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Abstract: 1 

Configuration transformation is an important issue during the construction stage of spatial 2 

suspension bridges with three-dimensional (3D) curved cables. Without fully considering this 3 

issue, the hangers could collide with the cable duct at the connection of the cable and girder, 4 

which can cause damage to the hangers and hamper the construction procedure. This paper 5 

proposes a novel technique using lateral bracing members (LBMs) to aid the configuration 6 

transformation during the construction stage of suspension bridges. The lateral displacement 7 

and rotation angle are investigated to ensure safety during the construction process. The 8 

limitations of the conventional configuration transformation techniques are acknowledged. In 9 

order to demonstrate its capability the proposed technique is applied to a suspension 10 

bridge ,the Dongtiao River Bridge, located in Huzhou, China. Based on the results, it can be 11 

concluded that the LBMs can provide an efficient, reliable, and economical solution to aid 12 

configuration transformation of 3D curved cables of suspension bridges during the 13 

construction stage. 14 
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1. Introduction 17 

Suspension bridges have been widely used to cross long spans. For most self-anchored or 18 

earth-anchored suspension bridges, the main cables are arranged in the vertical planes(Xu et 19 

al. 2017). Recently, three-dimensional (3D) curved cables (i.e., spatial cables) have been used 20 

in the suspension bridges. Suspension bridges with 3D curved cables are not only elegant but 21 

also significantly enhance the lateral stiffness and torsion resistance of the structure (Sun et al. 22 

2016). Generally, the 3D system is formed by inclined hangers in transverse direction and 23 

cables are constructed spatially from the top of towers to the outside of the girder at the main 24 

span. For instance, the Yongjong Grand Bridge in Korea (Gil and Choi 2001; Gil and Choi 25 

2002; Kim et al. 2002; Kim et al. 2006) and the new San Francisco–Oakland Bay Bridge in 26 

the United States (Sun et al. 2002; Sun et al. 2004) belongs to this type of bridge structure. In 27 

addition, this type of bridge has also been adopted in China, and many bridges of this type 28 

have been constructed, such as the Fumin Bridge in Tianjin (Sun et al. 2015; Xiong et al. 29 

2017), the Qingdao Bay Bridge (Nie et al. 2011), the Liede Bridge in Guangzhou (Zhang et al. 30 

2013), the Jiangdong Bridge in Hangzhou (Li et al. 2010; Zhang et al. 2010), the 31 

Jiangxinzhou Bridge in Nanjing (Li et al. 2013), and the Tianhe Bridge in Songyuan 32 

(CSCEC-6th-Bureau 2016; Huang et al. 2017; MingHao-technology 2016). 33 

For suspension bridges with 3D cable, the construction process is generally more 34 

complicated than that of planar cable bridges because of the configuration transformation. 35 

For the 3D curved cable, the shape must be changed from plane configuration to the 3D 36 

curved profile during the construction process, which could cause the lateral displacement of 37 

main cables and the rotation of the hanger and cable bands. Thus, during the construction 38 

stage, the hangers can rub or collide with the cable duct at the girder and/or the pin plate at 39 

the cable band, which in turn could damage the hangers and hamper the construction process. 40 

In order to solve this problem, several techniques were developed. For instance, during 41 

the construction stage of the Yongjong Grand Bridge, four groups of winches and hydraulic 42 

jacks were placed on the deck near the center of the main span, and the two main cables were 43 

moved outside to complete the cable shape change (Cho et al. 2001; Gil 2001; Yoon et al. 44 



2001). For the Jiangdong Bridge, five pairs of temporary hangers anchored into the girder 45 

were used to shift the configuration of the cables (Ke et al. 2010). With respect to the Tianjin 46 

Fumin Bridge, the innovative rotatable cable clamp (Han et al. 2008) and hanger with 47 

spherical hinge base (Wu et al. 2008) were proposed to adapt to the lateral displacement and 48 

lateral torsional angle. The techniques of the rotatable cable clamp and spherical hinge base 49 

were also applied to Songyuan Tianhe Bridge, combined with the control technique of 50 

temporary hangers (Huang et al. 2017). In the new San Francisco–Oakland Bay Bridge, the 51 

cable bands were placed on the cable in a rotated position in accordance with the 52 

compensating camber, which could vary from 5 degrees to about 20 degrees (Nader et al. 53 

2013). All these developed techniques could only be applied to one type of construction 54 

sequence (e.g., erecting cable after girder (ECAG)), and could not be applied to all types of 55 

suspension bridges. For instance, Dongtiao River Bridge in China was built according to a 56 

construction procedure named “erecting cable before girder (ECBG)”(Wang et al. 2016). It 57 

means that the main cables are constructed prior to erecting, and then the girder segments are 58 

lifted and suspended on the cables. Obviously, the aforementioned control techniques for 59 

configuration transformation can not apply to this type of bridge. To the best of the authors’ 60 

knowledge, right now there is no universal approach available to aid the configuration 61 

transformation of 3D curves using different construction procedures. In this paper, a novel 62 

technique is proposed to solve this problem. 63 

To overcome the drawbacks, a novel lateral bracing-based method (LBM) is proposed in 64 

this paper. Specifically, the free main cables are pulled to the design position in the bridge’s 65 

transverse direction by using lateral bracing members. The effects of the main influencing 66 

factors on the configuration transformation for 3D curved cable systems are investigated, 67 

such as the type of span arrangement, construction procedure and hanger type. In order to 68 

demonstrate its capability, the proposed technique is applied to a suspension bridge with a 3D 69 

curved cable, the Dongtiao River Bridge, located in Huzhou, China. The benefit associated 70 

with the proposed technique is also investigated and compared with that of the traditional 71 

approaches. 72 



2. Complexity of Configuration Transformation of 3D Curved Cables 73 

Configuration transformation is a complex issue during the construction stage of 3D curved 74 

cable and should be investigated to ensure the safety and efficiency of the construction 75 

process. During the construction stage, first, the suspension cable is constructed as a 76 

free-hanging cable (FHC) in a vertical plane. At the final stage, the 3D cable becomes a fully 77 

loaded cable (FLC) within a spatial surface. During configuration transformation of the 3D 78 

curved cables from free-hanging state to fully loaded state, the following phenomena have 79 

been observed during the construction stages: 80 

 The cables are displaced significantly in the transverse direction from the free-hanging to 81 

the fully-loaded position (Gil 2001; Yoon et al. 2001); 82 

 The transverse displacement of cables from the initial to the final position can cause the 83 

change of lateral inclination of hangers during the construction process; namely, the 84 

lateral rotation angle of hangers continuously varies (Ke et al. 2010; Nader et al. 2013); 85 

 The variation of hanger inclination may cause the cable to twist about its axis, which can 86 

affect cable safety and change the cable bands’ lateral inclination (Cho et al. 2001; Nader 87 

et al. 2013); and 88 

 The variation of the hangers’ and cable bands’ lateral inclination complicates the 89 

attachment of the hangers. When the laterally inclined hangers are attached and loaded, 90 

the hangers can rub or collide with the cable duct at the girder and the pin plate at the 91 

cable band. Then, the hangers can be subjected to bending action induced by the 92 

variation of hanger lateral inclination. The stress induced by bending would cause 93 

damage to the hangers. In extreme cases, the hanger may fail to be inserted into the 94 

girder (Ke et al. 2010). 95 

3. Construction Assessment of Cable Configuration Transformation 96 

The two control indicators, the main cable’s lateral displacement and the hanger’s lateral 97 

rotation angel, are defined to explore the complexity and intensity of the configuration 98 

transformation. The main influencing factors on the configuration transformation are also 99 

investigated in the following section. 100 



3.1 Control indicators 101 

To ensure safety during the construction stage of the 3D curved cable, the rotation angle of 102 

the hanger and lateral deflection should be controlled and be within a tolerant interval to 103 

ensure the safety and reliability of the hanger system. A lateral rotation angle of the hanger, 104 

 (as shown in figure 2), is proposed to describe the variation of hanger lateral rotation: 105 

 F C      (1) 106 

where F  is the transverse inclination angle of a hanger in the final bridge state and C  is 107 

the transverse inclination angle of the hanger in the free cable state. When the lateral rotation 108 

angle exceeds the tolerant interval, the hangers can rub or collide with the cable duct, which 109 

could cause damage to the hangers, or even fail to connect to the girder. If the lateral rotation 110 

angle is within the allowable range, the aforementioned problem associated with the hangers 111 

installation does not exist and the configuration transformation of the 3D curved cable system 112 

can be simplified as the process with respect to the traditional planar suspension bridge. 113 

Additionally, in order to measure the transverse displacement of the main cable during 114 

the construction process, a parameter related to the lateral displacement of the main cable is 115 

defined as: 116 

 F CY Y Y    (2) 117 

where Y  (as shown in figure 2) is the difference of the transverse displacement between 118 

FHC and FLC, which reflects the intensity of the configuration transformation; YF is the 119 

transverse coordinate of a cable node in the final fully-loaded state; and YC is the transverse 120 

coordinate of the cable node in a free cable state. These two performance indicators are 121 

related with each other. For instance, the lateral rotation angle factor is related to the lateral 122 

displacement factor, depending on the boundary conditions. The indicators are mainly 123 

affected by the span arrangement type, construction procedure, and hanger type, among 124 

others. 125 



3.2 Factors affecting configuration transformation 126 

3.2.1 Span arrangement type 127 

The arrangement type of the span associated with the suspension bridge can be categorized 128 

into the following two types: (1) Single-pylon system(as shown in Figure 1 a) ), such as the 129 

New San Francisco-Oakland Bay Bridge; and (2) Double-pylon system(as shown in Figure 1 130 

b) ), such as the Yongjong Bridge. The  plan-view projection of the two FHCs within a 131 

single-pylon system are two oblique lines that intersect at a point, and the inclination 132 

direction is from the center to the outside of the girder. The  plan-view projection of the two 133 

FLCs within a single-pylon system are two convex curves that intersect at the same point. 134 

Thus, the difference of the plan-view projection between the FHC and FLC is not significant. 135 

Additionally, during the configuration transformation, the lateral displacement of the main 136 

cables is not obvious. 137 

 138 

a) Single-pylon system                     b) Double-pylon system 139 

Figure 1. Plan-view projection of Span arrangement By comparison, the  plan-view 140 

projection of the two FHCs of the center span in the double-pylon system are two lines 141 

parallel to each other, and their directions are along the bridge axis. Accordingly, the  142 

plan-view projection of the two FLCs are two convex curves that can form an ellipse. Thus, 143 

the lateral difference between the FHC and FLC in the center span is relatively large, and the 144 

lateral displacement of the main cable is much larger than that associated with the 145 

single-pylon system during the construction process. 146 

3.2.2 Construction procedure 147 

The construction procedure of the spatial suspension bridge can be categorized into the 148 

following two types: (1) erecting cable after girder, which is employed in most self-anchored 149 



suspension bridges; and (2) erecting cable before girder, which is usually used in 150 

earth-anchored suspension bridges. 151 

Erecting cable after girder 152 

With respect to the “Erecting cable after girder” construction procedure, the girder is first 153 

supported at the temporary piers at its designed position, and the main cables are erected with 154 

predetermined unstrained lengths. One of the crucial construction steps is structural system 155 

transformation. The hangers are installed and pulled to their design positions by the jacks. 156 

Subsequently, the girder weight is transferred to the main cables, and the temporary supports 157 

can be removed when all the hangers are in their design positions. 158 

During the transformation process of “erecting cable after girder,” as shown in Figure 2, 159 

the position of the FHL is Z , which is higher than that associated with FLC as indicated in 160 

Figure 2. The extended rods are used to lengthen hangers to ensure that the hangers can 161 

connect tentatively with the girder. After the transformation, the extended rods can be 162 

removed. 163 
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Figure 2. Lateral rotation angle of “Erecting cable after girder” method 165 

Hence, the hanger’s lateral rotation angle with the “Erecting cable after girder” 166 

construction procedure,  , can be expressed as: 167 

 arctan arctan
d d Z

L L Y


   
     

   
 (3) 168 



where L  and d  are the transverse and vertical projected length of the inclined hanger in 169 

the final bridge state, respectively; Y is the main cable’s lateral displacement; and Z  is 170 

the vertical difference between the values associated with FHC and FLC. 171 

Erecting cable before girder 172 

The “erecting cable before girder” procedure would enable a construction sequence that is 173 

similar to a conventional earth-anchored suspension bridge, where the main cable is erected 174 

first and the girder is lifted and connected to the hangers. Generally, a moving crane is used 175 

to lift the prefabricated girder sections into the right location, where workpeople can attach 176 

them to previously placed sections and the hangers that hang from the main cables. This 177 

process is conducted to erect the whole length of the girder.  178 

As stated previously, the position of the FHC is Z  higher than that associated with 179 

FLC. Hence, for the traditional planar suspension bridge, the girder segments need to be 180 

lifted with an additional height Z  in order to connect the girder with the hangers that hang 181 

from the FHC. However, for the suspension bridge with 3D curved cable, an additional extra 182 

height H  is needed to match Y , which is the lateral displacement for FHC as indicated 183 

in Figure 3. 184 
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Figure 3. Lateral rotation angle of “Erecting cable before girder” method 186 

Hence, this construction procedure would increase the hanger’s lateral rotation angle, 187 

which can cause the bending of the hanger, especially for the short hanger at the center in the 188 

middle span. If the length dL L Y   , the hanger cannot be connected with the girder even 189 



if its lateral rotation angle is 90 degrees. The hanger’s lateral rotation angle with the “erecting 190 

cable before girder” construction procedure,  , can be expressed as: 191 

 2

d

arctan arccos
d L Y

L L


   
     

   
 (4) 192 

3.2.3 Hanger type 193 

The configuration transformation of 3D curved cable should ensure that the hanger can adapt 194 

to the lateral deformation. Different types of hangers have different adaptabilities. For the 195 

hanger with bearing connection (Figure 4a) as used in the Yongjong Grand Bridge and the 196 

new San Francisco–Oakland Bay Bridge, its transverse allowable rotation angle is up to ±10° 197 

(Ke et al. 2010). This can alleviate hanger installation problems to a certain extent. 198 
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a) Bearing Connection         b) Plate Connection         c) A Upgraded Hanger with Pin 200 

Plate Connection 201 

Figure 4. Hanger Type  202 

For hangers with a pin plate connection as indicated in Figure 4b), the transverse 203 

allowable rotation angle is usually less than ±3° (Ke et al. 2010). As shown in Figure 4c), in 204 

order to increase the transverse allowable rotation angle, two types of joint bearings are 205 

added on the upper and lower ends of the hanger, respectively (Li et al. 2010; Zhang et al. 206 

2010). Even after the improvement, its allowable value is still less than ±6°(Li et al. 2010; 207 

Zhang et al. 2010). During the construction stage, the rotation angle could be easily larger 208 

than the threshold value, which could cause the hangers to rub or collide with the pin plate 209 

and the cable duct. Thus, a novel configuration transformation technique is needed to solve 210 

this issue. 211 



4. Novel Technique: Lateral Bracing Method for Configuration Transformation 212 

4.1 Structural component used within lateral bracing method 213 

Figure 5 shows the elevation view of the lateral bracing members, which  are employed 214 

to aid the configuration transformation of 3D curved cables during the construction stage. By 215 

pulling the main cables into the design position, the lateral bracings make the FHC's 216 

plan-view projection transformed from a parallel straight line into a polyline, which 217 

approaches the final 3D curve stage. The lateral bracings are situated on the cables by 2 218 

temporary cable bands, which are used to support the main truss. Each temporary cable band 219 

has 3 card slots to restrain the lateral motion. When the main cables reach the target position, 220 

they are anchored with the temporary cable bands by using the bayonet lock. By using the 221 

lateral bracing members, the lateral displacement and rotation angle can be decreased 222 

accordingly. 223 

The lateral bracing system consists of several key structural elements, namely, the main 224 

truss, the temporary cable band (Figure 6), bayonet lock, remote control winch, wire rope, 225 

and positioning steering wheel. The main truss works as an axial member to resist the main 226 

cable’s restoring force in the transverse direction and also as a platform to install other 227 

components. The temporary cable band is adopted as a connector to connect the main cable to 228 

the wire rope, and also as a support for the main truss. The integration of the remote control 229 

winch, wire rope and positioning steering wheel, provides a traction system to tow the main 230 

cable into the design position. The lateral bracing is supported on the two main cables by the 231 

temporary cable bands. 232 

 233 

Figure 5. Half of lateral bracing between cables 234 



 235 

Figure 6. Structure scheme of temporary cable band 236 

The lateral bracing plays an important role within the configuration transformation 237 

process and extra attention should be paid to this component. Based on the constraints of the 238 

lateral displacement and lateral rotation angle, the number and the installation position of 239 

lateral bracings could vary. The lateral bracing members should be placed in the critical 240 

positions where the associated effect on configuration transformation is the greatest, such as 241 

the center of the main span. Furthermore, the number of lateral bracing members should be 242 

determined to ensure that the lateral rotation angle of each hanger in any construction stage 243 

should be less than the tolerant limit. 244 

Due to the girder-free characteristic, the LBM can be applied to different construction 245 

procedures whether erecting cable before or after the girder. Furthermore, relative to 246 

traditional control techniques shown in Table 1，the cost associated with the lateral bracing 247 

members is relatively small, and they are convenient to manufacture. Regarding the use of the 248 

bracing system, if the lateral rotation angles of the hanger exceed the transverse allowable 249 

threshold value of the hanger, the bracing system would be needed. 250 

4.2 Construction steps 251 

In the free cable state, the lateral bracings are lifted by crane and placed at the track groove of 252 

the temporary cable bands. Then, the main cables are pulled into the design position by the 253 

traction system. When the main cables arrive at the target position, they are anchored with the 254 

temporary cable bands by the bayonet lock. Thus, the cable’s plan-view projection is 255 

transformed from a parallel straight line into a polyline, which approaches the final 3D curve 256 

stage, as shown in Figure 7. Then, the girder sections can be attached with hangers easily. 257 

The movement of the main cable is achieved by using a pair of remote control winches 258 



located on the top of the main truss and a wire rope around the positioning steering wheel. 259 

The lateral restoring force of the main cable is balanced by the tension force in the wire rope. 260 

The tension force is resisted by the main truss. Namely , the tensile forces in the bracing 261 

system cables are offset by compression forces in the bracing system truss components. Once 262 

the girder is lifted completely, the lateral bracings are removed.  263 

 free hanging cable (FHC)

 fully loaded cable (FLC)

 FHC with later bracings

lateral bracing

 264 

Figure 7. Principle scheme of lateral bracing 265 

5. Illustrative Examples 266 

In this section, the configuration transformation within three representative spatial suspension 267 

bridges is assessed considering the defined control indicators. The LBM is applied to a 268 

suspension bridge located in Huzhou, China. Through two case studies, the ability of the 269 

proposed configuration transformation method is assessed and the functionality of LBM is 270 

examined.  271 

5.1 Case 1: Configuration Transformation in Three Typical Spatial Suspension Bridges 272 

using Traditional Methods 273 

The configuration transformation of the 3D curve cables using traditional techniques is 274 

investigated in this section. Using the control indicators provided in section 3.1, the 275 

configuration transformation of three typical spatial suspension bridges is analyzed. The 276 

information of these three bridges is shown in Table 1. The effects of different factors on the 277 

configuration transformation are investigated. 278 



Table 1. Three typical spatial suspension bridges 279 

Bridge Name 
Span 

arrangement (m) 

Transverse sag 

(m) of main span 

Control technique for Configuration 

Transformation 

Fumin Bridge 

in China 

(Xiong et al. 2017; 

Sun et al. 2015; Sun 

et al. 2016) 

157 + 86 4.472 

rotatable cable clamp and hanger with 

spherical hinge connections at bottom 

end(Han et al. 2008; Wu et al. 2008) 

Yongjong Bridge 

in Korea 

(Gil and Choi 2001; 

Gil and Choi 2002; 

Kim et al. 2002; 

Kim et al. 2006) 

125 + 300 + 125 13.571 

4 groups of winches and the hydraulic 

jacks(Kim et al. 2006; Yoon et al. 

2001) 

Jiangdong Bridge 

in China 

(Li et al. 2010; 

Zhang et al. 2010) 

83 + 260 + 83 18.706 
5 pairs of temporary hangers(Ke et al. 

2010) 

 280 

5.1.1 Effect of span arrangement type on configuration transformation 281 

The influence of the span arrangement type on the configuration transformation is 282 

investigated and shown in Figures 8, 9, and 10 with respect to the three investigated bridges. 283 

Accordingly, the following conclusions could be obtained. 284 

(1) Based on the outcomes of the illustrative examples, for the bridges with the similar 285 

mainspan length, the lateral displacement and rotation angle of the single-pylon system is 286 

significantly less than that of the double-pylon system. For example, the maximum lateral 287 

displacement and rotation angle of the Fumin Bridge is 2.775 m and 10.5°, respectively, 288 

while the maximum lateral displacement and rotation angle of the Jiangdong Bridge is 18.706 289 

m and 61.198°, respectively; 290 

(2) For the bridge with the double-pylon system, the lateral displacement and rotation 291 

angle in the center span is much larger than that of the side span. For example, the maximum 292 

lateral displacement and rotation angle of the center span in the Yongjong Bridge are 14.321 293 

m and 56.260°, respectively; comparatively, the values of the side span are 2.313 m and 294 

11.637°, respectively; and 295 



(3) For the center span of the double-pylon system, the hanger’s lateral rotation angle is 296 

proportional to the main cable’s lateral displacement. For the single-pylon system and the 297 

side span of the double-pylon system, the rotation angle is still proportional to the lateral 298 

displacement near the tower. Nevertheless, the rotation angle is inversely proportional to the 299 

lateral displacement near the girder end. 300 
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Figure 8. Lateral displacement and rotation angle of Yongjong Bridge in Korea  302 
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Figure 9. Lateral displacement and rotation angle of Jiangdong Bridge in China 304 
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Figure 10. Lateral displacement and rotation angle of Fumin Bridge in China 306 

5.1.2 Effect of construction procedure on configuration transformation 307 

The effects of the construction procedure on the configuration transformation are also 308 

investigated as indicated in Figure 11 and 12, and relevant conclusions can be obtained. 309 

(1). The lateral rotation angle with the “Erecting cable before girder” construction 310 

procedure is generally larger than that of the “Erecting cable after girder” procedure. This 311 

indicates that the “Erecting cable before girder” construction procedure is associated with a 312 

much more complex configuration transformation process; 313 

(2). There is a trend of increasing difference of the hanger’s rotation angle between the 314 

construction procedure with an increase of distance from the tower. The difference is most 315 

significant in the center of the mid-span, and the center portion is depended on the transverse 316 

sag and bridge width;  317 

(3). At the center of the mid-span, the lateral rotation angle with the “Erecting cable 318 

before girder” construction sequence could exceed 90 degrees. This indicates that the hangers 319 

at the center may fail to connect with girder segments. Hence, a special control method for 320 

configuration transformation has to be adopted to meet the requirements. 321 

Overall, the lateral rotation angles with the “Erecting cable before girder” procedure are 322 

much larger than those with respect to the “Erecting cable after girder” procedure. The 323 

traditional techniques listed in Table 1 are all related to cases where the girder is erected prior 324 



to the cable. In the case of the “Erecting cable before girder” construction procedure, these 325 

conditional techniques can not meet the requirements, and a novel technique is needed. 326 
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Figure 11. Lateral rotation angle for the FHC of the Yongjong Bridge  328 
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Figure 12. Lateral rotation angle for the FHC of the Jiangdong Bridge  330 

5.2 Case 2: Implementation of Lateral Bracing Members to Solve Configuration 331 

Transformation in a Spatial Suspension Bridge 332 

This section considers the innovative implementation of LBM within the Dongtiao River 333 

Bridge (Figure 13) for its configuration transformation. The main span of this bridge is a 228 334 

m suspension bridge with 3D curved cables. In the free cable state, the FHCs are parallel to 335 

each other in two vertical planes; the distance between two cables is 16.02 m. In the finished 336 

state, the FLCs are two spatial curves, whose maximum distance is 31.364 m at the center of 337 

the bridge. The maximum lateral displacement of the cable is 7.672 m from the free cable 338 



state to the finished state. In order to avoid the interruption of the crossed channel, the 339 

“Erecting cable before girder” construction procedure is adopted for the construction of 340 

Dongtiao River Bridge. In this study, a detailed nonlinear finite element model (FEM) is 341 

employed to simulate the construction process. Pylons, girders, and lateral bracing members 342 

are modeled with the beam-column elements, and stay cables ,main cables and hangers are 343 

modeled with the elastic catenary cable elements. The gravity load and construction load 344 

were considered.  345 

 346 

Figure 13. General view and layout of Dongtiao River Bridge (Dimensions are in cm. Photo 347 

provided to the first author by Mr. Chengshu Wang of Traffic planning and Design Institute of 348 

Zhejiang Province) 349 

Figure 14 shows the lateral displacement of the main cable at the free cable state. This 350 

displacement is relatively large, ranging from 1.360 m to 7.686 m. The lateral rotation angle 351 

from No. 1 to No. 11 hangers is between 4.3° and 48.3°, and most of them have exceeded the 352 

allowed values (±6°). In addition, according to formula (4), the rotation angle from the No. 353 

13 to No. 27 hangers in the center zone can be seen as infinite. This is due to the fact that 354 

dL L Y   , which indicates these hangers cannot directly connect with the girder sections 355 

even if their lateral rotation angles reach 90 degrees. Hence, without any control measures, 356 

most of the hangers inevitably collide with the cable ducts or cable bands, which could lead 357 
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to bending and cause structural damage. Hence, a novel control method for configuration 358 

transformation has to be employed. 359 
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Figure 14. lateral displacement and rotation angle of Dongtiao River Bridge in a free cable state . 361 

Photo provided to the first author by ..... 362 

 In the construction stage of Dongtiao River Bridge, a total of 40 construction stages are 363 

considered. When the pylon and the side span are constructed and anchored temporarily, the 364 

main cables and hangers of the mid-span and the stay cables of the side span are built. Before 365 

girder sections are lifted, three lateral bracings are installed at quarter points along the main 366 

cable, and then the main cables are pulled to the design lateral position, as indicated in Figure 367 

15. After all the girder segments are lifted and attached to the hangers, the lateral bracings are 368 

removed by sequence. Then, the girder is completed by being welded together, and the bridge 369 

system is transformed into the final self-balanced state. Herein, the middle lateral bracing is 370 

associated with a section that is 900 × 1500 mm. The length is 34.12 m, and the weight is 10 371 

ton. Herein, the main truss of the East and the West bracing is replaced by steel pipe, which 372 

could also fulfill all these goals. 373 



   374 

Figure 15. Installation and application of lateral bracings (Photo taken by the first author) 375 

5.2.1 Effect of lateral bracing on configuration transformation 376 

The effect of the lateral bracings on the lateral displacement and rotation angle is shown in 377 

Figure 16 and Figure 17. For comparison, the effect of a previous scheme with a single lateral 378 

bracing that is placed in the center of the main span is also shown in these figures. The 379 

following conclusions can be drawn. 380 

(1) With a single lateral bracing scheme, the maximum lateral displacement can be 381 

decreased to 1.885 m from 7.663 m. The hangers’ lateral rotation angle is confined within an 382 

interval [-1.73°, 8.37°]. Hence, even if there is a single lateral bracing, the lateral rotation 383 

angles of all hangers decrease significantly, which indicates the efficiency of the LBM; 384 

(2) Within the implementation plan, i.e., three lateral bracings are installed at quarter 385 

points along the main cable, the lateral rotation angles are restricted within a relatively 386 

narrow interval [0.12°, 4.89°], which is less than the allowed value ±6°. Therefore, the 387 

problem of configuration transformation is efficiently solved by the LBM. With the 388 

implementation plan, the establishment and adjustment of the construction procedure would 389 

not be restricted by the configuration transformation; and 390 
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Figure 16. Lateral displacement of the main cable in a free cable state 392 
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Figure 17. Lateral rotation angle of the hanger in a free cable state 394 

The variation of the maximum lateral displacement and rotation angle during the 395 

construction process is shown in Figure 18. The following conclusions may be drawn: 396 
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Figure 18. Variation of maximum lateral displacement and rotation angle during construction 398 

(1). The maximum lateral rotation angle during the whole construction process is less 399 

than the tolerance limit. This ensures the smooth implementation of configuration 400 

transformation. The effective control effect can ensure that the installation process of hangers 401 

and girder sections will not be affected by the lateral rotation angle; 402 

(2). The maximum lateral displacement and rotation angle occur at the construction 403 

stage of lateral bracings installation. Subsequent construction stages have a slight effect on 404 

partial hangers between the lateral bracings. This is mainly due to the rigid constraint 405 

characteristics of the lateral bracing, which allows for a larger margin of the construction 406 

error. Consequently, the LBM can ensure the highest degree of constructability, even if a 407 

variety of possible temporary changes occur during the construction process; and 408 

(3). The LBM prevents the spatial suspension bridge from being affected by the lateral 409 

displacement and rotation angle and simplifies the construction process. 410 

5.2.2 Effect of lateral bracing on construction process  411 

The vertical deformation of the center node of the main cable during the construction process 412 

is shown in Figure 19. The effect of the lateral bracings on the vertical deformation is not 413 

obvious. The displacement of the center node of the main cable is reduced by 95 mm. 414 

Specifically, the main cable center is reduced by 333 mm under the self-weight of the middle 415 

lateral bracing and increased by 238 mm under the self-weight of the east and west lateral 416 



bracings. As shown in Figure 19, due to the measurement error and simulation error, there 417 

were some differences between the theoretical value and the measured value. However, these 418 

differences are less than 5 cm and can be neglected. Accordingly, the LBM could be adopted 419 

within the construction stage and simplifies the construction process of the spatial suspension 420 

bridge. 421 
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Figure 19. Center-node’s vertical cumulative displacement curves of main cable during 423 

construction 424 

Additionally, the force within the lateral bracing during the construction stage is 425 

assessed. The lateral bracing is mainly subjected to the axial force. The lateral bracings force 426 

measured in situ and analyzed by FEA is shown in Figure 20. 427 

Due to symmetry, the East and West bracing bear nearly the same force. They are only 428 

under the compression force during the whole procedure of lifting girder sections, and it 429 

reached the maximum value 284 kN at the CS 25 (the 25th construction stage). Based on the 430 

FEM, the theoretical force of the middle lateral bracing varies between 262 kN compression 431 

and 226 kN tension, which is basically consistent with the measured value. The maximum 432 

total stress of three lateral bracings is less than 25 MPa. In the lateral bracing, the axial force 433 

is directly applied along the transverse direction to control the FHC’s shape. Compared with 434 

other methods, where force is applied along the oblique direction (Ke et al. 2010), directly 435 

applying force along the target direction can improve the control efficiency significantly. 436 

Therefore, due to the low stress level and large strength margin, the LBM could be easily and 437 

efficiently adopted within the construction stage. 438 
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Figure 20. Force of three lateral bracings in hoisting (positive for compression) 440 

6. Conclusions 441 

This paper proposed a novel technique to aid the configuration transformation of 3D curved 442 

cables during the construction stage to ensure the safety and performance of suspension 443 

bridges. Specifically, an innovative control method named LBM is developed and first 444 

implemented in a real-world application to meet the challenges imposed by the unique bridge 445 

structural layout and the construction requirements. The effects associated with different 446 

paramteres, such as span arrangement and construction procedure, have been investigated. 447 

The presented illustrative example has demonstrated that the LBM can provide an efficient, 448 

reliable, and economical solution for the configuration transformation of suspension bridges 449 

with a 3D curved cable system. 450 

The main conclusions can be drawn as follows: 451 

1. During configuration transformation of the 3D curved cables from free cable state to 452 

final fully loaded state, the cables are displaced significantly in the transverse direction, and 453 

the lateral inclination of hangers continuously varies. The variation of the hangers’ and cable 454 

bands’ lateral inclination complicates the attachment of the hangers. The hangers can rub or 455 

collide with the cable duct at the girder and the pin plate at the cable band. The bending stress 456 

induced by the colliding would cause damage to the hangers, and in extreme cases, the 457 

hanger may fail to be inserted into the girder. 458 



2. The configuration transformation of 3D curved cable is significantly affected by the 459 

type of span arrangement, construction procedure, and hanger type. Based on the outcomes of 460 

the illustrative examples, for the bridges with the similar mainspan length, the lateral 461 

displacement and rotation angle of the single-pylon system is considerably less than the 462 

double-pylon system. The lateral rotation angle with the “erecting cable before girder” 463 

construction procedure is generally larger than the “erecting cable after girder” process; 464 

particularly, the lateral rotation angle of hangers at the center zone of the mid-span of the 465 

double-pylon system with the “erecting cable before girder” construction process may exceed 466 

90 degrees. The hanger with a bearing connection has a larger transverse allowable rotation 467 

angle than the one with a pin plate connection. This reduces the complexity of the 468 

configuration transformation. 469 

3. Compared with the traditional methods, the LBM can be applied to any type of 470 

construction sequence (i.e., both ECAG and ECBG). The proposed method provides a larger 471 

margin for construction error, ensuring the highest degree of constructability. Overall, due to 472 

the efficient control effect on the lateral shape change and the insignificant influence on the 473 

vertical displacement, the LBM makes the construction process of the spatial suspension 474 

bridges flexible and convenient . 475 
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