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Abstract (150 – 200 words) 

 

The paper explains the design criteria used for 9 box girder continuous High Speed Railways 

viaducts constructed in Spain. It describes the longitudinal layout and an innovative construction 

process using movable scaffolding. Moreover, a comparison between different post-tensioning 

and reinforcing steel ratios is shown. The paper provides recommendations for fatigue design 

and for concrete stresses criteria in SLS. The paper provides, as well, the quantities of 

concrete, post-tensioning and reinforcing steel for the viaducts. 
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Introduction 1 

Along the stretch between the city of Girona and the station of Vilafant of the High Speed 2 

Railway connecting Barcelona with the French Border (see figure 1), the team of ‘Tunnel and 3 

Bridge Technologies’ designed, in the last years, 10 post-tensioned concrete viaducts, and 4 

performed the independent checking of 10 other ones. The professors from Universitat 5 

Politecnica de Catalunya-BarcelonaTech, co-authors of the paper, were involved as advisors. 6 

The stretch is part of the Line from Madrid to the French Border, through Barcelona, with a 7 

design speed of 350 km/h and a total length of 804 km and completed in 2013. 8 

 9 

Due to the geometry restrictions of High-Speed Railways (HSR) lines, viaducts are numerous 10 

and clearly longer than, e.g., in highways, which means that the cost and the construction time 11 

highly depend on the viaducts. Any reduction on the construction time for the viaducts produces 12 

a reduction on cost and time of the whole construction.  13 

 14 

Moreover, HSR viaducts are heavier because of the comfort conditions for the passengers, 15 

being much stiffer than the usual highway ones. The higher stiffness arises questions about the 16 

behaviour at ultimate. 17 

 18 

This paper summarizes the experience obtained from those designs. It focuses on how to speed 19 

the construction when using moveable scaffolding, how box-girder decks behave and how to 20 

balance conventional reinforcement steel with post-tensioning steel. 21 

 22 

The design bases were: 23 

• Loads according to UIC LM71, multiplied by an α factor of 1.21 to obtain the classified 24 

loads 25 

• Design speed of 350 km/h 26 

• Total width of the decks 14.0 m, corresponding to two tracks separated 4.70 m 27 

• Code used EN 1992-2:2013 (2013), with the Spanish National Annex, EHE-08 (2008) 28 

• Seismic ground acceleration of 0.11 g 29 

 30 
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2. Description of the viaducts 31 

Nine out of the ten viaducts are box-girders continuous ones. Only one is a hollow-cored slab 32 

with lateral cantilevers and has not been included in this paper. The typical span lengths of the 33 

box-girder viaducts range from 37 to 60 m. Two of the viaducts have special spans up to 65 and 34 

70 m long, which needed variable depth decks. 35 

 36 

The general layout is always the same. The lowest abutment is where the fixed point for 37 

longitudinal movement is set. On top of the piers and at the highest abutment, POT bearings are 38 

located under the deck webs, one guided and one free sliding. At the fixed point, POT free 39 

sliding bearings are used for vertical loads. The longitudinal loads, i.e. the rail-deck interaction, 40 

friction forces at the sliding bearings, braking and longitudinal earthquake, are transferred to the 41 

abutment through a prestressing of the deck to the upper part of the abutment (see Figure 2). 42 

Elastomeric bearings are placed, between the deck and the abutment, at the centroidal axis to 43 

transfer the prestressing force. Seismic stoppers with sliding elastomeric bearings transfer the 44 

reaction due to transversal earthquake. 45 

 46 

For the longest viaduct, over the Fluvia river, with a total length of 835 m, a different solution 47 

was studied, including 4 Fluid Viscous Dampers of 2500 kN each and 2 Lead Rubber Bearings 48 

at the 3 central piers, with the mission of re-centring the bridge after a seismic event. 49 

Nevertheless, this solution was more expensive with the unit contract prices than resisting the 50 

seismic forces on piers and abutments, with a layout as the one explained in the previous 51 

paragraph, and it was discarded. 52 

 53 

The static scheme selected, deck longitudinally fixed at one abutment and sliding on piers and 54 

the other abutment, allows slender piers, reducing the impact on the landscape, but requiring 55 

dilatation devices in the track at the abutment with sliding bearings.  56 

 57 

The foundation piles are 1.5 m diameter. Soil-cement transition embankments have been used 58 

to smooth the stiffness change from the standard embankment to the viaducts (see Figure 3), 59 

as usual for High Speed Railways. 60 
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 61 

Table 1 summarizes the main characteristics of each viaduct. Figures 4 to 6 show pictures of 62 

some the viaducts. 63 

 64 

Table 1. Main characteristics of the viaducts 65 

Viaduct Total 

Length 

(m) 

Typical / 

maximum 

span length  

(m) 

Deck 

Depth 

(m) 

Cross-

section 

area (m2) 

Prestressing 

steel ratio 

(kg/m2 of 

deck) 

Reinforcing 

steel ratio 

(kg/m3 of 

concrete) 

C-66 287 44 / 65 3.14 / 

5.14 

9.06 29.20 153 

Riudellots 164 37 / 37 2.64 8.58 24.30 142 

Marmanya 127 37 / 37 2.64 8.58 24.30 140 

Casinyola 1 77 37 / 37 2.64 8.58 25.30 139 

Casinyola 2 127 37 / 37 2.64 8.58 25.30 137 

Fluvià 835 60 / 70 4.0/5.50 9.61 31.30 183 

Can Fares 100 45 / 45 3.24 9.16 28.26 137 

Santa Anna 220 45 / 60 3.04/4.74 8.97 39.25 177 

Caboters 442 47 / 47 3.24 9.16 29.20 162 

 66 

3. Construction Methods Description 67 

 68 

Depending on the viaduct total length, the pier height, the elements to pass over (rivers, valleys, 69 

highways), three different construction methods were used: 70 

- Construction on falsework, 1 viaduct, with a maximum total length of 77 m 71 

- Span-by-span construction on falsework, 7 viaducts, with total length ranging from 127 to 442 72 

m, and maximum pier height of 18 m. 73 

- Span-by-span construction using a moveable scaffolding, for the Fluvia River viaduct, with 835 74 

m total length crossing a river 180 m wide. 75 

 76 



4 
 

Even though the span-by-span erection method is well known, two interesting issues are 77 

described. 78 

Normally, the box girder cross-section is poured in two phases: first the lower flange and the 79 

webs and, later on, the upper flange. Then, the weight of the upper flange and the pouring 80 

equipment is resisted by the combination of the moveable scaffolding and the ‘U’ structure 81 

formed by the lower flange and the webs. It is necessary to determine which load is resisted by 82 

each system (the already hardened ‘U’ concrete beam and the moveable scaffolding) by means 83 

of a structural analysis in order to control the possible concrete cracking. The post-tensioning is 84 

installed and stressed after the total completion of the cross-section. 85 

 86 

When the viaduct over the Fluvia River was erected, with typical span length of 60 m and two 87 

spans up to 70 m long, the available moveable scaffolding was one designed for highway 88 

bridges with spans up to 60 m long. Then, two problems arose: 89 

 90 

- For the 60 m long spans, the self-weight of a railway bridge is clearly higher than the 91 

one of a highway bridge.  92 

- For the 70 m long spans, the problem of the self-weight was, obviously, even higher but 93 

the relevant problem was the geometry of the moveable scaffolding, with a length too 94 

short for the span. 95 

 96 

The first problem was solved pouring the concrete in two different phases than the typical ones, 97 

described previously, and stressing the post-tensioning at both phases. The erection sequence, 98 

shown in figure 7, was: 99 

 100 

- Pouring of the lower flange, webs and the cantilevers of the upper flange using the 101 

moveable scaffolding 102 

- Post-tensioning this partial cross-section (‘U’ with cantilevers) up to 60% of the total 103 

force. Then, this structure can resist its self-weight. 104 

- Lower the moveable scaffolding and launch it to the next span. 105 
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- Pour the concrete of the central part of the upper flange, using some props supported 106 

on the lower flange. 107 

- Complete the stressing of the cross-section up to 100% of the post-tensioning force 108 

designed. 109 

- Repeat the process with the next span 110 

 111 

The final stresses due to self-weight and post-tensioning are the addition of the ones of each 112 

construction phase and their redistribution, due to concrete creep, along time. The stress 113 

redistribution is due to the evolving cross-section and to the evolving longitudinal statical 114 

scheme. The analysis of this redistribution was performed by means of the software RM Bridge 115 

©.  116 

The exact analysis has been carried out using the computer program RM bridge (c) taking into 117 

account the stress redistributions due to creep and to shrinkage due to changing the cross-118 

sections during construction and also for the modifications of the longitudinal structural scheme. 119 

In an approximatively way, the calculations of evolutive stresses in time can be obtained, 120 

considering only creep, as: 121 

First Stage 122 

σ c, t  = (Σ σ c, const ) * e -ϕ(t) + σ c, complet sect  * (1- e -ϕ(t) ) 123 

where 124 

σ c, t  = stresses on first stage in time t 125 

Σ σ c, const =  σ g1,1 +  σ 0,60P  + σ dec  + σ g1,2  126 

with 127 

σ g1,1 = stresses due to self-weight on partial section (“U”+ cantilevers section) 128 

σ 0,60P = stresses due to 60% prestressing on partial section  129 

 σ dec = stresses due to descent of movable scaffolding on partial section 130 

σ g1,2 = stresses due to self-weight of top central slab 131 

ϕ(t) = creep function 132 

σ c, complet sect   are the stresses due to g 1,1; g 1,2; 0,60P  and descent of movable scaffolding but 133 

acting on complete section (complete box girder) 134 
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It can be seen that in the case of  ϕ(t)=0, the stresses are Σ σ c, const =  σ g1,1 + σ g1,2 + σ 0,60P  + σ dec  135 

(it could be the case of an steel structure) and if  ϕ=∞, the stresses would be : σ g1,1 +  σ 0,60P  + σ 136 

dec  + σ g1,2   calculated on the complete box section. 137 

Second Stage 138 

σ c, 2s =  σ 0,40P  139 

where 140 

σ 0,40P  are the stress due to 40% of prestressing applied on total section (box girder) 141 

So, the total stresses due to self-weight and total prestressing are the addition of 142 

σ c, t  = (Σ σ c, const ) * e -ϕ(t) + σ c, complet sect  * (1- e -ϕ(t) ) + σ c, 2s 143 

stresses that vary in time. 144 

It’s clear that superimposed load + live loads act on total box girder section. 145 

 146 

An example of the results of the stress evolution along time for an on-pier section of the deck is 147 

shown in figure 8. 148 

 149 

The construction sequence for the 70 m long spans is described in figures 9 and 10. Before the 150 

moveable scaffolding reached the two 70 m long spans, 10 m cantilevers were erected at both 151 

sides of the piers using falsework (see figure 6). Two temporary props were stabilizing the 152 

reinforced concrete cantilevers. Then, with the moveable scaffolding, the 70 m long spans are 153 

completed. The scaffolding is spanning 60 m (anchored to the construction joint of the cantilever 154 

and supported on the next pier) but only 50 m of deck are poured, so the weight is similar to the 155 

one of a typical 60 m span. Post-tensioning is stressed. 156 

 157 

At the same time the last span is poured, including its cantilever, on falsework. Figure 11 shows 158 

one picture of the erection process. 159 

 160 

4. Overall flexural behaviour of continuous box-girder decks and design criteria for post-161 

tensioning and reinforcement steel 162 

 163 
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The importance, for HSR Bridges, of resonance, deck-rail interaction, comfort control, seismic 164 

design and post-tensioning design is well known. Most of these conditions require a much stiffer 165 

box-girder deck that the one of a highway bridge for the same span length. This stiffer deck 166 

generates some questions, which are studied in this paper. First, the behaviour of the deck at 167 

ULS. 168 

 169 

Second one, which is the best combination of reinforcing and post-tensioning steel from two 170 

points of view, bending and fatigue ULS? 171 

 172 

This section aim is to solve both questions using the example of Caboters viaduct, one of the 173 

viaducts designed and constructed. The viaduct is a 47 m span continuous box girder concrete 174 

one. Cross-section is shown in Fig. 12. The total length of the viaduct is 442 m, with 8 central 175 

spans of 47 m and 2 lateral spans of 33 m. The depth of the deck is 3.24 at the axis, which 176 

means a span/depth ratio of about 15 (see Fig. 12).  177 

 178 

The parameters that govern the phenomena are: 179 

- The ratio between post-tensioning and reinforcing steel 180 

- The depth of the flexural cracks in quasi-permanent, frequent and characteristic 181 

combinations, according to EN 1990 – Annex 2 (2010) 182 

- The stress range in the reinforcement steel and in the post-tensioning steel to verify 183 

fatigue ULS 184 

 185 

The structural analysis was performed, as already explained, taking into account redistribution 186 

due to creep (creep coefficient considered = 2.4). For the sectional analysis, the tensile strength 187 

of concrete was neglected and stress-strain relations from EN 1992-2:2013 (2013) (parabola-188 

rectangle for concrete and bi-linear for steel) were considered.   189 

 190 

The construction method considered is span-by-span on falsework, with joints every ¼ of span 191 

and post-tensioning couplers at the joints. The post-tensioning is stressed from the frontal joint 192 

of the deck at each construction step (see Figure 13). 193 
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 194 

The strands are 15 mm diameter, according with ASTM A416/A416M (2018) with 140 mm2 of 195 

section each strand, with a friction coefficient of 0.21 and wobble factor of 0.006. The jacking 196 

stress is 1395 MPa and the wedge penetration considered is 6 mm. 197 

 198 

As the longitudinal layout is the one already explained in section 2, the axial load due to friction 199 

in the sliding bearings and the rail-deck interaction, are considered, but braking force is not 200 

included. 201 

 202 

4.1 Typical behaviour of the cross-section 203 

 204 

First step is a qualitative analysis of the box girder cross-section. For this purpose, a post-205 

tensioning of 12 tendons with 31 strands of 15 mm diameter, with the characteristics described 206 

in the previous section, is considered. 207 

 208 

The evolution of: 209 

- Concrete stresses (Fig. 14) 210 

- Reinforcing and Post-tensioning steel (Fig. 15) 211 

- Curvature (Fig.16) 212 

versus the external bending moment, are shown, for the midspan deck section. 213 

 214 

It is important to highlight that the curvature at failure is between 10 and 15 times the elastic 215 

one. The curvatures were obtained using mean values of the strength of the steel and concrete, 216 

not the characteristic ones. If partial factors are used, the curvatures at theoretical failure will 217 

decrease but they will still be quite larger than the elastic ones. This fact shows that, even 218 

though the deck is not slender, it has a significant redistribution capacity thanks to the post-219 

tensioning.  220 

 221 

4.2 Balance of post-tensioning and reinforcing 222 

 223 
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In this section, different post-tensioning ratios are considered, as shown in table 2, being case 1 224 

the post-tensioning ratio used in the previous section. 225 

 226 

 227 

 228 

Table 2. Post-tensioning cases studied 229 

 230 

Case Prestressing Longitudinal 

reinforcement area (cm2) 

1 12 T 31 ϕ15 mm 40.2 

2 12 T 29 ϕ15 mm 40.2 

3 12 T 27 ϕ15 mm 96.96 

4 12 T 25 ϕ15 mm 181.06 

5 12 T 24 ϕ15 mm 223.52 

 231 

For each case, a different reinforcement ratio has been obtained from the criteria of keeping 232 

constant the safety factor at ultimate.  233 

 234 

Main results are presented in table 3, where the bending moments and stresses at midspan 235 

section of span #6 are shown. 236 

 237 

Table 3. Results on box girder midspan cross-section. 238 

Case Mu 

(MNm) 

Md 

(MNm) 

Mu/Md σquasi 

(MPa) 

σcharact 

(MPa) 

σfreq 

(MPa) 

σHST 

(MPa) 

1 195 178 1.09 2.92 -3.94 -0.56 1.27 

2 183 176 1.04 2.18 -4.71 -1.32 0.53 

3 179 174 1.03 1.44 -5.48 -2.08 -0.21 

4 177 172 1.03 0.74 -6.22 -2.79 -0.96 

5 177 171 1.04 0.36 -6.62 -3.19 -1.33 

 239 
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Where Mu is the flexural strength of the box girder and Md is the design bending moment. The 240 

ratio Mu/Md is mostly constant, because, as explained above, the reinforcement has been 241 

designed to obtain the same safety factor. 242 

 243 

The stresses come from the SLS combinations quasi-permanent, frequent and characteristic 244 

obtained according to EN 1990 – Annex 2 (2010) including thermal actions and using two 245 

combination values for post-tensioning (using the most unfavourable of 0.9 and 1.1 for each 246 

calculation). The thermal action included is a thermal gradient of 9º for the quasi-permanent 247 

combination and 60% of that gradient for the frequent and characteristic combinations. The 248 

frequent combination has been used as the fatigue combination because of the uncertainties 249 

about the number of tonnes per year and track, type of traffic and the probability of having the 250 

two tracks loaded simultaneously during the 100 years life (see Annex NN of EN 1992-2 251 

(2013)).  252 

 253 

The HST stress is obtained from a real high-speed train, considering the post-tensioning 254 

multiplied by 1.0 and a thermal gradient of 9º.  255 

 256 

Positive values of stresses mean compression and negative ones mean tension. Stresses are 257 

calculated at the bottom fibre of concrete at midspan deck section. 258 

 259 

For fatigue, it is interesting to evaluate the stress range due to the fatigue loads considering that 260 

the cross-section is cracked. Values are shown in table 4 261 

 262 

Table 4. Sectional Analysis. Stress range due to fatigue 263 

 264 

 

Case 

Reinf. Steel (cm2) Post-tensioning Δσp (MPa) Δσs (MPa) 

1 40.2 12 T 31 ϕ15 mm -36.4 -43.3 

2 40.2 12 T 29 ϕ15 mm -39.3 -50.8 
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3 95.96 12 T 27 ϕ15 mm -68.4 -78.5 

4 181.06 12 T 25 ϕ15 mm -68.4 -96.7 

5 223.52 12 T 24 ϕ15 mm -78.5 -112.7 

 265 

 266 

 The increment of stress for post-tensioning (ΔσP) is the difference between the fatigue stress 267 

and the stress after long-term losses. The increment of stress of the reinforcement steel (Δσs) is 268 

the total stress with fatigue loads. 269 

 270 

 271 

 272 
 273 
5. Conclusions 274 

 275 

5.1. Span-by-span construction with movable scaffolding 276 

The construction phases used in the Fluvia viaduct have some advantages: 277 

- Possibility of using lighter movable scaffoldings. For example, using the ones designed 278 

for highway bridges for railway bridges with the same span length. 279 

- Reduction of time because the scaffolding can be launched after the post-tensioning of 280 

the first phase, not having to wait for the completion of the cross-section. 281 

On the other hand, it is necessary to evaluate the stress redistribution due to creep, as the 282 

structure evolves longitudinally (span-by-span construction) and also transversally (cross-283 

section poured and prestressed in two phases). This is not a problem if adequate analysis 284 

software is used. 285 

 286 

5.2. Span-by-span construction on falsework 287 

Main advantages of this construction method, compared with using movable scaffolding, are: 288 

- The weight of the concrete, when poured, and the weight of the scaffolding, do not act 289 

on the previously hardened spans, reducing the internal forces. 290 

- There is less internal forces redistribution due to creep. 291 

 292 
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5.3. Box-girder design and behaviour 293 

The parametric study on the reinforcing/post-tensioning steel ratio allows recommending that: 294 

- In our opinion, HSR viaducts must be designed to assure compression of the cross-295 

section when a High-Speed Train load is considered, including the resonance effects 296 

and combined with the maximum temperature gradient. This condition guarantees that 297 

the viaduct normally behaves elastically, according with the design basis. 298 

- The previous point is more restrictive than considering compression under the quasi-299 

permanent load combination. This criterion guarantees durability but not the elastic 300 

behaviour of the deck when a High-Speed Train circulates. 301 

- The tensile stresses due to thermal gradient are about 0.3 MPa for each degree 302 

Celsius, due to the slenderness typical for continuous box-girder railway bridges. 303 

- As expected, the tensile stresses increase, for the characteristic combination, as the 304 

post-tensioning force decreases. In our opinion, and from the obtained results, a 305 

maximum tensile stress of 5 MPa, for the characteristic combination, allows to control 306 

the length and opening of the cracks. 307 

- In our opinion, the frequent combination should be used for fatigue control, as it is 308 

difficult to assess the parameters required for applying Annex NN of of EN 1992-2 309 

(2013) for a 100 years life: type of traffic, tonnes per year and per track, probability of 310 

having to tracks loaded. Those parameters can change along the time. The frequent 311 

combination gives values slightly above the mean of the Annex NN. 312 

- For the fatigue analysis, it is important to obtain the post-tensioning and reinforcement 313 

stresses with a model that includes cracking, with the characteristic value of the post-314 

tensioning force and considering the bond difference between reinforcing and post-315 

tensioning steel (see Model Code 2010 (2010) and EN 1990:2003/A1:2010 (2010)). 316 

  317 
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