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Application to a case study:

the Osormort Viaduct

8.1 Introduction

The second application presented in this thesis focuses on implementing the smart system
in a built under-deck cable-stayed viaduct. Therefore, the objective of this chapter is to
theoretically study how the behavior of an under-deck cable-stayed bridge would be influenced
by the utilization of the smart system.

The Osormort viaduct has been selected as the case study. As it will be explained, its
characteristics make it an ideal structure for evaluating the benefits of integrating the smart
technology into a real bridge. Since the Osormort viaduct is a prestressed concrete bridge,
this chapter takes into consideration certain aspects that were not previously addressed.

To gain insights into the structural behavior of the viaduct, a numerical analysis is
performed. The obtained results are subsequently compared and validated with the results
provided by the viaduct designers, as documented in the project reports [91]. Then, this
chapter explores the performance of the viaduct when equipped with the smart technology.
An optimization analysis is conducted to assess the advantages of implementing the smart
system in comparison to the reference bridge. The provide a comprehensive evaluation, both
cost and CO2 emissions are taken into account.
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8.2 Case study: the Osormort Viaduct

8.2.1 Viaduct configuration

The Osormort viaduct was designed by the Spanish firm Carlos Fernandez Casado S. L.
in 1993. The principal designer was Javier Manterola (1936-), a renowned Spanish civil
engineer and professor of bridges at the Civil Engineer School of the Universidad Politécnica
de Madrid. Manterola is very well-know for some landmark projects as the Barrios de Luna
cable-stayed bridge, the Euskalduna bridge in Bilbao and the Puente de la Constitución de
1812 cable-stayed bridge in Cadiz. Manterola has received multiple professional awards, such
as the “Prince of Viana Award for Culture” in 2005 or the “National Engineering Award”
from the Ministry of Development in 2001 [92].

The Osormort viaduct (Figure 8.1) was constructed by Agroman S.A and officially
inaugurated in 1997. It is located in Sant Sadurńı d’Osormort (Catalonia, Spain) and serves
as a crucial link for the transversal axis of Catalonia (Highway C-25), allowing to cross the
Riera Major stream and road BV-5201. In 2013, a second viaduct was built parallel to the
original, in order to split both traffic directions.

The Osormort viaduct has a total length of 504 meters and a plan radius of 1550 meters,
with a maximum height above ground of 30 meters (see Figures 8.2a and 8.2b). It is a
continuous viaduct with 13 spans. The end spans have a length of 32 meters, while the
remaining 11 have a span length of 40 meters. The deck cross-section is a double-triangular
lightened slab. It has a total width of 13.20 meters (with 12.00 available for traffic) and a
depth of 1.6 meters (see Figure 8.2c).

The prestressed concrete deck is complemented with an under-deck cable-stayed system.
The cable-stayed system has a rise (f) of 4.8 m in the end spans and 6.0 m in the remaining
ones, resulting in a rise-to-span ratio of f/L = 0.15 in both cases. The strut is materialized
by a triangular steel cell (see Figure 8.1, top right) where the elements have a square hollow
cross-section with dimensions 320 x 320 x 20 mm.

The connection between the cables and the struts is achieved by a steel saddle consisting
of three semicircular tubes. Two of these tubes facilitate the deviation of the cables while an
extra tube has been incorporated for ease of replacement of any of the cables. At the piers,
diaphragms are installed where the cables are anchored.
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Figure 8.1: Pictures of the Osormort Viaduct, taken by the author.
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Figure 8.2: Drawings of the Osormort Viaduct. All dimensions expressed in meters.
Adapted from [91].

As previously mentioned, the contribution of the cable-stayed system in withstanding
the permanent loads depends on the initial prestress force. In contrast, its contribution in
withstanding live loads depends on the relative stiffness between deck and tendons [4], [14],
in other words, the cables serve as intermediate elastic supports for the deck.

The contribution of the cable-stayed system in withstanding the live loads is typically
used to classify the type of bridge. The Osormort Viaduct presents an intermediate solution
between external prestressing and a cable-stayed system. This approach offers several benefits
for medium-span bridges, as outlined in the Osormort project report [91]. To point out the
most relevant:

• Unlike conventional cable-stayed bridges, there is no need to widen the deck
cross-section to accommodate tendon anchorages.

• Compared to a conventional prestressing located within the section depth, this system
is much more efficient, as it significantly increases the eccentricity of the tendons respect
to the deck’s center of gravity.
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• Due to the lower efficiency of the tendons compared to conventional cable-stayed
systems, the design is less likely to be conditioned by fatigue-related issues.

8.2.2 Design basis

Materials and internal prestressing

The materials for the structural elements of the viaduct have been obtained from the
original project drawings and the calculation report [91], generously provided by Carlos
Fernandez Casado S.L. The deck was built using a HA-40 concrete, which has a characteristic
compressive strength of fck = 40 MPa and an elastic modulus of Ec = 38000 MPa. The struts
and deviators are made from A-52 steel, which has a yield strength of fsy = 355 MPa and
an elastic modulus of Es = 210000 MPa.

The cable-stayed system is composed by two cables with 32 strands each for the 40-meter
spans and two cables with 27 strands each for the 32-meter spans. Each strand has a size of
0.6” and an area of 150 mm2. According to the calculation report, the cables of the Osormort
Viaduct were designed to work at 55% of their breaking strength. This value falls between
the typical range of 45% for cable-stayed bridges and 60% for extradosed and externally
post-tensioned bridges, showing how the Osormort Viaduct lies between these two structural
typologies of bridges. Furthermore, it has been verified that the load oscillations caused a
stress variation in the cable-stayed system below 100 MPa, which is a common acceptable
value in prestressed systems.

Regarding the internal prestressing, the drawings (see Figure 8.3) indicate that all
tendons are units of 19 strands, leading to a tendon area of 2850 mm2. These tendons
have been prestressed at 3850 kN, which corresponds to 75% of their breaking strength.
Furthermore, an elastic modulus of E′

s = 190000 MPa has been considered. Each span has
ten tendons, which are aligned with the beginning and the end of each construction phase
(detailed in Section 8.2.3). The tendon layout varies along the depth of the cross-section to
optimize its effect. This is shown in Figure 8.3, which illustrates the specific layout used for
the more eccentric tendons of the cross-section used in the 40-meter spans (tendon no. 6).
Additionally, the pier diaphragms are reinforced with a transversal prestressing.

The partial factors for the reduction of the strength of the materials are γc = 1.50 for
concrete and γs = 1.15 for steel.
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Figure 8.3: Internal prestressing layout for an intermediate construction phase. All
dimensions expressed in meters. Adapted from [91].

Loads and load combinations

The loads considered in the calculations can be classified in two main groups. The first group
corresponds to the permanent loads, and it integrates the following:

• Self-weight. It is estimated considering the real geometry of the viaduct and the unit
weight of each material (25 kN/m3 for concrete and 78.5 kN/m3 for steel).

• Initial prestressing of the cable-stayed system. According to the calculation report [91],
the initial prestress force is determined in order to compensate the dead weight of
the viaduct plus an additional 5% at the location of each strut. Section 8.3.2 details
the values of these prestressing loads in the original project and how they have been
obtained in this work.

• Dead load. The parapet and barrier, according to the calculation report [91], have a
total weight of 5.77 kN/m per side. For the pavement, a surface weight of 2 kN/m2

applied in the width of the bridge available for traffic (i.e., 12 meters) has been
considered.

The second group of loads considered in this study are the traffic loads. Other variable
loads such as temperature and wind were excluded from the analysis. The reason is that the
smart system does not affect the structural behavior of the viaduct when subjected to these
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loads. Therefore, to account for these loads would not contribute to the comparison with the
original viaduct.

The traffic loads were defined according to the Spanish code for bridge actions of
1972 [93], from now on IAP–72. This standard was applicable in Spain at the time of the
project’s conception in 1993. These loads are the following:

• Uniformly Distributed Load (UDL) of 4 kN/m2 applied only in the unfavorable parts
of the surface available for traffic (12 meters).

• Tandem system (TS) of 600 kN distributed in 3 axles spaced 1.5 meters. The TS is
considered to be in its most unfavorable position.

To validate the calculation model and analyze the structural behavior of the viaduct,
the IAP–72 is applied. On the other hand, when applying the smart system, the current
Eurocodes are used, considering the Spanish National Annexes when necessary. In order to
make a comparison between the smart solution and the conventional structure, the latter was
also analyzed using the Eurocodes to ensure consistency in the analysis.

According to the current Eurocodes [78], the traffic loads are the following:

• Uniformly distributed load (UDL system) of 9 kN/m2 in a width of 3 meters and
2.5 kN/m2 in the remaining width available for traffic (9 meters).

• Three tandem systems (TS) of 600 kN, 400 kN and 200 kN each, distributed in 2 axles
spaced 1.2 meters. These TS are considered to be in their most unfavorable position.

During the conception of the viaduct, the applicable code for structural concrete was
the Spanish norm of 1991 [94], from now on EH–91. The applicable limit states in the
deck and the cable-stayed system are Ultimate Limit State (ULS) and different Serviceability
Limit States (SLS), which are the rare or characteristic, frequent and quasi permanent load
combinations.

The EH–91 defines the different load combinations and their load factors for verifying
these limit states. For permanent loads, an unfavorable effect is increased by a factor of
γf = 1.50, with intense execution control. In contrast, a favorable effect is decreased by a
factor of γf = 0.90. When it comes to variable loads, an unfavorable effect is increased by
a factor of γf = 1.50, while a favorable effect is neglected. These factors correspond to ULS
verifications, as for SLS verifications all factors are equal to 1.0. The combination factors
for the traffic loads (to be considered in specific limit states) are Ψ1,q = 0.75 for the TS and
Ψ1,Q = 0.4 for the UDL.
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It is noted that, in this case, the values of γf in ULS according to the EH–91 are more
restrictive than those of the actual Eurocodes (γf = 1.35/1.00 for permanent actions and
γf = 1.35/0.00 traffic loads).

Finally, in this research, the Fatigue Load Model 1 of the Eurocodes has been adopted
for fatigue verifications in the cable-stayed system. Fatigue Load Model 1 follows the
configuration of the considered characteristic Load Model, and applies the following factors
to TS and UDL: 0.7Qik and 0.3qik, respectively.

8.2.3 Construction process

The selection of a typical span length of 40 meters for the viaduct was based on the decision
of adopting a movable scaffolding system [20] for the construction. This building method
allows each span to be supported only on the piers, without the need for any additional
ground-based support.

The construction process consists in building the viaduct span-by-span (see Figure 8.4).
Each construction phase ends with a cantilever of 3 meters (measured from the pier axis),
equivalent to 7.5% of the span length. In continuous bridges, this distance would normally
be around 20-25% of the span, but in this case, it was significantly smaller due to the change
in bending moments caused by the under-deck cable-stayed system.

For the construction of the following span, the scaffolding system is supported in the
cantilever, at a distance of only 1 meter from the pier axis. The front of the scaffolding rests
on provisional metal girders supported on the next pier shaft.

Figure 8.4: Construction phase of an intermediate span.

The under-deck cable-stayed system and the internal prestressing are placed before the
concreting and loaded simultaneously before the formwork is removed.

The construction lasted 210 days, with an average of 16.15 days per span.
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8.3 Numerical analysis of the Osormort viaduct

8.3.1 Description of the Finite Element Model

To analyze the structural behavior of the Osormort Viaduct a Finite Element Model (FEM)
has been developed using SOFiSTiK (Figure 8.5), a commercial FE software for structural
analysis. The results obtained from this model are then compared with those provided in the
calculation report of the original project [91]. Thus, some of the simplifications made there
are also herein reproduced.

Figure 8.5: Overview of the SOFiSTiK model for the Osormort viaduct.

In the same way as in the original project [91], only seven spans are modeled: two end
spans (32 m) and 5 intermediate spans (40 m). Being all the intermediate spans identical,
this reduced model is sufficient to obtain a representative characterization of the viaduct.
Additionally, this work focuses in the middle span, being representative of almost the whole
viaduct.

The FE model reproduces the same geometry, cross-sections and materials as those
described in Sections 8.2.1 and 8.2.2. The deck is modeled by consecutive beam elements,
each one meter long. All supports are rolled but the one located at the left end, which is a
pin support to resist horizontal loads and avoid instabilities. At all supports, rotation around
the longitudinal axis of the bridge is constrained to simulate the double bearing. At midspan,
each strut is modeled as a simple beam element which connects the deck’s center of gravity
to the lowest part of the cable-stayed system.

The cable-stayed system is modeled with truss elements, which can only take axial forces.
These elements connect the center of gravity of the deck at the supports, with the lower end
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of the midspan strut.

Concerning the internal prestressing, a simplified approach utilizing a single equivalent
tendon has been employed. This equivalent tendon has the same cross-sectional area as that
of the ten individual tendons and its layout aligns with the mean center of gravity of the ten
individual tendons.

A linear analysis, including both geometrical and material linearity, is performed using
SOFiSTiK’s beam element formulation, that accounts for shear deformation and hinge
behavior. According to Ruiz-Terán and Aparicio [14], these bridge types can be safely
analyzed with a linear analysis, because accounting for the non-linearity of the prestressed
concrete in ULS would lead to a reduction in the stresses on the deck and an increase in the
load carried by the cable, which is primarily governed by SLS design considerations.

The structure is evaluated for time-dependent effects (creep and shrinkage in the concrete
and relaxation in the prestressing steel) over a period of 10,000 days.

The loads applied to the model are those described in Section 8.2.2. These loads
are combined with their corresponding factors, defined in the same section, to obtain the
combinations at ULS and SLS.

8.3.2 Results and model validation

Permanent state

The initial prestressing has to be established to determine the permanent state. Completely
compensating the permanent loads at the points where the prestressing force is introduced
(i.e. achieve zero deflection at the anchorage positions) is a standard practice in cable-stayed
bridges, as it allows to subdivide the main span in multiple sub-spans for this loading
scenario [14], [95]. Strasky [96] emphasized the importance of balancing the permanent
loads at the deviators. By ensuring that the permanent loads, in combination with the initial
prestress, results in zero deflections at these points, it becomes feasible to prevent any stress
redistribution caused by long-term effects at these locations. This is possible because in the
locations where there is no initial deflection, the long-term effects will only introduce axial
forces on the deck.

However, the compensating criterion is a designer’s choice and in this particular case, a
different approach was taken. The cable-stayed system is prestressed enough to compensate
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at midspan (strut location) the self-weight of the deck increased by a 5%, as indicated in the
calculation report [91]. Based on the loads described in Section 8.2.2, the self-weight accounts
for roughly 83% of the permanent loads. Therefore, compensating for the dead weight plus
the additional 5%, results in a compensation of approximately 87% of the permanent loads.

To achieve comparable results, the same approach is employed in the calculations of this
study. Table 8.1 presents a comparison of the axial forces in the stays for the self-weight
multiplied by a factor of 1.05 plus the initial prestressing of the cable-stayed system, in the
original calculation report [91] and in this study. The table shows that the differences between
the two sets of results are small, indicating a good accuracy of the finite element model.

Table 8.1 Axial forces in the stays for the self-weight of the deck increased by a 5%, plus
the initial prestressing of the cables. Values expressed in kN.

Span Values obtained from the

original project [91]

Values obtained from the FE

Model

1 5647 5675

2 6594 6741

3 6440 6585

4 6434 6575

5 6440 6585

6 6594 6742

7 5647 5676

These forces could also be obtained analytically, using the expressions proposed by
Ruiz-Terán [4] and indicated in Equation 4.1. In this case, the adimensional parameter
ρ (portion of the self-weight compensated by the external cable-stayed system) is set to
1.05. The deck has a self-weight of g = 180 kN/m, resulting in a value of Rg = 3780 kN
for the 40-meter spans and Rg = 3024 kN for the 32-meter spans. By force equilibrium
and considering the rise of the cable-stayed system, the axial force in the stays results in
Ng = 6577 kN for the 40-meter spans and Ng = 5262 kN for the 32-meter spans, similar
values to the results shown in Table 8.1.

Once the initial prestressing in the cable-stayed system is determined, it is introduced
in the numerical simulation considering the span-by-span construction process. The axial
forces in the stays once the construction is completed are shown in Table 8.2. Specifically,
the axial forces in the cable-stayed system for the permanent state (self-weight + dead load
+ initial prestressing of the stays + internal prestressing) after completing the structure
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(without time-dependent effects) are compared with those obtained after after 10,000 days
(with time-dependent effects). Therefore, the second set of results accounts for the permanent
state plus the long-term effects on the structure.

Table 8.2 Axial forces in the stays for the permanent state. Values expressed in kN.

Span After completing the structure

(without time-dependent effects)

After 10,000 days

(with time-dependent effects)

1 5014 4167

2 5899 5059

3 5762 4891

4 5757 4892

5 5756 4883

6 5960 5144

7 4860 3837

As these results prove, the long-term effects in these type of bridges cause an increase
of bending in the deck and a reduction of the axial forces in the stays. According to
Ruiz-Terán and Aparicio [97], this effect is particularly significant in continuous bridges if
compared to single-span bridges with under-deck cable-stayed systems. Consequently, the
beneficial effect of the initial load compensation is reduced over time. This important effect
is graphically shown in Figure 8.6, which plots the bending moment distribution in the deck
due to permanent loads (in this case without the effect of the internal prestressing) at the
end of the construction (blue) and after 10,000 days (red).

-12000 kNm

12000 kNm

Figure 8.6: Bending moment distribution in the deck due to permanent loads (without the
effect of the internal prestressing). At the end of the construction (blue) and after 10,000
days (red).
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This decrease of the cable axial force represents a relevant drawback of the cable-stayed
system, as it strongly reduces the efficiency of the cable-stayed system. Although this will be
addressed in Section 8.4.1, this effect can be compensated by using a smart system, as the
cables can be stressed at any point during the service life of the structure.

Considerations on the construction process

In extradosed and cable-stayed bridges, the permanent state is highly dependent on the
construction sequence [25]. Consequently, to obtain the real stress state due to the permanent
loads, the construction process of the viaduct has been modeled span-by-span, as illustrated
in Figure 8.7.

Figure 8.7: Construction sequence considered in the reduced 7-span FEM for the Osormort
viaduct.

The construction phases have been determined according to Section 8.2.3. These phases
include the application and removal of the construction loads in each phase. Once each phase
is completed (i.e., deck built up to the pier axis plus an additional cantilever of 3 meters),
the subsequent construction stage corresponds to the weight of the scaffolding and concrete
pouring, which is applied as a point load at a distance of 1 meter from the pier axis. The
magnitudes of these loads have been obtained from the original calculation report [91]. They
are 5257 kN for the first six spans and 3931 kN for the last span.

The results from the FEM show interesting findings in relation to the bending moment
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distribution caused by the statically indeterminate part of the prestressing. Figure 8.8 shows
this distribution considering the adopted construction sequence (red) and in the hypothesis
that all spans were built simultaneously (blue). It can be observed how the bending moment
distribution is reduced an average of 25% if the construction process is taken into account in
the numerical model, proving the importance of its consideration.

16000 kNm

Figure 8.8: Bending moment distribution in the deck due to the statically indeterminate
part of the prestressing. Considering the adopted construction process (red) and considering
all spans to be built simultaneously (blue).

Efficiency of the cable-stayed system

Next, the contribution of the cable-stayed system in withstanding live loads is examined. To
this end, two parameters, described in the previous chapters, are employed. These parameters
are the live load distribution ratio (βQ), obtained as the axial load in the strut due to live
load (RQ) over the total live load, and the efficiency of the cable-stayed system (ξ), calculated
as expressed in Equation 2.1. These parameters depend on the relative stiffness between the
deck and the cables, the support conditions and the type of applied load.

To determine the values of ξ and βQ a unitary load is applied to the structure modeled
in the FEM. Two types of loads are considered: a point load applied at midspan of span 4
and a uniformly distributed load applied at span 4. The relevance of the support conditions
is also investigated by repeating the analysis on the same bridge, but without continuity at
the pier sections (equivalent to a simply supported span). The results of these analyses are
presented in Table 8.3.
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Table 8.3 Load distribution ratio (βQ) and efficiency of the cable-stayed system (ξ).

Point load at midspan Uniformly distributed load

For the 7-span model (continuous bridge)

βQ 16 % 10 %

ξ at midspan 18 % 25 %

ξ at pier 13 % 11 %

For a modified model (simply-supported independent spans)

βQ 28 % 17 %

ξ at midspan 28 % 35 %

Table 8.3 demonstrates the relevance of both the type of load and support conditions
on the distribution of the live load. The obtained values are consistent with the findings
of Ruiz-Terán and Aparicio [4], [15], [97]. In fact, according to these studies, under-deck
cable-staying systems are not recommended for continuous bridges due to their inefficiency
under live loads.

While these systems are able to successfully compensate the permanent load, they are
not effective in handling hogging bending moments in the support sections over the piers,
where the cable-stayed system lacks eccentricity. Moreover, the reduction of sagging bending
moment achieved with the cable-stayed system is less than that of a simply supported
structure. To address these issues, Ruiz-Terán and Aparicio [97] propose two potential
solutions: breaking the continuity between spans to create highly-efficient independent
simply-supported spans or implementing a combined cable-stayed system (cable above and
below the deck).

The low values of βQ indicate that the Osormort viaduct should be classified as an
external post-tensioned bridge rather than a cable-stayed bridge. However, the term is still
used as it was the name used by the designers. Furthermore, the smart system introduced
in the next section enables the cables to resist a significant portion of the live load, thereby
making the term applicable.

Finally, Figure 8.9 illustrates the bending moment envelopes in span 4 resulting from
the traffic live load, as specified by the IAP–72. The envelope has been obtained for the
Osormort bridge (in red) and for an equivalent bridge without the cable-stayed system (in
blue). By comparing the two envelopes, it can be observed that the cable-stayed system
provides a minor contribution in withstanding live loads, specifically near the supports.
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(a) Uniformly distributed load (4 kN/m2).

-2500 kNm
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(b) Tandem system (600 kN).

Figure 8.9: Bending moment envelopes in span 4 due to traffic live load, according to the
IAP–72. Bridge with (red) and without (blue) under-deck cable-stayed system.

Results at SLS and ULS

A summary of the verifications performed for the Osormort viaduct is provided, considering
the results obtained from the FEM for the deck and stays in span 4. These verifications
are performed in accordance with the construction standards applicable at the time of
construction (IAP–72 and EH–91). Two scenarios are considered: with and without
time-dependent effects.

The limit states to verify in the stay cables are the following:

• The maximum stress (σmax) at SLS (characteristic combination) should verify: σmax ≤
0.55 fpu. In this case: 663 MPa ≤ 990 MPa.

• The maximum stress variation (∆σmax) due to the live load should not exceed 100
MPa. In this case: ∆σmax = 54 MPa ≤ 100MPa

These verifications, as considered in the original project [91], are based on the limitations
provided by the codes for external post-tensioning. If the criteria for cable-stayed system
were used, the maximum stress variation could be significantly increased, but the anchorages
would be considerably more expensive. Additionally, the maximum stress would be limited
to 45% of the breaking strength. To ensure consistency in the comparison of results, the same
criteria adopted in the original project [91] are used for the verification of the smart system
described in the next section.

Regarding the internally prestressed concrete deck, the following verifications are
performed:
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• Maximum utilization factor (UF) for bending at ULS: UF = 0.9 ≤ 1.

• Verification of the decompression limit state (at quasi permanent SLS combination).
The minimum stress in the concrete is: σc,min = 0.2 MPa ≥ 0 MPa, verifying that the
concrete is always in compression.

• Verification of the maximum crack width (wk) for the frequent SLS combination. It is
verified that the maximum crack does not exceed the limitation for the corresponding
exposure conditions: wk ≤ wmax = 0.20 mm.

• Verification of the maximum compressive stress (σc ≤ 0.6 fck) under the characteristic
SLS combination: σc = 15.9 MPa ≤ 24 MPa.

8.4 Application of the smart system to the Osormort Viaduct

8.4.1 Working principles of a partially smart system

This section describes the implementation of a smart system on the Osormort viaduct,
with the goal of improving the efficiency of the cable-stayed system by enabling real-time
adjustments of the tension in the stays. The smart behavior is achieved by replacing the
midspan struts with linear actuators that can elongate and contract in response to the live
load. This is the same technology that has already been described in the previous chapters.

When the actuator elongates, the contribution of the stays in resisting the live load
increases rapidly, resulting in real-time improvements to the efficiency of the cable-stayed
system. The elongation of the actuator is simulated in the FEM by introducing a strain in
the strut along the axial direction.

The same working procedure as described in Section 3.2.1 is followed. Again, the system
is designed as partially smart, with the actuator only working if the live load threshold (qt) is
exceeded. To evaluate the effectiveness of the partially smart system, the Osormort viaduct
is analyzed by varying the parameter qt/qd, from a conventional under-deck cable-stayed
system (qt/qd = 1) to a fully smart cable-stayed system (qt/qd = 0). Additionally, various
intermediate situations are examined to determine the optimal qt/qd. Here, qd refers to the
design live load, which corresponds to the TS and the UDL as specified in the codes (see
Section 8.2.2).

Moreover, the actuator is used to counteract the loss of tension resulting from long-term
effects, which causes an increment in bending moments in the deck. This strategy offers
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additional possibilities for optimizing the design of the deck.

8.4.2 Comparison of results: conventional vs. smart structure

In this section, the results when using the smart system in the Osormort viaduct are presented
and then compared to the ones obtained with the conventional system. These results have
been obtained by taking into account the Eurocodes, considering the traffic loads and load
combination factors described in Section 8.2.2. Thus, the results are not directly comparable
with those shown in Section 8.3.2.

First, the bending moment envelopes resulting from traffic loads (UDL + TS) with and
without the influence of the actuator are compared. Figure 8.10 shows three scenarios: i) the
structure operating as a conventional under-deck cable-stayed system (qt/qd = 1.0) (in blue),
ii) a partially smart structure with the actuator compensating for half the acting traffic load
(qt/qd = 0.5) (in green), and iii) a fully smart structure with the actuator functioning for any
value of the acting traffic loads (qt/qd = 0.0) (in red).

-12000 kNm

12000 kNm

Figure 8.10: Bending moment envelope in span 4 due to traffic loads for qt/qd = 1.0 (blue),
qt/qd = 0.5 (green) and qt/qd = 0.0 (red).

Figure 8.10 demonstrates the relevant impact of the smart system on the distribution
of bending moments resulting from the live load. The results shed light on the fact that
the partially smart strategy, represented by the green curve, achieves optimal outcomes by
successfully minimizing the bending moments along the deck. This strategy significantly
reduces the hogging bending moments at the supports (previously identified as problematic
areas in continuous under-deck cable-stayed bridges) and the sagging bending moments at
midspan. These findings suggest that the adoption of a partially smart approach could lead
to an optimized deck design, as will be detailed in Section 8.4.3.
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Next, the verifications at ULS and SLS described in Section 8.3.2 have been performed
for the smart Osormort viaduct, for values of qt/qd from 0 (fully smart structure) to 1
(conventional structure). The results are shown in Table 8.4.

Table 8.4 ULS and SLS verifications for the smart Osormort viaduct.

Degree of responsiveness (qt/qd) 0.00 0.25 0.50 0.75 1.00

Verifications of the concrete deck

Max utilization factor at ULS: UF [-] 0.5 0.6 0.6 0.7 0.9

Min. comp. stress at SLSqua.perm.: σc,min [MPa] 0.1 0.1 0.1 0.1 1.1

Max. comp. stress at SLSchar.: σc,max [MPa] 18.9 16.5 15.5 16.0 16.6

Verifications of the cable-stayed system

Max. stress at SLS: σmax [MPa] 1055 963 870 777 685

Max. stress variation: ∆σmax [MPa] 226 178 130 83 35

First, the deck verifications are discussed. As the value of qt/qd decreases, the ultimate
limit state utilization factor (UF) is reduced and the maximum compression stress in the
characteristic SLS combination increases. This is attributed to the fact that the cable-stayed
system withstands a greater portion of the live load, thereby reducing the demand for the
flexural response of the deck. This also results in greater compression in the deck caused by
the increased force in the stays.

The minimum compression stress for the quasi-permanent SLS combination remains
constant across all smart cases, as the traffic live load does not factor into this combination.
This value differs in the conventional bridge (qt/qd = 1.0), since in the remaining cases the
actuator is elongated to counteract part of the loss of tension due to long-term effects. It
is observed that in this case study, since the only considered variable loads are the traffic
loads, the quasi-permanent load combination corresponds to the permanent state plus the
long-term effects. Furthermore, the crack width requirement for the frequent serviceability
limit state is satisfied in all scenarios.

Regarding the stays, as the qt/qd ratio decreases, the stress in the cable-stayed system
rises due to its greater efficiency. However, for high values of qt/qd, the requirements are not
fulfilled (indicated in red), suggesting the need for a larger cross-sectional area of the stays.

Consequently, to apply the smart system, it is necessary to find an optimal solution that
balances reducing the deck’s height and internal prestressing with increasing the area of the
stays. In the following section, various optimization strategies are proposed to achieve an
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optimum design.

8.4.3 Optimization of the deck

Optimization strategies

As demonstrated in the previous Section 8.4.2, a smart system can be employed to optimize
the design of the deck, leading to potential material and cost savings. With this aim, two
optimization strategies are proposed: i) decreasing the deck height (h = 1.6 m in the reference
bridge), resulting in a smaller cross-sectional area of the deck, and ii) reducing the internal
prestressing, which currently consists of 10 tendons of 19 strands each. In contrast, the use
of a smart system will result in an increase of the cross-sectional area of the cable-stayed
system, as the axial force carried by the stays raises.

In order to determine the optimum operation level of the smart system, various values
of qt/qd are tested, ranging from 0 to 1, through the optimization process. All the
remaining parameters, including geometry and materials, are kept constant. The bridge
deck is optimized to achieve a utilization factor of UF = 0.9 while satisfying all remaining
verifications of the deck and the cable-stayed system. The value of UF = 0.9 has been selected
to match the UF obtained in the previous section (see Table 8.4) for the conventional viaduct,
enabling a valid comparison. Other design criteria, such as the ratio of the permanent loads
compensated by the initial prestressing of the stays (ρ), remains unchanged.

It is noted that due to the numerous variables involved in the design of the viaduct and
how they impact each limit state differently, a formal optimization approach was not pursued.
Instead, an approximate optimization method was employed, varying the values of the three
parameters previously indicated (deck height, area of the internal prestressing and area of
the cable-stayed system), until the most cost-effective solution is achieved. This approach
provides a practical solution to the design problem. As a simplification, the optimization is
only performed for span 4, a typical intermediate span (40 meters), and then it is extrapolated
to the remaining spans.

The optimization objective is to minimize the overall cost of the viaduct by considering
the costs of the concrete deck, internal prestressing, cable-stayed system, actuator and
energy consumption required for operation. Moreover, the carbon footprint of each scenario,
expressed in units of equivalent kg of CO2, is evaluated. Table 8.5 presents the unitary cost
and carbon emissions of each unit.
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Table 8.5 Unitary costs and carbon emissions for the units of the viaduct considered in the
optimization.

Unit Cost ECC

HA-40 concrete 109 e/m3 0.16 kg CO2e/kg

Prestressing steel 3 e/kg 2.60 kg CO2e/kg

Actuator 1840 e/unit 5580 kg CO2e/unit

Operational energy 0.08 e/kWh 0.265 kg CO2e/kWh

To calculate the overall cost and carbon footprint of the deck, the values obtained for
each material are multiplied by their corresponding quantities. The pricing information for
the actuator has been provided by a manufacturer and corresponds to a hydraulic actuator
with a capacity of 1000 kN. The cost of the actuator is assumed to vary linearly based on
the required force for each case. The costs associated with the sensors and other electronic
equipment are not included in the current analysis due to limitations in available data and
their relatively low price compared to the aforementioned units.

To calculate the operational energy required by the actuator over the service life of the
viaduct, the number of working hours is determined for the different values of qt/qd. To
achieve this, the probability of the design load being exceeded by a certain percentage over
the service life of the structure is taken into account, in accordance with the guidelines set
out in the Eurocodes [77] and as described in Chapter 6.

Results

Considering the above, four viaducts are designed for varying degrees of responsiveness. Table
8.6 provides a summary of the resulting dimensions. The dimensions shown for qt/qd = 1.00
correspond to the Osormort viaduct and are provided for comparison purposes.
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Table 8.6 Dimensions of the optimized smart Osormort viaduct.

Degree of

responsiveness

Height of the

deck [m]

Area of the stays

[cm2]

Area of the internal

prestressing [cm2]

qt/qd = 1.00 1.6 96 285

qt/qd = 0.75 1.5 96 171

qt/qd = 0.50 1.5 138 143

qt/qd = 0.25 1.5 180 143

qt/qd = 0.00 1.5 216 143

The following comments are made regarding the optimization process and the resulting
dimensions:

• By decreasing the degree of responsiveness, the cable-stayed system carries a greater
proportion of the live load. Thus, a larger cross-sectional area is necessary.

• Consequently, the bending moments in the deck are reduced, allowing to reduce the
required height of the deck and cross-sectional area of the internal prestressing.

• In the original design, ULS was the conditioning limit state. However, as the
dimensions of the deck are reduced (thanks to the effect of the smart system), the
quasi-permanent SLS combination becomes more restrictive. Since the permanent state
is only conditioned by the initial prestress force of the cables (ρ), increasing the area
of the cable-stayed system will not allow to further optimize the deck. As a result, the
deck reaches its limit of optimization for qt/qd = 0.50. However, it should be noted
that further optimization may still be possible by increasing the value of ρ.

• On the other hand, the area of the stays is conditioned by the stress variation caused
by the variable loads. As a result, for values of qt/qd smaller than 0.50, although the
deck cannot be further optimized, the area of the stays keeps increasing, resulting in
less efficient designs.

In summary, based on the material quantities presented in Table 8.6, the optimal design
is achieved for qt/qd = 0.50. This conclusion is further supported by Figure 8.11, which
plots the degree of responsiveness versus the relative cost and carbon footprint (referenced
to qt/qd = 1.0), based on the quantities provided in Table 8.5.
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Figure 8.11: Comparison of the relative cost and carbon footprint for the optimized designs,
with varying values of qt/qd.

Consistently, the optimal results are achieved for a ratio of qt/qd = 0.50, leading to a 15%
reduction in costs and a 9% reduction in carbon emissions. However, it should be mentioned
that certain design criteria established in the original project [91] have been maintained in
this optimization. As will be discussed in the future research section, it shall be explored if
modifications to these criteria can further optimize the system and make its implementation
more viable.

Finally, it is worth noting that in this case, hydraulic actuators are chosen for their higher
load capacity, but they come with the drawback of requiring significant energy consumption.
On the other hand, in the case discussed in Chapter 6, electric actuators were employed.
Despite the higher initial cost associated with electric actuators, they offer the advantage of
lower energy costs. This is another reason why, in this study case, structures with low values
of qt/qd become less competitive.

8.5 Conclusions

The structural response of a smart under-deck cable-stayed prestressed concrete bridge is
studied, with the Osormort viaduct selected as the case study. The main findings of this
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research are:

• The analytical and numerical analyses of the Osormort viaduct confirm that the
contribution of conventional under-deck cable-stayed systems in continuous bridges is
mainly to the permanent state. In contrast, the efficiency of the system in withstanding
live loads is low. This is due to the high stiffness of the concrete deck and, near the
supports, to the low eccentricity of the cables.

• The application of the smart system to the case study demonstrates the effectiveness
of this technology to reduce bending moments caused by traffic loads. This reduction
is appreciated at midspan as well as near supports. The partially smart system is
considered the optimal strategy for achieving a lower utilization factor along the whole
deck.

• The improved efficiency achieved through the implementation of the smart system
results in material savings on the deck, leading to both cost and emissions reductions.
Specifically, the implementation of a partially smart system with a qt/qd = 0.50 results
in a reduction in cost of up to 15% compared to the conventional viaduct. Additionally,
this approach can achieve a 9% reduction in carbon emissions.

As a main conclusion, the implementation of a smart under-deck cable-stayed system in a
full-scale bridge results in noteworthy structural enhancements. Nevertheless, the economic
benefits appear to be less substantial than expected, which may question the widespread
adoption of this technology in bridge construction. Further research and cost-benefit analysis
are needed to determine the optimal scenarios for the implementation of this system.

Also, it is noted that these results are not comparable to those shown in Part II, where
the smart system is applied to a footbridge, due to the differences of the structural typology
and live-to-dead load ratios, among others.

In the analyses described in this chapter there are some factors that have been neglected.
Although most of these aspects have been thoroughly analyzed in Part II, within the context
of applying the smart system to a steel footbridge, and they are not expected to be a problem,
they should be re-evaluated in the specific context of this different bridge typology to ensure
that all requirements are still met. These aspects include the following:

• It should be ensured that the optimized structure is able to withstand the accidental
scenarios of an actuator shutdown and a cable breakage.

• The dynamic behavior of the viaduct must be analyzed, especially considering the
increased slenderness of the deck achieved through the smart system.
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• The high compression forces acting on the deck may introduce stability problems, which
should be verified.

Furthermore, it is likely that the results presented in Section 8.4.3 could be enhanced by
exploring variations in certain aspects that have been unchanged with respect to the original
project. Thus, the following additional actions could be taken:

• To perform a parametric analysis to determine the optimum value of the initial prestress
force (factor ρ) when using the smart system.

• To investigate the option of using cables and anchorages designed for cable-stayed
system instead of prestressing systems. Although they are more expensive, higher
variations of tension in the stays can be reached. For the smart system to be really
efficient, the cables have to be able to withstand high portions of the live load, so this
modification would probably bring improved results.

• Another modification that could enhance the performance of cable-stayed systems in
continuous bridges is to implement a combined cable-stayed system in the Osormort
viaduct. This system, as indicated by Ruiz-Terán and Aparicio [97], involves a cable
layout that passes from under the deck at midspan to over the deck at the supports,
effectively increasing the efficiency of the system.
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9
Conclusions

9.1 Conclusions

This thesis aimed to conduct a comprehensive study on smart under-deck cable-stayed
structures, a novel structural typology where the behavior under live loads is enhanced by
the combined use of the smart technology and cable-stayed systems. The integration of these
two technologies gives the designer the ability to control the internal force distribution in the
structure, leading to significant potential material savings.

The objective of this study is to investigate all the relevant aspects necessary to
successfully design smart under-deck cable-stayed footbridges. This includes determining
their optimum working procedure, analyzing their structural behavior, evaluating their
impact in terms of cost and carbon emissions, and exploring various applications. In
particular, the research encompasses the construction of a 6-meter-span footbridge prototype
and the study of the system implementation into an existing road bridge, with the Osormort
viaduct serving as a case study. By conducting a thorough investigation in these areas, this
research provides the basis for designing smart under-deck cable-stayed systems, laying the
groundwork for future developments.

Referring to the analytical and numerical study of a smart under-deck cable-stayed
footbridge, the following conclusions can be drawn:

• The use of smart under-deck cable-stayed systems allows for a notable reduction in

139



CHAPTER 9. CONCLUSIONS

the material quantities. The numerical results show that the slenderness of the deck
increases from L/h = 28 (no smart behavior considered) to a maximum of L/h = 53,
resulting in a material reduction of approximately 35% on the deck. When following
an analytical methodology, a maximum slenderness of L/h = 57 is achieved, indicating
the consistency between both methodologies and validating the results.

• These optimal values (L/h = 53 and L/h = 57) are obtained for a partially smart
structure with a degree of responsiveness of qt/qd = 0.20. This indicates that the
actuator initiates its operation for any acting live load higher than 1 kN/m2, equivalent
to 20% of the design live load (qd). For this value of qt/qd, although the design
is governed by SLS, the material utilization factor (ULS) is also very high. This
demonstrates that by forcing both limit states to be strictly fulfilled, it is possible
to achieve a more optimized design.

• An extensive parametric analysis has revealed that smart systems are especially
indicated when the live-to-dead load ratio is high, such as footbridges built with light
materials. The optimum rise-to-span ratio is found between 0.10 and 0.20. Additionally,
the optimal span is found between 25 and 75 m.

• It has been verified that the accidental situation of actuator failure, the vibration limit
state, and the fatigue of the cables do not govern the design of the system, confirming
the validity of the proposed design procedures.

• From an economic perspective, comparing a smart under-deck cable-stayed footbridge
with its conventional equivalent reveals a cost savings of 13%. In terms of carbon
footprint, there is a reduction of 23%, effectively highlighting the potential of smart
structures to minimize the environmental impact of the construction industry.

Referring to the applications of the smart under-deck cable-stayed system, the following
conclusions can be inferred:

• The experimental results, in terms of efficiency of the cable-stayed system, validate the
analytical and numerical analysis.

• Several tests carried out on a 6-meter-span prototype have demonstrated that, when
subjected to quasi-static loads, the smart system can significantly contribute to reduce
the maximum deflection by up to 80% in the best case, compared to the deflection
obtained without the smart system.

• Additionally, although the control has not been designed to directly improve the
dynamic performance of the footbridge, it has been found that it allows to reduce
the MTVV value up to 21.6% in the best-case scenario.
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• The implementation of the smart under-deck cable-stayed system in the Osormort
viaduct has revealed that, by adopting a partially smart strategy, it is possible to
efficiently redistribute bending moments in the deck due to live load, which results in
material savings.

• Specifically, for a partially smart system with qt/qd = 0.50, costs and carbon emissions
could potentially be reduced by up to 15% and 9%, respectively, compared to the
existing viaduct.

To summarize, the incorporation of smart under-deck cable-stayed systems in bridges
leads to significant improvements in their structural performance. The smart system enables
to intentionally redistribute the internal forces within the structure, based on the acting
live load. By employing a partially smart strategy, each element of the structure can reach
its maximum utilization level, allowing a substantial reduction in the required materials.
The economic benefits attributed to the utilization of a partially smart under-deck cable
stayed system amount to approximately 15% of the total bridge material cost. However,
this outcome may be insufficient for promoting the widespread adoption of this technology
in bridge construction. As a result, further research is necessary to explore strategies for
enhancing the economic advantages of this system, thereby maximizing its potential and
facilitating its integration into bridge construction practices.

9.2 Future research

There are several important directions for further research in this field, which are discussed
next.

Generalization of the methodology

Firstly, as emphasized in the preceding sections of this thesis, it is important to
acknowledge that the methods employed to obtain the aforementioned results have certain
limitations. Therefore, to facilitate a more accurate evaluation of smart under-deck
cable-stayed bridges, future research should prioritize the assessment of these weaknesses.

These aspects include the consideration of non-linear effects arising from both the
geometry and the materials. Moreover, it should be determined whether the optimization
process results in different outcomes if SLS in the deck is evaluated more precisely, specifically
by directly calculating vibrations rather than relying on the simplified method of limiting

141



CHAPTER 9. CONCLUSIONS

deflections. In some specific cases, the integration of the smart system within the construction
process should be analyzed.

Performing an exhaustive parametric analysis of various determinant aspects that have
remained constant, such as the initial prestressing force or the number of struts, could enhance
the design of the smart structure. Through the optimization of these parameters, it would
be possible to achieve more material and cost-efficient bridges. Additionally, the study could
lead to an improved understanding of the behavior of the system, which could ultimately be
used to develop more robust design guidelines for smart under-deck cable-stayed structures.
Moreover, it is important to study the utilization of alternative materials for the deck and
the cables, such as fiber-reinforced polymers (FRP) instead of traditional steel cable-stayed
systems.

Regarding the evaluation of the smart system, it is important to note that the analysis
comparing the cost and carbon emissions of the smart system is limited in its scope, as
it only considers the elements directly impacted by the system’s implementation (deck
and cable-stayed system). The analysis does not include other costs, such as sensors and
the control system. In contrast, additional benefits of the smart system have not been
accounted for in the analysis. For instance, the reduction in deck weight achieved through the
implementation of the smart system results in lower loads on the substructure and auxiliary
means (e.g. cranes), leading to significant cost savings. This aspect is of relevant significance
in seismic areas. To get a complete evaluation of the overall economic and environmental
impact of the smart system, a more holistic analysis that takes into account all costs and
benefits should be performed. Maintenance and replacement considerations must also be
taken into consideration.

Additionally, it is noted that the results have been obtained following a specific criterion
based on maximizing the material utilization of the beam and the cable-stayed system.
However, this solution is not necessarily the cheapest or most sustainable. Consequently,
future research should be addressed to evaluate alternative design procedures to satisfy
different optimization targets.

Regarding the experimentation, there are some critical areas that require improvement.
First, the reduction of the response delay is essential to achieve better performance and a more
stable response. Additionally, the system’s robustness must be increased to ensure that it can
withstand accidental situations, for which the prototype has not been tested. The scenario
of different possible failures of the system has to be studied in detail before implementing the
system into a real structure. In addition, it is necessary to assess the energy consumption of
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the smart system and explore different strategies to optimize it.

In relation to the control strategy, a primary focus of investigation should be directed
towards defining a more refined and optimized control strategy. The experimental results
would strongly benefit from incorporating a more sophisticated control strategy, such as
a PI or PID control. This would allow to minimize the displacements in the deck and,
consequently, the required structural material. In addition, it is important to note that the
vibration reduction obtained with a smart control could be improved with a control law
expressly designed to improve pedestrian comfort, for example, with velocity feedback.

On a bigger scale, the technology should be applied to a real-scale prototype (30-40
meters) to investigate aspects which have not been revealed in the 6-meter-span prototype.
This would allow to test under more realistic pedestrian traffic conditions, which would
provide more accurate insights of the limitations and advantages of the smart system. The
constructive, economic, and functional limitations associated with increasing spans also need
to be studied.

Furthermore, before implementing the proposed system in a real structure, it is crucial
to thoroughly analyze several aspects that were not evaluated in this research due to its
conceptual nature. For example, installing two parallel actuators should be considered, as it
would allow to improve the behavior of the smart system when subjected to eccentric loads,
as torsional effects could also be compensated. Other aspects include the evaluation of the
accidental scenario concerning the breakage of a cable, considering its dynamic effect. In
general, redundancy measures should be considered in the design, in the structural system
(duplicating the cables) and in the smart system (introducing more actuators and sensors,
planning strategies in case of power shortcuts, etc.), for future incorporation into a real
structure.

In conclusion, all the factors mentioned above should be considered in future research
efforts to improve the understanding and performance of smart under-deck cable-stayed
footbridges. Further experimentation and testing is necessary to establish a comprehensive
understanding of the behavior of these structures and promote their implementation in
real-world applications. The measures described herein would enable the generalization of
the proposed methodology, which is a necessary step towards the successful implementation
of smart under-deck structures in practical design.

Discussion on reliability

In this work, the same reliability considerations that are indicated for conventional
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structures have been extrapolated to smart structures, (i.e., the safety factors and limit states
defined in the Eurocodes are directly employed). However, the incorporation of mechanical
components into the load-bearing structure, and their impact on the safety and reliability of
the structure, should be considered. Before incorporating smart systems in real structures, it
is necessary to investigate how current standards in civil engineering can be applied to smart
structures or how they need to be extended in order to find the optimum balance between
the reliability index of the structure and the consequences of a failure of the smart system.
Ongoing research on adaptive structures has proposed alternative methods to achieve safe
designs in these structures [98]–[100].

As indicated, directly applying the current codes does not sufficiently cover the
requirements of smart structures, since the malfunction of the mechanical elements introduces
different hazards and failure modes. These must be identified, analyzed, and incorporated into
the design process. These particularities need to be taken into account when determining
safety factors and load combination factors. Simplifications made in this work, such as
treating the actuator failure as an Accidental Limit State (ALS), need to be reevaluated.
These limit states, as considered in the Eurocodes, are associated with a probability of
occurrence of the accidental event and a consequence of the failure. As with non-conventional
accidental situations, a risk analysis must be done in order to establish the optimum design
point, balancing the cost of improving the reliability index, the probability and consequences
of the failure, as well as other sustainability indicators.

Ultimately, smart structures must be designed to ensure structural safety in the event
of the failure of any of the components comprising the smart system. Therefore, their
particularities should be integrated into the design process and the applied safety concept.

Extension to other structural typologies

To fully maximize the advantages of smart cable-stayed systems, it is crucial to
investigate their potential application across various structural typologies. By expanding
the utilization of these systems beyond the scope of this thesis, it may become possible to
achieve greater benefits than the modest improvements observed on the analyzed footbridge.

For example, a promising application of smart cable-stayed systems is in the field of wind
turbines. Currently, the towers of these structures are predominantly constructed using steel,
but they often face limitations in height due to buckling, vibrations and fatigue concerns.
As an alternative, concrete towers have emerged as a viable design option, since they do not
have the same issues, although they face other challenges such as difficulties in transportation
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due to their increased weight. To maximize the advantages of concrete towers, they can be
combined with a vertical cable-stayed system, which would allow the introduction of a circular
uniform vertical compressive stress in the tube walls, effectively reducing tensile stresses
under specific wind load conditions. By incorporating a smart system, the benefits of the
cable-stayed system can be further enhanced, allowing to, for example, adjust the stiffness
of the tower to the each stage (operation or extreme loading conditions). This approach
would allow for a reduction in the required cross-section of the tower, minimizing the overall
use of materials and reducing their weight. This technology would enable the possibility of
constructing taller towers, allowing access to higher altitudes where stronger winds prevail.

Alternatively, vertical smart cable-stayed systems can be employed in lightweight façades,
such as glass façades. In these structures, minimizing the weight of the primary element is
crucial, and the incorporation of an external prestressed system can aid in withstanding wind
loads while relieving stress on the main component. By equipping these elements with smart
systems, the advantages of external prestressing can be further optimized.

On a different topic, some buildings with specialized applications, such as industrial
factories and pharmaceutical laboratories, often have strict SLS requirements, while their
ULS restrictions remain relatively normal. In such cases, rather than opting for excessively
material-intensive slabs, the implementation of smart under-deck cable-stayed systems could
prove to be a viable and cost-effective alternative.

Moveable bridges present another structural typology that can benefit from smart
cable-stayed systems. These bridges experience varying load situations when changing from
their “open position” to their “service position”. Lightweight structures provide a significant
advantage during the open position, as they allow to reduce the size of the required mechanism
to move the bridge. The application of a smart under-deck cable-stayed system has shown
favorable results in reducing the material required for the deck, proving to be of potential use
in these bridges. An additional advantage of this application is that movable bridges already
incorporate mechanical components, so the additional cost of the smart system would be
partially covered.

Finally, another possible research line would involve investigating the use of this
technology for strengthening existing structures. Over time, certain structures such as bridges
or industrial buildings are subjected to increased loads. Rather than considering extensive
structural expansions, implementing a smart under-deck cable-stayed system could provide a
viable solution to meet the growing demand for enhanced strength without requiring major
construction efforts.

145





Bibliography

[1] D. P. Billington, “Historical Perspective on Prestressed Concrete,” PCI Journal,
vol. 21, no. 5, pp. 48–71, 1976. doi: 10.15554/pcij.09011976.48.71.

[2] International Federation for Structural Concrete (fib), “External Tendons for Bridges.
State-of-the-art-report,” FIB Bulletins, vol. 97, 2020.

[3] M. Arici and M. F. Granata, “Conceptual design of prestressed slab bridges through
one-way flexural load balancing,” Structural Engineering and Mechanics, vol. 48,
pp. 615–642, 2013. doi: 10.12989/sem.2013.48.5.615.

[4] A. M. Ruiz-Terán, “Unconventional Cable-stayed Bridges. Structural Behaviour and
Design Criteria (Puentes atirantados no convencionales: comportamiento estructural
y criterios de diseño),” (in Spanish), Ph.D. dissertation, Universidad de Cantabria,
Santander, 2005, isbn: 978-84-89670-68-6.

[5] D. Collings and A. S. Gonzalez, “Extradosed and cable-stayed bridges, exploring the
boundaries,” Proceedings of the Institution of Civil Engineers: Bridge Engineering,
vol. 166, no. 4, pp. 231–239, 2013. doi: 10.1680/bren.10.00058.

[6] F. Sima and K. Stockhusen, “Evolution of cable-stayed bridges (Evolución de los
Puentes Atirantados),” in Cable Stayed and Extradosed Bridges - Conceptual Design
and Structural Behaviour, (in Spanish), 2014. doi: http://dx.doi.org/10.13140/

RG.2.2.30761.19045.

[7] A. Kasuga, “Extradosed bridges in Japan,” Role of Concrete Bridges in Sustainable
Development - Proceedings of the International Symposium - Celebrating Concrete:
People and Practice, pp. 17–30, 2003. doi: 10.1680/rocbisd.32484.0002.
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