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摘要 

关键词：斜拉桥，桥梁设计，结构体系，动力性能 

在现阶段的桥梁工程应用中，针对单跨斜拉桥性能的研究已得到充分开

展，但针对多跨斜拉桥的研究仍有待提高。在最不利的车辆荷载布置下，

多跨斜拉桥主梁和主塔可能会出现较大的位移。另外，多跨斜拉桥的造价

往往非常昂贵，使得其在地震作用下的性能表现尤为重要。 

本文提出了一座四跨斜拉桥的初步设计方案，单跨跨径为1000m，基于中

国和欧洲的规范对主梁和主塔的变形和应力进行了验算。针对这类桥型设

计可能遇到的技术难题，也开展了相应的分析。 

首先，针对该桥的结构体系开展了分析，对伸缩缝和塔梁纵向连接的布置

进行了优化设计。在有限元分析中，对主塔处主梁的横向和竖向位移进行

了限制。分析结果指出，伸缩缝的最优布置方案为两个中跨的跨中处，而

塔梁纵向连接的最优布置方案则为三个中塔处。 

然后，考虑该桥位于地震活跃区，针对该桥的抗震性能进行了分析。为减

弱桥梁结构的地震响应，本文提出了一种特殊的地基形式。本桥的承台并

不与桩基直接固结，而是放置于使用桩基加固的土层之上，从而实现基底

隔震体系的建立。 

最后，对该四跨斜拉桥开展了全结构谐响应分析与动力分析，基于El 

Centro地震波输入实现了地震时程分析，并确定了结构的频遇响应。 
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Abstract 

Keywords: Cable stayed bridge, bridge design, structural system, dynamic performance 

In current engineering application, the performance of cable stayed bridges with only one 

span is sufficiently studied, while the research on the multi-span cable stayed bridges needs 

further improvement. For unfavorable configurations of the traffic load, the displacement of 

the girder and the towers of multi-span cable stayed bridges can become very large. 

Furthermore, the seismic performance of the multi-span cable stayed bridges becomes 

increasingly important due to their extremely high construction costs. 

The preliminary design of a cable stayed bridge with four 1000-meter spans is described in 

this paper. The deflection and stress in the girder and towers are checked based on both 

Chinese and European codes. Solutions for the technical difficulties coming along with the 

design of this type of bridge are investigated. 

The first issue that needs to be dealt with is the structural system of the bridge. The 

arrangements of the expansion joints and longitudinal constraints between the girder and 

towers are discussed. During the FEM analysis, the girder is constrained in both transversal 

and vertical direction at the towers. The analysis results suggest that the optimized 

arrangement is that two expansion joints are located at the mid-span of the two middle spans 

and three longitudinal constraints at the three middle towers.  

The second issue is the seismic performance of the bridge, since it is located in a seismic 

active region. In order to alleviate the seismic response of the bridge, a special type of 

foundation is proposed. The tower base is supported by a gravel layer, instead of rigidly 

connected to the pile foundation, which serve as a soil reinforcement only. The whole system 

thus acts as a base isolation system. To further improve the seismic performance of this 

design, analysis regarding the damper characteristics is performed.  

Finally, a harmonic and dynamic analysis of the entire structure is carried out. An earthquake 

simulation based on the El Centro record is performed. From the time history response, the 

frequency response is determined. 
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Chapter 1 Introduction 

1.1 Development of Multispan Cable Stayed Bridges 
China is rapidly extending its transport infrastructure. In order to achieve this, a lot of links 

have to be made across existing roads, railways and rivers. These links can be tunnels, bridges 

or a combination of both. 

If the distance that needs to be crossed is very large, for example a sea strait, it is not 

conventional to use merely simply supported concrete beams, because the achievable span is 

in the order of magnitude of 100 m. If several large vessels need to underpass the bridge 

simultaneously, this results in a critical situation. Therefore, it is necessary to enlarge the 

maximum span of the bridge up to 1000 m.  

An economic design for a large span bridge is a cable stayed bridge. This type of bridge 

stands for a slender girder, connected with the towers through cables. The stiffening girder 

transmits the load to the tower through the cables, which are always in tension. The stiffening 

girder is subjected to bending and axial loading. The tower transmits the load to the 

foundation under axial stress and bending stress in case of asymmetric loading. (see Figure 

1-1)  

 

Figure 1-1 Force transfer in cable stayed bridge 

The bridge girder of a cable stayed bridge can be constructed out of either prestressed 

concrete or steel, or a combination of both (i.e. a composite bridge deck).  

Cable stayed bridges should not be confused with suspension bridges. Besides a difference in 

appearance, there is also a difference in force transfer. The main cables of a suspension bridge 

need to be anchored in the soil at both ends in order to avoid collapse of the bridge.  

 

Figure 1-2 Force transfer in suspension bridge 
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As previously stated, the girder of a cable stayed bridge is very slender. This makes it 

susceptible to dynamic loads such as earthquakes or vibrations originating from wind and 

traffic load.  

Since the girder needs to have sufficient free height in order to let the vessels underpass, the 

towers have a height in the order of magnitude of  300 m, which makes them also susceptible 

to vibrations, caused by wind, earthquakes and traffic. 

Bridge designers are continuously trying to enlarge the span of the bridge in order to build a 

more efficient and economic bridge. Today, the largest span effectively attained is already 

longer than 1000 m. The biggest challenge hereby is to improve the dynamic behavior of 

tower and girder. The cross section of tower and girder must be enhanced to a more 

aerodynamic shape without reducing its stiffness. Energy dissipation or damping should be as 

high as possible. The structural system should be adapted in order to obtain the most 

favorable behavior of the bridge, both from static and dynamic point of view. 

The following paragraphs are a review of the recent achievements and research topics in the 

design of cable stayed bridges. 

In the late 1970’s, a new way of supporting the bridge deck has been developed: under-deck 

cable-stayed bridges. The stay cables follow non-conventional layouts in comparison with 

those of conventional cable-stayed bridges.  The fixing is located underneath the deck. This 

type of bridge has several advantages over conventional cable-stayed bridges: (1) highly 

efficient structural behavior, (2) higher deck slenderness can be achieved, (3) smaller amounts 

of material are required and (4) multiple construction possibilities [1] 

A combination of a cable stayed bridge and a suspension bridge exists as well. This type is 

called the hybrid cable-stayed suspension type (see Figure 1-3) [2].  

 

Figure 1-3 Configuration of hybrid cable-stayed suspension bridge. 

The principal design characteristics of the cables are its post-tensioning force and its cross 

section. The design methodology consists of a combined approach. First, the FE approach 
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takes into account the geometric nonlinearities. Then, an iterative procedure is used to 

optimize the cable geometry in order to reduce stresses in the system and minimize 

deflections. This iterative procedure can be based on simple design rules, but the last decades, 

special algorithms have been developed to obtain the optimum cable configuration.  

One of these algorithms is called the zero displacement method (ZDM). It describes the 

bridge in explicit constraint equations, which enforce the bridge to have zero displacement 

under dead loading. Another method is called the force equilibrium method (FEM). This 

method considers the internal forces of the cables as control variables to be solved.  

In order to reduce tensile stresses in the concrete bridge deck and look for an optimal 

distribution of bending moments, one can search for an optimal anchorage location of the 

cables along the stiffening girder [3]. These locations can be found by developing a 

mathematical model that describes the interaction between bridge deck, cables and pylons. 

The bridge deck can be modeled as a continuous multi-span beam with the end supports and 

pylon supports rigid and cable anchorage locations as elastic supports.  

In order to reduce the vibrations of cable-stayed bridges, [4] proposes active vibration control 

via the cables. This method relies on changing the static tension in (some of) the cables. If 

vibration with an amplitude dangerous to the structure occurs, additional forces are 

automatically generated in the cables. This causes a shift in the natural frequency of the 

bridge, by which the risk of resonant vibration diminishes significantly.  

Simulations with FE software pointed out that this method effectively decreases the 

vibrations, but it has never been tested in practice, except for scale models. It is likely that this 

type of vibration control is only applicable to smaller bridges like footbridges, thus, it cannot 

be applied to long span cable-stayed bridges.  

Traditional steel cables can be replaced by hybrid fiber reinforced polymer (FRP) cables with 

smart damper design [5]. These cables are characterized by a high strength-to-weight ratio and 

superb corrosion resistance. Other advantages are amongst others a partial elimination of the 

cable sag effect and increased durability. The main disadvantages are the higher cost and 

increased sensitivity to wind effects due to the reduced weight.  

To overcome the problem of the higher cost, hybrid basalt and carbon FRP cables were 

developed. As previously stated, due to the lighter weight, the cables are more sensitive to all 

kinds of excitations. To overcome this problem, most control efforts are focused on the 

mechanical control of cable vibration, which is achieved by installing dampers at certain 

positions along the cable. This can involve external or internal dampers. Internal dampers are 

fabricated with an intermediate viscoelastic layer between the inner and outer cable. This 

layer dissipates the vibration energy.   

As the span of cable-stayed bridges is increasing, there is need for more realistic analysis 

models. Linear models turn out not to predict the correct behavior anymore, so pseudo-linear 

(based on the modified elastic modulus) and nonlinear methods are developed [6]. The three 

main contributors to the geometric nonlinearities are the beam-column effect, the large 
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displacements (P- effect) and the cable sag. Of these three effects, the cable sag is the most 

important one.  

With the appropriate FE software, one can compare the displacements of the linear, pseudo-

linear and nonlinear approach and judge whether the linear approach is justified.  

If one wants to model a bridge in FE software, it can be asked which discretization scheme 

should be used. [7] proposes an integrated finite strip method. It means that the columns, 

cables and bridge deck are subdivided into longitudinal strips. The displacement field is 

approximated in the transverse direction by polynomials, and in the longitudinal direction by 

harmonic functions. The results of the static and dynamic analysis of an existing bridge for 

this method are compared to the results of other common discretization schemes like the 

grillage energy method, the orthotropic plate theory method, and the finite element method. It 

turns out that the accuracy of the results is not affected by using the finite strip method and 

furthermore the calculation speed has improved. 

To increase the safety, reduce maintenance costs and increase the working life of cable-stayed 

bridges, new damage detection methods have been developed [8]. Several methods exist to 

locate the damage of structures, e.g. the frequency response function (FRF) or the change in 

flexibility matrix before and after the occurrence of damage in the structure. More 

specifically, the energy damage detection technique based on acceleration responses can be 

very useful, with the wide application of accelerometers nowadays. The proposed strategies 

can also estimate the degree of the damage (slight, moderate, severe). 

Methods have been developed to determine the performance of structures in terms of 

monetary losses, fatalities, repair duration, injuries etc., caused by earthquakes [9]. Since the 

amplitude, duration, magnitude etc. of an earthquake are uncertain variables, these losses are 

calculated in a probabilistic manner.  

Traditional earthquake design philosophy is based on preventing damage or collapse, 

depending on the region where the structure is built. The concept of probabilistic 

performance-based design defines two levels: performance level (fully operational, 

operational, life safety and near collapse) and hazard level (frequent, occasional, rare and very 

rare). The designer has to select a combination of performance and hazard level for the 

structure he wishes to build.  

Then, he calculates the probability that  the amplitude of an earthquake with a certain return 

period (defined by the hazard level) exceeds the strength (defined by the performance level) 

of the structure. The performance is then calculated as the over exceedance probability times 

the cost of the damage. 

The temporary supports erection method is a fast and economical way of building cable-

stayed bridges. In this method, the bridge deck is first erected on a set of temporary and 

permanent supports and then, the stays are successively placed and tensioned according to a 

predefined tensioning sequence. When environmental factors or the requirements of the 



Chapter 1  Introduction

 

5 

 

foundations prevent the placement of the temporary supports during construction, the 

cantilever erection method is used [10]. 

The calculation of the construction process of cable-stayed bridges and the tensioning process 

that has to be followed during construction is done by means of the backward algorithm, 

because the structure is very complicated as it is statically highly redundant, nonlinear and 

continuously changing its static scheme during construction. The modeling proposed by the 

BA (backward algorithm) consists of disassembling the cable-stayed bridge from the 

objective completion stage (OCS) according to the opposite sequence of events which occurs 

during erection on site.  

1.2 Research Content 
In the past, a few milestone projects have been constructed. The Sutong bridge in Jiangsu 

province, China opened in 2008. [11] 

The bridge has a main span of 1088 m. At the time, it was the longest cable stayed bridge in 

the world. The bridge has two towers of 300 m high. The free height of the girder is 62 m. 

This bridge will be a major source of inspiration for this research.  

 

Figure 1-4 Sutong bridge under construction 

Another reference project is the Rion-Antirrio bridge in Greece. This is a 2800 m long bridge 

with 3 main spans and 4 towers. The largest span is 500 m long [12]. What makes this bridge 

so special, is its foundation. Since the bridge is built on difficult terrain (deep water and 

frequently occurring earthquakes), a gravel layer is installed between the bridge towers and 

the pile foundations. There is thus no direct connection between the tower base and the piles. 

In case of an earthquake, the gravel layer allows plastic deformation and thus acts as an 

energy dissipation device, in order to reduce the impact on the superstructure. 



Chapter 1  Introduction

 

6 

 

 

Figure 1-5 Rion-Antirrio bridge 

This research focuses on the design of a cable stayed bridge with four succeeding spans of 1 

km. Spans of this size are particularly challenging to complete since the girder is slender and 

thus susceptible to large deformations, under both static and dynamic loading.  

The structural development of a cable stayed bridge is summarized in Figure 1-6 [13]. First, a 

preliminary design of the bridge is drawn with CAD-software. Here, the general lay-out of the 

bridge (e.g. span width, tower height, girder height) is determined, as well as the cross 

sections of the towers and girder. Different types of loads (e.g. dead load, mobile load, 

temperature load) are determined according to the appropriate code. 

Once the design phase is completed, a finite element model is developed.  

After that, the deformation of the elements and the stress in the cross sections are checked and 

compared to the material strength. If necessary, the preliminary design must be modified until 

the mechanical behavior is satisfactory. Different types of structural systems are investigated 

(e.g. the influence of the position and the amount of expansion joints, support conditions). 

Also, the damper characteristics are determined. 

Finally, a modal analysis is carried out in order to find the different modes of vibration of the 

bridge and the corresponding natural frequencies. There are 3 types of modes important for a 

cable stayed bridge: 

 Transversal bending of  the girder and towers 

 Longitudinal bending of the girder and towers 

 Torsional bending of the girder 

After the modal analysis, a dynamic analysis of the bridge is performed. The wind resistance 

is checked, because dynamic effects like aerostatic instability and torsional flutter of the 

girder must be avoided at all time.  

Also, an earthquake is simulated to check the seismic performance of the bridge.  
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Figure 1-6 Structural development of a cable stayed bridge 
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Chapter 2 Structural Design of a Multispan Cable 

Stayed Bridge 

In this chapter, the different loads acting on the bridge are determined according to the 

Eurocode. Also, the geometric design of the bridge is carried out. In the end, the deflection 

and stresses are checked and a proposal for a suitable structural system for the bridge is made.  

2.1 Static Load Parameters 

2.1.1 Gravity Load 

The weight of the towers, the bridge girder and the cables is automatically calculated in 

ANSYS by assigning every element its density. No safety factors are applied for the gravity 

load. 

The weight of the pavement is included in the finite element model as well. This is introduced 

as a line load on the axis of the girder. The pavement is an epoxy asphalt concrete layer of 

0.05 m thick with a mass density of 2400 kg/m³. With the girder 38.46 m wide, this results in 

a line load of 45 kN/m. 

The weight of the vehicle parapets and the road layout is estimated at 5 kN/m. Together, with 

the pavement load this results in 50 kN/m. 

At the position of the transversal diaphragms, a mass of 26500 kg is added at each side of the 

transversal beam. This mass corresponds with half the mass of a transversal diaphragm. 

2.1.2 Mobile Load 

2.1.2.1 Traffic Load 

The traffic load is determined according to Eurocode 1[14]. This documents states the 

carriageway should be divided in notional lanes. The carriageway width, w, should be 

measured between kerbs or between the inner limits of vehicle restraint systems, and should 

not include the distance between fixed vehicle restraint systems or kerbs of a central 

reservation nor the widths of these vehicle restraint systems. In this case, the carriageway 

width w is thus equal to 15 m. 

If the carriageway width w is greater than 6 m, the number of notional lanes is equal to w/3; 

thus resulting in 5 lanes with each lane 3 m wide.  

Then, the lanes are numbered. The lane giving the most unfavorable effect is numbered Lane 

Number 1, the lane giving the second most unfavorable effect is numbered Lane Number 2, 

etc. In this case, the lane the furthest from the middle of the bridge is Lane Number 1, the lane 

the closest to the middle of the bridge is Lane Number 5.  
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Once the traffic loads are known, just like the other mobile loads they should be multiplied 

with a safety factor. These safety factors can be found in Table 2-1. In case the load direction 

has a favorable influence on the deflection and the stresses, the safety factors should be taken 

zero.  

Table 2-1 Mobile load safety factors 

 SLS ULS 

Q 0.9 1.35 
 

There are four load models for vertical loads in total. The load models represent the following 

traffic effects: 

 Load Model 1 (LM1) : Concentrated and uniformly distributed loads, which cover 

most of the effects of the traffic of lorries and cars. This model should be used for 

general and local verifications. 

 Load Model 2 (LM2) : A single axle load applied on specific tire contact areas which 

covers the dynamic effects of the normal traffic on short structural members. 

 Load Model 3 (LM3) : A set of assemblies of axle loads representing special vehicles 

(e.g. for industrial transport) which can travel on routes permitted for  abnormal loads. 

It is intended for general and local verifications. 

 Load Model 4 (LM4) : A crowd loading, intended only for general verifications. 

LM2 is used to investigate stress concentrations, LM3 consists of special vehicles e.g. for 

industrial transport and LM4 is a crowd loading. These 3 load models all are special load 

cases thus from now on, only LM1 will be used.  

For load model 1, each notional lane is subjected to: 

 Double-axle concentrated loads, each axle having the following weight: QQk, 

where Q are adjustment factors. No more than one tandem system should be taken 

into account per notional lane and only complete tandem systems should be taken into 

account. Since a vehicle is made of two axles, the concentrated loads always appears 

in pairs.  

 Uniformly distributed loads, having the following weight per square metre of 

notional lane: qqk, where q are adjustment factors. The uniformly distributed loads 

should be applied only in the unfavorable parts of the influence surface, longitudinally 

and transversally. 

For ordinary transport the adjustment factors are equal to 1, which is a conservative 

assumption. The loads on the notional lanes and the total load are summarized in Table 2-2. 

The total loads are applicable to the entire girder, not only one of two driving directions. 
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Table 2-2 Concentrated and distributed loads on notional lanes 

 Qk [kN] qk [kN/m] 

Lane 1 300 27 

Lane 2 200 7.5 

Lane 3 100 7.5 

Other lanes 0 7.5 

Total 1200 114 
 

In short, every span is subjected to 114 kN/m and 1200 kN in the middle of the span. Notice 

that these loads are still characteristic values. For certain load combinations, not every span 

might be loaded with traffic load. 

The only kind of horizontal force applicable to this bridge are braking and acceleration forces. 

Centrifugal forces are not relevant since the road is not curved in plan.  

A braking force shall be taken as a longitudinal force acting at the surfacing level of the 

carriageway. The characteristic value, limited to 900 kN for the total width of the bridge, 

should be calculated as a fraction of the total maximum vertical loads corresponding to the 

Load Model 1 as follows: 

 𝑄1𝑘 = 0.6𝑄1(2𝑄1𝑘) + 0.1𝑞1𝑞1𝑘𝑤1𝐿 

 

(2-1) 

 180𝑄1(𝑘𝑁) ≤ 𝑄1𝑘 ≤ 900(𝑘𝑁) 

 

(2-2) 

Where L is the length of the girder or the part of it under consideration. Since formula (2-1) 

results in Q1k equal to 3060 kN, it is taken 900 kN. 

Acceleration forces should be taken into account with the same magnitude as braking forces, 

but in the opposite direction. In practice, this means that the girder is subjected to a horizontal, 

longitudinal force equal to 900 kN, either in positive or negative direction.  

2.1.2.2 Wind Load 

The wind load on a highway bridge is determined according to the Eurocode [15]. First, the 

fundamental value of the basic wind velocity, vb,0 must be determined. This is the 

characteristic 10 minutes mean wind velocity, irrespective of wind direction and time of year, 

at 10 m above ground level in open country terrain with low vegetation such as grass and 

isolated obstacles with separations of at least 20 obstacle heights. 

The project is situated in the Qiongzhou strait between mainland China and Hainan island, in 

the south of China. The basic wind speed vb,0 is here equal to 51.2 m/s. [16] 

Then, the basic wind velocity vb shall be calculated from  (2-3). 

 𝑣𝑏 = 𝑐𝑑𝑖𝑟 ∙ 𝑐𝑠𝑒𝑎𝑠𝑜𝑛 ∙ 𝑣𝑏,0 

 

(2-3) 
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With: 

 cdir the directional factor, differs from 1 in case the wind speed is dependent on the 

orientation. Here taken as 1. 

 cseason the season factor, differs from 1 in case the wind speed is dependent on the 

season. Here taken as 1.  

vb thus equals 51.2 m/s. Now, the variation of the wind with height should be determined. 

This depends on the terrain category. The eurocode defines five terrain categories. From 

urban area with a lot of tall buildings to sea or coastal area exposed to open sea. The terrain 

category for this project clearly is the latter. The terrain parameters are displayed in Table 2-3. 

Table 2-3 Terrain parameters 

 z0 zmin zmax 

Terrain Category 0 0.003 m 1 m 200 m 
 

 The mean wind velocity vm(z) at a height z above the terrain depends on the terrain 

roughness and orography and on the basic wind velocity vb and should be determined using 

(2-4). 

 𝑣𝑚(𝑧) = 𝑐𝑟(𝑧) ∙ 𝑐0(𝑧) ∙ 𝑣𝑏 (2-4) 

 

With: 

 cr(z) the roughness factor, given by (2-5), in case zmin  z  zmax 

 c0(z) the orography factor, taken as 1. 

 𝑐𝑟(𝑧) = 𝑘𝑟 ∙ ln (
𝑧

𝑧0
) (2-5) 

 𝑘𝑟 = 0.19 (
𝑧0

𝑧0,𝐼𝐼
)

0.07

 (2-6) 

With: 

 z0,II equals 0.05 m (terrain category II) 

The results for the calculation of the mean wind speed at 300 m altitude is displayed in Table 

2-4.  

Table 2-4 Mean wind speed at 300 m altitude 

cr(300) 1.796 

c0(300) 1 

vm(300) 92 m/s 
 

Then, only the basic velocity pressure qb(z) and the peak velocity pressure qp(z) need to be 

determined. First, the turbulence intensity Iv(z) needs to be calculated according to formula 

(2-7) in case zmin  z  zmax. 
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𝐼𝑣(𝑧) =

𝑘𝐼

𝑐0(𝑧) ∙ ln(𝑧 𝑧0⁄ )
 

 

(2-7) 

 

With: 

 kI the turbulence factor, taken as 1. 

 c0(z) the orography factor, equal to 1. 

The basic velocity pressure and the peak velocity pressure are calculated according to (2-8) 

and (2-9) respectively.  

 𝑞𝑏 =
1

2
∙ 𝜌 ∙ 𝑣𝑏

2 
(2-8) 

 

 𝑞𝑝 = [1 + 7 ∙ 𝐼𝑣(𝑧)] ∙
1

2
∙ 𝜌 ∙ 𝑣𝑚

2 (𝑧) 
(2-9) 

 
 

The basic wind velocity pressure is independent of height and is equal to 1638.4 N/m². The 

peak velocity pressure is dependent of height. In Table 2-5, the pressure is already multiplied 

with the width to become the line load acting on the elements, which will be applied in 

ANSYS. Static wind loading on the stay cables is neglected. 

Table 2-5 Wind force on girder and towers 

 B [m] D [m] Ftrans [N/m] Flong [N/m] 

bridge girder 4 0 34008.62 0 

tower  1 and 5 16 8.5 127532.3 72268.32 

tower 2, 3 and 4 8.5 8.5 72268.32 72268.32 
 

2.1.3 Temperature Load 

The bridge will be subjected either to a temperature gradient of +20 °C or -20 °C, relative to a 

reference temperature of +20 °C. 

Differential warming and cooling of the structure should be considered as well. Steel is more 

susceptible to rapid temperature changes than concrete. A maximum temperature difference 

between concrete (towers) and steel (girder and cables) of +10 °C and -10 °C should be taken 

into account. 

Due to the position of the sun, it is possible that one side of the towers is warmer than the 

other side of the towers. This also induces stresses. However, the effects of this phenomenon 

are beyond the scope of this research.  

No safety factors are applied for the temperature load. 

2.2 Structural Parameters 

2.2.1 Layout 
According to the assignment, a link needs to be established between mainland China and 

Haikou, across Qiongzhou Strait. This link is approximately 30 km long. Part of this link is a 
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multispan cable stayed bridge with 4 spans of 1000 m. The sea is approximately 30 m deep. 

Figure 2-1 shows a map of Hainan island, with Qiongzhou Strait in the north. 

 

Figure 2-1 Hainan island  

The free height of the bridge is 70 m, in order to make it possible for large ships to underpass 

the bridge. The bridge thus has a total height of 100 m above the seabed. The total height of 

the towers is about 300 m. 

For the rest of this report, the towers are always numbered from 1 to 5 from left to right.  The 

spans are numbered from 1 to 4 from left to right.  

2.2.2 Towers 
The shape of the towers is based on the towers of the Sutong Bridge in Jiangsu province, 

China. These towers have an inverted Y-shape, visible in Figure 2-2 [17].  

 

Figure 2-2 Sutong Bridge towers 
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If one wants to achieve four succeeding spans of 1 km, the longitudinal stability of the towers 

is crucial, since a vertical mobile load in an unfavorable arrangement (e.g. mobile load in span 

1 and 3 or span 2 and 4) can induce a large horizontal deflection of the towers. 

This issue is solved by giving the towers an A-shape in longitudinal and transversal direction 

(pyramid-shaped). The stay cables are connected to the top of the pyramid. The girder rests on 

the horizontal beams that connect the legs of the pyramid at 100 m above the sea bed. Towers 

1 and 5 are A-shaped only in transversal direction. Since they are connected through cables 

with the rigid backspans, they need a lower stiffness in the longitudinal direction. 

The vertical dimensions of the towers are displayed in annex C.2, C.3 and C.4. 

The backspans have concrete piers to secure the vertical position of the girder. These piers are 

100 m apart. One pier actually comprises two separate columns. A single column is 2.5 m 

long, 7 m wide and has a wall thickness of 0.7 m. In contrast to the towers, the backspan piers 

are not founded on a gravel layer. Since their weight is too low, there is a risk of turning over 

in case of large lateral loads. The backspan piers are connected to a pile cap, which is rigidly 

connected to the piles.  

For the sake of simplicity, the legs of the pyramids have a fixed box section. It would be more 

economic if the cross section would gradually reduce to the top of the pyramid though. The 

horizontal beams have a different cross section. Also, the top of the pyramid, where the legs 

are so close that they actually form one column, has a gradually reducing cross section.  

The towers are made of reinforced concrete. However, in the finite element model the 

influence of the steel reinforcement is neglected. Every cross section is rectangular and 

hollow. The corners of every cross section are chamfered to reduce the wind loading on the 

towers. The different cross sections are plotted in Figure 2-3, Figure 2-4 and Figure 2-5.  

 

Figure 2-3 Towers 2, 3 and 4 leg cross section 
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Figure 2-4 Towers 1 and 5 leg cross section 

 

Figure 2-5 Beam cross section 

The concrete has strength class C90/105. The reinforcing bars have strength class BE500S. 

Concrete strength parameters can be found in Table 2-6 [18]. Steel strength parameters are 

displayed in Table 2-7. 

Table 2-6 Concrete C90/105 material properties 

fck 90 N/mm² 

fctm 5 N/mm² 

ρ 2500 kg/m³ 

E 44000 N/mm² 

G 17000 N/mm² 

 0.3 

 12E-06 m/m °C 
 

Table 2-7 Steel BE500S material properties 

fyk 500 N/mm² 

ρ 7850 kg/m³ 

E 210000 N/mm² 
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The tower base is rectangular in plan. The base for tower 1 and tower 5 is 132 m wide and 66 

m long. The base for tower 2, 3 and 4 is 132 m wide and 132 m long. It is 20 m high and 

massive. The upper corners are chamfered, in order to reduce the load of the water flowing 

along the tower base. A detailed plan of the tower base can be found in annex C.6.  

Concentrating the mass at the bottom of the tower has a beneficial effect on the dynamic 

behavior of the structure. Furthermore, this lowers the center of gravity considerably, which 

makes it less likely for the tower to turn over.  

2.2.3 Girder 
The girder has a closed box section, because it provides convenient anchorages, and has 

significant torsional properties. At the inside of the girder, steel troughs are attached to 

increase the longitudinal stiffness. The thickness of the steel plate varies between 8 mm for 

the outer parts and the steel troughs and 30 mm for the central part of the girder.  The girder 

carries 3 traffic lanes of 3.75 m wide and 1 emergency lane of 3.5 m wide in each direction. 

The cables are connected to the girder at the outside. The geometric properties are displayed 

in annex C.5.  

To increase the rigidity of the closed box girder, two types of diaphragms are installed, 

longitudinal and transversal diaphragms. As can be seen in annex C.5, There are 5 

longitudinal diaphragms, each 30 mm thick. They are situated underneath the pedestrian 

lanes, underneath the border between lane 1 and lane 2 and in the middle of the girder. The 

transversal diaphragms are installed at the cable anchorages. 

The longitudinal diaphragms increase the longitudinal flexural stiffness of the girder, as well 

as the rigidity. They also serve as shear walls. The transversal diaphragms increase the 

transversal flexural stiffness and improve the torsional properties. Their location is strategic, 

since there is a discontinuity in the shear force diagram at the location of the cable supports.  

For the calculation of the total weight of the girder, one should thus take into account the 

weight of the girder perimeter,  diaphragms, road layout (e.g. lights, vehicle parapets) and 

pavement.   

The girder is composed of steel sections of 15 m long, welded together on site after 

installation.  

The material used for the girder is steel HISTAR 460. Its properties can be found in the 

Arcelor Mittal catalog [19]. The most important properties are summarized in Table 2-8. The 

geometric characteristics are mentioned in Table 2-9. These parameters are calculated with 

MIDAS Bridge Engineering. 
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Table 2-8 Girder material properties 

fyk 460 N/mm² 

ρ 7850 kg/m³ 

E 210000 N/mm² 

 0.3 

G 81000 N/mm² 

 12E-06 m/m°C 
 

Table 2-9 Girder geometric properties  

A 2.46 m² 

Iy 291.60 m
4
 

Iz 7.13 m
4
 

It 20.62 m
4
 

 

2.2.4 Stay Cables 
The cables are arranged in a fan system in two inclined planes. Due to the fact that the bridge 

has two cable planes, torsion of the girder is not the governing behavior. 

The anchorage is located inside the main girder. The distance between the anchorages in the 

girder is 15.625 m. At the end of the back spans, this distance is only 13 m. The distance 

between the anchorages in the towers is 1.5 m. In the middle of each span, 6 cables overlap. 

This increases the stiffness of the system, and reduces the bending moments in the tower and 

the girder.   

The stay cables are composed of strands with a diameter of 7 mm (PES7) [20] and have a net 

cross sectional area of 20 mm². A strand cross section is composed of 7 wires and shows some 

voids, see Figure 2-6. 

 

Figure 2-6 Strand cross section 

Since the cables with a bigger inclination are subjected to a higher stress than the less inclined 

cables, different cable cross sections are used. The exact cross sections are determined in a 

later chapter.  

The mechanical properties for this stay cable type are summarized in Table 2-10.  
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Table 2-10 Stay cable material properties 

ftk 1860 N/mm² 

ρ 7800 kg/m³ 

E 195000 N/mm² 

 0.3 

G 75000 N/mm² 

 12E-06 m/m°C 
 

The stay cables are always inclined. As a consequence, they are not straight but have a sag. 

There is thus no linear relation between force and displacement. This relation can be 

linearized by using a fictive modulus of elasticity. This is calculated by the Dischinger 

formula [21]. 

 
𝐴𝐸𝑓 =

𝐴𝐸0

1 +
2𝑙𝑐

2𝐸0

123

 (2-10) 

With: 

 A the cable cross section  

 Ef the fictive modulus of elasticity  

 E0 the original modulus of elasticity of a straight cable (=195000 N/mm²) 

 lc the horizontally projected length of the cable 

  the bulk density of the cable (=7.8 kN/m³) 

  the tensile stress in the cable 

This fictive modulus of elasticity is determined iteratively. First, the real modulus of elasticity 

E0 is assigned to each cable. Then the stress in each cable is obtained via ANSYS and inserted 

in (2-10). This way, a new modulus of elasticity is obtained which is different for each cable. 

This process is repeated until the difference between the last iteration and the last but one 

iteration is sufficiently small.  

The results after the first iteration for span 3 when subjected to traffic load are displayed in 

Table 2-11. It is clear that the difference between the fictive modulus of elasticity and the real 

modulus of elasticity is already sufficiently small after one iteration. Therefore, the author 

decides to assign the same modulus of elasticity to each cable, that is 195000 N/mm².  

Table 2-11 Fictive modulus of elasticity after first iteration 

lc [m]  [N/m²] Ef [N/m²] 

39.06 2.60E+08 1.95E+11 

54.68 3.60E+08 1.95E+11 

70.31 3.84E+08 1.95E+11 

85.93 4.02E+08 1.95E+11 

101.56 4.03E+08 1.95E+11 

117.18 3.53E+08 1.95E+11 

132.81 4.15E+08 1.95E+11 
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The final layout of the cables together with the girder and towers is displayed in annex C.1.  

2.2.5 Foundation 
The foundations are similar to the foundations of the Rion-Antirrio bridge in Greece, since the 

soil conditions are roughly the same (soft soil in earthquake-prone region). In order to deal 

with these issues, the following is proposed. A regular pile foundation is installed. On top of 

the piles, a gravel layer of 4 m thick is installed. The tower base rests on top of this gravel 

layer. There is no connection between the piles and the tower base. The piles merely serve as 

a soil reinforcement. The gravel layer serves as an energy dissipation device. When the bridge 

is subjected to a severe earthquake, the tower base will slide over the gravel layer and partly 

dissipate the energy of the earthquake.  

The piles have a diameter of 2.8 m. The center of the piles is positioned on a grid of 3.3 m x 

3.3 m. Annex C.6 shows the positioning of the piles within the contours of the tower base. 

The hatched squares in annex C.6 represent the area where the tower is connected to the base. 

2.3 Finite Element Model Introduction 

2.3.1 The Software 
The software used for this research is ANSYS Mechanical. Other versions of ANSYS also 

exist, like Workbench (solid modeling) and Fluid (fluid flow problems). ANSYS Mechanical 

can be used for static and dynamic analysis of constructions. The construction is made up of 

nodes and elements. Each node has a number and three coordinates. An element consists of 

one or more nodes, dependent on the element type. Each element is defined by 3 parameters:  

 Element type 

 Real constants 

 Material properties 

 

Figure 2-7 ANSYS Mechanical workspace print screen 
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The process of obtaining a solution in ANSYS is divided into three phases. The first phase is 

the preprocessor, where the geometry of the problem is defined, and the elements with their 

real constants and material properties are defined. 

The second phase is the solution phase. Here, all the loads are applied on the structure. The 

dead load of the structure is automatically calculated by ANSYS by defining the gravitation 

constant as 9.81 m/s² with the ACEL command. Mobile loads are applied with the F 

command for concentrated loads or with SFBEAM for distributed loads. Temperature 

loads are defined with the BFE command. 

Hinges are modeled by defining two separate nodes with the exact same coordinates. Then, 

the CP command is used to define a set of coupled degrees of freedom. In the case of a hinge, 

the two nodes cannot move away from each other in any direction, so the displacement in x-, 

y- and z-directions are constrained. The rotations are free.  

An expansion joint is defined in a similar way. The only degree of freedom between the two 

nodes that is not constraint is the longitudinal direction of the girder. 

The third phase is the postprocessor phase. Here, it is necessary to define the type of analysis 

that needs to be done. ANSYS allows to perform several types of analyses through the 

ANTYPE command: 

 Static 

 Buckling 

 Modal 

 Harmonic 

 Transient 

After the solution is obtained, the deflection, stress or bending moment distribution can be 

plotted or printed in a list.  

Depending on the type of analysis, the type of postprocessor used is different. For static 

problems, the general postprocessor is used. However, for dynamic problems, the time-

dependent postprocessor is used. This postprocessor allows to plot the results in function of 

time, e.g. after an earthquake simulation.  

This model is entirely created through APDL (ANSYS Parametric Design Language). It is 

also possible to model the construction through the graphical user interface. The biggest 

disadvantage of the GUI is that it is more difficult to adapt the construction afterwards. APDL 

allows to change the construction in a quick and convenient way. 

An example of an APDL script can be found in Figure 2-8. Notice the previously mentioned 

three stages in the script: the preprocessor (/PREP7), the solution phase (/SOLU) and the 

postprocessor (/POST1). 
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/CLEAR 
 
/PREP7 
L=1000 
N,1,0,0,0 
N,2,L,0,0 
L,1,2 
LESIZE,ALL,L/10 
LMESH,1 
FINISH 
 
/SOLU 
D,1,ALL,0 
ACEL,,9.8 
SOLVE 
FINISH 
 
/POST1 
PLDISP,2 
FINISH 

Figure 2-8 APDL script example 

2.3.2 Model  

This paragraph describes how the model is built in ANSYS. The used element types are 

described. Sometimes, the design as previously described is modified in order to be able to 

implement certain elements into the finite element model. These modifications are explained 

and it is also checked whether the mechanical behavior of the model corresponds to the real 

mechanical behavior of the structure. 

First, a detailed design of the bridge is drawn in Autocad. While doing this, it is made sure 

that the coordinates of each node are rounded up to 0.5 m. This makes the work of entering 

the coordinates in ANSYS easier. The architectural plans can be found in annex C. 

The construction has a global coordinate system. The x-axis coincides with the longitudinal 

axis of the girder. The y-axis represents the height of the structure. The z-axis finally 

represents the transversal direction of the girder.  

For the bridge model, 6 distinct element types are used: 

 MASS21 (2
0
 = 1 node) 

 BEAM4 (2
1
 = 2 nodes) 

 LINK10 (2
1
 = 2 nodes) 

 TARGE170 (2² = 4 nodes) 

 CONTA173 (2² = 4 nodes) 

 SOLID45 (2
3
 = 8 nodes) 

The model of the bridge has one main script: the bridge.mac script. Each bridge element (e.g. 

tower 1, girder, cables), set of boundary conditions or type of analysis is described in a 

separate script. The main script then collects all the sub scripts needed to perform a certain 

analysis. This way, the script stays orderly and easy to modify. The scripts describing the 

geometry and the boundary conditions of the bridge can be found in annex B. 

The units used in this model are N, kg, m and sec. Upon entering constants in the scripts, 

attention should be paid to the consistency of the units. 
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2.3.2.1 Towers 

The towers consist entirely of line elements, except for the tower base, which is a solid. The 

line elements are all BEAM4 type, the tower base is SOLID45 type. According to the ANSYS 

help function [22], BEAM4 is a uniaxial element with tension, compression, torsion, and 

bending capabilities. The element has six degrees of freedom at each node: translations in the 

nodal x, y, and z directions and rotations about the nodal x, y, and z axes. Stress stiffening and 

large deflection capabilities are included. 

SOLID45 is used for the 3-D modeling of solid structures. The element is defined by eight 

nodes having three degrees of freedom at each node: translations in the nodal x, y, and z 

directions. The element has plasticity, creep, swelling, stress stiffening, large deflection, and 

large strain capabilities [22]. 

A BEAM4 element needs the following set of real constants: 

 Cross sectional area A [m²] 

 Moment of inertia IZZ [m4] 

 Moment of inertia IYY [m4] 

 Thickness TY (optional, default 0) [m] 

 Thickness TZ (optional, default 0) [m] 

 Polar moment of inertia IXX (optional, default 0) [m
4
] 

A SOLID45 element needs no real constants, since the geometry is described by the 

coordinates of the nodes. 

When entering the moments of inertia of the beam elements, the user should be aware of the 

fact that these constants represent the moments of inertia along the y- and z-axis in the local 

coordinate system, which is not necessarily coincident with the global coordinate system. 

Both the tower legs and the tower base are in concrete. This material is defined by the 

following set of constants: 

 Modulus of elasticity EX (EY and EZ for anisotropic materials, optional) [N/m²] 

 Shear modulus GXY (GXZ and GYZ for anisotropic materials, optional) [N/m²] 

 Poisson ratio PRXY (PRXZ and PRYZ for anisotropic materials, optional) [-] 

 Density DENS [kg/m³] 

 Coefficient of thermal expansion ALPX [m/m°C] 

 Reference temperature REFT [°C] 

The tower base is a SOLID45 element subdivided in cubes of 11 m x 11 m x 11 m. It has the 

same material properties as the beams. The tower and the tower base are rigidly connected 

with each other through the CP command. For the sake of simplicity, the tower base is 

modeled as a prism, without chamfered corners. It is made sure that the volume remained the 

same. Since the effects of the water are not considered, this does not affect the final solution. 
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When drawing the wire model for the towers, there is an issue at the top of the towers. The 

axes of the legs are too close, so they form one column, see Figure 2-9. The solution for this 

problem is graphically represented in this figure as well. The dashed lines represent the 

extension lines of the axis of the legs of the pyramids. The bold lines represent the axis of the 

elements in the ANSYS model. The horizontal beam at the point where the 4 legs join is 

modeled as infinitely stiff. The vertical column on top of this beam is then divided in 

segments of 1.5 m long. Each segment is assigned the matching cross sectional area and 

moment of inertia about the y- and z-axis. 

 

Figure 2-9 Tower spire wire model 
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2.3.2.2 Girder 

The girder is modeled as a continuous beam, supported at the towers and back span piers. 

Each 16 m, there is a transversal beam, where the cables are anchored. The transversal beams 

are infinitely stiff and weightless. At the ends of the transversal beams, a point mass is added, 

representing the weight of the transversal diaphragms. Expansion joints are modeled as 

described previously.  

Figure 2-10 shows a printscreen of the girder model (blue lines). The red volumes represent 

the tower base and the gravel layer.  

 

Figure 2-10 Bridge girder finite element model 

2.3.2.3 Stay Cables 

Finally, the cables are drawn. They are connected with the towers and girder through hinges. 

It is explicitly checked that there are no bending moments in the cables. The cables are 

element type LINK10. 

The cables are prestressed by applying a temperature gradient to each cable. Cooling down 

the cables will make them contract, which automatically generates tensile stresses in the 

cables. The prestressing force is linearly related to the temperature gradient through (2-11).  

 𝐹 = 𝐴 ∙ 𝐸 ∙ 𝛼 ∙ ∆𝑇 (2-11) 

With: 
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 A the cross sectional area of the cable 

 E the modulus of elasticity of the cable 

  the coefficient of thermal expansion 

 T the temperature gradient 

The cables have a reference temperature of 20 °C. Temperature gradients are always relative 

to this temperature. 

Since the bridge is entirely symmetric, throughout the construction phase of the finite element 

model it is continuously checked whether the deflection of the bridge in longitudinal direction 

is perfectly symmetrical. Even the slightest deviation from a symmetrical deflection pattern 

indicates a mistake in the model.  

2.3.2.4 Foundation 

First, a gravel layer of 200 m x 200 m x 4 m is modeled. The mechanical properties are 

displayed in Table 2-12. The top of the gravel layer coincides with the bottom of the tower 

base.  

To model the friction forces between the two volumes, a target plane (element type 

TARGE170) and a contact plane (element type CONTA174) are defined in ANSYS. The 

upper face of the gravel layer is the target plane, the lower face of the concrete block is the 

contact plane.  

According to the ANSYS help function [22], TARGE170 is used to represent various 3-D 

"target" surfaces for the associated contact elements (e.g. CONTA173). The contact elements 

themselves overlay the solid, shell, or line elements describing the boundary of a deformable 

body and are potentially in contact with the target surface, defined by TARGE170. This target 

surface is discretized by a set of target segment elements and is paired with its associated 

contact surface via a shared real constant set. You can impose any translational or rotational 

displacement, temperature, voltage, and magnetic potential on the target segment element. 

You can also impose forces and moments on target elements. 

CONTA173 is used to represent contact and sliding between 3-D "target" surfaces 

(TARGE170) and a deformable surface, defined by this element. This element is located on 

the surfaces of 3-D solid or shell elements without midside nodes (e.g. SOLID45). It has the 

same geometric characteristics as the solid or shell element face with which it is connected. 

Contact occurs when the element surface penetrates one of the target segment elements on a 

specified target surface. Coulomb friction, shear stress friction, and user defined friction with 

the USERFRIC subroutine are allowed. 

Coulomb friction is defined by (2-12). 

 𝐹𝑙𝑎𝑡 = 𝜇𝐹 ∙ 𝐹𝑛𝑜𝑟𝑚 (2-12) 

  With: 

 Fnorm the weight of the object normal to the surface it lies on. 

file:///E:/Hlp_E_CONTA173.html
file:///E:/Hlp_E_TARGE170.html
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 F the coefficient of friction. It is an empirical constant defined by the two contacting 

materials. The contact between the stiff caisson bottom slab and the gravel is modeled 

with a friction coefficient F = 0.7 [23]. 

 Flat the friction force exerted by one surface on the other. 

Table 2-12 Gravel material properties 

E 300 N/mm² 

 0.3 

ρ 2000 kg/m³ 
 

To ensure the model represents the mechanical behavior of the foundation as realistic as 

possible, three experiments are carried out. Only the gravel layer and the tower base are 

modeled. First, a lateral increasing load is imposed on the concrete block. From theory, it is 

expected that this load can increase up to 0.7 times the weight of the block. After that, the 

block will start sliding, resulting in overflow error.  

The total weight of the concrete base is 7644 MN. Indeed, the lateral force can increase up to 

5300 MN. For higher values, ANSYS returns an overflow error, which means that the block 

effectively starts sliding.  

Figure 2-11 is a view of the concrete block under lateral loading. The central square with the 

orange-yellow colors is the concrete block. The surrounding blue color represents the gravel.  

 

Figure 2-11 Tower base lateral displacement 
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For the second experiment, an uplifting force is applied to one side of the concrete base. Since 

soil cannot sustain any tension, it is expected that from some threshold value the block will 

start uplifting. This threshold force can be predicted by expressing the static equilibrium of 

the moments due to the own weight and the uplifting force.  

 

Figure 2-12 Tower base vertical displacement 

If we call the most left point of the block in Figure 2-12 point A, this results in  

 
∑ 𝑀𝐴 = 𝐹𝐺 ∙

𝐵

2
− 𝐹𝑢 ∙ 𝐵 

(2-13) 

 

With: 

 FG the weight of the concrete block 

 Fu the uplifting force 

 B the width of the concrete block 

This means that the block starts uplifting at one side if the uplifting force is bigger than half 

the weight of the block. In practice, uplifting will occur earlier, because the block is not 

infinitely rigid, as can be seen in Figure 2-12. 

In the third experiment, the model is subjected to an earthquake, to check if the concrete base 

really slides on top of the gravel layer. An earthquake is simulated by applying time-varying 

A 
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accelerations in three orthogonal directions to the gravel layer as a whole. Due to the inertia of 

the concrete base, it will start sliding on top of the gravel layer. 

Figure 2-13 displays the relative displacement in longitudinal direction between two nodes 

with the same coordinates. The first node however is part of the gravel layer, the second node 

is part of the tower base. 

 

Figure 2-13 Tower base relative displacement 

It is clear that after a while, the tower base starts to slide.  

Figure 2-14 displays the acceleration of the gravel layer and the tower base. The peaks of the 

accelerations of the gravel layer are clearly damped. Also, there is a phase difference 

noticeable between the acceleration of the gravel layer and the tower base. 

 

Figure 2-14 Tower base acceleration 

From this chapter, it is concluded that the mechanical behavior of the bridge, such as the 

hinges, the expansion joints, the friction between soil and foundation, is modeled correctly. 
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2.4 Static Analysis under Gravity Load 
Now, the cross section of the cables needs to be determined. The cable stresses are checked in 

the SLS, and the characteristic cable strength is multiplied with a safety factor 0.4.  

Table 2-13 Cable characteristic and design yield strength 

fyk 1860 N/mm² 

fyd 744 N/mm² 
3  

To determine the prestressing force and the cross section of each cable, a few conditions need 

to be fulfilled. First of all, the girder should be nearly horizontal under gravity load.  

Second, the deflection of the tower should be as small as possible. After a mobile load is 

applied in spans 1 and 3, tower 1 has an inward relative deflection of 0.6 m. By prestressing 

the cables, tower 1 should thus have an outward deflection of 0.3 m. Like this, the deflection 

of tower 1 is always between -0.3 m and +0.3 m. This is an acceptable deviation, since it is 

not visible to the naked eye. The relative deflection of the other towers is smaller, since they 

have greater stiffness.  

A third condition is that the deflection under traffic load cannot be greater than 1000 m / 400, 

equal to 2.5 m.  

The last condition is that the stress in the cables can never exceed the design yield strength of 

the cables. Neither can a cable be in compression under any circumstances. 

The third and fourth condition must be satisfied under the most unfavorable configuration of 

the traffic loads. To obtain this configuration, three configurations are compared. Traffic load 

in all spans, traffic load in span 1 and 2 or traffic load in span 1 and 3. The results are shown 

in Table 2-14. It is clear that a traffic load in span 1 and 3 results in the most unfavorable 

situation, both in terms of deflection of the girder (vmax) and the cable stresses (max).  

Table 2-14 Investigation of most adverse configuration of traffic load 

 vmax [m] max [N/mm²] 

span 1, 2, 3 and 4 1.79 598 

span 1 and 2 2.10 628 

span 1 and 3 2.49 642 
4  

Now, the cable section is determined iteratively, until all 4 conditions are satisfied.  

The cable cross sections for the left back span, span 1 and span 2 are displayed in Figure 2-15, 

Figure 2-16 and Figure 2-17 respectively. Since the bridge is entirely symmetrical, span 3, 4 

and the right back span have the same cross section. The different cross sections used are 

displayed in Table 2-15 [20].  
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Table 2-15 Cable cross section 

# strands A [cm²] 

85 32.71 

91 35.02 

109 41.95 

127 48.88 

151 58.11 

163 62.73 

187 71.97 

199 76.58 

211 81.2 

223 85.82 

241 92.75 

265 101.98 

283 108.91 

301 115.84 

342 134.31 
5  

 

Figure 2-15 Cable cross section left backspan 
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Figure 2-16 Cable cross section span 1 

 

Figure 2-17 Cable cross section span 2 

The cables connected to the middle of the span are subjected to a bigger load, because the 

inclination of the cables is increasing. Thus, it is logic that the cables in the middle of a span 

get a bigger section than the cables at the sides of a span. Because of the overlapping cables in 

the middle, this is not entirely true. Where the cables overlap, their section can be reduced 

again. Since the back spans have no overlapping cables, the cross section continues to 

increase here.  

Then, the stresses and deflections under traffic load are checked as well. When subjected to a 

traffic load in span 1 and 3, the cable stresses are highest in span 3. Other cables are never 

under compression. The stress distribution in span 3 under traffic load is displayed in Figure 

2-18. The stress never exceeds the design yield strength of the cables, 744 MPa.  

 

Figure 2-18 Cable stress span 3 under traffic load in span 1 and 3 
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Also the vertical deflection of the bridge girder is still within the limit of 2.5 m, as can be seen 

in Figure 2-19. The horizontal deflection of the towers is displayed in Table 2-16. 

 

Figure 2-19 Vertical deflection girder under traffic load in span 1 and 3 

Table 2-16 Longitudinal deflection tower under traffic load in span 1 and 3 

 umax [m] 

tower 1 0.31 

tower 2 -0.19 

tower 3 0.19 

tower 4 -0.24 

tower 5 0.27 
6  

The horizontal deflection of the towers under traffic load still is between reasonable limits. 

Figure 2-20 shows the shear force diagram of span 2 under gravity load. The red arrows 

indicate the location of the supports. The shape of this diagram is the same as for a continuous 

beam on multiple rigid supports. This is an indication that the prestressing of the cables is 

done right. The cables keep the shear forces in the girder within reasonable limits. Without the 

cables, the shear force would be much higher, resulting in an uneconomical design. 
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Figure 2-20 Shear force diagram span 2 under gravity load 

Figure 2-21 displays the bending moment diagram of a span under dead load. Near the 

supports, this diagram is similar to the bending moment distribution of a continuous beam on 

multiple supports. In the middle of the span, there is some distortion in the bending moment 

distribution because of the interaction between the overlapping cables.  

 

Figure 2-21 Bending moment diagram span 2 under gravity load 

In the following paragraphs several load configurations are checked in order to find the most 

unfavorable configuration. These configurations are then combined into one load combination 

to check the stress in the ultimate limit state.  
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2.5 Static Analysis under Temperature Load 
Several Combinations can be made for the temperature load. First of all, the entire structure 

can be warmed up or cooled down with a temperature gradient of 20 °C, relative to a 

reference temperature of 20 °C. Second, since steel is a better heat conductor than concrete, it 

is possible that there is a temperature difference between the steel elements and the concrete 

elements. A temperature difference of 10 °C relative to a reference temperature of 20 °C for 

steel and concrete is considered.  

Summarized, this results in 4 load combinations. 

 LC1: warm up construction with 20 °C 

 LC2: cool down construction with 20 °C 

 LC3: warm up concrete with 10 °C, cool down steel with 10 °C 

 LC4: warm up steel with 10 °C, cool down concrete with 10 °C 

The comparison between these 4 load combinations is summarized in Table 2-17. The 

maximum horizontal deflection of the towers, the maximum vertical deflection of the bridge 

girder and the maximum cable stress are compared here. It is important to notice that for LC1 

and LC4, span 1 and span 4 move upwards, but for LC2 and LC3 it is the other way round. 

This effect should also be taken into consideration when the most unfavorable load 

combination is chosen. Temperature load in combination with traffic load can thus increase 

the vertical deflection, but also decrease, if the wrong combination is chosen. 

Table 2-17 Investigation of most adverse configuration of temperature load 

 vmax [m] max [N/mm²] 

LC1 -0.33 400 

LC2 -0.33 480 

LC3 +0.21 480 

LC4 -0.25 480 
 

It is concluded that in absolute terms, LC2 is most unfavorable. Moreover, span 1 and span 4 

move downwards in this combination, where deflection was already the biggest under traffic 

load.  

2.6 Static Analysis under Mobile Load 
If the basic wind speed vb,0 is above 30 m/s, no traffic is allowed on the bridge. Wind can 

blow in two orthogonal directions, longitudinal and transversal. This results in the following 4 

load combinations. 

 LC5: vb,0 = 30 m/s (transversal) and traffic load in span 1 and span 3 

 LC6: vb,0 = 30 m/s (longitudinal) and traffic load in span 1 and span 3 

 LC7: vb,0 = 51.2 m/s (transversal) and no traffic load 

 LC8: vb,0 = 51.2 m/s (longitudinal) and no traffic load 
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The maximum vertical and transversal deflection of the bridge girder (vmax and wmax) and the 

maximum cable stress (max) are summarized in Table 2-18. 

Table 2-18 Investigation of most adverse configuration of mobile load 

 vmax [m] wmax [m] max [N/mm²] 

LC5 2.35 1.22 650 

LC6 2.45 0 654 

LC7 0 3.45 483 

LC8 0.32 0 495 
 

The maximum vertical and lateral deflection are always obtained in span 1.  

The most unfavorable combination to check the stress in the ULS is thus gravity load 

combined with traffic load in spans 1 and 3, a temperature gradient of -20 °C and a 

longitudinal wind load with vb,0 equal to 30 m/s. 

2.7 Ultimate Limit State 

2.7.1 Reaction Forces 

In the ULS, only the most unfavorable load combination is applied. This time, the loads are 

multiplied by a factor 1.35 instead of 0.9. First of all, the reaction forces are determined at 

each support, see Figure 2-22. 

 

Figure 2-22 Reaction force at supports 

From Figure 2-22, it can be concluded that the reaction force at the supports in some cases 

will be negative. This is a common problem in bridge design for which solutions exist. The 

first solution is to add extra weight to the bridge girder where the uplift is expected. This extra 

mass is often high density concrete, poured into the girder.  

The second solution is the use of tension piers in the back spans. This is mostly done by 

connecting the girder to the piers with cables. The cables then keep the girder in place.  
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2.7.2 Towers 

Since it’s not possible to obtain the total stress from ANSYS directly, it must be calculated. 

The axial stress and the bending moment distribution can be obtained directly. The bending 

stress can be calculated from the bending moment with (2-14). The sum of the axial stress and 

the bending stress then equals the total stress.  

 
𝜎𝑏𝑒𝑛𝑑 =

𝑀 ∙ 𝑦

𝐼𝑦𝑦
 (2-14) 

 

The design strength of C90/105 concrete can be determined with (2-15) and is equal to 51 

N/mm². The design strength of steel used for the bridge girder is calculated with (2-16) and is 

equal to 418 N/mm². [18] 

 𝑓𝑐𝑑 = 𝛼𝑐𝑐

𝑓𝑐𝑘

𝛾𝑐
 

(2-15) 

 

 

 
𝑓𝑦𝑑 =

𝑓𝑦𝑘

𝛾𝑠
 (2-16) 

 

The biggest portion in the total stress for towers 1 and 5 is caused by the bending stresses. 

Because these towers are actually rigid connected columns with the load acting perpendicular 

on the axis of the column, the bending stress is highest at the base of the towers, and so is the 

axial stress. The maximum total stress is thus calculated at the base of the towers. It is still 

within limits. 

Table 2-19 Calculation of bending stress for towers 1 and 5 

Mmax 7.46E+09 Nm 

y 8 m 

Iyy 2291.3 m
4
 

bend 2.60E+07 N/m² 
 

Table 2-20 Calculation of total stress for towers 1 and 5 

bend 26.00 N/mm² 

norm 12.07 N/mm² 

tot 38.07 N/mm² 
 

Stresses are highest for tower 3 for this load combination, so the stress check will be 

performed on tower 3. It is not immediately clear whether the maximum stress will occur at 

the base of the tower or at the base of the spire of the tower, thus both locations are checked. 
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Table 2-21 Calculation of bending stress for spire tower 3 

Mmax 3.89E+09 Nm 

y 10 m 

Iyy 4503.1 m
4
 

bend 8.64E+06 N/m² 
 

Table 2-22 Calculation of total stress for spire tower 3 

bend 8.64 N/mm² 

norm 7.29 N/mm² 

tot 15.93 N/mm² 
 

Table 2-23 Calculation of bending stress for bottom tower 3 

Mmax 1.51E+09 Nm 

y 4.25 m 

Iyy 358.75 m
4
 

bend 1.79E+07 N/m² 
 

Table 2-24 Calculation of total stress for bottom tower 3 

bend 17.90 N/mm² 

norm 2.87 N/mm² 

tot 20.76 N/mm² 
 

It can be concluded that the concrete strength is never exceeded during the ULS.  

2.7.3 Girder 
Also the stress in the bridge girder is checked, the same way as the concrete stress, since 

ANSYS cannot calculate the total stress directly.  Since it is not immediately clear if the 

maximum stress occurs in the middle of the span or at the support, both situations are 

checked. 

Table 2-25 Calculation of bending stress for bridge girder in the middle of span 1 

Mmax 1.34E+08 Nm 

y 2 m 

Iyy 3.46 m
4
 

bend 7.75E+07 N/m² 
 

Table 2-26 Calculation of total stress for bridge girder in the middle of span 1 

bend 77.50 N/mm² 

norm 258.98 N/mm² 

tot 336.48 N/mm² 
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Table 2-27 Calculation of bending stress for bridge girder at tower 2 

Mmax 3.38E+08 Nm 

y 2 m 

Iyy 3.46 m
4 

bend 1.95E+08 N/m² 
 

Table 2-28 Calculation of total stress for bridge girder at tower 2 

bend 195.00 N/mm² 

norm 12.80 N/mm² 

tot 207.80 N/mm² 
 

2.8 Expansion Joints 
In this paragraph, the number and location of the expansion joints is investigated. The most 

favorable position for the expansion joints is in the middle of a span, since this results in the 

smallest deflection under mobile load. However, the joint cannot be a hinge, since this type of 

connection cannot transmit any bending moments and bending moments are maximal in the 

middle of a span.  

Rigid hinges are a special type of expansion joint [24]. They allow the longitudinal movement 

of the girder, but prevent displacement in vertical and transversal direction, as well as rotation 

in any direction. 

In terms of limiting the stresses originating from temperature loads, it is most favorable to 

install as much expansion joints as possible. This way, the girder can deform freely in 

longitudinal direction, causing almost no additional horizontal displacement of the towers. 

Also, the gap that will open up in the expansion joint will be smaller if the number of 

expansion joints increases, which increases the driving comfort considerably.  

However, if the effect of the mobile loads (traffic load and wind load) is considered, the 

opposite is true. Increasing the number of expansion joints also increases the vertical 

deflection of the girder. The optimal solution is thus somewhere in between.  

To find the optimum configuration of the expansion joints, a number of simulations is carried 

out. The configuration of the expansion joints must be symmetrical. There are thus 6 possible 

locations for a joint (left end, span 1, span 2, span 3 and span 4 and right end). 

Per configuration, the influence of a temperature gradient (+20 °C or -20 °C) and a mobile 

load (vertical traffic load in spans 1 and 3, longitudinal wind load on all the towers) is 

investigated, by comparing the maximum horizontal displacement of the towers and the 

maximum vertical deflection of the girder. 

The structural system used for the static analysis in the previous paragraphs is the following: 

 Longitudinal constraint at tower 3 

 Expansion joints at the left and the right end of the bridge 
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Since the structural system defines the prestressing forces in the cables, the deck will not be in 

a horizontal position anymore if the structural system has changed. In order to deal with this 

issue, the deflection under gravity load is determined first. Then the deflection after gravity 

load and mobile load acting together is determined. These two values are subtracted to know 

the relative deflection. The same is done for the temperature loads.  

Figure 2-23 shows the maximum relative horizontal tower displacement due to mobile load. 

Figure 2-24 shows the maximum relative horizontal tower displacement due to temperature 

load.  

 

Figure 2-23 Maximum relative horizontal tower displacement due to mobile load 

 

Figure 2-24 Maximum relative horizontal tower displacement due to temperature load 

It can be concluded that the best configurations to limit the horizontal displacement of the 

towers are: 
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-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

M
a

x
im

u
m

 r
e
la

ti
v

e 
h

o
ri

zo
n

ta
l 

to
w

er
 

d
is

p
la

ce
m

en
t 

d
u

e 
to

 m
o

b
il

e 
lo

a
d

 [
m

] 

no joints

left and right end

span 1 and 4

span 2 and 3

left and right end, span

1 and 4
left and right end, span

2 and 3
span 1, 2, 3 and 4

left and right end, span

1, 2, 3 and 4

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

-20 0 20

M
a

x
im

u
m

 r
e
la

ti
v

e 
h

o
ri

zo
n

ta
l 

to
w

er
 

d
is

p
la

ce
m

en
t 

d
u

e 
to

 t
em

p
er

a
tu

re
 

lo
a

d
[m

] 

Temperature gradient [°C] 

no joints

left and right end

span 1 and 4

span 2 and 3

left and right end,

span 1 and 4

left and right end,

span 2 and 3

span 1, 2, 3 and 4

left and right end,

span 1, 2, 3 and 4



Chapter 2  Structural Design of a Multispan Cable Stayed Bridge

 

40 

 

 Joints in span 1 and 4 

 Joints in span 2 and 3 

 Joints in span 1, 2, 3 and 4 

Notice that from this point of view, it is not advisable to have expansion joints at the left and 

right end of the bridge.  

Figure 2-25 shows the maximum relative vertical girder deflection due to mobile load. Figure 

2-26 shows the maximum relative vertical girder deflection due to temperature load.  

 

Figure 2-25 Maximum relative vertical girder deflection due to mobile load 

 

Figure 2-26 Maximum relative vertical girder deflection due to temperature load 

From Figure 2-25 it is clear that the best configuration is to either use no joints or use joints in 

span 2 and span 3. If there would be no expansion joints, the thermal stresses would become 

too large, so the optimum solution is to install expansion joints in span 2 and span 3. 
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2.9 Conclusion 
It is concluded that the design satisfies all the requirements for both the serviceability limit 

state and the ultimate limit state. The cable stress and the maximum deflection never exceed 

the limits prescribed by the codes. The concrete and steel stresses never exceed the material 

strength. From a static point of view, this is a feasible design. 

From a static point of view, the best structural system is thus to apply expansion joints at span 

2 and 3 if the deflection needs to be limited. However, in order to reduce the thermal stresses 

in the girder, it might be necessary to introduce extra expansion joints. 
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Chapter 3 Dynamic Analysis and Structural 

Performance under Wind and Earthquake Actions 

3.1 Introduction 
Modal parameters are the main parameters of the structural dynamics characteristics. If the 

structure is located in earthquake or typhoon prone regions, these parameters should be 

determined accurately in order to predict the consequences of a natural disaster. If the 

structure is symmetric, the shape of the vibration modes should be entirely symmetric or 

antisymmetric [25].  

To  execute simulations of the dynamic behavior, it is important that there are accurate 

estimates of the dynamic properties available, such as natural frequencies, mode shapes and 

damping ratios. These modal parameters serve as a basis for updating the finite element 

model. Through this model, the behavior of a bridge during a heavy earthquake can be 

predicted.  

In most cases, the modal parameters of a structure are first determined analytically and then 

verified experimentally [26]. Analytic results always need to be verified experimentally 

because bridges are often complex, large in size and low in frequencies. For the experimental 

verification, three main types of dynamic testing exist: forced vibration tests, free vibration 

tests and ambient vibration tests. The first two types are more difficult to execute because the 

bridge has to be closed, the last one can be carried out at every moment because this 

experiment just measures the vibration caused by wind and traffic.  

Concrete and steel have time-dependent material behavior, like ageing, creep, concrete 

shrinkage and steel relaxation. In order to perform damage detection in an accurate way, the 

shift of the structural properties from the undamaged state need to be incorporated in the 

dynamic model of the structure. [27] proposes an empirical formula with undetermined 

coefficients to model the long-term development of the structural frequencies.  

These coefficients are determined with the time integration method for evaluation of the long-

term variation of internal forces and the choice of parameters for dynamic analysis. Then the 

empirical formula is verified using numerical end experimental results. Finally, the time-

dependent damage is estimated through a hypothetical damage scenario. 

3.1.1 Vehicle-structure interaction 

Cable-stayed bridge decks have become more slender and light. As a consequence, the 

external loads have become comparable to the self-weight of the bridge. Therefore, [28] 

investigates the dynamic response of long span cable-stayed bridges subjected to moving 

loads such as traffic. The bridge is modeled as a continuum, and as a consequence, the 

interaction forces between the girder, towers and cable system are described by means of 
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continuous distributed functions. In order to understand better the link between bridge 

deformation and moving loads, the effects of the centripetal and Coriolis force and eccentric 

loads, which is usually neglected, are included.  

From the research in [1], several conclusions can be drawn. Eccentric loads increase the 

maximum accelerations that are registered on the deck considerably. The parameters that 

mainly contribute to reduce the maximum accelerations are the deck depth, the slab thickness, 

the section type (box girder versus I-beams) and the employment of additional cross-stays. 

Box sections and the solutions in which additional cross-stays are employed have been shown 

not to be very cost-efficient, despite their structural efficiency.  

In order to develop design criteria for the serviceability limit state of vibrations due to traffic 

live load, all of the components of the problem must be considered: the vibration source, the 

vibration path and the receiver. Pedestrians are typically considered as the receiver of the 

vibration in codes [29].  An innovative approach to model the vehicle-structure interaction has 

been applied. Realistic wheel dimensions of heavy trucks, road roughness profiles and the 

cross slope of the road are considered in nonlinear dynamic analyses of detailed three-

dimensional finite element models.  

In practice, two types of analysis procedures are typically adopted in order to verify the SLS 

of vibrations due to traffic live load: deflection- and acceleration-based methods. In the 

deflection-based methods, the accelerations of the bridge under the frequent traffic live load 

are intended to be indirectly controlled by limiting the deflection due to a static load. Several 

codes indicate that under the live load, the bridge deflection must be smaller than a value of 

L/1000. 

The acceleration-based strategy is more rational since the recorded acceleration is directly 

compared to a selected comfort criterion that takes into account the human perception of the 

vibration, which is particularly sensitive to vertical accelerations. 

The train is modeled as a series of sprung masses, the bridge deck and towers by nonlinear 

beam-column elements and the stay cables by truss elements with Ernst’s equivalent modulus 

to account for the sag effect. In order to reduce the multiple resonant peaks of the cable-stayed 

bridge subjected to high-speed trains, a hybrid tuned mass damper system composed of 

several subsystems is proposed. Each of the subsystems is tuned for a dominant frequency of 

the main system [30]. 

3.1.2 Aerodynamic Instability 
The most important topics in long span bridge aerodynamics are: flutter instability, gust 

responses caused by turbulent winds and suppression problems of wind-induced vibrations 

[31]. 

From the collapse of the Tacoma Narrows Bridge, engineers learnt that the mechanism of 

torsional flutter lead to collapse. This was caused by dynamic vortex separation from the 

windward edges of the stiffening girder and this descended along the floor web, always 

synchronized with torsional motion, see Figure 3-1. 
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Figure 3-1. Tacoma Narrows Bridge: a) torsional motion b) separated vortex descending by flow 

visualization. 

In order to include well the effects of wind fluctuation on gust responses of flexible structures, 

natural winds are treated in a probabilistic manner.  

To reduce the wind-induced vibrations, passive, active or semi-active dampers can be 

installed. These systems are discussed earlier in this report. 

In [32], the results of a wind-tunnel study of the aerodynamic response and stability of a cable-

stayed bridge deck are presented. For the study of wind-related problems, mainly two 

approaches are used. One employs a full aeroelastic model of a given bridge and requires a 

relatively large wind tunnel. The other approach can be applied in a smaller wind tunnel and 

employs a model which represents a typical section of the bridge deck.  

The main purpose of [32] was to evaluate the aerodynamic response and stability of the deck. 

Of particular interest was the critical wind speed for flutter-type instability and the amplitude 

of the anticipated vortex-induced bridge oscillation. A relatively short, typical section of the 

bridge span was tested in the wind-tunnel. The model is mounted in springs and allowed to 

oscillate in two degrees of freedom: vertical and torsional.  

The limitations of the bridge section model do not allow for modeling full modes of bridge 

deck oscillations. Although, it is believed that the restrictions of the scale model lead to 

conservative estimations of the aerodynamic response and stability of the prototype. Such 

upper-bound estimates are very useful in early stages of the design of long span cable-stayed 

bridges. 

Wind tunnel test programs have been devised and executed to determine the aerodynamic 

behavior of a long span cable-stayed bridge in the most critical erection conditions [33], [34]. 

Due to the shorter exposure period, the erection condition is generally designed for smaller 

wind loads than the in-service condition. For the Sutong bridge project, whose design is based 
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on allowable stresses, a 100 year return period wind for the in-service is picked and a 30 year 

return period wind for the construction stage. When the critical wind speed is exceeded, the 

bridge goes into a self-induced periodic motion with divergent amplitudes leading to the 

destruction of the structure.  

The dynamic characteristics of a structure are best expressed by its modal properties. These 

change continuously as the bridge erection in free cantilevering proceeds. The study 

highlights significant differences in many respects. These are mostly related to different wind 

characteristics, a different deck cross section and a different configuration of the overall 

structure.  

Because of heavy winds, long bridge decks can start to flutter. This induces fluctuating 

stresses, which can lead to fatigue damage. One of the solutions proposed is a new layout for 

the stay cables of great span bridges [35]. Stability of a bridge deck of a cable-stayed bridge is 

assured by one or two planes of fan pattern stay cables. The new layout consists of adding a 

plane of fan pattern stay cables underneath the bridge deck (Figure 3-2). Like this, all the 

cables will stay under a certain stress and the displacements of the bridge deck are more 

constrained.  

 

Figure 3-2. Proposed cable scheme. 

This new layout should be applied for the design of bridges yet to be build, not for the 

adjustment of existing bridges.  

After comparison of the old and the new scheme with FE software, a significant increase in 

overall stiffness is observed. The solution can thus be adapted as a guideline to improve the 

resistance to flutter without changing the structure of the bridge deck.  

Most of the previous studies focus on either wind effects on long span cable-stayed bridges 

without considering road vehicles or the dynamic interaction between bridge and road 

vehicles excluding turbulent winds or the safety of road vehicles in high crosswinds. Up to 

know, no sophisticated way can be followed to make a rational decision on the threshold of 

wind speed above which the traffic flow on the bridge should be closed.   

The most up-to-date information in the areas of both wind-bridge interaction and bridge-road 

vehicle interaction is taken into consideration, but as a first stage study wind effects on road 

vehicles are considered by the quasi-steady theory because of the lack of relevant test data. In 

the proposed framework, a three-dimensional finite element model, which takes into account 

the geometric nonlinearity, is used to model a long span cable-stayed bridge. High-sided road 



Chapter 3  Dynamic Analysis and Structural Performance under Wind and Earthquake Actions

 

46 

 

vehicles are modeled as a combination of several rigid bodies connected by a series of springs 

and damping devices. The random roughness of the bridge deck surface is included to 

consider the interaction between the bridge and road vehicles in the vertical direction. [36] 

An example of a FCM-anchored hybrid two pylon cable-stayed bridge is the New Millennium 

Bridge in South-Korea.[37] The design of the bridge was carried out based on extensive 

numerical analyses and wind tunnel tests: extreme wind climate analysis for typhoons, 

dynamic wind load analysis, etc. A series of wind tunnel tests were performed to find the 

harmful wind-induced vibrations: vortex-shedding, buffeting and flutter.  

As a cable-stayed bridge is more vulnerable to wind during construction rather than in service, 

temporary tied-down cables are used as a stabilizing measure in general. But these cables 

could not be applied here because they need temporary concrete blocks or pile foundations 

which is a very expensive temporary solution. Thus the FCM-anchored structural hybrid 

system was considered to ensure the aerodynamic stability (see Figure 3-3). 

 

Figure 3-3. General layout of the two pylon cable-stayed bridge. 

Another example of a cable-stayed bridge is the Talavera de la Reina bridge in central Spain 

[38]. The aero-elastic stability of the bridge is intensively studied through wind tunnel tests. 

The study is focused, as part of a more extended study, at the tower foundation and the cable 

anchorages.  

3.1.3 Seismic Performance 
[39] investigates the effect of local soil conditions based on recordings from a permanent 

accelerometer array installed on the cable-stayed bridge of the Evripos channel in Greece. The 

differentiation of ground motion is often related to the effect of local geology, which 

quantifies the amplification and frequency content. The effect of local soil conditions is often 

approached by empirical methods. The Standard Spectral Ratio (SSR) and the Horizontal to 

Vertical Ratio (HVR) are two empirical methods frequently used to analyze earthquake data.  

After analysis of the four ground stations of the bridge, it is found that the effect of local 

geology might be of concern only for the case of one pier, where amplification is larger for a 

wider frequency range, for the other piers, amplification is observed at frequencies 

significantly higher than those of the 10 first natural frequencies of the bridge. 
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The term spatial variation of seismic ground motions denotes the difference in amplitude and 

phase of seismic motions recorded over extended areas. Because cable-stayed bridges 

generally extend over long distances parallel to the ground, their supports undergo different 

motions during an earthquake. Past investigations have learned that these spatial variation of 

seismic ground motions cannot be neglected [40].  

The variation results from relative surface fault motion, soil liquefaction, landslides and from 

the general transmission from the source through the different earth strata.  

[41] proposes a method for simulating arrays of spatially varying ground motions, 

incorporating the effects of incoherence, wave passage and differential site response. Two 

approaches are developed. In the first, simulated motions are consistent with the power 

spectral densities of a segmented recorded motion and are characterized by uniform 

variability at all locations. In the second approach, simulated motions are conditioned on the 

segmented record itself and exhibit increasing variance with distance from the site of the 

observation. 

Due to the finite speed of earthquake waves, there are spatial varying ground motions. This 

results in differential displacements, which imposes an extra load on the bridge, together with 

the load of the dynamic ground displacement. Differential displacements can be very harmful 

to bridges because these are very extended structures.  To take these differential movements 

into account, one came up with the ‘equal displacement’ rule. Although this rule has already 

proven his practical usefulness, it has never been applied to bridges [42].  

The spatial variability of ground motions can be dedicated to three main effects.  

The first is called the wave-passage effect. This effect results because of the aforementioned 

finite velocity of the waves and thus a time lag in the arrival of seismic waves. This effect can 

be easily taken into account if one considers the soil as a uniform medium. But in practice, 

soil will never be a perfectly uniform, so it is not possible to calculate the time lag exactly, 

although it is possible to calculate an upper boundary for the wave velocity by taking more 

conservative assumptions (e.g. the soil consists entirely of the most dense type of soil that is 

found on site, resulting in the highest wave velocity).  

The incoherence of the soil is the second effect that contributes in the time lag, and is thus 

called the incoherence effect. Because of the presence of different soil strata, the waves will 

also be refracted and bended. This results in super-positioning of several waves, by which 

they get more power and thus have a more devastating impact on the bridge.  

The third effect is called the site-response effect. This effect is the consequence of random 

motions of bedrock under the surface and results in amplitude and frequency variations of the 

ground motions, which makes the surface movements even harder to predict. This effect will 

only contribute when the soil contains large specimens of rock, of course.  

Another important aspect of cable-stayed bridges is the soil-structure-water interaction. Soil-

pile interaction is modeled using individual impedance matrix to replace piles below the 
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mudline. Water-structure interaction is simulated with added mass and damping coefficients 

for pile foundations of the bridge [43]. 

Several models have been developed to model the soil nonlinearity of a soil-pile system. Also, 

a great deal of efforts has been put into the estimation of the hydrodynamic forces acting on 

an offshore structure during earthquakes and waves. 

The increasing number of cable-stayed bridges built in earthquake zones with soft soil 

conditions has caused concern about the safety of these bridges under seismic excitation. 

Spatial variability and soil-structure interaction can be classified as the most important aspects 

that have to be considered in a realistic earthquake analysis. This spatial variability is 

characterized with the coherency function. Because of travelling with finite velocity, 

coherency loss due to reflections and refractions and the difference of local soil conditions, 

there are significant variations in earthquake movements at the pile supports [44]. 

In order to fully understand the seismic behavior of a structure, two kinds of procedures are 

available: a nonlinear dynamic (nonlinear response history analysis or NL-RHA) and a static 

(modal pushover analysis or MPA) approach, each with its advantages and disadvantages.  

NL-RHA is undoubtedly the most rigorous method to deal with inelasticity in dynamic 

studies. However, several uncertainties are introduced in the definition of the models and 

analysis. In recent years, pushover strategies have been developed. Their main goal is to 

estimate the nonlinear seismic response by means of static calculations, pushing the structure 

up to certain target displacement using load patterns which try to represent the distribution of 

inertia forces. Many design codes recommend the use of pushover analysis to evaluate the 

inelastic seismic response. 

The contribution of [45] in advanced pushover analysis is three-fold: (1) the broadly accepted 

modal pushover analysis (MPA) in building structures is adapted to three-axially excited 

cable-stayed bridges, (2) an extension of MPA, referred as EMPA, is suggested to fully 

consider the three-dimensional effects of the vibration modes and the seismic excitation, and 

(3) a procedure named CNSP is proposed in order to take into account the nonlinear coupling 

between governing longitudinal and transverse modes. 

If one wants to investigate the real behavior of a bridge during an earthquake, one should 

place sensors on strategic locations of the bridge. These sensors will measure the 

displacements in several directions. Although the bridge deck is a continuous system 

everywhere, the displacements can only be measured in discrete points of the bridge, amongst 

others for economic reasons. These sensors should be placed so that the dynamic behavior is 

registered as complete as possible [46].  

The behavior of a bridge can be captured with a linear model, although it has already been 

proven that a nonlinear model provides a more accurate approximation. Perhaps more sensors 

should be placed to be able to capture the model of the bridge in a nonlinear model.  

One of the most important design characteristics of a bridge are the damping ratio and the 

natural frequency. These parameters are estimated out of the approximation of the (non)linear 
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model. So the closer the model approximates reality, the more accurate they can be predicted 

thus resulting in a more economic design. Also the response of the bridge to another random 

ground excitation can be simulated. 

If the earthquake gets heavier, the bridge will be driven into its nonlinear range. This means 

that linear models for severe earthquakes will not give accurate estimates of the design 

characteristics, pointing out the need for the development of nonlinear models.  

Commercial finite element (FE) software packages sometimes limit the in-depth investigation 

of associated topics. Therefore, a numerical model is built with an open source FE software 

package (i.e. OpenSees). The simulation results of the open source and commercial package 

can then be compared [47]. Figure 3-4 shows the calculated displacements for both open 

source and commercial software package. 

 

Figure 3-4 Comparison of calculated displacement for open source (OpenSees) and commercial (Marc) 

software package. 

There are two notable advantages for the use of OpenSees. First, the source code of OpenSees 

is available for free, which enables further research and discussion on its internal mechanisms 

and functionalities. Second, researchers worldwide are permitted and encouraged to share 

their latest research outcomes using this software, thus facilitating the reuse of previous 

achievements and further in-depth research.  

Despite the advantages, OpenSees also has disadvantages. The most important one is that 

OpenSees is mostly used to investigate the seismic performances of small or mid span 

bridges. The reason that it has not frequently been used for large span bridges is that it lacks 

an appropriate and versatile model for bridge towers, piers and decks.  

The seismic analysis of long span cable suspended bridges involves a high number of 

uncertain parameters. In [48], seismic analysis is carried out through a probabilistic approach. 

Displacement time histories are built artificially based on the response spectrum of the site, by 

carrying out a Monte Carlo simulation. The seismic motion, modelled as asynchronous 

spectrum-compatible histories of displacement, was evaluated using the ADINA software for 

a total of 50 seismic simulations for each peak ground acceleration (PGA) considered. 

Some of the most important uncertain parameters are: the location of the epicenter, the 

seismic intensity, the attenuation law, the velocity of seismic waves through the soil, the 

frequency content of the seismic waves, the local effects of the site etc.  
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From a general point of view, the uncertainties can be divided into three fundamental types: 

aleatory uncertainties (arising from the unpredictable nature of the size, the direction of the 

variability of environmental action, the parameters estimation), epistemic uncertainties 

(deriving from insufficient information as well as from measurement errors or inadequate 

modelling) and model uncertainties (deriving from the approximations present in numerical 

models).  

The application of the Vibration Control Theory on cable-stayed bridges began more than 20 

years ago, with the incorporation of the first seismic isolation devices. At first, these devices 

were aiming at active vibration control. Nowadays, new passive protection devices have been 

developed, introducing seismic isolation and energy dissipation devices. The application of 

semi-active and hybrid protection technologies to cable-stayed bridges has recently begun. 

Vibration control is expected to continue growing [49].  

The Minpu Bridge for the Pudong Airport Expressway is a large double-deck cable-stayed 

bridge over the Huangpu river in Shanghai. In [50], the seismic analysis procedures are 

described as followed. First it is necessary to define a three dimensional finite element model 

to perform the dynamic analysis and analyze the dynamic characteristics.  Second, identify the 

vulnerable locations and check their seismic capacity. Last, present the seismic safety 

evaluation of the bridge.  

The seismic design of the Minpu bridge is carried out on two distinct fortification levels. 

Level 1 corresponds to the design earthquake, whereas level 2 corresponds with a rare 

earthquake. Level 1 controls the strength of the members, level 2 controls the displacement.  

In [51] and [52], scale models were tested experimentally on a shaking table in order to clarify 

the mechanism associated with the seismic response of a scale model under uniform and non-

uniform excitations. The experiments resulted in: (1) the strong vibration responses of the 

main girder and towers under four different horizontal earthquake wave excitations were 

identified, (2) the seismic performances of the main girder and towers of the scale model were 

adversely affected by travelling wave effects, and (3) when the peak acceleration value of the 

El Centro (EC) wave reached 4.0 m/s², shear failure of the bearing of the middle tower first 

appeared.  

[53] makes a comparison of the seismic behavior of a cable-stayed bridge for a non-isolated 

bridge and a base-isolated bridge by means of a finite element simulation. Comparison of 

dynamic behavior of isolated and non-isolated bridge with and without the SCFP bearings 

under three different earthquake motions has been conducted.  

Seismic isolation of the bridges is generally applied by placing isolator devices under the deck 

of the bridges. However, in [53], it is preferred to isolate pylon from foundation.  

Isolation systems increase the period of the bridge significantly. Increasing of the bridge 

period provide decreasing of transferred acceleration so internal reactions of the bridge 

decrease as well. Secondly, Isolators significantly decrease the vertical displacement, bending 
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moment and shear force of the bridge deck. Furthermore, isolators significantly decrease the 

bending moment and shear force in the bridge tower.  

The seismic response of a cable-stayed bridge depends to a great extent on how the bridge 

deck is connected to the tower and the piers. Rigid connections limit the deck horizontal 

displacements under earthquake action but unavoidably increase the transmitted forces 

between the superstructure and the substructure. This behavior suggests seismic control 

techniques: passive, active or semi-active [54].  

To effectively improve the seismic performance of a bridge structure, two main objectives are 

pursued: (i) to increase the structures fundamental period and therefore reduce the spectral 

acceleration and (ii) to enhance the energy dissipation capabilities of the bridge and increase 

damping. To achieve this, one can either introduce dampers, isolate totally or partially the 

bridge deck from the substructure or make a combination of both. 

The nonlinear behavior of cable loosening should also be considered because a large axial 

force fluctuation is generated in the cables of a cable-stayed bridge that is subjected to strong 

seismic motion [55]. Cable loosening appears only in the bottom cable of the multi-cable 

system. The parts of the girder and towers surrounded by the bottom cables and the girder are 

affected by the cable loosening. The dynamic response of the girders and towers in a cable-

stayed bridge is slightly increased when the cable loosening is considered.  

Bridge fragility curves, which express the probability of a bridge reaching a certain damage 

state for a given ground motion parameter, play an important role in the overall seismic risk 

assessment of a transportation network. The resulting fragility curves for both the bridge 

components and the bridge system as a whole show that the bridge system is more fragile than 

any one of the bridge components [56]. 

A hybrid control system is composed of a passive control system to reduce the earthquake-

induced forces in the structure and an active control system to further reduce the bridges 

responses, especially deck displacements. Conventional passive base isolation systems consist 

of lead rubber bearings. For the active control design, hydraulic actuators are used. Numerical 

simulation results show that the performance of the proposed hybrid control strategy is 

superior to that of the passive control strategy and slightly better that that of the active control 

strategy. The hybrid control strategy is also more reliable than the active control method due 

to the passive control part. Therefore, the proposed hybrid control strategy could be 

effectively used to seismically excited cable-stayed bridges [57].  

3.2 Modal Analysis 
Now, the first 30 modes are generated by ANSYS. Only the first mode of each vibration type 

is mentioned in this report.  

The first modes to occur are the transversal modes. Although the girder is stiffer in transversal 

direction than it is in vertical direction, these modes occur earlier. This is due to the fact that 

the girder is vertically suspended to cables, which constrain the vertical movement partly, but 

the transversal movement is not constrained by the cables. 
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The first 4 transversal modes all have approximately the same natural frequency. The shape of 

these modes are similar.  

Figure 3-5 displays the first mode for transversal bending of the girder. 

 

Figure 3-5 1
st
 mode (f1 = 0.144 Hz) 

Figure 3-6 displays the first mode for vertical bending of the girder. 

 

Figure 3-6 7
th

 mode (f7 = 0.197 Hz) 

Figure 3-7 displays the first mode for torsional bending of the girder. In the first torsional 

mode, span 1 and span 4 rotate in the same direction. In the second mode, span 1 and span 4 

rotate in opposite direction. 

 

Figure 3-7 26
th

 mode (f26 = 0.552 Hz) 

3.3 Structural Performance under Wind Load 

3.3.1 Flutter Instability 
Starting from a certain critical wind speed, flutter instability will occur. A well-known 

example of this phenomenon is the Tacoma Narrows, which collapsed due to flutter instability 

in 1940 in the USA. The basic idea is that starting from a certain critical wind speed, the 

girder will start galloping, eventually resulting in collapse. To avoid this, the local wind speed 

should always be below this critical wind speed. The critical wind speed should thus be 

sufficiently high.  

The critical wind speed is calculated according to Chinese design code [58] with (3-1). 

 𝑉𝑐𝑟 = 
𝑠

∙ 


∙ 𝑉𝑐0 (3-1) 

With: 

 s a factor depending on the material damping and the geometry of the girder. It 

equals 0.80 for this specific girder type and a damping ratio ζ=0.02. 

  takes into account the maximum angle of attack of the wind depending on the 

girder geometry. It equals 0.80 for this particular type of girder. 
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 Vc0 is given by (3-2). 

 
𝑉𝑐0 = 2.5 ∙ √ ∙

𝑟

𝑏
∙ 𝑓𝑡 ∙ 𝐵 (3-2) 

With: 

  the density ratio between structure and air, according to (3-3).  

 𝜇 =
𝑚

𝜋 ∙ 𝜌 ∙ 𝑏2
 (3-3) 

 

m is the distributed mass of the girder and the cables [kg/m]. The results of the 

calculation are displayed in Table 3-1. 

Table 3-1 Calculation of  

m 32950 kg/m 

ρ 1.25 kg/m³ 

b 21 m 

 19.02 
 

 r the radius of gyration, according to (3-4). 

 

𝑟 = √
𝐼𝑡

𝐴
 (3-4) 

It is the torsional moment of inertia of the girder, A is the cross sectional area. The 

results of the calculation are displayed in  Table 3-2. 

Table 3-2 Calculation of r 

It 20.6 m
4
 

A 2.5 m² 

r 2.87 m 
 

 ft the natural frequency for the first torsional mode. This value is determined from the 

modal analysis in the previous paragraph. (f26 = 0.55 Hz) 

 B the total width of the girder, from end to end (42 m). b equals B/2 (21 m). The 

results of the calculation are displayed in Table 3-3. 

Table 3-3 Calculation of Vcr 

Vc0 93.36 m/s 

s 0.8 

 0.8 

Vcr 59.75 m/s 
 

The critical wind speed, which induces torsional instability, is thus equal to 59.75 m/s.  
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The critical wind speed Vcr should be compared to a threshold wind speed [Vcr] according to 

(3-5). 

 𝑉𝑐𝑟 ≥ [𝑉𝑐𝑟] (3-5) 
 

This threshold wind speed is calculated according to (3-6). 

 [𝑉𝑐𝑟] = 1.2 ∙  ∙ 𝑣𝑏,0 (3-6) 
 

With: 

  an empirical factor taking into account the site category (A, open sea) and the span 

length.  equals 1.2. 

 vb,0 the basic wind velocity as defined in paragraph 4.2.2. vb,0 equals 51.2 m/s. 

[Vcr] thus equals 73.73 m/s. (3-5) is thus not fulfilled.  

3.3.2 Aerostatic Instability 

Starting from a certain wind speed, the bridge girder will buckle out of its plane, similar to 

torsional flutter. However, contrary to torsional flutter, this is a static effect and not a dynamic 

effect. There is no movement of the girder in function of time.  

This wind speed is called the torsional divergence wind speed and is calculated according to 

the Chinese design code [58] with (3-7). 

 𝑉𝑡𝑑 = 𝐾𝑡𝑑 ∙ 𝑓𝑡 ∙ 𝐵 (3-7) 

With: 

 Ktd the torsional divergence empirical factor, calculated with (3-8). 

 

𝐾𝑡𝑑 = √
𝜋3

2
∙ 𝜇 ∙ (

𝑟

𝑏
)

2

∙
1

𝐶′𝑀
 (3-8) 

 ft, B, , r, b according to the previous paragraph. 

 C’M the gradient for the torsion moment parameter. This parameter depends on the 

geometry of the girder and is obtained through wind tunnel testing. Here, C’M equals 

0.9568. The results of the calculation are displayed in  

 Table 3-4. 

Table 3-4 Calculation of Vtd 

C'M 0.9568 

Ktd 2.40 m/s 

Vtd 55.58 m/s 
 

The critical wind speed, which induces aerostatic instability, is thus equal to 55.58 m/s. 

According to the Chinese code, the torsional divergence wind speed should be greater than 

two times the basic wind speed (=102.4 m/s), which is clearly not the case 
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Both the critical wind speed for torsional flutter and torsional divergence are too low. It is 

thus recommended to perform wind tunnel tests. Because the geometry of the girder and the 

span length are identical to the Sutong bridge, and wind tunnel tests are performed on the 

Sutong bridge girder, it is assumed that the wind resistance of the girder is satisfactory.  

3.4 Structural Performance under Earthquake Action 

3.4.1 Earthquake Record 

In order to assess the seismic performance of the bridge, a series of earthquake simulations is 

carried out. In order to do so, a couple of adaptations to the model need to be made.  

First, material damping must be defined in ANSYS. This is done by writing the damping 

matrix [C] as a linear combination of the mass matrix [M] and the stiffness matrix [K] (3-9). 

 [𝐶] = 𝛼[𝑀] + 𝛽[𝐾] (3-9) 

With the coefficients  and : 

 
𝛼 = 𝜁 ∙

2𝜔1𝜔2

𝜔1 + 𝜔2
 (3-10) 

   

 

 
𝛽 = 𝜁 ∙

2

𝜔1 + 𝜔2
 (3-11) 

With: [59] 

 ζ= 0.02 for welded steel 

 ζ= 0.05 for reinforced concrete 

 1 and 2 the first and second angular frequency [rad/s] 

ζ is chosen 0.02 for the entire structure as a simplification and a conservative approach.  

For the earthquake simulation, the acceleration data of the El Centro earthquake in Mexico is 

used. This earthquake occurred in 1940 in south California, USA. It had a moment magnitude 

of 6.9. Today, this record is used often to test the seismic performance of newly designed 

structures.  

The acceleration record of the El Centro earthquake in North-South direction is displayed in 

Figure 3-8. During the first 25 seconds, the heaviest shocks are measured, with peak 

accelerations up to 3.5 m/s². The peaks for the accelerations in East-West direction and up-

down direction are smaller. 
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Figure 3-8 El Centro record in North-South direction 

The accelerations are applied to the gravel layer that acts as a base isolation system. The 

tower base is in contact with the gravel layer merely by friction, as previously discussed. 

There are two problems when an earthquake is simulated like this. 

First of all, due to its low stiffness, the gravel layer is very compressible. This results in an 

initial peak acceleration due to the static deformation. However, this peak is not present in 

reality. The structure should thus be allowed to deform statically, and all the vibrations caused 

by this phenomenon should have died out before the actual earthquake starts. 

This is done by adding an additional 300 time steps (this corresponds with 6 seconds) before 

the earthquake. During this period, no accelerations act on the soil. Additionally, the damping 

ratio for steel during this period is increased to a value of 1. This means that the bridge is 

critically damped.  Due to this measures, the initial vibration caused by the short “fall” of the 

bridge is completely damped out after a time span of 1 natural period.  

Secondly, the deflections of the structure due to the earthquake are initially too small. This is 

due to the fact that the soil on which the structure stands extends a lot further than the small 

piece of gravel on which it stands now. As a result, the force the gravel exerts on the tower 

base is too small, because the mass of the gravel layer is too small compared to the mass of 

the bridge. This is solved by multiplying the density of the gravel with a factor 10000. 

3.4.2 Foundation Structural Performance 
Then, the performance of the base isolation system is tested. The displacement of two points 

are monitored during the earthquake. The two points are coinciding, but the first one is part of 

the gravel layer, the second one is part of the tower base. The two points can thus move 

relative to each other.  

Figure 3-9 shows the displacement of the tower base relative to the gravel layer. It is clear that 

plastic deformation occurs. At some points in the curve, a discontinuity occurs. These 

discontinuities correspond with a peak in the acceleration time history of the earthquake.  
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The gravel layer thus effectively dissipates part of the seismic energy. 

 

Figure 3-9 Time history of the longitudinal displacement of the tower base relative to the gravel layer 

At certain moments, the plastic deformation increases up to 0.4 m. This results in high 

residual stresses, partly dissipated in the expansion joints. However, because of the plastic 

deformation, the original structural system has changed. The neutral point of the expansion 

joints and the dampers has shifted. This will affect the behavior of the bridge under the next 

severe earthquake. 

3.4.3 Response Spectrum Analysis 
For the response spectrum analysis, the big mass method (cf. multiplying the density with a 

factor of 10000) is omitted, because the use of this method influences the modal and spectral 

analysis. However, the reader should be aware of the fact that omitting the big mass method 

results in unrealistic small displacements. 

The displacement of the top of tower 3 is monitored in longitudinal direction during the 

earthquake. Figure 3-10 displays the displacement in function of time. In this plot, 3 harmonic 

motions are visible with a different period. From this period, an estimation of the natural 

frequencies can be made. 
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Figure 3-10 Tower 3 longitudinal displacement time history 

Analysis of the response spectrum is done with the aid of Matlab. the time history of the 

displacement is imported into Matlab. Then, these data are filtered with a fourth order filter 

with a cutoff frequency of  45 Herz. Then, the two signals are transformed from the time to 

the frequency domain.  

The results are presented in Figure 3-13. In this plot, one peak is clearly visible at a frequency 

of 0.36 Hz.  This frequency corresponds with the 9
th

 and 13
th

 mode. These modes are not the 

first modes for longitudinal bending, since tower 3 is in vertical position for these modes, so 

these modes cannot induce a longitudinal movement of tower 3.  

There is also another peak between 1 and 1.5 Hz and a small one around 4Hz. These 

frequencies correspond with higher order modes. 

 

Figure 3-11 9
th

 mode (f9 = 0.325 Hz) 

 

Figure 3-12 13
th

 mode (f13 = 0.334 Hz) 

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0 5 10 15 20 25L
o

n
g

it
u

d
in

a
l 

d
is

p
la

ce
m

en
t 

[m
] 

Time [s] 

T1 
T2 



Chapter 3  Dynamic Analysis and Structural Performance under Wind and Earthquake Actions

 

59 

 

 

Figure 3-13 Tower 3 longitudinal displacement frequency spectrum 

Now, the transversal movement of the girder is analyzed in a similar way. The transversal 

displacement of the middle of span 1 is monitored during the earthquake. Here, two periodic 

motions are visible. Their periods and corresponding natural frequencies can be estimated 

visually.  

 T1  6.5 s; f1  0.15 Hz 

 T2  1.2 s; f2  0.85 Hz 

 

Figure 3-14 Span 1 transversal displacement time history 

This plot can be transformed from the time domain to the frequency domain with a Fourier 

transformation. Two peaks are visible in Figure 3-15. The first about 0.17 Hz, the second 

about 0.85 Hz. The first peak corresponds with the first modes of transversal bending of the 

girder. Since the first 4 natural frequencies are all within this peak, these modes have the same 

probability of occurring during an earthquake. The second peak corresponds with modes of 

higher order. 
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Figure 3-15 Span 1 transversal displacement frequency spectrum 

It is also possible to carry out a harmonic analysis of the structure. This is another way of 

finding the natural frequencies of a structure. In annex A, a harmonic analysis of towers 1 and 

2 is carried out. 

3.4.4 Longitudinal Connection System Between Pylon and Deck 

The main parameters that govern the behavior of a cable stayed bridge are: 

 Stiffness of the main structural components 

 Configuration of the cables 

 Support conditions 

The first and the second set of parameters are fixed. However, it is possible that the bridge 

will behave in a more favorable way if the support conditions are modified. 

The girder is connected to the towers through simply supported connections. This kind of 

support allows the girder to rotate freely in any direction. The vertical movement of the girder 

however is prevented. The transversal movement is partly prevented by means of a spring-

damper system between the girder and the tower. This system will be developed later in more 

detail.  

The longitudinal movement is either constraint or free. In this paragraph, it is investigated 

what the most favorable configuration is for the longitudinal constraint of the bridge girder 

(i.e. where should the girder be able to move freely in longitudinal direction and where should 

its movement be constrained). Towers 1 and 5 support the girder in two points, the other 

towers support the girder in four points.  

The girder supports have 6 degrees of freedom: 3 translational and 3 rotational degrees of 

freedom. Constraining the rotation of the girder in any direction is not realistic. The vertical 

movement of the girder is constrained. The transversal movement of the girder is partly 

constrained by dampers. The only degree of freedom that still needs to be checked is the 

longitudinal movement of the girder. Like the expansion joints, the configuration of the 

longitudinal constraints must be symmetrical. 
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Expansion joints are installed in span 2 and span 3. Each girder segment that is isolated from 

the rest of the girder by expansion joints should be longitudinally constrained in at least one 

point. The girder is thus longitudinally constraint at tower 3. 

 

Figure 3-16 Maximum relative horizontal tower displacement due to mobile load 

 

Figure 3-17 Maximum relative horizontal tower displacement due to temperature load 

 

Figure 3-18 Maximum relative vertical girder deflection due to mobile load 
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Figure 3-19 Maximum relative vertical girder deflection due to temperature load 

From Figure 3-16 to Figure 3-19, it can be concluded that the girder should be at least 

constrained at tower 1 and 5 or tower 2 and 4, or maybe even both. Constraining the girder at 

all towers has consistently the most favorable influence if the bridge is subjected to mobile 

loads, when deflections are largest. 

From a dynamic point of view however, the stiffness of the structure cannot be too large, 

since this will result in a higher first natural frequency for the different modes of vibration. 

Again, there has to be sought for an optimum configuration of the longitudinal constraint.  

The configuration of the longitudinal constraints automatically determines the position of the 

longitudinal dampers.  

There are 6 types of vibration modes, 3 translational and 3 rotational. However, for this 

particular structure, only 3 natures are of interest: 

 Transversal modes 

 Vertical modes 

 Torsional modes 

The transversal and the vertical modes are important for testing the behavior of the structure 

due to earthquake loads. Torsional modes are important to investigate flutter instability of the 

girder due to wind effects. 

Now, the first natural frequency for the transversal, longitudinal and torsional modes is 

checked in function of the configuration of the longitudinal constraints. 5 configurations are 

checked: 

 Configuration 1: no constraints 

 Configuration 2: constraint at tower 3 

 Configuration 3: constraints at tower 1, 3 and 5 

 Configuration 4: constraints at tower 2, 3 and 4 

 Configuration 5: constraints at every tower 
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Figure 3-20 First natural frequency for transversal bending of the girder 

From Figure 3-20, it is clear that the impact on the first natural frequency for transversal 

bending is rather small. The largest natural frequency equals 0.148219 Hz for configurations 3 

and 5, and the smallest one equals 0.14417 Hz for configurations 1, 2 and 4, a difference of 

only 3%.  

 

Figure 3-21 First natural frequency for longitudinal bending of the girder 

The impact on the first natural frequency for longitudinal bending is bigger, as can be seen in 

Figure 3-21. The first natural frequency is 25% smaller for configurations 1,2 and 4. Since it’s 

better to constrain the girder as much as possible from a static point of view, it is concluded 

that the girder should be constrained longitudinally at tower 2, 3 and 4.  

Figure 3-22 displays the influence of the longitudinal constraint configuration on the first 

torsional frequency of the girder. Here, the impact can be neglected as well.  

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

1 2 3 4 5

N
a

tu
ra

l 
fr

e
q

u
en

cy
 [

H
z]

 

Configuration number 

0

0.05

0.1

0.15

0.2

0.25

0.3

1 2 3 4 5

N
a

tu
ra

l 
fr

e
q

u
en

cy
 [

H
z]

 

Configuration number 



Chapter 3  Dynamic Analysis and Structural Performance under Wind and Earthquake Actions

 

64 

 

 

Figure 3-22 First natural frequency for torsional bending of the girder 

The same check can be done for the configuration of the expansion joints. The difference in 

natural frequency however is negligible. The best configuration for the expansion joints is 

thus to have expansion joints in span 2 and 3, both from static and dynamic point of view. 

The configuration of the longitudinal constraints automatically fixes the location of the 

longitudinal dampers. Dampers are only installed at positions where the movement is not 

constraint. In particular: 

 Longitudinal dampers at towers 1 and 5 

 Transversal dampers at every tower between tower and girder 

Finally, the displacement at the end of the girder and the relative displacement between the 

tower and the deck due to a temperature gradient, longitudinal wind load, traffic load and 

earthquake load are investigated, assuming there are expansion joints at the ends of the girder. 

The results are displayed in Table 3-5. Figure 3-23 displays the end of the girder displacement 

in function of time during an earthquake. A negative displacement represents a net outward 

displacement of the girder. 

To cancel out the effect of the gravity load, the relative deflection is calculated. In order to do 

so, the deflection due to gravity load is subtracted from the absolute deflection. 

Table 3-5 Relative displacement due to multiple hazards 

 End of girder [m] tower-girder [m] 

T = -20 °C 0.261 0.110  

Wind 0.030 0.010  

Traffic 0.185 0.030  

Earthquake 1.013 0.050  

Sum 1.489 0.200 
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Figure 3-23 End of girder displacement in function of time during earthquake 

Installing expansion joints results in a smaller relative displacement between tower and girder 

due to earthquakes (0.05 m instead of 0.35 m without expansion joint at the ends) but it results 

also in a much bigger displacement at the end of the girder (1 m instead of 0 m without 

expansion joint at the ends).  

If one chooses to install an expansion joint at the ends of the girder, this joint should be able 

to expand at least 0.5 m to dissipate the displacement due to static loads. Additional 

longitudinal dampers should be installed in order to dissipate the seismic energy.  

3.5 Dampers 

3.5.1 Definition 

The dampers do not confine the displacement of the steel girder induced by temperature, 

moderate winds, and vehicle traffic, but transfer the loads of the girder induced by gusts, 

earthquakes, and other forces to the tower. The longitudinal dampers should damp the 

movement of the girder due to synchronous braking or accelerating forces of the traffic, 

temperature gradients, wind loads and earthquake loads [61]. 

However, the longitudinal displacement of the girder should not be allowed to increase 

infinitely.  In order to limit the displacement, a spring-damper system is used. Starting from 

the neutral point of the system, only damping takes place. When the displacement becomes 

larger than the gap value, the spring starts working. 

The spring force in function of displacement is schematically displayed in Figure 3-24 [60]. 

The spring restoring force is given by (3-12). 

 
𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = {

0
𝑘 ∙ (𝑥 − ∆)

               
𝑥 ≤ ∆
𝑥 > ∆

 (3-12) 
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Figure 3-24 Spring response 

The damping force for low exponent type viscous damping is given by (3-13). 

 𝐹𝑑𝑎𝑚𝑝 = 𝐶 ∙ 𝑣 (3-13) 
 

The mass-damper system is thus defined by 4 constants: 

 Damping coefficient C 

 Damping exponent  

 Spring stiffness k 

 Gap value  

The damping exponent should be as small as possible, to allow relatively unrestricted thermal 

expansion and contraction at very low speeds (in the range of 0.1 cm/s), yet provide high 

damping forces at seismic velocities up to 50 cm/s [60].  

Damping is defined in ANSYS by (3-14). 

 𝐹𝑑𝑎𝑚𝑝 = 𝐶1 ∙ 𝑣 + 𝐶2 ∙ 𝑣2 (3-14) 
 

The constants C1 and C2 must thus be determined to make sure (3-14) is as close as possible to 

(3-13) in the desired velocity range. The highest velocity stems from earthquake loads and is 

equal to approximately 0.5 m/s.  

To approach (3-13) as close as possible, the following values for C1 and C2 are chosen, in 

function of C and . 

Table 3-6 C1 and C2 

 [-] C1 [Ns/m] C2 [Ns²/m²] 

0.3 3.370C -3.491C 

0.5 2.443C -2.057C 

0.7 1.740C -1.019C 

0.9 1.212C -0.280C 
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Figure 3-25 displays the original curve and the approximation in case C = 1000 Ns/m and  = 

0.3. Especially in the high velocity range, this is a good approximation. 

 

Figure 3-25 Original and approximate damping response 

The spring-damper system is modeled with a COMBIN14 element type. This type requires the 

definition of 3 real constants: 

 Spring constant k 

 Damping coefficient C1  

 Damping coefficient C2 

The values for C1 and C2 in function of C are previously mentioned. 

Since the COMBIN14 element type does not allow to define a gap value, the spring constant k 

for this element is set to 0 and element type COMBIN39 is introduced. This element 

represents a nonlinear spring. It is defined by the points that define the shape of the spring 

response curve (Di, Fi). This curve is similar to the curve in Figure 3-24 and is defined by the 

following 2 points: 

 (, 0) 

 ( + constant, constantk) 

Now two elements are created with the same nodes. The first element is of type COMBIN14, 

the second element is of type COMBIN39. 

As previously mentioned, transversal dampers are installed at every tower , between the girder 

and the legs of the towers (thus 2 transversal dampers for tower 1 and 5, 4 dampers for tower 

2, 3 and 4). Longitudinal dampers are installed at tower 1 and 5, underneath the girder, 

connected between the girder and the horizontal beam.  

3.5.2 Longitudinal Damper Design 

First, the impact of the damping coefficient C and damping exponent  on the damper 

extension is checked. Figure 3-26 shows the impact of the damping coefficient C.  
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Figure 3-26 Time history of damper extension in function of damping coefficient for  = 0.4 

Figure 3-27 shows the impact of the damping exponent . 

 

Figure 3-27 Time history of damper extension in function of damping exponent for C = 4000 Ns/m 

The first 30 seconds of the earthquake are the most severe. This is clearly visible in Figure 

3-26 and Figure 3-27. After that, the magnitude of the earthquake decreases, which results in 

a damped harmonic vibration with a period of 5 seconds. This period corresponds with the 

first natural frequency for longitudinal bending (f = 0.197 Hz). 

The harmonic vibration is slightly dying out at the end of the plot. The damper does not 

vibrate about its neutral point anymore, because the tower has slided over the gravel layer. 

The damping coefficient has not got a clear impact on the amplitude of the vibration, but there 

is a shift in the neutral point of the damper visible. For C equal to 6000 Ns/m and 8000 Ns/m, 

the neutral point has shifted more than for C equal to 4000 Ns/m.  
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From the previous simulations, it is concluded that starting from a damping coefficient of 

6000 Ns/m, the neutral point of the damper will not change significantly anymore. The 

damping coefficient can thus be further increased in order to dissipate more energy. However, 

these results are only valid in the range of 4000 to 8000 Ns/m. If one wants to use a higher 

damping coefficient, extra simulations should be carried out. 

The conclusions are similar concerning the damping exponent. The amplitudes of the 

vibrations in Figure 3-27 are roughly the same. The neutral point has shifted the least for a 

damping exponent of 0.40.  

Figure 3-28 and Figure 3-29 display the impact of the damping coefficient C and the damping 

exponent  on the longitudinal bending moment at the bottom of tower 1.  

 

Figure 3-28 Time history of longitudinal moment in function of damping coefficient for  = 0.3 

The bending moments are the smallest for a damping coefficient of 4000 Ns/m. Moreover, the 

frequency with which the bending moment changes is the lowest for this C which is favorable 

in terms of fatigue behavior.  

 

Figure 3-29 Time history of longitudinal moment in function of damping exponent for C=4000 Ns/m 
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From Figure 3-29, it is clear that the bending moments are the smallest for a damping 

exponent of 0.3.  

3.6 Conclusion 
A simulation is performed with an expansion joint at the ends of the girder. The longitudinal 

displacement of the girder at the end and at the first tower is measured. With an additional 

expansion joint at the ends, the displacement due to earthquakes at tower 1 is smaller, but the 

displacement at the end of the girder has become a lot bigger. In terms of girder stresses, it is 

better to install an extra expansion joint at the ends of the girder.  

It is concluded that in terms of reducing the longitudinal movement of the girder, the damping 

coefficient should be as high as possible. In terms of reducing the bending moments at the 

bottom of the towers, the damping coefficient and the damping exponent should be as low as 

possible. These two conditions are contradictory. An optimum should be sought for. 

From the static analysis, it can be concluded that the bending moment at the bottom of the 

tower cannot be greater than 10000 MNm in order to prevent crushing of the concrete. 

Because of this, the damping coefficient should be equal to 4000 Ns/m. The damping 

exponent is recommended to be 0.40, to limit the shift of the neutral point of the damper.  

A gap value of 0.3 m and a spring stiffness of 100000 N/m is proposed. 

The same procedure should be followed for the design of the transversal dampers. 
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Chapter 4 Conclusion 

4.1 Structural System 
The structural performance of the bridge under static load is satisfactory. After prestressing 

the cables, the deflection of the towers and the girder never becomes too big in the SLS. The 

cable stresses never exceed the yield strength.  

During the ULS, the material strength of concrete and steel is never exceeded. 

Several structural systems are investigated. In order to reduce the vertical deflection of the 

girder and the longitudinal displacement of the towers under static loading, expansion joints 

should be installed in the middle of spans 2 and 3. If the girder stresses need to be reduced 

further, additional expansion joints can be installed at the end of the girders. However, this 

will result in larger girder and tower displacements. 

From a dynamic point of view, longitudinal constraints should be provided at towers 2, 3 and 

4, but not at towers 1 and 5. Instead, longitudinal dampers are installed. The recommended 

damping coefficient is equal to 4000 Ns/m, because the concrete strength is exceeded for 

higher values of C. The damping exponent is equal to 0.40. The gap value is taken as 0.3 m, 

the spring stiffness equals 100000 N/m.  

Wind tunnel tests for the bridge are highly recommended, since the critical wind speed for 

both torsional flutter and torsional divergence are too low according to the Chinese design 

code. This was too expensive to perform during this research, but since the geometry of the 

girder is nearly the same as the Sutong bridge, reference is made to the results from the wind 

tunnel tests performed on the Sutong bridge.  

The foundation functions as desired. Plastic deformation occurred during the earthquake, 

which means energy is effectively dissipated by the gravel layer. However, this plastic 

deformation cannot be too large, since this induces residual stresses in the bridge. It also 

causes the dampers not to return to their neutral point anymore, which means that the 

damping characteristics have changed. 

4.2 Prospects 
Further research should be carried out about the mechanical properties of the soil on the site 

where the bridge is to be build. The real behavior of the bridge under static loading is 

simulated accurately. The dynamic behavior however is thought to be less accurate, because 

the real soil behavior is difficult to model. For example, the effect of local soil conditions and 

the spatial variation of seismic ground motions are not taken into account during the 

earthquake simulations.  
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In order to accurately simulate the expanse of the soil best, it is best to include a huge block 

with the mechanical properties of the soil underneath the gravel layer. However, this will 

increase the calculation time for each calculation significantly. 

The impact of other dynamic effects, such as blast loading and tidal waves is not investigated. 

Foundation scour might erode the entire structure’s stiffness as well. 

The outcome of the research might depend on the used software. It is suggested that the 

dynamic simulations are carried out with other software to compare the results. In particular, 

MIDAS Bridge Engineering is recommended.  

From the earthquake simulation, it is noticed that the tower slides on top of the gravel layer, 

resulting in plastic deformation. This plastic deformation can be up to 0.5 m. Since this 

deformation significantly changes the performance of the expansion joints, the longitudinal 

dampers and the stay cables, the structural behavior of the bridge should be investigated after 

it got hit by a severe earthquake. 
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Annex A. Harmonic Analysis 

A.1 Tower 1 
The towers have three possible natures of mode of vibration: 

 Longitudinal 

 Transversal 

 Torsional 

Via ANSYS, an estimate of the natural frequencies can be made by performing a harmonic 

analysis. A harmonic load is applied to the top of the tower in the longitudinal direction. The 

frequency of the load varies in a range from 0 Hz to 1 Hz in steps of 0.01 Hz. Figure A-1 

shows a plot of the longitudinal displacement of the top of tower 1 in function of the 

frequency of the longitudinal load.  

 

Figure A-1 Tower 1 longitudinal displacement frequency spectrum 

Two peaks are visible, one at f = 0.13 Hz and one at f = 0.76 Hz. These two frequencies are 

thus expected to be among the natural frequencies of tower 1. 

The red line in Figure A-1 represents the phase angle. Notice a phase shift from 0 to 180° at f 

= 0.13 Hz and f = 0.76 Hz. Previously, the tower vibrated in phase with the applied load, but 

starting from this frequency, it vibrates in antiphase.  

The same harmonic analysis is performed for a harmonic load at the top of the tower, but in 

transversal direction. The conclusions are similar. A plot of the transversal displacement and 

the phase angle is displayed in Figure A-2.  
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Figure A-2 Tower 1 transversal displacement frequency spectrum 

Finally, to find the natural frequencies related to torsion, a moment around the vertical axis is 

applied at the top of the tower. The angular rotation is plotted in function of the frequency in 

Figure A-3. The conclusions are similar. 

 

Figure A-3 Tower 1 torsion angle frequency spectrum 

Via ANSYS, the exact natural frequencies and the corresponding modes can be obtained 

through a modal analysis. Table A-1 displays the nature of vibration of the modes, the 

frequency f and the period T. Figure A-4 is a graphical representation of the first 5 modes of 

tower 1. 

The natural frequencies obtained through the harmonic analysis are close to the natural 

frequencies obtained through the harmonic analysis. Performing a harmonic analysis is thus a 

good method to obtain the natural frequencies of a structure. 
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Table A-1 Tower 1 modal analysis 

mode nature f [Hz] T [s] 

1 longitudinal 0.125 8 

2 transversal 0.306 3.267 

3 transversal 0.721 1.386 

4 longitudinal 0.764 1.308 

5 torsional 0.963 1.038 

 

 

Figure A-4 Tower 1 first 5 modes 

A.2 Tower 2 
Similar to paragraph A.1, a harmonic analysis of tower 2 can be carried out.  

Since tower 2 has two planes of symmetry, the natural frequencies appear in pairs. The first 

mode has the same natural frequency for both transversal and longitudinal bending. The 

natural frequencies for the different modes are displayed in Table A-2. 

Table A-2 Tower 2 modal analysis 

mode nature f [Hz] T [s] 

1 longitudinal 0.38534 2.595 

2 transversal 0.38534 2.595 

3 torsional 0.73415 1.362 

4 longitudinal 0.92349 1.082 

5 transversal 0.92349 1.082 
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Annex B. APDL Scripts 

B.1 bridge.mac 
Finish 
/clear 
/title,cable stayed bridge 
/view,1,0,0,1 
/triad,off 
!units:N, m, kg 
 
/prep7 
 
/input,material,mac 
/input,tower_section_1_5,mac 
/input,tower_section_2_3_4,mac 
/input,cable_section,mac 
 
/input,tower1,mac 
/input,tower2,mac 
/input,tower3,mac 
/input,tower4,mac 
/input,tower5,mac 
 
/input,bridge_girder,mac 
 
/input,cable1,mac 
/input,cable2,mac 
/input,cable3,mac 
/input,cable4,mac 
/input,cable5,mac 
 
/input,tower_backspan,mac 
 
/input,tower1_foundation,mac 
/input,tower2_foundation,mac 
/input,tower3_foundation,mac 
/input,tower4_foundation,mac 
/input,tower5_foundation,mac 

/input,bridge_damper_long,mac 
 
Finish 
 
/solu 
 
/input,tower_constraint,mac 
/input,bridge_girder_constraint,mac 
/input,expansion_joint,mac 
/input,cable_constraint,mac 
 
/input,load,mac 
/input,cable_prestress,mac 
 
Solve 
finish  
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B.2 material.mac 
et,1,beam4 
et,2,mass21 
et,3,solid45 
et,4,targe170 
et,5,conta173 
et,6,link10 
 
keyopt,5,12,1 
keyopt,6,3,0 
 
!concrete towers 
mp,ex,1,4.4e10  
mp,prxy,1,0.3  
mp,gxy,1,1.7e10  
mp,dens,1,2500   
mp,alpx,1,12e-6  
mp,reft,1,10  
 
!infinitely stiff cross connector 
mp,ex,2,100e10  
mp,prxy,2,0.3  
mp,gxy,2,33e10 
mp,dens,2,0  
mp,alpx,2,12e-6 
mp,reft,2,10 
 
!bridge girder 
mp,ex,3,2.1e11  
mp,gxy,3,0.81e11 
mp,prxy,3,0.3  
mp,dens,3,7850  
mp,alpx,3,12e-6 
mp,reft,3,10  
 
!infinitely stiff cross connectors for bridge girder 
mp,ex,4,40e11 
mp,gxy,4,16e11 
mp,prxy,4,0.3 
mp,dens,4,0 
mp,alpx,4,12e-6  
mp,reft,4,10  
 
!cable material 
mp,ex,5,1.95e11    
mp,gxy,5,0.65e11   
mp,prxy,5,0.3  
mp,dens,5,7800     
mp,alpx,5,12e-6    
mp,reft,5,10   
 
!spring 
mp,ex,6,2e11    
mp,prxy,6,0.3  
mp,dens,6,0     
mp,alpx,6,0    
mp,reft,6,10    
 
!gravel 
mp,ex,7,3e8    
mp,prxy,7,0.3 
mp,dens,7,2000    
 
!tower base 
mp,ex,8,4.4e10    
mp,prxy,8,0.3    
mp,dens,8,2500     
 
!friction coefficient 
mp,mu,9,0.5 

B.3 tower_section_1_5.mac 
r,11 
r,12 
r,13 
 
B1=16 
B2=11 
H1=8.5 
H2=5.5 
 
A101=B1*H1-B2*H2 
Iyy101=B1*(H1**3)/12-B2*(H2**3)/12 
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Izz101=(B1**3)*H1/12-(B2**3)*H2/12 
 
r,101,A101,Izz101,Iyy101 
 
B1=6 
B2=4 
H1=8.5 
H2=5.5 
 
A102=B1*H1-B2*H2 
Iyy102=B1*(H1**3)/12-B2*(H2**3)/12 
Izz102=(B1**3)*H1/12-(B2**3)*H2/12 
 
r,102,A102,Izz102,Iyy102 
*dim,realconstants1,array,35,3 
 
realconstants1( 1 ,1)= 310.2816 
realconstants1( 2 ,1)= 203.9973 
… 
realconstants1( 35 ,1)= 147.68 
 
    
realconstants1( 1 ,2)= 9724.04266 
realconstants1( 2 ,2)= 5629.366542 
… 
realconstants1( 35 ,2)= 1048.440623 
 
    
realconstants1( 1 ,3)= 6619.3408 
realconstants1( 2 ,3)= 6147.010775 
… 
realconstants1( 35 ,3)= 3150.506667 
 
*do,i,1,35 
r,i+102,realconstants1(i,1),realconstants1(i,3),realconstants1(i,2) 
*enddo 

B.4 tower_section_2_3_4.mac 
B1=8.5 
B2=5.5 
H1=8.5 
H2=5.5 
 
A201=B1*H1-B2*H2 
Iyy201=B1*(H1**3)/12-B2*(H2**3)/12 
Izz201=(B1**3)*H1/12-(B2**3)*H2/12 
 
r,201,A201,Izz201,Iyy201 
 
B1=6 
B2=4 
H1=8.5 
H2=5.5 
 
A202=B1*H1-B2*H2 
Iyy202=B1*(H1**3)/12-B2*(H2**3)/12 
Izz202=(B1**3)*H1/12-(B2**3)*H2/12 
 
r,202,A202,Izz202,Iyy202 
 
 
*dim,realconstants2,array,35,3 
realconstants2( 1 ,1)= 376.0729348 
realconstants2( 2 ,1)= 80.79375912 
… 
realconstants2( 35 ,1)= 85.1929 
 
    
realconstants2( 1 ,2)= 11785.90435 
realconstants2( 2 ,2)= 5559.152601 
… 
realconstants2( 35 ,2)= 604.8191842 
 
    
realconstants2( 1 ,3)= 11785.90435 
realconstants2( 2 ,3)= 5559.152601 
… 
realconstants2( 35 ,3)= 604.8191842 
 
 
*do,i,1,35 
r,i+202,realconstants2(i,1),realconstants2(i,2),realconstants2(i,3) 
*enddo 
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B.5 cable_section.mac 
*dim,realconstants3,array,15,3 
 
realconstants3( 1 )= 0.003271 
realconstants3( 2 )= 0.003502 
… 
realconstants3( 15 )= 0.013431 
 
 
*do,i,1,15 
r,i+300,realconstants3(i) 
*enddo 
 
*dim,cable,array,334,1 
 
cable ( 1 ,1)= 301 
cable ( 2 ,1)= 301 
cable ( 3 ,1)= 301 
cable ( 4 ,1)= 301 
cable ( 5 ,1)= 301 
cable ( 6 ,1)= 301 
cable ( 7 ,1)= 302 
cable ( 8 ,1)= 302 
cable ( 9 ,1)= 303 
cable ( 10 ,1)= 303 
… 
cable ( 321 ,1)= 308 
cable ( 322 ,1)= 308 
cable ( 323 ,1)= 305 
cable ( 324 ,1)= 305 
cable ( 325 ,1)= 303 
cable ( 326 ,1)= 303 
cable ( 327 ,1)= 303 
cable ( 328 ,1)= 303 
cable ( 329 ,1)= 301 
cable ( 330 ,1)= 301 
cable ( 331 ,1)= 301 
cable ( 332 ,1)= 301 
cable ( 333 ,1)= 301 
cable ( 334 ,1)= 301 

B.6 tower1.mac 
n,1001,-2000,0,33 
n,1002,-2000,0,-33 
n,1093,-2000,276,5.5 
n,1094,-2000,276,-5.5 
fill,1001,1093,45,1003,2 
fill,1002,1094,45,1004,2 
n,1101,-2000,276,0 
n,1136,-2000,328.5,0 
fill,1101,1136,34,1102,1 
 
type,1 
mat,1 
real,101 
 
*do,i,1,92 
e,1000+i,1002+i 
*enddo 
 
*do,i,1,35 
real,i+102 
e,1100+i,1101+i 
*enddo 
 
!crossbeam 
fill,1031,1032,9,1151,1 
 
real,102 
 
e,1031,1151 
*do,i,1,8 
e,1150+i,1151+i 
*enddo 
e,1159,1032 
 
real,101 
mat,2 
 
e,1093,1101 
e,1094,1101 
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B.7 tower2.mac 
n,2001,-1033,0,33 
n,2002,-967,0,33 
n,2003,-1033,0,-33 
n,2004,-967,0,-33 
 
n,2185,-1005.5,276,5.5 
n,2186,-994.5,276,5.5 
n,2187,-1005.5,276,-5.5 
n,2188,-994.5,276,-5.5 
 
fill,2001,2185,45,2005,4 
fill,2002,2186,45,2006,4 
fill,2003,2187,45,2007,4 
fill,2004,2188,45,2008,4 
 
n,2201,-1000,276,0 
n,2236,-1000,328.5,0 
 
fill,2201,2236,34,2202,1 
 
type,1 
mat,1 
 
real,201 
 
*do,i,1,184 
e,2000+i,2004+i 
*enddo 
 
*do,i,1,35 
real,202+i 
e,2200+i,2201+i 
*enddo 
 
mat,2 
e,2185,2201 
e,2186,2201 
e,2187,2201 
e,2188,2201 
 
!crossbeam 
 
fill,2061,2062,9,2301,1 
fill,2063,2064,9,2311,1 
fill,2061,2063,9,2321,1 
fill,2062,2064,9,2331,1 
 
real,202 
 
e,2061,2301 
*do,i,1,8 
e,2300+i,2301+i 
*enddo 
e,2309,2062 
 
e,2063,2311 
*do,i,1,8 
e,2310+i,2311+i 
*enddo 
e,2319,2064 
 
e,2061,2321 
*do,i,1,8 
e,2320+i,2321+i 
*enddo 
e,2329,2063 
 
e,2062,2331 
*do,i,1,8 
e,2330+i,2331+i 
*enddo 
e,2339,2064 

B.8 tower3.mac 
egen,2,1000,140,402,1,,,,,,1000 
 

B.9 tower4.mac 
egen,2,2000,140,402,1,,,,,,2000 
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B.10 tower5.mac 
egen,2,4000,1,139,1,,,,,,4000 
 

B.11 bridge_girder.mac 
width=35 
bmass=53684  
r,1,1.109,3.46,132.67 
r,2,bmass/2,bmass/2,bmass/2 
 
!segment1 
*do,i,1,26 
n,6000+i,-2514.0625+6.5*(i-1),96,0 
*enddo 
 
*do,i,1,45 
n,6026+i,-2351.5625+15.625/2*i,96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,70 
e,6000+i,6001+i 
*enddo 
 
ngen,2,1000,6001,6071,1,,,width/2 
ngen,2,2000,6001,6071,1,,,-width/2 
 
mat,4 
*do,i,1,71 
e,6000+i,7000+i 
e,6000+i,8000+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,35 
e,7000+2*i 
e,8000+2*i 
*enddo 
 
edele,1348,1349,1 
 
!segment2 
*do,i,1,65 
n,6100+i,-2000+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6100+i,6101+i 
*enddo 
 
ngen,2,1000,6101,6165,1,,,width/2 
ngen,2,2000,6101,6165,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6100+i,7100+i 
e,6100+i,8100+i 
*enddo 
 
type,2 
real,2 
e,7101 
e,8101 
 
*do,i,1,32 
e,7100+2*i 
e,8100+2*i 
*enddo 
 
edele,1546,1547,1 
!segment3 
*do,i,1,65 
n,6200+i,-1500+15.625/2*(i-1),96,0 
*enddo 
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type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6200+i,6201+i 
*enddo 
 
ngen,2,1000,6201,6265,1,,,width/2 
ngen,2,2000,6201,6265,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6200+i,7200+i 
e,6200+i,8200+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7200+2*i 
e,8200+2*i 
*enddo 
 
edele,1866,1867,1 
 
!segment4 
*do,i,1,65 
n,6300+i,-1000+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6300+i,6301+i 
*enddo 
 
ngen,2,1000,6301,6365,1,,,width/2 
ngen,2,2000,6301,6365,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6300+i,7300+i 
e,6300+i,8300+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7300+2*i 
e,8300+2*i 
*enddo 
 
edele,2062,2063,1 
 
!segment5 
*do,i,1,65 
n,6400+i,-500+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6400+i,6401+i 
*enddo 
 
ngen,2,1000,6401,6465,1,,,width/2 
ngen,2,2000,6401,6465,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6400+i,7400+i 
e,6400+i,8400+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7400+2*i 
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e,8400+2*i 
*enddo 
 
edele,2382,2383,1 
 
!segment6 
*do,i,1,65 
n,6500+i,+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6500+i,6501+i 
*enddo 
 
ngen,2,1000,6501,6565,1,,,width/2 
ngen,2,2000,6501,6565,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6500+i,7500+i 
e,6500+i,8500+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7500+2*i 
e,8500+2*i 
*enddo 
 
edele,2578,2579,1 
 
!segment7 
*do,i,1,65 
n,6600+i,500+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6600+i,6601+i 
*enddo 
 
ngen,2,1000,6601,6665,1,,,width/2 
ngen,2,2000,6601,6665,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6600+i,7600+i 
e,6600+i,8600+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7600+2*i 
e,8600+2*i 
*enddo 
 
edele,2898,2899,1 
 
!segment8 
*do,i,1,65 
n,6700+i,1000+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6700+i,6701+i 
*enddo 
 
ngen,2,1000,6701,6765,1,,,width/2 
ngen,2,2000,6701,6765,1,,,-width/2 
 
mat,4 
*do,i,1,65 
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e,6700+i,7700+i 
e,6700+i,8700+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7700+2*i 
e,8700+2*i 
*enddo 
 
edele,3094,3095,1 
 
!segment9 
*do,i,1,65 
n,6800+i,1500+15.625/2*(i-1),96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,64 
e,6800+i,6801+i 
*enddo 
 
ngen,2,1000,6801,6865,1,,,width/2 
ngen,2,2000,6801,6865,1,,,-width/2 
 
mat,4 
*do,i,1,65 
e,6800+i,7800+i 
e,6800+i,8800+i 
*enddo 
 
type,2 
real,2 
 
*do,i,1,32 
e,7800+2*i 
e,8800+2*i 
*enddo 
 
edele,3414,3415,1 
 
!segment10 
 
*do,i,1,46 
n,6900+i,2000+15.625/2*(i-1),96,0 
*enddo 
 
*do,i,1,25 
n,6946+i,2351.5625+6.5*i,96,0 
*enddo 
 
type,1 
real,1 
mat,3 
 
*do,i,1,70 
e,6900+i,6901+i 
*enddo 
 
ngen,2,1000,6901,6971,1,,,width/2 
ngen,2,2000,6901,6971,1,,,-width/2 
 
mat,4 
*do,i,1,71 
e,6900+i,7900+i 
e,6900+i,8900+i 
*enddo 
 
type,2 
real,2 
 
e,7901 
e,8901 
 
*do,i,1,35 
e,7900+2*i 
e,8900+2*i 
*enddo 
edele,3630,3631,1 
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B.12 cable1.mac 
*do,i,1,22 
n,9000+i,-2023.4375-15.625*(i-1),96,width/2 
n,10000+i,-2023.4375-15.625*(i-1),96,-width/2 
n,9100+i,-1976.5625+15.625*(i-1),96,width/2 
n,10100+i,-1976.5625+15.625*(i-1),96,-width/2 
*enddo 
 
*do,i,1,12 
n,9022+i,-2351.5625-13*i,96,width/2 
n,10022+i,-2351.5625-13*i,96,-width/2 
n,9122+i,-1648.4375+15.625*i,96,width/2 
n,10122+i,-1648.4375+15.625*i,96,-width/2 
*enddo 
 
ngen,2,11001-1102,1102,1135,1 
ngen,4,50,11001,11034,1 
 
type,6 
mat,5 
 
real,cable( 1 ,1)   
e , 9001 , 11001 
real,cable( 2 ,1)   
e , 10001 , 11051 
real,cable( 3 ,1)   
e , 9002 , 11002 
real,cable( 4 ,1)   
e , 10002 , 11052 
… 

B.13 tower_backspan.mac 
B1=8.5   
B2=5.5   
 
A=B1*B1-B2*B2 
I=B1**4/12-B2**4/12 
 
r,3,A,I,I 
 
type,1 
mat,1 
real,3 
 
!left backspan 
!1st backspan tower 
n,1,-2514.1,0,17.5 
n,2,-2514.1,0,-17.5 
 
n,31,-2514.1,90,17.5 
n,32,-2514.1,90,-17.5 
 
fill,1,31,14,3,2 
fill,2,32,14,4,2 
 
e,1,2 
e,31,32 
 
*do,i,1,30 
e,i,i+2 
*enddo 
 
!2nd backspan tower 
n,33,-2410.1,0,17.5 
n,34,-2410.1,0,-17.5 
 
n,63,-2410.1,90,17.5 
n,64,-2410.1,90,-17.5 
 
fill,33,63,14,35,2 
fill,34,64,14,36,2 
 
e,33,34 
e,63,64 
 
*do,i,1,30 
e,32+i,34+i 
*enddo 
 
!3rd backspan tower 
n,65,-2312.5,0,17.5 
n,66,-2312.5,0,-17.5 
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n,95,-2312.5,90,17.5 
n,96,-2312.5,90,-17.5 
 
fill,65,95,14,67,2 
fill,66,96,14,68,2 
 
e,65,66 
e,95,96 
 
*do,i,1,30 
e,64+i,66+i 
*enddo 
 
!right backspan 
!1st backspan tower 
n,101,2514.1,0,17.5 
n,102,2514.1,0,-17.5 
 
n,131,2514.1,90,17.5 
n,132,2514.1,90,-17.5 
 
fill,101,131,14,103,2 
fill,102,132,14,104,2 
 
e,101,102 
e,131,132 
 
*do,i,1,30 
e,100+i,102+i 
*enddo 
 
!2nd backspan tower 
n,133,2410.1,0,17.5 
n,134,2410.1,0,-17.5 
 
n,163,2410.1,90,17.5 
n,164,2410.1,90,-17.5 
 
fill,133,163,14,135,2 
fill,134,164,14,136,2 
 
e,133,134 
e,163,164 
 
*do,i,1,30 
e,132+i,134+i 
*enddo 
 
!3rd backspan tower 
n,165,2312.5,0,17.5 
n,166,2312.5,0,-17.5 
 
n,195,2312.5,90,17.5 
n,196,2312.5,90,-17.5 
 
fill,165,195,14,167,2 
fill,166,196,14,168,2 
 
e,165,166 
e,195,196 
 
*do,i,1,30 
e,164+i,166+i 
*enddo 

B.14 bridge_damper_long.mac 
r,53,0,(25/3*(0.3**ksi1001)-3*(0.5**ksi1001))*C1001,(10*(0.5**ksi1001)-
50/3*(0.3**ksi1001))*C1001 
r,54,gap1001,0,gap1001+5,5*k1001 
 
n,301,-2000,96,0 
n,302,2000,96,0 
 
type,7 
real,53 
 
!tower1 
e,301,6102 
 
!tower5 
e,302,6864 
 
type,8 
real,54 
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!tower1 
e,301,6102 
 
!tower5 
e,302,6864 
 
/solu 
 
cp,751,ux,1155,301 
cp,752,uy,1155,301 
cp,753,uz,1155,301 
 
cp,754,ux,5155,302 
cp,755,uy,5155,302 
cp,756,uz,5155,302 
 
/prep7 

B.15 tower1_foundation.mac 
!define gravel layer 
wpoffs,-2066,-24,-99 
blc4,,,132,4,198   
 
vatt,7,11,3 
 
!define tower base 
wpoffs,33,4,33 
 
blc4,,,66,20,132 
 
vsel,u,,,1 
 
vatt,8,12,3 
 
vsel,all 
 
esize,11 
mshkey,1 
vmesh,all 
 
!define target plane 
 
aslv,u 
asel,a,,,4 
nsla,s,1 
 
type,4 
real,13 
mat,9 
 
esurf,all 
 
!define contact plane 
 
aslv,u 
asel,a,,,9 
nsla,s,1 
 
type,5 
real,13 
mat,9 
 
esurf,all 
 
allsel,all 
 
type,1 
real,101 
mat,2 
 
e,1001,1002 
e,12633,1001 
e,12655,1001 
e,12639,1002 
e,12661,1002 
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B.16 tower_constraint.mac 
!left backspan 
!1st tower 
d,1,all,0 
d,2,all,0 
 
!2nd tower 
d,33,all,0 
d,34,all,0 
 
!3rd tower 
d,65,all,0 
d,66,all,0 
 
!tower1 
!tower-base connection 
 
!1st leg 
cp,201,ux,12644,1001 
cp,202,uy,12644,1001 
cp,203,uz,12644,1001 
cp,204,rotx,12644,1001 
cp,205,roty,12644,1001 
cp,206,rotz,12644,1001 
 
!2nd leg 
cp,207,ux,12650,1002 
cp,208,uy,12650,1002 
cp,209,uz,12650,1002 
cp,210,rotx,12650,1002 
cp,211,roty,12650,1002 
cp,212,rotz,12650,1002 
 
!soil support 
aslv,u 
asel,a,,,3 
nsla,s,1 
d,all,ux,0,,,,uy,uz 
allsel,all 
 
!tower2 
!tower-base connection 
 
!1st leg 
cp,221,ux,13741,2001 
cp,222,uy,13741,2001 
cp,223,uz,13741,2001 
cp,224,rotx,13741,2001 
cp,225,roty,13741,2001 
cp,226,rotz,13741,2001 
 
!2nd leg 
cp,227,ux,13807,2002 
cp,228,uy,13807,2002 
cp,229,uz,13807,2002 
cp,230,rotx,13807,2002 
cp,231,roty,13807,2002 
cp,232,rotz,13807,2002 
 
!3rd leg 
cp,233,ux,13747,2003 
cp,234,uy,13747,2003 
cp,235,uz,13747,2003 
cp,236,rotx,13747,2003 
cp,237,roty,13747,2003 
cp,238,rotz,13747,2003 
 
!4th leg 
cp,239,ux,13813,2004 
cp,240,uy,13813,2004 
cp,241,uz,13813,2004 
cp,242,rotx,13813,2004 
cp,243,roty,13813,2004 
cp,244,rotz,13813,2004 
 
!soil support 
aslv,u 
asel,a,,,15 
nsla,s,1 
d,all,ux,0,,,,uy,uz 
allsel,all 
 
 
!tower3 
!tower-base connection 
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!1st leg 
cp,251,ux,14970,3001 
cp,252,uy,14970,3001 
cp,253,uz,14970,3001 
cp,254,rotx,14970,3001 
cp,255,roty,14970,3001 
cp,256,rotz,14970,3001 
 
!2nd leg 
cp,257,ux,15036,3002 
cp,258,uy,15036,3002 
cp,259,uz,15036,3002 
cp,260,rotx,15036,3002 
cp,261,roty,15036,3002 
cp,262,rotz,15036,3002 
 
!3rd leg 
cp,263,ux,14976,3003 
cp,264,uy,14976,3003 
cp,265,uz,14976,3003 
cp,266,rotx,14976,3003 
cp,267,roty,14976,3003 
cp,268,rotz,14976,3003 
 
!4th leg 
cp,269,ux,15042,3004 
cp,270,uy,15042,3004 
cp,271,uz,15042,3004 
cp,272,rotx,15042,3004 
cp,273,roty,15042,3004 
cp,274,rotz,15042,3004 
 
!soil support 
aslv,u 
asel,a,,,27 
nsla,s,1 
d,all,ux,0,,,,uy,uz 
allsel,all 
 
!tower4 
!tower-base connection 
 
!1st leg 
cp,281,ux,16199,4001 
cp,282,uy,16199,4001 
cp,283,uz,16199,4001 
cp,284,rotx,16199,4001 
cp,285,roty,16199,4001 
cp,286,rotz,16199,4001 
 
!2nd leg 
cp,287,ux,16265,4002 
cp,288,uy,16265,4002 
cp,289,uz,16265,4002 
cp,290,rotx,16265,4002 
cp,291,roty,16265,4002 
cp,292,rotz,16265,4002 
 
!3rd leg 
cp,293,ux,16205,4003 
cp,294,uy,16205,4003 
cp,295,uz,16205,4003 
cp,296,rotx,16205,4003 
cp,297,roty,16205,4003 
cp,298,rotz,16205,4003 
 
!4th leg 
cp,299,ux,16271,4004 
cp,300,uy,16271,4004 
cp,301,uz,16271,4004 
cp,302,rotx,16271,4004 
cp,303,roty,16271,4004 
cp,304,rotz,16271,4004 
 
!soil support 
aslv,u 
asel,a,,,39 
nsla,s,1 
d,all,ux,0,,,,uy,uz 
allsel,all 
 
 
!tower5 
!tower-base connection 
 
!1st leg 
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cp,311,ux,17098,5001 
cp,312,uy,17098,5001 
cp,313,uz,17098,5001 
cp,314,rotx,17098,5001 
cp,315,roty,17098,5001 
cp,316,rotz,17098,5001 
 
!2nd leg 
cp,317,ux,17104,5002 
cp,318,uy,17104,5002 
cp,319,uz,17104,5002 
cp,320,rotx,17104,5002 
cp,321,roty,17104,5002 
cp,322,rotz,17104,5002 
 
!soil support 
aslv,u 
asel,a,,,51 
nsla,s,1 
d,all,ux,0,,,,uy,uz 
allsel,all 
 
!right backspan 
!1st tower 
d,101,all,0 
d,102,all,0 
 
!2nd tower 
d,133,all,0 
d,134,all,0 
 
!3rd tower 
d,165,all,0 
d,166,all,0 

B.17 bridge_girder_constraint.mac 
!left side 
!1st backspan pier 
 
!cp,001,ux,31,7001 
cp,002,uy,31,7001 
cp,003,uz,31,7001 
!cp,004,ux,32,8001 
cp,005,uy,32,8001 
cp,006,uz,32,8001 
 
!2nd backspan pier 
!cp,007,ux,63,7017 
cp,008,uy,63,7017 
cp,009,uz,63,7017 
!cp,010,ux,64,8017 
cp,011,uy,64,8017 
cp,012,uz,64,8017 
 
!3rd backspan pier 
!cp,013,ux,95,7031 
cp,014,uy,95,7031 
cp,015,uz,95,7031 
!cp,016,ux,96,8031 
cp,017,uy,96,8031 
cp,018,uz,96,8031 
 
!tower1 
!longitudinal constraint bridge girder 
cp,020,ux,1152,7071,7101 
cp,021,ux,1158,8071,8101     
 
!vertical constraint bridge girder 
cp,022,uy,1152,7071,7101,201 
cp,023,uy,1158,8071,8101,202 
 
!connection bridge girder with damper 
cp,026,uz,201,7071,7101 
cp,027,uz,202,8071,8101 
 
!tower2 
 
!longitudinal constraint bridge girder 
cp,031,ux,2325,6262 
cp,032,ux,2335,6304 
 
!vertical constraint bridge girder 
cp,033,uy,2322,7262,203 
cp,034,uy,2332,7304,204 
cp,035,uy,2328,8262,205 
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cp,036,uy,2338,8304,206 
 
!connection bridge girder with girder 
cp,041,uz,203,7262 
cp,042,uz,204,7304 
cp,043,uz,205,8262 
cp,044,uz,206,8304 
 
!tower3 
!longitudinal constraint bridge girder 
cp,051,ux,3325,6462 
cp,052,ux,3335,6504 
 
!vertical constraint bridge girder 
cp,053,uy,3322,7462,207 
cp,054,uy,3332,7504,208 
cp,055,uy,3328,8462,209 
cp,056,uy,3338,8504,210 
 
!connection bridge girder with damper 
cp,061,uz,207,7462 
cp,062,uz,208,7504 
cp,063,uz,209,8462 
cp,064,uz,210,8504 
 
!tower4 
!longitudinal constraint bridge girder 
cp,071,ux,4325,6662 
cp,072,ux,4335,6704 
 
!vertical constraint bridge girder 
cp,073,uy,4322,7662,211 
cp,074,uy,4332,7704,212 
cp,075,uy,4328,8662,213 
cp,076,uy,4338,8704,214 
 
!connection bridge girder with damper 
cp,081,uz,211,7662 
cp,082,uz,212,7704 
cp,083,uz,213,8662 
cp,084,uz,214,8704 
 
!tower5 
!longitudinal constraint bridge girder 
cp,090,ux,5152,7865,7901 
cp,091,ux,5158,8865,8901     
 
!vertical constraint bridge girder 
cp,092,uy,5152,7865,7901,215 
cp,093,uy,5158,8865,8901,216 
 
!connection bridge girder with damper 
cp,096,uz,215,7865,7901 
cp,097,uz,216,8865,8901 
 
!right side 
!1st backspan pier 
!cp,101,ux,131,7971 
cp,102,uy,131,7971 
cp,103,uz,131,7971 
!cp,104,ux,132,8971 
cp,105,uy,132,8971 
cp,106,uz,132,8971 
 
!2nd backspan pier 
!cp,107,ux,163,7955 
cp,108,uy,163,7955 
cp,109,uz,163,7955 
!cp,110,ux,164,8955 
cp,111,uy,164,8955 
cp,112,uz,164,8955 
 
!3rd backspan pier 
!cp,113,ux,195,7941 
cp,114,uy,195,7941 
cp,115,uz,195,7941 
!cp,116,ux,196,8941 
cp,117,uy,196,8941 
cp,118,uz,196,8941 

B.18 expansion_joint.mac 
!left end 
d,7001,ux,0 
d,8001,ux,0 
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!tower1 
cp,501,ux,6071,6101 
cp,502,uy,6071,6101 
cp,503,uz,6071,6101 
cp,504,rotx,6071,6101 
cp,505,roty,6071,6101 
cp,506,rotz,6071,6101 
 
!span1 
cp,507,ux,6165,6201 
cp,508,uy,6165,6201 
cp,509,uz,6165,6201 
cp,510,rotx,6165,6201 
cp,511,roty,6165,6201 
cp,512,rotz,6165,6201 
 
!tower2 
cp,513,ux,6265,6301 
cp,514,uy,6265,6301 
cp,515,uz,6265,6301 
cp,516,rotx,6265,6301 
cp,517,roty,6265,6301 
cp,518,rotz,6265,6301 
 
!span2 
!cp,519,ux,6365,6401 
cp,520,uy,6365,6401 
cp,521,uz,6365,6401 
cp,522,rotx,6365,6401 
cp,523,roty,6365,6401 
cp,524,rotz,6365,6401 
 
!tower3 
cp,525,ux,6465,6501 
cp,526,uy,6465,6501 
cp,527,uz,6465,6501 
 
cp,528,rotx,6465,6501 
cp,529,roty,6465,6501 
cp,530,rotz,6465,6501 
 
!span3 
!cp,531,ux,6565,6601 
cp,532,uy,6565,6601 
cp,533,uz,6565,6601 
cp,534,rotx,6565,6601 
cp,535,roty,6565,6601 
cp,536,rotz,6565,6601 
 
!tower4 
cp,537,ux,6665,6701 
cp,538,uy,6665,6701 
cp,539,uz,6665,6701 
cp,540,rotx,6665,6701 
cp,541,roty,6665,6701 
cp,542,rotz,6665,6701 
 
!span4 
cp,543,ux,6765,6801 
cp,544,uy,6765,6801 
cp,545,uz,6765,6801 
cp,546,rotx,6765,6801 
cp,547,roty,6765,6801 
cp,548,rotz,6765,6801 
 
!tower5 
cp,549,ux,6865,6901 
cp,550,uy,6865,6901 
cp,551,uz,6865,6901 
cp,552,rotx,6865,6901 
cp,553,roty,6865,6901 
cp,554,rotz,6865,6901 
 
!right end 
d,7971,ux,0 
d,8971,ux,0 

B.19 cable_constraint.mac 
!tower1 
 
*do,i,1,34 
cp,998+3*i,ux,1101+i,11000+i,11050+i,11100+i,11150+i 
cp,999+3*i,uy,1101+i,11000+i,11050+i,11100+i,11150+i 
cp,1000+3*i,uz,1101+i,11000+i,11050+i,11100+i,11150+i 
*enddo 
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*do,i,1,6 
cp,1097+6*i,ux,7014-2*i,9028+i 
cp,1098+6*i,uy,7014-2*i,9028+i 
cp,1099+6*i,uz,7014-2*i,9028+i 
cp,1100+6*i,ux,8014-2*i,10028+i 
cp,1101+6*i,uy,8014-2*i,10028+i 
cp,1102+6*i,uz,8014-2*i,10028+i 
*enddo 
 
*do,i,1,28 
cp,1127+12*i,ux,7070-2*i,9000+i 
cp,1128+12*i,uy,7070-2*i,9000+i 
cp,1129+12*i,uz,7070-2*i,9000+i 
cp,1130+12*i,ux,8070-2*i,10000+i 
cp,1131+12*i,uy,8070-2*i,10000+i 
cp,1132+12*i,uz,8070-2*i,10000+i 
cp,1133+12*i,ux,7102+2*i,9100+i 
cp,1134+12*i,uy,7102+2*i,9100+i 
cp,1135+12*i,uz,7102+2*i,9100+i 
cp,1136+12*i,ux,8102+2*i,10100+i 
cp,1137+12*i,uy,8102+2*i,10100+i 
cp,1138+12*i,uz,8102+2*i,10100+i 
*enddo 
 
*do,i,1,3 
cp,1469+6*i,ux,7158+2*i,9128+i,9234-i 
cp,1470+6*i,uy,7158+2*i,9128+i,9234-i 
cp,1471+6*i,uz,7158+2*i,9128+i,9234-i 
cp,1472+6*i,ux,8158+2*i,10128+i,10234-i 
cp,1473+6*i,uy,8158+2*i,10128+i,10234-i 
cp,1474+6*i,uz,8158+2*i,10128+i,10234-i 
*enddo 
 
*do,i,1,3 
cp,1487+6*i,ux,7200+2*i,9131+i,9231-i 
cp,1488+6*i,uy,7200+2*i,9131+i,9231-i 
cp,1489+6*i,uz,7200+2*i,9131+i,9231-i 
cp,1490+6*i,ux,8200+2*i,10131+i,10231-i 
cp,1491+6*i,uy,8200+2*i,10131+i,10231-i 
cp,1492+6*i,uz,8200+2*i,10131+i,10231-i 
*enddo 
 
!tower2 
*do,i,1,33 
cp,1998+3*i,ux,2203+i,11201+i,11251+i,11301+i,11351+i 
cp,1999+3*i,uy,2203+i,11201+i,11251+i,11301+i,11351+i 
cp,2000+3*i,uz,2203+i,11201+i,11251+i,11301+i,11351+i 
*enddo 
 
*do,i,1,27 
cp,2089+12*i,ux,7262-2*i,9200+i 
cp,2090+12*i,uy,7262-2*i,9200+i 
cp,2091+12*i,uz,7262-2*i,9200+i 
cp,2092+12*i,ux,8262-2*i,10200+i 
cp,2093+12*i,uy,8262-2*i,10200+i 
cp,2094+12*i,uz,8262-2*i,10200+i 
cp,2095+12*i,ux,7304+2*i,9300+i 
cp,2096+12*i,uy,7304+2*i,9300+i 
cp,2097+12*i,uz,7304+2*i,9300+i 
cp,2098+12*i,ux,8304+2*i,10300+i 
cp,2099+12*i,uy,8304+2*i,10300+i 
cp,2100+12*i,uz,8304+2*i,10300+i 
*enddo 
 
*do,i,1,3 
cp,2419+6*i,ux,7358+2*i,9327+i,9434-i 
cp,2420+6*i,uy,7358+2*i,9327+i,9434-i 
cp,2421+6*i,uz,7358+2*i,9327+i,9434-i 
cp,2422+6*i,ux,8358+2*i,10327+i,10434-i 
cp,2423+6*i,uy,8358+2*i,10327+i,10434-i 
cp,2424+6*i,uz,8358+2*i,10327+i,10434-i 
*enddo 
 
*do,i,1,3 
cp,2437+6*i,ux,7400+2*i,9330+i,9431-i 
cp,2438+6*i,uy,7400+2*i,9330+i,9431-i 
cp,2439+6*i,uz,7400+2*i,9330+i,9431-i 
cp,2440+6*i,ux,8400+2*i,10330+i,10431-i 
cp,2441+6*i,uy,8400+2*i,10330+i,10431-i 
cp,2442+6*i,uz,8400+2*i,10330+i,10431-i 
*enddo 
 
!tower3 
*do,i,1,33 
cp,2998+3*i,ux,3203+i,11401+i,11451+i,11501+i,11551+i 
cp,2999+3*i,uy,3203+i,11401+i,11451+i,11501+i,11551+i 
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cp,3000+3*i,uz,3203+i,11401+i,11451+i,11501+i,11551+i 
*enddo 
 
*do,i,1,27 
cp,3089+12*i,ux,7462-2*i,9400+i 
cp,3090+12*i,uy,7462-2*i,9400+i 
cp,3091+12*i,uz,7462-2*i,9400+i 
cp,3092+12*i,ux,8462-2*i,10400+i 
cp,3093+12*i,uy,8462-2*i,10400+i 
cp,3094+12*i,uz,8462-2*i,10400+i 
cp,3095+12*i,ux,7504+2*i,9500+i 
cp,3096+12*i,uy,7504+2*i,9500+i 
cp,3097+12*i,uz,7504+2*i,9500+i 
cp,3098+12*i,ux,8504+2*i,10500+i 
cp,3099+12*i,uy,8504+2*i,10500+i 
cp,3100+12*i,uz,8504+2*i,10500+i 
*enddo 
 
*do,i,1,3 
cp,3419+6*i,ux,7558+2*i,9527+i,9634-i 
cp,3420+6*i,uy,7558+2*i,9527+i,9634-i 
cp,3421+6*i,uz,7558+2*i,9527+i,9634-i 
cp,3422+6*i,ux,8558+2*i,10527+i,10634-i 
cp,3423+6*i,uy,8558+2*i,10527+i,10634-i 
cp,32424+6*i,uz,8558+2*i,10527+i,10634-i 
*enddo 
 
*do,i,1,3 
cp,3437+6*i,ux,7600+2*i,9530+i,9631-i 
cp,3438+6*i,uy,7600+2*i,9530+i,9631-i 
cp,3439+6*i,uz,7600+2*i,9530+i,9631-i 
cp,3440+6*i,ux,8600+2*i,10530+i,10631-i 
cp,3441+6*i,uy,8600+2*i,10530+i,10631-i 
cp,3442+6*i,uz,8600+2*i,10530+i,10631-i 
*enddo 
 
!tower4 
*do,i,1,33 
cp,3998+3*i,ux,4203+i,11601+i,11651+i,11701+i,11751+i 
cp,3999+3*i,uy,4203+i,11601+i,11651+i,11701+i,11751+i 
cp,4000+3*i,uz,4203+i,11601+i,11651+i,11701+i,11751+i 
*enddo 
 
*do,i,1,27 
cp,4089+12*i,ux,7662-2*i,9600+i 
cp,4090+12*i,uy,7662-2*i,9600+i 
cp,4091+12*i,uz,7662-2*i,9600+i 
cp,4092+12*i,ux,8662-2*i,10600+i 
cp,4093+12*i,uy,8662-2*i,10600+i 
cp,4094+12*i,uz,8662-2*i,10600+i 
cp,4095+12*i,ux,7704+2*i,9700+i 
cp,4096+12*i,uy,7704+2*i,9700+i 
cp,4097+12*i,uz,7704+2*i,9700+i 
cp,4098+12*i,ux,8704+2*i,10700+i 
cp,4099+12*i,uy,8704+2*i,10700+i 
cp,4100+12*i,uz,8704+2*i,10700+i 
*enddo 
 
*do,i,1,3 
cp,4419+6*i,ux,7758+2*i,9727+i,9835-i 
cp,4420+6*i,uy,7758+2*i,9727+i,9835-i 
cp,4421+6*i,uz,7758+2*i,9727+i,9835-i 
cp,4422+6*i,ux,8758+2*i,10727+i,10835-i 
cp,4423+6*i,uy,8758+2*i,10727+i,10835-i 
cp,42424+6*i,uz,8758+2*i,10727+i,10835-i 
*enddo 
 
*do,i,1,3 
cp,4437+6*i,ux,7800+2*i,9730+i,9832-i 
cp,4438+6*i,uy,7800+2*i,9730+i,9832-i 
cp,4439+6*i,uz,7800+2*i,9730+i,9832-i 
cp,4440+6*i,ux,8800+2*i,10730+i,10832-i 
cp,4441+6*i,uy,8800+2*i,10730+i,10832-i 
cp,4442+6*i,uz,8800+2*i,10730+i,10832-i 
*enddo 
 
!tower5 
*do,i,1,34 
cp,4998+3*i,ux,5101+i,11800+i,11850+i,11900+i,11950+i 
cp,4999+3*i,uy,5101+i,11800+i,11850+i,11900+i,11950+i 
cp,5000+3*i,uz,5101+i,11800+i,11850+i,11900+i,11950+i 
*enddo 
 
*do,i,1,28 
cp,5091+12*i,ux,7864-2*i,9800+i 
cp,5092+12*i,uy,7864-2*i,9800+i 
cp,5093+12*i,uz,7864-2*i,9800+i 



Annex B  APDL Scripts

 

99 

 

cp,5094+12*i,ux,8864-2*i,10800+i 
cp,5095+12*i,uy,8864-2*i,10800+i 
cp,5096+12*i,uz,8864-2*i,10800+i 
cp,5097+12*i,ux,7902+2*i,9900+i 
cp,5098+12*i,uy,7902+2*i,9900+i 
cp,5099+12*i,uz,7902+2*i,9900+i 
cp,5100+12*i,ux,8902+2*i,10900+i 
cp,5101+12*i,uy,8902+2*i,10900+i 
cp,5102+12*i,uz,8902+2*i,10900+i 
*enddo 
 
*do,i,1,6 
cp,5433+6*i,ux,7958+2*i,9928+i 
cp,5434+6*i,uy,7958+2*i,9928+i 
cp,5435+6*i,uz,7958+2*i,9928+i 
cp,5436+6*i,ux,8958+2*i,10928+i 
cp,5437+6*i,uy,8958+2*i,10928+i 
cp,5438+6*i,uz,8958+2*i,10928+i 
*enddo 

B.20 load.mac 
acel,,9.8  !gravity 
q=0!-20   !temperature load 
 
!dead load 
l1=0.05*38.5*2300*9.81 !weight of pavement 
l2=5000   !weight of vehicle parapet and road layout 
 
!traffic load 
l3=0!.9*114000  !distributed load 
l4=0!.9*1200000 !concentrated load 
  
!transversal wind load 
l5=0!.9*43784  !tower 1+5 
l6=0!.9*24811  !tower 2+3+4 
l7=0!.9*11675  !bridge girder 
 
!longitudinal wind load 
l8=0!.9*24811  !tower1+5 
l9=0!.9*24811  !tower2+3+4 
 
!distributed braking or acceleration force 
l10=0!.9*900    
 
!tower1 
*do,i,1,1137-1067 
sfbeam,1067+i,2,pres,l1+l2!+l3 
sfbeam,1067+i,1,pres,l7 
sfbeam,1067+i,3,pres,0!l10 
*enddo 
 
*do,i,1,1413-1349 
sfbeam,1349+i,2,pres,l1+l2+l3 
sfbeam,1349+i,1,pres,l7 
sfbeam,1349+i,3,pres,l10 
*enddo 
 
*do,i,1,139 
sfbeam,i,1,pres,l5 
sfbeam,i,2,pres,l8 
*enddo 
 
!span1 
f,6201,fy,-l4 
 
!tower2 
*do,i,1,1673-1609 
sfbeam,1609+i,2,pres,l1+l2+l3 
sfbeam,1609+i,1,pres,l7 
sfbeam,1609+i,3,pres,l10 
*enddo 
 
*do,i,1,1931-1867 
sfbeam,1867+i,2,pres,l1+l2!+l3 
sfbeam,1867+i,1,pres,l7 
sfbeam,1867+i,3,pres,0!l10 
*enddo 
 
*do,i,140,402 
sfbeam,i,1,pres,l6 
sfbeam,i,2,pres,l9 
*enddo 
 
!span2 
!f,6401,fy,-l4 
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!tower3 
*do,i,1,2189-2125 
sfbeam,2125+i,2,pres,l1+l2!+l3 
sfbeam,2125+i,1,pres,l7 
sfbeam,2125+i,3,pres,0!l10 
*enddo 
 
*do,i,1,2447-2383 
sfbeam,2383+i,2,pres,l1+l2+l3 
sfbeam,2383+i,1,pres,l7 
sfbeam,2383+i,3,pres,l10 
*enddo 
 
*do,i,403,665 
sfbeam,i,1,pres,l6 
sfbeam,i,2,pres,l9 
*enddo 
 
!span3 
f,6601,fy,-l4 
 
!tower4 
*do,i,1,2705-2641 
sfbeam,2641+i,2,pres,l1+l2+l3 
sfbeam,2641+i,1,pres,l7 
sfbeam,2641+i,3,pres,l10 
*enddo 
 
*do,i,1,2963-2899 
sfbeam,2899+i,2,pres,l1+l2!+l3 
sfbeam,2899+i,1,pres,l7 
sfbeam,2899+i,3,pres,0!l10 
*enddo 
 
*do,i,666,928 
sfbeam,i,1,pres,l6 
sfbeam,i,2,pres,l9 
*enddo 
 
!span4 
!f,6801,fy,-l4 
 
!tower5 
*do,i,1,3221-3157 
sfbeam,3157+i,2,pres,l1+l2!+l3 
sfbeam,3157+i,1,pres,l7 
sfbeam,3157+i,3,pres,0!l10 
*enddo 
 
*do,i,1,3485-3415 
sfbeam,3415+i,2,pres,l1+l2!+l3 
sfbeam,3415+i,1,pres,l7 
sfbeam,3415+i,3,pres,0!l10 
*enddo 
 
*do,i,929,1067 
sfbeam,i,1,pres,l5 
sfbeam,i,2,pres,l8 
*enddo 
 
!apply uniform temperature gradient to cables 
 
*do,i,3700,4367 
!bfe,i,temp,,q 
*enddo 
 
!apply uniform temperature gradient to concrete towers 
 
*do,i,1,1067 
bfe,i,temp,,q 
*enddo 
 
!apply uniform temperature gradient to bridge girder 
 
!tower1 
*do,i,1,1137-1067 
bfe,1067+i,temp,,q 
*enddo 
 
*do,i,1,1413-1349 
bfe,1349+i,temp,,q 
*enddo 
 
!tower2 
*do,i,1,1673-1609 
bfe,1609+i,temp,,q 
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*enddo 
 
*do,i,1,1931-1867 
bfe,1867+i,temp,,q 
*enddo 
 
!tower3 
*do,i,1,2189-2125 
bfe,2125+i,temp,,q 
*enddo 
 
*do,i,1,2447-2383 
bfe,2383+i,temp,,q 
*enddo 
 
!tower4 
*do,i,1,2705-2641 
bfe,2641+i,temp,,q 
*enddo 
 
*do,i,1,2963-2899 
bfe,2899+i,temp,,q 
*enddo 
 
!tower5 
*do,i,1,3221-3157 
bfe,3157+i,temp,,q 
*enddo 
 
*do,i,1,3485-3415 
bfe,3415+i,temp,,q 
*enddo 

B.21 cable_prestress.mac 
t1 = -170+q 
t2 = -210+q 
t3 = -230+q 
… 
t165 = -090+q 
t166 = -110+q 
t167 = -100+q 
 
bfe, 3700 ,temp,, t1 
bfe, 3701 ,temp,, t1 
bfe, 3702 ,temp,, t2 
bfe, 3703 ,temp,, t2 
bfe, 3704 ,temp,, t3 
bfe, 3705 ,temp,, t3 
… 
bfe, 4030 ,temp,, t166 
bfe, 4031 ,temp,, t166 
bfe, 4032 ,temp,, t167 
bfe, 4033 ,temp,, t167 
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Annex C. Architectural Plans 

C.1 Layout 

C.2 Tower 1 Longitudinal Section 

C.3 Tower 2 Longitudinal Section 

C.4 Tower 1 and 2 Transversal Section 

C.5 Girder Section 

C.6 Tower 1 and 2 Foundation Plan 
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