusts operator probability
according to the variance of population fitness. When population converges too fast (low
variance) it increases the mutation operator to increase population diversity and ensure
escaping from local optimum. Otherwise, it is more likely to promote the crossover to
become better for fitness if population diversity is satisfactory. The constraint violation
function integrates all constraint deviations into a simple penalty term of increasing scale,
which can be used to help the algorithm to efficiently search through a complex feasible
region defined by a number of sometimes competing, engineering constraints. Doing
so it becomes possible to find solutions that are truly Pareto-optimal with regard to all
considerations of objectives and constraints.

The detailed parameter settings and implementation of the modified genetic algorithm
are described as follows. The population size is set to 200 individuals, providing sufficient
population diversity for the three-objective optimization while maintaining acceptable
computational cost. Binary tournament selection is employed as the parent selection op-
erator with a tournament size of 2. The crossover probability (cp) is adaptively adjusted
within the range of 0.60 to 0.90, with an initial value of 0.80, and the mutation proba-
bility (mp) is adaptively varied between 0.01 and 0.10, with an initial value of 0.05. The
adaptive adjustment is governed by the population fitness variance o2 according to the
following equations:

CPp = CPmax — (Cpmax - Cpmin) : (Uz/gzmax) (18)
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mp = MPmin + (MPmax — MPmin) * (1 — Uz/Uzmax) (19)

where 02 ay is the predefined maximum fitness variance threshold. When the population
converges too rapidly, the mutation probability is automatically increased to enhance
diversity and prevent premature convergence. When the population diversity is sufficient,
the crossover probability is increased to accelerate convergence. An elite preservation
strategy is implemented, whereby the top 10% of individuals with the best non-dominated
ranking are directly carried over to the next generation without undergoing crossover or
mutation. The stopping criteria are defined as either a maximum of 200 generations, or
a relative change in all three objective functions of less than 1 x 10~* for 30 consecutive
generations. In this study, the optimization converged at approximately generation 117,
well before reaching the maximum generation limit.

Applying our algorithm on the DTLZ and ZDT test functions, we compared the results
of the improved algorithm, the standard GA, NSGA-II and MOPSO. The comparison results
are shown in Table 5. Compared to traditional algorithms, the improved algorithm can
obtain a solution faster about 25% and a Pareto optimal solution set with a wider scope.

Each algorithm was executed 30 times independently with different random seeds.
The hypervolume indicator measures the dominated objective space volume. A Wilcoxon
rank-sum test confirms that the proposed algorithm achieves significantly faster conver-
gence and higher hypervolume than all baseline algorithms (p < 0.01 for all hypervolume
comparisons), demonstrating that the improvements are statistically meaningful.

Furthermore, to visually demonstrate the effectiveness of the multi-objective opti-
mization, the Pareto optimal solution set obtained by the improved algorithm is plotted
in the three-dimensional objective space, as shown in Figure 8. The three axes represent
the structural mass, compliance, and first-order natural frequency, respectively. The Pareto
front surface clearly reveals the trade-off relationships among the three objectives: reducing
mass typically leads to increased compliance (reduced stiffness) and decreased natural
frequency, while increasing frequency requires more mass. The original design point
(12.8 t, 18.2 ], 2.45 Hz) lies far from the Pareto front, indicating significant optimization
potential. The selected optimal solution (10.8 t, 13.8 J, 2.75 Hz) achieves a good balance
among all three objectives, with mass reduced by 15.6%, compliance decreased by 24.2%,
and natural frequency increased by 12.1%. Compared with the standard GA, NSGA-II,
and MOPSO algorithms, the improved algorithm obtains a more uniform distribution
of Pareto solutions with wider coverage, providing engineers with more comprehensive
design options.

The final design point was selected from the 47 non-dominated solutions on the Pareto
front based on a comprehensive consideration of engineering requirements. The selected
solution achieves a 15.6% mass reduction, meeting the lightweight target of at least 15%.
Its first-order natural frequency of 2.75 Hz provides a sufficient safety margin above the
operational excitation range of 1.2 to 2.0 Hz, effectively avoiding resonance. The compliance
of 13.8 ] ensures that the mid-span deflection remains within the allowable limit. In addition,
all wall thicknesses of the selected solution are at least 8 mm, comfortably exceeding the
minimum weldable thickness of 6 mm, ensuring good manufacturability. Compared with
other feasible solutions on the Pareto front, this solution achieves the best overall balance
among mass reduction, structural stiffness, dynamic safety, and manufacturing feasibility.
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Table 5. Performance comparison of multi-objective optimization algorithms.
Algorithm Population Maximum Crossover Mutation Convergence Nli,r::;z of Computation Hvoervolume Spread Value
Type Size Iterations Probability =~ Probability =~ Generation . Time (h) yp P P
Solutions
Standard
Genetic 100 200 0.8 0.1 156.3 &= 8.7 23 8.5 0.682 £ 0.031 0.745 £ 0.042 <0.001
Algorithm
NSGA-II 100 200 0.9 0.1 1425 £ 6.2 28 7.3 0.756 £0.024  0.812 £+ 0.035 0.003
MOPSO 100 200 - - 148.7 £ 75 31 71 0.721 4+ 0.028 0.789 £ 0.038 <0.001
Improved
Algorithm 100 200 Adaptive Adaptive 117.2 £ 4.8 36 6.4 0.834 & 0.018 0.876 £ 0.026 -
(This Study)
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Figure 8. Convergence history of objective functions: (a) mass; (b) compliance; (c) natural frequency.

3.8. Convergence Analysis of Optimization Algorithm

To demonstrate the convergence stability and computational efficiency of the improved
genetic algorithm, the convergence histories of the three objective functions are plotted
in Figure 7. As shown in the figure, all three objective functions (mass, compliance, and
first-order natural frequency) converge rapidly within the first 80 generations and stabilize
after approximately 117 generations, which satisfies the predefined stopping criterion of a
relative change in less than 1 x 10~* for 30 consecutive generations. The mass decreases
rapidly from the initial 12.8 t and stabilizes at 10.8 t, the compliance decreases from 18.2 ]
to 13.8 ], the first-order natural frequency increases from 2.45 Hz to 2.75 Hz, meeting the
constraint requirement of 2.0 Hz. Compared with the standard GA and NSGA-II, the
improved algorithm converges approximately 25% faster while obtaining more Pareto
optimal solutions, fully demonstrating its superior optimization capability.

3.9. Manufacturability Verification of Optimized Structure

An important contribution of this study is the introduction of minimum wall thickness
constraints in topology optimization to ensure the manufacturability of the optimized struc-
ture. To verify whether the optimized results meet the actual welding process requirements,
the wall thickness distribution of each component of the optimized structure was checked,
as shown in Figure 9. The minimum wall thickness of all components exceeds 6 mm,
satisfying the minimum weldable thickness requirement for CO; gas shielded welding
of high-strength steel. Specifically, the upper and lower flange plates have thicknesses of
12 mm and 14 mm respectively; the web plate is 8 mm, the end and mid-span stiffeners
are both 8 mm, and the support reinforcement zone reaches 16 mm. The material density
distribution cloud map (Figure 9b) shows that the topology optimization achieves reason-
able material distribution, with high-density regions mainly concentrated at the supports,
concentrated load areas, and stiffener connections, while low-density regions are located
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in the middle of the flange and web plates where stress is lower. This distribution not
only ensures structural strength and stiffness but also facilitates welding, fabrication and
quality control.
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Figure 9. Manufacturability verification: (a) wall thickness distribution; (b) material density cloud map.

3.10. Comparative Analysis of Structural Performance Before and After Optimization

After multi-objective topology optimization, the basic girder structure of the gantry
crane has significant improvements on mechanical properties. Compared with the orig-
inal girder structure, the optimized structure can have a good reduction in mass, while
maintaining the original load-bearing capacity, and there are distinct improvements of the
optimized results for its stress, deformation and dynamic performance. The comparison
results of the major structure parameters before and after optimization are listed in Table 6.
While the mass has an optimized reduction ratio of 15.6%, the maximum equivalent stress
has been optimized down to 171.2 MPa, from 186.7 MPa, a reduction ratio of 8.3%. This
optimization method has an excellent verified effect.

Table 6. Comparison of main girder structural performance before and after optimization.

Performance Indicator Original Design Optimized Design Improvement
Structural mass (t) 12.8 10.8 —15.6%
Max. equivalent stress (MPa) 186.7 171.2 —8.3%
Mid-span maximum deflection (mm) 48.5 43.2 —10.9%
First-order natural frequency (Hz) 2.45 2.75 +12.1%
Second-order natural frequency (Hz) 432 4.68 +8.3%
Structural compliance (J) 18.2 13.8 —24.2%
Maximum dynamic displacement (mm) 28.5 23.2 —18.6%
Dynamic stress concentration factor 1.47 1.32 —10.2%
Accumulated fatigue damage 0.89 0.73 —18.0%
Fatigue life (years) ~20 ~23.7 +18.3%
Minimum safety factor 1.72 1.85 +7.6%
Material utilization rate (%) 71.2 84.6 +18.9%
Minimum wall thickness (mm) 8 8 Satisfies > 6 mm

This synergistic improvement summarized in Table 5 is not coincidental but is a direct
result of the multi-constraint optimization process. This is not simply minimization of mass.
It searches for a material layout that simultaneously satisfies all imposed constraints. The
8.3% lesser maximum stress, and 10.9% lesser displacement with static loads are obtained
because the process is driven to satisfy the stress and displacement constraints, and natu-
rally ends up with the stiffer and more efficient layout. The 12.1% higher frequency is a
direct result of the explicit frequency constraint. Most importantly, the improvement in the
fatigue life is a result of the lesser peak stress and the improvement in the stress concentra-
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tions that are the initiators of fatigue cracks. Thus, each constraint has a meaningful impact
on the solution, leading to an overall better design that is not just lighter, but better overall.

4. Conclusions and Outlook
4.1. Conclusions

Considering the engineering practicality inadequacy of the traditional lightweight
design of gantry crane main girders, the presented article discussed multi-objective topol-
ogy optimization design for gantry crane main girders with a variety of constraint factors.
Such as static-dynamic performance, fatigue, minimum thickness of welded structure, etc.,
and established a three-objective optimization mathematical model, then an improved ge-
netic algorithm was applied to solve its Pareto optimal solution. Sufficient static-dynamic
mechanical performance verification was carried out. The research achievements show
that the method can reduce the mass of the main girder by 15.6%, and improve the overall
static-dynamic mechanical performance and fatigue life of the crane structure compre-
hensively. Also, the optimized result meets the requirement of manufacture and welding.
The research contributes a viable technical method for lightweight design of the crane
metal structure.

4.2. Limitations and Future Perspectives

This study has several limitations that point to future research directions. First, a linear
elastic material model is employed, which neglects plastic deformation under extreme
loading and may overestimate stiffness near the ultimate load. Second, welding residual
stresses are not explicitly modeled, which could reduce effective fatigue life at weld joints.
Third, manufacturing tolerances and geometric imperfections (e.g., initial web deflections,
flange out-of-straightness) are not considered, potentially altering the stress distribution
and load-carrying capacity. Fourth, the optimized design is validated solely through numer-
ical simulation, without physical experimental testing, although the finite element model
is verified through mesh independence and comparison with analytical solutions. Future
work will address these limitations through high-fidelity nonlinear finite element models,
welding residual stress simulation, probabilistic tolerance and imperfection analysis, and
physical prototyping with static and dynamic testing. In addition, the manufacturability
constraints can be expanded to include practical rules for weld layouts, assembly symme-
try, and automated fabrication, and the proposed approach can be generalized to other
engineering machinery components.

The proposed optimization framework is inherently modular and can be extended
to other crane components and heavy machinery. For other crane components such as
end carriages, trolley frames, support legs, and slewing platforms, the method is directly
applicable by redefining the design domain, boundary conditions, and load spectra while
retaining the same objective and constraint modules. For different types of heavy machinery,
including bridge cranes, tower cranes, and port machinery (e.g., ship-to-shore and rubber-
tired gantry cranes), the optimization loop remains valid; only the load cases and constraint
thresholds need adjustment per the relevant design codes. The constraint modules for static
strength, dynamic frequency, fatigue, and minimum weld thickness are independently
configurable, and the modified genetic algorithm can be coupled with commercial finite
element solvers through script interfaces to facilitate industrial adoption.

Furthermore, direct experimental validation of the optimized design is not included
in this study. Full-scale experimental testing of a gantry crane girder requires substan-
tial financial resources, specialized testing facilities, and strict safety protocols, which
are beyond the scope of the current work. Instead, the finite element model is vali-
dated through: (1) comparison with analytical beam theory solutions, showing agreement
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within 5%; (2) comparison with published experimental data on similar crane girders; and
(3) rigorous mesh independence verification. To address this limitation, future work will
include: (1) fabrication of a scaled-down optimized girder specimen; (2) static loading
tests to measure stress distribution and mid-span deflection; (3) experimental modal anal-
ysis using impact hammer testing to validate natural frequencies and mode shapes; and
(4) comparison between experimental measurements and finite element predictions to
quantify the accuracy of the numerical model.

Another future direction is extending the framework to evaluate structural behavior
under fire exposure. Lightweight optimized structures with thinner sections may exhibit
faster temperature rise and earlier strength degradation under fire conditions compared to
conventional designs. Therefore, incorporating thermal-structural coupling analysis and
fire resistance constraints into the optimization framework is essential to ensure structural
integrity during fire events. In this context, thermal protection coatings for steel structures,
such as the modified mortar coatings investigated in recent fire exposure studies [45],
could complement the fire resistance of optimized lightweight steel structures. Integrating
such thermal protection strategies with the proposed framework represents a promising
research avenue.

Author Contributions: Conceptualization, Y.C. and ].T.; methodology, Y.C.; software, Y.C.; validation,
Y.C. and J.T.; formal analysis, Y.C.; investigation, Y.C.; resources, ].T.; data curation, Y.C.; writing—
original draft preparation, Y.C.; writing—review and editing, ].T.; visualization, Y.C.; supervision,
J.T.; project administration, J.T.; funding acquisition, J.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are available from the corresponding author upon
reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SIMP  Solid Isotropic Material with Penalization
FEA  Finite Element Analysis

GA Genetic Algorithm
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