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ABSTRACT

This study presents the analysis and optimization of the mass of monorail track girders. Two types of girders were
considered: a mono-symmetric welded I-profile and a double-symmetric I-profile variant. The objective function was
the cross-sectional area of the I-profile, including weld areas. Constraints included the strength at critical points of the
I-profile, weld strength, girder stiffness, and overall stability. The monorail track was analyzed in the span between
two supports. An Evolutionary Algorithm, implemented in the Solver add-in of MS Excel, was used for optimization,
allowing discrete design variables such as standard plate thicknesses and integer weld dimensions, thereby providing
practical and implementable solutions. The proposed model was applied to real monorail tracks in operation that
utilize standard I-profiles. The optimized solutions demonstrated material savings while satisfying all limit criteria,
confirming the efficiency and applicability of the approach for practical design improvements in monorail track con-
struction.
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1. INTRODUCTION

Monorail crane systems, in addition to single-girder and double-girder bridge cranes, are widely used in various types
of industrial facilities and manufacturing plants, especially in applications where heavy loads are not involved, as well
as in situations where space limitations or specific transport paths prevent the use of conventional overhead cranes.
Structurally, monorail cranes consist primarily of a single beam or truss system subjected to concentrated moving
loads. Therefore, strength, stiffness, and structural stability of the monorail beam are critical design aspects, particu-
larly with respect to bending resistance, deflection limits, and buckling behavior.

For this purpose, various types of standard I-profile beams are most commonly used. However, because the I-profile
is subjected to a specific type of loading in these cases, its geometry often results in the monorail track being over-de-
signed, meaning the profile is not used in a structurally efficient manner. For this reason, it is more rational to use a
welded girder, which is the focus of the present study.

The structural integrity of monorail crane systems is fundamentally dependent on the strength of the girder and its
resistance to stability failures such as buckling and excessive deformation. Because monorail systems consist of a
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single beam supporting moving loads from a hanging trolley, the structural design must ensure both sufficient car-
rying capacity and resistance to instability phenomena, particularly lateral-torsional buckling. Due to the prevalence
of this type of girder in practice, there are numerous publications that address this topic, primarily with regard to
strength and stability.

The paper [1] presents one of the foundational studies on monorail stability where investigated the lateral-torsional
buckling behavior of overhanging monorail beams. Detailed Finite Element Analysis (FEA) demonstrated that the
location of applied loads and support conditions significantly influence the buckling capacity of the beam. The re-
search also quantified how cross-section distortion reduces buckling resistance, and provided practical recommen-
dations to improve design against lateral instability. Similarly, [2] shows elastic lateral-distortional buckling of over-
hanging monorail I-beams significantly reduces buckling resistance compared to flexural-torsional modes, depend-
ing on web slenderness and support restraints, with FEA used to quantify critical design parameters. The author of
the previous work in the paper [3] investigates the elastic lateral-distortional buckling of overhanging monorail I-
beams, demonstrating that distortion of the slender web significantly reduces the elastic buckling resistance below
the flexural-torsional resistance, with FEA used to quantify how section geometry, support restraints, and overhang
length influence critical buckling loads. The review paper [4] of monorail crane design literature summarize the
unique structural issues related to monorail systems, including the effects of moving loads, minor axis bending, and
torsional loading, particularly for curved beams. These reviews emphasize that monorail structural design must ad-
dress buckling phenomena and deformation behavior specific to I-section beams, and that addressing such issues is
essential for ensuring the structural performance and serviceability of the monorail system.

Structural performance analyses of specific monorail crane configurations provide insight into static strength and
serviceability. For example, a frame analysis of an 8-ton capacity monorail crane using Autodesk Inventor simulation
examined bending moments, shear forces, normal stresses, and displacements under rated load, [5]. The results indi-
cated that maximum stresses and deflections remained within allowable limits for the selected structural material
and design, confirming adequate strength and structural suitability for service loads.

In addition to the use of FEA, many analytical methods are also frequently employed, as well as the application of
optimization procedures. Although a wide range of metaheuristic algorithms have gained significant popularity for
engineering problems, and their applications in numerous engineering examples have been demonstrated in [6]. Ms
Excel also has very practical use. It can be successfully applied to various nonlinear optimization problems by using
the Generalized Reduced Gradient (GRG2) algorithm or the Evolutionary Algorithm (EA), as shown in studies [7, 8] on
examples of crane carrying structures.

The aim of this research is to optimize the geometric parameters of the welded I-girder of a monorail crane in order
to obtain a structurally efficient design with the minimum possible girder mass. For this reason, the welded I-girder
structure has been proposed, where the goal is to reduce the cross-sectional area of I-profile. This necessitates a de-
tailed analysis of the loading on the monorail beam. Also, for practical reasons, it is planned to use standard plate
thicknesses, with certain variables taking those values during the optimization process. For this reason, Ms Excel was
chosen, with the EA providing the capability to perform this type of optimization. Two monorail crane examples will
be used as case studies.

2. ANALYSIS AND OPTIMIZATION PROBLEM

In this study, the analysis and optimization of the cross-section of the monorail track between two supports (consid-
ered as a simply supported beam) are examined. A welded I-girder was adopted for the monorail track, with the crane
load applied at the mid-span between the two supports as a concentrated force. The specific weight of the girder was
also taken into account. The goal is to minimize the cross-sectional area of the girder while satisfying all design re-
quirements applicable to such carrying structures. The main goal, therefore, is the optimal determination of the geo-
metric dimensions of the I-section, in order to achieve a rationally utilized I-section while fulfilling all necessary criteria.

2.1. The objective function, input parameters and optimization variables

The objective function in this study is the cross-sectional area of I-girder (Figure 2). All necessary parameters and
variables are shown in Figures 1 and 2. Input parameters necessary for this optimization problem are:

QILImtlntlbmfhmlAprImeReVE (1)
where Q is the carrying capacity, L is the mid-span between two supports, m; is the trolley mass, n; is the number of
trolley wheels, b, h,, are the minimum required dimensions of the I-section for the installation of the crane on the

monorail track for the width and height of I-profile, respectively, A, is the cross-sectional area of standard I-profile, oy,
is the material density of plates, R. is the yield strength of plates, [9], and E is Young's modulus of plates.
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The optimization variables (Figure 2) are:
b,t.,b,, t,, h,s,a, 2)

where by, t;, by, ty, s are dimensions of the plates of I-section, and a,, is the weld thickness.
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Figure 1: The layout of a monorail crane system Figure 2: The cross-section of I-girder

The cross-sectional area (A») of the welded monorail track (I-section) is shown on Figure 2. The cross-sectional area
(the objective function) is defined in the following way:

A =b -t +b,-t,+h-s+4-a’ 3)

The geometric characteristics of I-section (Figure 2) are: W, — the section moduli for point p (p = 1, 2, A, C) about x-
axis, I, I, - the principal moments of inertia about x and y-axis, respectively, S, - the static moment of inertia, and I, -
the torsional moment of inertia. These geometric characteristics in the continuation of this paper are being calculated
by using the well-known expressions for the used cross section.

2.2. The constraints

The monorail track must satisfy strength requirements for both the profile material and the welded joints, as well as
stability criteria, mid-span deflection between two supports, and geometric constraints related to the installation of
the crane on the I-girder (rail). The verification of strength, stability, and deflection is performed according to the
procedure presented in [9-13]. In the following, all relevant quantities required for the calculations are presented:

Fv=}/.(¥/.Q+mt).g (4)

F q-
M =L Rt 5
VT, +y 8 (5)
q=p, 9 A, (6)
F,=(Q+m,)-g 7)
p=lv ®)

nf

FT=FV+;/-‘77'L )

where Fy is the maximum force from the trolley in the vertical plane, Fi: is the maximum static force in the vertical
plane, Fris the maximum shear force in the vertical plane, P;is the maximum force in the vertical plane from the trolley
wheel (the maximum pressure of the trolley wheel), My is the maximum bending moment in the vertical plane, g is
the specific weight per unit of length of the girder, g is the acceleration due to gravity, y is the coefficient (depends
on the Classification class, [10]), and ¢ is the dynamic coefficient of the influence of load oscillation in the vertical
plane, [10].
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The strength at specific points of the I-section is calculated using the following expressions, and the following condi-
tion must be satisfied:

2
O, :\/(O-Az +O_Akz) +O—Akx2 _(O-Az +O—Akz)o-Akx <0, (10)
M
O =1 (1)
Ax
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where: g, is the total stress in the observed point p (p =1, 2, A, C), 04, O, are the normal stresses in the points A and
C, respectively, Oa, Oa are local stresses in point A, in both directions, respectively, Oc, Ock are local stresses in point
C, in both directions, respectively, K4, Ka are corresponding coefficients for local stresses in point A, respectively, [10],
K., Ko are corresponding coefficients for local stresses in point C, respectively, [10], vy, v, are the load factored coeffi-
cient for load cases 1 and 2, respectively, [9], and 0,1, 0, are permissible stresses for load cases 1 and 2, respectively.

The strength of the welded joint is verified in the following manner, where the maximum weld stress (o,) must be
lower than the permissible stress (Ou):

F.-S
O_W =2,7}—,;S0-Wp =0.75'O-p1 (22)
In addition, the weld size must satisfy (23):
a, <0.7-min[s,min(t,,t,)] (23)

The stability of the girder is evaluated according to the procedure specified in standard [11]. It is verified whether the

following condition is satisfied:
_A <40- —23'5 (24)
i R,

For 5235 steel, which is considered in this study, based on (24), iy = L/40 is obtained, and if this value exceeds i, (the
radius of gyration for the top flange of I-profile), a stability check is required. In that case, condition (25) must be
fulfilled. The complete set of required relations is presented below:
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(34)

(35)

(36)

where iy is the radius of gyration about y-axis A,, I, are geometric characteristic for the top flange of I-profile, A, is the
slenderness for the top flange of I-profile about y-axis, o, is the permissible stress for lateral buckling, oo is the limit
stress for lateral buckling, [11], a, is the plastic shape factor, [11], xu is the non-dimensional reduction factor for lateral

buckling, [11], 4, is the relative slenderness for lateral buckling, [11], .o is the ideal stress for lateral buckling, [11],

Oty is the part of the ideal stress [11], and n, ¢, p, are non-dimensional parameters, [11].

The stability of the top (compressed) flange can also be verified using the provisions of standards [11-13]:
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where o, is the critical stress, [11], 0, is the permissible buckling stress, x, is the non-dimensional reduction factor, g,

is non-dimensional value, [12], A is the slenderness for the girder, [12], 1 is the relative slenderness for the girder, [12],
B is the non-dimensional girder slenderness, [13], /;is the effective length, and A, is the yield slenderness, [12].

The maximum mid-span deflection (f.) of the girder between two supports is calculated as follows:
_ Fsr-L3 + 5.g-1*
™ 48.] -E 384-1 -F

<f,=K,-L (45)

and its value must be lower then the permissible one (f,),
where K;is the stiffness coefficient (depends on Classification Class, [10]).

In addition to the above criteria, the following geometric constraints related to the installation of the crane on the I-
section must be satisfied, where b, denotes the minimum width of the bottom flange and h,, represents the mini-
mum web height of the I-section, including an additional distance of 5 cm:

b, <b, (46)
h, +5<h (47)

Based on the expressions presented above, the following constraint functions are obtained:

9,=0,-0,<0 (48)
9,=0,-0,<0 (49)
9;=0,-0,<0 (50)
9,=0.-0,,<0 (51)
9,=0,-075-0,<0 (52)
gs =a, —0.7-min[s,min(t,,t,)] <0 (53)
9, =02—ap~ZM-%S0 (54)
1
gs=0,-114- 5,0, <0 (55)
go =f 0 —f, <0 (56)
g,,=b, —b,<0 (57)
g,,=h,+5-h<0 (58)

where g;, i=1,...,11 are constraints functions.

3. OPTIMIZATION METHOD

An Evolutionary Algorithm (EA) was used in this study as the optimization method. EA in MS Excel (Solver add-in) is a
heuristic optimization method inspired by the principles of natural selection. Solutions are iteratively improved
through selection, crossover, and mutation, aiming to find a global optimum or a sufficiently good solution for non-
linear and discontinuous problem:s.
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The main reason for applying the EA within Ms Excel is its ability to handle optimization variables whose values are
selected from predefined data sets, as is the case for plate thicknesses. The thickness values are selected from a spec-
ified range of standard plate thicknesses using the INDEX function in Ms Excel. In this way, unrealistic thickness values
that would otherwise require subsequent rounding or manual adjustment are avoided. This approach results in a
more realistic optimization model, making it suitable for practical engineering applications.

Figure 3 shows EA optimization parameters.

Options ? >

All Methods | GRG Nonlinear  Evelutionary

Convergence: 0,0001]
Mutation Rate: 0,075
Paopulation Size: 100
Random Seed: 0
Maximum Time without improvement: 30

Require Bounds on Variahles

oK Cancel

Figure 3: EA optimization parameters

4. RESULTS OF OPTIMIZATION AND DISCUSSION
The optimization procedure was carried out using the EA method implemented in Ms Excel, as presented in the pre-
vious section.

Table 1 provides the data for two monorail cranes currently in operation. The monorail track girders are standard I-
beams made of $235 steel.

The objective function is defined by (3).
Constraints are defined by (47)-(58).

I-profiles are analyzed as the mono-symmetric I-profile (Variant 1, Figure 2) and the double-symmetric I-profile (Vari-
ant2,b,=b;, t,=1t).

Table 1: Input parameters for monorail crane examples

Q L my bm hm . Apr

® (m) Cl. Class (k) (cm) (cm) I-profile (cm?)
1 3.2 3.50 ] 162 8.2 17.3 IPB-300 69.1
2 1 3.45 | 120 8.9 14.7 IPE-240 39.1

It was assumed that the widths of the top and bottom flanges do not exceed 300 mm, while, for Variant 1, the width
of the top flange must not be less than 100 mm. The optimization variables are defined in (2). The following standard
plate thicknesses (in millimeters) were considered:

-5=[5,6,7,8,9,10],
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-t:=1[6,7,8,9,10,12,14,15, 16, 18, 20, 22, 25, 28, 30, 35, 40],
-6,=1[6,7,8,9,10,12,14, 15,16, 18, 20].

The following weld dimensions (in millimeters) were considered:

-dy = [31 4: 5! 6, 7]‘

In addition to the data presented in Table 1, the following values were taken: n, = 4, y = 1.0, for Classification Class 1,
and y = 1.05, for Classification Class 2; ¢ = 1.15; Kr= 1/400, for Classification Class 1, and Kr = 1/500, for Classification
Class 2; the material of plates is S235 (R.=23.5 kN/cm?, E=21000 kN/cm?, and p,,=7850 kg/m?3).

Due to the search mechanism of the EA during the optimization process and the stochastic nature of the obtained
solutions, three simulations were performed for each examples and profile variant, and the best solution was taken.

Table 2: Optimization results for the mono-symmetric |-profile (Variant 1)

hopt Sopt b1,opt t1,opt bz,opt t2,opt aw,opt Am,opt SaVingS
(mm) (mm) (mm) (mm) | (mm) | (mm) | (mm) | (cm?) (%)
1 259.2 5 82 14 116 6 3 31.76 54.03
2 197 5 89 7 100 6 3 22.44 42.61
Table 3: Optimization results for the double-symmetric I-profile (Variant 2)
hopt Sop'c bl,opt t1,opt aw,opt Am,opt SaVil"IgS
(mm) (mm) (mm) (mm) | (mm) | (cm?) (%)
1 2414 5 82 14 3 35.39 48.78
2 197 5 89 7 3 22.67 42.02

Table 2 presents the optimal values and material savings for Variant 1, for both examples, while Table 3 shows the
optimal values and material savings for Variant 2, for both examples. A significant reduction in material consumption
compared to the use of standard profiles can be observed (Tables 2 and 3).

Furthermore, based on the results presented in Tables 2 and 3, the influence of crane installation parameters on the
obtained results is evident. In both examples and for both profile variants, the optimal width of the bottom flange
corresponds to the minimum set value (b,,). For Example 2, for both variants, the optimal web height is equal to h,, +
5 cm, which also represents a limit value (Tables 2 and 3). The optimal web thickness for both examples and both
variants is the minimum set value (s), while the optimal weld size corresponds to the minimum set value a,, (Tables 2
and 3). Regarding the top flange thickness, for both examples in Variant 1, the minimum set value was obtained as
optimal (t,, Table 2).

Tables 4 and 5 present the achieved and limit values of the constraint functions for both case studies (examples), for
Variant 1 (Table 4) and Variant 2 (Table 5), respectively. These results clearly indicate which criteria are of primary
importance for this type of carrying structure. As shown, weld stress and beam deflection have a negligible influence
on the optimization results. The most critical criteria, with achieved values close to their permissible values, are the
stability of the top flange and the stress at point C (bottom flange). This effect is particularly pronounced in Example
1, where the load capacity (Q) is significantly higher than in Example 2, while the mid-span between two supports (L)
values are similar.

Table 4: Achieved and limit values for optimization constraints for Variant 1

Example 1 2
Constraint Achieved lelt. Achieved L|m|t.
; (max/min) (max/min)
function value value
value value
g1
[kN/cm?] 12.38 15.67 13.31 15.67
[
[kN/cm?] 17.67 17.67 16.69 17.67
gs
[kN/cm?] 10.90 15.67 7.24 15.67
ga
[kN/cm?] 13.78 15.67 7.34 15.67
gs (cm) 0.36 0.70 0.29 0.86
Js
[kN/cm?] 13.78 15.24 7.34 12.96
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Example 1 2
gz
(kN/cm?] 13.78 13.78 7.34 12.80
gs
(kN/cm?] 2.74 11.75 1.16 11.75
go (Mm) 3 3.5 3 3.5
g1o (Mm) 82 82 89 89
g1 (mm) 259.2 223 197 197
Table 5: Achieved and limit values for optimization constraints for Variant 2
Example 1 2
Constraint Achieved L|m|t. Achieved lelt.
. (max/min) (max/min)
function value value
value value
A
(KN/cm?] 12.45 15.67 13.30 15.67
gz
[kN/cm?] 17.67 17.67 16.65 17.67
g3
(kN/cm?] 10.90 15.67 7.19 15.67
ga
(kN/cm?] 10.90 15.67 7.19 15.67
gs (cm) 0.33 0.70 0.29 0.86
Js
(kN/cm?] 10.90 12.33 7.19 12.11
gz
(kN/cm?] 10.90 10.91 7.19 11.81
Js
(KN/cm?] 2.82 11.75 1.16 11.75
go (Mm) 3 3.5 3 3.5
g1o (Mm) 82 82 89 89
g1 (mm) 2414 223 197 197
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5. CONCLUSION

This study focuses on the analysis and optimal design of a welded I-girder used in a monorail crane system. The ob-
jective function is defined as the minimization of mass, i.e., the cross-sectional area. The optimization variables include
both the geometric dimensions of the I-section plates and the weld sizes. In addition to strength criteria at critical
points of the I-section and welds, constraints related to stability, stiffness, and specific geometric limitations are also
considered. An Evolutionary Algorithm (EA) implemented in MS Excel using the Solver add-in is applied as the opti-
mization method, due to its capability to handle discrete values defined within predefined sets for the optimization
variables. The optimization procedure is carried out on two monorail tracks currently in service (Table 1).

In this study, savings in the material are in the range of 42.61-54.03% for Variant 1 (the mono-symmetric I-profile,
Table 2) and 42.02-48.78% for Variant 2 (the double-symmetric |-profile, Table 3). The results obtained in this research
justify the approach for analysis and chosen optimization method for a welded I-girder of a monorail track. The influ-
ence of crane installation parameters on the obtained results is analyzed, as well as the effect of set minimum values
on the optimal values of selected geometric parameters. The results indicate that certain criteria, such as weld stress
and beam deflection, have a minor influence on the optimization outcome, whereas other criteria, including girder
stability and stresses in the bottom flange plate, play a dominant role (Tables 4 and 5).

The proposed approach to analysis, design, and optimization using a MS Excel spreadsheet and an EA enables engi-
neers and designers to efficiently obtain optimal solutions while maintaining full insight into constraint functions and
all relevant design conditions. This methodology is not limited to carrying structures but can be applied to a wide
range of engineering problems.

Future research should extend the analysis by considering the combination of different steel grades, material cost,
and selected technological constraints in order to achieve solutions with minimal mass and overall cost of the mon-
orail track girder. Additionally, the developed models should be verified using the Finite Element Method (FEM).
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