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Abstract: 

In this paper, the structural behaviour of a long semi-integral HSRB, i.e., Unstrut 

Viaduct, under different traffic loads was studied by both SHM and static calculation 

using numerical simulation. The demanding requirements of semi-integral HSRB for 

both flexibility and rigidity were assessed by measuring the deformation of the 

superstructure and piers under quasi-static loads, as well as the structural responses 

under braking and high-speed loads, respectively. The results showed that the 

separating pier of the semi-integral bridge enables larger deformation freedom, which 

is beneficial to reducing the restrained stresses due to temperature, creep and 

shrinkage. The separated superstructure here would induce larger pier curvature and 

a greater warping effect under single-track loading. The coupling of continuous welded 

rail (CWR) at the bridge joint and the H-connection of the separating pier pair also 

caused the complex interaction of the two connected structural blocks. The rigidity of 

the semi-integral HSRB under braking and high-speed loads was also proven. The 

dynamic longitudinal stiffness under braking loads derived from measurements is 

unexpectedly 12 times that in the static calculation, showing the robustness and great 

load-bearing potential of the semi-integral bridge. The initial assumption in the static 

calculation, which treats the slab track as external loads without stiffness, is a 

conservative approach. However, incorporating both the mass and stiffness of the slab 

track into the model generally offers a more realistic prognosis. 
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1 Introduction 

Compared to road bridges, the significantly higher traffic loads, increased braking and 

traction forces, and stringent deflection limits are crucial factors in the design of railway 

bridges. On the high-speed railway line between Erfurt and Leipzig, a new structural 

concept of integral and semi-integral viaducts has been designed and constructed for 

the first time in Germany [1–5]. Special SHM was conducted during the construction, 

the startup phase, and the first operation year to evaluate the actual structure 

behaviour of this new kind of HSRB [6–8]. This paper will study and display short-term 

monitoring results and their comparison with static calculations in the design phase.  

1.1 State-of-art on the integral and semi-integral bridges  

 

Figure 1: Schematic illustration of (1) different bridge types of integral, semi-integral, 
and conventionally supported bridges, and (2) various topologies of semi-integral 
bridge [9]  

Traditional simply and continuously supported bridges, relying on bearings and 

expansion joints, are increasingly being replaced due to recurring maintenance 

challenges and operational inefficiencies. Meanwhile, integral and semi-integral 
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bridges have emerged as robust alternatives, offering improved durability, 

maintenance, and load-bearing capacity [10–14]. 

Integral bridges, characterized by their continuous and joint-free design, eliminate the 

need for movable components and create a seamless connection between all parts of 

the bridge, cf. Figure 1 (1), which is gaining traction for their ability to enhance load 

distribution and reduce maintenance costs [12,13]. This construction approach also 

offers significant benefits under dynamic loading conditions, such as those in seismic 

areas [15] [16] or experienced in high-speed rail operations [17], where the demand 

for structural redundancy and system reliability is paramount. The fixed restraints on 

both sides can reduce the buckling length of the piers, allowing for a greater range of 

span choices [13]. Furthermore, eliminating joints and transition structures results in 

smoother ride comfort and lower noise emissions [10], which is also a critical factor in 

HSRB applications. However, The rigid monolithic design leads to substantial 

challenges in accommodating longitudinal movements caused by temperature, creep, 

and shrinkage, often necessitating extensive geotechnical analysis to mitigate the 

effects of settlement-induced stresses [18–20]. Planning or execution errors are 

challenging to rectify after construction, requiring precise design with advanced 

modelling to account for realistic parameters, restrained stresses, and potential cracks 

in the ultimate limit state [14]. 

Semi-integral bridges offer a balanced solution, providing a compromise between the 

benefits of integral designs and the flexibility of traditional designs. By incorporating at 

least one expansion joint, these bridges can better accommodate longitudinal 

movements, thereby reducing constraint stresses in the superstructure [21–23]. This 

adaptability makes them particularly suitable for longer spans and challenging terrain, 

such as wide valleys, where the combined requirements of structural deformability and 

rigidity must be carefully balanced [4]. However, the longitudinal movement of the deck 
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induces bending moments in the piers due to pier head displacements, requiring 

careful design of slender piers and optimized structural systems to manage these 

stresses [24]. Additionally, the demands for horizontal stiffness for railway bridges due 

to braking and traction forces necessitate nondisplaceable or quasi-nondisplaceable 

supports [5]. Recent studies have focused on addressing these challenges through 

innovative solutions. For example, research on semi-integral bridges has explored 

various strategies for the design of fixed points, including the use of damper systems 

to absorb horizontal forces during fast displacements while allowing slow 

displacements to occur freely, cf Figure 1 (2) [9].  

In sum, semi-integral bridges offer significant long-term benefits in durability and load-

bearing capacity but require careful design to balance deformability and rigidity, 

especially for HSRB, where the traffic loads are much larger. Addressing these 

challenges enables the creation of future robust, efficient, and sustainable structures. 

1.2 The Unstrut Viaduct 

 

Figure 2: Photograph of the Unstrut Viaduct 

The Unstrut Viaduct is one of the innovative semi-integral bridges in the new high-

speed railway line between Erfurt and Leipzig in Germany [5]. The viaduct consists of 

four integral structure sections with span widths of 4 x 58 m – 116 m – 4 x 58 m for 

each section, constructed against each other with two approach bridges of 3 x 58 m at 

two sides. For each integral section, the continuous box girder is monolithically 

connected with column piers at two sides while jointed with an arch at the middle of 

the system, where no bearing is needed. C40/50 concrete and 500 S reinforcement 
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were used for the superstructure, piers and arches. The arch has a span width of 108 m 

and serves to carry the brake and traction forces. The two approach bridges are 

mounted horizontally unmovablely on the abutments at two sides. The ÖBB-PORR 

slab track system is used on the bridge for the rail, while the ballast lays only in between 

the two slab tracks rather than being an essential functional component, cf. Figure 2. 

The piers are rectangular in cross-section and taper downward with an inclination of 

1:40 in the transverse direction, while the width remains constant in the length direction. 

The main dimensions of the box girder, piers and foundation can be found in Figure 3. 

2 Monitoring concept 

2.1 Concept and layout 

 

Figure 3: Overview of the Unstrut Viaduct layout with various measurements 

Since the integral and semi-integral bridges were first applied in railway lines in 

Germany, experiences regarding the actual behaviour of the structure were missing 
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when guidelines were drafted. In order to prove the assumptions in the calculation 

model as well as collect practical structure information, monitoring, including long-term 

and short-term measurements, was implemented [25–28].  

The general measurement concept for Unstrut Viaduct consists of (1) long-term 

behaviour, where superstructure deformations due to temperature, creep and 

shrinkage were monitored; (2) short-term behaviour under traffic loads, where 

longitudinal and rotation deformations of the bridge joints, bending rigidity of the 

monolithic piers under quasi-static traffic trains, the longitudinal stiffness under braking 

loads as well as dynamic characteristics of the bridge under high-speed traffic loads 

were measured. In this paper, the focus lays on the short-term behaviour under traffic 

loads. The chosen monitoring layout to answer the questions above consists of the 

following measurements: (1) JLD, longitudinal displacements at bridge joints; (2) PS, 

strain at pier head; (3) ER, end rotation of the superstructure; (4) A, acceleration for 

high-speed tests, see Figure 3. 

The relative longitudinal displacements at bridge joints were recorded by three linear 

variable displacement transducers (LVDT) at each joint. Meanwhile, the strains at the 

pier head were measured at four corners of the investigated piers by reinforcement 

bars with pre-applied strain gauges. Moreover, tilt sensors were installed at bridge 

joints of axis 33 and axis 44 for the detection of the end rotation of the superstructure. 

To obtain the dynamic behaviour of the structure under high-speed traffic loads, 

temporary IEPE Accelerometers with a measurement range of +/- 6 g and a resolution 

of ca. 1.2 x 10-6 g were installed on the superstructure at four selected locations 

between axis 40 and axis 43. Two vertical accelerators and one horizontal accelerator 

were set at each location so that the first three vertical and horizontal natural 

frequencies, as well as their corresponding eigenmode and damping ratio, could be 

evaluated. The sampling frequency of the sensor used in this paper is 500 Hz. 
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2.2 Traffic constellation in the test phases 

Short-term experiments with two freight trains filled with ballast (Figure 4) were 

performed to describe the behaviour under quasi-static vertical and braking loads. The 

accelerometers were employed at four measurement points on the train to measure 

the acceleration of the train in braking tests. In order to distinguish the movements of 

trains from the structural reactions, additional GPS equipment was used to record the 

movements of trains. To synchronise the measuring systems on the structure and on 

the train, a light-trigger and a reflector were installed on the track; meanwhile, another 

light-trigger was built on the train. The distance between the light-trigger on the train 

and the first axis on the Erfurt side corresponds to the distance between the reflector 

plate and the light-trigger on the track (Figure 4). When the wheel passes the light-

trigger on the track, or the light-trigger on the train passes the reflector plate on the 

track, a deflection is generated in the signal curve. Based on these deflections, the 

channels of the measuring systems could be superimposed and compared with each 

other. 

 

Figure 4: Instrumentation of the freight trains 

Besides, high-speed passages with ICE-S provided by DB AG (Figure 5) were 

implemented, which consist of two locomotives and two carriages. Unlike freight trains, 

where wheel loads are determined by the self-weight of each wagon including ballast, 
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this experimental train ICE-S has its axle loads pre-measured at the factory, with the 

values already provided. In this paper, three kinds of traffic loads were conducted by 

the two kinds of trains to investigate different reactions of the bridge. 

 

Figure 5: Configuration of the high-speed train ICE-S 

2.2.1 Quasi-static train passages 

In order to induce possible quasi-static loads at the bridge, freight trains ran on the 

bridge with a low speed of about 10 km/h and loaded not only on single track but also  

on double track: 

- QS 1: The train travelled at a low speed of 10 km/h on the south track of the 

Viaduct, making two round trips in each direction. 

- QS 2: The train travelled at a low speed of 10 km/h on the north track of the 

Viaduct, making two round trips in each direction. 

- QS 3: The train travelled at a low speed of 10 km/h parallel on both the south and 

north tracks of the Viaduct, making two round trips in each direction. 

A total of 12 quasi-static train passages in both travelling directions over the structure 

were recorded. The measurement results of rotations at the bridge beam ends, as well 

as the rotations at the pier head, will be compared with the calculated results. 

2.2.2  Braking train passages 

Following the quasi-static train passages, the braking forces from one freight train were 

loaded at different braking positions on the south track with a speed of 20 km/h in the 

structure section between axes 33 and 43 (Figure 5).  
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Figure 6: Braking positions in the investigated structure section on the south track 

The braking positions (BP) could be described as the following: 

- BP1: last wheel axle of locomotive at Leipzig side at 10 m ahead of axis 43, 

travelling direction from Leipzig to Erfurt on the south track. 

- BP2: first wheel axle of locomotive at Erfurt side at axis 38, travelling direction from 

Leipzig to Erfurt on the south track. 

- BP3: first wheel axle of locomotive at Erfurt side at 15 m after axis 33, travelling 

direction from Leipzig to Erfurt on the south track. 

- BP4: first wheel axle of locomotive at Leipzig side at 10 m ahead of axis 43, 

travelling direction from Erfurt to Leipzig on the south track. 

The trains were accelerated to a maximum speed of 20 km/h and braked quickly to the 

planned position at a sufficient distance. The braking distance was about 24 m. Four 

to five braking experiments were conducted for each braking position on the south 

track so that statistical results could be obtained. The correlation between braking 

forces and longitudinal displacements at joints from measurements will be described, 

while the stiffness will be evaluated from regression of the force-displacement curve. 

2.2.3 High-speed train passages 

The high-speed train increased its speed step by step to 330 km/h, whereas the return 

trips were made at a speed of approximately 160 km/h. At the beginning of each 

measurement day, a so-called blocking run with a speed of approximately 40 km/h was 

carried out to visually check the track for obstacles. In sum, 68 train passages with 
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various travelling speeds were recorded and used for the evaluation, in which 35 

travellings ran on the south track and 33 travellings ran on the north track. Except for 

the 3 travellings on the south track which were only recorded in the direction from 

Leipzig to Erfurt, the other 32 travellings on the south track were recorded as 16 round-

trip travellings in both directions. Similarly, for the north track, except for the 3 

travellings that only recorded trips from Erfurt to Leipzig, the other 30 travellings were 

15 round trips in both directions. 

3 Numeric model 

To compare the measurement results, the bridge was partly modelled from axis 33 to 

axis 46 with the software SOFiSTiK, see Figure 7. 3D Beam elements were used to 

model box girder superstructure, piers, and arch. The superstructure is fixed coupled 

with piers and the arch by means of a rigid connection. The geometry and material 

parameters of the structure are the same as the original assumptions in the design 

phase. A linear elastic material model for reinforcement concrete with an E-module of 

31400 MN/m² and a density of 2400 kg/m³ for C40/50 was used for the superstructure, 

piers and fundaments in the model based on DIN EN 1992-2:2010-12 [29]. The piers 

are connected to the superstructure using fixed coupling. Meanwhile, the longitudinal 

slope of the superstructure with the value of 12.5‰ is also considered in the model by 

adjusting the z-coordinates of the box girder beam elements. At axes 33 and 43, the 

separate joints (SJ) are modelled where the superstructure is discontinuous, but its 

piers on both sides are connected to the same foundation (at axis 33, only one pier on 

the simulated superstructure part was modelled at SJ), see Figure 7. The geometries 

of the superstructures, piers and foundations in the model are consistent with the actual 

structure, see Figure 3. 

In the original design based on DIN EN 1991-2:2010-12 [30], DIN EN 1992-2:2010-12 

[29] and DIN Fachbericht 101:2009-3 [31], the influence of slab track and bridge capes 
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were considered as external loads similar to the ballast track. However, a bending 

stiffness increase is expected since the slab track system lays on the superstructure 

and is coupled with bridge caps, protective concrete cover, and waterproofing layers. 

As a result, the influence of the slab track system will be investigated with a parameter 

study and compared with the measurement results. A concrete plate of 

13.05 m x 0.4 m was longitudinal continuously coupled with superstructure as a 

simplification in the first step, which leads to a 41.5% increase in the bending stiffness.  

 

Figure 7: Description of the FEM for Unstrut valley viaduct 

The semi-integral structure is anchored at each axis by its foundation at axes 33-45 

and abutment at the bridge end at axis 46, while the foundation/ abutment stiffness is 

modelled with linear springs (𝐶𝑥, 𝐶𝑦 and 𝐶𝑧) and torsion springs (𝐶𝜑,𝑥, 𝐶𝜑,𝑦 and 𝐶𝜑,𝑧) 

according to the information of static calculation. In axes 37 and 39, the pier and the 

arch are founded on the same foundation so that the deformations of the pier and arch 

are coupled in all directions at each foundation. The equivalent spring stiffnesses of 

pile foundation systems were determined by FE programs to analyse pile groups 

modelled as frameworks, considering the nearby subsoil and beneath the pile group 

cap using elastic foundation methods based on empirical values. This approach 

assumes variable foundation stiffness with depth and constant stiffness under the 
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foundation. The subsoil's reaction varies with displacement caused by loads from piles 

or pile caps, which can be managed by iteratively adjusting the foundation stiffnesses 

[8]. Further details regarding this approach are available in the publication "EA piles" 

by the German Society for Geotechnics [32]. In this paper, the modelling focuses on 

the integral structure including superstructure and piers/ arches. The values of 

stiffnesses for each foundation axis are listed in Table 1.  

Table 1 The equivalent spring stiffnesses of pile foundations 

Axis 𝑪𝒙[MN/m] 𝑪𝝋,𝒙[MN/rad] 𝑪𝒚[MN/m] 𝑪𝝋,𝒚[MN/rad] 𝑪𝒛[MN/m] 𝑪𝝋,𝒛[MN/rad] 

33 372 16393 444 9804 2899 42553 
34 364 58824 435 20408 3802 9434 
35 394 60606 469 21277 3984 9901 
36 498 55556 585 20833 3704 12821 
37 2551 699301 2882 259740 15504 202840 
39 2591 704225 2732 259740 15504 204082 
40 474 58824 552 21053 3759 11905 
41 215 55556 246 18868 3610 5000 
42 239 52632 273 18182 3448 5714 
43 148 45455 166 16393 3125 3472 
44 221 50000 255 17857 3333 5435 
45 667 62500 781 22727 4082 16949 
46 471 73368 383 2150 4649 20024 

The vertical train loads are modelled by converting the actual wagon weight into wheel 

loads and calculated in 1 m intervals to determine the influence line. On the other hand, 

the braking force is simulated as a longitudinal uniformly distributed load along the train 

length according to the assumption in DIN EN 1991-2:2010-12 chapter 6.5.3 [30], 

which is calculated based on the measured acceleration and actual axle loads. For the 

integral structure, the foundation stiffness and the bending stiffness of the slender piers 

significantly influence stresses in the structure, especially at the pier head. To illustrate 

possible reasons for the discrepancies between measurement and calculation results, 

parametric evaluation of different stiffness configurations was implemented as follows: 

- M1: without consideration of slab track and bridge caps (abbreviated to slab 

track), which corresponds to the original static calculation, where the weight of 
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slab track is considered as external loads, but the stiffness of slab track is not 

considered. 

- M2: with consideration of both the weight and stiffness of the slab track, where 

the cross-section area of the box-girder top is increased by 13.05x0.4 m². 

- M3: reduction of foundation stiffness in all directions in Table 1 by 20%, with 

slab track. 

- M4: reduction of foundation stiffness in all directions in Table 1 by 20%, without 

slab track. 

- M5: reduction of the E-modulus of the piers by 20% (here 31400 MN/m²x0.8 

=25120 MN/m²), with slab track. 

In the FEM, the soil stiffness corresponds to the mean values provided in the 

geotechnical report, while the scatter of geotechnical values is known to be very high. 

According to Ril 804.4501 [33], which regulates the design of integral and semi-integral 

railway bridges in Germany, the modulus of subgrade reaction must be variated from 

0.5 times the mean value for the lateral stiffness of a pile foundation or 0.75 times the 

mean value for the vertical stiffness up to 5 times the mean value for both lateral and 

vertical stiffness to assess the consequences on the structural stresses and 

deformations in extreme cases. The 20% reduction in foundation stiffness in M4 is 

considered realistic. On the other hand, the stiffness characteristics of the piers 

correspond to the uncracked section, whereas possible cracks in practice could lead 

to reduced stiffness. The stiffness reduction accounts for the typical variability in the e-

modulus of concrete, which can be estimated at ±20%. Since measurement results 

show the structure exhibits greater flexibility, a 20% stiffness reduction has been 

incorporated into model M5. 
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4 Results of the measurement and comparison with the model 

4.1 End rotation of the superstructure 

 

Figure 8: Definition of positive relative displacement, relative and absolute rotation 

The relative displacements at the bridge joints of axes 33 and 43 were recorded by 

three LVDTs at each cross-section (cf. Figure 3). The measured relative displacements 

are a superposition of the relative longitudinal displacements and rotations around the 

y-axis and z-axis between the adjacent superstructure ends. With the help of the known 

positions of the sensors, the total deformation can be decomposed into its individual 

deformation components (i.e., longitudinal displacements, rotation around the y-axis 

and rotation around the z-axis). The calculation is referenced to the centre of gravity of 

the superstructure. On the other hand, the tilt sensor at the bridge joints of axes 33 and 

43 measured the absolute rotations around the y-axis of the superstructure ends. The 

positive relative displacement and relative and absolute rotation are defined in the 

following Figure 8. 

4.1.1 The influence lines of superstructure end rotations 

 

Figure 9: Influence lines of the absolute rotations at axis 33 under quasi-static loads 
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Figure 9 displays the average results of the influence line of the absolute rotation at 

axis 33 for two round trips under corresponding quasi-static loads, where the position 

of the load is given as the abscissa of the first wheel axle of the locomotive at side 

Erfurt in the local coordinate system. The inclinations of the superstructure under 

double-track loadings show a superposition effect of the single-track loadings with 

extremes of the deformations of approximately twice as large. Since the tilt sensors 

were located on the south side of the girder, larger measured maximum values were 

detected for train passages running on the south track (QS 1).  

At axis 33, the maximum value of the rotation occurs when the first wheel axle of the 

locomotive at the Leipzig side is above the structure axis 34, i.e., both end spans of 

the standard block (SB) 3 and 4 loaded. The minimum value is set when the first wheel 

axle of the locomotive at the Erfurt side is above structure axis 34, i.e., the penultimate 

span of SB 4 is loaded, and the end span of SB 4 is not loaded. A similar phenomenon 

regarding maximum and minimum end rotation at axis 43 could also be found for train 

loading on the other side of SB 4.  

4.1.2 Comparison of measurement results with the calculated results 

 

Figure 10: Calculated and measured extreme absolute end rotation of the 
superstructure in axis 33 

Figure 10 compares the extreme values of the absolute end rotation from the 

calculations and measurements in axis 33, where the measured extreme values are 

the mean values of all the extreme values of corresponding quasi-static train passages. 

The figure shows that the measured extreme values are smaller than the calculated 
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ones in the model without slab track (M1) but similar to the ones in the model with slab 

track (M2). For single-track loading, the measured values are smaller than the 

calculated ones in both models, whereas the measured values lie between the 

calculated values from the model with (M2) and without (M1) slab track for double-track 

loading. Thus, the increased superstructure stiffness considering slab track (M2) leads 

to greater deformation reduction compared to M1 under large (i.e., double-track) 

loading. The measured extreme absolute end rotations detected by tilt sensors on the 

south side of the girder under south-track loading (QS1) are larger than those under 

north-track loading (QS2), primarily due to the torsional effect. This phenomenon could 

nevertheless not be observed from numerical models employing beam elements even 

though eccentric loadings were used for single-track scenarios. To simulate the 

torsional deformation, volume or shell elements, which account for cross-section 

deformation, are recommended. However, given that the observed differences are 

relatively minor and our main focus is on vertical and longitudinal deformations, utilizing 

beam elements for modelling the entire bridge offers superior efficiency. 

The foundation and pier stiffness have limited influence on the end rotation of the 

superstructure, especially for single-track loading. The model with slab track on 

double-track loading is more sensitive to the variation of foundation and pier stiffness, 

whereas the model with slab track on single-track loading and the model without slab 

track on double-track loading are less influenced by the foundation and pier stiffness 

variations.  

In sum, a good qualitative agreement between the measured and calculated results 

was seen. The best approximation between the curves from measurement and 

calculation was observed when the coupling of the slab track system into the 

superstructure was considered. The influences of foundation and substructure stiffness 

played an insignificant role in this case. 
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4.2 Stress in the monolithic pier head 

The pier strain was recorded on four separately installed rebars (∅25 mm and 1.7 m 

long) using pre-applied strain gauges with a recording rate of 500 Hz in the pier axes 

42, 43 and 44, cf. Figure 3. The diameter and the length of the rebars are based on 

the diameter of the installed reinforcements and their existing anchorage length. Using 

the distance 𝑑 between the sensors, the curvature 𝜅 can be calculated as 

𝜅𝑥 =
𝜀𝑛𝑜𝑟𝑡ℎ − 𝜀𝑠𝑜𝑢𝑡ℎ

𝑑
, 𝑎𝑛𝑑 𝜅𝑦 =

𝜀𝑤𝑒𝑠𝑡 − 𝜀𝑒𝑎𝑠𝑡

𝑑
   (1) 

The curvature 𝜅𝑥 is determined by the respective average value of the corresponding 

sensor pairing at the north and south sides, whereas the curvature 𝜅𝑦 is given by the 

single sensor at the west and east sides for the north and south sides respectively e.g., 

for the curvature evaluation at axis 42, 𝜅𝑥 =
(𝑃𝑆1+𝑃𝑆4)/2−(𝑃𝑆2+𝑃𝑆3)/2

𝑑1
, 𝜅𝑦_𝑛𝑜𝑟𝑡ℎ =

𝑃𝑆4−𝑃𝑆1

𝑑2
 

and 𝜅𝑦_𝑠𝑜𝑢𝑡ℎ =
𝑃𝑆3−𝑃𝑆2

𝑑3
. 

The definition of positive curvature is based on the right-handed coordinate system, cf. 

Figure 11. The curvature around the x-

axis is defined as “clockwise” positive 

in the direction of the x-axis view, while 

the positive curvature around the y-

axis is defined as “counterclockwise” 

in the direction of the y-axis view.  

4.2.1 The influence lines of pier strain and curvature in axes 42 and 44 

The measured influence lines of the pier head strains and curvatures represent 

quantitatively and qualitatively coherent as well as qualitatively comparable 

deformation behaviour in axes 42 and 44. Nevertheless, the actions resulted in larger 

curvatures in the pier heads in axis 44, which is attributed to the increased bending 

stiffness due to the lower pier height. Thus, the pier deformation under quasi-static 

 

Figure 11: Definition of positive curvature 
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traffic loads will be demonstrated by the curvatures in axis 44. The curves for each 

load case (QS1, QS2, and QS3) represent the average results from two round trips, 

as shown in Figure 12. 

 

Figure 12: Influence lines of curvatures in axis 44 under quasi-static loads 

The curves of the curvature around the x-axis show an axisymmetric behaviour. The 

train passages on the south track (QS1) had positive curvatures around the x-axis, 

whereas those on the north track (QS2) had negative ones. On the other hand, with 

double-track actions (i.e., QS3), the curvatures are nevertheless smaller by a power of 

ten than in the case of single-track action.  

The curves of the curvature around the y-axis show a point-symmetric behaviour. The 

point of symmetry is reached when the centre of the train is in the axis of the considered 

pier axis (see Figure 12-bottom). Differences can be seen between the curves of the 

north and south sides, indicating that there is a non-constant strain distribution across 

the width of the pier and, consequently, a warping of the pier head. This can be 

observed in particular with single-track action. The double-track action leads to a 

uniform strain distribution. Compared to the single-track action, the maximum value 

increases to only 1.4 times the amount. Figure 13 shows the load positions of the train 

at which the maximum and minimum curvature values at axis 42 occur. 
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Figure 13: Decisive load position regarding pier axis 42 (axis 44 analogous) 

4.2.2 The influence lines of pier strain and curvature in axis 43 

The pier axis 43 comprises two partial piers as a separating pier. The west pier is 

monolithically connected to the superstructure of standard block 4 and the east pier to 

the superstructure of end block Leipzig (cf. Figure 3). The influence lines of the strains 

and curvatures at the pier head reflect a qualitative as well as quantitative coherent 

deformation behaviour for both partial piers. Due to the coupling of the structural blocks 

by the rail and the H-formed connection of the two piers, a direct and an indirect 

influence of the action could be observed in the curvature curves in Figure 14. 

 

Figure 14: Influence lines of curvature at axis 43-west under quasi-static loads 

It could be seen from the curvature influence line at axis 43-west that when the traffic 

action loads on the neighbouring east block (i.e. end block on the Leipzig side or 

abscissa from 0 to 174 m ), the unloaded separating pier on the west side already 

starts to bend slightly in the direction opposite to the direct loading on the considered 

block, indicating an indirect influence. The effect of CWR plays a major role in the 
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interaction of the two connected structural blocks. A relative displacement between the 

superstructure and CWR is generated when the bridge moves longitudinally due to the 

end rotation of the superstructure, leading to a force in the rail caused by friction within 

rail fasteners. The CWR lays approx. 3 m above the neutral axis of the superstructure 

and acts like an external tendon. When rotating, this excentric force in the rail results 

in an interaction of both neighbouring superstructures. The H-formed connection also 

allows minor transfer of the force between the two neighbouring sections. Both of them 

could explain why the unloaded superstructure experiences displacements even if the 

train is on the neigboured section. 

The curvatures around the x-axis showed a larger maximum curvature in axis 43 than 

the ones in axes 42 and 44 under single-track loading (QS1 and QS2). This may be 

due to the lower bending stiffness of the separating piers that each partial pier has a 

much smaller thickness than other normal piers. The train passages on the south track 

(QS1) caused a positive curvature under the direct influence, and the passages on the 

north track (QS2) led to a negative curvature under the direct influence. With parallel 

travelling (i.e., double-track action QS3), the load in the pier head is smaller by a power 

of ten than with single-track action, see Figure 14-top.  

The curvatures around the y-axis are similar to the behaviour of the tilt sensors, 

especially for parallel runs. This behaviour can also be seen qualitatively in the 

curvature curves on the loaded pier side for the single-track actions, see Figure 14-

bottom. Similar to axes 42 and 44, a non-constant strain distribution across the pier 

width and a warping of the pier head also occurred in axis 43 under single-track action. 

Nevertheless, the warping effect at the separating pier is significantly greater than 

normal piers since the curvatures around the y-axis in this axis have a larger difference 

on the north and south sides under single-track loading. Because the superstructure is 

separated here, allowing larger deformation freedom. Figure 15 shows the load 
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positions of the train at which the maximum and minimum curvature values occur, 

using axis 43-west as an example (axis 43-east analogous). 

 

Figure 15: Decisive load position regarding pier axis 43-west (axis 43-east 
analogous) 

4.2.3 Comparison of the measurement results with the calculated results 

As mentioned in the chapter 4.1.2, the FEM with beam elements is not able to simulate 

the deformation of the cross-section. As a result, only curvatures around the y-axis at 

the pier head were analysed. The mean values of measured curvatures around the y-

axis on the north and south sides were compared with the calculated results in the 

model. The conversion of the moment into a curvature could be calculated by: 

𝜅𝑦 =
𝑀𝑦

𝐸 ∙ 𝐼𝑦

 (2) 

The influence lines of the pier head curvature around the y-axis in axis 42 from 

measured and calculated results show good qualitative and quantitative agreement in 

general. Based on the influence lines, the maximum and minimum curvature values in 

the calculations and measurements in axis 42 could be summarised in Figure 16. 

 

Figure 16: Extreme calculated and measured curvatures 𝑘𝑦 of pier head in axis 42 
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Compared with the measured values, the best agreement is obtained when the slab 

track and caps are considered (M2). It could be seen that the absolute extreme 

curvatures from the measurements are, in general, a little larger (3% on average) than 

the values from the model with slab track (M2) but much smaller (30% on average) 

than the values from the model without slab track (M1). On the other hand, the 

influence of foundation stiffness is very limited since the differences between M1 and 

M4, as well as between M2 and M3, are very small ( max. 1.8%). The curvature at the 

pier head is, however, significantly influenced by the substructure stiffness, as a 20% 

reduction of the E-Modulus of piers in M5 resulted in a 17% reduction of the extreme 

curvature compared to M2.  

4.3 Behaviour under braking loads 

4.3.1 Evaluation of the measurement results 

The braking force could be calculated as: 

𝐹𝐵 = 𝑀𝐿 ∙ 𝑎𝐸𝑓 + ∑ 𝑀𝑊,𝑖

𝑖=10

1

∙ 𝑎𝑊 + 𝑀𝐿 ∙ 𝑎𝐿𝑒  
(3) 

where 𝑀𝐿 and 𝑀𝑊,𝑖 refer to the weight of the locomotive and single wagon respectively; 

𝑎𝐸𝑓 , 𝑎𝐿𝑒  and 𝑎𝑊  denote the measured accelerations at the locomotive of the Erfurt 

side, the locomotive of the Leipzig side, and the Wagon 5 in the middle of the train (cf. 

Figure 4). When the maximum braking acceleration is reached, the train is always on 

the examined section of the structure (cf. Figure 6). Therefore, the total length of the 

train is always used for the calculation of the braking force. The positive acceleration 

measured by the four accelerometers at different train locations is defined in the 

direction of ascending distance kilometres (i.e., from Erfurt to Leipzig). Thus, the 

positive horizontal force due to the occurring acceleration is also in the direction of the 

ascending distance kilometre. 
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Figure 17: The evaluation of braking tests 

Figure 17 illustrates the typical evaluation procedure for a braking experiment at BP2 

(other braking positions analogous), where the braking force is derived by equation (3) 

and relative longitudinal displacement is the average results of three LVDTs (i.e., 

JLD.01, JLD.02 and JLD.03) at respective joints. With the initiation of the braking 

process, a linear increase of the braking force and the longitudinal deformations in the 

structure joints in axes 33 and 43 can be observed. Shortly before the train reaches a 

standstill, the values continue to increase by a non-linear component before the 

maximal braking force is reached and the structure oscillates (cf. Figure 17). The 

duration of the braking process, between the initiation of braking and the standstill of 

the train, is about 5 to 6 seconds. A frequency of 1.32 Hz can be determined for the 

oscillation after the braking jerk. It should be noted that the additional mass of the train 

must be considered here in the vibration system when evaluating the frequency. 

From the measured values of the braking force and the relative longitudinal 

displacement at the construction joints, the stiffness of the structure against 

longitudinal displacement can be derived. The stiffness was determined from the force-

displacement relationship using a linear regression. The linear regression is performed 

for the time section of the braking process (cf. Figure 17), which provides a better 

approximation to the point cloud. The evaluation of the strains and curvatures in the 

pier axes 43-east and 44 showed no visible stress in the end block Leipzig at braking. 
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Therefore, the relative longitudinal displacement at the joint is assumed to be the 

absolute displacement of the investigated structural section. 

The following Table 2 summarizes the average measured acceleration, the applied 

braking force, the measured longitudinal displacement, and the resulting structural 

longitudinal stiffness of train passages at each braking position. 

Table 2: Summary of the average measured results of braking experiments 

  BP1 BP2 BP3 BP4 

Braking acceleration 
[m/s²] 

ax1 -2.01 -2.21 -2.05 2.22 
ax2 -2.00 -2.15 -1.99 2.17 
ax3 -1.54 -1.69 -1.58 1.57 
ax4 -1.93 -1.80 -1.90 1.79 

Braking force [kN] 1864 1952 1889 1835 

Longitudinal 
displacement [mm] 

Axis 33 0.39 0.65 0.76 0.38 
Axis 43 0.51 0.78 0.27 0.79 

Longitudinal stiffness 
[kN/mm] 

Axis 33 4826 3014 2385 4992 
Axis 43 3533 2224 11254 2095 

Depending on the braking positions (BP) on the structure and the travelling direction 

of the train, significant differences can be seen between the determined stiffnesses at 

the structure joints in axes 33 and 43. The smallest differences in stiffness occur 

between the axles for BP1 and BP2. The braking forces in these cases are in the 

direction of the “brake-block” (i.e., the arch pier) and therefore act as compression in 

the superstructure. For BP3 and BP4, significantly larger differences can be seen 

between the joints in axes 33 and 43, where braking occurred just before the joints. 

The direction of the braking force in these targets is away from the “brake-block”, and 

therefore, the braking force acts as a tension in the superstructure. Furthermore, 

horizontal displacements occur as a result of vertical and horizontal loading (especially 

for BP1, 3 and 4 near the joint). BP2 is thus most suitable for determining the stiffness 

under horizontal displacement, where the horizontal force acts centrally on the 

integrated section and can be concentrated into the “brake-block”. The influence of the 

vertical load on the measured longitudinal displacement is, therefore, small in this case. 
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As a result, the horizontal stiffness of the structure could be determined as 

2600 kN/mm from BP2. 

4.3.2 Comparison of the measurement results with the calculated results 

 

Figure 18: Calculated and measured longitudinal stiffness at BP2 

The calculated results are compared with the measured results from BP2 in Figure 18. 

Significant deviations can be seen from the numerical results for static calculation in 

comparison with the measurement results. These deviations can partly be attributed to 

the type of action in which the braking force is simulated as a static longitudinal uniform 

distributed load in the model as assumed in EN 1991-2:2010-12 [30], whereas the 

braking force actually has a dynamic effect in reality. Dynamic excitation of the bridge 

structure activates inertia forces that are difficult to quantify. On the other hand, the 

coupling effect of the continuous welded rail (CWR) with the superstructure at bridge 

joints is also neglected in the model, which could also lead to different results between 

measurement and calculation [34]. Especially the longitudinal deformations were 

assumed as measured relative displacements, the results have some uncertainty due 

to the relatively small measured displacements. Moreover, the horizontal foundation 

stiffness could also increase under high load rates for fine-grained soils (i.e., the 

viscous effect [35]), leading to a stiffer longitudinal behaviour. In this paper, we focus 

on the comparison between the results of the model for static calculations in the design 

phase according to Eurocodes and the actual monitoring results. Detailed work on 

modelling the brake behaviour considering the dynamic effect, track-bridge interaction, 
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and soil viscosity could be carried out in a subsequent study. In general, the 

determined large longitudinal stiffness is rather dynamic than static stiffness, which 

also shows the robustness of the structure that is beneficial for railway bridges.  

4.4 Dynamic behaviour under high-speed traffic 

 
Figure 19: Dynamic analysis: (a) typical profile of the acceleration; (b) decay process 
of acceleration for the free vibration period; (c) Fast Fourier Transform (FFT) analysis 

The dynamic behaviour of the bridge is measured at four positions along the bridge 

length between axis 40 and axis 43, where each position has two vertical 

accelerometers and one horizontal accelerometer (cf. Figure 2). Figure 19 (a) 

demonstrates a typical profile of the raw measured accelerations. 

4.4.1 Evaluation of the measurement results 

From the measurements, the following properties could be characterized: (1) train 

speed, where the average train speed could be calculated by dividing the distance 

between two light triggers at axes 40 and 43 with the time difference; (2) maxima and 

minima of the accelerations of each sensor at each train passage as shown in Figure 

19 (a), where raw measurement data without filtering were used; (3) horizontal and 
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vertical natural frequency, where the decay process was isolated in the time signal, 

cf. Figure 19 (b), so that interference effects from the forced vibrations caused by the 

train crossing were not taken into account. Since the two light triggers could easily 

identify the wheel axles of the train, the free vibration parts (i.e., decay process) were 

chosen after all the wheel axles passed the two light triggers (i.e., the train left the 

testing area). By applying the Fast Fourier Transform (FFT), the time course signal 

could be transformed into the frequency domain. The frequency spectrum was 

analysed using the peak picking method to determine natural frequencies, see Figure 

19 (c); (4) eigenform, in which the measured signals were filtered through a bandpass 

for the respective natural frequency during the decay process. The mode shapes were 

then identified by comparing the amplitudes and phase shifts of the filtered signals at 

all measurement positions. For the determination of the vertical eigenmodes, the pier 

axis was assumed to be zero points of motion; (5) damping ratio, where the 

logarithmic damping decrement Λ was determined from the acceleration maximum 

𝑎(𝑡) at time t1 and the nth subsequent acceleration maximum after bandpass of the 

acceleration curve in decay process for respective natural frequency [36]  

𝛬 =
1

𝑛
𝑙𝑛

𝑎(𝑡1)

𝑎(𝑡2)
 

(4) 

The damping ratio 𝐷 can be further calculated to 

𝐷 =
𝛬

√(2𝜋)2 + 𝛬2
 (5) 

To assess the dynamic stability of the structure, the development of the occurred 

accelerations is investigated over the entire velocity spectrum. The maxima and 

minima of vertical and horizontal accelerations in relationship to the train velocity for 

all 68 train passages crossing both the south and north tracks at four measuring 

positions along bridge length are described in Figure 20. 



Structural Health Monitoring (SHM) on a Long Semi-integral High-speed Railway Bridge (HSRB) under Different 
Traffic Loads 

28 

 

Figure 20: Maxima and minima of the vertical and horizontal accelerations as a 
function of ICE-S train speed for all the train passages on both south and north tracks 

It could be found that both vertical and horizontal accelerations become greater with 

increasing speed. At high speeds (v > 300 km/h), a disproportionate correlation can be 

observed. The measured maximum accelerations in the range of -0.9 m/s² to 0.65 m/s² 

remain nevertheless very low compared to the permissible values for slab track. 

Furthermore, the influence of travel directions was also investigated. For all the train 

passages on the south track, the two travelling directions have no influence on the 

measured accelerations. 

Finally, The average values of the natural frequency, damping ratio, and corresponding 

eigenform measured from 3 train passages on the south track with a speed of about 

300 km/h on the same day are summarised in Table 3 based on the abovementioned 

methods. For each train passage, the horizontal properties were obtained from the 

average values of the horizontal accelerometers (A.03) at 4 measurement positions; 

meanwhile, the vertical properties were gained from the average values of the 8 vertical 
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accelerometers ( .   and  .  ). It’s also noted during the evaluation, that the 

measured scatter in natural frequencies derived from each sensor is very small, but 

the variation in the damping ratio is much larger. It is probably because artificially 

selecting different subsequent nth acceleration after maximum when calculating the 

damping ratio is more stochastic than using the FFT algorithm when determining the 

natural frequencies. 

Table 3: Dynamic properties of Unstrut Viaduct for the area between axes 40 and 43 

4.4.2 Comparison of the measurement results with the calculated results 

To investigate the influence of the slab track, parametric evaluation is as follows: 

- M_noSlab: dealing with neither mass nor stiffness of the slab track; 

- M_noStiff: considering only the mass and eliminating the stiffness of the slab track; 

- M_withSlab: taking into account both the mass and stiffness of the slab track. 

Figure 21 summarized the natural frequencies of various eigenmodes in 

measurements and calculations. The calculation results show that significant changes 

in the natural frequencies occur due to the consideration of the slab track. The increase 

in stiffness has a smaller effect on the magnitude of the natural frequency than the 

increase in mass. This is because the box girder basically already has a relatively large 

stiffness. In the structural analysis, it is common to consider the masses as additional 

Description 
Eigenform Natural 

frequency 
[Hz] 

Damping 
ratio Measured FEM 

1. horizontal 
Eigenform   

0.69 2.11% 

2. horizontal 
Eigenform   

1.00 4.09% 

3. horizontal 
Eigenform   

1.28 3.71% 

1. vertical 
Eigenform   

3.21 0.87% 

2. vertical 
Eigenform   

3.73 0.94% 

3. vertical 
Eigenform   

4.35 0.90% 
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loads, but to neglect the contribution to the stiffness, i.e. M_noStiff, in which the 

calculated natural frequencies are usually smaller than measured ones. This result can 

be considered positive with respect to the vertical behaviour of the structure. In this 

study, the best agreement with the measurement results is nevertheless achieved 

when the slab track is completely neglected. Since the measured results were limited 

in SB4 and the track-bridge interaction was also neglected in the model, more research 

is needed to verify this conclusion. The influence of slab track on horizontal behaviour 

is, in general, smaller than on vertical behaviour. 

 

Figure 21: Comparison of natural frequency between measurements and calculations 

5 Conclusion and outlook 

This paper presents a comprehensive investigation into the structural behaviour of the 

Unstrut Viaduct, a long semi-integral HSRB, under different traffic loads using both 

SHM and numerical simulation. The actual behaviour of the bridge aligned with the 

design predictions, satisfying the requirements for fle xibility under quasi-static loads 

and rigidity under braking and high-speed loads. The key scientific findings are as 

follows: 

(1) The pier curvature around the y-axis is more decisive than around the x-axis. 

Moreover, The separating pier exhibited a significantly larger warping effect under 

single-track loading than normal piers due to the separated superstructure and 

reduced pier stiffness. A complex interaction of the two structural blocks at the 

separated pier due to the coupling of the CWR and the H-formed connection of 
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the two partial piers was also observed in the curvature curves by the indirect 

influence on the neighbouring block. 

(2) The determined dynamic longitudinal stiffness of the bridge under braking loads 

was 12 times higher than that predicted by static calculations due to the inertia 

forces in dynamic scenarios, increased foundation stiffness under high load rates, 

and the track-bridge interaction, which demonstrates nevertheless the 

robustness and great load-bearing potential of the semi-integral HSRB. 

(3) The structure experienced a disproportionate increase in vertical and horizontal 

accelerations under high-speed loads exceeding 300 km/h. However, the 

observed accelerations (-0.9 m/s² - 0.65 m/s²) remained within permissible limits, 

confirming the viability of the semi-integral design for high-speed rail applications. 

(4) The initial assumption in the static calculation to consider the slab track as 

external loads without stiffness is a conservative approach. Nevertheless, 

including both the mass and stiffness of the slab track in the model provides more 

realistic predictions. Future models should account for dynamic effects, track-

bridge interaction, and variations in the foundation stiffness under high load rates.  

These findings provide valuable insights into the behaviour of semi-integral HSRB and 

offer guidance for improving the accuracy of structural models. Through accurate 

prognosis of the structure, the digital twin of important infrastructures could be built for 

the construction, operation, and maintenance phases to guarantee a safer and longer 

utilization of the reinforced concrete structure, contributing to the important topic of CO2 

reduction nowadays. 
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