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I-section girders with different types of steel in the flanges and web ( fyf> fyw, respectively) are known as transverse hybrid girders.
These have proven to be more economical than their homogeneous counterparts. However, the use of hybrid configurations in the
longitudinal direction of the element has yet to be studied. This paper uses optimization techniques to explore the possibility of
constructing transverse and longitudinally hybrid (TLH) steel girders. The optimization objective is to minimize the manufactur-
ing cost, including seven activities besides the material cost. The geometrically double symmetric I-girder design subjected to a
uniform transverse load is performed using Eurocode 3 specifications. Nine case studies are implemented, varying the element span
(L) and the applied load. The results show that establishing various configurations along the length of the element is beneficial. The
optimum number of transition points is six, meaning the girder will have four configurations, i.e., one central and three others
symmetrically distributed toward each half of the element. The optimum position for the first transition would be at 0:24∗(L/2), the
second at 0:40∗(L/2), and the third at 0:60∗(L/2). The optimum extreme configuration is usually homogeneous ( fyf= fyw= 235MPa).
The others increase the steel quality in the plates, maintaining hybrid arrangements to reach the central one that usually remains with
S700 steel for the flanges and S355 for the web. The study shows that TLH configurations are more effective for elements with larger
spans. By applying the formulated design recommendations in a different case study, the manufacturing cost dropped by over 50%
compared to the traditionally designed element and by more than 10% relative to the optimized element with a homogeneous
configuration. The study’s limitations and encouraging results suggest future lines of research in this area.

1. Introduction

In recent years, there has been increasing recognition of the
profound effects that human actions have on the environ-
ment, particularly in terms of climate change and the diminish-
ing availability of natural resources. Among those responsible
for this impact is the construction industry, accountable for
approximately 5% of global carbon dioxide emissions and iden-
tified as one of the most resource-intensive sectors [1–3]. Rec-
ognizing this, the Brundtland Commission, in 1987, established
the term “sustainable development,” defining it as a model that
satisfies present needs without compromising the possibilities of
future generations. In this regard, specific points have been
stated to improve sustainability in the construction sector.
Notably, the United Nations lists “sustainable cities and

communities” as the 11th objective among its 17 sustainable
development goals [4, 5].

Structural design innovations aim tomeet these objectives,
facilitated by advancements in manufacturing and material
technologies. It allows for stronger building materials but
implies higher costs and environmental impacts [6]. Thus,
optimizing this enhanced strength is a priority for designers
and researchers. A frequent approach that has been gaining
attention is the combination of different construction materials
[7], such as steel–concrete [8, 9], concrete–plastics (composites),
concrete-high strength concrete, and steel-special steels. Efforts
are underway to enhance construction sustainability through the
strategic utilization of variousmaterials in structural designs [10].

Steel I-girders, widely used in construction worldwide, are
subjected to different stresses in their plates when bending.
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Classic strategies such as modifying only the section geometry
to cope with these stresses (e.g., thicker flanges) result in heavy
and ineffective girders. On the other hand, increasing the yield
strength of the entire section reduces the thickness but also
increases costs. Therefore, due to this difference in stresses, an
effective solution is to use different types of steel for the
flanges and web, resulting in transversely hybrid steel ele-
ments. As a result, using lower strength steel for the web
than for the flanges can offer cost and environmental savings
[11]. The hybrid ratio (Rh) in this type of element is related to
the ratio between the yield strength of the flanges and the web
( fyf/fyw) [10].

It is essential to highlight that the most significant stan-
dards related to this type of element, even when they refer to
the use of different types of steel in the plates, only limit
themselves to differentiate them in the structural equations.
It is the case of AISC 360-16 [12], where, although there is a
distinction in the steel elastic limit between the flanges and
the web, clear guidance on implementing a hybrid section is
lacking. A more explanatory standard about this phenome-
non is the AASHTO [13]. Wollmann [14, 15] focussed on
applying these considerations to the design of steel and com-
posite girders, developing a methodology for hybrid elements.
Another standard that provides more precise information,
and on which this study is based, is Eurocode 3 [16, 17].
Some studies are based on this standard and, using other
published works, propose alternatives to improve the specifi-
cations established in the standard itself [18, 19]. These con-
siderations are summarized in [10] and combined to propose
a simplified method for the design of transversely hybrid
girders [20].

Even with these limitations, this topic has been develop-
ing for several years. However, there are still some gaps in the
research. Several papers have focused on the structural behav-
ior of these elements. For example, web behavior under point
loads [21], fatigue tests [22], web buckling resistance [23], and
more recently on failure mechanisms [24], bending behavior
[25–27], experimental shear behavior [28], elements with web
openings [29, 30], made by stainless steel [31], or with corru-
gated webs [32]. Other authors have proposed the use of
predictive models such as nonlinear regression and artificial
neural networks to obtain the optimal design of these ele-
ments [33]. Nevertheless, theoretical research on the advan-
tages of this construction practice still needs to be completed,
although some studies have revealed interesting information.
It has been proved that transversely hybrid configurations
improve the economic indexes of homogeneous I-section gir-
ders by about 10% [19]. In a numerical study on the perfor-
mance of these elements as part of a composite steel and
concrete bridge, it is stated that hybrid solutions are the
only ones that present good indicators in the three objectives
analyzed (weight, economy, and environmental impact) [11].
Though these investigations do not conduct an in-depth study
on exploiting hybrid steel construction. Others have imple-
mented optimization techniques to explore this alternative to
homogeneous construction in experiments where this phenom-
enon is investigated in depth [20]. The results show economic

savings of up to 18% compared to the latter. Additionally, opti-
mal solutions use configurations with Rh values close to 2.
Therefore, it can be affirmed that hybridization benefits this
type of constructive element.

Alternatively, just as the different elements of this type of
structure are not subjected to the same stresses in the trans-
verse plane, there are also differences in the longitudinal
direction. If using different materials is satisfactory in the
first case, it can be assumed that the same is true in the
second. Several studies have investigated the advantages of
establishing differences in material configurations along the
structural elements. For example, using different types of
concrete in long-span hybrid bridge girders improves eco-
nomic, environmental, and constructability indexes [34].
Significant enhancements in the structural response of the
system are also obtained. Multimaterial topological optimiza-
tion techniques have also been used to propose an innovative
design of long-span steel–concrete composite bridges [35].
This proposal improves technical and economic indicators
compared to other typical bridge types. Others have pursued
an approach aimed at determining the optimal length of the
steel portion within the main span of steel–concrete hybrid
girder bridges [36]. Several studies have focused on one of the
problems arising from hybrid construction: the joints, e.g., the
behavior of longitudinal steel–concrete joints in composite
steel–concrete hybrid girder bridges [37], the steel-to-con-
crete connection in longitudinally hybrid elements [38], the
performance of joints in spliced steel-PSC hybrid girders
[39, 40], or the mechanical behavior of steel–concrete joints
in hybrid girders [41, 42].

Therefore, while the use of transversely hybrid config-
urations in I-section steel girders has been addressed to some
extent, the combination of various types of steel in the lon-
gitudinal direction is a possibility that has yet to be explored.
For this reason, the main objective of this study is to take as a
reference the methodology proposed in previous research on
the optimization of transversely hybrid girders [20] and to
implement transverse–longitudinally hybridization (TLH) to
enhance the previous results further. To this end, aspects that
help to understand the behavior of TLH girders better and to
extrapolate the results to practice will be studied in depth.
The number of transitions (or points where the element changes
the material properties) and their positioning are of relevant
importance. Another essential point is the steel configuration
for each resulting span. With these data, it is aimed to estab-
lish design recommendations for constructing this type of
structure. In addition, based on the proposed methodology
(with its strengths and limitations) and the results achieved, it
is intended to establish a series of guidelines for future
research. On the other hand, considering the immense num-
ber of possible solutions that can be given to the design of a
TLH girder, applying mathematical optimization is an indis-
pensable alternative. Then, the design procedure is formu-
lated as an optimization problem to meet the standards’
regulations in the form of constraints while improving spe-
cific indicators of the structure. The goal is to minimize the
manufacturing cost, which includes seven other activities in
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addition to the material cost. The constraints are based on
the Eurocode 3 specifications, incorporating amendments
suggested by multiple authors. Hence, it is intended to
test whether TLH configurations can improve the economic
indicators of I-section steel girders compared to their homoge-
neous and transversely hybrid counterparts through optimi-
zation strategies. Consequently, it is expected to provide more
sustainable and structurally efficient alternatives to the tradi-
tional ones used in structures such as bridges or buildings.

Accordingly, the paper is organized as follows. Section 2
is devoted to explaining themethodology used in the research.
Here, the basic case study is described, and the optimization
problem is formulated by defining the variables, the objective
function, and the constraints. Also, the strategies for solving
the formulated problem are presented. Section 3 presents and
discusses the results. In addition, some recommendations for
constructing TLH girders are given, and future lines of
research on this subject are proposed. Finally, Section 4 sum-
marizes the most important conclusions of the study.

2. Methodology

The explanation of the proposed methodology begins with a
description of the case studies. Here, the fundamental aspects
considered to model these structures configured transversally
and longitudinally hybrid are presented. Then, the optimiza-
tion problem formulation is presented, where the variables
that make possible the exploration of TLH configurations,
the objective function, and the design constraints are defined.
Lastly, the alternatives used to solve the optimization pro-
blems are posed.

2.1. Problem Description. The basic structure to be optimized
consists of a simply supported girder of length L, as shown in
Figure 1(a). It is subjected to a distributed load q since it is
assumed to support a concrete slab or similar structure. In
this representation, note the depiction of fork-type supports,
highlighting the restriction of rotational movement around
the longitudinal axis. Three values of L (12, 16, and 20m)
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FIGURE 1: (a) Basic case study [20], (b) transversal geometric design variables, and (c) example of a TLH girder with two transition points.
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and q (20, 40, and 60 kN/m) are considered to obtain the case
studies. The full combination of the factors produces nine
case studies. Note that the magnitude of the distributed load
corresponds to values to which a similar structure may be
subjected in reality. For example, a girder part of a frame
building structure might carry a load of 20 kN/m, while
another, part of a bridge section, might be subjected to a
load of 60 kN/m. These different load states also reflect the
possible spacing between girders in a more complex struc-
ture. Therefore, elements subjected to less load are less
spaced, and vice versa. The modeling incorporates the self-
weight of the element, acknowledging its significance. Even
when supporting a slab or similar structure, it is recognized
that the girder lacks adequate transverse support to dismiss
lateral–torsional buckling. Thus, the analysis accounts for the
reduction in bending resistance attributed to this phenomenon.

An example of a TLH girder with two transition points
(TPs) is shown in Figure 1(c). Note how the basis of the con-
figuration is transverse hybridization. Longitudinal hybridiza-
tion is created by allowing the element to take different types of
steel in the flanges and web in more than one portion of the
element. It is essential to note that the joints between config-
urations are considered welded. Other types of joints, such as
bolted ones, would reduce their cost even more, so the results
obtained in this study can be extended to elements joined with
other technologies. As a simplification, the residual stresses in
the welded joints are neglected.

2.2. Formulation of the Optimization Problem. As already
mentioned, the optimization problem is formulated in such
a way as to create a wide range of solutions that develop the
hybrid concept. Since there are several such configurations,
there will be several formulations. The most basic is the trans-
verse hybrid girder [20]. From here, longitudinal hybridiza-
tion is implemented. Depending on each configuration,
there will be a certain number of variables. Regarding the

constraints, the number of checks performed for each type
of problem varies. That is, while the hybrid transverse
girder is designed (according to the constraints) in the sim-
plest way, it becomes necessary to establish more checks
when introducing the transition points leading to TLH con-
figurations. The more types of sections the element has
(more TPs), the more checking of the constraints.

2.2.1. Variables. In formulating these problems, two basic
groups of variables are inherited from the transversely hybrid
girder problem. The first one belongs to those related to the
geometry of the cross-section of the element (Figure 1(b)). In
this group, there are four variables. The variables related to
the width of the plates (hw, bf) are formed in a vector Bmade
up of 91 values. It is crucial to note that these values must be
expressed in millimeters (mm) to implement the objective
function and constraints correctly.

In the previous study [20], it was shown that the web
height (hw) limitation affects the optimal mechanical distribu-
tion (geometry+material) of the solutions. The same interval
should not be considered for all the study cases since some are
more stressed than others. Therefore, to reach their optimum
configuration, they need larger dimensions. Consequently, three
different intervals are established for each element as a function
of its length L. For elements of shorter length (L= 12m), the
vector B12will have values between 100 and 1,000mm in 10mm
intervals (100 : 10 : 1,000). For elements of intermediate length,
the vector B16 varies its values between 600 and 1,500mm
(600 : 10 : 1,500). For the elements of L= 20m, the values of
the vector B20 range between 900 and 1,800mm (900 : 10 :
1,800). Concerning the variable bf, in all cases, its values range
between 100 and 1,000mm, also in 10mm intervals. On the
other hand, the variables associated with plate thicknesses
(tw, tf) have a space of possible values, as shown in vector
T of Equation (1) (19 values):

T ¼ 5; 6; 8; 10; 12; 14; 15; 16; 18; 20; 22; 25; 30; 35; 40; 50; 60; 80; 100f g ðmmÞ: ð1Þ

The other basic group of variables corresponds to the
configuration 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 [16]. The vector M denoted
in Equation (2) represents the 11 possible alternatives. It
should be noted that the availability of the material is ignored
in this study. It is assumed that all these types of steel are

available, as it opens the possibility of enhancing the imple-
mentation of hybrid configurations. In other words, the opti-
mization algorithm is given a more comprehensive range of
solutions to obtain the optimal one. The nominal value of
yield strength ( fy) for each steel grade is used, adjusted for
plate thickness according to the guidelines of EN 1993-1-1
[17]. A proportional reduction is assumed for other steel
grades not explicitly listed in the table:

M ¼ S235; S275; S355; S420; S450; S500; S550; S600; S700; S890; S960f g: ð2Þ

The simplest optimization problem that could be imple-
mented with these six variables is formulated in [20]. It is the
case of the transversely hybrid but longitudinally homoge-
neous girder, i.e., the same configuration along its entire

length. Therefore, to obtain TLH configurations, other groups
of variables must be established. It should be noted that the
geometric variables of the cross-section remain constant, so
the element has the same geometry along its entire length.
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What varies is the material’s configuration and TP’s position
(Figure 1(c)).

Therefore, the other group of variables is associated with
the position of the TPs. So far, the mentioned variables are
discrete. It is the same with these variables that regulate the
transitions. The TPs are located in values multiples of 5 cm
(50, 100, 150,…, L/2mm) from the element’s extreme to give
it a real approach. It ensures that its configuration is con-
structively consistent. Thus, each transition point may be
located at ((L/2)/50)−2 number of positions (L in mm).
For example, for the 12m girder, the variables related to
this aspect can take 118 values, the 16m one a total of 158,
and further instances. Remember that since the element is
symmetrical, one variable is set for each of two diametrically
opposed TPs. For example, in the configuration of Figure 1(c),
two TPs (one for each half of the element) move symmetri-
cally, so only one optimization variable is assigned. For the
configuration with four TPs, two variables are formulated and
similar. In this study, configurations with two, four, six, and
eight TPs are implemented. Then, for the formulation of TLH
girders, one to four additional variables are added depending
on the number of TPs.

The other group of variables corresponds to the material
configurations for each resulting girder span. If it is the case
of the simplest TLH element (Figure 1(c)), there are two
configurations (the central one and the one at the extremes),
so there are four variables regulating the type of steel in the
plates. If four TPs are set, there are six, and the like. These
variables are also discrete.

In summary, the dimension of the vector of variables X
changes depending on the case study, as shown inEquation (3).
Note how a subscript i is added to the “extra” variables related
to the material ( fyw_i, fyf_i) and to the position of the transition
points (xi). For the configuration of a longitudinally homoge-
neous girder (i= 0), the problem is formulated with the six
basic variables. For the TLH configurations proposed in this
study, i represents half of the established transition points.
Therefore, if the simplest TLH configuration (two TPs) is
set, the problem is formulated with nine discrete variables
(four for the section geometry, two for the material configura-
tion of the central section, one to regulate the position of the
TPs, and two for the material configuration of the extremes).
For the most complex configuration (eight TPs), there would
be 18 discrete variables (in addition to the six basic ones, four
to regulate the positions of the TPs, and eight to regulate the
other four material configurations in addition to the central
one). It makes the problem, in principle, challenging to solve.
Note that, for the 20m element with eight TPs, the problem
would have a solution space of about 1.19× 1026 possible
designs. Fortunately, specific rules allow problems to be for-
mulated much more simply. It is developed in Section 2.3:

X ¼ hw; tw; bf ; tf ; fyw; fyf ; xi; fyw i; fyf i

È É
: ð3Þ

2.2.2. Objective Function. The optimization objective of this
study is the manufacturing cost, since in the previous study
[20], it was demonstrated that it offers very different results

to such a common objective as the weight of the element.
Furthermore, although the results are similar when optimiz-
ing only the material cost, there are some differences. It is
because the basic manufacturing cost (MB(X)) includes, in
addition to the material cost itself (CM(X)), seven other activ-
ities, as shown in Equation (4):

MB Xð Þ ¼ CM Xð Þ þ CE Xð Þ þ CP Xð Þ þ CW Xð Þ þ CB Xð Þ
þ CC Xð Þ þ CS Xð Þ þ CT Xð Þ €ð Þ:

ð4Þ

Here, CE(X) represents the erecting cost, CP(X) the paint-
ing cost, CW(X) the welding cost, CB(X) the blasting cost,
CC(X) the cutting cost, CS(X) the sawing cost, and CT(X)
the transportation cost. For more information on how each
of these costs is obtained, refer to the previous study [20].

The difference with the previous study is that the longi-
tudinal hybridization requires additional joints for the girder
construction. Equation (4) reflects the cost of joining the three
plates to build the girder. However, to establish a TLH con-
figuration, parts of the element must also be joined in the
longitudinal direction. Therefore, the objective function is
formulated as stated in Equation (5):

M Xð Þ ¼MB Xð Þ þ CJ Xð Þ €ð Þ: ð5Þ

Here, the cost of the joints CJ(X) is obtained in the same
way as calculated for joining the plates in Equation (4). That
is, there are additional costs for cutting, sawing, blasting, and
welding. This additional cost is essential as it decides whether
the assumed savings of using different materials in the length
of the element is so significant that it is feasible to establish
the transitions.

It is needed to highlight the choice of this objective func-
tion, which includes several activities associated with the
manufacturing of the element. Although it is being given
an economic focus in the formulation, there is some rela-
tionship with the environmental aspect. Several works have
shown that economic optimization is closely related to envi-
ronmental optimization [43, 44]. Many activities included
in the objective function are assumed to show similar behav-
ior in both indicators. For example, the higher the energy
consumption (more impact on the environment), the higher
the cost. Therefore, it can be said that, in a certain way, the
structure’s sustainability is being directly improved.

2.2.3. Constraints. The optimization problem’s constraints
guarantee the correctness of the design. They are based on
Eurocode 3 [16, 17]. The design methodology is based on the
proposals of [18, 19, 45], adjusted according to Negrin et al.
[20]. Two constraints have already been mentioned. The first
one is that the yield strength of the flanges steel does not
exceed twice that of the web. The other refers to the transi-
tion points, where the possibility of these points moving all
over half of the element makes it necessary to restrict their
positions to be correct. The first transition point must be
positioned before the second, the second before the third,
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and similar. The way to impose these restrictions is to check
if they are fulfilled. If not, the value of the objective function
is penalized. The penalty will be higher or lower depending
on the number of constraint violations of a solution. The
higher the number of violations, the more the objective func-
tion is penalized. It guarantees to distinguish quality within
infeasible solutions.

The other major group of constraints directly relates to
compliance with the strength and serviceability limit states.
The check is performed at a few specific points for the lon-
gitudinally homogeneous girder. For the bending resistance,
it is sufficient to take the greater value of the bending
moment (at the center of the span) and check if the proposed
cross-section for the whole element is resistant. In the case of
shear, the highest value is found in the supports, and further
instances. However, TLH configurations have several types
of sections, so it is necessary to establish more checks. In this
case, the moment and shear values for the ends of each
configuration are taken to make the check. Since there are
several sections, all of them must be checked according to
their position through the element. The stiffness constraint is
the same as in the longitudinally homogeneous girder since
the stiffness of the sections is the same (same geometrical
properties and all steels have the same modulus of elastic-
ity E).

(1) Bending Resistance. The bending resistance constraint
is summarized in Equation (6). Remember that in TLH con-
figurations, all types of sections of the element are checked.
As it is symmetrical, it is worked with only one half:

MRk Xð Þ ≥MEd: ð6Þ

Here,MRk(X) is the bending resistance of the section, and
MEd is the maximum bending moment to which it is sub-
jected. For the central configuration,MEd= qTL

2/8. Note how
the subscript T is added to the distributed load term q. It
means that it is the total load, including the self-weight of the
element. The bending moment equation for half of the ele-
ment is used to check the other sections. It provides the value
of the internal force at the desired position. Refer to [20] for
the complete methodology.

(2) Lateral–Torsional Buckling. The reduction factor for
lateral–torsional buckling may reflect that used for homoge-
neous girders. It has to be applied to the calculated bending
resistance of the cross-section following the aftermentioned
rules. The reduction method is detailed in Eurocode 3-1-1
([17], Section 6.3.2). The slenderness parameter (λLT) is
derived from Equation (7). Here, Mcr represents the critical
bending moment calculated using the gross properties of the
cross-section based on elastic stability theory:

λLT Xð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MRk Xð Þ=Mcr

p
: ð7Þ

(3) Shear Resistance and Buckling. Equation (8) sum-
marizes the shear resistance constraint. The maximum shear
at the supports is VEd= qTL/2, although it is checked for the
extreme configuration and all section types. As with the

bending moment, the shear at a given point is obtained by
evaluating the position of that point in the shear equation. Vc,

Rd(X) is the plastic shear resistance obtained according to
Eurocode 3-1-5 ([16], Section 5):

Vc;Rd Xð Þ ≥ VEd: ð8Þ

As per Eurocode 3-1-1 ([17], Clause 5.1(2)), the shear
bucklingmust 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 [17] and
Section 9.3 of [17].

(4) Flange Buckling against theWeb. On the other hand, the
hw/tw ratio must satisfy the criterion detailed in Equation (9), as
specified in Clause 8(1) of [17], to prevent the compression
flange buckling in the web plane. Here, E represents the modu-
lus of elasticity of the steel (210,000MPa), 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:

hw
tw

≤ k
E
fyf

ffiffiffiffiffiffiffiffiffiffi
hwtw
Afc

s
: ð9Þ

(5) Girder Deflection. The stiffness constraint is written as
in Equation (10) since the maximum displacement (umax)
occurs at the center of the span. Note that the longitudinal
hybridization does not influence the element’s stiffness since
all steels have the same E value. Here, u is the maximum
allowable displacement:

umax Xð Þ ≤ u: ð10Þ

Following the approach in the previous study, a fre-
quently adopted value such as L/400 is applied. The maxi-
mum displacement is determined using Equation (11), where
qSLS represents the serviceability limit state load (in N/mm),
assumed as 0.75q. Iy denotes the cross-sectional moment of
inertia about the bending axis (in mm4):

umax Xð Þ ¼ 5
384

qSLSL
4

EIy Xð Þ : ð11Þ

2.2.4. Mathematical Formulation of the Problem. Summariz-
ing, the problem is formulated with discrete variables. The
number of these variables is different for each case study.
Equation (12) represents the general formulation of the
problem. Here we can see general constraints such as those
on the position of the transition points (xi< xi+ 1). It means
that the positions of the transition points must be ordered.
Therefore, no point xi must have a position greater than the
next one xi+ 1. It is for problems with configurations of more
than two TPs. In configurations of two TPs, the position of
this point ranges from 0 to L/2, without being able to take
any of the extreme values.

6 Advances in Civil Engineering



It is important to emphasize that this formulation involves
solving nonlinear optimization problems. Moreover, there are
specific discontinuities within the constraint functions, such as
those occurring when the cross-section class changes in the
bending resistance constraint. Consequently, the mathematical
characteristics of these constraints pose challenges in locating
the global optimum, making nonlinear discrete optimization
methods impractical [20]:

minM Xð Þ
Such thatMEd ≤MRk Xð Þ
VEd ≤ Vc;Rd Xð Þ
hw
tw

≤ k
E
fyf

ffiffiffiffiffiffiffiffiffiffi
hwtw
Afc

s

umax Xð Þ ≤ u

fyf ≤ 2fyw
xi<xi þ 1

bf ; hw 2 B

tf ; tw 2 T

fyf ; fyw 2M:

ð12Þ

2.3. Solution of the Optimization Problems. As already estab-
lished, the solution to these problems can be tricky. The
complexity of optimizing the 20m girder problem for a
THL configuration with eight TPs was already mentioned.
However, as we begin to solve the most straightforward pro-
blems, we discover something that makes the formulation
can be significantly simplified. When optimizing the girders
with TLH configurations, it was found that the optimum
central section (geometry and material) was the same as
that obtained when optimizing the longitudinally homoge-
neous element. What changed were the other configurations.
Therefore, to solve the problems, it is started by optimizing
the girder allowing only the transverse hybrid configuration,
as was done in [20]. Once the optimal configuration has been
obtained, the only thing left to optimize is the transition
points’ position and the other sections’ material configura-
tions. The central geometrical configuration is the same as
when optimizing the longitudinally homogeneous element.
Therefore, the 20m girder problem with eight TPs would go
from having 18 variables (1.19× 1026 possible solutions) to
having 12 (3.29× 1017 possible solutions). In addition, the
problem becomes simpler to solve by eliminating geometric
variables that make the system response more complex.

Consequently, the two TPs problem is now quite simple
to solve. Thus, applying a heuristic would be unnecessary. In
the results section, when analyzing the behavior of TLH
girders with two transitions, a rather exciting conclusion
about the assumed optimal position of the two points is
reached. As a result, a simple method is created. The search
is started from the point while applying the proposed rule.
Several moves are made in both directions until the actual
optimal point is found. With this strategy, the above conclu-
sion is validated since the optimal transition position is

undoubtedly close to the point proposed as a practical
recommendation.

For the other optimization problems, the same strategy as
in the previous study is used. It consists of a heuristic known
as biogeography-based optimization (BBO), created by Simon
[46]. This strategy has been successfully applied in discrete
structural optimization problems [47]. It has been successfully
used to solve the transversely hybrid girder problem. In addi-
tion, the advantages of BBO over other similar strategies to
deal with this type of problem are exposed [20]. It should also
be noted that the parameters that regulate the operation of the
method are tuned to achieve optimum performance. The
global convergence of the algorithm is verified by the extreme
value theory [48].

2.4. Data Analysis and Research Limitations. In order to obtain
and analyze the data correctly, the first step is to guarantee the
best possible results, i.e., that the optimization method offers
the global optimum solution, or at least one very close to it. It
is well-known that heuristics are stochastic processes so that
each result may differ in each optimization procedure. How-
ever, reliable data are ensured with the BBO parameter tuned
(as mentioned, excellent for dealing with this type of discrete
optimization problem) and the corresponding statistical anal-
ysis. Therefore, the data analysis starts with the corresponding
analysis to apply the extreme value theory. It is necessary to
clarify that, in most problems, this analysis is elementary
because BBO converges quickly and recurrently to the best
solution. Therefore, this is a potential source of error that is
controlled and does not limit the scope of the results.

Once all the solutions have been obtained, the data anal-
ysis will primarily be descriptive through visualization. Tools
such as line graphs, bar charts, schematic views of structural
solutions, and table representations ensure the correct inter-
pretation of the phenomenon. In some cases, these tools are
accompanied by other procedures such as curve fitting, nor-
malization of curves by averaging their data, and other math-
ematical operations such as scaled averaging.

Regarding the study’s limitations, one of the most impor-
tant is the lack of clarity in the codes regarding the design of
this type of element. However, with the integration of infor-
mation from Eurocode 3 and the research of several authors,
the rules have been adjusted to obtain reliable methodologies.
Supported by the results of applying this and other published
methodologies, future work should ensure a better under-
standing of this type of construction, as discussed in the future
research section. Therefore, based on the promising results
and the new typologies that have been discovered, work in the
laboratory is indispensable to refine this type of construction.

Another important limitation lies in the support condi-
tions and load states. This research is limited to studying
simply supported elements subjected to distributed loading,
such as a girder part of a bridge with isostatic spans. There-
fore, the results may vary in other types of structures, such as
bridges with continuous spans, or elements subjected to
other types of loads, such as patch loading. In addition, the
study does not consider the elements supported by the struc-
ture (e.g., concrete slab), which provide stiffness to the
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structure, making it more resistant. It is necessary to emphasize
that keeping the structure in its simple state is of great benefit
when developing and better understanding (1) the optimization
problem formulated to explore and exploit the hybrid construc-
tion, and (2) the fundamental particularities of this novel con-
struction proposal from the structural point of view. However,
the methodology represented in this work perfectly applies to
all these cases so that the study can be extended, and the
results can be further generalized, as proposed later.

3. Results and Discussion

The analysis and discussion of the results are structured as
follows. First, a general study of longitudinal hybridization is
carried out to begin understanding the phenomenon. For
this purpose, the case study of the 12m girder is used, start-
ing with two transition points. Subsequently, more of these
points are configured to observe the element’s behavior as it
has more hybrid spans. Once these preliminary results have
been analyzed and discussed, the proposed strategies are
applied to the other case studies. With this, the results can
be generalized, and conclusions can be drawn about the
behavior and advantages of hybrid girders both transversely
and longitudinally. Thus, themain practical recommendations
for constructing TLH steel elements are summarized from
the results obtained. These recommendations are applied to
compare the results with a girder traditionally designed, a

homogeneous girder, and a transverse hybrid girder. Finally,
some comments on future lines of research are developed.

3.1. Study Implementing Two Transition Points. A girder with
three configurations along its entire length (as shown in Figure 1)
is obtained with two transition points. The first procedure
consists of discretely varying the position of the transition
point and optimizing the problem to obtain the minimum
manufacturing cost. We refer to a transition point because
the other one varies symmetrically. Note that the problem has
eight variables, four for the geometrical configuration of the
section, two for the types of steel in the central configuration,
and another two for the configuration of the extremes.

Figure 2 shows the results of applying this procedure to
the 12m long girder. Each bar represents the cost comparison
if the configurations are optimized by placing the transition
point at that position. Note that only one half is shown since
the other half is symmetrical. It can be seen how there are
parts where it is not economical to make a transition (bars in
red) since no benefit is achieved with longitudinal hybridiza-
tion, while the additional costs of the joints are present. As can
be appreciated, introducing two transition points in the ele-
ment tends to be more effective as the element is more
stressed. The figure highlights the optimum point for making
the transition and the savings of creating a longitudinally
hybrid element by changing the steel configurations at that
point. For a load of q= 20 kN/m, the saving is 3.46%, for
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FIGURE 2: Behavior of the TLH girder manufacturing cost in comparison with the optimal cost of the transversely hybrid girder.
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q= 40 kN/m, it is 4.20%, and finally, for q= 60 kN/m, it
amounts to 4.36%. One might already think that longitudinal
hybridization is more effective for more stressed elements.

It is important to highlight that the optimum geometrical
configuration coincides with the one obtained when optimiz-
ing the element with hybrid configuration only transversal.
Also, the configuration of the material in the center is the
same. That is, it is obtained an element with the same cross-
section and the same transverse hybrid configuration in the
center as when optimizing the element only with transverse
hybridization. Evidently, what changes is the extreme con-
figuration, where the quality of the steel in the plates is
reduced. Though, maintaining a hybrid configuration, i.e.,
fyw< fyf. It helps to formulate optimization problems with
more transition points in a simpler way since it is not neces-
sary to include the geometrical variables. Only the position of
the points and the material configurations for each girder
span (except the central one) would be defined as variables.
In other words, it is sufficient to optimize the longitudinally
homogeneous element and keep the obtained configuration
as the central one when optimizing the TLH element. It
makes the problems much easier to solve. Evidently, it has
been checked by implementing more transition points, and

the result is the same: The configuration of the most stressed
part (the central one) is the same as the one obtained by
optimizing the element with only transverse hybridization.

Another aspect of relevance is the reason for the optimal
location of the transition point. Figure 2 shows that this
position is similar for all three cases. This location would
be of great practical interest when constructing hybrid gir-
ders with only two transition points. It could happen that, in
practice, creating several transition points would not be fea-
sible. In that case, using three configurations (the central one
and the one at the two extremes) could improve the eco-
nomic index by up to 5%. Then, knowing where to place
the transition would be very productive. The other benefit
is that knowing that point, a simple optimization method can
be created to find the exact optimal point and the configura-
tions to implement, as developed in Section 2.3.

The position of this transition point must be strongly
related to the curves of the internal forces of the element,
which regulate its design. Given the optimal location of these
points, the first test was to compare them with the intercept
of the bending and shear curves, which are well-known to
have opposite behaviors for this type of simply supported
structure. As shown in Figure 3, this crossover point is close
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to but does not coincide with the optimal transition points.
Note that these curves are located dimensionless. The mini-
mum is located at the top of the graph, and the maximum at
the bottom. Also, note that a fitted curve (continuous red
curve) has been added to better reflect the behavior of the
optimal cost as a function of the location of the transition
point. The next option was to combine both internal forces.
However, the values alone cannot be combined due to the
difference in units (and scale). Therefore, it was decided to
sum the curves normalized by averaging. Each point of the
curve is divided by the average of all values. It returns a

dimensionless value that can be combined with the other
curve to which the same procedure is applied. When both
normalized curves are summed, the red dotted line is
obtained. In this case, it was found that the maximum of
this curve coincides almost entirely with the minimum of
the fitted curve (black arrow). This minimum coincides
with or is very close to the optimum transition point loca-
tion. Therefore, it is concluded that the best practical posi-
tion to make the transition (with two transition points)
would be where the maximum of the curve formed by the
normalized (by the mean) sum of the bending and shear
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curves is located. Note that we are working with one-half of
the element.

3.2. Implementation of More Transition Points. A fundamen-
tal aspect of including more transition points is where to
place them. It must be done so that the longitudinal sections
established take better advantage of the mechanical configu-
ration (geometry+material) assigned to them. Figure 4 is
presented to understand better this phenomenon of longitu-
dinal hybridization with multiple transition points. The
graphs represent all the optimal configurations for the 12m
girder under the three loading states. One of the aspects
highlighted is the optimal position of the transition points
according to each configuration. Note how the ordinate axis
represents a somewhat abstract concept intended to show the
material configurations obtained for each section. A good
representation could be the mean between the two fy values
for flanges and web. However, this value alone would not fully
account for the hybridization phenomenon. For this reason,
we propose the mean multiplied by the hybrid ratio (( fyw+
fyf)/2)×Rh. It includes the average section quality in terms of
material and the differences between the steels of the plates.
We refer to this term as “scaled fy_med.”

Specific trends can be appreciated in the graphs of the
figure. Regarding the position of the transition points, it can
be seen how three common transition zones are defined in
each case study for various configurations. It can be seen how
the first common transition zone is quite similar for the three
cases. Cases (b) and (c) also present a similar second zone.
The third zone that can be discerned differs considerably
from case to case. However, we attempt below to unify the
criteria to provide general recommendations for establishing
transitions.

As for the use of the material, note as in bottom graph the
longitudinally homogeneous configuration presents a lower
scaled fy_med value than other configurations of the element
itself (plateau formed between 1.75 and 4.20 approximately).
This value is also visibly lower than the other two case stud-
ies. It is due to the limitation set by the upper limit for hw, so
the algorithm cannot search for a mechanical configuration
like the previous cases. In other words, not only is the optimal
geometric configuration affected but also the hybridization
phenomenon cannot be developed in its whole dimension.
Note how the web steel (550MPa) is better quality than in
the other two cases (355 and 450 MPa) to deal with higher
stresses with a less efficient geometrical distribution.

One of the main unknowns and the main contribution of
this research is to check the efficacy of longitudinal hybrid-
ization. It also means observing the element’s behavior in
function of the number of cuts or transitions implemented.
Figure 5 shows what happens to the cost of each optimal
solution as a function of the number of transition points. It
can be appreciated that, as predicted in the previous section,
implementing more than two transitions increases the eco-
nomic efficiency of the element. It can also be checked how
implementing TLH girders is more effective as the element is
more stressed. Another important conclusion is that imple-
menting more than six transition points is ineffective since

the indexes worsen or the improvement is insignificant. It
also increases the constructive complexity of the structure.

3.3. Optimization of Other Girders. Once the optimization
strategies for establishing TLH configurations have been
tested and validated, it is time to apply them to other case
studies. Using the 12m girder with three different load states
as case studies has yielded some interesting results. Two
additional 16 and 20m elements are used to validate the
proposed strategies with the same three load cases.

Figure 6 shows the results of optimizing the three ele-
ments with the three load states implementing the four pro-
posed TLH configurations. The figure shows that the highest
savings concerning the longitudinally homogeneous config-
uration are obtained for the 20m girder (lower graph). On
the other hand, the 16m one obtains more dispersed results,
with a broader range of minimum and maximum savings
(middle graph). Finally, the 12m element shows similar sav-
ings to the 16m one but with more stability (upper graph).

This figure also shows the optimum transition positions
for each configuration and each loading state. For example, if
it is wanted to know the optimum positioning of the transi-
tion points on the 20m girder for a six TPs configuration and
a load of 60 kN/m, just look for the red circles in the lower
graph of the figure. The position of the three transition
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points concerning the center of the span would be 0.20, 0.34,
and 0.55, with a saving of 7.12% with respect to the longitu-
dinally homogeneous configuration. Note that each transi-
tion point of each loading state is joined with a dashed line to
highlight the relative positioning of each configuration as a
function of how stressed the element is. Here it can be seen
that the girders subjected to the highest load benefit best
from longitudinal hybridization. The exception is in the 16m
element, where more benefits are obtained for the 20 kN/m
load than for the 40 kN/m one.

These graphs also show similarities in positioning the
transition points for each configuration. For example, to
set two TPs, they should be symmetrically placed between
30% and 40% of half the span. For more than two points, the
first cut should generally be made about 20% of half the
length, and similar.

This figure also reaffirms the conclusions of Figure 5 on
the number of recommended TPs. Here it can be seen that
establishing six transition points in many cases is more ben-
eficial than eight, and in the opposite case, the difference is
minimal. However, if establishing this configuration of six
transitions could lead to a technological or other (e.g., struc-
tural) problem, some recommendations are proposed for
where to place the transition points for more straightforward
configurations. For two TPs, it was already mentioned that
the position should be between 0.30 and 0.40 times half the
length of the element. By calculating this point as the maxi-
mum of the sum of the normalized moment and shear plots,
effectively, the optimal transition position is 0.35 half the
length. For four TPs and L= 12m, the first cutoff point is
at an average length of 0.24 times half the span, while the
second is at 0.53. For L= 16m, the points would be at 0.28
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and 0.52, respectively. For L= 20m, the distribution would
be 0.27 and 0.51, respectively. It is concluded that to apply
four TPs, the first point should be placed at an average posi-
tion of 0.26(L/2), while the second would be at 0.52(L/2). As
for the recommended configuration (six TPs), the three tran-
sitions for L= 12m should be made at 0.21, 0.36, and 0.59 of
half the length. For L= 16 would be 0.26, 0.49, and 0.62. For
L= 20m, the distribution would be 0.24, 0.39, and 0.60.
Therefore, for six TPs, it is recommended to make the tran-
sitions by 0.24, 0.40, and 0.60 times half the element length.
Note how for four and six TPs, the first cut point coincides
quite well, as previously mentioned.

Another recommendation of relevant importance would
be which steel configurations to use. For two TPs, the
extreme configuration always remains with the lower quality
steel in the web (S235). For the flanges, it is recommended to
use S355 steel for less stressed elements (Rh= 1.51) and S450
for elements subjected to higher loads (Rh= 1.91). In the case
of the central configuration, the most used steel in the web is
S355, while in the flanges, it is S700 (Rh= 1.97). Other alter-
natives can be implemented depending on how stressed the
element is, always trying to obtain the highest possible Rh

within the admissible (≤2). Note that steels higher than S700
are rarely selected within the optimum configurations (S890
only twice).

For configurations with four TPs, the extreme section is
always composed of S235 steel in the web. The flange steel is
sometimes composed of the same steel (homogeneous sec-
tion), especially for elements of shorter length and lower
load. The most frequently repeated configuration is with
S275 steel (Rh= 1.17). Sections are also obtained with S355
steel flanges (Rh= 1.51). For the second configuration, the
most used steel in the web is S275, combined with mainly
S500 flanges (Rh= 1.82). If the element has considerable
length or loads, the flange steel could be increased to S550
(Rh= 1.51), or even increase the web and flange steel while
maintaining similar hybrid ratios. The central configuration
is the same as for the other elements. Recall that it has been
found that the center section for TLH girders is the same as
that obtained by optimizing the element only with transver-
sal hybridization.

As for the elements subject to the recommended config-
uration (six TPs, Table 1), the extreme section is usually
homogeneous and made up of the lower quality steel. The
second span generally consists of S235 web steel combined
with S420 (Rh= 1.79) or S450 (Rh= 1.91) steel for the flanges.
For the third span, the common option is to use S355 steel
for the web, with S700 being the most combined steel for the
flanges (Rh= 1.97). However, since this is the recommended
configuration for the central section, lower average quality
variants (e.g., S355–S500, S355–S550) could be sought. In
cases where it is mandatory to establish this combination
in the third section, the central section will require combina-
tions with higher quality steels, as shown in Table 1.

Once it was determined that establishing eight transi-
tions would not be advisable, six TPs will be implemented
in each case study for longitudinal hybridization. It aims to
compare the results of building TLH girders with only trans-
versely hybrid and traditional homogeneous ones. Figure 7
shows the cost differences between the hybrid girders and
traditional elements. Note that all designs are optimized in
terms of cross-section geometry. That is, the geometric con-
figurations are optimal in each case. The material distribu-
tion is what varies.

The figure shows a trend already discussed: the greater
effectiveness of transverse hybridization for elements with
smaller spans. There is the exception of C3 (L= 12m, q=
60 kN/m), where the hw parameter upper constraint of the
section does not allow full development of transverse hybridiza-
tion. In contrast, longitudinal hybridization is more effective for
longer spans. It is proven by the results shown above and can be
seen in the figure by the greater distance between the thin and
the thick line for elements of greater length. The total savings
achieved for cases C1, C2, and C9 are outstanding, with more
than 13% of difference. In general, it can be established that the
TLH elements save, on average, about 10% in manufacturing
costs compared to their homogeneous counterparts.

Table 1 shows the optimal TLH configurations (geome-
try and material) for the case study. A side view of the case
study (C1) is shown in Figure 8. Here it can be seen how the
hybrid configurations would look compared to the homoge-
neous one. In addition, the total manufacturing costs and the

TABLE 1: Optimal configurations of each case study implementing six TPs.

Config.
Geometric variables (mm) TPs position∗ Material configuration ( fyw–fyf, MPa)

hw tw bf tf First Second Third First∗∗ Second Third Center

C1 850 5 120 12 0.25 0.40 0.54 235–235 235–420 275–550 355–700
C2 990 5 170 12 0.18 0.31 0.54 235–235 235–450 355–700 450–890
C3 1,000 5 550 6 0.19 0.36 0.70 235–235 235–450 355–700 550–700
C4 1,120 5 170 12 0.24 0.39 0.54 235–235 235–420 275–550 355–700
C5 1,470 5 740 5 0.30 0.46 0.59 235–235 235–355 235–450 275–550
C6 1,490 6 770 5 0.25 0.48 0.73 235–275 275–550 355–700 450–700
C7 1,500 5 160 14 0.24 0.38 0.62 235–235 235–450 355–600 420–700
C8 1,690 6 860 5 0.27 0.45 0.64 235–235 235–420 275–550 355–600
C9 1,660 8 890 5 0.20 0.34 0.55 235–235 275-450 355–700 450–890
∗Distance relative to center span. ∗∗Extreme configuration.
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corresponding savings are shown. It should be noted that the
section dimensions (hw, tf) are not to scale. Even an exagger-
ated representation of tf is made to visualize better the colors
representing the different steel grades. On the other hand,
the longitudinal dimensions are to scale to understand better
how a TLH-configured element would be distributed.

3.3.1. Application of Practical Recommendations. To apply
the practical recommendations generated and generalize
the results, a new case study is used (girder of L= 18m,
q= 40 kN/m). The aim is to demonstrate the applicability of
hybridization (both longitudinal and transverse) to improve
the economic indexes of the studied elements. In addition,
the results of a traditional design are compared with those
obtained using an optimization algorithm as the basis for the
design. That is why the first methodology (D1) has a tradi-
tional approach. It is used modeling, analysis, and structural
design software (SAP2000). The design is performed by
selecting from a list of real I-section the one with the lowest
weight that complies with the design constraints. In this case,

the selected cross-section is W40x221 (AISC catalog). The
dimensions of this profile are adapted to the values allowed
in this study, and the element is checked using the pro-
gramed algorithm. The steel selected is the reference one
(S355). The dimensions are shown in Table 2. The second
design approach (D2) consists of optimizing the homoge-
neous element. Here, the type of steel used throughout the
element is optimized in addition to the cross-section geome-
try. As for the hybrid elements, the first design (D3) is the
element with a hybrid configuration only transversely. The
following designs allow longitudinal hybrid configuration
with two (D4), four (D5), six (D6), and eight (D7) transition
points. Note that the cross-section dimensions are optimized
in all cases (except D1). Recall also that designs 3, 4, 5, 6, and
7 use the same geometrical configuration of the section.
Here, the TLH configurations are established manually, fol-
lowing the recommendations provided. It validates their use
and ratifies their influence on improving the economic
indexes. Table 2 shows the material configurations imple-
mented according to the recommendations. The transition
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points for each configuration are also applied where recom-
mended in the previous section.

Table 2 shows, in the first instance, the superiority of
applying design optimization procedures over traditional
methods. Notice how the improvements range from 48.10%
to 53.49%. The other central point to highlight is the confir-
mation of the TLH configurations as more economically effi-
cient than the homogeneous and the transversely hybrid
elements. The latter improves the economic indexes of the
homogeneous by 5.31%. Concerning the TLH girders, it can
be seen how the configuration with six TPs is confirmed as the
most efficient, improving the homogeneous and transversely
hybrid designs by 10.61% and 5.60%, respectively. Remember
that these improvements have been achieved only by following
the established recommendations.

As it has been appreciated, the proposed methodology has
allowed us to explore and exploit the benefits of hybrid construc-
tion. The practical implications of this proposal in the construc-
tion industry and the design of structures such as bridges and
buildings are palpable. Its application can be extended either by
formulating the design problem as an optimization one according
to the described strategy, or by applying the recommendations
established as a consequence of the results analysis.

Using both approaches, economic (and, by extension,
environmental) indexes can be improved by up to 50% com-
pared to traditional profiles and up to 15% compared to
geometrically optimized but homogeneous structures. For
its part, longitudinally hybrid construction can benefit ele-
ments with longer spans, such as bridges. In addition, the
proposed methodology is the basis for exploring other alter-
natives in the optimal mechanical design of this type of
structure. Instead of varying only the material in the longi-
tudinal direction, the geometric component could also be
given freedom, possibly achieving even more efficient typol-
ogies such as hybrid tapered girders. However, studying and
developing efficient connections to achieve this type of typol-
ogy is a field that needs special attention.

3.4. Some Comments on Future Research.Having proven that
the construction of welded plate girders with hybrid trans-
verse and longitudinal configurations offers considerable
economic benefits over their homogeneous counterparts, it
would be prudent to investigate the structural behavior of
these elements further. It is accomplished with experimental
work in the laboratory. It should be emphasized that most
steel element design standards do not explicitly present rules
for working with hybrid elements. Therefore, because of
practical experimentation, it is necessary to be more explan-
atory in the standards about the procedure and particulari-
ties of the design of hybrid steel structures.

Another aspect to highlight for future work is the imple-
mentation of other types of support conditions. In this
research, the girder is considered as simply supported.
Another type of support would drastically change the distri-
bution of internal forces and, with this, the hybrid config-
urations. In addition, the use of this type of construction
should be examined in elements of greater length. The next
step would be to optimize the design of these elements as part

of the structural assembly (e.g., steel box girders). Optimiza-
tion of the whole assembly, including other design variables,
would be very beneficial. For example, in a steel–concrete
composite bridge, variables could be set to allow the use of
hybrid configurations in the steel elements and, at the same
time, optimize the design of the concrete elements. It also
allows consider the interrelation between elements, since the
presence of a concrete slab is beneficial for the stiffness of the
girder, and therefore, of the whole assembly. Another aspect
proven in this and previous research is the efficiency of hybrid-
ization for elements with small spans. It opens the possibility of
studying and using steel girders with hybrid configurations in
buildings. A further important application would be to vary
not only the configuration of the material along its length but
also the geometry. It would result in obtaining hybrid girders
of variable cross-sections (tapered girders).

An alternative aspect that could be studied in depth is the
joints to guarantee the longitudinally hybrid element. Other
variants could be explored to ensure more efficient connec-
tions (e.g., bolted). What is essential in optimizing the design
of these elements is the ratio of the cost of the joint to the
total cost. The more the joint costs to build, the less effective
the longitudinal hybridization will be. Therefore, other types
of connections, such as bolted ones, which are even cheaper
to implement, would further enhance the value of this strat-
egy of constructing longitudinally hybrid elements.

Finally, an additional critical point for future research
development in this field is focused on the formulation of
the problem and the way to solve it. Sustainability is defined
by four other criteria besides economic: environmental,
social, durability, and buildability. It means that problems
must be formulated with a more comprehensive approach.
Moreover, the focus should not be limited only to the design
stage. The entire life cycle of the structure must be addressed,
including very influential stages such as the maintenance of
the structure. All this turns, the problem more challenging,
making it necessary to explore multiobjective optimization
alternatives. It, in turn, means implementing multicriteria
decision-making strategies. By unifying all these branches,
it will be possible to obtain more sustainable designs, which
is much needed in the construction sector worldwide.

4. Concluding Remarks

This study explores the possibility of establishing hybridiza-
tion in the longitudinal direction of welded I-section plate
girders. Previous studies have demonstrated the economic
advantages of using different steel grades in the flanges and
web (transverse hybridization). Still, the possibility of estab-
lishing differences in the longitudinal direction has yet to be
explored. For this, mathematical optimization methods are
used that search for the optimal mechanical configuration by
allowing different types of steel in the transverse plane and
by making it possible to establish different types of sections
in terms of material along the structure. The objective func-
tion is the manufacturing cost, which includes seven other
activities, such as welding or painting, besides the material
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cost. The constraints are based on compliance with Eurocode
3 specifications.

The results show that building transverse and longitudi-
nally hybrid (TLH) elements is beneficial from a sustainability
point of view. The recommended configuration establishes six
transition points, which means one element with four types of
hybrid sections symmetrically located. Unlike longitudinal
hybridization, which is more efficient as the girder span is
smaller, TLH configurations demonstrate more effectiveness
as the element length increases. In general, to implement two
transitions, it is recommended that the transition be located
at approximately 0.35 half of the length L (0:35∗L/2). The
extreme configuration alternates between S235–S355 (web
steel-flanges steel) for less stressed elements and S235–S450
for more stressed ones. The central configuration would be
S355–S700. To establish typologies with four transitions, the
first should be located at 0:26∗L/2 and the second at 0:52∗L/2.
The extreme configuration would be S235–S275, the second
alternating between S275–S500 for less loaded elements or
S275–S550 otherwise. The central configuration would remain
S355–S700. For the most economically efficient typology (six
transitions), the first transition should be located at 0:24∗L/2,
the second at 0.40L/2, and the third at 0:60∗L/2. The external
configuration would be homogeneous (S235–S235), the sec-
ond S235–S420 for less stressed elements and S235–S450 for
more stressed ones, and the third S355–S500 for the first case
and S355–S550 for the second, while the central one would be
the same as the previous typologies (S355–S700).

In an experiment using the various practical recommen-
dations derived from the results, it is observed that this novel
practice improves the economic indexes by more than 50%
compared to a structure designed with the traditional method
and bymore than 10% compared to an optimized structure with
homogeneous configuration. Therefore, the proposed method-
ology is the basis for studying new typologies based on transver-
sal and longitudinal mechanical freedom (geometry+material)
to seek more sustainable configurations than those imple-
mented in traditional design.

Even so, specific gaps in knowledge need to be filled. That
is why several future lines of research are proposed. Among
the most important aspects are to develop more practical
work in the laboratory to deepen the structural behavior of
both transverse hybrid and TLH girders. Of the latter, one
aspect that should be dealt with in depth would be the issue
of joints. Another important aspect lies in the formulation of
the optimization problem. Other criteria besides the economic
one should be implemented, i.e., environmental, social, dura-
bility, and buildability. In addition, the approach should go
beyond the design stage, considering the structure’s life cycle.
Finally, the proposed methodology should be extended to
other structures, such as TLH girders with variable cross-
sections, or more complex ones such as box girders.

Nomenclature

Afc: Effective cross-area of the compression flange
B: Vector containing the possible values of the vari-

ables related to width of plates

bf : Width of both flanges
CB(X): Blasting cost
CC(X): Cutting cost
CE(X): Erecting cost
CJ(X): Cost of the joints
CM(X): Material cost
CP(X): Painting cost
CS(X): Sawing cost
CT(X): Transportation cost
CW(X): Welding cost
E: Modulus of elasticity of steel
fy: Nominal yield strength of steel
fyf : Nominal yield strength of flanges steel
fyw: Nominal yield strength of web steel
hw: Web height
Iy: Inertia of the cross-section with respect to the

bending axis
k: Coefficient to regulate the flange buckling against

web
L: Overall length of the girder
M: Vector containing the possible values of the vari-

ables related to steel quality
Mcr: Critical bending moment calculated with the gross

cross-section properties
MEd: Maximum acting bending moment
MRk(X): Bending resistance of the section
M(X): Material cost of the girder
q: Uniform load applied to the girder
qSLS: Serviceability limit state load
qT: Total uniform load acting on the girder
Rh: Hybrid ratio
T: Vector containing the possible values of the vari-

ables related to thickness of plates
t: Thickness of the platest
f: Flanges thickness
tw: Web thickness
TLH: Transverse–longitudinal hybridization
TPs: Transition points
u: Maximum allowed displacement
umax(X): Maximum displacement of the girder
Vc,Rd(X): Plastic shear resistance of the girder
VEd: Maximum acting shear force
xi: Position of the transition points
λLT: Slenderness parameter of a section
η: Parameter for regulating the shear resistance.
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