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Abstract 

In transition zones of railway bridges a complex dynamic train-track interaction can be seen which can lead to 

differential settlements of the ballasted track structure. Integral bridge constructions add another component 

to this complexity. Mainly due to seasonal thermal loading of the bridge´s deck, a (horizontal) cyclic soil-structure 

interaction between backfill and abutment takes place, that leads to potential further backfill deformations. An 

ongoing research project at TU Graz therefore investigates the required transition zone design for integral 

railway bridges with increasing lengths. Part of this project is to study the long-term performance of the 

transition zone of a newly constructed integral bridge with 50.2 m total length. The bridge has been equipped 

with a comprehensive monitoring system, that will collect data for four years. Among others it covers the 

monitoring of temperatures and deformations of the structure, axle loads and sleeper accelerations as well as 

deformations of the backfill surface and earth pressures over the backfill height. Based on the measured axle 

loads and axle distances in combination with a train-database, an automatic identification of the passing trains 

is possible. This paper presents the monitoring program and summarizes measurement results after more than 

one and a half year of installation. Additionally, first results of 3D FE analysis focusing on the cyclic soil-structure 

interaction are presented. 
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1. Introduction 

In transition zones of railway bridges with compacted granular backfills a rather rapid change in stiffness arises 

between abutment and backfill and differential settlements of the ballasted track structure occur. Additionally, 

repeated dynamic train loads can amplify the vertical dynamic track loads and accelerations which leads to 

hanging sleepers and a further increase of differential settlements, see e. g. Paixão et al. (2021) and Wang & 

Markine (2019). Higher track degradation rates and maintenance costs can be the consequence. Therefore, the 

Standard of DB Netz AG (2018) requires wedge-shaped cemented backfill designs for lines with high train speeds 

and axle loads. Integral railway bridges experience an additional horizontal cyclic soil-structure interaction 

between backfill and abutment due to seasonal thermal loading of the bridge´s deck. Especially with increasing 

expansion lengths this can lead to a significant rise of earth pressure (summer) and settlement accumulation in 

granular backfills over the bridge´s lifetime (see e. g. Banks & Bloodworth 2018 and England et al. 2000). While 

earth pressure mobilisation must be carefully considered in the structural design, additional settlements could 

intensify the track degradation and required maintenance.  

So far, only a few studies have been conducted on these overlapping interaction mechanisms that occur in the 

transition zone of longer integral railway bridges. The Standard of DB Netz AG (2021) for integral railway bridges 

specifies that a special transition zone design, such as approach slabs, has to be employed when the total 

horizontal abutment deformation exceeds 20 mm. This corresponds to a total length of approximately 50 m for 

a symmetrical reinforced concrete bridge. However, this regulation is mainly based on past experiences and the 

evaluation of track measurement records from typical integral railway bridges. To verify this specification and 

to gain deeper insights into the interaction mechanisms, a long-term monitoring of the transition zone of a new 

integral bridge is conducted. The monitoring program and first results of 3D FE back analysis focusing on the 

cyclic soil-structure interaction are presented in the following.  
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2. Monitoring program and instrumentation 

The renewed railway bridge over the Nahle river in Leipzig transfers a ballasted double-track passenger line with 

train speeds up to 120 km/h. The symmetrical bridge design consists of three fields with a total length of 50.2 m 

and is founded on concrete pile rows with a diameter of 1 m (Figure 1). The backfills consist of compacted gravel 

and a 30 cm lean concrete sealing layer. The groundwater level is located 1.8 m underneath the backfill bottom. 

The structure is the first integral bridge in Germany that uses prefabricated Preflex® girders. These double 

composite girders are prestressed by preflexing a steel girder in the direction of later deformation and 

encapsulating the tensioned lower flange with a reinforced concrete belt. The superstructure is formed by 

collaterally placed girders and is supplemented with in-situ reinforced concrete between the girders and in the 

frame corners. This innovative construction was chosen to minimize the interference with the surrounding 

protected areas and to achieve the required high slenderness of l/h = 25.6. Due to the novel approach a 

comprehensive monitoring of the bridge structure and transition zones was defined in the individual approval 

of the Federal Railway Authority to secure its long-term performance.  

The concept of the monitoring is shown in Figure 1 was conceptualized and was installed by 

GMG Ingenieurgesellschaft and SolExperts AG. It was set up parallel to the completion of the construction in 

section 1 (summer 2020) and section 2 (summer 2021) and is going to record until 2025. Except for the repeated 

geodetic surveying of fixed monitoring prisms G11 – G27 (Prisma 46-MP) on the superstructure all other 

variables are constantly and automatically recorded. The measuring system is placed in a control cabinet 

underneath the bridge and powered by a photovoltaic system since the end of construction. Data is transferred 

via LTE router and mobile network.  

 

  

Figure 1: Overview of integral railway bridge over river Nahle and installed instrumentation in section 1 and 2. 
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Both superstructures (section 1 and 2) are equipped with a total of 12 temperature sensors (T11 – T26; B+B 

TLog20 DS1820) that are installed in the cross section and underneath it. Together with the recently (in March 

2022) installed laser distance measurement (L1 and L2; Dimetix DPE-10-500), this allows to interpret the 

horizontal (temperature) deformation of the bridge. Additional insights into the horizontal abutment 

deformation were expected by two modular extensometer rods X21 and X22 (Solexperts), that were fixed to the 

abutment at the top and close to the bottom on one end and to small concrete wedges at the other ends in the 

backfill. Unfortunately, the extensometer X22 was demolished during the ongoing construction. In addition, 

strain gauges D11 – D16 (HBM LY41-100/120) monitor the deformation of the superstructure in section 1.  

Via strain gauge rosettes S13 and S23 (full Wheatstone bridge; HBM XY41-6/120) positioned in the middle of the 

rail web (at the top of the superstructure) shear forces can be measured and thus axle loads, axle distances and 

speed. In combination with a train-database, an automatic recording and identification of every passing train is 

accomplished. This allows to compare the long-term reaction of bridge and transition zone under repeating 

similar train loading. The development of the dynamic train-track interaction in the transition zone is captured 

with strain gauges S11/S21 and S12/S22 positioned on the top of the rail foot between two sleepers and with 

acceleration sensors B11/B21 and B12/B22 (PJM LN 10g) fixed on two sleeper heads close by. The development 

of the cyclic soil-structure interaction is monitored with four earth pressure cells E11 – E22 (Glötzl E40/40 K5 S4 

AI), that are fixed on the porous drainage blocks and distributed over the abutment height according to Figure 1. 

Additionally, two 10 m long horizontally installed inclinometer chains I11 and I21 (Measurand SAAX) register 

relative settlements of the backfill surfaces, where the first 1 m long segments are fixed to the abutment top 

and therefore serve as a reference to the absolute deformation of the abutments. 

 

Monitoring results 

In the following first monitoring results, 9 and 18 months after installation, are summarized with focus on the 

cyclic soil-structure interaction. Figure 2 shows the development of air temperature Ta and effective bridge 

temperature Te of the superstructure. Here the effective bridge temperature in section 1 is calculated based on 

the following equation, that uses the equivalent cross section share of each sensor: Te,1 = T11 * 0.15 + T12 * 0.15 

+ T13 * 0.30 + T14 * 0.20 + T15 * 0.20. The effective temperature of the massive superstructure shows a typical 

thermal inertia and roughly follows the moving average of the air temperature in the previous three-day period. 

So far, the recorded temperatures range from Ta = -10°C to +36°C and from Te= -2°C to +22°C. 

The development of earth pressure in cells E11 – E22 is also displayed in Figure 2. In this Figure the variation of 

the atmospheric pressure (reference: yearly average of atmospheric pressure at this location) has already been 

compensated. As expected, a certain coherence of earth pressure and effective bridge temperature can be seen.  

Rising temperatures (corresponding to a horizontal expansion of the structure into the backfill) lead to increasing 

earth pressure, especially in the top cells. Falling temperatures (corresponding to a horizontal contraction of the 

structure) on the other hand lead to a decrease of earth pressure and a mobilisation of active earth pressure. 

However, until now no clear trend of effective bridge temperature and earth pressure could be identified, as 

other influences such as creep, shrinkage and dynamic traffic loading interfere. A more accurate correlation can 

be expected in the future, by comparison of the laser distance and earth pressure measurements. 

 

Figure 2: Development of air Ta and effective bridge temperature Te (no data from 02/21 to 04/21) as well as 

earth pressure σh recorded in cells E11 – E22 (no data from 10/21 to 03/22 for section 1). 

0

10

20

30

40

50

-10

0

10

20

30

40

e
a

rt
h

 p
re

ss
u

re
 [

k
P

a
]

te
m

p
e

ra
tu

re
 [

°C
]

date

T_a (air) T_e (bridge)
E11 (top) E12
E21 (top) E22

Ta (air) Te (bridge)  



4 

 

Clear differences appear between the results of pressure cells in section 1 and 2, depending also on their 

individual placement (at the abutment height). In section 1 a full annual cycle has already passed, which can also 

be seen in the results of cell E11 and E12. The upper pressure cell E11 reached a maximum value of σh = 31 kPa 

during the warmest period in summer 2021 and thus exceeded the earth pressure at rest of e0h = 15.5 kPa (see 

Table 1). At the beginning of winter 2021 the recorded values drop to σh = 7 kPa, slightly below the calculated 

active earth pressure (eah = 8.2 kPa). The data of cell E12 follows a similar pattern. Unexpectedly, the recorded 

values in the lower pressure cell E12 constantly lie below the values of cell E11, which might indicate a stronger 

influence of traffic loads on the upper cell and / or an influence of the lean concrete sealing layer underneath 

the cell. Section 2 mainly experienced a cooling phase since the completion in summer 2021. Thus, there has 

been no sharp rise in earth pressure. A small peak at the end of March 2022 shows a similar behaviour of the 

upper pressure cells E21 and E11. The lower cell E22 in section 2 has been placed in the lower third of the 

abutment. Here no relevant changes of earth pressure have been recorded since installation and the relative 

constant earth pressure of σh ≈ 35 kPa matches the calculated earth pressure at rest of e0h = 31.7 kPa fairly well. 

pressure cell eah [kPa] (Kagh = 0.22) e0h [kPa] (K0gh = 0.43) 

E11 / E21 (1,2m to rail top) 8.2 15.5 

E12 (2m to rail top) 11.6 22.0 

E21 (3,2m to rail top) 16.7 31.7 

Table 1: Analytical earth pressure incl. ballast load at the position of the pressure cells relative to the rail top 

The laser distance measurements show a relatively strong variation of single results of +/- 0.5 mm (Figure 3). 

However, the moving average (period of 12h) of measured horizontal deformation of the structure corresponds 

well with the effective bridge temperatures and follows their daily trends. In Figure 3 the data is compared for 

the period 11.03. to 04.04.2022 with a relatively strong rise and fall of temperature. For this short time interval 

creep and shrinkage effects can be neglected and, assuming a free expansion, the apparent thermal expansion 

coefficient quantifies to αT = 0.94 *10-5. This is a rather low value for a composite structure. Yet, recent long-

term measurement campaigns of Marx et al. (2018) on semi-integral concrete bridges reflect a relatively strong 

variation of αT = 0.94 – 1,35*10-5. In addition, it must be emphasized that constrained forces can prevent a fully 

free expansion of the integral structure, which may lead to slightly smaller calculated αT values. It will be possible 

in the following years to separate deformations from creep, shrinkage and temperature effects more precisely. 

 

Figure 3: Bridge´s total horizontal length changes (laser L1/L2) and measured effective bridge temperature Te 

for the period from 11.3. to 4.4.2022. 

The last geodetic surveying of section 1 (G11 – G17) in February 2022 showed settlements of uz = 8 mm at the 

abutment and uz = 10 – 12 mm at the bridge piers. In horizontal direction (ux) a similar deformation of both 

abutments was measured, analog to the trend seen in previous surveying. Therefore, the horizontal deformation 

pattern is symmetrical. 

In Figure 4 the development of settlements in the monitored transition zone of section 2 is displayed. While the 

first fixed segment (Seg1) of inclinometer chain I12 shows no relevant deformation, all other segments record a 

small yet continuous increase of settlements since installation (before ballasting) with a maximum of uz = 8 mm 

at a horizontal distance of Δd = 5 m from the abutment (Seg6; Δd is illustrated in Figure 1). an abrupt increase 

of settlements was detected on 17.08. and 18.08.2021, which can be traced back to the operation of a track 

laying machine. In section 1 maximum settlements of uz = 8 to 12 mm have been measured so far at a horizontal 

distance of Δd = 6 – 8 m from the abutment (Seg7 – Seg9). First track surveying’s with the track measuring 

vehicle RAILab showed no relevant track alignment errors until February 2022. 
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Figure 4: Settlements measured with inclinometer chain I21 in section 2; the first segment Seg1 is fixed on the 

abutment (horizontal distance to wall Δd = 0) and the other segments advance into the backfill. 

The development of the dynamic train-track interaction in the transition zone is shown here exemplarily by the 

recordings of acceleration sensors B11 and B12 (Figure 5) in section 1, that are fixed on two sleeper heads at a 

distance of Δd = 0.6 and 2.4 m to the abutment. The measured sleeper acceleration ranges show average values 

of 1 – 4 m/s². No general change occurred so far, where a increase of acceleration amplitudes could e. g. indicate 

a degradation of bedding. However, singular maxima of up to 16 m/s² have been measured that are typically 

inducted by wheel imperfections, which can also be seen in the recorded rail strains (S11 and S12). The influence 

of two ballast tamping operations in June and November 2021 can be clearly seen in the recordings. While the 

tamping effect (decrease of acceleration amplitudes) vanished for sleeper B11 after only around six weeks and 

accelerations increase again, a longer lasting effect was reached for sleeper B12, where acceleration amplitudes 

were reduced more permanently by the second tamping. 

 

 Figure 5: Acceleration ranges of sleepers B11 and B12 in section 1. 

 

4. 3D FE back calculation 

Additional 3D FE analysis focusing on the cyclic soil-structure interaction have been conducted as a comparison 

and verification of the presented measurement results. For the study an axisymmetric 3D FE model of half of 

the bridge and its transition zone behind axis 10 has been simulated with the FE software Plaxis 3D (Bentley 

2021), see Figure 6. Idealized drained conditions were assumed, due to mainly sandy soils. The FE mesh was 

discretized with 10 noded elements (using a shape function of 2nd order) and refined towards the abutment. The 

structure and its volume piles were modelled with linear elastic continuum elements (E' = 32.7 GPa, v' = 0.2) and 

an equivalent cross section geometry was used to match the extensional stiffness of the real superstructure. For 

the three main soil layers underneath the structure, the elastoplastic Hardening Soil model with Small strain 

stiffness – HSS – (Benz 2006) was used and stiffness and strength parameters were chosen based on the existing 

geotechnical exploration and report. For the dam, the granular backfills and the ballast HSS parameters were 

applied in accordance with Stastny & Tschuchnigg (2022). The 30 cm lean concrete sealing layer in the middle of 

the backfill was modelled with linear elastic continuum elements (E' = 22.5 GPa, v' = 0.2). Linear elastic plate 

elements and anchors simulate the anchored sheet pile wall in the backfill between section 1 and 2. Virtual 
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thickness interfaces were used to model the soil-structure interaction and were placed around the abutment, 

piles, sealing layer and plates to account for reduced strength parameters (Rinter,φ = 0.7 – 0.9). Line loads on the 

superstructure and dam represent the quasi-static railway load model LM71. 

 

Figure 6: 3D FE model of integral bridge Nahle in Plaxis with train loads on one track. 

In the initial two phases the old bridge on spread footings and quasi-static railway loads (LM71) were modelled 

to account for the previous loading history. In the following 19 phases all relevant construction phases (section 

1 and 2) were simulated. The temperature deformation of the superstructure was applied via horizontal 

prescribed displacements. They were modelled by means of three main seasonal deformation phases with 

ux = 48.5/2 m * 24 K * 0.94*10-5 1/K = -5.47 mm (07/20 – 02/21), ux = 6.16 mm (02/21 – 07/21), ux = -5.70 mm 

(07/21 – 01/22) and two more recent phases with ux = 2.8 mm (01/22 – 29.03.22) and ux = -1.74 mm (29.03. – 

04.04.22). It must be emphasised that this is a simplification of real conditions, as no daily temperature cycles 

or creep and shrinkage deformations of the superstructure have been superimposed. 

In Figure 7(a) the FE results for the lateral stress development behind the abutment is compared with analytical 

results (eah, e0h) and measurements in cell E11 and E12. The comparison focuses on the initial phases after 

ballasting as well as the maximum deck expansion in summer 2021 (section 1). Measurements and numerical 

results match fairly well for these upper cells. The FE calculation shows a strong influence of the concrete sealing 

layer in the middle of the backfill. This leads to a strong increase of lateral stress on the abutment at a height of 

1.75 – 2.05 m and a drop of lateral stress in the soil directly underneath it. In summer 2021 a strong increase of 

lateral stress can also be seen in the lowest part of the abutment. An explanation for this behavior is given in 

Figure 7(b). During deck expansion (summer 21) and contraction (winter 21) a translational movement of the 

abutment is calculated due to the low longitudinal bridge stiffness. 

 

Figure 7: (a) Comparison of analytical results (A), measurements (M) and FE results of lateral stress 

development behind the abutment in the initial phase (after ballasting) and in summer (S21); (b) FE results for 

horizontal deformation of abutment wall and piles in summer (S21) and winter (W21). 

A comparison of the measured and computed settlements of the backfill in section 2 is displayed in Figure 8. The 

FE results coincide well with measurements of inclinometer chain I21 for the different selected time periods. 

Both measurements and FE analysis show maximum settlements of uz ≈ 8 mm for the maximum deck expansion 

on 29.03.2022. However, the location of uz,max is at a slightly different distance to the abutment. 
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Figure 8: Comparison of inclinometer I21 measurements (M) in section 2 and numerical results (dashed lines). 

 

5. Conclusions 

The concept and first results of an extensive long-term monitoring program of an innovative integral railway 

bridge and its transition zone have been presented. This paper focuses on the cyclic soil-structure interaction of 

bridge and backfill and highlights the measured temperature deformations of the structure, earth pressure 

measurements over the abutment height as well as the settlement accumulation in the backfill. So far, the 

chosen granular backfill design appears to be suitable for the integral structure with a total length of 50 m. The 

monitoring will continue for three more years.  Additionally, 3D FE analysis have been conducted to verify and 

to improve interpretation of the measurement results. The measured and computed results match qualitatively 

well. The numerical analysis indicates a strong influence of the concrete sealing layer in the backfill. The current 

and future measurement results will be used to calibrate and further improve the FE model. Finally, the 3D FE 

model should allow an assessment of the cyclic interaction mechanism over the bridge´s lifetime. 
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