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Abstract 

The Forth Replacement Crossing is a large cable-stayed road bridge planned to cross the Firth of Forth 

estuary close to Edinburgh, Scotland. The cable arrangement is unique for a bridge of this scale and 

the slender design indicates that the bridge may be sensitive to wind effects. The results of theoretical 

and experimental buffeting response evaluations are presented. A reasonable agreement is shown and 

the sources of deviation are discussed. The structural wind load effects on the bridge deck are 

compared with the effects of traffic loading and shown to be a significant load component to consider 

in the design. 

1 Introduction 

The Forth Replacement Crossing is a large cable-stayed road bridge planned to cross the Firth of Forth 

estuary close to Edinburgh, Scotland. The bridge is currently under construction and is scheduled to 

open for traffic in 2016. The detail design has been performed by the design joint venture consisting of 

the four consultancies Ramboll, Gifford, Leonhardt, Andrä und Partner and Grontmij, with Svend Ole 

Hansen ApS as subconsultants on wind engineering. The total crossing length is 2.64km, of which 

0.54km are continuous girder approaches, see Figure 1.  

 

Figure 1: General arrangement of the Forth Replacement Crossing. 

The remaining 2.10km is a cable-stayed system with two main spans of 650m and two flanking spans 

of 221m. At the center of this symmetrical arrangement a 210m tower is located, and towers of 202m 

are located between the main spans and the flanking spans. The cable-stayed double-span solution 

generates a stiffness challenge for the central tower. While the flanking towers have direct backstay 

connections to the stiff approach structure, the configuration renders the central tower relatively 

flexible under asymmetrical live loading of the main spans. A similar challenge has been dealt with in 

a number of existing bridges. In the Ting Kau Bridge (1998) additional central tower stiffness was 

obtained via dedicated stabilising cables, connecting the central tower top directly to the deck/tower 

junctions of the flanking towers. In the Rion-Antirion Bridge (2004), pyramid pylons were used to 

ensure the stiffness of the multi-span system. The Forth Replacement Crossing adopts a stabilising 

method based on cable fans extended to overlap at the centers of the main spans, a solution which was 

initially suggested by Prof. N.J. Gimsing and developed for tender material by the Jacobs-Arup joint 
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venture. The solution is unique for a bridge of this scale and has enabled a slender single-beam tower 

design. Matching the single-beam towers, a compact stay-cable arrangement has been employed where 

the fans consist of closely spaced cable pairs, anchored with only 4-6m spacing along the centre of the 

39.8m wide deck. The traffic corridor is organized as a dual two-lane carriageway with hard shoulders, 

located outside the cable fans, see Figure 2. 

 

Figure 2: General cross-section arrangement. The width and height of the of the bridge deck is 39.8 m 

and 4.8 m, respectively. 

To permit the crossing to remain open to all traffic types in high-wind conditions, the bridge is 

equipped with large wind shields along the full extent of the outer deck edges. The slender design, 

based on global modes of static operation, entails similarly global vibration modes with low 

eigenfrequencies close to the peak of the wind turbulence energy spectra. The limitation in torsional 

stiffness due to small cable spacing in combination with torsional wind actions on the wide bridge 

deck with its  large traffic wind shields, indicates that the bridge may be sensitive to wind effects. In 

this paper key elements of the detailed wind effect analyses related to the global structural design are 

presented. The paper is organized as follows. In Section 2 selected results of the global modal analysis 

are given and in Section 3 results from the theoretical and experimental buffeting response evaluations 

are presented. The structural wind load effects on the bridge deck are shown in Section 4 and 

compared with the effects of traffic loading. Section 5 holds the conclusion. 

2 Global modal analysis 

The global vibration modes are obtained by eigenvalue analysis of a linearized beam element model of 

the system shown in Figure 1. The cables are modeled using a single element per cable, i.e. local cable 

vibration modes are neglected. The axial stiffnesses of the cables are corrected according to softening 

sag effects by individual reduction of the modulus of elasticity (Gimsing, 1997). In Figure 3a the first 

vibration mode dominated by vertical deck displacement, mode 1, is shown and in Figure 3b the first 

vibration mode dominated by torsional deck rotation, mode 9, is shown. 

 

Figure 3: a) Vibration mode 1. b) Vibration mode 9. 

a) b) 
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Mode 1 activates the deck bending stiffness about the weak axis, the tower bending stiffnesses 

associated with deformations in the bridge plane and the axial stiffnesses of the cables. It is seen how 

the entire cable system is activated. Mode 9 primarily activates the torsional stiffness of the deck.  The 

nodal degrees of freedom along the deck coordinate ui,deck(x) for mode i are organized as 

        ( )  [    ( )     ( )     ( )     ( )     ( )     ( )]  (1)  

   
where ui,x(x), ui,y(x) and ui,z(x) are longitudinal, transverse and vertical cross-section displacements and 

ui,f(x), ui,β(x) and ui,γ(x) are cross-section rotations about the aforementioned axes. The properties of 

the two modes are shown in Table 1 where fi and mi are the natural frequencies and modal masses. The 

modal masses correspond to unit normalizations of the maximum vertical displacement and torsional 

rotation, respectively. In Table 1 also the assumed structural damping ratios ζi,s and the calculated 

aerodynamic damping ratios ζi,a are shown. The aerodynamic damping ratios are calculated for a 10-

minute mean wind speed U6000 = 42.3m/s on the basis of measured aerodynamic derivatives (Dyrbye 

& Hansen, 1996), see also Section 3.  

Table 1: Modal properties. Aerodynamic damping ratios for U = 42.3m/s. 

Mode fi [Hz] mi [kg, kgm
2
] ζi,s [-] ζi,a [-] Cz,1,9Cf,1,9 [-] 

1 0.16 2.65e7 0.006 0.025 
0.59 

9 0.32 5.12e9 0.006 0.006 

      
It is seen from Figure 3 that both vibration modes have an asymmetrical deformation of the deck with 

respect to the central tower. This implies that the same type of aeroelastic coupling between torsional 

rotation and vertical displacement can occur simultaneously along the southern and northern main 

spans. The level of modal deformation alignment for this type of coupling is expressed by the product 

of the parameters Cz,i,m and Cf,i,m (Dyrbye & Hansen, 1997), 
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where i and m are mode numbers. The product Cz,i,mCf,i,m takes values between 0 and 1 where the 

value 0 indicates no possibility of coupling and 1 indicates no increased stability due to lack of modal 

similarity. It is seen from Table 1 that the shapes of mode 1 and 9 imply some possibility of coupling. 

The risk of critical coupled flutter is investigated using flutter equations (Scanlan & Tomko, 1971) and 

depends also on the frequency ratio between the two modes, the modal mass and the mass moment of 

inertia and the development of flutter derivatives as function of wind speed. The flutter derivatives for 

the present system have been determined experimentally, see Section 3, and a large number of mode 

combinations have been investigated to ensure that no critical flutter instabilities can occur even for 

very high wind speeds. 

3 Theoretical and experimental buffeting response 

The buffeting response is calculated in the frequency domain. The spectral densities of mode i due to  

the interaction between transverse displacements and drag forces Si,yy(n), the interaction between 

vertical displacements and drag and lift forces Si,zz(n) and the interaction between torsional rotations 

and aerodynamic moment Si,ff(n) are defined as shown in Eqn. 3,  
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Where n is natural frequency, U is the reference wind velocity, r is the air density, L is the bridge 

length and Hi(n) is the modal frequency response function. Aerodynamic coefficients are included as 

the drag coefficient CD, the lift coefficient CL and the moment coefficient CM. The parameter h is deck 

height, b is deck width and a is inflow angle. The sign convention is shown in Figure 4. Reference 

wind turbulence spectral densities are included in terms of the along-wind component Su,ref(n) and the 

vertical component Sw,ref(n). The integral correlation between the modal displacements and the air flow 

is captured by the joint acceptance functions |   
 ( )|

 
.  

 

Figure 4. Definition of load coefficients and angle of incidence. 

Wind tunnel experiments with 1:50 scale deck section models have been performed to identify the 

fundamental static and aeroelastic properties of the deck cross-section, see Figure 5. The 

eigenfrequencies of the elastically suspended section model are scaled according to the modal 

properties obtained in the global finite element analysis of the bridge. The measured load coefficients 

together with FE-model results and the expected wind conditions on the site are used as input for the 

calculation of buffeting response. 

 

Figure 5: Aeroelastic section model, scale 1:50. From wind tunnel tests at Svend Ole Hansen ApS. 

The admittance functions are estimated based on test results for fluctuating loads on a section model 

suspended in a stiff rig also used to determine static load coefficients, see Figure 6. The data points in 

the figure are shown as a function of normalized frequency in the range from 0.01 to 1.0 together with 

fitted 2. degree polynomials for lift and moment. For higher frequencies the results are disturbed by 

undesired natural frequencies of the wind tunnel model. The scatter originates from the natural scatter 

in load and wind spectra.  
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The investigated section model has a full scale length of approximately 85m. Compared to the full 

bridge this results in a larger influence of the correlation of the cross sectional forces. Thus, using the 

estimated admittance functions directly will not provide conservative results. The admittance functions 

have not been included in the calculations of ultimate limit state response. 

 

Figure 6: Aerodynamic admittance functions. Cross-markers are measured values and the continuous 

lines are fitted 2
nd

 order polynomials. 

Aerodynamic derivatives are determined from buffeting experiments via system identification of the 

coupled pitch and heave vibrations of the section model (Hoen et al., 1993), see Figure 7. All 

parameters play a role when performing coupled flutter response. Within the wind velocity region for 

ultimate limit state analysis, uncoupled buffeting response analysis is estimated to be sufficiently 

accurate for bridges of the present scale (Thorbek & Hansen, 1998). For this purpose the aerodynamic 

derivatives H1
*
 and A2

*
 are used to determine the aerodynamic damping associated with vertical 

displacement and torsion, respectively. In the present case both values are generally negative or close 

to zero, which implies positive aerodynamic damping contributions throughout the investigated wind 

velocity region. The maximum investigated velocity corresponds to a full scale mean wind velocity of 

approximately 80m/s. 

 

Figure 7: Aerodynamic derivatives. Cross-markers are measured values and the continuous lines are 

fitted 2
nd

 order polynomials. 

To obtain experimental validation of the calculated response of the bridge, experiments are performed 

with a 1:200 scale aeroelastic full-bridge model in a wide boundary-layer wind tunnel, see Figure 8. 

The model accounts for the bending and torsional stiffness of deck and towers, as well as the axial 

stiffness of the cables. The wind tunnel tests are carried out after the theoretical response calculations 

are made. 
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Figure 8. Aeroelastic full-bridge model, scale 1:200. From wind tunnel tests at FORCE Technology. 

Calculated and measured buffeting responses are shown in Table 2. The comparison is made for the 

first vertical mode and the first and second torsional modes. The two torsional modes are evaluated as 

one since their frequencies are close and therefore difficult to separate in the measurement results.  

The measured responses are represented as raw measurement values and corrected measurement 

values adjusted for deviations from theoretical input in the calculations. The corrected measured 

measurement results include corrections for deviations in static load coefficients between 1:50 and 

1:200 section models, wind spectra, structural damping, natural frequency and turbulence intensity. 

The measurement results are mid-span values. The peak values of the mode shapes are located at a 

small distance to the centre of the spans. This is also included in the corrected values. 

The comparison shows that the calculated response is approximately 60% larger than the corrected 

measurement results for both the first vertical mode and the two first torsional modes. This may be 

explained by the lack of correlation of cross sectional forces expressed by the admittance functions 

(see Figure 6), but also by a number of uncertain conditions in the wind tunnel tests. In general, the 

wind tunnel tests and the input to both wind tunnel tests and theoretical calculation are encumbered 

with many sources of uncertainty, such as: 

 Correlation of the wind in the wind tunnel tests. 

 Scaling effects in the wind tunnel tests. 

 Deviations in the expected and actual wind conditions on the site. 

 Differences in calculated modal properties and actual behaviour and properties of the full scale 

structure. 

 Deviations in the expected and actual structural damping of the full scale bridge. 

 

Due to the large uncertainties of wind tunnel tests, the measurement results should not be used directly 

in the design of the bridge, but may give an indication of larger mistakes in the calculated responses. 

Thus, the experimental results being somewhat smaller than the calculation of ultimate limit state 

response is promising and indicates sound calculation results. 

Table 2: Calculated and measured peak modal amplitudes at the design wind speed. The calculated 

response is based on the RAMBØLL FE-model. 

 1
st
 vertical mode 

(no. 1) 

1
st
 and 2

nd
 torsional mode 

(no. 9 and 10) 

Calculated 0.84 m 0.55° 

Wind tunnel test, scale 1:200 0.43 m 0.41° 

Wind tunnel test, scale 1:200, 

correctedcorrected 
0.51 m 0.35° 
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4 Structural effects 

The dynamic buffeting response levels play an important role in the design for structural capacity. 

This is illustrated in Figure 9 and Figure 10 where the effects due to the buffeting and quasi-static 

mean wind responses are shown for the cable-stayed bridge deck. The effects are shown in terms of 

torsional moments Mx and bending moments My associated with vertical deck displacements. The 

values correspond to an extreme occurrence with a return period of 6000 years. The values are 

normalized with respect to the maximum dynamic component, e.g. Mx,dyn,max in the case of torsion. The 

longitudinal coordinate x = 0m corresponds to the position of the central tower, coordinates x = +/- 

650m correspond to the positions of the flanking towers and coordinates x = +/- 1000m correspond 

approximately to the ends of the cable system. It is noted that the deck is fully connected to the central 

tower and supported only against transverse displacements at the flanking towers. 

  

Figure 9: Deck torsional moment Mx/Mx,dyn,max due to mean and buffeting wind load response. 

It is seen from Figure 9 that the torsional moment Mx is balanced by the rotational supports at the 

central tower and at the piers S1 and N1. The quasi-static wind loading is a fully correlated transverse 

wind and the structural response is calculated as a single load case. The effects due to the dynamic 

buffeting load are calculated by SRSS combination of peak modal responses in individual stations 

along the deck axis, i.e. the shown values do not occur simultaneously. It is seen that the dynamic 

effects are generally larger than the static effects. 

 

Figure 10: Deck bending moment My/My,dyn,max due to mean and buffeting wind load response as well 

as code-based traffic load. 

The bending moment My is shown in Figure 10. It is seen that the quasi-static effects are generally 

much smaller than the dynamic effects. This is due to the following conditions. The cable-stayed 

system is relatively stiff when exposed to lift from low frequency winds with high spatial correlation. 
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The system is however relatively flexible when exposed to lift from resonant buffeting winds with 

integral scales of turbulence that are comparable in size with modal deck displacement wavelengths. 

The most onerous load component for the bridge deck is the free uniformly distributed traffic load, as 

defined in the Eurocode, BS EN 1991-2 (LM1). To put the magnitude of the wind effects into 

perspective, the effects of free traffic are also plotted in Figure 10. It is seen that the wind effects are 

significant compared with the traffic effects. Close to the center of the main spans the dynamic wind 

effects are even slightly larger than the traffic effects. This result underlines the importance of 

dynamic wind effects for large cable-stayed bridges. 

5  Conclusion 

An uncoupled buffeting response analysis is carried out to estimate the ultimate limit state response of 

the bridge. The results are validated by wind tunnel tests with a full aeroelastic model. The calculated 

response is approximately 60% larger than the results of the wind tunnel tests.  

Wind tunnel tests with a full aeroelastic model are encumbered with large uncertainties, but may be 

used to give an indication of larger mistakes in the calculated responses. Thus, the experimental results 

being somewhat smaller than the calculation of ultimate limit state response is promising and indicates 

sound calculation results. 

The structural wind load effects on the bridge deck are compared with the effects of traffic loading for 

in-plane bending. The magnitude of the loads due to buffeting response is shown to be comparable 

with that of the traffic load. Consequently, the buffeting wind effects are a significant load component 

to consider in the design. 
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