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Abstract 

This paper provides a variety of viewpoints to illustrate the mechanism of the deck-stay interaction 
with the appropriate initial shapes of cable-stayed bridges, which is validated by a symmetrical 
structure. Based on the smooth and convergent bridge shapes obtained by the initial shape analysis, the 
one-element cable system (OECS) and multi-element cable system (MECS) models of the symmetric 
harp cable-stayed bridge are developed to verify the applicability of the analytical model and 
numerical formulation from the field observations in the authors’ previous work. For this purpose, the 
modal analysis of the two finite element models are conducted to calculate the natural frequency and 
normalized mode shape of the individual modes of the bridge. The modal coupling assessment is also 
performed to obtain the generalized mass ratios among the structural components for each mode of the 
bridge. The findings indicate that the coupled modes are attributed to the frequency loci veering and 
mode localization when the “pure” deck-tower frequency and the “pure” stay cable frequency 
approach one another, implying that the mode shapes of such coupled modes are simply different from 
those of the deck-tower system or stay cables alone. For each identical group of stay cables in the 
MECS model, the local modes with similar natural frequencies and normalized mode shapes consist of 
the participation of one or more stay cables. The distribution of the generalized mass ratios between 
the deck-tower system and stay cables are useful indices for quantitatively assessing the degree of 
coupling for each mode. These results are demonstrated to fully understand the mechanism of the 
deck-stay interaction with the appropriate initial shapes of cable-stayed bridges. 

1 Introduction 

In the last several decades, cable-stayed bridges have become popular due to their aesthetic appearance, 
structural efficiency, ease of construction and economic advantage. This type of bridge, however, is 
light and flexible, and has a low level of inherent damping. Consequently, they are susceptible to 
ambient excitations from wind, seismic and traffic loads. Since the geometric and dynamic properties 
of the bridges as well as the characteristics of the excitations are complex, it is necessary to fully 
understand the mechanism of the interaction among the structural components with reasonable bridge 
shapes, which is used to provide the essential information to accurately calculate the dynamic 
responses of the bridges under the complicated excitations. 

In the previous studies of bridge dynamics, the responses of a cable-stayed bridge can be categorized 
into global, local and coupled modes (Abdel-Ghaffar and Khalifa, 1991). The global modes are 
primarily dominated by the deformations of the deck-tower system with the quasi-static motions of the 
stay cables; the local modes predominantly consist of the stay cable motions with negligible 
deformations of the deck-tower system; the coupled modes have substantial contributions from both 
the deck-tower system and stay cables. Since the towers are usually designed with a high rigidity to 
obtain an adequate efficiency of the system, the significant tower deformations do not occur in the 
lower modes sensitive to the ambient excitations (Gimsing, 1997). Consequently, the coupled modes 
are considered to be dominated by the deck-stay interaction, while the contribution from the towers 



6th European and African Conference on Wind Engineering 2 

 

 

 

can be neglected. Numerical approaches based on the finite element method have been widely used to 
investigate the deck-stay interaction. The finite-element models of a cable-stayed bridge can be 
classified into two categories (Abdel-Ghaffar and Khalifa, 1991): the one-element cable system 
(OECS), in which each stay cable is represented by a single cable element, and the multi-element 
cable system (MECS), in which each stay cable is discretized into multiple cable elements. 

The deck-stay interaction has attracted much attention, because it not only significantly complicates 
both the natural frequency and mode shape characteristics of a cable-stayed bridge, but also potentially 
results in the large-amplitude stay cable vibrations even under the low-level deck oscillations. In the 
previous literature, the deck-stay interaction is due to the linear coupling (primary resonance) or the 
nonlinear coupling (secondary resonance), which can be further categorized into the subharmonic 
resonance of order 1/2 (two-to-one resonance) and the superharmonic resonance of order 2 (one-to-
two resonance). The primary, two-to-one and one-to-two resonances individually result in the fact that 
the global modes induce the direct, parametric and angle variation excitations of the local modes 
(Caetano, 2007). 

The OECS and MECS models of full cable-stayed bridges based on the finite element method have 
been widely used to explore the deck-stay interaction of real structures (Abdel-Ghaffar and Khalifa, 
1991; Gattulli and Lepidi, 2007; Tuladhar et al., 1995; Caetano et al., 2000a; Caetano et al., 2000b; 
Au et al., 2001; Caetano et al., 2008). By focusing on the analytical and numerical study of the linear 
coupling, the localization factor was introduced to reveal the frequency veering phenomenon and to 
evaluate the mode hybridization level of a cable-stayed bridge (Gattulli and Lepidi, 2007). On the 
basis of this research, the ambient vibration measurements were conducted to investigate the deck-stay 
interaction. It was suggested that the nonlinear coupling is not consistent with the measurement data. 
In contrast, the linear coupling is recognized as the critical excitation source of the coupled modes 
(Caetano et al., 2008). 

In parallel to the previous work (Gattulli and Lepidi, 2007; Caetano et al., 2008), the authors of the 
present paper also studied the deck-stay interaction of cable-stayed bridges based on the analytical and 
numerical methods as well as the long-term comprehensive full-scale measurements (Liu et al., 2005; 
Liu et al., 2013). The measurement data indicated that the deck oscillations of small to moderate 
amplitudes are coupled with the large-amplitude stay cable vibrations due to the linear coupling 
between these two components. An analytical model of the single cable with spring-mass oscillator 
was presented to explain such mechanism attributed to the frequency loci veering and mode 
localization. Furthermore, the “pure” deck modes, “pure” cable modes and coupled modes are 
successfully captured by the proposed model. These phenomena are verified by the numerical 
simulations of the OECS and MECS models of a full cable-stayed bridge. The indices for 
quantitatively assessing the degree of coupling among the structural components were also presented 
in these studies. 

It is important to investigate the deck-stay interaction with the appropriate initial shape of a cable-
stayed bridge. This is because such initial shape not only reasonably provides the geometric 
configuration as well as the prestress distribution of the bridge under the weight of the deck-tower 
system and the pretension forces in the stay cables, but also definitely ensures the satisfaction of the 
relations for the equilibrium conditions, boundary conditions and architectural design requirements 
(Wang et al., 1993). The computational procedures for the initial shape analysis of the OECS and 
MECS models were presented for this reason (Wang et al., 2010; Liu et al., 2011; Liu et al., 2012). 

The objective of this paper is to fully understand the mechanism of the deck-stay interaction with the 
appropriate initial shapes of cable-stayed bridges, which is validated by a symmetrical structure. Based 
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on the smooth and convergent bridge shapes obtained by the initial shape analysis (Wang et al., 2010; 
Liu et al., 2011; Liu et al., 2012), the OECS and MECS models of the symmetric harp cable-stayed 
bridge are developed to verify the applicability of the analytical model and numerical formulation 
from the field observations (Liu et al., 2005; Liu et al., 2013). For this purpose, the modal analysis of 
the two finite element models are conducted to calculate the natural frequency and normalized mode 
shape of the individual modes of the bridge. The modal coupling assessment is also performed to 
obtain the generalized mass ratios among the structural components for each mode of the bridge. 
These results can be used to provide a variety of viewpoints to illustrate the mechanism of the deck-
stay interaction with the appropriate initial shapes of cable-stayed bridges. 

2 Finite Element Models 

To understand the deck-stay interaction with the appropriate initial shapes of cable-stayed bridges, an 
OECS model and a MECS model of the symmetric harp cable-stayed bridge are developed with a 
modification of the previous literature (Lazar et al., 1972), as shown in Figure 1(a) and 1(b), 
respectively. This bridge is a symmetrical single-deck cable-stayed bridge with a main span of 1100 ft 
and two side spans of 450 ft. The deck is supported by a total of 12 stay cables (S1-S12), arranged in a 
central plane originated at the two 260 ft tall towers. Three identical groups of stay cables are arranged 
in symmetrical locations. Each group includes four stay cables, in which two are in the main span (S6 
and S7 for example) and the other two are in the side spans (S1 and S12 for example). A more detailed 
description of the symmetric harp cable-stayed bridge can be found in the literature (Lazar et al., 
1972). 

Figure 1(a) and 1(b) illustrate the two-dimensional finite element models of the bridge. The OECS and 
MECS models both contain 22 beam-column elements that simulate the deck and towers. For the 
MECS model, each stay cable is discretized into 10 cable elements, whereas a single cable element is 
used to simulate each stay cable in the OECS model. This fact indicates that the OECS and MECS 
models individually include 12 and 120 cable elements. Figure 1(a) and 1(b) also show that 23 and 
131 nodes are involved in the OECS and MECS models, respectively. Rollers and fixed supports are 
used to model the boundary conditions of the deck and the towers, respectively, and rigid joints are 
employed to simulate the deck-tower connections. On the basis of the OECS and MECS models, the 
initial shape analysis, modal analysis and modal coupling assessment of the symmetric harp cable-
stayed bridge are conducted in this research. 
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Figure 1: Finite element models of the symmetric harp cable-stayed bridge. 
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3 Numerical Results 

Figure 2(a) and 2(b) show the initial shapes of the OECS model and the MECS model of the 
symmetric harp cable-stayed bridge, respectively. The shape of each stay cable represented by a single 
cable element is straight as expected in Figure 2(a), whereas the sagging shape occurs in the stay 
cables due to the fact that each stay cable is simulated by multiple cable elements in Figure 2(b). For 
each identical group of stay cables in Figure 2(b), the deformations of the two in the main span (S6 
and S7 for example) are similar but not identical to those of the other two in the side span (S1 and S12 
for example). According to the results of the initial shape analysis, the modal analysis and modal 
coupling assessment are conducted to provide a variety of viewpoints to illustrate the mechanism of 
the deck-stay interaction with the appropriate initial shapes of cable-stayed bridges. 
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Figure 2: Initial shapes of the symmetric harp cable-stayed bridge. 

Table 1 summarizes the modal properties of the symmetric harp cable-stayed bridge based on the 
OECS model (modes 1 to 8) and the MECS model (modes 1 to 24). In this table, nf  and nY  represent 
the natural frequency and the normalized mode shape of the n th mode, respectively. As expected, the 
MECS model reveals the global, local and coupled modes, whereas the OECS model only yields the 
global modes. The modal properties of modes 1 and 2, and modes 4 to 8 in the OECS model are 
individually similar to those of modes 1 and 2, modes 8 to 10, and modes 19 and 20 in the MECS 
model, because these modes represent the global modes. While mode 3 in the OECS model is 
identified as the global mode, mode 7 in the MECS model is the coupled mode. The other coupled 
mode can also be observed in mode 5 in the MECS model. These results suggest that the interaction 
between the deck-tower system and stay cables can be captured by the MECS model, but not by the 
OECS model. Also due to the limitations of the OECS model, modes 3, 4 and 6, modes 11 to 18, and 
modes 21 to 24, which represent the local modes of the stay cables, are successfully captured by the 
MECS model, but not by the OECS model. 

Figure 3 shows the relationship between the natural frequency and the mode number for the first 24 
modes of the MECS model of the symmetric harp cable-stayed bridge. For reference, the fundamental 
frequency of stay S1/S12 (0.6692 Hz) and that of stay S6/S7 (0.6740 Hz) are also included. These two 
close frequencies, which is due to the fact that the initial shape of stay S1/S12 is similar but not 
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identical to that of stay S6/S7 in Figure 2(b), are calculated based on the assumption that each stay 
cable is clamped at both ends (Irvine, 1981). 

Figure 4(a) and 4(b) illustrate the normalized mode shapes of the individual modes of the OECS 
model (modes 1 to 8) and the MECS model (modes 1 to 24) of the symmetric harp cable-stayed bridge, 
respectively. Each normalized mode shape (solid line) is measured from the initial shape (dashed line) 
in Figure 2. 

To quantitatively assess the degree of coupling for each mode, Figure 5 depicts the variations in the 
generalized mass ratios with respect to the mode number for the first 24 modes of the MECS model of 
the symmetric harp cable-stayed bridge. In this figure, s

nM , d
nM  and t

nM  represent the generalized 

mass ratios of the stay cable, the deck and the tower of the n th mode, respectively. The sum of s
nM , 

d
nM  and t

nM  is 1 for the corresponding n  ( )241−=n . It is evident that t
nM  ( )241−=n  approaches 0 

for the first 24 modes due to the high rigidity of the concrete tower, resulting in the insignificant tower 
deformations in the lower modes sensitive to the ambient excitations, as can also be seen in Figure 
4(b). These results are in agreement with the literature (Gimsing, 1997). 

It can be seen in Table 1, Figure 3, Figure 4(a) and 4(b) that for the global modes, nf  and nY  

( )84,2,1 −=n  in the OECS model are individually similar to nf  and nY  ( )20,19,108,2,1 −=n  in the 
MECS model. It is consistent with the results in Figure 5 that for modes 1 and 2, modes 8 to 10, and 
modes 19 and 20 in the MECS model, the sum of d

nM  and t
nM  ( )20,19,108,2,1 −=n  is close to 1, 

whereas s
nM  ( )20,19,108,2,1 −=n  approaches 0. Consequently, these modes are primarily dominated 

by the deformations of the deck-tower system with the quasi-static motions of the stay cables. This 
type of response can be identified as the “pure” deck mode in the analytical model (Liu et al., 2005; 
Liu et al., 2013). 

It also can be seen in Figure 5 that for modes 3, 4 and 6, modes 11 to 18, and modes 21 to 24 in the 
MECS model, s

nM  ( )2421,1811,6,4,3 −−=n  is close to 1, whereas the sum of d
nM  and t

nM  
( )2421,1811,6,4,3 −−=n  approaches 0. It is consistent with the results in Table 1, Figure 3 and Figure 

4(b) that nY  ( )2421,1811,6,4,3 −−=n  in the MECS model is the local mode predominantly consisting 
of the stay cable motions with negligible deformations of the deck-tower system. Table 1 and Figure 
4(b) also show that for each identical group of stay cables in the MECS model (S1, S6, S7 and S12 for 
example), the local modes with similar natural frequencies and normalized mode shapes consist of the 
participation of one or more stay cables (modes 3, 4, and 6 for example). This type of response can be 
recognized as the “pure” cable mode in the analytical model (Liu et al., 2005; Liu et al., 2013). 

As shown in Table 1, Figure 3, Figure 4(a) and 4(b), the difference between 7f  in the MECS model 

(0.7110 Hz) and 3f  in the OECS model (0.6772 Hz) is evident due to the fact that 7Y  in the MECS 

model is the coupled mode, but 3Y  in the OECS model is the global mode, i.e., the “pure” deck-tower 
mode. Similarly, 5f  in the MECS model (0.6599 Hz) branches from the fundamental frequency of 

stay S1/S12 (0.6692 Hz) and that of stay S6/S7 (0.6740 Hz). This is because 5Y  in the MECS model is 
the coupled mode, while the fundamental mode shape of stay S1/S12 and that of stay S6/S7 can be 
regarded as the “pure” stay cable modes. These observations are attributed to the frequency loci 
veering when the natural frequency of the “pure” deck-tower mode (0.6772 Hz) approaches those of 
the “pure” stay cable modes (0.6692 Hz and 0.6740 Hz). As illustrated in Figure 5, the sum of dM 7  
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and tM 7  is relatively higher than sM 7 , whereas the sum of dM 5  and tM 5  is comparatively lower than 
sM 5 . Consequently, 5Y  and 7Y  in the MECS model are the pair of coupled modes with the similar 

configurations, which have substantial contributions from both the deck-tower system and stay cables. 
These phenomena correspond to the mode localization. This type of response coincides with the 
coupled mode in the analytical model (Liu et al., 2005; Liu et al., 2013). 

Table 1: Comparisons between corresponding modal properties of the OECS and MECS models of the 
symmetric harp cable-stayed bridge. 

OECS MECS 
n  

nf  
(Hz) 

nY  Type n
nf  

(Hz) 
nY  Type 

1 0.3853 1st DT G 1 0.4075 1st DT G 
2 0.3998 2nd DT G 2 0.4182 2nd DT G 

    3 0.6542

1st S1 
1st S6 
1st S7 

1st S12

L 

    4 0.6556

1st S1 
1st S6 
1st S7 

1st S12

L 

    5 0.6599

3rd DT
1st S1 
1st S6 
1st S7 

C 

    6 0.6735 1st S7 
1st S12 L 

3 0.6772 3rd DT G 7 0.7110

3rd DT
1st S1 
1st S6 

1st S12

C 

4 0.7806 4th DT G 8 0.7965 4th DT G 
5 1.0009 5th DT G 9 1.0109 5th DT G 
6 1.0176 6th DT G 10 1.0299 6th DT G 
    11 1.3150 2nd S12 L 
    12 1.3154 2nd S1 L 

    13 1.3259 2nd S6 
2nd S7 L 

    14 1.3280 2nd S6 
2nd S7 L 

    15 1.3880 1st S8 L 
    16 1.3894 1st S5 L 
    17 1.4178 1st S2 L 
    18 1.4190 1st S11 L 
7 1.4938 7th DT G 19 1.5163 7th DT G 
8 1.9092 8th DT G 20 1.9168 8th DT G 
    21 2.0139 3rd S1 L 
    22 2.0140 3rd S12 L 
    23 2.0318 3rd S6 L 
    24 2.0328 3rd S7 L 

DT: Deck-tower system; S: Stay cable; G: Global mode; L: Local mode; C: Coupled mode. 
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Figure 3: Relationships between natural frequencies and mode numbers of the MECS model of the 

symmetric harp cable-stayed bridge. 
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Figure 4: Normalized mode shapes of the symmetric harp cable-stayed bridge. 
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Figure 5: Variations in generalized mass ratios with respect to mode numbers of the MECS model of 

the symmetric harp cable-stayed bridge. 

4 Conclusions 

This paper has provided a variety of viewpoints to illustrate the mechanism of the deck-stay 
interaction with the appropriate initial shapes of cable-stayed bridges, which is validated by a 
symmetrical structure. The findings indicate that the coupled modes are attributed to the frequency 
loci veering and mode localization when the “pure” deck-tower frequency and the “pure” stay cable 
frequency approach one another, implying that the mode shapes of such coupled modes are simply 
different from those of the deck-tower system or stay cables alone. The distribution of the generalized 
mass ratios between the deck-tower system and stay cables are useful indices for quantitatively 
assessing the degree of coupling for each mode. For each identical group of stay cables in the MECS 
model, the local modes with similar natural frequencies and normalized mode shapes consist of the 
participation of one or more stay cables. These results are demonstrated to fully understand the 
mechanism of the deck-stay interaction with the appropriate initial shapes of cable-stayed bridges. 
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