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Summary 

Under-deck cable-stayed bridges are innovative bridge configurations in which stays are located 
underneath the deck. This bridge typology can lead to highly efficient and slender decks, resulting 
in a large reduction of the amount of materials employed. Nevertheless, if very slender decks are 
designed, vibration problems can arise potentially compromising the comfort of bridge users. The 
dynamic response of an under-deck cable-stayed bridge with a steel-concrete composite deck under 
the action of moving loads is studied. After an initial modal analysis, the contribution of each mode 
is identified. Loads applied eccentrically on the cross-section of the deck are found to increase 
accelerations substantially. Amplification and cancellation speeds are observed to govern the 
maximum accelerations registered on the deck. A parametric analysis reveals the maximum 
slendernesses that can be achieved to satisfy different comfort criteria. 

Keywords: bridges; cable-stayed; under-deck; innovative structural systems; dynamic; moving 
loads; parametric. 

1. Introduction 

Since the late 1970s, a new type of cable-stayed bridge has been designed and built: under-deck 
cable-stayed bridges (UDCSBs) [1]. In UDCSBs, the stay cables follow non-conventional layouts 
in comparison with those of conventional cable-stayed bridges [2], the stays being located 
underneath the deck (Fig. 1). The pretensioned stays, which are self-anchored in the deck, provide 
elastic supports to the deck by means of the struts, reducing the bending moments acting on the 
bridge as a consequence. UDCSBs have been reported to present several advantages in comparison 
with conventional bridges without stays for medium spans [1]: (1) highly efficient structural 
behaviour by reducing the flexural demand on the deck and enhancing the axial response; (2) 



significantly higher deck slendernesses can be achieved; (3) smaller amounts of material are 
required, consequently allowing for a more sustainable design; and (4) multiple construction 
possibilities. Moreover, UDCSBs present, arguably, strong aesthetic characteristics and several 
international design prizes have been awarded to examples of this bridge type. UDCSBs are an 
entirely appropriate solution when there is sufficient clearance to display the cable stays. 

  

(a) (b) 

Fig. 1: Two recent UDCSBs with composite decks: (a) San Miguelito creek footbridge in 

Queretaro (Mexico) [3]; (b) Okuno bridge in Japan [4]. 

Steel-concrete composite decks seem prima facie to be appropriate for UDCSBs, since the deck 
flexibility enhances the axial response of the cable staying system. Furthermore, apart from being 
lightweight solutions with high durability, composite decks allow for a high proportion of 
prefabrication with its obvious advantages: quality, precision, safety and construction speed [5, 6]. 

However, when slender decks are designed, vibrations due to live load may start to be perceptible 
by the bridge users, and the serviceability limit states (SLS) can become critical. Indeed, in 
medium-span UDCSBs with prestressed concrete decks the SLS of vibrations under live load 
determines the maximum slenderness of the deck [7]. Furthermore, lower self-weight to live load 
ratios [8] of composite decks suggest that the comfort criterion could be one of the governing limit 
states. 

Hence, the characterization of the dynamic behaviour of UDCSBs under the action of moving loads 
is performed in the current work. This is a necessary step to investigate the main features of the 
dynamic response before assessing the vibrations by employing moving vehicles (i.e. by 
introducing in the model the vehicle-structure interaction, pavement roughness, etc.) [9]. 

2. Structural model 

A single-span simply supported bridge, with a span length of 80 m is studied in the current work 
(Fig. 2), so that results can be compared with previous studies [7]. Owing to the efficient structural 
behaviour, a UDCSB with two struts and a stay eccentricity of 10 % of the total span are employed. 
A composite deck formed by two longitudinal steel I-beams and a reinforced concrete deck is 
utilized. The cable-staying system is formed by six stays, which are divided into two families. Each 
family is anchored onto one I-beam at support sections, and the stays of both families are placed 
next to each other in the central subspan. Each stay is constituted by 31 strands of 0,6” (15,2 mm) 
each (i.e. 150 mm

2
). Design calculations by considering only static analyses lead to a deck depth to 

span ratio of 1/76. 

A three dimensional linear elastic model in Abaqus [10] is utilized in the current work. The moving 
load, with a value of 400 kN, is represented as the summation of multiple surface loads that change 
in time with a piecewise linear function as shown in Fig. 3: 

∑
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where n, δi, ∆t and qi are the number of surfaces considered (80 in this case), the time-dependent 



piecewise linear function associated to each surface, 
surface to the adjacent one and the surface load, respectively. Hence, the movi
can be varied by adjusting the value of 
in time while the load is over the deck.

Fig. 2: Geometry and dimensions of the UDCSB co

 

3. Dynamic response 

3.1 Modal analysis 

Initially, the modal shapes and their corresponding vibration frequencies are obtained by solving the 
linear eigenvalue problem (Fig. 4 and Table 1). The name of each mode is formed by a letter (‘V’ 
for vertical, ‘T’ for torsional and ‘L’ for lateral) and a number 
waves of each mode along the length of the deck.

Fig. 3: Piecewise linear function δi. 

function associated to each surface, the time that the load needs to move from one 
the surface load, respectively. Hence, the moving speed of the load 

ing the value of ∆t. Moreover, the total load applied on the deck is constant 
in time while the load is over the deck. 

 

: Geometry and dimensions of the UDCSB considered in the current work

The modal superposition method is employed to assess 
the dynamic response of the bridge under moving loads
Apart from the self-weight of the structural elements, an 
additional load of 43,11 kN/m has been considered that 
accounts for the weight of non-structural elements such 
as the pavement and the parapets. The structural 
damping ratio is assumed to be equal to 1%.

When measuring accelerations, maximum accelerations 
are taken into account, which are the peak values of the 
accelerograms obtained at different points of the deck 
(see Fig. 5(a)). 
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V1 V2

Fig. 4: First two vertical (V) and torsional (T) modal shapes

 

3.2 Load eccentricity 

While concentric load cases, i.e. loads that are applied with no eccentricity 
the deck, do not excite torsional modes, eccentric load cases 
accelerations may be higher. Fig. 5(b)
mentioned two load cases, in which the load travels at a speed of 80 km/h along the deck 
eccentricities of 0 and 2,0 m respectively
acceleration (0,62 m/s

2
) is registered in the first (in re

for the eccentric load case the maximum acceleration (0,89 m/s
deck in the third subspan. As a consequence the eccentric load produces a maximum acceleration 
that is a 43,5 % higher. 

(a) 

Fig. 5: (a) Accelerogram obtained for one of the edges of the midpoint section of the last 

subspan (load speed is 80 km/h). (b) Maximum acceleration envelopes 

concentric and eccentric load cases and a load 

Table 1: First 10 vibration mode

Mode Frequency (Hz) Name Mode

1 0,794 V2 6

2 0,986 V1 7

3 1,040 T1 8

4 1,731 T2 9

5 1,756 V3 10

V2 T1 

First two vertical (V) and torsional (T) modal shapes. 

Since both vertical and torsional 
mode frequencies are quite 
similar, torsional modes are 
predicted to participate in the 
dynamic response. For the 
particular bridge configuration 
studied herein, due to the large 
axial stiffness of the stays in 
comparison with
stiffness of the deck,
been found to be the natural 
mode, i.e. the mode
lowest frequency

. loads that are applied with no eccentricity to the cross
the deck, do not excite torsional modes, eccentric load cases do activate torsional modes, and hence 

5(b) shows the maximum acceleration envelope for th
mentioned two load cases, in which the load travels at a speed of 80 km/h along the deck 

respectively. While for the concentric load case the maximum 
) is registered in the first (in relation with the movement of the load) subspan, 

for the eccentric load case the maximum acceleration (0,89 m/s
2
) is found in one of the edges of the 

deck in the third subspan. As a consequence the eccentric load produces a maximum acceleration 

 

(b) 

(a) Accelerogram obtained for one of the edges of the midpoint section of the last 

subspan (load speed is 80 km/h). (b) Maximum acceleration envelopes along the deck for the 

concentric and eccentric load cases and a load speed of 80 km/h. 

vibration modes and their frequencies. 

Mode Frequency (Hz) Name 

6 2,048 L1+T3 

7 2,552 T3 

8 3,055 V4 

9 3,560 T4 

10 4,617 V5 

T2 

Since both vertical and torsional 
mode frequencies are quite 
similar, torsional modes are 
predicted to participate in the 
dynamic response. For the 
particular bridge configuration 
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along the deck for the 



3.3 Parametric study 

In the current section a parametric analysis is performed, in which the speed of the load and the 
depth of the I-beams (d) are varied. Load speeds vary from 60 to 80 km/h in increments of 5 km/h, 
while d values vary from 675 to 1350 mm in increments of 75 mm. 

Modal frequencies are modified when the d parameter is varied (Fig. 6). Since the stiffness of the 
system is raised by increasing d, the frequencies also increase. However, the variation of the 
frequency of each mode is different, and frequencies of modes V2 and V3 increase at a higher rate 
than frequencies of other modes such as V1 and T1. As a consequence, while the natural mode is 
V2 for the lowest values of d, after a certain value, V1 becomes the natural mode. 

 

Fig. 7(a) shows the maximum acceleration 
registered at any point of the deck for each 
speed-d combination for the eccentric load case. 
An envelope surface is defined, and the 
existence of some waves can be clearly observed: 
higher accelerations being located in the “peaks” 
of these waves, and lower accelerations in the 
“valleys”. Therefore, it can be seen that there are 
certain load speed and d combinations that cause 
higher accelerations, while other combinations 
cause lower accelerations. Consequently, some 
conclusions can be drawn: (1) for a given load 
speed, higher d values do not necessarily involve 
lower accelerations (Fig. 7(b)); (2) for a given d 
value, higher load speeds do not necessarily 
involve higher accelerations (Fig. 7(b)); (3) for 

eccentric loads maximum accelerations are registered on the edge (closer to the lane where the load 
is applied) at the midpoint section of the last subspan; (4) in most cases these maximum 
accelerations are recorded just after the load leaves the deck. Hence, for a given d value, some 
speeds amplify accelerations (“amplification speeds”), and other speeds decrease accelerations 
(“cancellation speeds”). 

 
 

(a) (b) 

Fig. 7: (a) Acceleration envelope for the eccentric load case. (b) Maximum accelerations 

registered on the deck for different load speeds. 

3.4 Frequency-domain analysis 

The frequency-domain response of the bridge is obtained by means of the Fast Fourier Transform. 
Since the minimum frequency obtained by this method depends on the inverse of the sample length 

 

Fig. 6: Variation of the modal frequencies with 

the depth of I-beams d. 



[11], accelerograms of 30 s are considered, in which the duration that the load is on the bridge and a 
damping period are included. Based on this analysis the main conclusions are (Fig. 8): (1) the 
second vertical mode V2 is the one that mostly contributes to the response in those accelerations 
located in the “peaks” of the waves, even when V2 is not the fundamental mode; (2) the relative 
contribution of mode V2 decreases considerably for those speed-d combinations that are located in 
the “valleys” of the waves; (3) the contribution of modes higher than V4 and T4 can be considered 
to be negligible in this analysis. 

  

(a) (b) 

Fig. 8: Frequency-domain responses of the accelerations at one of the sides of the midpoint section 

of the last subspan for a load speed of 80 km/h and: (a) d = 675 mm; (b) d = 1275 mm. 

4. Design criteria 

Codes and standards usually suggest a deflection control method to satisfy the comfort criteria of 
bridge users. This approach can be valid for conventional bridges, but not for non-conventional 
bridge typologies [12]. Consequently, accelerations on the deck will have to be analysed if the SLS 
of vibrations needs to be studied and these accelerations should be compared with those limitations 
provided by codes and standards. Owing to the subjectivity of the comfort phenomenon, codes and 
standards do not provide a commonly agreed criterion to assess the comfort of bridge users. In the 
following, the comfort of both pedestrians and the vehicle occupants are analysed. 

When checking the SLS of vibrations of bridges provided with footways, the limits given by the 
Eurocode [13] and the British Standards [14] are considered: 0,7 m/s

2
 and 0,5��� m/s

2
, respectively, 

where f0 is the natural frequency of the bridge in Hz. On the other side, when checking the comfort 
of vehicle occupants (and due to the lack of a specification for vehicle users in road bridges) the 
limit given by the Eurocode for railway vehicle users is employed: 1 m/s

2
 for a very good comfort 

level [13]. If both the concentric and eccentric load cases are considered, and in order to confirm the 
relevance of the load eccentricity, Fig. 9 and Table 2 are obtained. It can be observed that: (1) if 
eccentric load cases are taken into account, lower slendernesses have to be adopted for the deck; (2) 
lower slendernesses than for UDCSBs with prestressed concrete decks (depth/span = 1/80) must be 
selected [7]; (3) compared with conventional composite bridges without cable-staying systems, 
higher slendernesses can be achieved, i.e. depth to span ratios of 1/20 for conventional road bridges 
compared with 1/44 for road UDCSBs with footways and 1/62 for road UDCSBs without footways. 



5. Conclusions 

Based on the current analyses and results

• The dynamic response of UDCSBs is governed by amplification 
that might amplify accelerations for certain load speed an

• Higher speeds do not necessarily cause higher accelerations, and hence the whole vehicle 
speed range must be considered when assessing the SLS of vibrations of UDCSBs.

• The second vertical mode V2 is the 

• Eccentric loads considerably increase maximum accelerations on the deck, so they should be 
taken into account in the design process.

• The SLS of vibrations governs the maximum slenderness of steel
UDCSB decks when designed for road construction.

• With steel-concrete composite decks
compared with UDCSBs with 

• With under-deck cable-staying systems, 
compared with conventional composite bridges without stays: 
footways and three times for those without footways.

This work opens a new interesting research area. 
parameters (such as the reinforced concrete slab thickness, the number of stays or the subspan 
length distribution) in the dynamic response of UDCSBs, additional parametric analyses should be 
performed. This would identify the most effective parameters to be 
SLS of vibrations. Additionally, a properly modelled vehicle should be employed to measure 
accelerations on the deck, and hence, more realistic results could be obtained.
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