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Abstract
Steel plate I-girders are widely used in the construction industry worldwide. While numerous studies have explored ways to 
enhance their benefits, few have simultaneously optimized both key mechanical components—geometry and material—to 
develop novel and more efficient typologies. This research employs metaheuristic optimization to explore alternatives to 
traditional I-girders, formulating optimization problems that integrate geometric and material variables in both transverse 
and longitudinal planes. The objective is to minimize manufacturing costs, accounting for material expenses and seven key 
production activities such as welding, cutting, or painting, while ensuring compliance with Eurocode 3 specifications. The 
results indicate that material selection dominates in short-span girders, whereas geometric optimization becomes more critical 
for longer spans. The most cost-effective solution identified is the transversely hybrid with variable section (THVS) girder, 
which features tapered geometry and hybrid material distribution between the flanges and the web. Based on these findings, 
practical design recommendations are provided, including optimal span-to-depth ratios, hybrid ratios, taper angles, and 
transition positions for variable cross-section configurations. A proposed design methodology incorporating these recom-
mendations is validated through a case study, demonstrating that THVS elements can reduce costs by up to 70% compared 
to traditional designs. However, challenges related to material availability, fabrication complexity, and local buckling risks 
must be addressed to fully realize the potential of these designs. Future research should prioritize FEA and experimental 
testing to refine these typologies and update design codes to better account for tapered and hybrid girders.

Keywords  Manufacturing cost · I-girder · Tapered girder · Hybrid steel girder · Structural optimization

1  Introduction

Improving the manufacturing process of large components 
is essential for enhancing efficiency, reducing costs, and 
ensuring precision in production. As demand for high-per-
formance structural elements grows, advancements in manu-
facturing technology, such as improved welding techniques 
or refined machining strategies, play a crucial role in stream-
lining production while minimizing resource consumption 
and operational expenses [1].

Due to its high consumption of resources and environ-
mental impact, one of the industries that most urgently needs 
to improve the sustainability of its manufacturing processes 
is the construction sector. A key structural component in 
construction is steel plate I-girders. Their manufacturing 
involves welding the separate plates to form the I-section 
structure. They are adopted as a cost-effective alternative 
to other elements, such as hot-rolled I-section beams [2]. 
Besides their outstanding load-bearing capacity, the custom 
fabrication process of plate girders affords the flexibility to 
create non-prismatic forms (i.e., tapered girders) in line with 
the variation of stresses along the girder span. This flex-
ibility results in considerable material savings compared 
to prismatic sections (i.e., the same cross-section along 
the entire span), resulting in more economical designs [3]. 
Another advantage of this type of element is the possibility 
of implementing hybrid construction within the application 
framework of Modern Methods of Construction [4]. These 
structures are subjected to different stresses in their plates 
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when bending. Modifying only the section geometry to cope 
with these stresses (e.g., thicker flanges) results in heavy 
and inefficient elements. Consequently, due to this differ-
ence in stress, a practical solution is to use different types of 
steel for the flanges and web, resulting in transversely hybrid 
steel elements [5]. Therefore, to increase these elements’ 
structural efficiency and sustainability, the two components 
governing their mechanical configuration can be modified: 
geometry and material.

Mathematical optimization has become essential in 
addressing structural design challenges, especially as these 
problems increasingly involve complex input and output 
data. Optimization algorithms provide efficient solutions for 
such challenges. Several authors have investigated methods 
to optimize geometric configurations of steel structures [6]. 
For instance, Vinot et al. (2001) [7] utilized the sequential 
quadratic programming (SQP) method to optimize the shape 
and physical properties of thin-walled beam-like structures. 
More recently, Ozbasaran and Yilmaz (2018) [8] imple-
mented the Big Bang-Big Crunch heuristic to optimize the 
shape of doubly symmetric I-beams with tapered flanges 
and web, resulting in practical insights into flange taper-
ing and weight reduction. Martins et al. (2023) [9] utilized 
genetic algorithms to optimize the I-section steel girders’ 
economic cost, achieving up to 30–35% material cost sav-
ings. Habashneh et al. (2024) [10] proposed a topology 
optimization method for steel beams under elevated tem-
peratures, incorporating thermoelastic-plastic behavior and 
geometric imperfections through the BESO method. Their 
results highlight the interplay of thermal effects, imperfec-
tions, and nonlinear behaviors in robust design, and the gen-
erated openings mitigate heat transfer within the beams. Kim 
et al. (2024) [11] explored optimization strategies for roll-
formed high-strength steel beams, addressing defects such 
as twisting, edge wrinkling, and cracking by introducing two 
innovative notch designs in coil sheets. Hwang et al. (2025) 
[12] investigated roller straightening techniques to improve 
the dimensional accuracy of H-beams using finite element 
modeling and optimization software.

Several studies extend optimization to more complex 
structures. For example, Kaveh et al. (2020) [13] tested 
metaheuristic algorithms to minimize the weight of 3D 
steel frames, demonstrating significant reductions with opti-
mized non-prismatic elements. Elhegazy et al. (2023) [14] 
focused on direct construction cost optimization for various 
steel building systems, offering parametric studies based on 
building height. Hlal et al. (2024) [15] focused on enhanc-
ing the sustainability of composite road bridges by applying 
genetic algorithms to optimize multiple objectives, including 
weight, investment cost, life cycle cost, and environmental 
impact. Their work highlights the potential of stainless steel 
corrugated web girders in achieving efficient and sustainable 
structural designs. Chen and Li (2024) [16] introduced an 

intelligent optimization framework for high-rise steel struc-
ture construction, integrating a wireless sensor network with 
a multi-objective positioning algorithm to improve efficiency 
and safety. Their system enhances real-time monitoring and 
decision-making, reducing construction risks and optimizing 
resource allocation. Cucuzza et al. (2024a) [17] introduced 
an optimization framework for steel trusses using damped 
exponential constructability penalties. Their work empha-
sizes balancing structural complexity, standardization, and 
cost-effectiveness by minimizing member variety and overall 
structural expense. The methodology was validated using a 
trussed roof structure, demonstrating the efficiency of the 
Howe truss configuration. Similarly, Cucuzza et al. (2024b) 
[18] challenged traditional minimum-weight optimization 
approaches by focusing on reducing material waste through 
standardization. They employed a genetic algorithm inte-
grated with the one-dimensional Bin Packing Problem, 
achieving a 40% waste reduction in steel trusses and 3D 
domes. Etaati et al. (2024) [19] tackled the challenges of 
large-scale truss frame optimization by proposing the Coop-
erative Coevolutionary Marine Predators Algorithm with 
a greedy search (CCMPA-GS). Their method employed a 
divide-and-conquer strategy to separately optimize shape 
and size variables, which was further refined using a con-
text vector to ensure optimal cooperation among solutions. 
This approach outperformed 13 established metaheuristic 
algorithms in optimizing two large-scale truss structures, 
achieving 52% and 63.4% enhancements for 314-bar and 
260-bar configurations, respectively. While presenting 
diverse and impactful methodologies, these studies exhibit 
limitations in problem formulation. Most focus primarily on 
weight optimization rather than economic or sustainability 
aspects, despite evidence that weight optimization does not 
always align with cost-efficiency, especially when manufac-
turing activities like welding and painting are included [20]. 
Additionally, many approaches focus solely on geometric 
variables, neglecting material optimization and practical 
applicability, thereby limiting their real-world impact.

Material is another component to be modified in the 
search for optimal mechanics, and multi-material approaches 
have shown great potential in enhancing structural efficiency 
[21]. As mentioned, welded I-section steel plate girders can 
benefit from hybrid construction. The hybrid ratio (Rh) 
in steel elements is related to the ratio between the yield 
strength of the flanges and web (fyf/fyw) [5]. Although this 
topic has been under development for several years, there 
are still some gaps in the research. Several works have 
focused on the structural behavior of these elements. For 
example, fatigue tests [22], web buckling resistance [23], 
failure mechanisms [24, 25], bending behavior [26–28], elas-
tic–plastic flexural behavior considering the residual stress 
of welding [29], fire-resistance design [30], elements with 
web openings [31], or made by stainless steel [32]. However, 
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theoretical research on the advantages of this construction 
practice is yet to be completed, although some studies have 
revealed fascinating information. Transversely hybrid con-
figurations have been found to improve the economic indices 
of homogeneous I-section girders by about 10% [33]. In a 
numerical study on the behavior of these elements as part of 
a mixed steel–concrete bridge, it is stated that hybrid solu-
tions are the only ones that present good indicators in the 
three analyzed objectives (weight, economy, and environ-
mental impact) [34]. These investigations have the limitation 
of not studying the exploitation of hybrid steel construction 
in depth. The study by Negrin et al. (2023) [20] explores 
this alternative to homogeneous construction in experiments 
examining this phenomenon thoroughly. The results show 
economic savings of up to 18% regarding homogeneous 
girders. The optimal solutions use configurations with Rh 
values close to 2. Therefore, it is concluded that hybridiza-
tion benefits this type of constructive element. However, this 
study combines geometric and material optimization, but 
only in the transverse plane.

As previously noted, mathematical optimization has 
been widely applied to enhance the efficiency of I-section 
steel girders. However, most studies to date have focused on 
modifying only one aspect of mechanical resistance (either 
geometry or material) without simultaneously optimizing 
both. Furthermore, many adopt overly simplified objec-
tive functions, typically minimizing structural weight or 
material cost, without accounting for broader manufactur-
ing considerations. A third key limitation is the neglect of 
material variation along both transverse and longitudinal 
planes, which precludes the exploration of advanced hybrid 

configurations. Therefore, this study aims to overcome these 
limitations by using metaheuristic optimization as the design 
tool, formulating an optimization problem that explores the 
optimal mechanical design of welded steel plate I-girders 
in depth. Most importantly, the optimization framework is 
centered on a manufacturing cost-based objective function 
that includes not only material use but also key production 
activities (such as welding, painting, cutting, or transporta-
tion), thereby bridging structural design with the realities of 
manufacturing planning and resource efficiency. The con-
straints used are based on Eurocode 3, ensuring alignment 
with current design standards. Once all the alternatives have 
been explored, the most efficient ones are highlighted, and 
a series of design recommendations are stated. Finally, a 
simple and novel design methodology is proposed based on 
the recommendations formulated.

The structure of the paper is as follows: Sect. 2 summa-
rizes the methodology employed, highlighting the concept 
of optimal mechanical configuration, its formulation as an 
optimization problem, and the strategy to solve it. Section 3 
is intended to expose and discuss the results. Based on the 
results and limitations of the study, an analysis of future 
research lines is made. Finally, the conclusions of the study 
are drawn.

2 � Methodology

This study employs a welded steel plate girder as its funda-
mental structural component. The structure is simply sup-
ported and subjected to a distributed load. In Fig. 1a, note 

Fig. 1   a 3D basic case study; 
b cross-section with some geo-
metric variables [20]; c variable 
section girder (tapered girder) 
with 4 transition points (TPs)
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the depiction of fork-type supports, highlighting the restric-
tion of rotational movement around the longitudinal axis. 
The distributed load assumption is derived from supposing 
the girder is a joist supporting a concrete slab or similar 
structure. It is crucial to recognize that even in supporting a 
slab (or similar structure), the girder lacks adequate trans-
verse stiffness to dismiss lateral-torsional buckling. Conse-
quently, the study addresses the reduction in bending resist-
ance resulting from this phenomenon.

The joints between the plates are made by welding. Weld-
ing is also used to join the different sections in longitudinally 
hybrid configurations. It should be noted that although weld-
ing different types of steel does not pose practical problems, 
it is essential to have a good knowledge of the appropriate 
electrodes. The standards governing steel components estab-
lish criteria for using suitable electrodes, depending on the 
quality of the steel used. It is advisable to use electrodes that 
match the strength of the web, thus ensuring the strength 
of the web-flange weld [35]. As a simplification, residual 
stresses in welded joints are neglected.

The girder span is varied to obtain the three case studies. 
Three 6, 14, and 20 m specimens simulate elements belong-
ing to different structures. For example, the shorter girder 
may be part of a frame building, while the longer one may be 
part of a bridge. In agreement with the previous study [20], 
the load value q is 40 kN/m. Note that this value represents 
an increased load state established for the ultimate limit 
state. A 75% reduction of the load value is considered to 
analyze the serviceability limit state. This experiment aims 
to study the different combinations of optimal mechanics for 
small and medium-span steel I girders.

2.1 � Optimal mechanical configuration in steel I 
girders

Both the geometry and the material can be varied to regulate 
the mechanical resistance of a structural element. The search 
for the optimal design of I-section steel girders is an exciting 
problem due to the number of variables that can be involved 
in a single element. If we were to make a spectrum of opti-
mal mechanics in these elements (see Fig. 2), we would have 
purely geometrical optimization at one extreme. On the other 
hand, we would have purely material optimization.

Starting at the left extreme of the spectrum is purely geo-
metric optimization. The most complete case of geometry 
optimization (leaving the material fixed) that could be found 
is that of the optimized homogeneous girder with variable 
section (HoVS). The different cross-sections are optimized 
in the longitudinal plane to optimally comply with the con-
straints associated with the internal forces varying along the 
element. If we move to the right, it starts to “mix” both 
mechanical resistance components of the structure. The first 
case would be a transversely hybrid variable section (THVS) 
girder. In this instance, there is also a powerful geometri-
cal optimization component, but the material of both plates 
(flanges and web) is differentiated and optimized.

In the middle of the spectrum, we have what is theoreti-
cally the most complete option since, in this situation, both 
components are combined as freely as possible, varying 
over the entire length of the element (transverse and lon-
gitudinally hybrid girders with variable section, TLHVS). 
However, this solution may be a bit misleading. Solutions 
can be complex if an optimization algorithm can modify 

Fig. 2   Location of general typologies within the spectrum of optimal mechanics in I-section steel girders
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geometrical and material parameters along the element. For 
example, elements with “strange” geometrical shapes can 
be obtained that could be prone to certain local phenomena. 
The same applies to the material, where “optimal” configu-
rations can be complex to build. Another problem this type 
of typology could generate is the need to establish addi-
tional joints due to the change of material in the longitudinal 
direction.

A further step to the right is moving away from the 
geometry part of the spectrum and towards the material 
part. Transversely hybrid (TH) girders are the same case as 
THVS but with constant cross-section. In this case, a single 
optimal geometrical configuration is sought, and the mate-
rial is optimized in the element plates along its entire length 
[20]. Note how this typology is more to the right (towards 
the material configuration) than the previous case (TLHVS 
girders), even though the latter develops a more substantial 
component in this field than the former. Nevertheless, the 
TH girders are simultaneously farther apart from the optimal 
geometrical configuration than the TLHVS. Moreover, the 
latter are located in the middle of the spectrum to reflect the 
equal combination of both parameters.

Finally, the transverse and longitudinal hybrid (TLH) 
girders are on the far right. Finding this last case in a pure 
state is rare in structural optimization. This type of ele-
ment is somehow associated with geometric optimization. 

Selecting a profile from a catalog (with a preset geometric 
configuration) and optimizing the material configuration 
would represent this approach. However, the logical meth-
odology is to start from dimensions previously established 
by some criteria. The opposite extreme can also mix the 
optimization of both components since, in HoVS girders, the 
material type of the whole element could also be optimized. 
It is important to point out that this research represents a leap 
in quality to the previous study since, in addition to the TH 
configuration, four other novel typologies are investigated 
by varying material and geometry in the transversal plane, 
but also in the longitudinal direction.

2.2 � Optimal mechanics problem formulation

In this study, the different optimization problems are for-
mulated in a way that allows the optimization algorithm to 
explore and develop the typologies located in the optimal 
mechanic’s spectrum represented in Fig. 2. Figure 3 shows 
the different approaches adopted in the design and how they 
relate to the typologies located in this spectrum. The essen-
tial formulation is based on the previous study [20], but the 
implementation of longitudinal optimization results in a new 
set of variables. It also causes the constraints to be evaluated 
to a greater or lesser extent for each case. The optimization 
objective is the same for all problems. The only variation is 

Fig. 3   Approaches adopted in the design and corresponding typologies to be studied
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incorporating the additional costs of the joints required for 
elements with longitudinal hybridization.

2.2.1 � Variables

It is necessary to establish that there are three groups of 
variables. The most basic is related to the geometry of the 
central cross-section (Fig. 1b). In this group, there are four 
variables. The variables related to the width of the plates 
(hw, bf) are formed into a vector B consisting of 91 val-
ues. The limits of the range of motion of the variable hw 
are different depending on the case study. It is so that the 
optimization algorithm can explore the optimal mechanical 
configurations (geometry + material). That is, depending on, 
e.g., the to point out that length of the element, the lower 
and upper bounds are modified so that the vector B has 91 
values, and the element plates can reach their optimal width. 
For the 6 m elements, the vector B varies from 100 to 1000 
mm, while for the 20 m elements, the limits would be from 
2000 to 2900. If, in any case, there is an optimal value near 
the limits, these are readjusted so that this value would be in 
the center of the interval. The variable bf always has limits 
(100, 1000). The variables associated with the plate thick-
nesses (tw, tf) have a solution space as shown in the vector T 
of Eq. 1 (19 values).

The other group of variables corresponds to the configu-
ration of the material in the plates (fyw, fyf). Eleven types of 
steels are included in the formulation, with the restriction 
that the yield strength of the flanges fyf does not exceed twice 
that of the web fyw [36]. The vector M, shown in Eq. 2, repre-
sents the eleven possible alternatives. It should be noted that 
all these steel types are assumed to be available, as it opens 
up the possibility of improving the implementation of hybrid 
configurations. These ranges of geometrical variables, as 
well as the selection of steel types (material variables), have 
been established in correspondence with previous studies.

The final group of variables is associated with the position-
ing of transitions. Remember that these can be related to geom-
etry or material components. So far, the variables mentioned 
are discrete. The same happens with this group of variables. 
The transition points (TPs) are placed at values multiples of 
5 cm (50, 100, 150, …, L/2 mm) starting from the element’s 
extreme to give it a real approach. It ensures that its configu-
ration is constructively coherent. Thus, each transition point 
can be placed at [(L/2)/50]−2 number of positions (L in mm). 

(1)
T = {5, 6, 8, 10, 12, 14, 15, 16, 18,

20, 22, 25, 30, 35, 40, 50, 60, 80, 100}(mm)

(2)
M = {S235, S275, S355, S420, S450,

S500, S550, S600, S700, S890, S960}

For example, for the 6 m girder, the variables related to this 
aspect can take 58 values; for the 14 m girder, a total of 138, 
and further. Note that since the element is symmetrical, a vari-
able is set for each of the two diametrically opposed TPs. For 
example, in Fig. 1c configuration, four TPs (two for each half 
of the element) move symmetrically, assigning two optimiza-
tion variables. One of these variables is formulated for the 
configuration with two TPs. For the configuration with six, 
three are formulated.

In summary, all problems are formulated with four essential 
geometric variables related to the cross-section. One or two 
variables related to steel grade are added: one when optimizing 
the material of a homogeneous element (approach two or four 
in Fig. 3), and two when dealing with a transversely hybrid 
element (approach three and six in Fig. 3). However, when 
problems are formulated to explore longitudinally variable ele-
ments, other variables such as those regulating the position of 
the transition appear. If the geometry is varied, new variables 
are introduced for the hw value of the new sections (tw, bf, and 
tf are kept the same as in the central section). If the material 
is varied, two values of fyf and fyw are introduced for each new 
element’s span. For example, in the typology shown in the 
fifth approach in Fig. 3, no additional variables are introduced 
concerning geometry. However, two are introduced to regulate 
the type of steel in the flanges and web of the extreme sections. 
The most complex case would be the 20 m TLHVS girder 
(seventh approach in Fig. 3) with six transitions. This case 
would be formulated with the four essential geometric vari-
ables for the central section and two to regulate this section’s 
material. From here, the additional ones are incorporated: 
three to regulate the position of the TPs, three to regulate the 
width of the web of the other three sections, and six for the 
type of material in the plates of the other three spans (three for 
each half of the element) formed with the transitions.

The vector X (Eq. 3) represents the above configuration of 
variables. Note how, in addition to the six essential variables, 
four groups with subscripts i are incorporated to represent the 
position of the transitions (x), the hw values of the other sec-
tions, and the configuration of the steel in the different sections 
formed by establishing transitions (if the element is longitudi-
nally hybrid, approach five and seven in Fig. 3).

2.2.2 � Objective function

The objective function developed in this study represents 
the total manufacturing cost of the steel girder, going far 
beyond traditional weight-based metrics. It includes not only 
material cost, but also a comprehensive set of seven fabrica-
tion-related activities: erecting, painting, welding, blasting, 

(3)X =
{

hw, tw, bf , tf , fyw, fyf , xi, hwi
, f

yw_i
, fyf_i

}
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cutting, sawing, and transportation. This formulation reflects 
the real-world sequence of manufacturing operations and 
is specifically developed for single-piece production, rather 
than batch-sized fabrication. The cost function is defined in 
Eq. 4a. Here, both productive and non-productive times are 
considered when calculating the costs of individual activi-
ties, following the methodology outlined in [33]. By incor-
porating these aspects, the model offers a more accurate 
reflection of real-world fabrication processes and produc-
tion workflows, and positions the optimization framework 
at the intersection of design innovation and manufacturing 
practicality. This dual focus provides structural efficiency 
and actionable insights for manufacturers seeking to improve 
production planning and cost control.

Unlike previous research, the introduction of longitudinal 
hybridization requires additional joints in the girder con-
struction. Equation 4a illustrates the cost of joining the three 
plates to form the basic element shown in Fig. 1a. However, 
the element sections must also be joined longitudinally to 
establish material changes in the longitudinal direction. 
Thus, the objective function M(X) is formulated as presented 
in Eq. 4b. If no additional joints need to be implemented, 
the objective function would be Eq. 4a. In Eq. 4b, the cost of 
joints (CJ(X)) is determined analogously to the calculation 
for plate joining shown below. It implies additional costs for 
cutting, sawing, blasting, and welding. The importance of 
this additional cost lies in determining whether the assumed 
cost savings from using different materials over the entire 
length of the element are substantial enough to justify the 
application of the material transition. Note that it is also 
necessary to make additional joints in the lower flange plates 
on the tapered girders.

For material costing, the coefficient KM is introduced to 
represent the relative costs of different steel types compared 
to a baseline material. Since steel prices can vary signifi-
cantly, a base cost of 0.7 €/kg is assumed for S355 steel, 
with KM values expressing the cost of other steel grades rela-
tive to this reference. For instance, S420 steel is 1.07 times 
the cost of S355 steel. These values are derived from [33], 
where cost penalties for various steel grades are systemati-
cally incorporated, as shown in Table 1. The cost data was 
established in collaboration with experts in the steel manu-
facturing industry [33].

For steel grades not explicitly covered in the referenced 
study, a linear interpolation method is used to estimate their 
coefficients. The same interpolation approach is applied 
to other coefficients listed in Table 1. The material cost 

(4)
M

B
(X) = C

M
(X) + C

E
(X) + C

P
(X) + C

W
(X) + C

B
(X)

+C
C
(X) + C

S
(X) + C

T
(X)(∈) (4a)

M(X) = M
B
(X) + C

J
(X)(∈) (4b)

CM(X) is formulated in Eq. 5 where KM values are sepa-
rately defined for the flanges (KMf) and the web (KMw) to 
accommodate hybrid configurations. The term ρ represents 
the steel density (7.85·10-6 kg/mm3).

Note that several of these activities are also related to the 
element’s life cycle. For example, transportation or erecting 
costs are related to the construction stage. On the other hand, 
activities such as painting are associated (in addition to the 
manufacturing stage) with the maintenance stage. Finally, 
the end-of-life stage is also associated with costs such as 
erecting (disassembly in this case) and transportation, con-
sidering that the element will be recycled or reused.

Regarding the additional activities, the erecting cost 
CE(X) is obtained as in Eq. 6a. It is calculated based on a 
labor cost CLE of 3.10 €/min, a crane cost CEqE of 1.35 €/
min, and a utilization factor uE of 0.36. The time required to 
erect the girder TE(X) is determined in Eq. 6b, considering 
a lifting distance LS of 15,000 mm and six bolts per joint 
(nb = 6). Since the number of bolts per joint and the crane 
capacity remain constant, the erection cost depends only on 
the girder length.

The painting cost CP(X) follows the alkyd painting system 
proposed by Haapio (2012) [37] and is determined using 
Eq. 7a. The painted surface area per unit length AP(X) con-
siders the width and thickness of the flanges, the height of 
the web, and excludes the top surface of the upper flange 
due to coverage by the upper structure (see Eq. 7b). The 
drying process is incorporated into the total painting cost 
calculation.

(5)CM(X) = 0.7�L(KMf2bf tf + KMwhwtw)(∈)

(6)
CE(X) = TE

CLE+CEqE

uE
(∈) (6a)

TE(X) =
L

30000
+

LS

27000
+ 2

(

0.5nb − 0.42
)

+
LS

36000
(min) (6b)

Table 1   Cost parameters according to steel grades

Steel grade KM Cw Welding (KW) Sawing (Ks)

S235 0.88 0.34 0.79 0.88
S275 0.92 0.41 0.86 0.92
S355 1.00 0.55 1.00 1.00
S420 1.07 0.66 1.11 1.07
S450 1.10 0.71 1.16 1.10
S500 1.15 0.80 1.25 1.15
S550 1.19 0.80 1.31 1.19
S600 1.23 0.81 1.38 1.23
S700 1.30 0.82 1.50 1.30
S890 1.44 0.84 1.74 1.44
S960 1.50 0.84 1.83 1.50
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The welding cost CW(X) assumes an automatic submerged 
arc welding process and is expressed in Eq. 8a. The base 
welding cost CCBW and energy cost CEnBW are 1.36 €/min and 
0.08 €/min, respectively, with a non-productive time TNBW 
of 6.25 min. The productive welding time TPBW(X) is given 
in Eq. 8b and depends on the welded length Lw (mm) and 
a thickness factor Cw that varies with the steel grade of the 
web. These thickness factors are derived from previous studies 
and account for total weld resistance. For instance, for S355, 
the weld thickness is aw = 0.55tw, and the like. Since the base 
expression represents the welding of a single flange to the 
web, the productive time TPBW(X) is doubled to obtain the 
total welding time for both flanges. For longitudinally variable 
configurations (in geometry or material), the productive time 
is adjusted according to the number of additional plates to be 
welded. To reflect the increased cost of welding high-strength 
steels, the correction factor KW is introduced, which adjusts 
the costs according to the highest steel grade used in the plates 
being welded (see Table 1).

Blasting and cutting costs do not vary with steel quality. 
The blasting cost CB(X) depends on the number of plates and 
their length L (mm) before welding, as expressed in Eq. 9.

The cutting cost CC(X) is given in Eq. 10a, with a non-
productive time TNCu of 3.0 min. Plasma cutting is used for 
plate thicknesses up to 30 mm, while flame cutting is applied 
to thicker plates. The productive time for plasma cutting TPCu 
(Eq. 10b) depends on the plate thickness t (mm), with con-
sumable and energy costs (CCCu and CEnCu) of 0.38 €/min and 
0.12 €/min, respectively. The total cut length LCu includes both 
the flanges and the web (in mm). For flame cutting, the pro-
ductive time TPCu and consumable costs CCCu are calculated 
using Eqs. 10c and  10 d, respectively. Energy consumption is 
considered negligible. The cutting cost for the flange plates 
is obtained by multiplying Eq. 10a by two. As in welding, 
configurations that vary in the longitudinal direction require 
certain adjustments.
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The sawing cost CS(X) is determined using Eq. 11a. 
The non-productive time for sawing is given by 
TNS = 4.5 + L∕20000 (min). The energy cost is CEnS = 0.02 
€/min. The productive time TPS depends on the position of 
the cross-section during sawing. It is assumed that the girder 
is laid on its side, meaning the flanges are sawn vertically 
and the web horizontally. To account for variations in steel 
grades, cost factors KS,f and KS,w are introduced into the pro-
duction time calculation, as shown in Eq. 11b. The cost of 
consumables CCS, which includes the wear of saw blades, is 
determined using Eq. 11c. This calculation considers the saw 
blade price pSB (100 €) and a thickness-dependent parameter 
Fsp, as shown in Table 2. The feeding speed S of the saw 
depends on the plate thickness, with values also provided in 
Table 2. The geometric properties of the section (bf, tf, hw, 
tw) are illustrated in Fig. 1.

Finally, the transportation cost CT(X) is determined by 
whether the weight-to-volume ratio of the girder exceeds a 
predefined threshold. If the ratio is below this limit, the cost 
is calculated based on the beam’s volume; otherwise, it is 
based on its weight (see Eq. 12). The volume is expressed in 
m3, and the weight is expressed in kilograms. The assumed 
transportation distance from the workshop to the construc-
tion site dws is 200 km.

2.2.3 � Constraints

Optimization problems are governed by constraints that 
ensure correct design. These are based on Eurocode 3 [36, 
38]. The proposed design methodology is derived from [33] 

(11)
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(∈)

Table 2   Saw feeding rate S and 
parameter Fsp according to Mela 
and Heinisuo (2014) [33]

Plate 
thickness 
(mm)

S (mm/min) Fsp

5 120 0.40
6–10 100 0.45
11–15 90 0.50
16–20 80 0.55
21–25 70 0.60
26–30 60 0.65
31–35 40 0.70
 ≥ 36 50 0.80
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and [35], with adjustments proposed in [20]. Two constraints 
already mentioned consist of limiting the yield strength of 
the flange steel so that it does not exceed twice that of the 
web. The other one concerns the transition points, where the 
possibility of these points moving all over the middle of the 
element makes it necessary to restrict their positions to be 
correct. The first transition point must be placed before the 
second, the second before the third, and the like.

Another important set of constraints relates to compliance 
with strength and serviceability limit states. For longitudi-
nally homogeneous girders, the flexural strength checks con-
sider the highest moment at the center of the span, ensuring 
the overall strength of the proposed cross-section. The shear 
checks focus on the highest values at the supports and other 
critical points. Longitudinally variable configurations (either 
material or geometry), on the other hand, present several 
cross-sections. Therefore, they require additional checks. 
In the case of bending moment, both the extremes of each 
new span and a discrete number of intermediate points are 
checked since the cross-section does vary linearly, but the 
moment does not. The bending-shear interaction is ruled out 
because the element is simply supported, so this phenome-
non does not significantly affect the girder. The most critical 
aspects are summarized below. Consult the cited references 
for further details.

The bending resistance constraint is summarized in 
Eq. 13. Remember that in longitudinally variable configura-
tions, several cross-sections are checked. Due to its symme-
try, the analysis is conducted on just one half of the girder. 
In this context, MRk(X) denotes the bending resistance of the 
section, while MEd represents the maximum acting bending 
moment. For the central configuration, MEd is qTL2/8. To 
check other sections, the bending moment equation for half 
of the element is used. It is worth noting that the subscript 
T is appended to the distributed load term q, indicating the 
total load, which includes the element’s self-weight.

Considering that the methodology proposed by Mela and 
Heinisuo (2014) [33] is cumbersome when the top flange or 
web belongs to a class higher than 2, an approach proposed 
by Veljkovic and Johansson (2004) [35] is used. This pro-
cedure can be entirely found in [20].

The reduction factor for lateral buckling can be consid-
ered as for homogeneous girders. This factor affects the 
cross-section bending resistance MRk. The strength reduc-
tion process is detailed in Eurocode 3–1-1 ([38], Sect. 6.3.2). 
According to the alternative procedure proposed by [35], the 
slenderness parameter (λLT) can be obtained from Eq. 14. 
Here, Mcr represents the critical bending moment based on 

(13)MRk(X) ≥ MEd

elastic stability theory, calculated from the gross properties 
of the cross-section. This parameter is essential to obtain the 
global reduction factor according to Eurocode 3–1-1.

The shear resistance constraint is outlined in Eq. 15. The 
maximum shear at the supports is denoted by VEd = qTL/2. 
Vc,Rd(X) represents the plastic shear resistance obtained in 
accordance with Eurocode 3–1-5 ([36], Sect. 5). As per 
Eurocode 3–1-1 ([38], Clause 5.1(2)), the shear buckling 
must be considered if the ratio of hw/tw exceeds 72ɛ/η. 
Subsequently, transverse stiffeners must be installed at the 
element’s supports, as stated in Clause 5.1(2) of [38] and 
Sect. 9.3 of [36].

In the case of type 2 tapered girders (the ones analyzed 
in this study), the effect of the tension field is ignored since 
it has been demonstrated that in this case, increasing the 
taper angle increases the resistance to elastic shear buckling. 
Refer to [2, 3] to check typologies 1 and 2 associated with 
this phenomenon.

On the other hand, the hw/tw ratio must satisfy the crite-
rion detailed in Eq. 16, as specified in Clause 8(1) of [38], 
to prevent the compression flange buckling in the web plane. 
Here, E represents the modulus of elasticity of the steel (210 
000 MPa), Afc stands for the effective cross-sectional area 
of the compression flange, and the coefficient k is set at 0.40 
for plastic moment resistance or 0.55 for elastic moment 
resistance.

In the case of stiffness, Eq. 17a represents this constraint. 
Here, u is the maximum allowable displacement, which 
is established as L/400. The maximum displacement is 
obtained from Eq. 17b, where qSLS is the serviceability limit 
state load (in N/mm), considered 0.75q, and Iy is the inertia 
of the cross-section regarding the bending axis (in mm4).

For tapered girders, the value of Iy used in Eq. 17 b is 
obtained by calculating a weighted average inertia using the 
different sections as a function of the length of the spans to 
which they belong. The procedure has been validated using 
finite element software.
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√

MRk(X)∕Mcr
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2.2.4 � Mathematical formulation of the problem

In conclusion, the problem is formulated with discrete varia-
bles, the number of which varies according to the case study. 
Equation 18 provides the general mathematical representa-
tion of the problem. Additional constraints are represented, 
such as those governing the position of the transition points 
(xi < xi+1). This requirement ensures that the transition points 
are ordered, i.e., no xi exceeds the next xi+1. This condi-
tion applies to problems in configurations with more than 
two TPs. In configurations with two TPs, the position of the 
point oscillates between 0 and L/2 without reaching either 
of the two extreme values.

It should be noted that these problems are nonlinear opti-
mization. In addition, there are some discontinuities in the 
constraint functions, such as in the bending strength con-
straint in the zones where the cross-section class changes. 
Therefore, the mathematical properties of the constraints 
make it challenging to find the global optimum. It rules out 
the use of nonlinear discrete optimization methods [20]. 
Here is where heuristics play a decisive role due to their 
flexibility and efficiency in solving this type of problem.

2.3 � Solution of the optimization problem

To provide a heuristic solution to the problem, a method 
that has demonstrated excellent effectiveness in discrete 
optimization has been selected [39]. It is called biogeog-
raphy-based optimization (BBO), which was proposed by 
Simon (2008) [40]. Its superiority over other heuristics in 
these conditions is due to the recombination and mutation 
operator used [41]. While other similar heuristics take two 
solutions to generate a new one (the general procedure is 
executed from solution to solution), BBO operates at a vari-
able level, allowing the formation of a new solution from 
multiple preceding ones rather than just two. Furthermore, 

(18)

min M(X)

Such that MEd ≤ MRk(X)

VEd ≤ Vc,Rd(X)

hw

tw
≤ k

E

fyf

√

hwtw

AfC

umax(X)≤u

fyf≤2𝑓𝑦𝑤

𝑥𝑖 < 𝑥i+1

𝑏𝑓 ,ℎ𝑤 ∈ 𝐵

𝑡𝑓 , 𝑡𝑤 ∈ 𝑇

𝑓𝑦𝑓 , 𝑓𝑦𝑤 ∈ 𝑀

both the combination and mutation operators influence the 
variables, generating new solutions within a single opera-
tion. Unlike mutating the entire solution simultaneously, 
mutation occurs at the variable level, potentially impacting 
a solution multiple times. For further insights into the func-
tioning of this method, refer to the provided bibliography.

Parameter tuning processes are performed for each 
group of problems to ensure maximum performance. 
In conjunction with the experience gained from previ-
ous work, problems are solved efficiently. However, more 
than the basic method is needed to achieve stability in the 
results of some case studies. That is why a strategy called 
biogeography-based sequential optimization with evolving 
limits (BBSOEL) is proposed. It consists of dividing the 
global search into several searches, while the limits shrink 
and evolve according to the best solution partially found. It 
allows for the search to be refined while reducing the solu-
tion space.

BBSOEL starts with a global search of the entire solution 
space. Once completed, four local searches with reduced 
bounds are performed. For each search, the parameters are 
tuned (see Fig. 4). The range of movement of each vari-
able is reduced to 25%. For example, the variables asso-
ciated with the section dimensions that can initially take 
91 values are reduced to 23, and so on. The new interval 
is created from the best value found. For example, if that 
phase’s “optimal” value is 45, the new interval would be 
set to (34, 56). If in the other phase (with the solution space 
reduced, which facilitates the search), the optimal value is 
set to 37, the limits evolve to (26, 48), and so on. Note that if 
the “optimal” value is close to the global limits, it proceeds 
so that the interval remains 23 values. For example, if 5 is 
obtained as the value of the best solution for that phase, the 
new limits would be (1, 23). For local searches, the popula-
tion size parameter is reduced significantly (see Fig. 4) since 
another feature of BBO is its good performance with small 
population sizes.

The general metaheuristic procedure consists of running 
optimization processes until it is ensured that the optimum 
found is or is very close to the global optimum, according 
to the methodology based on the extreme value proposed by 
Paya-Zaforteza et al. (2010) [42]. It is necessary to highlight 
that in most problems, this global optimum is found simply, 
while in some, the search becomes more difficult. It is here 
where BBSOEL shows its superiority over the basic method.

Figure 4 shows two average performance curves (aver-
age fitness as a function of the iteration number) for the 
traditional procedure and the BBSOEL. After 25,000 func-
tion evaluations, it is appreciated how the proposed method 
(unlike the basic one, which stagnates on the best solution 
found so far) can reorganize the search and keep improv-
ing the solutions. In this representation, it appears that 
the improvement is not substantial. However, it should be 
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remembered that this curve is the average representation 
of 30 optimization procedures. Moreover, since function 
evaluations are not computationally costly processes, the 
objective is to find the global optimum, which the proposed 
method guarantees more than the basic one.

3 � Results and discussion

For evaluating and discussing the results, each element is 
analyzed separately, exposing the main characteristics of 
each typology according to the design approach imple-
mented. Subsequently, a summary of the main properties 
of each structure is made, and practical design recommen-
dations are extracted. These are applied to a different case 
study, and the results are compared.

3.1 � Girder of 6 m

This is a short-length element, so its use is intended pri-
marily for buildings. Table 3 summarizes the results of the 
different types of design. This table also includes the total 
manufacturing costs and the comparison with the traditional 
design (D1).

A first evaluation of the results shows that material opti-
mization seems to be more effective for this type of small-
span element than geometric one. TH girders are a good 
option, with the additional advantage of not needing the 
extra construction effort required by tapered girders. The 
TLH girder option appears to be effective in these elements 
as the additional costs of the joints are not significant due 
to the low section depth offered by some solutions. Note 

how the seemingly most complete option (TLHVS gird-
ers) results in THVS elements, as the freedom to vary both 
material and geometry throughout the element is more than 
enough. Therefore, solutions use the same material in the 
plates longitudinally to avoid implementing additional joints. 
That is, instead of changing the material in the longitudinal 
direction (which introduces additional joints), the geometry 
is changed. The material is differentiated in the transverse 
plane, i.e., between flanges and the web.

D1, traditional design; D2, transverse geometric optimi-
zation; D3, transverse geometric and material optimization 
(TH girders); D4, transverse and longitudinal geometric 
optimization (HoVS girders); D5, transverse and longitu-
dinal material optimization (TLH girders); D6, transverse 
material and transverse-longitudinal geometric optimization 
(THVS girders); D7, transverse-longitudinal geometric and 
material optimization (TLHVS girders).

Figure 5 summarizes graphically the main properties of 
the solutions obtained. It is evident how the typologies that 
change the geometrical properties along the length of the 
element tend to present more slender elements in the central 
section. In this case, it allows lower-quality steel and reduces 
material costs. It can also be seen how these solutions 
require less material in the flanges since they are further 
away from the centroid of the section, increasing their inertia 
and contribution to the section’s resistant capacity. Another 
relevant aspect is the comparison between homogeneous and 
transversely hybrid tapered elements. The figure shows how 
increasing the steel quality in the flanges allows for obtain-
ing less slender girders. It is also beneficial in reducing the 
weight of the structure. The other aspects are discussed in 

Fig. 4   Average performance curves of 30 optimization processes applied to the case study of the TLHVS girder of L = 20 m with 6 TPs
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the section where the main properties of each solution are 
summarized and compared as a function of the case study.

3.2 � Girder of 14 m

For this case of greater length, the geometric component 
seems more important than the material. It can be seen 
how the designs that focus on varying the material (D3, 
D5) lose relevance concerning those that significantly 
influence the geometric component. D4 gives outstanding 
results, even when the fixed material is used. In this case, 
the TLHVS elements also find their optimal configuration 
in the THVS typology.

Table 4 and Fig.  6 show that, for this case, the D4 
approach with the material as a variable in the optimi-
zation provides solutions with high-quality steel (S700). 
Therefore, the elements are less slender than those 
obtained using D6. However, it should be noted that this 
last approach allows the efficient use of lower-quality 
steels (transverse hybrid configuration), and the elements 
are designed with an aspect ratio similar to those obtained 
with D4. On the other hand, the elements with longitudi-
nally variable cross-sections are more slender and have 

less material in the flanges than the others. It should also 
be noted that there are many coincidences in properties, 
such as taper angles, which will be discussed later.

3.3 � Girder of 20 m

In this case, the geometrical component is even more deci-
sive than the previous one. Therefore, regarding the behavior 
of the spectrum, it can be said that for elements of small 
spans, the material component is more significant. In con-
trast, as the span increases, a variable geometry in the longi-
tudinal direction is more and more determinant. In Table 5, 
it can be seen how the D3 and D5 approaches lose relevance 
compared to those that vary the geometry longitudinally. 
Again, the TLHVS typology finds its optimal configuration 
in the THVS one.

Figure 7 shows a phenomenon similar to that of the 6 
m element. It can be seen how the clever combination of 
different types of steel in flanges and webs makes the opti-
mal THVS girder less slender than those obtained by D4. 
Another repeated aspect is the value of the taper angles and 
the zone where the transitions are made.

Table 3   Optimal results of the different design approaches for the 6 m girder

*Extreme configuration
**Central configuration
Ϯ Compared to the traditional design D1

Design Geom. variables (mm) Material configuration (fy_w—fy_f, MPa) Cost (€) Saving(%)Ϯ

hw 1* hw 2 hw 3 hw 4** tw bf tf 1 st * 2nd 3rd Cent**

D1 - - - 380 8 180 12 - - - 355–355 519 -
D2 Mat Cons - - - 810 5 100 10 - - - 355–355 422 18.69

Mat Var - - - 900 5 120 10 - - - 275–275 417 19.65
D3 - - - 430 5 240 6 - - - 235–450 360 30.64
D4 Mat Cons 2TPs 290 - - 900 5 100 8 - - - 355–355 402 22.54

4TPs 140 600 - 860 5 110 8 - - - 355–355 400 22.93
6TPs 120 500 770 900 5 100 8 - - - 355–355 399 23.12

Mat Var 2TPs 350 - - 1070 5 130 8 - - - 235–235 384 26.01
4TPs 190 760 - 1100 5 100 10 - - - 235–235 382 26.40
6TPs 140 590 950 1090 5 100 10 - - - 235–235 380 26.78

D5 2TPs - - - 430 5 240 6 235–235 - - 235–450 357 31.21
4TPs - - - 430 5 240 6 235–235 235–355 - 235–450 355 31.60
6TPs - - - 430 5 240 6 235–235 235–275 235–355 235–450 355 31.60

D6 2TPs 150 - - 770 5 110 10 - - - 235–450 350 32.56
4TPs 140 670 - 830 5 100 10 - - - 235–450 348 32.95
6TPs 140 180 680 830 5 100 10 - - - 235–450 345 33.53

D7 2TPs 150 - - 770 5 110 10 235–450 - - 235–450 350 32.56
4TPs 140 670 - 830 5 100 10 235–450 235–450 - 235–450 348 32.95
6TPs 140 180 680 830 5 100 10 235–450 235–450 235–450 235–450 345 33.53
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3.4 � Main properties of optimal configurations

This section summarizes and unifies criteria for determin-
ing common properties of the most efficient optimal con-
figurations. These criteria serve as design recommenda-
tions for cases where optimization-assisted design is not 
implemented.

3.4.1 � Savings

Firstly, the savings from using the different design 
approaches compared to the traditional one are summarized. 
Figure 8 highlights several aspects already mentioned. First, 
the design’s efficiency based on optimizing the material for 
the case of L = 6 m should be highlighted. In the other ele-
ments, the greater efficiency of the typologies with longitu-
dinally variable cross-sections can be appreciated, as shown 
in the figure.

An exciting aspect is to compare the results of establish-
ing hybrid construction over traditional homogeneous one. 
The differences are quite significant for the first case study, 
with an average saving of more than 10%. For case two, the 

difference drops to around 5%, while the differences oscil-
late around 2% for the last case. It reaffirms the previous 
comment on the importance of the geometrical component 
as the element span increases.

In general, the optimized designs show significant differ-
ences concerning the use of profiles. Note how the savings 
can reach almost 35% even for the first case. For the latter, 
the difference amounts to more than 60%. The use of profiles 
has many disadvantages, such as stiffness, since, in many 
cases, this criterion decides the design, especially in ele-
ments with large spans. Here, variable section girders are 
much more effective.

3.4.2 � Span‑to‑depth ratio

The span-to-depth ratio is one of the most commonly 
used pre-sizing criteria for girders. Figure 9 shows the 
behavior of this indicator for all solutions. Note how many 
cases have more than one value due to tapered configura-
tions. In general, common behaviors can be seen in many 
cases. The exception of the 6 m girder designed with the 
D6 approach and six transitions stands out. The graph 

Fig. 5   Graphical representation of the most significant solutions for the 6 m girder. The vertical lines depicted on the web plate are shown to bet-
ter identify where the transition is made, although for the designs shown no joints are required. θ: taper angle
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highlights the best solutions with thick lines. One aspect 
of relevance is this indicator’s high values for the tapered 
girders’ extreme sections. It is because, for the type of 
element studied, the predominant design constraint in the 
support zone is shear, which is solved with sections of low 
depth combined with high-strength steel.

The case taken as a reference is D6. In the previous 
section, it was discussed that hybrid configurations lose 
relevance for elements with large spans. However, in addi-
tion to the savings obtained with this approach, it should 
be remembered that less slender structures are obtained 
compared to D4. It means less weight, which is significant 
from the constructive point of view, for example, when 
transporting or manipulating the elements. In the case of 
L = 6 m, the optimum extreme sections are designed with 
a value of L/d ranging between 35 and 40. The second sec-
tion (case with four or more transitions) is the exception 
for 6 TPs. In this case, the value is around 30. For 4 TPs, 
the value is around 8. The third (only appears in the cases 
with 6 TPs) and central sections have regular behaviors, 
with values between 6 and 8 in all cases.

For the 14 m case study, it can be seen that the extreme 
sections obtained with D4 are even less slender than 
those obtained with D6. Recall that optimal elements 
designed with high-strength steel are obtained with the 

D4 approach. In the case of D6, the extreme section for 2 
TPs has an optimum L/d ratio of about 42. In the other two 
cases, the values range between 56 and 60. For the second 
section, the values are between 12 and 15. The value for 
the third section is around 10, while it drops to around 8–9 
for the central one.

In the last case study, the values are also very stable. For 
the reference approach, the extreme value with two transi-
tions increases compared to the previous cases to 50. For 
the other two configurations, the values are between 57 and 
60. As in the previous case, the second section is between 
10 and just over 15. The third section is also around 10, 
while the central ones coincide almost completely between 
8 and 9.

3.4.3 � Geometric flange‑to‑web ratio

According to an old rule, a rational I-section steel girder 
must have the same amount of steel in both flanges and the 
web. It means a geometric flange-to-web ratio ( �G ), or ratio 
between the area of steel in both flanges and the web, equal 
to 1. This rule is for constant section (prismatic) elements. 
It has already been mentioned that optimum tapered gird-
ers have a slender central section with little material in the 
flanges, so this value should fall below 1. Figure 10 indeed 

Table 4   Optimal results of the different design approaches for the 14 m girder

*Extreme configuration
**Central configuration
Ϯ Compared to the traditional design D1. Design approaches (D’s) are shown in Table 3

Design Geom. variables (mm) Material configuration (fy_w—fy_f, MPa) Cost (€) Saving (%)Ϯ

hw 1* hw 2 hw 3 hw 4** tw bf tf 1 st * 2nd 3rd Cent**

D1 - - - 650 15 350 25 - - - 355–355 2875 -
D2 Mat Cons - - - 1770 5 210 15 - - - 355–355 1651 42.57

Mat Var - - - 1240 5 110 15 - - - 890–890 1547 46.19
D3 - - - 1130 5 570 5 - - - 355–700 1492 48.10
D4 Mat Cons 2TPs 450 - - 1940 5 190 14 - - - 355–355 1438 49.98

4TPs 240 1380 - 2000 5 180 14 - - - 355–355 1416 50.75
6TPs 220 1110 1710 2000 5 180 14 - - - 355–355 1411 50.92

Mat Var 2TPs 300 - - 1420 5 150 12 - - - 700–700 1409 50.99
4TPs 200 980 - 1420 5 150 12 - - - 700–700 1392 51.58
6TPs 200 700 1080 1480 5 170 10 - - - 700–700 1388 51.72

D5 2TPs - - - 1130 5 570 5 235–420 - - 355–700 1458 49.29
4TPs - - - 1130 5 570 5 235–275 275–500 - 355–700 1448 49.63
6TPs - - - 1130 5 570 5 235–235 235–450 355–550 355–700 1437 50.01

D6 2TPs 310 - - 1670 5 220 12 - - - 275–550 1317 54.19
4TPs 220 1190 - 1630 5 190 12 - - - 355–600 1305 54.61
6TPs 210 940 1360 1630 5 190 12 - - - 355–600 1302 54.71

D7 2TPs 310 - - 1670 5 220 12 275–550 - - 275–550 1317 54.19
4TPs 220 1190 - 1630 5 190 12 355–600 355–600 - 355–600 1305 54.61
6TPs 210 940 1360 1630 5 190 12 355–600 355–600 355–600 355–600 1302 54.71
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shows that most central sections obtain their optimum con-
figuration with a �G value of about 0.5. That is, twice as 
much material regarding the flanges is on the web. The 
third section (closest to the central configuration) presents a 
slightly larger optimum value without reaching 1. The sec-
tion in which the rule is fulfilled is the second one, while 
the one at the extremes reaches its optimum values (for D6) 
between 3 and 4, depending on the number of transitions in 
the element.

3.4.4 � Taper angle and longitudinal configuration

Another helpful rule would be knowing the optimal taper 
angle for each configuration according to the number of tran-
sitions. Knowing the zone where these transitions should be 
established would also be of great interest. Table 6 shows 
the optimal taper angles for the three case studies with the 
two most effective variable section typologies. Here, there 
are quite clear trends, especially for the two larger elements.

For the case of where to set the transitions (see Figs. 5, 
6, and 7), specific rules can also be deduced. Considering 
the three cases, the extreme configuration should measure 
about 34% of the total length for a homogeneous element of 
variable cross-section with two transitions. The extreme and 

second sections should have about 20% of the total length 
when four transitions are implemented. For 6, the extreme, 
second, and third portions should be 14, 13, and 15% of 
the total length. This configuration is pretty evenly distrib-
uted. Regarding transverse hybrid girders of variable cross-
section, for two transitions, the rule remains the same as in 
the previous case: 34%. For four transitions, the distribution 
would be 23% and 19% for the extreme and second span, 
respectively. The result of the 6 m element is ignored for 
six transitions, and the other two are exactly the same: 16, 
12, and 15% of the total length starting from the extreme 
configuration.

3.4.5 � Optimum steel grades and hybrid ratios

Another recommendation of interest is related to the material 
component. Selecting the correct type of steel is essential for 
a rational design. In addition, there is the variant of selecting 
several types of steel for the same element. Remember that 
hybrid configurations help, in addition to reducing manufac-
turing cost to a greater or lesser extent, to reduce the weight 
compared to other optimal configurations.

For short-length elements, the most recommended steel 
is the lower quality (S235). Using S450 in the flanges 

Fig. 6   Graphical representation of the most significant solutions for the 14 m girder. The vertical lines depicted on the web plate are shown to 
better identify where the transition is made, although for the designs shown no joints are required. θ: taper angle
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combined with S235 for the web is recommended to imple-
ment a hybrid transverse configuration. The case of L = 14 m 
is very curious, as high-quality steels tend to be used (e.g., 
S700). It is recommended to use S600 for the flanges and 
S355 for the web to implement hybrid configurations. In 
the latter case study, optimal homogeneous configurations 
tend to reduce the steel quality somewhat. The same as in 
the previous case is recommended to achieve a transverse 
hybrid configuration.

Table 7 summarizes the hybrid ratio values for the hybrid 
typologies. Note how, in general, the values are quite high, 
except for the extreme configurations for longitudinally 
hybrid elements. For girders with transverse hybridization, 
it is recommended to use values greater than 1.70.

3.5 � Practical recommendations and applications

A guideline for the rational design of homogeneous or 
hybrid tapered steel girders is established based on the 
above recommendations. Following this methodology, a 25 
m THVS element is designed, implementing two, four, and 
six transitions. The results are compared with those of a 
traditionally designed element. It consists of selecting the 
profile with the lowest weight that meets the established con-
straints. The general steps of the flow diagram in Fig. 11a 

and graphically represented in Fig. 11b are explained below, 
using the configuration with four transitions as an example. 
The final results are shown in this case, although the process 
required several iterations, as represented in the flowchart.

1.	 The first step is to analyze the problem. Aspects such 
as the span of the element, support conditions, type of 
loading, available steel grades, and so on, must be clari-
fied.

2.	 Following the problem definition, the web is pre-sized. 
With the recommended L/d ratios, an initial value for hw 
is proposed for the central section. It is important to note 
that this is an iterative process, as an estimate for the 
thickness of the flanges must be established to calculate 
hw. In this case, the central section was initially set at a 
width of 2500 mm, with a thickness of 6 mm. However, 
the element did not meet several constraints, so a value 
of 8 mm was established. For the intermediate section 
(or second section as it is called in previous headings), 
a value of hw = 1800 mm is set. The web’s height of the 
extreme section is set to 450 mm.

3.	 Once the web is defined, it is proceeded to the flanges. 
Considering the central section’s web, each flange is pre-
sized so that the area of one flange is a quarter of the 
web (the two flanges should represent half of the web, 

Table 5   Optimal results of the different design approaches for the 20 m girder

*Extreme configuration
**Central configuration
Ϯ Compared to the traditional design D1. Design approaches (D’s) are shown in Table 3

Design Geom. variables (mm) Material configuration (fy_w—fy_f, MPa) Cost (€) Saving(%)Ϯ

hw 1* hw 2 hw 3 hw 4** tw bf tf 1 st * 2nd 3rd Cent**

D1 - - - 930 20 450 35 - - - 355–355 7037 -
D2 Mat Cons - - - 2480 5 270 18 - - - 355–355 3226 54.15

Mat Var - - - 1700 6 240 14 - - - 700–700 3175 54.88
D3 - - - 1920 6 260 16 - - - 355–600 3136 55.43
D4 Mat Cons 2TPs 770 - - 2830 5 240 16 - - - 355–355 2763 60.74

4TPs 760 2350 - 2830 5 240 16 - - - 355–355 2737 61.11
6TPs 750 2150 2560 2680 5 260 16 - - - 355–355 2737 61.11

Mat Var 2TPs 570 - - 2530 5 230 16 - - - 420–420 2715 61.42
4TPs 530 2130 - 2600 5 220 16 - - - 420–420 2675 61.99
6TPs 510 1850 2380 2610 5 220 16 - - - 420–420 2670 62.06

D5 2TPs - - - 1920 6 260 16 235–355 - - 355–600 3028 56.97
4TPs - - - 1920 6 260 16 235–235 235–450 - 355–600 2971 57.78
6TPs - - - 1920 6 260 16 235–235 235–355 275–500 355–600 2967 57.84

D6 2TPs 370 - - 2120 6 260 14 - - - 355–600 2676 61.97
4TPs 320 1720 - 2120 6 260 14 - - - 355–600 2645 62.41
6TPs 300 1260 1830 2180 6 220 16 - - - 355–600 2636 62.54

D7 2TPs 370 - - 2120 6 260 14 355–600 - - 355–600 2676 61.97
4TPs 320 1720 - 2120 6 260 14 355–600 355–600 - 355–600 2645 62.41
6TPs 300 1260 1830 2180 6 220 16 355–600 355–600 355–600 355–600 2636 62.54
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which means a value of �G = 0.50). In this case, estab-
lishing a thickness (tf) of 14 mm represents a width (bf) 
of 350 mm.

4.	 The results summarized in Sect. 3.4.4 are used to locate 
the transitions. This element would have a distribution 
of 5750 mm for the first span (extreme), 4750 for the 

second, and 4000 for the center. For the steel grades, 
it is decided to use S355 for the web and S600 for the 
flanges.

5.	 Once all the values are established, it is necessary to 
check the constraints. Those usually violated are bend-

Fig. 7   Graphical representation of the most significant solutions for the 20 m girder. The vertical lines depicted on the web plate are shown to 
better identify where the transition is made, although for the designs shown no joints are required. θ: taper angle

Fig. 8   Differences of optimization-based designs with respect to the traditional approach
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Fig. 9   Span-to-depth ratio for each case study based on each design approach

Fig. 10   Geometric flange-to-web ratios as a function of each design approach for the three cases

Table 6   Optimal taper angles 
for the three case studies 
implementing D4 (variable 
material) and D6

Case Design Optimal taper angle (°)

2 TPs 4 TPs 6 TPs

1st 1st 2nd 1st 2nd 3rd

L = 6 D4 (Mat Var) 18 29 14 33 20 9
D6 17 20 8 5 27 7

L = 14 D4 (Mat Var) 14 17 8 18 15 9
D6 16 18 9 18 14 7

L = 20 D4 (Mat Var) 17 18 8 18 12 5
D6 15 16 6 17 13 7
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ing resistance (especially in the center and adjacent sec-
tions), flange buckling against the web, and stiffness.

6.	 With all the constraints fulfilled, it is proceeded to ana-
lyze other parameters not used in the design, such as 
the taper angles. In this case, they are very close to the 
established values. For example, the value of θ of the 
extreme section is 13°. The recommended values are 
20, 18, and 16° for 6, 14, and 20 m. Therefore, this trend 
suggests a decrease for the 25 m element, as it happens. 
Other values that can be checked are how far the con-
straints are from being violated. If it is too far away, the 
main parameters involved in that constraint should be 
identified and varied to make the difference as slight as 
possible.

It is necessary to emphasize that these recommenda-
tions are valid as a starting point for the design, and several 

modifications will indeed have to be made to achieve the 
most rational design possible. Table 8 and Fig. 11b show 
the results and their comparison with the selected profile 
(W40 × 436). Note that the original dimensions of the pro-
file have been modified to match those formulated in the 
current problem.

This table demonstrates the superiority of THVS gird-
ers over traditional profiles. Note how the savings amount 
to more than 68%. Another interesting aspect is the differ-
ence between the THVS elements. Changing from two to 
four transitions improves the cost by 2.45% over the first 
typology. The improvement by setting six configurations is 
negligible. An optimization algorithm can probably further 
improve each design, and the difference by setting six transi-
tions would be more significant.

Table 7   Optimal Rh values for transverse and longitudinal hybrid elements

*Extr, 2nd, 3rd, and Cent are the four configurations starting from the extreme and ending with the central one. The three rows represent the 
typologies with 2, 4, and 6 TPs from top to bottom

L = 6 m L = 14 m L = 20 m

D3 D5* D6 D3 D5* D6 D3 D5* D6

Extr 2nd 3rd Cent Extr 2nd 3rd Cent Extr 2nd 3rd Cent

Hybrid ratio 1.91 1.00 - - 1.91 1.91 1.97 1.79 - - 1.97 2.00 1.69 1.51 - - 1.69 1.69
1.00 1.51 - 1.91 1.17 1.82 - 1.97 1.69 1.00 1.91 - 1.69
1.00 1.17 1.51 1.91 1.00 1.91 1.55 1.97 1.00 1.51 1.82 1.69

Fig. 11   a Flowchart of the design methodology based on the established recommendations; b graphical representation of the application of the 
proposed methodology. Cross-section dimensions are not to scale. 3D elements are to scale
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4 � Research limitations and future 
perspectives

This study has demonstrated more efficient alternatives to 
traditional construction methods. By allowing both geometry 
and material to vary freely in the optimization process, novel 
and cost-effective typologies, such as tapered hybrid gird-
ers (THVS girders), have been identified. However, despite 
these solutions’ promising economic and structural benefits, 
significant challenges remain in advancing this field, and 
further research is required to address key limitations and 
practical implementation issues.

One of the main limitations of this study is the support 
conditions considered. While many structures use simply 
supported girders (e.g., bridges with isostatic spans, build-
ings with pinned beam-column connections), others require 
continuous support conditions, significantly altering the dis-
tribution of internal forces. Future research should extend 
beyond simply supported elements by modeling more com-
plex structures, such as multi-span hyperstatic girders, or 
integrating the optimized girder into a complete structural 
system (e.g., a building or a steel box girder bridge). A simi-
lar issue arises with loading conditions, as optimizing the 
element within its actual structural context would allow for 
a more accurate assessment under realistic load states.

Another critical aspect requiring further investigation is 
the local behavior of the proposed typologies. While the 
economic indicators of THVS girders are significantly bet-
ter than those of traditional designs, their unique geometries 
may introduce local weaknesses in certain areas. These 
potential failure mechanisms, such as local buckling or stress 
concentrations, must be evaluated through finite element 
analysis (FEA) and experimental testing on real specimens. 
It would enable the development of corrective measures, 
such as incorporating stiffeners as design variables in future 
optimization problems. Addressing these issues should be a 
key step toward updating design codes, which currently lack 
specific provisions for tapered or hybrid girders, particularly 
those that combine both factors.

A promising direction for further research is expanding 
the optimization criteria beyond cost minimization. While 
this study focused on welding, painting, sawing, and related 
manufacturing activities, future optimization frameworks 
should incorporate additional aspects such as structural 
performance (fire resistance, fatigue under dynamic loads), 
durability, and constructability. In particular, environmental 
considerations—including embodied carbon, material recy-
cling potential, corrosion resistance, maintenance require-
ments, and life cycle performance—should be introduced 
into multi-objective optimization models. These factors 
should be analyzed holistically, considering the design and 
construction phase and long-term operational and end-of-
life impacts, such as recycling potential and disposal costs.

Another key insight from this research is the potential 
application of THVS girders in small-span structures, such 
as buildings. Due to the high repetition of structural ele-
ments in building construction, even minor performance 
improvements at the element level can lead to significant 
overall benefits in terms of cost, weight, and material effi-
ciency. Additionally, their lower weight compared to tradi-
tional reinforced concrete beams makes them an attractive 
alternative, as they reduce the demands on other load-bear-
ing elements such as columns, load-bearing walls, and foun-
dations. Thus, these novel typologies not only improve the 
sustainability of beam-type elements. The weight reduction 
also improves the overall environmental performance of the 
entire structural system by minimizing material consump-
tion and construction impact. Figure 12 illustrates a potential 
application of THVS girders in a composite frame building 
structure, where their economic and environmental advan-
tages can be combined with the high horizontal stiffness of 
RC columns to avoid the use of additional shear walls.

Despite these promising aspects, some practical chal-
lenges must be addressed before adopting THVS girders 
in the industry becomes widespread. One such challenge 
is material availability. The assumption that all steel grades 
are readily accessible may not hold true in certain regions, 
potentially affecting cost and feasibility. Future research 

Table 8   Representation of recommendation-assisted design and comparison with the traditional approach

*Extreme section
**Central section
Ϯ Represents the absolute distance, shown in Figs. 5, 6, and 7 as relative distance

Element   Geometric variables (mm)  Length of resulting spans 
(mm) 

Mat con-
fig (fy_w–
fy_f, Mpa)

 Cost (€)  Saving(%) 

 hw1*  hw2  hw3  hw4**  tw  bf  tf    1 st *  2nd   3rd  Central 

Prof. W40 × 436  - - - - 930 35 415 60 - - - 25,000 355-355 14,702 -
THVS 2 TPs 500 - - 2500 8 350 14 8500 - - 8000 355-600 4654 68.34
- 4 TPs 450 1800 - 2500 8 350 14 5750 4750 - 4000 355-600 4540 69.12
- 6 TPs 400 1400 2000 2500 8 350 14 4000 3000 3750 3500 355-600 4520 69.26 
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should explore the impact of regional material supply con-
straints on optimized designs and evaluate alternative solu-
tions that balance performance and availability.

Another important consideration is the manufacturing 
complexity of tapered hybrid girders. While the optimization 
scheme proposed in this study shows significant theoretical 
economic advantages, the fabrication and construction of 
these elements (including precise welding of hybrid mate-
rials and handling variable cross-sections) may introduce 
technical and financial challenges. For instance, using dif-
ferent steel grades in flange and web plates may necessitate 
changes in welding wire, potentially increasing downtime 
during fabrication. Although such interruptions are implic-
itly considered through the inclusion of “non-productive 
time” in the cost estimation process, it is acknowledged that 
these values are empirical and may vary across different pro-
duction settings. Moreover, while non-productive time has 
no direct environmental impact and is therefore excluded 
from environmental optimization models, it still introduces 
a degree of uncertainty into cost assessments.

In addition, the cutting of variable geometries, particu-
larly in multi-tapered configurations, can result in steel 
plate waste. These potential losses are not currently mod-
eled within the cost function. However, such offcuts could 
be reused (e.g., for stiffeners) or recycled, and even if 

their associated costs were included, the proposed hybrid 
tapered solutions would still offer significant economic/
environmental advantages. Still, future optimization 
frameworks could be improved by incorporating explicit 
models for waste generation, handling, and reuse/recycling 
pathways, capturing not only the direct economic impli-
cations but also the environmental benefits. This would 
support a more holistic optimization strategy that aligns 
with emerging industry priorities toward circular steel use 
and low-carbon design.

Another important consideration for future studies is the 
impact of material sourcing and associated logistics. In spe-
cific scenarios, using different steel grades in hybrid gird-
ers may necessitate procurement from multiple suppliers, 
potentially introducing additional coordination requirements 
and transportation costs. While the current model captures 
transportation as a simplified cost component (based on the 
girder’s weight or volume), this approach assumes consoli-
dated sourcing and uniform delivery conditions. A more 
detailed, supply chain-aware framework that incorporates 
multi-source procurement, routing strategies, and logistics-
related emissions could improve the accuracy of both eco-
nomic and environmental assessments.

Finally, to maximize the real-world impact of this 
research, further efforts should focus on collaborating with 

Fig. 12   Example of possible application of THVS girders
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industry stakeholders to assess the feasibility of scaling 
up these optimized designs. A detailed cost–benefit analy-
sis comparing traditional and optimized solutions in full-
scale construction projects could provide valuable insights 
for both engineers and decision-makers. Bridging the gap 
between optimization research and practical implementation 
is essential to fully realize the potential of tapered hybrid 
girders in modern construction.

5 � Concluding remarks

This study proposes an advanced optimization framework 
for the mechanical design of welded I-section steel plate 
girders, a structural element widely used in construction. 
By leveraging metaheuristic optimization techniques, the 
methodology enables simultaneous variation of geometry 
and material properties in both transverse and longitudinal 
planes, thereby enabling the development of high-perfor-
mance girder typologies. Unlike conventional approaches 
focusing solely on minimizing weight or material cost, the 
objective function represents a comprehensive manufactur-
ing cost, including key production activities such as welding, 
painting, or transportation. The design constraints comply 
with Eurocode 3 standards, ensuring structural reliability. 
Significantly, this framework enhances the efficiency and 
sustainability of structural design and directly informs 
manufacturing decision-making, offering tangible benefits 
to both the construction and steel fabrication industries. As 
such, the study contributes to the growing integration of 
design optimization, sustainable manufacturing, and con-
struction engineering.

The results show that, for elements of shorter length, the 
material component is more significant than the geometry 
to obtain an optimal mechanical configuration. As the ele-
ment span increases, the opposite happens and the geometry 
becomes more decisive. Of all the typologies analyzed, the 
most economical proved to be the transversely hybrid vari-
able section (THVS) girder. This typology benefits from the 
longitudinal variation of the geometry and the transverse 
hybrid construction, so there is no need for additional lon-
gitudinal joints. The results allow the establishment of a 
design methodology based on the recommendations made. 
By applying this methodology to a different case study, a 
THVS element is designed to be almost 70% more economi-
cal than a girder (profile) selected by a traditional design 
approach.

Based on the limitations of this proposal, several lines 
of future research are open. One aspect of great relevance 
is the study of local phenomena that could affect the pro-
posed typologies and, thus, provide possible alternatives 
(e.g., optimally positioned stiffeners). A further mandatory 
study should modify the support conditions by applying the 

proposed methodology to more complex elements (hyper-
static continuous girders, for example). Another alternative 
could be to insert them directly into the global structure 
(bridge, building) and optimize the whole system. An impor-
tant aspect for future development involves refining the cost 
model to reflect real-world implementation better. Although 
the current model incorporates a wide range of manufactur-
ing activities beyond material cost, future work could benefit 
from explicitly considering factors such as multi-supplier 
logistics, potential material waste, and reuse or recycling 
strategies. These additions would improve the realism of 
economic assessments and support the development of sup-
ply chain-aware and constructability-oriented optimization 
frameworks. Other exciting variants are based on improv-
ing the formulation. Implementing objective functions that 
measure environmental impact, structural performance (e.g., 
fire performance), durability, or constructability can provide 
more sustainable solutions. An additional aspect that could 
be decisive in the generalization of results is implementing 
the above criteria not only up to the design stage, but also 
focusing on life cycle analysis.
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