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ABSTRACT / SUMMARY 

Orthotropic steel bridge decks for slender and long spanned girder bridges were frequently built in 

the 60ties and 70ties in Europe, especially in Germany and Austria. In the design of such bridge 

decks, only the ultimate load carrying capacity was considered, without taking fatigue aspects into 

account. Due to the dramatic increase in heavy traffic on the European road network, often the 

calculated remaining fatigue life is exhausted, after only 50 years of service life. 

 

Within this dissertation the critical details were analysed for four different models to include a wide 

range of bridge deck geometries from 1960 until now. A steel bridge deck with flat steel longitudinal 

ribs, two decks with longitudinal trough ribs and a local model of a cross girder with bolted joints 

of web and bottom flange were taken into account. In summary, three significant notch details were 

analysed. Detail D1 represents the welded connection of the longitudinal rib to the deck plate, detail 

D2 is the welded connection of the longitudinal rib to the cross girder and detail D3 is the welded 

connection of the cross girder’s web to the deck plate near the bolted joint. Detail D1 was split into 

detail D1a, where the stresses at the bottom of the deck plate were considered and detail D1b, where 

the stresses at the outer surface of the trough web were taken into account. 

 

First, a heavy traffic simulation was performed using finite element models of the steel decks and 

took the structural stress concept with its recommendations referring to the finite element mesh into 

account. The beneficial effect of an increased wheel contact area due to the asphalt layer was also 

taken into consideration. The current fatigue load model FLM 4 from the Eurocode [1] with its five 

lorry types and three different axle types was applied, and the gross weight of each lorry type was 

also adapted to “weigh-in-motion” measurements on an Austrian highway bridge. The wheel loads 

were in general applied directly above the studied details and were located centrally above the mid-

axis of the longitudinal rib’s web. A lateral shift of the individual lorries, in transverse bridge 

direction within the lane, was not considered in this first step, which can be seen as the reference 

with a central track configuration of all axle/wheel types. Additionally, the damage percentage of 

each lorry type from FLM 4 was calculated for the details and lorry type T3, the articulated lorry 

causes maximum damage in all details. 

 

Geometric measurements for the lorry type T3 showed that the axle geometry of the driving axle 

does not correspond with the simplified model assumptions [48]. Therefore, in a second step, the 

axle geometry for this lorry type T3 was improved. Also, a central track configuration for all 

vehicles is not realistic. Therefore, in a third step, simulations under consideration of heavy vehicle 
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driving characteristics with realistic axle geometries were performed. The results, related to the 

damage equivalent constant amplitude stress ranges ∆σe,i, showed a positive effect on the details 

D1a and D2, the welded connection between the deck plate and the longitudinal rib. For detail D1b, 

the consideration of these effects is essential to calculate appropriate results for fatigue assessment. 

 

Furthermore, extensive numerical studies were performed for the strengthening solution of an 

orthotropic deck with flat longitudinal ribs with an Ultra High Performance Concrete (UHPC) layer, 

which replaced the asphalt. The challenge was to increase the service life of such orthotropic bridge 

decks to at least 50 years after strengthening. The research activities were based on a very slender 

orthotropic deck, with a deck plate slenderness of eLR/tDP = 36. Two significant details for fatigue 

of such a representative bridge deck with flat longitudinal ribs were analysed, detail D1a and D2. 

The finite element model was extended with the UHPC layer to determine the stress reduction 

factors in the details D1a and D2 after strengthening. The concrete cracking was firstly 

conservatively considered with an effective Young’s Modulus Ec,eff = Ec/4. Based on the numerical 

simulations, at least 50 years service life can be estimated with an 80 mm thick UHPC-pavement 

for both details. Based on these studies full scale tests on an orthotropic deck specimen were done, 

including overload effects (increased axle loads) and severe temperature effects (simulation of a 

cold rain event on a hot summer day) to stimulate concrete cracking. The full scale tests together 

with the numerical studies showed excellent results for the remaining fatigue life of an orthotropic 

deck with flat longitudinal ribs. 

 

Finally, numerical studies based on the full scale tests were carried out to derive an appropriate 

effective Young’s Modulus for the concrete in order to determine an accurate stress level within the 

steel deck. 
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PRELIMINARY REMARKS 

 

At the beginning this PhD thesis needs some comments and information about some simplified 

assumptions based on a practical engineering approach, which are perhaps not expected in a PhD 

work. 

 

a.) Simplified load model and numerical model of the bridge deck 

The basis of the calculation of the remaining service life is a simulation of the heavy traffic (crossing 

of the individual lorries), to get the stress spectra in the relevant details of the bridge deck and the 

corresponding fatigue damage. The aims in this work are simple models, which are easy to apply 

in design office. Therefore, fatigue load model FLM 4 of the Eurocode EN 1991-2 [1] was chosen 

as a basis and the numerical model of the bridge deck includes only the steel deck without asphalt 

layer, but with the application of modified, increased wheel patches. For the practical application 

also the assumption was made, that all individual lorries cross the bridge in a central position within 

each lane (no horizontal shift in transverse bridge direction).  

 

b.) Consequences of these simplifications 

It is clear that with the studied simplified models, also with some improvements (e. g. including the 

scatter of the lorry position in transverse bridge direction), no accurate assessment of the fatigue 

damage and the remaining service life of the orthotropic deck is possible. That means that for 

practical applications always strain measurements at the relevant details under service are necessary 

to verify or also to calibrate the numerical model for the simulation of the heavy vehicles 

(comparison of measured and calculated stress spectra). This procedure is necessary to consider 

also the effects of: i) dynamic increase of static axle loads, ii) other lorry types and overloads, iii) 

real effect of the asphalt layer to the stresses in the steel deck.  

Therefore, also the presented reduced fatigue load model FLM 4*, that is based on recent weigh in 

motion measurements on highways in Austria, is only valid for the representation of the traffic in 

the past and for considering bridges directly on this route.  

 

c.) Fatigue assessment of selected details – assumption of the fatigue strength 

For the studied orthotropic bridge deck with open longitudinal ribs at all assessed details, a crack in 

front of the weld toe was assumed. For detail D2 (see Figure 9.a), this assumption was verified in fatigue 

tests [2]. Also for detail D3 (see Figure 20), this crack type was detected [3]. For detail D1, no cracks of 

this type were observed, but the danger of a not studied root failure seems not critical (see Figure 13). 
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For all three studied details the geometric stress approach (“hot spot stress”) was applied, with a fatigue 

strength based on the Eurocode EN 1993-1-9 [4].  

For the studied orthotropic bridge decks with closed longitudinal ribs, also the geometrical stress 

approach was applied. This means that also only cracks at the weld toe were considered here. For detail 

D1a and D1b (see Figure 14 and Figure 15), cracks at the weld root are expected in practice, leading to 

a reduced fatigue strength. The overestimation of the fatigue strength of detail D1 for closed longitudinal 

stiffeners within this work is acceptable, because the strengthening of this bridge deck type was not 

analysed. The fatigue assessment was limited to the analyses of the damage parts of the individual lorry 

types and the change of the fatigue damage if the position of the lorries in transverse direction is not 

fixed to the centre of the lane. In both studies, the effect of a reduced fatigue strength and a different 

position (weld toe instead of weld root) seems very small. 

 

d.) Effect of the strengthening of the orthotropic bridge deck with concrete 

This study was limited to the orthotropic bridge deck with open longitudinal stiffeners, where the fatigue 

strength and the crack type were assumed in an appropriate way. To show the beneficial stress reduction 

at the strengthened bridge deck, the comparison with a bridge deck with asphalt layer was done 

(reference values). Here, the simplified model was used again, based on numerical calculations for the 

full scale test (see Section 5.6) with the steel deck only, but including the increased wheel patch area of 

the wheels (representing a hot summer day with limited beneficial effect of the asphalt layer). 

 

e.) Assessment of fatigue damage for different details – assumptions for critical positions on the deck 

and specification of the lane position in transverse direction 

e.1.) For detail D1 and D2 (see Figure 9) the stress influence lines in transverse direction of the bridge 

are very short (e. g. Figure 146, Figure 148 for the deck with open longitudinal ribs; Figure 151, Figure 

152, Figure 154 for closed longitudinal ribs) and therefore only 1 lane must be considered. 

For the bridge deck with open longitudinal ribs (see Figure 9.a), the critical points on the bridge deck 

for detail D1 and D2 were chosen for detailed analyses of the fatigue damage. The reference position of 

the lane, with central position of each lorry, was chosen as the worst condition, directly above the 

longitudinal rib axis (see Figure 68).  

For the bridge deck with closed longitudinal ribs (see Figure 9.b), the assumptions were not modified 

(see Figure 68). Therefore, the reference lane position and the studied detail position on the deck is 

sometimes not the worst one. Nevertheless, the calculated effect of the variation of the lorry position in 

transverse bridge direction to the equivalent stress range and the analyses of the individual damage parts 

of each lorry type should be nearly the same. 

e.2.) Only for detail D3 (see Figure 20), the lorry crossings on different lanes have an important influence 

to the fatigue damage. For the analyses, the lane positions of an existing bridge structure were selected 
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(see Figure 19). Only the two lanes within the two main girders were considered. No detailed interaction 

of both lanes was simulated, because the lorry crossings in only one lane showed insufficient remaining 

fatigue life. For this detail the strengthening effect due to the concrete layer (reduction of the stress 

cycles) was studied only in a preliminary numerical analysis, because no test data was available for this 

detail to calibrate the numerical model. 

 

f.) Calculation of the fatigue damage and assumed fatigue limit ΔσL  

The calculation of the fatigue damage was done in a simplified manner, based on the Eurocode-rules of 

EN 1993-1-9, including the reduced damage of stress cycles below the fatigue limit ΔσD at the beginning 

of the service life (see Figure 31). If, at the time of strengthening of the orthotropic deck, the numerical 

analyses (after calibration based on measured stress spectra) shows no further remaining fatigue life, but 

no cracks can be found at the critical details, only a simplified approach based on EN 1993-1-9 was 

considered (see Concept 2 in Section 5.1.2.2, Figure 235). After strengthening, the maximum occurring 

stress cycles must be lower than the fatigue limit ΔσL. This engineering assumption, based on design 

standards only, needs further scientific research in the future. 

Within this work, no information for appropriate safety factors γM are suggested. This value should also 

be chosen based on the available traffic data of the past for the analysed bridge. Due to the fact that the 

suggested numerical simulation model always needs measurements of stress spectra for a calibration 

and validation, values of γM = 1.0 are also possible. For the verification of the strengthening, higher 

values for the factor γM are suggested due to the uncertainties of the heavy traffic developments in the 

future.  
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1. Introduction 

1.1. Research activities in the past 

  Simplified realistic fatigue load models on road bridges – historical development  

In the field of civil engineering, the critical load cases with its appropriate load levels are usually applied 

as static loads that causes maximum stresses. Within the fatigue assessment this basic concept delivers 

insufficient results and therefore a rated summation of the damages due to the loads during the whole 

life cycle is necessary. The demanded stresses in the very local notch details have to be determined as 

realistic linear elastic stresses and therefore the local plastifications cannot be assumed anymore.  

 

For the fatigue assessment, a consideration of realistic single lorries with its axle distances and axle 

loads are important to calculate fatigue damages with sufficient accuracy. With regard to a practicable 

application of the individual lorries within numerical simulations, the availability of simplified fatigue 

load models is required with the possibility of adjustments, depending on the local traffic conditions. 

Therefore, the fatigue load models that are presented in the actual Eurocode form the basis in this thesis. 

A short historical development of several load models on road bridges is described below. 

 

- Investigations in load models on road bridges in the past from Sedlacek and Jacquemoud [5]:  

The final method presented in [5] is based on measurements and numerical simulations from [6]. The 

resulting fatigue load model can be seen as a further development and completion of the investigations 

in [6]. The fatigue load model consists of 3 representative vehicle categories (single lorry, lorry with 

trailer, articulated lorry). 4 parameters have been indicated for a complete description of the model 

vehicles (total weight, axle loads, axle distances, relative frequency of each lorry type). These 

parameters were based on in situ measurements which have been carried out in Germany, France and 

Switzerland and represent the average values of the most frequent lorry types.  

 

In summary 14 lorry types represent 95% of the entire heavy traffic (see [5]) but its frequency of 

occurrence is strongly specific relating to the individual countries. Just 3 to 5 lorry types are decisive 

for every country. The measurements, related to the frequency of each lorry type, showed less difference 

for similar route classes (local versus international routes) within one country. A significant higher 

difference in the route types (long- or short-distance traffic) could be observed. These observations 

confirm the usefulness of a simplified load model with a restricted number of lorry types and the 

definition of reference values for the relative frequencies of these types. 
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The developed fatigue load model in [5] specifies equivalent total axle weights Qe based on the measured 

results (Germany Qe = 232kN, France Qe = 230kN, Switzerland Qe = 182kN). The values Qe were 

determined under consideration of the Miner Rule which includes a linear damage accumulation and a 

linearity between the loads and its occurring stresses. These equivalent total weights Qe have to be used 

for the calculation of the equivalent constant amplitude stress range ∆σe (simulation of a bridge crossing 

of the equivalent axle load Qe) in combination with several correction parameters that are mentioned 

above and the appropriate detail’s influence line. This simplified stress range calculation is basically 

developed for the fatigue assessment of main girders. The fatigue behaviour at orthotropic decks 

includes additionally very local notch details and for an adequate determination of the occurring stresses, 

several other factors like the FE-model of the exact structure and the wheel contact patches have to be 

considered, but are not available in [5]. 

 

Also investigations relating to the closed longitudinal ribs on orthotropic steel decks were done in [5]. 

The influence of the lane position referring to the heavy traffic loads in transverse bridge direction has 

to be considered with an optimised correction parameter. This parameter scales the value for Qe (see 

[5])  and is based on numerical calculations under the consideration of a simplified static system where 

one longitudinal rib was modelled as continuous beam that is rigidly supported at the cross girders. The 

frequency distribution in transverse bridge direction was taken from the British Standard BS5400, Part 

10 (1980) [7], which is described as a normal distribution. Later measurements showed that the heavy 

traffic has much more directional stability and a normal distribution delivers less sufficiency [8] [9] 

[10].  

 

- Comparison of several fatigue load models in the past from Schütz [10]: 

In the time from 1970 to 1980, many load models for road bridges relating to the ultimate limit state and 

the fatigue assessment have been developed. Schütz compared in summary 7 load models in [10], based 

on comparative calculations on an infinite, rigidly supported continuous beam including a variation of 

the span length. The following developed load models were considered: Sedlacek/Jacquemoud [5], 

König/Puche/Gerhardt [11] [12], Nather [13], Klassen [14], Tschemmernegg [15] [16], SIA 160  [17], 

DIN 1072 [18]. The results from these load models were additionally compared to measurements that 

were performed on the Brohltal-bridge (Germany) by the Fraunhofer Institute for Structural Durability 

and System Reliability LBF [19] [20]. 

 

From the numerous comparative calculations in [10], it can be stated that load models, which consists 

only of a single vehicle, are generally unsuitable for a fatigue verification because of the large variations 

referring to the equivalent loads. It could also be confirmed that the individual axles of a vehicle are 

decisive for local details. Secondary load bearing elements (e. g. cross girders) are increasingly stressed 
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by the total weight of the vehicles when the area of influence increases. The influence of the vehicle's 

length also affects the number of stress cycles in secondary load bearing elements. In contrast, only the 

lorry’s total weight is important for global structural elements, because the vehicles act approximately 

as single loads. The influence of the vehicle sequence generally may be neglected and therefore, the 

consideration of only independent vehicles is sufficient. 

 

- Pre-normative background studies relating to the actual fatigue load models according to EN 1991-

2: 

The literature from Sanpaolesi/Croce [21] illustrates the relevant background information relating to the 

actual Eurocode EN 1991-2 [1]. Within this document also the basic assumptions and specifications for 

the development of the fatigue load models FLM 1 to FLM 5 are presented. The available registered 

European traffic comes from two large measurement campaigns (1977 to 1982 in France, Germany, 

Great Britain, Italy, Holland and 1984 to 1988 on several routes around Europe). The fatigue load 

models FLM 1 to FLM 5 are based on the traffic measurements which have been recorded in Auxerre 

(France) because its traffic conditions represent very well the main characteristics of the European’s 

long distance routes. This decision of selecting the Auxerre traffic and its reliability was additionally 

checked by measurements that have been performed in other countries [21].  

 

An important statement can be concluded based on the traffic measurements: The heavy vehicle’s speed 

and its lengths are poorly correlated and these parameters are practically independent from the axle loads 

as well as the total vehicle weights.  

 

The following trends of the European heavy traffic can be observed based on the recorded traffic data 

but should be confirmed by measurements in the future: 

• Increase of the frequency of articulated lorries and simultaneously a reduction of the lorries with 

trailer 

• Decrease of the frequency of the lorries with 3 axles 

• Increase of the average total weight per lorry 

 

 The Eurocode gives the possibility of two different types of fatigue verifications: 

• Boundless fatigue life assessment: ∆σmax < ∆σD 

• Fatigue damage calculation, based on a simulation of the crossing vehicles, under consideration 

of a trilinear S-N curve – verification: Dsum < 1.0  

 



Introduction 

 

4 

For each kind of fatigue assessment two fatigue load models are intended. The first one is essential, 

conservative and easy to use where the second one has more refinement as well as a better accuracy but 

is more complex. Finally, 4 fatigue load models are indicated: 

• FLM 1 and 2 for boundless fatigue life assessment 

• FLM 3 and 4 for fatigue damage calculation 

 

FLM 1 is directly derived from the load model for the ultimate limit state and consists generally of 

various predefined surface load pressures on each lane in combination with 2 concentrated axle loads 

per lane. FLM 3 comprises of a fictive symmetrical 4 axle vehicle (fatigue vehicle) with 120kN per axle. 

This load model gives accurate results relating to span lengths more than 10m and has to be used in 

combination with several damage equivalent factors λ. The most detailed load models are FLM 2 and 4 

which represent load spectra that are constituted by 5 standardised heavy vehicles, which are 

representative for the common European heavy traffic. FLM 2 comprises of a set of lorries with frequent 

values of axle loads and FLM 4 comprises of a set of lorries with equivalent values of axle loads. (Note: 

this will be shown later in detail, see Section 2.5.2) 

 

Additionally, fatigue load model FLM 5 is available which consists of the same lorry types as FLM 2 

and FLM 4, but allows the possibility of several modifications (axle loads, total vehicle weight, lorry 

frequency) according to local traffic measurements. This fatigue load model leads to the most accurate 

fatigue verification of any individual construction. 

 

Finally, the accuracy of the above mentioned fatigue load models has been verified in [21] by comparing 

the calculated bending moments due to each load model at 3 different continuous beam systems (single, 

double and triple span girders) including a bridge span variation between 3 to 100m. Resulting bending 

moments have been taken into account at predefined positions (midspan, internal supports). As 

reference, the resulting bending moments due to the real traffic that has been recorded in Auxerre were 

chosen. As predicted, the simple load model FLM 1 appears very safe sided, especially for short span 

length under 20m, while FLM 2 delivers more reliable results. Fatigue load model FLM 3 first looked 

unsafe for span length above 30m but with a little modification in terms of the application of a second 

vehicle driving 40m behind, this problem could be solved. Worth mentioning is the very good fitting of 

fatigue load model FLM 4 with the results due to the real traffic.  

 

In conclusion it can be stated that FLM 4 gives accurate results relating to the stress calculation at main 

girders of bridges with continuous beam systems. These structural members are not affected by a lateral 

shift of the individual lorries within the traffic lane due to heavy traffic driving characteristics (central 

position of lorries within each lane is assumed). A simplified respectively coarse modelling of the static 

system in the global analysis is generally sufficient (no detailed modelling of the orthotropic deck). For 
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the application of this load models on orthotropic steel decks with its very local notch details which are 

strongly depending on the local load transmission, a verification of this load model seems necessary 

(part of this thesis). 

 

  Resistance models regarding to fatigue phenomena 

According to the current state of the art, 2 different approaches can be recognised. First concept is 

sufficient for a verification of the service life referring to fatigue phenomena and can be applied at non-

cracked structural elements. Therefore, the availability of normed “Wöhler”, respectively S-N curves is 

of crucial importance. The second available concept is much more complex by applying methodologies 

of fracture mechanics and this is necessary for already cracked elements at the observation time. Some 

basic characteristics of these two concepts are listed below: 

 

- Simplified resistance models by using appropriate S-N curves 

In summary 3 different concepts are available within the fatigue verification under consideration of 

S-N curves. The nominal stress concept, the structural stress concept (or hot spot stress concept) 

and the notch stress concept. The differentiation between these 3 methods can be generally 

recognised in the modelling technique and the accompanying stress calculation of the detail. The 

nominal stress concept is the easiest method and also very practicable in its application. The stress 

determination within this concept is restricted to normal stresses referring to bending moments and 

normal forces due to the global load carrying behaviour, such as bridge’s main girders (bending and 

membrane stresses determined with beam elements). The geometrical caused stress increase due to 

a detailed modelling of the structure, such as stiffeners, can be included within the structural stress 

or hot spot stress concept. Therefore, a modelling with beam elements is insufficient and a model 

design of at least using shell elements is necessary. The stress increase because of the very local 

notch effect should be excluded in the structural stress method (this effect is considered with a 

reduced fatigue strength) and therefore several linear extrapolation methods of the stress to the weld 

toe have been developed. The stress increase due to the very local notch effect of the welded 

connection is, in addition to the geometrical stress increase, included in the notch stress concept. 

This concept requires the most sophisticated modelling effort and needs sub modelling technique in 

most cases. The weld itself has to be modelled with very precise specifications regarding to the 

performance of the weld toe (notch effect modelled as fillet with r = 1mm), maximum applicable 

element size and element type. By considering the notch stress concept only one value ∆σR is 

specified as resistance which is independent from any detail category. As already mentioned, the 

availability of appropriate S-N curves relating to the analysed detail with its fatigue strength is 

crucial regarding to the nominal and the structural stress concept.  
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Detailed information regarding to each concept can be found in several literatures, for example in 

the books of Haibach [22] and Radaj [23] and a brief description is shown in Section 2.6 to 2.8. 

 

- More sophisticated resistance models based on fracture mechanics 

For already cracked members the fatigue concepts using S-N curves is not sufficient anymore and 

therefore more complex methods are necessary for a crack growth prediction. In order to be able to 

evaluate a defect or a crack with fracture mechanics, always the interaction of 3 essential parameters: 

i) material, ii) geometry (structural element and crack length) and, iii) stress level have to be taken 

into account. If 2 of the 3 parameters are known quantities, the third can be determined. For example, 

if the material properties and the stress level are known, the crack length can be calculated by using 

fracture mechanics. It should be noted that the boundary conditions or significant factors influencing 

the element’s service life are changing over the time. For example, crack growth leads to a reduced 

element’s cross section and an increase of the occurring stress. Also increased traffic on bridges 

leads to a faster crack growth in the element and a further assessment is required.  

 

For the use of fracture mechanics, a crack modelling is necessary, whereby the once according to 

Griffith [24] is most known that can be used for linear elastic fracture mechanics. The most 

important parameter is therefore the stress intensity factor K, which describes the intensity of the 

singular stress field at the crack tip. This essential parameter is required because in the field of 

fracture mechanics, the stress alone is not enough for a crack evaluation. 

 

Detailed information referring to methodology and application of fracture mechanics is well 

described in several literature, for example Anderson [24] and Kuna [25]. 

 

Fracture mechanics has also been applied at recent research studies relating to the fatigue assessment 

at orthotropic steel bridge decks with the aim of a fatigue life verification regarding to an crack 

initiation and propagation in the analysed details [26] [27]. 

 

With regard to the development of an optimised but even simplified fatigue load model for practical 

applications on orthotropic steel decks, only the consideration of also a simplified resistance model is 

appropriate within the studies in this thesis. Therefore, the performed fatigue assessment in this thesis 

of specific notch details has been carried out under consideration of the linear elastic damage 

accumulation by using the appropriate S-N curve for each analysed detail. 
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  Strengthening of existing road bridges with orthotropic steel decks 

With regard to existing steel road bridges in Europe, that were frequently built from 1960 to 1980, only 

the ultimate load carrying capacity of orthotropic decks was considered until about 1980. First damages 

due to fatigue phenomena were detected around the year 2000 [28] and extensive research and 

development was done since that time with the aim to develop an economic strengthening method that 

reduces dramatically the local stress ranges in the orthotropic deck because of the heavy traffic. Many 

methods have been developed which are not mentioned in this work, only the strengthening method with 

a concrete pavement instead of the asphalt layer is considered. An important requirement is that the dead 

load of the carriageway shouldn’t be increased by the strengthening method, therefore thin concrete 

layers (tc ≤ 80mm) are necessary with nearly the same thickness as the actually asphalt pavement. So 

the standard concrete cannot comply with this essential condition and Ultra High Performance Concrete 

(UHPC) with fibre reinforcement is required (UHPFRC). Research projects and applications from 

France and Japan of this type of strengthening can be found in [28], [29] and [30]. The most practical 

experience of strengthening the orthotropic steel deck with UHPC as pavement instead of the asphalt 

layer has been done in the Netherlands and meanwhile several bridges have been retrofitted [31] [32].  

 

1.2. Overview of this thesis 

This work in general deals with the consideration of realistic load effects at road bridges in Europe 

referring to fatigue phenomena and improvements to the actual fatigue load models from the Eurocode 

[1]. First, the realistic wheel and axle geometries of the appropriate heavy vehicle, that causes the 

maximum damage in all analysed details, have been taken into account. Second, the driving 

characteristics of the heavy vehicles within a lane (position of the wheels in transverse direction of the 

bridge deck) by using the appropriate lateral frequency distributions based on measurements [8] have 

been investigated.  

 

At last, the essential results of a research project are presented that contains a strengthening method for 

orthotropic steel decks on road bridges, which is based on a solution developed in the Netherlands [28]. 

The strengthening method consists of a concrete layer instead of the asphalt. In addition to numerical 

investigations, full scale tests have been performed and within this Ph.D. thesis additional numerical 

calculations referring to an overall effective Young Modulus have been done. 

 

For every further investigation it was essential to define representative steel bridge decks with accurate 

geometrical dimensions. A pool of data with many steel bridge decks beginning from 1950 was 

generated and out of these important information three different types of bridge decks could be taken 

out for modelling. The summary of the historical development of orthotropic steel bridge decks and the 

chosen representative decks are illustrated in Section 2.3. 
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The definition of the significant notch details referring to fatigue phenomena was based on the results 

of a project in Austria [33] and in summary three different details have been analysed that are presented 

in Section 2.4. 

The actual recommended fatigue load models according to the Eurocode EN 1991-2 [1] are presented 

in Section 2.5. For the numerical simulations fatigue load model FLM 4 has been applied and an asphalt 

pavement was considered by an increased wheel contact area due to a load distribution through the 

thickness of the asphalt layer with an angle of 45°, based on detailed studies in [34]. 

 

The calculation of the remaining service life of existing orthotropic steel decks without taking into 

account any lateral wheel load shifts is presented in Section 3. For the performance of the numerical 

simulations, in summary four finite element models have been developed which are described in Section 

3.2. A FEM-model for a deck with flat steel longitudinal rib and a very high deck plate slenderness was 

created. Another two FEM-models with trough longitudinal ribs and a cross girder interval of 2.0m and 

4.0m were created. In addition, a local FEM-model of one cross girder with bolted connections was 

created. The results of the simulations due to the heavy traffic crossings with centric track configuration, 

at the longitudinal ribs in lateral direction, of all vehicles are presented in Section 3.4. 

 

The investigations of considering realistic axle geometries, heavy traffic driving characteristics (vehicle 

position in transverse direction) and its influence in fatigue assessment of the analysed details is 

presented in Section 4. Within this Section the centric track configuration is described in detail (see 

Section 4.2), the measured axle/wheel geometries are illustrated (see Section 4.3) and the general 

concept for consideration of the lateral shifting effects of the wheel loads is described in detail (see 

Section 4.6 and 4.7). Also the calculated lateral influence lines for each detail are plotted for every model 

(see Section 4.5). In addition, the analysed frequency distributions for consideration of driving 

characteristics (see Section 4.4) are illustrated and finally the results for the effect of a lateral shifting of 

the wheel loads are shown (see Section 4.8 and 4.9).  

 

Finally, the relevant results of a research project are presented in Section 5, with the challenging 

aim to increase the service life of such orthotropic bridge decks to at least 50 years after 

strengthening the steel bridge deck by using Ultra High Performance Concrete (UHPC) with fibre 

reinforcement. Extensive numerical studies were carried out and for validation and calibration of 

the numerical stress reduction factors, full scale tests have been performed. Additional numerical 

studies referring to the full scale test specimen with an UHPC layer have been done to verify a realistic 

overall effective Young Modulus of the concrete by taking the measured strains in the steel deck of the 

full scale tests into account. 
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1.3. Objectives of this thesis 

This thesis can be seen as an effort to overcome the lack of information regarding to a realistic but 

simple load modelling referring to a fatigue assessment of existing orthotropic steel decks with linear 

elastic damage accumulation. Additionally, a strengthening with UHPFRC pavement of these older, 

fatigue affected steel decks should be evaluated by several numerical simulations based on the stress 

reduction factors relating to common and representative notch details. Based on performed full scale 

tests on an orthotropic bridge deck and the accompanying measurements, an effective overall Concrete’s 

Young’s Modulus Ec,eff, that includes the concrete cracking, should be derived for the implementation 

on further numerical simulations. Thereby the following points are noted as objectives of this thesis: 

 

- Selection of 2 or 3 existing common and representative orthotropic steel decks on European road 

bridges for further investigations 

- Definition of several common and very frequent notch details on the representative steel decks 

- Specifications regarding to the location of the critical notch details and its individual decisive load 

position  

- Calculation and presentation of equivalent constant amplitude stress ranges, based on traffic 

simulations, referring to the defined frequent notch details at the representative steel decks 

- Filtering of the damage percentages of each lorry type based on the equivalent constant amplitude 

stress ranges for a detection of the most damaging vehicle within the chosen load model 

- Specification of accurate axle- and wheel geometries based on simple but effective in situ 

measurements of actual common lorries 

- Determination and evaluation of the consideration of a lateral shift of the lorries within a lane due 

to heavy traffic driving characteristics by using appropriate frequency distributions in transverse 

bridge direction based on measurements  

- Evaluation of the influence and changes regarding to realistic heavy traffic driving characteristics 

on the lorry’s damage percentage in relation to a fully centric traffic configuration 

- Modifying an existing strengthening method that has been developed in the Netherlands regarding 

to several additional local requirements in Austria; a thin Ultra High Performance Fibre Reinforced 

Concrete (UHPFRC) instead of the common asphalt pavement 

- Evaluation of the strengthening method by means of extensive numerical studies and determination 

of stress reduction factors referring to the defined critical notch details 

- Verification of the numerical results regarding to the strengthened steel deck on the basis of 

measurements of full scale tests in the laboratory; the experiments should also include the effects of 

overloaded axles and an additional thermal constraining event that should simulate a sudden 

thundershower on a very hot summer day 
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- Specification of an overall effective concrete’s Young’s Modulus derived from the full scale tests, 

for accurate stress calculations in fatigue analysis 

 

2. Orthotropic steel bridge decks – general and fatigue phenomena 

2.1. General 

Within this Section the common construction types and geometrical dimensions of orthotropic steel 

bridge decks on road bridges in Europe, with focus on Germany and Austria, are presented (see Section 

2.2). These constructional and geometrical parameters also have changed over the years of realisation 

and this historical development is also illustrated in the following diagrams. The diagrams with 

construction type and dimensions are in relation to the year of manufacturing, deck plate slenderness 

and several other reference values so that a few decks could be picked out for analyses, which should 

represent a wide range of existing orthotropic bridge decks in Europe (see Section 2.3). At these 

orthotropic steel decks, 3 different construction details have been analysed, which occur very often and 

have high local stresses due to the wheel loads of the heavy vehicles. The notch details are described in 

detail in Section 2.4. The recommended fatigue load models from the Eurocode [1] are illustrated in 

Section 2.5. The general approach for fatigue assessment according to the Eurocode [4] is shown in 

Section 2.6 and the S-N curves, that are used in this thesis, referring to the analysed notch details are 

plotted in Section 2.7. For all details the structural stress method was used to generate appropriate results 

for these very local details. Therefore, the finite element mesh was adapted according to the 

recommendations for the use of the structural stress concept [35] (see Section 2.8).  

 

2.2. Construction of orthotropic steel bridge decks 

The orthotropic steel deck connects the main girders of a bridge structure in the transverse direction and 

distributes the local heavy traffic loads from the carriageway to the main girders of the bridge. Generally, 

the orthotropic steel deck comprises of the following components:  

• the deck plate on the top, 

• the longitudinal ribs in longitudinal bridge direction and 

• the cross girders in transverse direction. 

The components of the orthotropic steel deck are plotted in Figure 1. The steel deck has in longitudinal 

bridge direction a quite different stiffness as in transverse direction because of its individual stiffeners 

(cross girders and longitudinal ribs). Hence, the steel deck is not isotropic. Because of the usually 

orthogonal ordered stiffeners in longitudinal and transverse direction, the system is called orthogonal-

anisotropic, or briefly, orthotropic. Basically, there are two different types of longitudinal ribs: 

• open longitudinal ribs as shown in Figure 1.a 
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• closed longitudinal ribs as shown in Figure 1.b 

Additionally, many types of open and closed longitudinal ribs have been developed over the years of 

manufacturing and the most commonly used are illustrated in Figure 1. 

 

 

Figure 1: components of the orthotropic steel deck: a.) with open longitudinal ribs; b.) with closed 

longitudinal ribs [36] 

 

For the development of appropriate calculation models regarding to fatigue assessment at orthotropic 

steel decks, a differentiation in two essential load carrying behaviours is useful: 

 

• Global load carrying behaviour 

With regard to the global bridge system in longitudinal direction which is schematically shown 

in Figure 2 (continuous beam as example), the orthotropic steel deck is acting as the upper flange 

of the main girder. The drawing shows an exemplary load case Fvehicle and the occurring bending 

moment Mi in section i. Therefore, membrane longitudinal normal stress σi,top = σi,max (see Figure 

2, Section A-A) occur in the steel deck due to the global bending of the main girder.  
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Figure 2: schematic drawing for the explanation of the global load carrying behaviour 

 

Under consideration of the minimum occurring stress σi,min due to the appropriate load case, the 

stress range ∆σi,global can be calculated. This stress range at the steel deck is negligible small in 

relation to the occurring stress ranges due to the local load carrying behaviour, which is 

described below (nearly no fatigue damage occurs). 

 

• Local load carrying behaviour 

Under consideration of the bridge’s cross section (see Figure 3), the wheel loads Fwheel of the 

heavy traffic vehicles have to be transferred from the carriageway to the main girders. This load 

distribution can be implemented with a longitudinal and transverse stiffened deck plate, the 

orthotropic deck. Figure 3 illustrates a schematical drawing of the transverse deformations 

referring to the bending of the orthotropic deck due to vertical traffic loads. The occurring stress 

ranges ∆σlocal in the very local notch details (shown later in detail) and its induced fatigue 

damages are important for the fatigue life of the orthotropic deck.  

It should be noted that the effect of the deformations from the main girders to the local stresses 

in the steel deck in general are negligible and therefore the main girders need not be modelled 

and can be seen as fixed supports in vertical direction (example for local calculation model see 

Figure 4). 
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Figure 3: schematic drawing for the explanation of the local load carrying behaviour 

 

Typically, the deck plate on road bridges is covered by a wearing surface like an asphalt pavement or a 

very thin epoxy layer at movable bridges. This wearing surface protects the steel construction against 

corrosion due to salt and leads to reduced stresses due to the heavy traffic wheels. 

 

- Additional remark for cross girders: If the bridge deck consists of more than two main girders an 

interaction of the global and the local behaviour occurs. An ignoring of the global effect must be 

checked in detail (global bending in the cross girder if the vertical deformations at each main girder 

are not on a straight line in transverse bridge direction. For bridge decks with more than two main 

girders also the local model cannot be limited to the part between the two main girders. For bridge 

sections with only two main girders, a reduced local model (see Figure 3) in transverse direction is 

only possible if no traffic lanes are outside the main girders. 

 

2.3. Historical development 

In this Section the data of existing orthotropic steel decks at road bridges in Germany and Austria [37] 

is plotted in diagrams. This summary includes steel decks with open and closed longitudinal ribs with 

different executions of each rib type. 

 Orthotropic steel bridge deck with open longitudinal ribs 

In the early years of manufacturing orthotropic steel decks in Europe (⁓1950 to 1975), open longitudinal 

ribs were frequently used. The different types of open longitudinal ribs are shown in Figure 1.a. Figure 

4 illustrates a schematic local FE-model of the bridge deck between the main girders and includes 5 

cross girders with its components and the geometrical notations that are necessary to understand the 

following diagrams. The data of the individual bridge decks with open longitudinal ribs is plotted in 

different diagrams in Figure 5 [37]. Figure 5.a shows the height of construction referring to the height 
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of the longitudinal rib hLR as a function of the cross girder’s interval eCG. Figure 5.b shows the 

slenderness of the longitudinal rib eCG/ hLR in relation to the cross girder’s interval eCG. Figure 5.c shows 

the deck plate slenderness eLR /tDP relating to the year of manufacture. Figure 5.d shows the bending 

stiffness of the longitudinal rib – including the deck plate – Jy,LR as a function of the cross girder interval 

eCG. For further investigations referring to bridge decks with open longitudinal ribs, a bridge with a very 

high deck plate slenderness of eLR/tDP = 36 of the steel deck was chosen. 

 

 

Figure 4: schematic local FE-model of an orthotropic steel bridge deck with open longitudinal ribs 

and notations for components and geometry 

 

The Praterbridge in Austria, manufactured 1970, was selected for representing the decks with open 

longitudinal ribs. This bridge is marked in red in the diagrams of Figure 5. 
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Figure 5: data diagrams of existing bridges with orthotropic steel deck plate and open longitudinal 

ribs [38]: a.) hLR in relation to eCG; b.) eCG/hLR in relation to eCG; c.) eLR/tDP in relation to the year of 

construction; d.) eCG in relation to Jy,LR; 

 Orthotropic steel bridge deck with closed longitudinal ribs (trough ribs) 

Since about 1965 the orthotropic steel decks in Europe were more and more built with closed 

longitudinal ribs and nowadays road bridges with orthotropic decks are commonly constructed with this 

type of longitudinal ribs, respectively trough ribs [39]. Because of its higher bending stiffness in relation 

to open longitudinal ribs a bigger interval of the cross girders can be realised which leads to a higher 

efficiency. The different types of closed longitudinal ribs are shown in Figure 1.b. Figure 6 illustrates a 

schematic local FE-model of the bridge deck between the main girders and includes 5 cross girders with 

its components and the geometrical notations that are necessary to understand the following diagrams. 

The data of the bridge decks with closed longitudinal ribs is plotted in different diagrams in Figure 7. 

Figure 7.a shows the height of construction referring to the height of the longitudinal rib hLR as a function 

of the cross girder’s interval eCG. Figure 7.b shows the slenderness of the longitudinal rib eCG/hLR in 

relation to the cross girder’s interval eCG. Figure 7.c shows the deck plate slenderness eLR/tDP relating to 

the year of construction. Figure 7.d shows the bending stiffness of the longitudinal rib – including the 

deck plate – Jy,LR as a function of the cross girder interval eCG. For further investigations referring to 

bridge decks with closed longitudinal ribs, two bridge decks with different cross girder intervals eCG 

were chosen. Both bridge decks have trapezoidal longitudinal ribs with different geometry, but the deck 

plate slenderness has in both cases the same value of eLR /tDP = 30. 
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Figure 6: schematic local FE-model of an orthotropic steel bridge deck with closed longitudinal ribs 

and notations for components and geometry 

 

The bridge “Stahlhochstraße Ludwigshafen”, manufactured 1969 in Germany and a bridge geometry 

from [40] were selected for representing the decks with closed longitudinal ribs which are marked in 

red and green in the diagrams of Figure 7. 

 

The selection of these two bridges with its dimensions was based on: 

− eCG,1 = 2.0m represents the lower limit  

− eCG,1 = 4.0m should represent the upper limit of the main stream (fits good with the trendline in 

Figure 7.a) 

− for eCG,1 = 2.0m, the deck was chosen with the highest longitudinal rib`s slenderness (eCG / hLR) 

 

Figure 7.a shows additionally a trend line for the relationship of the height of the longitudinal rib hLR 

and the cross girder interval eCG. The height hLR increases nearly linear with a higher value for eCG. 

Therefore, the choice of a bridge deck with a cross girder interval of eCG,1 = 2.0m and a bridge deck with 

eCG,2 = 4.0m is reasonable to show the typical local behaviour of all of them. In Figure 7.b the same 

tendency can be realised for the longitudinal rib’s slenderness eCG/hLR in relation to the cross girder 

interval eCG. As it is shown in Figure 7.c, there is less variation in the deck plate slenderness referring 

to the closed longitudinal ribs and the most frequent value of eLR/tDP = 25 was chosen for further 

investigations. The actual Eurocode [41] gives recommendations for a minimum bending stiffness of 
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the longitudinal rib JLR,y, which is additionally plotted in Figure 7.d. The value for JLR,y was calculated 

for 1 individual rib as shown in the sketch at Figure 7.d.  

 

 

Figure 7: data diagrams of existing bridges with orthotropic steel deck plate and closed longitudinal 

ribs [38]: a.) hLR in relation to eCG; b.) eCG/hLR in relation to eCG; c.) eLR/tDP in relation to the year of 

construction; d.) eCG in relation to Jy,LR; 
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 Representative orthotropic bridge decks  

The three representative bridge decks are summed up in Table 1 with additional information of the 

geometrical dimensions, deck plate slenderness and bending stiffness of the cross girder in relation to 

the main girder interval. Model A and B represent bridge decks which are both built around the year 

1970 and Model C is a practical example for modern orthotropic steel decks with a higher cross girder 

interval of eCG = 4.0m for more efficiency [40]. 

 

Table 1: representative orthotropic steel decks with open and closed longitudinal ribs of existing 

bridges, studied in this thesis (Model A, B and C) 

FE-

Model 

Year of 

manufacture 
Carriageway in cross section 

hLR 

[mm] 

eCG 

[mm] 

eLR 

[mm] 

tDP 

[mm] 

eLR/tDP 

[-] 

eMG 

[mm] 

hCG 

[mm] 

eMG/hCG 

[-] 

E∙JCG/eMG 

[kNcm] 

Model 

A 
1970 

  

210 2000 360 10 36 7560 728 10,4 3.761.167 

Model 

B 
1969 

 

170 2000 300 12 25 7500 728 10,3 3.939.027 

Model 
C 

- 

 

275 4000 300 12 25 7500 728 10,3 4.168.701 

 

hLR height of the longitudinal rib 

eCG axial distance of the cross girders 

eLR  axial distance of the webs from the longitudinal ribs 

tDP  deck plate thickness 

eMG  axial distance of the main girders 

hCG height of the cross girder 

E∙JCG bending stiffness of the cross girder, including the deck plate (beff has been determined according 

to EN 1993-1-5, Section 3.2.1 [42]) 

 

The geometry of Model A, B and C was considered for modelling three finite element models which are 

presented in Section 3.2 in more detail. With these three models a wide range of existing orthotropic 

steel decks on road bridges in Europe can be taken into account.  
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2.4. Fatigue cracks within orthotropic steel bridge decks 

As already mentioned only the ultimate load carrying capacity of orthotropic steel decks was considered 

in the design until about 1980 for applications in Germany and Austria. Due to the dramatically increase 

of the heavy traffic frequency and its axle loads, the local stresses in the critical details became higher 

and damages in relation to fatigue phenomena regarding to the dynamic effect of the vehicle crossings 

became more and more relevant.  

 

Different types and locations of cracks observed in the orthotropic bridge deck in the Netherlands are 

given in [43]. Figure 8 shows an overview of these crack locations.  

 

 

Figure 8: Susceptible locations for fatigue in orthotropic steel bridge decks [43] 

 

Referring to Figure 8, the details and crack locations are explained in Table 2, where also the 

observations are indicated. The locations are restricted to the deck plate, the open and closed longitudinal 

ribs and the crossbeam. The crack initiation was usually observed at the weld toe but also a crack 

initiation at the weld root was observed sometimes [43]. The indication of (P) in Table 2 means a crack 

observation on a real bridge in the Netherlands. The indication of (T) stands for a crack observation in 

tests. At detail S.0 (open stiffener to deck plate weld) in Figure 8 and Table 2, no cracks were observed 

at existing bridges in the Netherlands until that time (about 2008). But actual analyses in Austria [44] 

showed a significant importance of taking this detail into consideration. 
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Table 2: Locations susceptible to fatigue, explanation to Figure 8 [43] 

 

 

In this thesis the influence of considering realistic axle geometries and heavy traffic driving 

characteristics was carried out and therefore it was essential to define the significant details on common 

orthotropic steel bridge decks manufactured in Europe. In the following Sections these significant notch 

details are presented and described in detail after a short overview of fatigue cracks on the representative 

steel decks which were selected for further analyses (see Section 2.3.3, Table 1). 
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 Overview of analysed notch details 

Many cracks have been detected since the last centuries at orthotropic steel bridge decks and there are 

many notch details on such a construction. In this thesis just some of the most important and frequent 

notch details of the orthotropic deck have been taken into account, based on remaining fatigue life 

calculations on a bridge deck in Austria [44]. In summary 3 details were studied in detail, which occur 

very often and receive high stress ranges due to the heavy traffic crossings (note: see also preliminary 

remarks for chosen simplifications): 

 

• Detail D1: the welded connection of the longitudinal rib to the deck plate with high bending 

stresses in the deck plate in transverse direction (see Figure 9); 

Detail D1a: the bending stresses and their resulting stress ranges at the deck plate’s bottom side 

are relevant at the weld toe (∆σDP); 

Detail D1b: the bending stresses and their resulting stress ranges at the through web’s outer side 

at the weld toe are relevant (∆σLR,D1); only relevant at bridge decks with closed longitudinal ribs; 

 

• Detail D2: the welded connection of the longitudinal rib to the cross girder; the stresses and 

their resulting stress ranges at the bottom end of the weld of the longitudinal rib in longitudinal 

bridge direction are relevant (∆σLR, see Figure 9); 

 

• Detail D3: the welded connection of the cross girder to deck plate, especially in the local area 

of the cross girder’s field connection; the principal stresses in the cross girder’s web at the weld 

toe are relevant (see Figure 21); 

 

Figure 9 shows a schematic drawing of the analysed orthotropic steel bridge decks and the critical notch 

details D1 and D2. Figure 9.a illustrates the bridge deck with open longitudinal ribs and Figure 9.b 

shows the bridge deck with closed longitudinal ribs. 
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Figure 9: overview of the analysed critical notch details on an orthotropic steel deck; a.) with open 

longitudinal ribs; b.) with closed longitudinal ribs 

 

All analysed notch details D1a, D1b, D2 and D3 are described in detail in the following Sections 2.4.2 

to 2.4.5. 

 

 Detail D1a: Welded connection of longitudinal rib to deck plate – Fatigue cracks in the 

deck plate  

Detail D1 represents the welded connection of the longitudinal rib to the deck plate. Within this thesis, 

the detail has been split into detail D1a and D1b. Both details represent the same welded connection but 

different points of interest have been taken into account for the numerical calculations of the stress 

ranges. At detail D1a, the stress ranges at the bottom side of the deck plate in transversal bridge direction, 

nearby the weld toe are relevant, where the crack initiation is expected. Figure 10 illustrates a crack in 

the deck plate along the trough rib’s web with a length of approximately 650mm [28]. The crack 

initiation was on the deck plate’s bottom side. Hence the crack has grown through the whole thickness 

a.) 

b.) 

∆σLR,D1 
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of the steel deck plate which leads to a critical lack of bending stiffness of the deck plate in that local 

area. 

 

 

Figure 10: detail D1a  - crack in the deck plate at orthotropic steel decks with trough ribs [28] 

 

This specific notch detail has been analysed at orthotropic steel decks with open as well as closed 

longitudinal ribs. Section 2.4.2.1 gives a detailed description of the detail D1a at bridge decks with open 

longitudinal ribs and Section 2.4.2.2 describes detail D1a at bridge decks with closed longitudinal ribs. 

 

At steel decks with trough ribs, the most frequent observed deck plate crack is located at the cross girder, 

respectively the crossbeam connection which is illustrated in Figure 11 [28]. This location of the deck 

plate crack is only present at steel decks with continuous trough longitudinal ribs passing through the 

cross girders with an additional cope hole. High stress peaks arise in the area of the cope holes due to 

the difference of the deck plate’s bending stiffness. Directly above the cross girder’s web, the deck plate 

is supported rigidly in vertical direction (see Figure 12, Section A-A). In the area of the cope hole (within 

the trough rib), the deck plate is deformable in vertical direction and is spanned between the trough rib 

webs. A detailed determination of the fatigue assessment referring to this notch detail under 

consideration of a simplified calculation model in combination with a modified fatigue load model and 

the application of fracture mechanics is given in [27]. 

An important part of this thesis is the determination and evaluation of the influence regarding to a lateral 

shift of the heavy vehicles and therefore a decisive location is necessary for detail D1a. Based on this 

both positions in longitudinal direction which are shown in Figure 11 have to be analysed. Position 1, 

at Section A-A, directly above the cross girder and Position 2, somewhere between the cross girders. 

Further investigations showed, that the location of detail D1a in a distance of eLR away from the cross 

girder is decisive for Position 2 in the case of open stiffeners. For more detailed information see Section 

3.3.1. This is in contrast to observations for orthotropic decks with closed longitudinal ribs, where 

Position 1 (see also Figure 12) is decisive (maximum stress cycles Δσ). 
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Figure 11: detail D1a  - observed locations of crack in the deck plate at orthotropic steel decks with 

trough ribs [28] 

 

With regard to a lateral load shifting at steel decks with trough ribs (different position of individual 

lorries in transverse direction, within the lane), the influence lines for the bending moment MI at the 

trough web to deck plate connection have to be analysed. Figure 12 shows these transversal influence 

lines MI for both positions in a schematically drawing for deck plate bending in transverse direction, 

ignoring the bending stiffness of the web of the longitudinal rib. The deck plate is simplified modelled 

as beam element. At Position 1, the deck plate is rigidly supported in vertical direction where the cross 

girder’s web is located (see Figure 12). By comparing the influence lines in Figure 12, it can be 

recognised that the influence line referring to Position 2 has a much wider influence region than the one 

referring to Position 1. Therefore, this section was studied and not the relevant section directly at the 

cross beam (maximum stress cycles). 

 

Figure 12: detail D1a  - influence lines for the deck plate’s support moment MI in transverse direction 

relating to Section A-A (directly above cross girder) and Section B-B (distanced eLR away from the 

cross girder) 

A 

A 

B 

B 

crossbeam 

Position 1 – Section A-A: deck plate directly above the cross girder 

Position 2 – Section B-B: deck plate distanced eLR away from the cross girder 

I 

Influence line for MI 

Influence line for MI 
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For Position 1, the maximum bending moment in section I occurs due to a load position at midspan 

between the through webs. The curve is decreasing quickly and a load position out of this local region, 

above the considered cope hole, has nearly no influence to the bending moment MI. For Position 2, the 

observed influence region referring to MI is twice times wider than at Position 1. The influence line 

indicates maximum bending moment at the left and right sided field relating to the observed section I. 

Hence, Position 2 delivers worse stress spectra at detail D1a when the wheel load is shifting in transverse 

direction and is therefore decisive relating to further analyses regarding to the above mentioned effect.  

 Orthotropic deck with open longitudinal ribs (model A) 

Detail D1a at orthotropic steel bridge decks with open longitudinal ribs is shown in Figure 13 with its 

flat steel longitudinal rib (LR) and the deck plate with its thickness tDP. The welded connection of these 

two parts is conducted as double sided fillet weld and the relevant stress range ∆σD1a, due to transverse 

bending of the deck plate, at the bottom side of the deck plate is marked in the drawing.  

 

Figure 13: detail D1a at orthotropic steel decks with open longitudinal ribs 

 Orthotropic deck with closed longitudinal ribs (model B and C) 

Detail D1a at orthotropic steel bridge decks with closed longitudinal ribs is shown in Figure 14 with its 

longitudinal trough rib and the deck plate with its thickness tDP. The welded connection of the through 

web to the deck plate is conducted as full penetration weld with a ≈ tw,LR and the relevant stress range 

∆σD1a at the bottom side of the deck plate is marked in the drawing.  

t
DP

 

∆𝜎𝐷1𝑎 

Longitudinal rib 

Deck plate 
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Figure 14: detail D1a at orthotropic steel decks with closed longitudinal ribs 

 

 

 Detail D1b: Welded connection of longitudinal rib to deck plate – Fatigue cracks in the 

trough web 

Detail D1b at orthotropic steel bridge decks with closed longitudinal ribs is shown in Figure 15 with its 

longitudinal trough rib and the deck plate with its thickness tDP. This detail D1b is only relevant at closed 

longitudinal ribs because of its torsional stiffness, which leads to vertical stresses in the longitudinal rib. 

The welded connection of the through web to the deck plate is conducted as full penetration weld with 

a ≈ tw,LR and the relevant stress range ∆σD1b at the outer side of the through web  is marked in the drawing.  

Longitudinal rib 

Deck plate 

Cross girder 

∆𝜎𝐷1𝑎 

tDP 

tw,LR 
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Figure 15: detail D1b at orthotropic steel decks with closed longitudinal ribs 

 

 Detail D2: Welded connection of the longitudinal rib to the cross girder – Fatigue cracks in 

the longitudinal rib 

Detail D2 represents the welded connection of the longitudinal rib to the cross girder. Generally, the 

design of this connection can be split in two different types: 

 

a.) Continuous longitudinal ribs passing through the cross girders, with or without an additional cope 

hole in the cross girder’s web (there is also a big variation in the geometry of the cope hole); 

 

b.) Discontinuous longitudinal ribs fitted into the crossbeam intervals; 

 

Discontinuous longitudinal stiffeners are welded in between the crossbeams which leads to a reduced 

fatigue strength. In this thesis only the construction design with continuous longitudinal ribs passing 

through the cross girders with cope holes in the cross girder’s webs is considered. Both types of 

longitudinal ribs (open and closed longitudinal ribs) have been taken into account. Figure 16 illustrates 

the different construction designs referring to the welded connection of the longitudinal rib to the cross 

girder [45].  

 

 

Longitudinal rib 

Deck plate 

Cross girder 

∆𝜎𝐷1𝑏 

t
DP

 

t
w,LR
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Figure 16: detail D2 – typical construction design of trough to cross girder connection [45] 

 

 Orthotropic deck with open longitudinal ribs (model A) 

Detail D2 at orthotropic steel bridge decks with open longitudinal ribs is shown in Figure 17 with its flat 

steel longitudinal rib (LR) and the cross girder (CG). Only the case of a continuous longitudinal rib was 

studied. The welded connection of these two parts is conducted as double sided fillet weld and the 

relevant stress range ∆σD2 (note: toe crack was studied, as it was observed in fatigue tests [52]) at the 

appropriate side of the longitudinal rib is marked in the drawing.  

 

Note: More frequently, the longitudinal rib is welded to the web of the cross girder on both sides; this 

more beneficial solution (note: no eccentricity of the shear force leads to a reduced out of plane bending) 

is not studied in this thesis. 

 

Figure 17: detail D2 at orthotropic steel decks with open longitudinal ribs 

𝑡𝐷𝑃  𝑡𝐷𝑃  
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 Orthotropic deck with closed longitudinal ribs (model B and C) 

Detail D2 at orthotropic steel bridge decks with closed longitudinal ribs is shown in Figure 18 with its 

longitudinal trough rib and cross girder. The welded connection of the through web to the web of the 

cross girder is conducted as double sided fillet weld and the relevant stress range ∆σD2 for a weld toe 

failure at the outer side of the trough web at the bottom of the weld is marked in the drawing.  

 

Figure 18: detail D2 at orthotropic steel decks with closed longitudinal ribs 

 

 

 Detail D3: Welded connection of the cross girder to the deck plate near a field connection – 

Fatigue cracks in the cross girder’s web 

Detail D3 represents the welded connection of the cross girder’s web to the deck plate in the local area 

of the cross girder’s field connection. Figure 19 shows a cross section of a highway bridge in Austria. 

In this picture the field connections of the cross girder between the main girders MG-A and MG-B are 

marked and noted from Joint I to Joint III. Joint I and III are located nearby the main girders and Joint 

II is located at midspan between the main girders. Because of the identical position, close to a main 

girder, Joint I and III are summarised for the analyses to Joint I/III.   

 

LR CG 
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Figure 19: detail D3 – overview of field connections in cross girders at orthotropic steel decks with 

open longitudinal ribs (joint I, II and III) 

Figure 20 illustrates the field connection Joint II on site where the cross girder, the flat steel longitudinal 

ribs and the deck plate can be seen in the local area of the bolted connection. The web of the cross girder 

is completely interrupted by the longitudinal ribs and their cope holes with the resulting region, named 

as “cross girder tooth”, which is additionally marked in Figure 20. As it can be seen in the picture, the 

welded connection of the cross girder’s web to the deck plate (detail D3) is also interrupted in this field 

because of the field connection and the deck plate connection has a butt weld with a permanent backing 

bar below.  

 

Figure 20: detail D3 – welded connection of cross girder to deck plate near field connection 
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Figure 21 illustrates the modelled connection of joint I/III near the main girders. A weld toe failure was 

analysed here, based on some observed cracks at the bridge deck. The welded connections of the cross 

girder tooth to the deck plate are usually executed as double sided fillet weld. The regions I to IV were 

studied in detail in the analyses and the maximum principal stresses due to the appropriate vehicle type 

according to fatigue load model FLM 4 occur at point A. The direction of the occurring principal stresses 

in point A is also plotted in Figure 21. Additionally, point B and C are marked and the occurring stresses 

there in relation to the maximum in point A is indicated. In point B, 45% and in point C, 75% of the 

stresses related to point A occur due to the decisive lorry type T2 (FLM 4 see Figure 24) on its critical 

load position  (see Figure 81 and for more details see [3]). 

  

 

Figure 21: detail D3 – joint I respectively joint III, critical points and direction of max. Principal 

stresses ∆σ 

 

Figure 22 shows the modelled connection of joint II at midspan between the main girders. The welded 

connections of the cross girder tooth to the deck plate are also executed as double sided fillet weld, but 

the weld geometry itself was not implemented in the finite element model. The regions I to IV were 

studied in detail in the analyses. The maximum principal stresses referring to joint II due to the 

appropriate vehicle type according to fatigue load model FLM 4 occur at point D which are 70% related 

to point A of joint I/III. The direction of the occurring principal stresses in  point D is also plotted in 

Figure 22. Additionally, point E and F are marked and the occurring stresses there in relation to the 

region I region II region III MG-A region IV 

Point A (σmax) 
Point B (0,45∙σmax) 

Point C (0,75∙σmax) 

joint I/III 

(near Main girder) 

∆𝜎 
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maximum in point A (see joint I/III in Figure 21) is indicated. In point E, 50% and in point F, 40% of 

the stresses related to point A occur (for more details see [3]). 

 

 

Figure 22: detail D3 – joint II, critical points and direction of max. Principal stresses ∆σ; stress level 

based on Point A in joint I/III 
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2.5. Fatigue load models according to Eurocode 1 

The actual fatigue load models for fatigue assessment of road- and highway bridges according to the 

Eurocode 1 [1] is presented in this Section. For the application of the nominal stress concept, fatigue 

load model FLM 3 with its fictive four-axle vehicle (see Figure 23) and the damage equivalent factors 

λ is usually used. This load model is commonly used for the fatigue assessment of the main girders of 

bridges because of its ease of use. But for the application of this load model the availability of the 

appropriate λ-factors is necessary. For the fatigue assessment at the very local details on an orthotropic 

steel bridge deck FLM 3 does not deliver appropriate results because of the fictive wheel patch areas for 

each axle (see also Figure 24 for FLM 4). The occurring stresses in the details are strongly dependent 

on the axle loads of the heavy vehicles as well as the wheel load geometries within an axle. Therefore, 

a more accurate load model with more realistic wheel geometries and axle loads is necessary. Fatigue 

load model FLM 4 includes 5 different lorry types and within a single vehicle 3 different axle types are 

indicated. This load model FLM 4 is much more detailed than FLM 3, so that it is appropriate for fatigue 

assessment of the very local details on an orthotropic bridge deck. Fatigue load model FLM 4 has also 

the possibility to adapt the axle loads and gross weights with weigh in motion measurements (called 

FLM 4* in this work). Fatigue load model FLM 2 is based on the same lorry and axle types as FLM 4, 

but higher axle loads and gross weights are indicated. 

Fatigue load model FLM 3 is described in detail in Section 2.5.1 and the similar fatigue load models 

FLM 4, FLM 4* and FLM 2 are explained in Section 2.5.2. 

 Fatigue load model FLM 3 with one fictive vehicle and damage equivalent factors λ  

The fictive vehicle of fatigue load model FLM 3 and its exemplary application on a girder bridge with 

2 spans is illustrated in Figure 23. 

 

Figure 23: fatigue load model FLM 3: a.) fictive vehicle, geometry and axle loads; b.) exemplary 

schematic presentation of the application of FLM 3 for a girder bridge with 2 spans; 

Vehicle FLM 3 

∆𝜎𝐹𝐿𝑀3 = ∆𝜎𝑝 = ห𝜎𝑝,𝑚𝑎𝑥 − 𝜎𝑝,𝑚𝑖𝑛ห 

∆𝜎𝐸,2 = 𝜆 ∙ ∆𝜎𝑝 ≤ ∆𝜎𝑐 

influence line for the bending 

moment in section m 

a.) b.) 
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Figure 23.a shows the geometrical dimensions of the fictive vehicle with its 4 axles that have an interval 

of 1.20 and 6.0m, where every axle consists of 2 wheels with a wheel contact area of 40 x 40 cm. Every 

axle has a load of FA = 120 kN. A simulation of the crossing of this vehicle over the bridge structure 

should be done in the most critical lane and the occurring maximum and minimum stresses (σp,max and 

σp,min) in the analysed detail have to be determined. Alternatively, the vehicle has to be positioned on 

the appropriate locations for calculating the maximum and minimum stresses in the detail. As example 

Figure 23.b shows the application of FLM 3 on a girder bridge with 2 spans referring to detail m in the 

left span. The influence line for the bending moment is plotted as a sketch referring to section m. Under 

the approach of a constant section modulus Wy through the whole beam length the influence line for the 

bending moment My,i is equivalent to the influence line for the longitudinal normal stresses (σx,i = 

My,i/Wy). The vehicle positions for the maximum occurring stress σp,max and the minimum occurring 

stress σp,min can be seen in Figure 23.b. The constant amplitude stress range ∆σFLM3 relating to a crossing 

of the fictive vehicle from FLM 3 can be calculated (see Equation 1). 

 

For fatigue assessment it is necessary to determine a damage equivalent constant amplitude stress range 

∆σE,2 relating to 2 Mio. number of cycles which is displayed in Equation 2. This determination of ∆σE,2 

needs the availability of a damage equivalent factor λ, that is shown in Equation 3. This factor λ consists 

of 4 different parameters λ1 to λ4, which include several effects like span length of the girder, traffic 

volume and consideration of interaction between opposite lanes. A detailed explanation of all parameters 

for λ can be found underneath Equation 3. The verification relating to the fatigue assessment has to done 

according to Equation 4.  

 

Fatigue assessment: 

 

∆𝜎𝐹𝐿𝑀3 = ∆𝜎𝑝 = ห𝜎𝑝,𝑚𝑎𝑥 − 𝜎𝑝,𝑚𝑖𝑛ห Equation 1 

 

∆𝜎𝐸,2 = 𝜆 ∙ ∆𝜎𝑝 ≤ ∆𝜎𝑐 Equation 2 

 

𝜆 = 𝜆1 ∙ 𝜆2 ∙ 𝜆3 ∙ 𝜆4 ≤ 𝜆𝑚𝑎𝑥 Equation 3 

 

λ1  factor for the damage effect of traffic which depends on the length of the critical influence line 

or area 

λ2 factor for the traffic volume  

λ3  factor for the design life of the bridge 

λ4  factor for the traffic on other lanes 

λmax  is the maximum λ-value taking account of the fatigue limit ΔσD 
 

𝛾𝐹𝑓 ∙ ∆𝜎𝐸,2 ≤
∆𝜎𝑐

𝛾𝑀𝑓
 Equation 4 
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The recommendation according to the actual Eurocode [1] referring to the partial factor for the action 

effects specifies γFf = 1.0. The recommended values for the partial factor γMf referring the fatigue strength 

according to the Eurocode [4] are plotted in Table 3. 

 

Table 3: recommended values for partial factor γMf according to EN 1993-1-9 [4] referring to fatigue 

strength 

assessment 
method 

consequence of failure 

low consequence high consequence 

damage tolerant 1.00 1.15 

safe life 1.15 1.35 

 

 

 Fatigue load models FLM 4, FLM 4* and FLM 2 with realistic vehicles 

For fatigue assessment of such very local details like the ones on orthotropic steel bridge decks (detail 

D1, D2 and D3 described in Section 2.4.2 to 2.4.5), fatigue load model FLM 3 (see Section 2.5.1) does 

not deliver appropriate results because of its unrealistic, fictive vehicle [1]. Therefore, the Eurocode 

recommends fatigue load model FLM 4 which is presented in terms of a table in Figure 24. 

 

type lorry type 

axle 

spacing 

[m] 

wheel 

type resp. 

axle type 

lorry 

percentage 

𝒏̅𝒊 [%] 

FLM 4* FLM 4 FLM 2 

𝑨𝒊 𝑮𝒕𝒐𝒕 𝑨𝒊 𝑮𝒕𝒐𝒕 𝑨𝒊 𝑮𝒕𝒐𝒕 

T1 

 

4.50 A 20 49,7 

92,3 

142 

(71%)* 

70 

130 
200 

90 

190 
280  B  

T2 

 

4.20 A 5 61,6 

105,7 

105,7 

273 

(88%)* 

70 

120 

120 

310 

80 

140 

140 

360 1.30 B  
 B  

T3 
 

3.20 A 50 
51,4 

110,2 

66,1 

66,1 

66,1 

360 

(73%)* 

70 

150 

90 

90 

90 

490 

90 

180 

120 

120 

120 

630 

5.20 B  

1.30 C  

1.30 C  
 C  

T4 
 

3.40 A 15 
52,1 

104,1 

66,9 

66,9 

290 

(74%)* 

70 

140 

90 

90 

390 

90 

190 

140 

140 

560 
6.00 B  

1.80 B  
 B  

T5 

 

4.80 A 10 
49,9 

92,7 

64,2 

57,1 

57,1 

321 

(71%)* 

70 

130 

90 

80 

80 

450 

90 

180 

120 

110 

110 

610 

3.60 B  

4.40 C  

1.30 C  
 C  

* percentage of FLM 4  

Figure 24: fatigue load models FLM 4, FLM 4* and FLM 2 
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As illustrated in Figure 24, there is a differentiation in 5 lorry types. There is also a variation of the axle 

geometry within a single vehicle where 3 different axle types are stated. These 3 axle types are shown 

in Figure 25 where axle type A and C are the single and axle type B is the double wheeled one. By 

taking a closer look at the table in Figure 24 it can be noted that axle type A is always the leading axle, 

axle type B with its twin tyres is the driving axle and axle type C is used for the axles of the trailers. 

 

Figure 25: fatigue load models FLM 4, FLM 4* and FLM 2: 3 different axle types A, B and C 

 

The fatigue load model FLM 4, presented in Figure 24 also includes specifications according to the 

frequency of occurrence and the plotted values are in relation to highway routes with long distances. 

Therefore, lorry type T3, the articulated lorry has the highest value of 50%. The axle loads of each lorry 

type as well as the gross weights are presented in Figure 24, where again lorry type T3 has the highest 

values. The axle load of the driving axle referring to lorry type T3 is FA = 150 kN and the gross weight 

of T3 is Gges = 490 kN.  

The stated values in this table for the axle loads and gross weights are very high in relation to the actual 

highest permissible total weights and axle loads in Central Europe, but they also consider future traffic 

developments. In Austria, the actual highest permissible total weight of articulated lorries (lorry type 

T3) has a value of 380 kN and the highest permissible axle load is actually 115 kN for driving axles and 

100 kN for all other axles [46]. The highest permissible total weight for vehicles with 5 or 6 axles has 

in Germany a value of 400 kN and the legal requirements according to the highest axle loads are equal 

to Austria [47]. 

Therefore, the fatigue load model FLM 4 according to Eurocode gives the opportunity to adapt the 

parameters for the axle loads and gross weights based on weigh in motion measurements. Figure 24  

presents FLM 4*, where the indicated values have been adjusted based on weigh in motion 
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measurements on a very high frequented highway road in Austria, near Vienna [44]. This load model 

FLM 4* is also suitable for the determination of the fatigue damage of existing steel bridges if additional 

measurements for a verification of the stress spectra are done (proof of overloads, dynamic effects, etc.). 

Otherwise the calculations are too conservative. 

The highest values for axle loads and gross weights are obtained by fatigue load model FLM 2, which 

is also illustrated in the table at Figure 24. This fatigue load model leads to a fatigue endurable design 

of the analysed notch detail on new bridge projects under consideration of an increasing development 

regarding to the heavy traffic loads. This load model is also reasonable for fatigue assessment of an 

existing bridge after strengthening, when any future damage is unacceptable. 

In addition to the detailed specifications presented in Figure 24 relating to the fatigue load models FLM 

4, FLM 4* and FLM 2, the consideration of a load distribution through the thickness of the asphalt 

pavement is available which could be confirmed by numerical studies [34]. Within this numerical studies 

a load distribution angle of 45° could be verified. More conservative recommendation for this load 

distribution is given by de Jong [28]. In his thesis a non-uniformly distributed trapezoidal shape of the 

contact pressure on the deck plate is indicated based on numerical simulations at a 2D finite element 

model which is illustrated in Figure 26.a. At the implemented FE-model, the bottom nodes were 

restrained in all directions and no flexibility due to the orthotropic steel deck was considered. The 

recommendation for the load distribution which is plotted in Figure 26.b, is based on the calculated 

vertical stresses at the bottom line of the model. 

 

 

Figure 26: recommended load distribution according to de Jong [28] a.) local FE-model; b.) stresses 

in vertical direction at bottom line;   

a.) 

b.) 
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This assumptions seem to be very conservative for stress calculations, because of the assumed rigid 

support of the plate in the model of Figure 26, in the orthotropic deck and therefore numerical studies 

under consideration of the steel deck’s flexibility and a variation of the asphalt stiffness have been done 

[34]. The evaluation of the load distribution has been done based on the occurring stresses in the 

analysed notch details (detail D1a and D2). An evaluation based on the vertical stresses seems to be not 

sufficient for this case. Figure 27 shows the 2 defined 3D FE-models regarding to the mentioned 

analyses with its geometrical dimensions, element types, interaction and boundary conditions. FE-model 

L2, which consists of the steel deck only and FE-model L2m, which includes also a pavement. At FE-

model L2, the wheel load patch was applied directly on the steel deck. First, axle type B and C were 

applied with the dimensions according to the Eurocode [1] (see Figure 25). The result for detail D1a due 

to axle type B is exemplary shown in Figure 28 (model L2-b0, maximum occurring stress σD1a = -166 

N/mm²). In a second step, the wheel load patch was extended based on a load distribution through the 

thickness of the asphalt with an angle of 45°. The result for detail D1a due to the extended wheel load 

patch of axle type B is also shown in Figure 28 (model L2-b0+Δb, maximum occurring stress σD1a = -

95.9 N/mm²). In a third step, an asphalt layer with a thickness of 7cm was applied (model L2m). Based 

on [40], 2 different asphalt Young’s Modulus were taken into account as border line cases (Easphalt,summer 

= 600 N/mm² for T = 40°C and E asphalt,winter = 10,000 N/mm² for T = 0°C). (note: only the results for the 

decisive “summer case” are shown, leading to the highest stress cycles Δσ) At model L2m, also a 

variation of the composite interaction between steel and pavement has been performed in the FE-model 

by border line case observation (with and without composite action). (note: the case with composite 

action means a rigid interface between steel deck and asphalt layer). For model L2m (both interface 

conditions), the wheel load geometry of axle type B and C according to the Eurocode [1] (see Figure 

25) was applied. The maximum occurring stress in detail D1a due to axle type B is exemplary shown in 

Figure 28 for Easphalt,summer = 600 N/mm² (model L2m with composite action: σD1a = -63.3 N/mm²; model 

L2m without composite action: σD1a = -94.4 N/mm²). 

 

Figure 27: limited local FE-models for studying the effect of the asphalt layer [34] 

Continuum elements  
C3D20R 

Shell to solid coupling 

C3D20R 

Shell elements  

S8R 
with composit action: rigid tie of the elements; without composite action: “hard 

contact” in vertical direction and “frictionless” in horizontal direction 
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The occurring stresses of the numerical calculations, referring to detail D1a due to axle type B with an 

axle load of FA = 100kN (Easphalt,summer = 600 N/mm²), are displayed in Figure 28.  

 

 

Figure 28: limited local FE-models for studying the effect of the asphalt layer [34] 

By comparing the results in Figure 28, it can be recognised that the consideration of a load distribution 

angle of 45° through the asphalt thickness delivers at the steel deck model without pavement the same 

stresses in the notch detail as at the model with pavement (asphalt’s E-Modulus for hot summer days 

and no composite action). For cold conditions of the asphalt layer, the stresses in the steel deck will 

therefore still be overestimated by this model (see Figure 29), leading to a conservative result. 

This load distribution with an angle of 45° through the pavement’s thickness leads to an extended wheel 

contact patch and respectively a reduced surface pressure on the steel deck. Figure 29 shows the 

consideration of this positive effect in a schematic drawing. 

 

 

Figure 29: fatigue load models FLM 4, FLM 4* and FLM 2: extended wheel contact area under 

consideration of a load distribution through the thickness of the asphalt 
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Even when a fairly precise numerical study is carried out which may use realistic data of traffic loads 

(see FLM 4* in Figure 24), the real position of the individual lanes as well as the effect of the asphalt 

layer in summer by using an increased wheel contact area, a calculation of fatigue damage and remaining 

fatigue life always leads to a big scatter of possible service life predictions (uncertainties in dynamic 

effects, additional lorry types, different lane positions, etc.). Therefore, in practical cases, it is useful to 

make measurements for the stress spectra in service at representative details and to compare these 

measurements with the numerical predictions. It is also useful to make these measurements on hot 

summer days, as well as on colder conditions (e.g. at night), in order to show the effect of the asphalt 

layer at different temperatures. During the time of measurement of the stress spectra, it is also necessary 

to count the numbers of the different lorry types in the individual lanes. On this basis, it is possible to 

calculate numerical stress spectra, which are comparable with the measured ones referring to different 

details at the bridge deck. During the bridge assessment project in [44], measurements were done on 28 

test points, including the deck plate (strain gauges at the bottom) and the longitudinal ribs. As an 

example, Figure 30 shows the results of the stress spectra at the bottom of a longitudinal rib at mid span 

between two cross girders. The shown numerical stress spectrum doesn`t include any dynamic effects. 

Based on the analyses of all these measurements (calculation of equivalent stress spectra Δσe,numerical and 

Δσe,measure and comparison) , it was possible to show that - up to now - the numerical model gives 

sufficient conservative results for a realistic remaining fatigue life prediction. 

 

 

Figure 30: comparison of stress spectra at longitudinal rib’s midspan (bottom) – measurements versus 

numerical model [44] 

 

By taking a closer look at the stress spectra in Figure 30, it can be recognised that the numerically 

calculated maximum stress ranges match approximately with the measured ones. At 101 load cycles, the 

measured stress ranges are beginning to decrease which leads to a more saturated numerical stress range 

spectrum (reduced equivalent stress range e). This observation can be declared by the lateral deviation 
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of the heavy vehicles from the ideal track position which leads to reduced stresses in the detail. 

Therefore, the lower measured stress ranges must not be seen as lower axle loads of the lorries. 

 

Under consideration of these analyses and measurements (on 28 details), fatigue load model FLM 4* 

produces sufficient results referring to a verification of the fatigue damage on existing orthotropic steel 

decks. On this account, FLM 4* was considered in this thesis for the damage calculation in the past. The 

recommended fatigue load models according to the Eurocode [1], FLM 4 and FLM 2, include dynamic 

effects as well as future traffic development relating to the vehicle’s axle loads. For this reason, these 

load models were considered for the calculation regarding to future damages at the steel deck. 

Furthermore, these load models also have benefits in its ease of use and can be modified very well based 

on weigh in motion measurements which make an application very adaptable and practicable. Also the 

effect of an increased wheel contact patch due to a load distribution through the asphalt layer of 45° is 

appropriate. Additionally, FLM 4 was considered in this thesis for investigations relating to the fatigue 

effect due to a lateral shifting of the lorries. 

 

 

2.6. General approach of fatigue assessment according Eurocode 

Figure 31 shows a schematic illustration of the fatigue assessment according to the Eurocode [4] using 

the appropriate S-N (stress range relating to number of cycles) curve. Equation 5 illustrates the function 

for the S-N curves. For example, 3 different stress ranges are plotted in the drawing and the damage Di 

of each stress range can be calculated with the ratio of the number of cycles ni in relation to the maximum 

allowable number of cycles Ni (Di = ni/Ni). The summed up damage in the notch detail can be determined 

based on a linear damage accumulation according to the modified Miner hypotheses with a gradient of 

m = 3 for ∆σi ≥ ∆σD and a gradient of m = 5 for ∆σD > ∆σi > ∆σL. This damage accumulation is shown 

in Equation 6, as well as the assumption for the calculation of an damage equivalent constant amplitude 

stress range ∆σe. 

 

The third stress range in Figure 31 ∆σ3 has no fatigue damage because of its low value under the cut off 

limit ∆σL. The first stress range ∆σ1 has a value above ∆σD and has to be considered as fully damaging, 

which means the usage of the S-N curve with a gradient of m = 3. The second stress range ∆σ2 has a 

lower value than ∆σD but this value is even higher than the cut off limit ∆σL. So this stress range ∆σ2 

has to be considered by using the S-N curve with a gradient of m = 5, which leads to less damage 

compared to the usage of the S-N curve with m = 3. 
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Figure 31: general approach of fatigue assessment according to Eurocode (S-N curve and stress 

range spectrum) 

 

∆𝜎𝑖
𝑚 ∙ 𝑁𝑖 = ∆𝜎𝐷

𝑚 ∙ 𝑁𝐷 Equation 5 

For ∆σi ≥ ∆σD:               ∆𝜎𝑖
3 ∙ 𝑁𝑖 = ∆𝜎𝐷

3 ∙ 𝑁𝐷  

For ∆σD > ∆σi > ∆σL:     ∆𝜎𝑖
5 ∙ 𝑁𝑖 = ∆𝜎𝐷

5 ∙ 𝑁𝐷 

With ND = 5 ∙ 106 

𝐷𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 = ∑
𝑛𝑖

𝑁𝑖
   + ∑

𝑛𝑗

𝑁𝑗
  

∆𝜎𝐷 >  ∆𝜎𝑗 > ∆𝜎𝐿∆𝜎𝑖  >  ∆𝜎𝐷

 =   𝐷𝑒(∆𝜎𝑒)  =   
𝑛𝑒

𝑁𝑒
 Equation 6 

For ∆σi ≥ ∆σD:   𝑁𝑖 = (
∆𝜎𝐷

∆𝜎𝑖
)

3
∙ 5 ∙ 106 

For ∆σD > ∆σj > ∆σL:  𝑁𝑗 = (
∆𝜎𝐷

∆𝜎𝑗
)

5

∙ 5 ∙ 106 

 

∆σc …  constant amplitude fatigue strength at Nc = 2 ∙ 106; equal to detail category 

∆σD … Constant amplitude fatigue limit at ND = 5 ∙ 106 

∆σL … Cut-off limit at NL = 1 ∙ 108 

 

With the assumption from Equation 6 and a transformation, the damage equivalent constant amplitude 

stress range ∆σe can be calculated in relation to an individual number of cycles ne (see Equation 7). 

 

∆𝜎𝑒 = √( ∑ ∆𝜎𝑖
3 ∙ 𝑛𝑖

∆𝜎𝑖>∆𝜎𝐷

+
1

∆𝜎𝐷
2 ∙ ∑ ∆𝜎𝑗

5 ∙ 𝑛𝑗

∆𝜎𝐷>∆𝜎𝑗>∆𝜎𝐿

) ∙
1

𝑛𝑒

3

 Equation 7 

 

The constant amplitude stress range ∆σe is relating to a constant linear SN curve with m = 3 that has no 

cut off limit (see right picture in Figure 31), because these effects (partial damage with m = 5, cut off 

limit) are already included within Equation 7. Therefore, it is also applicable if e > D. For the shown 

spectrum in Figure 31: 
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∆𝜎𝑒 = √(∆𝜎1
3 ∙ 𝑛1 +

1

∆𝜎𝐷
2 ∙ ∆𝜎2

5 ∙ 𝑛2) ∙
1

𝑛𝑒

3

 

 

The fatigue assessment based on the fatigue strength ∆σc relating to Nc = 2 ∙ 106 load cycles is shown in 

Equation 4 (see Section 2.5.1). Therefore, the damage equivalent constant amplitude stress range ∆σe 

has to be calculated according to Equation 7 for ne = 2 ∙ 106 number of load cycles. This leads to: 

 

∆𝜎𝐸,2 = ∆𝜎𝑒 ∙ √
𝑛𝑒

2 ∙ 106

3
 

 

Alternatively, the fatigue assessment can also be done based on the damage accumulation, according to 

Equation 6. The summed up damage D must not exceed the value 1.0 (Dspectrum ≤ 1.0). 

 

The calculation of the damage according to the modified Miner hypotheses with the stress ranges in 

Figure 31 is exemplary presented below: 

𝐷 =
𝑛1

𝑁1
+

𝑛2

𝑁2
+

𝑛3

𝑁3
 

∆σ1 > ∆σD:  ∆σ1
3 ∙ N1 = ∆σD

3 ∙ 5 ∙ 106  𝑁1 = (
∆𝜎𝐷

∆𝜎1
)

3
∙ 5 ∙ 106 

∆σD > ∆σ2 > ∆σL: ∆σ2
5 ∙ N2 = ∆σD

5 ∙ 5 ∙ 106  𝑁2 = (
∆𝜎𝐷

∆𝜎2
)

5
∙ 5 ∙ 106 

∆σ3 < ∆σL:  D3 = 0     𝑁3 = ∞ 

 

 

The fatigue assessment referring to any detail can be done according to the following steps: 

 

1. Determination of the occurring stresses in the detail via heavy traffic simulation by using an 

appropriate fatigue load model (FLM 4, FLM 4* or FLM 2, see Figure 24), respectively 

determination of stress histories for every lorry crossing; 

2. Determination of stress ranges for each lorry type based on the stress histories by using an 

appropriate cycle counting method like Rain flow- or Reservoir method; 

3. Creation of a stress range spectrum for the analysed detail via size dependent arrangement of the 

counted stress ranges under consideration of the frequency percentage of each lorry type according 

to the chosen fatigue load model (recommendation of Eurocode [1], see Figure 24 or measured 

traffic data); the stress range spectrum can first be related to any desired number of lorries (for 

example nlorries = 100); 

4. Fatigue classification of the analysed detail and selection of the appropriate S-N-curves which is 

defined by ∆σc, the constant amplitude fatigue strength at Nc = 2 ∙ 106; 
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5. Calculation of a damage equivalent constant amplitude stress range ∆σe under consideration of 

Equation 7 relating to ne load cycles (for example ne = nlorries = 100) referring to the appropriate 

detail category with its fatigue strength ∆σc at Nc = 2 ∙ 106 (respectively ∆σD at ND = 5 ∙ 106); 

6. Scaling respectively stretching of the equivalent constant amplitude stress range ∆σe under 

consideration of the total number of lorries in the main lane referring to the observed time period;  

(Note: assumption that stress cycles of other lanes can be ignored) Figure 32 exemplary shows the 

total number of lorries referring to time period 1970 to 2020, based on measurements [44] (as 

example according to Figure 32: ne,total = nlorries,total = 49.2 ∙ 106); 

 

 

 

Figure 32: defined assumption referring to the number of lorries per year from 1970 to 2020 in the 

main lane (“SFZG”≙ lorry) 

 

7. Determination of the maximum allowable load cycles NR,e relating to the equivalent constant 

amplitude stress range ∆σe by using Equation 5 with the fatigue strength ∆σc referring to the 

appropriate detail category at Nc = 2 ∙ 106 load cycles and m = 3 (NR,e = (∆σc/∆σe)3 ∙ 2 ∙ 106); 

8. Calculation of the damage De,(∆σe) for the detail on the basis of Equation 6 and by considering the 

total number of lorries in the observed time period ne,total = nlorries,total and fatigue verification:  

De,(∆σe) = ne,total / NR,e ≤  1.0 

 

2.7. S-N detail classification of the critical details 

For fatigue assessment of any notch detail, a classification referring to the appropriate detail category is 

necessary. Recommendations for improved detail categories on orthotropic decks are shown in [45]. For 

the statistical analyses in [45] a wide range of data from the past was taken into consideration which 

were based on tests. Improved detail categories are given for the following details: i.) through to deck 

plate joint; ii.) through splice joint; iii.) trough to crossbeam joint; iv.) trough to deck plate and 

crossbeam joint; v.) crossbeam or longitudinal web to deck plate joint; vi.) butt joints in the deck plate. 

Exemplary for the detail through to deck plate joint, a fatigue strength of ∆σc = 125 N/mm² is proposed 

for a cracking in the deck plate relating to two million load cycles and based on nominal stresses [45]. 

For the detail trough to crossbeam joint (continuous trough to crossbeam joint with cope holes), a fatigue 
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strength of ∆σc = 125 N/mm² (failure of the trough web at the lower end of the weld) is proposed relating 

to two million load cycles and based on geometrical stresses (extrapolated to the weld toe in the web of 

the trough) [45]. Additionally, for the detail trough to deck plate and crossbeam joint (see Figure 11, 

cross section A-A – not considered in this work), a fatigue strength of ∆σc = 125 N/mm² is proposed 

relating to two million load cycles based on the geometric stress range Δσ at the weld root in the deck 

plate [45]. Within all studies and analyses of the chosen details D1 to D3, presented in Section 2.4, the 

structural stress method (hot spot stress method) was applied. This stress method considers increased 

stresses at the notch details due to the local geometric conditions. Nonlinearities due to the notch effect 

of the welded connection must not be taken into account at the stress analysis of the structural stress 

method. Recommendations according to the relevant detail category are given in the actual Eurocode 

[4] which are illustrated in Figure 33. The analysed details D1, D2 and D3 are classified in a simplified 

form with the requirements of detail category 100, which is marked in Figure 33. All analyses have been 

carried out under consideration of the S-N curve with a fatigue strength of ∆σc = 100 N/mm².  

 
Figure 33: detail categories for use of the geometric (hot spot) stress method according to [4] 
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2.8. Recommendations for fatigue assessment according to the IIW - documentation 

The actual Eurocode [4] proposes 3 different concepts for fatigue assessment: 

• Nominal stress concept 

• Structural stress or hot spot stress concept 

• Notch stress concept 

Within these 3 concepts there is a differentiation in the calculation of the stresses in the detail and the 

Eurocode recommends different detail categories depending on the chosen concept. Figure 34 shows a 

schematic illustration of the 3 different concepts for a T-joint.  

The nominal stress concept includes membrane and bending stresses in the member. The very local 

effects like changes of the member’s geometry or nonlinearities due to the notch effect of the weld are 

neglected in the stress calculation.  The structural stress concept includes the local geometric effects of 

the member and the calculated stresses are higher than the nominal stresses (see Figure 34). For this 

reason, the structure has to be modelled much more in detail by using an appropriate finite element 

method model. Specific indications regarding to the finite element mesh and its element types are given 

by the International Institute of Welding (IIW) in [48]. The structural stress concept ignores the 

nonlinear effects due to the notch effect of the weld. The notch stress concept includes the local 

geometrical effects of the structure as well as the notch effect due to the welded connection. Therefore, 

a very detailed finite element model is necessary to get accurate results, which contain much higher 

values than the results of the other concepts (cf. Figure 34). The higher stresses in the notch stress 

concept are verified with significant higher fatigue resistances (e.g. ∆σc = 225 N/mm², based on IIW 

[48]). 

 
Figure 34: schematic illustration of the 3 different stress calculation concepts according to IIW 

(nominal stress method, structural stress method and notch stress method) 
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In this thesis only the structural stress or hot spot stress concept was used for the stress calculation in 

the appropriate details and therefore, the other two concepts are not described in detail. The specific 

rules of the structural stress concept relating to the finite element model according to the 

recommendations from the IIW are described in this Section (adequate rules in Eurocode are missing). 

As shown in Figure 34, the stresses in section I, in front of the weld, should only include the geometrical 

effects of the structure and a linearized stress curve through the thickness of the steel plate should be 

reproduced to eliminate nonlinear effects. The IIW recommends a linear extrapolation of the stresses 

from two reference points at the appropriate surface to the analysed weld toe on the basis of  [35]. Figure 

35 illustrates these linear extrapolations as examples for different types of fatigue-critical welds and 

different finite element meshes (fine or coarse mesh).  

 

Figure 35: recommended extrapolation of surface or edge stresses to the hot spot in fine or coarse 

finite element meshes [35]: a.) surface weld toes with fine mesh; b.) surface weld toes with coarse 

mesh; c.) edge weld toes with fine mesh; d.) edge weld toes with coarse mesh; 

The three different types of weld toes A, B and C are shown in Figure 36 [35]: 

• the weld toes on the plate surface at the ends of attachments (type A) 

• the weld toes on the plate edge at the ends of attachments (type B) 

• the weld toes on the plate surfaces amid the weld along an attachment (type C) 

 

Figure 36: 3 types of fatigue-critical weld toes (type A, B and C) in plate-type reference structure 

proposed by Fricke [35] 
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The stresses at the analysed critical details, described in Section 2.4 have been calculated with the 

structural stress concept by using the linear extrapolation under consideration of the geometrical 

proposals for the reference points according to Figure 35.a (type C relating to Figure 36). The first 

reference point is located at a distance of 1.0 ∙ t relating to the weld toe and the second one is placed at 

a distance of 0.4∙ t relating to the weld toe, where t is the thickness of the analysed steel plate. 

For the stress linearization through the thickness of the steel plate a quadratic element type was chosen 

with reduced integration. More information about the finite element modelling can be found in Section 

3.2, where the analysed representative steel decks are described in detail. 

 

2.9. Constructional recommendations for orthotropic steel decks on road bridges according to 

the actual Eurocode 

The actual Eurocode [41] includes recommendations for light weight carriageways, such as orthotropic 

steel decks referring to the deck plate slenderness and a minimum bending stiffness of the longitudinal 

ribs.  

 

- Deck plate slenderness 

The thickness tDP of the deck plate is generally depending on the heavy traffic classification, 

respectively on the axle and gross weights of the heavy vehicles that frequently drive on the 

observed route. The national annex is allowed to define regulations of the deck plate thickness. The 

following list shows the general recommendations referring to road bridges: 

a.) Deck plate thickness in the area of the roadway 

tDP ≥ 14 mm relating to a pavement with a thickness of tp ≥ 70mm 

tDP ≥ 16 mm relating to a pavement with a thickness of tp ≥ 40mm 

 

b.) Interval referring to the webs of the longitudinal ribs 

eLR/tDP ≤ 25 and recommended interval eLR ≤ 300mm 

a local increase of eLR is allowed up to 5%; for example, adjustment to the horizontal curve of 

the bridge 

 

- Minimum bending stiffness of the longitudinal ribs 

Figure 37 illustrates the recommended minimum bending stiffness of longitudinal ribs on 

orthotropic steel bridge decks according to the actual Eurocode [41]. The minimum moment of 

inertia IB can be selected in the diagram depending on the cross girder interval eCG. This parameter 

IB relates to 1 longitudinal rib including its contributing deck plate parts (see sketch in Figure 37). 

2 curves (A and B) are plotted in Figure 37, where curve B is the one that applies to longitudinal 
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ribs in the area of the heavy traffic lane. A description of the indications for the graphs A and B can 

be found in the notes on the bottom side of the picture. The sketches in Figure 37 shows trough 

longitudinal ribs but the diagram is applicable for every longitudinal rib type. 

 

 

Figure 37: recommendations for minimum stiffness of longitudinal ribs on orthotropic steel road 

bridges according to the actual Eurocode [41] 

 

  

C
ro

ss
 g

ir
d

er
 i

n
te

rv
al

 e
C

G
 [

m
] 

geometrical moment of inertia IB of the longitudinal ribs including deck plate [cm4] 

requirement for curve A 

Legend: 
1 heavy traffic lane 

2 Main girder’s web 

 
Note:  

a) Curve A applies to longitudinal ribs which are not included in b) 

b) Curve B applies to longitudinal ribs in the area of the heavy traffic lane in a distance 
of L < 1.20m away from the main girder’s web 

c) The picture applies to every type of longitudinal ribs 
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3. Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

This chapter generally includes the heavy traffic simulations of the 5 lorry types from fatigue load model 

FLM 4 and FLM 4* for 3 representative orthotropic steel bridge decks according to the 

recommendations of the Eurocode [1], [4], [41]. The chosen 3 orthotropic steel decks are shown in 

Section 2.3.3 and represent a wide range of common European light weight carriageways on existing 

bridges that were built in the 1960’s and 1970’s. The analyses have been determined for 3 notch details 

D1, D2 and D3 (see Section 2.4). The presented results in this Section have been carried out with the 

assumption of a centric track configuration in transverse direction of all heavy vehicles from the 

appropriate fatigue load model (FLM  4, FLM 4* or FLM 2) at the critical lane position. The centric 

track configuration is described in Section 4.2 in detail. The results in terms of stress range spectra are 

the basis for further analysations regarding to the influence of considering adapted, realistic axle 

geometries and a lateral distribution of the lorries in transverse direction. These analyses relating to 

eccentric wheel and lorry positions in transverse direction are presented in Section 4. 

 

Section 3.1 gives an short overview of the procedure relating to the performance of a heavy traffic 

simulation with the appropriate fatigue load model. 

 

The finite element models that should represent the 3 chosen orthotropic steel decks from Section 2.3.3 

are illustrated and explained in Section 3.2. In summary 4 finite element models were necessary for the 

analyses on the selected details presented in Section 2.4: 

• Model A: orthotropic bridge deck with open longitudinal ribs 

• Model B: orthotropic bridge deck with trough longitudinal ribs and cross girder spacing of 2m 

• Model C: Orthotropic bridge deck with trough longitudinal ribs and cross girder spacing of 4m 

• Model D: Orthotropic bridge deck with open longitudinal ribs – cross girder with field splices 

 

An overview of these 4 finite element models is given in Figure 38. 

 

For the heavy traffic simulations, the knowledge of the appropriate critical load/lane position of the 

vehicles in transverse direction is necessary. Therefore, analysations have been carried out relating to 

the selected details D1, D2 and D3 which are presented and described in Section 3.3. 

 

The representative results referring to the simulation of the heavy traffic crossings over the modelled 

carriageways are finally illustrated in Section 3.4 (Model A, B, C and D) where every lorry from the 

fatigue load model was considered separately. Influence lines for every axle type (axle type A, B and C, 

see Figure 25) according to fatigue load model FLM 4 (see Section 2.5.2) and relating to the analysed 

details (see Section 2.4) are plotted first. The calculated stresses in the detail points have been 
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determined under consideration of a load distribution of 45° through the thickness of an asphalt 

pavement with a thickness of tasphalt = 7cm (see Figure 29). With these influence lines and under 

consideration of the axle distances as well as the axle loads of the vehicle types (vehicle type T1 to T5, 

see Figure 24), the stress history curves have been calculated for every crossing of each vehicle type. 

With reservoir or rain-flow method the stress ranges could be counted isolated for every lorry type. The 

influence area for the fatigue-critical notch details is very local and there is no interaction between two 

sequent vehicles regarding to the occurring stress ranges. With these stress ranges, referring to each 

vehicle type, a stress range spectrum could be produced for every detail point and a damage equivalent 

constant amplitude stress range ∆σe in relation to ne = 100 cycles was determined (note: ne was selected 

equal to the number of lorries; the simulations in general were done with 100 vehicles → ne = 100). By 

scaling the number of load cycles with measured data at an existing bridge (number of lorries), a 

verification with regard to fatigue phenomena can be done. 

 

The damage percentages of the individual vehicle types T1 to T5 from fatigue load model FLM 4 are 

shown in Section 3.5 for detail D1 and D2. 

 
Figure 38: overview of the 4 finite element models: a.) Model A - open longitudinal ribs and eCG = 

2.0m; b.) Model B - closed longitudinal ribs and eCG = 2.0m; c.) Model C - closed longitudinal ribs 

and eCG = 4.0m; d.) Model D – open longitudinal ribs and cross girder with field splices (detail D3); 

  

a.) b.) 

c.) d.) 

eCG = 2.0m 

eCG = 2.0m 

eCG = 2.0m 

eCG = 4.0m 
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3.1. General concept of fatigue assessment at orthotropic steel decks 

The procedure for the fatigue assessment of orthotropic steel decks is schematically illustrated in Figure 

39, based on FLM 4. First a crossing of the 5 lorry types with its axle distances and axle loads has to be 

simulated based on a FE-model of the bridge deck which is shown in Figure 39.a. The appropriate 

stresses have to be determined at the chosen notch detail. For the calculation of accurate results in the 

detail by using the structural stress method (see Section 2.7 and 2.8), the finite element model has to 

fulfil the requirements relating to the mesh geometry and its element type (see Section 2.8) with regard 

to the linear stress extrapolation to the weld toe.  

 

 

Figure 39: general concept of fatigue assessment at orthotropic steel bridge decks within a simplified 

schematic illustration: a.) simulation of lorry crossings; b.) stress-history for each lorry crossing; c.) 

stress range spectrum with ∆σe 
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For the very local notch details of an orthotropic steel deck plate, that are explained in Section 2.4, the 

modelling of only the carriageway between the two main girders including 5 cross girders delivers 

sufficient results for the studied bridge deck with only two main girders and ignoring the effect of a 

lorry interaction on different lanes. The effects of the global load carrying behaviour of the bridge deck 

relating to the notch details of the orthotropic deck are negligibly small (orthotropic deck is part of the 

main girder’s upper flange). 

After the simulation of the heavy traffic crossings over the bridge deck, a stress history can be 

determined for every lorry type crossing referring to the analysed detail. For example Figure 39.b shows 

two stress history curves for detail D1a (welded connection of the longitudinal rib to the deck plate). 

With rain flow or reservoir method as cycle counting method and under consideration of the lorry 

percentages according to the fatigue load model, a stress range spectrum can be produced referring to a 

chosen number of stress cycles. Figure 39.c illustrates a stress range spectrum referring to detail D1a for 

crossing of altogether 100 lorries. In addition a damage equivalent constant amplitude stress range ∆σe 

can be determined which is also plotted in Figure 39.c relating to ne = 100 load cycles (that means 1 

stress cycle ∆σe due to 1 lorry crossing). The total number of cycles ne,total has to be adapted based on 

measurements on site for the studied bridge and then a value for the damage De can be calculated by 

using Equation 5 and Equation 6 (see Section 2.6).  

As already shown in Section 2.6 – Figure 32, measured traffic data referring to the total number of 

lorries ne,total within the observed time period is necessary for the determination of a remaining fatigue 

life. Under consideration of the appropriate detail category referring to the detail, the maximum 

allowable load cycles relating to ∆σe can be determined (NRe = (∆σc/∆σe)3 ∙ 2 ∙ 106). With this information 

the damage De of the analysed detail can be determined: De = ne,total / NR,e ≤ 1.0. If this value exceeds 

1.0, no further computational fatigue life is available. A crack inspection on site and, if necessary, a 

repair is required. If De is lower than 1.0, additional computational fatigue life is available. Therefore, 

the damage due to the future equivalent constant amplitude stress range ∆σe,future has to be lower than the 

difference between 1 and De (De,future ≤ 1.0 – De). 

This general concept for fatigue assessment with the procedure described above has been performed for 

the selected fatigue-critical notch details described in Section 2.4. The heavy traffic simulations have 

been carried out on 3 different representative orthotropic steel bridge decks which are explained in 

Section 2.3.3. In the following Section 3.2, the finite element models for these 3 representative bridge 

decks are shown, where altogether 4 FEM models were necessary to evaluate all notch details. 

Additionally, analyses referring to the critical load (lane) positions in transverse direction relating to the 

individual notch details have been done which are described in Section 3.3. The heavy traffic simulations 

itself are illustrated in Section 3.4, where selected results are presented.  
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3.2. Analysed representative steel decks 

In summary 4 different finite element models have been carried out: 

• Model A: orthotropic bridge deck with open longitudinal ribs (see Section 3.2.1) 

• Model B: orthotropic bridge deck with trough longitudinal ribs and cross girder spacing of 2m (see 

Section 3.2.2) 

• Model C: orthotropic bridge deck with trough longitudinal ribs and cross girder spacing of 4m (see 

Section 3.2.3) 

• Model D: orthotropic bridge deck with open longitudinal ribs – cross girder with field splices (see 

Section 3.2.4) 

All numerical studies have been performed with the software ABAQUS [49]. 

 Model A: Orthotropic bridge deck with open longitudinal ribs 

The finite element model – Model A, described below, consists of 2 main girders (only part of the web), 

a very slender deck plate, 20 open longitudinal ribs and 5 cross girders.  

 

Figure 40: Model A – orthotropic steel deck with open longitudinal ribs (plan view and longitudinal 

section) 
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The overall dimensions of Model A are 8.0m in longitudinal and 7.56m in transverse direction. Figure 

40 shows a plan view of the model and a longitudinal section in axial bridge direction (section A-A). 

Also the boundary conditions are illustrated schematically in the sketch. The model is supported on the 

lower edges of both main girders, because only the local bending behaviour of the steel deck is analysed. 

 

The orthotropic deck was modelled between 2 main girders (MG-A to MG-B) and the plan view in 

Figure 40 illustrates the region from main girder MG-A to the mid axis of the bridge deck, so that 10 

longitudinal ribs (LR-1 to LR-10) are plotted in this picture. The illustration also shows the geometrical 

dimension of all parts. The distance between the 2 main girders MG-A and MG-B has a value of eMG = 

2 ∙ 3.78 = 7.56m. The interval of the cross girders eCG = is 2.0m and the interval of the open longitudinal 

ribs is eLR = 0.36m. The deck plate has a thickness of tDP = 10mm which leads to a deck plate slenderness 

of eLR / tDP = 360 / 10 = 36. This deck plate slenderness is higher than the recommended value in the 

actual Eurocode [41] which is eLR / tDP ≤  25. The longitudinal ribs were modelled with a thickness of 

tLR = 10mm and a height of hLR = 210mm. These flat steel stiffeners have no flange on their bottom side 

and are conducted as continuous longitudinal ribs passing through the cross girders with an additional 

cope hole in the cross girder’s web. The longitudinal ribs have a one sided (eccentric) fillet weld 

connection to the cross girder’s web (see Figure 17) and a detailed illustration of the cope hole’s model 

in the cross girders is shown in Figure 45. 

 

As it can be seen in Figure 41, section B-B in transverse direction, the height of the main girders hMG = 

hCG = 0.728m is modelled just to the bottom side of the cross girder’s web and the main girders are 

supported along these bottom edges. A detailed description and illustration of the boundary conditions 

is following.  

 

In Figure 41, the load distribution with an angle of 45° through the thickness of the pavement (dashed 

line) can be seen under the tyres. The pavement itself was not modelled. This beneficial load distribution 

was considered within an increased wheel contact patch of the axles according to the Eurocode (see 

Figure 25 and Figure 29). 

 

The whole finite element model for Model A is illustrated in Figure 42. Also the global coordinate 

system is plotted in this picture and the x-axis indicates the longitudinal direction of the bridge. The 

orthotropic steel deck was modelled between the 2 main girders (MG-A and MG-B). 
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Figure 41: Modell A – orthotropic steel deck with open longitudinal ribs (section B-B) 

The overhanging parts of the deck outsides the main girders have nearly the same load bearing behaviour 

as the ones between the main girders and therefore these outer parts haven’t been modelled. As already 

mentioned, just the steel structure without any pavement was modelled and the whole assembly consists 

of steel material with linear elastic material behaviour. The Young Modulus of the steel is ES = 210.000 

N/mm² and the Poisson Ratio has a value of ν = 0.3.  

 

 

 

 

Figure 42: FEM-Modell A – orthotropic steel deck with open longitudinal ribs (overview) 
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In summary the finite element model that is shown in Figure 42 consists of the following parts: 

• Web of the Main Girder (MG): 

- Thickness of the web tMG = 12mm 

- Reduced height of the main girder hMG = 728mm 

- Interval between the main girders eMG = 7.56m 

- Modelled with quadratic shell elements with reduced integration (type S8R in ABAQUS) 

- Element size is varying from 26x26mm to approximately 150x100mm 

- Supported in vertical direction on the bottom edge line of the main girder’s web 

• Cross Girder (CG): 

- Thickness of the web tCG = 8mm 

- Height of the cross girder hCG = 728mm 

- Dimensions of the bottom flange of the cross girder 160x8mm 

- Interval between the cross girders eCG = 2.0m 

- Cross girder’s web modelled with quadratic shell elements with reduced integration, element 

type S8R 

- Element size of the shell elements at the cross girder’s web is varying from 10x10mm to 

approximately 150x200mm 

- Bottom flange (b/t = 160/8mm) of the cross girder is modelled with linear beam elements, 

element type B31 

- Element size of the beam elements at the bottom flange is 50mm 

- The cross girder is rigid tied to the main girders 

• Longitudinal Rib (LR): 

- Flat steel plates with a plate thickness of tLR = 10mm 

- Height of the longitudinal ribs hLR = 210mm 

- Interval between the longitudinal ribs eLR = 360mm 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is varying from 20x10mm to approximately 150x80mm 

- Flat steel plates are connected one sided to the cross girder (eccentric) with cope holes in the 

cross girders web and are fixed together with rigid transition conditions 

• Deck Plate (DP): 

- Thickness of the deck plate tDP = 10mm 

- Deck plate slenderness eLR/ tDP = 360/10 = 36 

- Modelled with quadratic continuum elements with reduced integration, element type C3D20R 

- Element size is varying from 20x20x10mm to approximately 80x72x10mm 

- Deck plate has a rigid tie connection to the longitudinal ribs, the cross girders and the main 

girders 
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Figure 43 shows a cross section (section A-A) of the finite element model that is displayed in Figure 42. 

The defined boundary conditions at the bottom edges of the main girders are shown in detail. At the 

bottom edge of the left main girder MG-A, the displacements in all directions Ux, Uy and Uz are fixed 

as well as the rotation around the z-axis (Ux = Uy = Uz = Rotz = 0). At the bottom edge of the right main 

girder MG-B, the displacements in the x and y direction as well as the rotation around the z-axis are 

fixed (Ux = Uy = Rotz = 0). An additionally enlargement of the welded connection between longitudinal 

rib and cross girder shows the cope holes with their geometrical dimensions in detail. The height of the 

longitudinal ribs hLR and its interval among each other eLR is also shown in Figure 43 as well as the main 

girder’s interval eMG. 

 

 

 

Figure 43: FEM-Modell A – orthotropic steel deck with open longitudinal ribs (section A-A) 

 

Figure 44 illustrates the modelling of the deck plate by partitioning into 2 regions, Region A and Region 

B. As it can be seen in the picture, there is a differentiation in the element size to reduce significantly 

the degrees of freedom that causes less calculation time. Both regions of the deck plate include quadratic 

continuum elements with reduced integration, element type C3D20R. Region A of the deck plate 

contains a finer mesh with an element size of 20x20x10mm and Region B of the deck plate contains a 

coarse mesh with an element size of 80x72x10mm (see Figure 44). 
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Figure 44: FEM-Modell A – Mesh of the deck plate 

 

In addition to the mesh refinement in Region A, the welds referring to the connection of the deck plate 

to the longitudinal ribs and the deck plate to the cross girders have also been modelled by using quadratic 

continuum elements with reduced integration (C3D20R). In the model – as a simplification – full 

penetration welds are assumed (ignoring the gap between deck plate and longitudinal rib), which leads 

to nearly the same bending stresses in the deck plate. These local modifications which are necessary for 

the hot spot stress calculation are illustrated in Figure 45. According to the recommendations referring 

to the linear extrapolation of the stresses to the weld toe, another mesh refinement in the deck plate 

(Region A) has been applied in the local areas of the longitudinal rib to the deck plate connections (see 

Figure 35.a). With this local mesh refinements nodes have been created that are needed as reference 

points for the linear stress extrapolation. These reference points need to be located in a distance of 0.4∙tDP 

and 1.0∙tDP away from the weld toe. The constraints of the shell elements (longitudinal rib and cross 

girder) to the continuum elements (welds as solid) were defined as shell to solid coupling. With this 

specification, the displacements in all directions as well as the rotations could be transferred in a correct 

way. 
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Solid Elements C3D20R 

Element size: 20x20x10[mm] 

Region B: 

Solid Elements C3D20R 

Element size: 80x72x10[mm] 
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Figure 45: FEM-Modell A – Modelling of the welded connections, longitudinal rib and cross girder to 

deck plate 

 

 

 

 

 Model B: Orthotropic bridge deck with trough longitudinal ribs and a cross girder spacing 

of 2m 

The finite element model for Model B, described below, consists of 2 main girders, a slender deck plate, 

12 closed longitudinal ribs (trough ribs) and 5 cross girders. Model B’s overall dimensions are 8.0m in 

longitudinal and 7.50m in transverse direction. A plan view of the model is shown in Figure 46 as well 

as a longitudinal section in axial bridge direction (section A-A). Additionally, the illustration shows 

schematically the boundary conditions where the model’s support is located on the lower edges of both 

main girders. 
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Figure 46: Modell B – orthotropic steel deck with trough longitudinal ribs and cross girder spacing of 

2m (plan view and longitudinal section) 

 

Between the 2 main girders (MG-A to MG-B) the orthotropic deck was modelled, which is illustrated 

in the plan view of Figure 46 where the region from main girder MG-A to the mid axis of the bridge 

deck can be seen. In this picture 6 longitudinal ribs (LR-1 to LR-6) are plotted. Additionally, the 

geometrical dimension of all parts are shown. The main girder’s distance to each other (MG-A to MG-

B) has a value of eMG = 2 ∙ 3.75 = 7.50m. The cross girder’s interval eCG = is 2.0m and the trough rib 

web’s interval is eLR = 0.30m. The deck plate’s thickness is tDP = 12mm which leads to a deck plate 

slenderness of eLR / tDP = 300 / 12 = 25. This deck plate slenderness has the same value than the 

recommended limit of the actual Eurocode [41] which is eLR / tDP ≤  25. The trough rib’s plate thickness 

was modelled with tLR = 6mm and the trough rib’s height is hLR = 170mm. These trough longitudinal 

stiffeners are conducted as continuous longitudinal ribs passing through the cross girders with an 
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additional cope hole in the cross girder’s web. The trough ribs have on both outer web sides a welded 

connection to the cross girder’s web (see Figure 18) and a detailed illustration of the cope holes model 

in the cross girders is shown in Figure 51. 

 

As shown in Figure 47, section B-B in transverse direction, the main girder’s height is modelled just to 

the bottom side of the cross girder’s web with hMG = hCG = 0.728m. The main girders are supported 

along its bottom edges. In the following, a detailed description and visualisation of the boundary 

conditions is given. When taking a closer look at Figure 47, the load distribution with an angle of 45° 

through the thickness of the pavement (dashed line) can be detected underneath the tyres. The pavement 

itself was not modelled. An increased wheel contact patch of the axles according to the Eurocode (see 

Figure 25 and Figure 29) considered the beneficial load distribution of the pavement. 

 

 

Figure 47: Modell B – orthotropic steel deck with trough longitudinal ribs (section B-B) 

 

 

Figure 48 illustrates the entire finite element model for Model B. The illustration also shows the global 

coordinate system where the x-axis indicates the longitudinal bridge direction. The load bearing 

behaviour of the overhanging parts outsides the main girders is equal to the steel deck’s behaviour 

between MG-A and MG-B. Therefore, these outer parts haven’t been modelled. The pavement was not 

modelled, just the steel structure, where a linear elastic material behaviour was implemented. The Young 

Modulus of the steel is ES = 210.000 N/mm² and the Poisson Ratio has a value of ν = 0.3.  

 

section B-B 

Cross girder bottom flange:  
b/t = 160/8mm 
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Figure 48: FEM-Modell B – orthotropic steel deck with trough longitudinal ribs (overview) 

 

In summary the finite element model that is shown in Figure 48 consists of the following parts: 

• Part of the Main Girder (MG): 

- Thickness of the web tMG = 12mm 

- Reduced height of the main girder hMG = 728mm 

- Interval between the main girders eMG = 7.50m 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is 40x80mm  

- Supported on the bottom edge line of the main girder’s web 

 

• Cross Girder (CG): 

- Thickness of the web tCG = 8mm 

- Height of the cross girder hCG = 728mm 

- Dimensions of the bottom flange of the cross girder 160x8mm 

- Interval between the cross girders eCG = 2.0m 

- Cross girder’s web modelled with quadratic shell elements with reduced integration, element 

type S8R 

- Element size of the shell elements at the cross girder’s web is varying from 20x20mm to 

approximately 80x60mm 

- Bottom flange of the cross girder (b/t = 160/8mm) is modelled with linear beam elements, 

element type B31 
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- Element size of the beam elements at the bottom flange is 50mm 

- The cross girder is rigid tied to the main girders 

• Longitudinal Rib (LR): 

- Trough ribs with a plate thickness of tLR = 6mm 

- Height of the longitudinal ribs hLR = 170mm 

- Interval between the trough webs of the longitudinal ribs eLR = 300mm 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is varying from 20x20mm to 20x80mm  

- Trough webs are connected on the outer sides to the cross girder with cope holes in the cross 

girders web and are fixed together with rigid transition conditions 

• Deck Plate (DP): 

- Thickness of the deck plate tDP = 12mm 

- Deck plate slenderness eLR/ tDP = 300/12 = 25 

- Modelled with quadratic continuum elements with reduced integration, element type 

C3D20R 

- Element size is varying from 20x20x12mm to approximately 80x75x12mm 

- Deck plate has a rigid tie connection to the longitudinal ribs, the cross girders and the main 

girders 

 

A cross section (section A-A) of the finite element model that is displayed in Figure 48 is shown in 

Figure 49. The picture shows the defined boundary conditions at the main girder’s bottom edges in 

detail. At the bottom edge of the left main girder MG-A, the displacements in all directions Ux, Uy and 

Uz are fixed as well as the rotation around the z-axis (Ux = Uy = Uz = Rotz = 0). At the bottom edge of 

the right main girder MG-B, the displacements in the x and y direction as well as the rotation around the 

z-axis are fixed (Ux = Uy = Rotz = 0). The cope holes in the cross girder’s web are shown in an 

additionally enlargement of the welded connection between longitudinal rib and cross girder with its 

geometrical dimensions. Figure 49 also shows the height of the longitudinal ribs hLR and the interval of 

the through webs among each other as well as the main girder’s interval eMG. 
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Figure 49: FEM-Modell B – orthotropic steel deck with through longitudinal ribs (section A-A) 

The deck plate was modelled with a partition into 2 regions which are illustrated in Figure 50 (Region 

A and Region B). The element size between these 2 regions is different as it can be seen in the picture. 

This process has been done to reduce significantly the degrees of freedom which causes less calculation 

time. For both regions of the deck plate quadratic continuum elements with reduced integration were 

used (element type C3D20R). The deck plate’s Region A contains a finer mesh with an element size of 

20x20x12mm. Region B contains a coarse mesh with an element size of 80x75x12mm (see Figure 50). 

 

Figure 50: FEM-Modell B – Mesh of the deck plate 

MG-A MG-B 
𝑒𝐿𝑅 = 300 [𝑚𝑚] 

ℎ𝐿𝑅 = 

170 [𝑚𝑚] 

𝑡𝐷𝑃 = 12 [𝑚𝑚] 

𝑈𝑥 = 𝑈𝑦 = 𝑈𝑧 = 𝑅𝑜𝑡𝑧 = 0 𝑈𝑥 = 𝑈𝑦 = 𝑅𝑜𝑡𝑧 = 0 

𝑙𝑧 = 𝑒𝑀𝐺 = 7.500 [𝑚𝑚] 

section A-A: 
300 

242 

1
7

0
 

𝑟 = 25 

Region A: 

Solid Elements C3D20R 

Element size 20x20x12 [mm] 

Region B: 

Solid Elements C3D20R 

Element size 80x75x12 [mm] 



Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

 

66 

Further investigations relating to the critical location of the notch details showed that the welds at the 

longitudinal rib close to the main girder (LR-1 or LR-12) are decisive. These analyses are presented 

later on in Section 3.3. The load application of the increased wheel contact patch due to axle type B (see 

Figure 25 and Figure 29) was not possible at LR-1 because there was not enough space between LR-1 

and the main girder MG-A. Therefore, the second longitudinal rib LR-2 was chosen for the analyses at 

Model B (note: the results of longitudinal rib LR-2 are similar to LR-1). For the calculation of accurate 

results referring to notch detail D1b (see Section 2.4.3) the modelling of the relevant trough rib LR-2 by 

using quadratic continuum elements with reduced integration (C3D20R) was necessary (see Figure 51). 

All other longitudinal ribs (LR-1 and LR-3 to LR-12) have been modelled by using shell elements (see 

Figure 52). 

 

- Additional modifications at longitudinal rib LR-2: 

According to the recommendations referring to the linear extrapolation of the stresses to the weld toe, 

another mesh refinement in the deck plate (Region A) has been applied in the local areas of the 

longitudinal rib to deck plate connections (see Figure 35.a). With this local mesh refinements, which 

were necessary for the hot spot stress calculation, nodes have been created that are needed as reference 

points for the linear stress extrapolation. These reference points need to be located in a distance of 0.4∙tDP 

and 1.0∙tDP away from the weld toe and are illustrated in Figure 51. 

 

 

Figure 51: FEM-Modell B – Modelling of the through rib LR-2 with continuum elements including the 

weld connections to deck plate 

  

Cross girder: 

Shell Elements S8R 

Element size: approx. 20x20[mm] 
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- Additional modifications at longitudinal ribs LR-1 and LR-3 to LR-12: 

The welds referring to the connection of the deck plate to the longitudinal ribs (LR-1 and LR-3 to LR-

12) also have been modelled by using quadratic continuum elements with reduced integration 

(C3D20R). These local modifications which are necessary for accurate transition conditions between 

the solid deck plate and the shell trough ribs are illustrated in Figure 52. The constraint of the shell 

elements (longitudinal rib) to the continuum elements (welds as solid) was defined as shell to solid 

coupling. With this specification, the displacements in all directions as well as the rotations could be 

transferred in a correct way. 

 

 

Figure 52: FEM-Modell B – Modelling of the through rib LR-1 and LR-3 to LR-12 with shell elements 

and the weld connections to deck plate with continuum elements 

 

 

 

 Model C: Orthotropic bridge deck with trough longitudinal ribs and cross girder spacing 

of 4m 

The finite element model for Model C is described below and consists of 2 main girders, a slender deck 

plate, 12 closed longitudinal ribs (trough ribs) and 5 cross girders. Model C’s overall dimensions are 

16.0m in longitudinal and 7.50m in transverse direction. A model’s plan view and a longitudinal section 

in axial bridge direction (section A-A) is shown in Figure 53. The boundary conditions are additionally 

illustrated in the sketch. The main girder web’s lower edges are supported. 
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Figure 53: Modell C – orthotropic steel deck with trough longitudinal ribs and cross girder spacing of 

4m (plan view and longitudinal section) 

 

 

Between the 2 main girders (MG-A to MG-B) the orthotropic deck was modelled. A part of this region, 

from main girder MG-A to the mid axis of the bridge deck, is shown in the plan view of Figure 53. 

Therefore, 6 longitudinal ribs (LR-1 to LR-6) are plotted in this picture. Also the geometrical dimensions 

of each part is illustrated. The main girder’s distance between MG-A and MG-B has a value of eMG = 2 

∙ 3.75 = 7.50m. The cross girder’s interval is eCG = is 4.0m and the trough rib web’s interval is eLR = 

0.30m. The deck plate has a thickness of tDP = 12mm which leads to a deck plate slenderness of eLR / tDP 

= 300 / 12 = 25. The recommended deck plate slenderness limit of the actual Eurocode [41] is eLR / tDP 

≤  25 which is equal to the slenderness of model C. The trough ribs were modelled with a plate thickness 

of tLR = 6mm and a height of hLR = 275mm. The trough ribs are modelled as continuous longitudinal 

ribs passing through the cross girders.  An additional cope hole in the cross girder’s web has also been 

modelled. On both outer web sides, there is a welded connection of the trough ribs to the cross girder’s 

web. A detailed illustration of the cope holes in the cross girders is shown in Figure 58. 

 

In Figure 54, section B-B, the height of the main girders with a value of hMG = hCG = 0.728m can be 

seen. The main girders are modelled just to the bottom side of the cross girder’s web and the main girders 

are supported along these bottom edges.   

The whole finite element model for Model B is illustrated in Figure 55 and exhibits maximum 

dimensions of lx = 16.0m to lz = 7.50m. 
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Figure 54: Modell C – orthotropic steel deck with trough longitudinal ribs (section B-B) 

 

Also, the global coordinate system is plotted in this picture and the x-axis indicates the longitudinal 

direction of the bridge.  

 
Figure 55: FEM-Modell C – orthotropic steel deck with trough longitudinal ribs (overview) 
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In summary the finite element model that is shown in Figure 55 consists of the following parts: 

• Part of the Main Girder (MG): 

- Thickness of the web tMG = 12mm 

- Reduced height of the main girder hMG = 728mm 

- Interval between the main girders eMG = 7.50m 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is 100x100mm  

- Supported on the bottom edge line of the main girder’s web 

 

• Cross Girder (CG): 

- Thickness of the web tCG = 8mm 

- Height of the cross girder hCG = 728mm 

- Dimensions of the bottom flange of the cross girder 160x8mm 

- Interval between the cross girders eCG = 4.0m 

- Cross girder’s web modelled with quadratic shell elements with reduced integration, element 

type S8R 

- Element size of the shell elements at the cross girder’s web is varying from 15x15mm to 

approximately 100x100mm 

- Bottom flange of the cross girder (b/t = 160/8) is modelled with linear beam elements, element 

type B31 

- Element size of the beam elements at the bottom flange is 50mm 

- The cross girder is rigid tied to the main girders 

• Longitudinal Rib (LR): 

- Trough ribs with a plate thickness of tLR = 6mm 

- Height of the longitudinal ribs hLR = 275mm 

- Interval between the trough webs of the longitudinal ribs eLR = 300mm 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is varying from 20x20mm to 100x80mm  

- Trough webs are connected on the outer sides to the cross girder with cope holes in the cross 

girders web and are fixed together with rigid transition conditions 

• Deck Plate (DP): 

- Thickness of the deck plate tDP = 12mm 

- Deck plate slenderness eLR/ tDP = 300/12 = 25 

- Modelled with quadratic continuum elements with reduced integration, element type C3D20R 

- Element size is varying from 20x20x12mm to approximately 100x100x12mm 
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- Deck plate has a rigid tie connection to the longitudinal ribs, the cross girders and the main 

girders 

 

A cross section (section A-A) of the finite element model, which is presented in Figure 55, is shown in 

Figure 56. A detailed description of the boundary conditions at the main girder’s bottom edges can also 

be found in the picture. At the bottom edge of the left main girder MG-A, the displacements in all 

directions Ux, Uy and Uz are fixed as well as the rotation around the z-axis (Ux = Uy = Uz = Rotz = 0). At 

the bottom edge of the right main girder MG-B, the displacements in the x and y direction as well as the 

rotation around the z-axis are fixed (Ux = Uy = Rotz = 0). An enlargement of the welded connection 

between longitudinal rib and cross girder shows additionally the geometrical dimensions of the cope 

holes in the cross girder’s web. The height of the longitudinal ribs hLR and the interval of the through 

webs among each other eLR is also shown in Figure 56 as well as the main girder’s interval eMG. 

 

 

 
Figure 56: FEM-Modell C – orthotropic steel deck with through longitudinal ribs (section A-A) 

 

 

The deck plate has been partitioned into 2 Regions Region A and Region B (see Figure 57). This partition 

has been done to reduce significantly the degrees of freedom because there is a big difference in the 

element sizes of the regions. For both regions quadratic continuum elements with reduced integration 

have been used (element type C3D20R). Region A of the deck plate contains a finer mesh with an 

element size of 20x20x12mm and Region B of the deck plate contains a coarse mesh with an element 

size of 100x100x12mm (see Figure 57). 
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Figure 57: FEM-Modell C – Mesh of the deck plate 

 

The longitudinal ribs close to the main girder (LR-1 or LR-12) are decisive for the analysed details 

which could be confirmed by further investigations relating to the critical location of the notch details. 

These analyses are presented later on in Section 3.3. Because of a lack of space between LR-1 and the 

main girder MG-A, a load application of the increased wheel contact patch of axle type B (see Figure 

25 and Figure 29) was not possible at LR-1. On this account the second longitudinal rib LR-2 was chosen 

for the analyses at Model C. As already described at model B in Section 3.2.2, it was necessary to model 

the relevant trough rib LR-2 also with quadratic continuum elements (element type C3D20R, see Figure 

58). All other longitudinal ribs (LR-1 and LR-3 to LR-12) have been modelled by using shell elements 

(see Figure 59). 
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- Additional modifications at longitudinal rib LR-2: 

Another mesh refinement in the deck plate (Region A) has been applied in the local areas of the 

longitudinal rib to deck plate connections. This mesh refinement has been done according to the 

recommendations referring to the linear extrapolation of the stresses to the weld toe (see Figure 35.a). 

Within these local mesh refinements, reference points have been created for the use of the hot spot stress 

method.  

 
Figure 58: FEM-Modell C – Modelling of the through rib LR-2 with continuum elements including the 

welded connections to deck plate 

 

 

- Additional modifications at longitudinal ribs LR-1 and LR-3 to LR-12: 

The welds of LR-1 and LR-3 to LR-12 to the deck plate have also been modelled with solid elements 

(element type C3D20R), although the longitudinal ribs are modelled with shell elements. This procedure 

was necessary to create accurate transition conditions between the solid deck plate and the shell trough 

ribs which are illustrated in Figure 59. The constraint of the shell elements (longitudinal rib) to the 

continuum elements (welds as solid) was defined as shell to solid coupling. With this specification, the 

displacements in all directions as well as the rotations could be transferred in a correct way. 
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Figure 59: FEM-Modell C – Modelling of the through rib LR-1 and LR-3 to LR-12 with shell elements 

and the welded connections to deck plate with continuum elements 

 

 

 Model D: Orthotropic bridge deck with open longitudinal ribs – cross girder with bolted 

connections 

The finite element model for Model D is described below and consists of 1 cross girder between 2 main 

girders, including a very slender deck plate and 20 open longitudinal ribs (flat steel ribs). The overall 

dimensions of Model D are 2.0m in longitudinal bridge direction (identical to the distance between the 

cross girders eCG) and 7.56m in transverse bridge direction. The length of the longitudinal ribs is only 

400mm in the model (see Figure 61). The geometrical dimensions of all parts (main girder, cross girder, 

longitudinal rib and deck plate) are completely the same as for Model A, which are presented in Section 

3.2.1. Because of the very local notch detail (detail D3, see Section 2.4.5) that has been analysed with 

this – more or less 2D – finite element model, a consideration of only one cross girder was chosen. To 

get the correct loading due to the heavy traffic for this 2D-model, additional analyses on Model A were 

done (see Section 3.3.4).  Figure 60 shows an isometric view of the model, where the bolted field splices 

of the cross girder has been modelled with its connection plates at joint I, II and III. Preloaded bolts are 

used and therefore a slip can be ignored for the fatigue verification. Also the boundary conditions are 

illustrated schematically in the sketch as well as the global coordinate system where the x-axis indicates 

the longitudinal direction of the bridge. The model is supported on the lower edges of both main girders. 

Just the steel structure without any pavement was modelled and the whole assembly consists of steel 

material with linear elastic material behaviour. The Young Modulus of the steel is ES = 210.000 N/mm² 

and the Poisson Ratio has a value of ν = 0.3. 
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Figure 60: Modell D – orthotropic steel deck with open longitudinal ribs – cross girder with bolted 

connections (isometric drawing) 

 

In summary the finite element model that is shown in Figure 60 consists of the following parts: 

• Part of the Main Girder (MG): 

- Thickness of the web tMG = 12mm 

- Height of the main girder (only part of the web) hMG = 1440mm 

- Interval between the main girders eMG = 7.56m 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is 50x50mm 

- Supported on the bottom edge line of the main girder’s web 

• Cross Girder (CG): 

- Thickness of the web tCG = 8mm 

- Height of the cross girder hCG = 728mm 

- Dimensions of the bottom flange of the cross girder: 160x8mm 

- Cross girder’s web modelled with quadratic shell elements with reduced integration, element 

type S8R 

- Element size of the shell elements at the cross girder’s web is varying from 2x2mm to 30x30mm 

- Bottom flange of the cross girder (CG-BF) is modelled with linear beam elements, element type 

B31 

- Element size of the beam elements at the bottom flange is 100mm 

- The cross girder is rigid tied to the main girders 
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- Flat steel plates with a plate thickness of tLR = 10mm 

- Height of the longitudinal ribs hLR = 210mm 

- Reduced length of the ribs in the model: 400mm 

- Interval between the longitudinal ribs eLR = 360mm 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is varying from 8x8mm to approximately 28x28mm 

- Flat steel plates are connected one sided to the cross girder (eccentric) with cope holes in the 

cross girders web and are fixed together with rigid transition conditions 

• Deck Plate (DP): 

- Thickness of the deck plate tDP = 10mm 

- Deck plate slenderness eLR/ tDP = 360/10 = 36 

- Modelled with quadratic shell elements with reduced integration, element type S8R  

- Element size is varying from 2x8mm to approximately 30x30mm 

- Deck plate has a rigid tie connection to the longitudinal ribs, the cross girders and the main 

girders 

• Splice Plates (SP): 

- On both sides of the cross girder’s web 

- Thickness of the splice plates tSP = 6mm 

- Height and width of the splice plate hSP x bSP = 675 x 160mm 

- Modelled with quadratic shell elements with reduced integration, element type S8R 

- Element size is 6x6mm 

- Splice plates are rigid connected to the cross girder’s web, because a slip can be ignored due to 

the preloaded bolts for the fatigue load level 

 

A top view of the finite element model can be seen in Figure 61, where most of the parts are shown. The 

distance between the 2 main girders MG-A and MG-B has a value of eMG = 7.56m. The interval of the 

cross girders eCG = is 2.0m according to Model A and the interval of the longitudinal ribs is eLR = 0.36m. 

The deck plate has a thickness of tDP = 10mm which leads to a deck plate slenderness of eLR / tDP = 360 

/ 10 = 36. The flat steel longitudinal ribs were modelled with a plate thickness of tLR = 10mm and a 

height of hLR = 210mm. These longitudinal stiffeners are conducted as continuous longitudinal ribs 

passing through the cross girders with an additional cope hole in the cross girder’s web, but with limited 

length of 400mm (200mm in each direction perpendicular to the web of the cross girder). The 

longitudinal ribs have a one-sided (eccentric) fillet weld connection to the cross girder’s web and a 

detailed illustration of the cope holes in the cross girders is shown in Figure 62. It was not necessary to 

model the longitudinal ribs along the whole length of the deck plate, because they have no influence to 

the load carrying behaviour of the studied details of the cross girder. The longitudinal ribs have been 
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modelled with a length of 200mm on both sides of the cross girder which was necessary for the load 

application on their ends (see Figure 61). The loads due to the decisive vehicles according to fatigue 

load model FLM 4 (see Section 2.5.2) on each lane were applied as line edge loads (in global y-direction) 

on the individual longitudinal ribs (LR-3 to LR-5, LR-9 and LR-10, LR-11 to LR-13, LR-18 and LR-

19, see Figure 61), based on the results of the 3D-model A of the orthotropic deck (Model A). The 

determination of the loads in the longitudinal ribs is presented in Section 3.3.4. 

 

 

Figure 61: Modell D – orthotropic steel deck with open longitudinal ribs – cross girder with bolted 

connections (top view) 

 

As it can be seen in Figure 62, section A-A, the reduced height of the main girders in the model is hMG 

= 1140mm and the height of the cross girder is hCG = 0.728m. The defined boundary conditions at the 

bottom edges of the main girders are shown in detail. At the bottom edge of the left main girder MG-A, 

the displacements in all directions Ux, Uy and Uz are fixed. At the bottom edge of the right main girder 

MG-B, the displacements in the y direction is fixed (Uy = 0). An additional enlargement of the plate 

connection between longitudinal rib and cross girder shows the cope holes with its geometrical 

dimensions in detail. The height of the longitudinal ribs hLR and its interval among each other eLR is also 

shown in Figure 62 as well as the main girder’s interval eMG. Another enlargement shows the connection 

of the field splice plates in detail with a cope hole in the cross girder’s web.   
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Figure 62: Modell D – orthotropic steel deck with trough longitudinal ribs (section A-A) 

 

The pre-stressed friction type connection bolts haven’t been modelled. With the assumption of a fully 

pre-stressed connection condition without slip, the splice plates were modelled with a rigid transition 

condition between the plate surfaces. 

Figure 63 illustrates the load application due to the individual vehicles of load model FLM 4 and FLM 

4* with edge line loads on the individual ends of the longitudinal ribs in an isometric view. The 

determination of the accurate line loads due to the relevant vehicle type from fatigue load model FLM 

4 is shown in Section 3.3.4. As shown in the drawing in Figure 61, the line loads have been applied 

symmetrical around the cross girder’s axis, where Figure 63 only shows the loads on the front side of 

the model. 

 

 
Figure 63: Modell D – orthotropic steel deck with open longitudinal ribs, load application (isometric 

view) due to heavy traffic loads 
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Figure 64 illustrates the modelling of the cross girder’s web by partitioning into 2 regions, Region A 

and Region B. As it can be seen in the picture, there is a differentiation in the element size to reduce 

significantly the degrees of freedom that causes less calculation time. Both regions of the deck plate 

include quadratic shell elements with reduced integration, element type S8R. Region A contains a finer 

mesh with an element size of approximately 8x8mm and Region B contains a coarse mesh with an 

element size of about 30x30mm. Additional local mesh refinements have been created in the very local 

areas of the bolted field splices near the web to deck plate welded connections. These local areas are 

marked in Figure 64 and an additional enlargement shows the finite element mesh in detail where 

element sizes of about 2x2mm are obtained. 

 

 
Figure 64: Modell D – orthotropic steel deck with open longitudinal ribs, mesh refinements (front 

view) 

 

3.3. Critical locations of the details with accurate load positions 

For the studied details D1 and D2 it was necessary to find the most critical location on the orthotropic 

deck with the highest stress ranges ∆σ due to traffic load model FLM 4 and FLM 4*. Additionally, it 

was necessary to find out the relevant lane position in transverse direction for each studied detail (D1, 

D2, D3).The following analyses have been carried out at the representative orthotropic steel deck with 

open longitudinal ribs (Model A and D, see Section 3.2.1 and Section 3.2.4) and the results referring to 

the critical load positions are similar for the other models with closed longitudinal ribs.  
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This Section is partitioned into the following parts: 

• Section 3.3.1: Calculation of the critical load/lane position in transverse direction in relation to 

notch detail D1a (welded connection of the longitudinal rib to the deck plate, where the stress 

ranges in the deck plate are relevant) and most critical location of detail D1 

• Section 3.3.2: Explanation referring to the behaviour of the load/lane position in transverse 

direction in relation to notch detail D1b (welded connection of the longitudinal rib to the deck 

plate, where the stress ranges in the longitudinal rib are relevant) 

• Section 3.3.3: Calculation of the critical load/lane position in transverse direction in relation to 

notch detail D2 (welded connection of the longitudinal rib to the cross girder, where the stress 

ranges in the longitudinal rib are relevant ) 

• Section 3.3.4: Calculation of the critical load/lane position in transverse direction in relation to 

notch detail D3 (welded connection of the cross girder’s web to the deck plate in the very local 

area of a bolted field splice of the cross girder where the stress ranges in the web of the cross 

girder are relevant) 

 

 Position of detail D1a and relevant lane position for maximum stresses  

For the simulation of the heavy traffic crossings over the modelled orthotropic steel bridge deck, there 

exists nearly no interaction of the individual axles within a vehicle. Hence an isolated consideration of 

every axle is possible. The dimensions of the wheel contact patches are impacting the occurring stresses 

in the detail strongly and therefore a differentiation in the axles is necessary. As presented in Section 

2.5.2, fatigue load model FLM 4, FLM 4* and FLM 2 include 3 different axle types A, B and C. Under 

consideration of a beneficial load distribution of 45° through the thickness of the asphalt pavement, 

increased wheel contact patches can be used that are illustrated in Figure 65.  A thickness of tp = 70mm 

was taken into account for the calculation of these contact patches. 

 

 

Figure 65: increased wheel contact patches of axle type A,B and C due to a load distribution of the 

pavement relating to a pavement thickness of tp = 70mm 
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When comparing axle type A and C in Figure 65, it can be stated that there is very less difference in its 

dimensions and therefore only axle type C was chosen to represent all single wheeled axles of type A 

and C. Axle type B and C (note: wheel loads type C are heavier than those of type A) have been located 

at many different positions on the finite element model with open longitudinal ribs and Figure 66 shows 

an overview of the analysed measuring points MP1 to MP4 to find out the most critical location of detail 

D1a. As it can be seen in Figure 65 and also in Figure 66, the centre of the wheel contact patch was 

always positioned directly on the analysed detail D1a. 

  

Figure 66: Detail D1a – overview (plan view) of the analysed measuring points MP1 to MP4 

Figure 67 compares the results in terms of stresses for the analysed measuring points MP1 to MP4 at 

the bottom surface of the deck plate due to axle/wheel type B and an axle load of Fa = 100kN. Measuring 

point MP2 shows the highest occurring stresses in detail D1a at longitudinal rib LR-1. This longitudinal 

rib LR-1 is located next to the main girder MG-A and the distance of MP2 to the cross girder is equal to 

the longitudinal rib’s interval of eLR = 360mm. (note: for all analysed locations of D1, it was observed 

that the stresses due to loading σx,MP,DP are nearly equal to ∆σx,MP,DP due to wheel crossing) 

 

-8 

-1 
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Figure 67: Detail D1a – stresses at the bottom deck plate surface due to axle/wheel type B and an axle 

load of FA = 100kN for the analysed measuring points MP1 to MP4 

 

Table 4 additionally illustrates the calculated values in more detail which are plotted in the diagram of 

Figure 67. All stresses have been determined under an application of the wheel load directly above the 

longitudinal rib’s web axis (see Figure 68). A transvers location between the ribs causes less stresses for 

detail D1, D2 (see Table 5). 

 

Table 4: Detail D1a – Stresses σx,MP,DP in the measuring points MP1 to MP4 due to axle/wheel type B 

and a axle load of Fa = 100kN 

 𝝈𝒙,𝑴𝑷,𝑫𝑷 [𝑵 𝒎𝒎²⁄ ] MP 1 MP 2 MP 3 MP 4 

LR-1 9.6 -103.8 -96.6 -61.4 

LR-2 6.9 -94.7 -89.7 -52.6 

LR-3 6.5 -95.1 -90.3 -52.6 

LR-8 8.5 -96.5 -91.8 -53.8 

LR-9 9.1 -96.6 -91.9 -54.0 

LR-10 10.2 -97.6 -92.3 -54.7 

 

With these results it generally can be stated that the nearest longitudinal rib to the main girder is decisive 

referring to notch detail D1a and the occurring stress have the highest value in a distance of eLR away 

from the cross girder (point MP 2 in Figure 66). Additional analyses regarding to the appropriate – most 

critical – wheel position in transverse direction (mid position between 2 longitudinal ribs or central 

above the longitudinal rib) have been carried out. Both axle types, single and double wheeled, have been 

taken into account and the occurring stresses in notch detail D1a are plotted in Table 5 for point MP 2. 

It can be stated that the central position of the tyre is decisive for both axle types. 
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Table 5: decisive load/lane position in transverse direction referring to detail D1a in MP 2 (axle load 

Fa = 100kN) 

decisive lane position in transverse direction of the bridge 

𝝈𝒙,𝑴𝑷𝟐,𝑫𝑷 [𝑵 𝒎𝒎²⁄ ] 

  central above LR-1 between LR-1 and LR-2 

Wheel type B -103.8 -71.11 

Wheel type C -115.7 -82.25 

 

In summary, the maximum stresses referring to detail D1a occur at the longitudinal rib (LR-1) next to 

the main girder (MG-A). The decisive position for detail D1 in longitudinal bridge direction is distanced 

eLR relating to the cross girder (CG-3). The centre of the wheel contact patch has to be positioned directly 

above detail D1 to get the highest stresses. 

The critical lane position described above is illustrated in Figure 68. Figure 68.a shows Model A with 

its open longitudinal ribs and the decisive position of the single and double wheeled axles. Because of 

further analyses regarding to an influence of a lateral shift of the vehicles due to heavy traffic driving 

characteristics, the second or third longitudinal rib (LR-2, LR-3) has to be taken into account (similar 

results expected) due to a lack of space at LR-1 (end of the model at the main girder). Therefore Figure 

68.b shows exemplary the appropriate studied lane position for single and double wheeled axles at 

Model B with closed longitudinal ribs. For Model A (see Figure 68.a), the loading above LR-3 was 

studied in detail (see Section 3.4.2). 

 

 

Figure 68: Detail D1a – critical lane position for a.) Model A and b.) Model B  

a.) b.) 
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 Critical lane position for maximum stresses at detail D1b 

For Detail D1b the same welded connection as for detail D1a has to be considered. At D1b the stress 

ranges in the longitudinal rib’s web are relevant. Relevant stresses in detail D1b only occur for closed 

longitudinal ribs. A detailed description of notch detail D1b can be found in Section 2.4.3. At detail D1b 

the same point of interest as at detail D1a has to be considered which is presented in Section 3.3.1. The 

maximum stresses referring to detail D1b also occur at the longitudinal rib (LR-1) next to the main 

girder (MG-A). The decisive position in longitudinal bridge direction is distanced eLR relating to the 

cross girder (CG-3).  

 

In comparison of detail D1b to D1a, there is a quite important difference regarding to the heavy traffic 

simulation over the carriageway. At detail D1a there exists no interaction of the different sequential 

vehicles and even no interaction of the axles within a single vehicle. At detail D1b the bending stresses 

in the through webs are relevant and the bending moment’s algebraic sign depends on the lateral position 

of the wheel. Hence an isolated consideration of every axle is not possible at detail D1b. A random 

sequence of the vehicle types from the appropriate fatigue load model has to be created including a 

lateral shift of the vehicles within the lane due to heavy traffic driving characteristics. With this random 

vehicle sequence the heavy traffic simulation over the bridge deck has to be done to determine sufficient 

results for the applying stress cycles. A detailed description of these lateral effects as well as further 

analyses to that behaviour are presented in Section 4.  

 

In summary, the maximum stresses referring to detail D1b occur at the longitudinal rib (LR-1) next to 

the main girder (MG-A). The decisive position in longitudinal bridge direction is distanced eLR relating 

to the cross girder (CG-3). Because of the dependency of the lateral wheel position on the bending 

moment’s algebraic sign, it is not possible to define a general, decisive lane position in cross bridge 

direction of the vehicles. A heavy traffic simulation with a random sequence of the vehicles including a 

lateral shifting of the lorries is essential for the calculation of sufficient results at detail D1b. 

 

 Position of detail D2 and relevant lane position for maximum stresses  

Detail D2 represents the welded connection of the longitudinal rib to the cross girder where the stress 

ranges in the longitudinal rib’s web in longitudinal bridge direction are relevant. A detailed description 

of notch detail D2 can be found in Section 2.4.4. The following analyses are relevant for continuous 

longitudinal ribs passing through the cross girders, with an additional cope hole in the cross girder’s 

web. The results referring to the critical load positions have been determined at a representative 

orthotropic steel deck with open longitudinal ribs (Model A, see Section 3.2.1) and are similar for decks 

with closed longitudinal ribs. 
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The connection to the cross girder is generally equal for all longitudinal ribs at the orthotropic steel 

bridge deck. But there is a differentiation in the load carrying behaviour of the longitudinal ribs due to 

different vertical stiffness at the supporting cross girders, depending on the location in transverse 

direction. Near the main girder, the cross girder acts as rigid vertical support. The support of longitudinal 

ribs in the middle between two main girders has significant more flexibility than the ones near the main 

girders. Because of this differentiation in the supporting effect, there is a lack of clarity referring to the 

decisive longitudinal rib regarding to the maximum occurring stress ranges ∆σ at notch detail D2. 

Therefore, crossings of axle type B with an axle load of FA = 100kN have been simulated. Axle type B 

indicates the highest axle loads within fatigue load model FLM 4, FLM 4* and FLM 2 (see Section 

2.5.2). The first crossing was considered at the longitudinal rib next to the main girder (LR-1). The 

second crossing was progressed at the longitudinal rib in the middle between two main girders (LR-9). 

At both simulations the centre of the wheel contact patch B was positioned directly above the 

longitudinal rib’s mid axis.  

 

 

Figure 69: influence line referring to detail D2 at longitudinal rib LR-1 due to wheel type B under an 

axle load of FA = 100kN 

The occurring stresses in detail D2 due to a crossing of axle type B with an axle load of FA = 100kN at 

the longitudinal rib LR-1 are plotted in Figure 69. The values x on the horizontal axis in the diagram 

specify the distance of the load in relation to the analysed detail D2 at the central cross girder CG-3 in 

model A (see Figure 66 in Section 3.3.1). This stress-history curve is equivalent to the stress-history 

curve due to a crossing of axle type B. The stress-history curve referring to a crossing of axle type B at 

longitudinal rib LR-9 with an axle load of FA = 100kN is illustrated in Figure 70. 

 

800; -27.63

3000; 5.75

0; -4.01

-800; -27.63

-3000; 5.75

-30.00

-25.00

-20.00

-15.00

-10.00

-5.00

0.00

5.00

10.00

-4000 -3000 -2000 -1000 0 1000 2000 3000 4000

A
xi

al
 s

tr
e

ss
 σ

[N
/m

m
²]

x [mm]

influence line - LR 1
wheel type B
Axle load: FA = 100 kN
incl. load distribution

0.4 ∙ e
CG

 

CG-3 

∆σmax 



Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

 

86 

 

 

Figure 70: influence line referring to detail D2 at longitudinal rib LR-9 due to wheel type B under an 

axle load of FA = 100kN 

 

Based on the stress-history curves in Figure 69 and Figure 70, the maximum stress ranges ∆σ can be 

determined due to a crossing of axle B with an axle load of FA = 100kN. The results for the stress ranges 

∆σ are plotted in Table 6 relating to LR-1 to LR-3 and LR-7 to LR-9. 

 

By comparing the values for ∆σ in Table 6 it can be stated that the highest values occur at the longitudinal 

rib next to the main girder (LR-1). This is also true for a crossing of a vehicle of FLM 4 and FLM 4*. 
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Table 6: decisive position in transverse direction of detail D2 (occurring stresses and stress ranges 

due to a crossing of axle type B with an axle load of FA = 100kN) 

 x [mm] 
σ 

[N/mm²] 

Δσ 

[N/mm²] 

LR-1 
800 -27.63 

33.4 
3000 5.75 

LR-2 
800 -26.24 

31.0 
3000 4.79 

LR-3 
800 -25.16 

29.1 
3000 3.94 

LR-7 
900 -21.71 

25.7 
0 3.98 

LR-8 
900 -21.10 

26.0 
0 4.90 

LR-9 
900 -20.61 

26.2 
0 5.62 

 

In summary, the maximum stresses referring to detail D2 occur at the longitudinal rib (LR-1) next to the 

main girder (MG-A). The decisive position in longitudinal bridge direction to get the highest stress is 

distanced 0.4 ∙ eCG relating to the cross girder (CG-3, see Figure 69). The centre of the wheel contact 

patch has to be positioned directly above the appropriate longitudinal rib’s mid axis – for all details D2. 

The critical lane position, referring to detail D2, described above is the same as for detail D1a (see 

Section 3.3.1) and is again illustrated in Figure 71. Figure 71.a shows Model A with its open longitudinal 

ribs and the decisive position of the single and double wheeled axles. Because of further analyses 

regarding to an influence of a lateral shift of the vehicles due to heavy traffic driving characteristics, the 

second longitudinal rib LR-2 has to be taken into account due to a lack of space at LR-1 (end of the FE-

model). Therefore, Figure 71.b shows exemplary the appropriate studied lane position for single and 

double wheeled axles at Model B with closed longitudinal ribs. 

 

 

Figure 71: Detail D2 – critical lane position for a.) Model A and b.) Model B  

a.) b.) 
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 Lane and load/vehicle position for the maximum stresses at Detail D3 

Detail D3 represents the welded connection of the cross girder to the deck plate in the very local area of 

the bolted field splices within a cross girder. The stress ranges in the cross girder’s web due to the heavy 

traffic crossings are relevant. A detailed description of notch detail D3 can be found in Section 2.4.5. 

The results referring to the critical load position have been determined at a representative orthotropic 

steel deck with open longitudinal ribs (Model A, see Section 3.2.1). Further detailed analyses referring 

to detail D3 have been done by using Model D (see Section 3.2.4), which is a detailed cut out of Model 

A for the cross girder and includes the bolted field splices at the analysed cross girder. Because of the 

high influence of the lane position on the carriageway in transverse direction to the occurring stresses 

in the local notch detail, it was necessary to consider the real lane positions of Model A. The position of 

these real lanes in transverse direction are illustrated in Figure 72 and were selected based on a studied 

highway bridge. In summary 4 lanes (Lane 1 to Lane 4) are illustrated in the bridge’s cross section and 

also the bolted field splices are shown in this picture. Only the carriageway between the 2 main girders 

MG-A and MG-B was modelled and therefore the regions out of these limits were neglected. Lane 2 

and Lane 3 were taken into account for the analyses referring to detail D3 at Model A. By comparing 

these two lanes, 2 significant wheel/load positions in transverse direction can be identified. Wheel or 

load position L1, where the wheel load is located close to the bolted field splice near the main girder 

and load position L2, where the wheel load is located close to the bolted field splice in the middle 

between the main girders.  

 

Figure 72: real lane positions in transverse direction of Model A and critical wheel positions at 

section L1 and L2 
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Lane 3 exhibits similar wheel/load positions in transverse bridge direction and therefore only lane 2 was 

considered for the calculation of the critical load or lane position referring to detail D3. Nevertheless, 

also the effect of a parallel vehicle crossing on lane 2 and 3 could be analysed based on a summary of 

the individual load cases. 

 

In addition to the load position in transverse bridge direction, the occurring stresses in detail D3 are also 

depending on the location of the load (respectively the whole vehicle) in longitudinal bridge direction. 

Therefore, a determination of an influence line in longitudinal bridge direction relating to the reaction 

force Vsum,CG-1 (also more detailed for each longitudinal rib to get the correct loading in Model D) at the 

analysed cross girder was necessary for the mid cross girder which is subsequently indicated as CG-1. 

This longitudinal influence line has been calculated under consideration of axle type C including an 

increased wheel contact patch (see Figure 25 and Figure 29) with a wheel load of FW = 100kN. The 

resulting influence lines due to axle type C have been assumed also for axle type B and A.  

 

In summary 2 load positions in transverse (L1, L2) and 3 in longitudinal bridge direction have been 

taken into account for the determination of 2 influence lines in longitudinal bridge direction. One 

influence line at position L1 and one influence line at position L2 (see Figure 72). At position L1, the 

centre of the wheel contact patch is located directly above the longitudinal rib’s mid axis of LR-4. At 

position L2, the centre of the wheel contact patch is located in the middle between LR-9 and LR-10. At 

longitudinal load position A, the wheel load is located directly above the analysed cross girder CG-1 

(see Figure 73). At longitudinal load position B, the wheel load is located directly above a cross girder 

next to the analysed cross girder (at CG-0, see Figure 74). At longitudinal load position C, the wheel 

load is located in a distance of 1.30m away from the analysed cross girder (x=1.30, see Figure 75).  

 

The occurring shear forces in the appropriate longitudinal ribs have been measured from the finite 

element model A due to every load case. These shear forces in the longitudinal ribs have been selected 

in a distance of 200mm away from the analysed cross girder (loads in model D, see Figure 63) and are 

shown in detail in the following pictures. 

  

Figure 73 illustrates 2 load cases at longitudinal load position A, where the wheel load is positioned 

directly above CG-1. This picture also shows the definition of the load cases, L1_CG-1 (Figure 73.a) 

and L2_CG-1 (Figure 73.b). For this load case the shear forces have been selected at the connection of 

the longitudinal rib to CG-0 with an offset of 200mm towards CG-1. Due to load case L1_CG-1 the 

shear forces at the appropriate longitudinal ribs LR-1 to LR-10 have been measured which are marked 

in Figure 73.a: VLR-1,CG-0, VLR-2,CG-0, VLR-3,CG-0, VLR-4,CG-0, VLR-5,CG-0, VLR-6,CG-0, VLR-7,CG-0, VLR-8,CG-0, 

VLR-9,CG-0, VLR-10,CG-0 
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The reaction force Vsum,L1_CG-1 at cross girder CG-1 is calculated by the direct load Fw and the individual 

values VLR-1,CG-0:  

Vsum,L1_CG-1 = FW – 2 ∙ Σ(VLR-1,CG-0 + VLR-2,CG-0 + … + VLR-10,CG-0); 

 

Due to load case L2_CG-1 the shear forces at the appropriate longitudinal ribs LR-5 to LR-14 have been 

measured which are marked in Figure 73.b: VLR-5,CG-0, VLR-6,CG-0, VLR-7,CG-0, VLR-8,CG-0, VLR-9,CG-0, VLR-

10,CG-0, VLR-11,CG-0, VLR-12,CG-0, VLR-13,CG-0, VLR-14,CG-0 

 

The reaction force Vsum,L2_CG-1 at cross girder CG-1 is calculated by the direct load Fw and the individual 

values VLR-2,CG-0:  

Vsum,L2_CG-1 = FW – 2 ∙ Σ(VLR-5,CG-0 + VLR-6,CG-0 + … + VLR-14,CG-0); 

 

 

Figure 73: illustration of 2 load cases with longitudinal load position A at cross girder CG-1: a.) 

wheel load directly above LR-4 (L1_CG-1); b.) wheel load in the middle between LR-9 and LR-10 

(L2_CG-1) 

 

Figure 74 illustrates 2 load cases at longitudinal load position B, where the wheel load is positioned 

directly above CG-0. This picture also shows the definition of the load cases, L1_CG-0 (Figure 74.a) 

and L2_CG-0 (Figure 74.b). For this load case the shear forces have been selected at the connections of 

the longitudinal rib to CG-1 with an offset of 200mm towards CG-0. Due to load case L1_CG-0 the 

shear forces at the appropriate longitudinal ribs LR-1 to LR-10 have been measured which are marked 

in Figure 74.a: 

VLR-1,CG-1, VLR-2,CG-1, VLR-3,CG-1, VLR-4,CG-1, VLR-5,CG-1, VLR-6,CG-1, VLR-7,CG-1, VLR-8,CG-1, 

VLR-9,CG-1, VLR-10,CG-1;  

 

L1_CG-1 L2_CG-1 

a.) b.) 
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The reaction force Vsum,L1_CG-0 for cross girder CG-1 is now based on: 

Vsum,L1_CG-0 = Σ(VLR-1,CG-1 + VLR-2,CG-1 + … + VLR-10,CG-1); 

 

Due to load case L2_CG-0 the shear forces at the appropriate longitudinal ribs LR-5 to LR-14 have been 

measured which are marked in Figure 74.b: VLR-5,CG-1, VLR-6,CG-1, VLR-7,CG-1, VLR-8,CG-1, VLR-9,CG-1, VLR-

10,CG-1, VLR-11,CG-1, VLR-12,CG-1, VLR-13,CG-1, VLR-14,CG-1; Vsum,CG-1 = Σ(VLR-1,CG-1 + VLR-2,CG-1 + … + VLR-10,CG-

1); 

 

The reaction force Vsum,L2_CG-0 for cross girder CG-1 leads do: 

Vsum,L2_CG-0 = Σ(VLR-5,CG-1 + VLR-6,CG-1 + … + VLR-14,CG-1); 

 

 

Figure 74: illustration of 2 load cases with longitudinal load position B at cross girder CG-0: a.) 

wheel load directly above LR-4 (L1_CG-0); b.) wheel load in the middle between LR-9 and LR-10 

(L2_CG-0) 

 

Figure 75 illustrates 2 load cases at longitudinal load position C, where the wheel load is positioned 

between CG-0 and CG-1 in a distance of x = 1.30m away from CG-1. This picture also shows the 

definition of the load cases, L1_x=1.30 (Figure 75.a) and L2_x=1.30 (Figure 75.b). At this load case the 

shear forces have been selected at the connection of the longitudinal rib to CG-1 with an offset of 200mm 

towards CG-0. Due to load case L1_x=1.30 the shear forces at the appropriate longitudinal ribs LR-1 to 

LR-10 have been measured which are marked in Figure 75.a: VLR-1,CG-1, VLR-2,CG-1,  

VLR-3,CG-1, VLR-4,CG-1, VLR-5,CG-1, VLR-6,CG-1, VLR-7,CG-1, VLR-8,CG-1, VLR-9,CG-1, VLR-10,CG-1 

 

The reaction force Vsum,L1_x=1.30 for cross girder CG-1leads to:  

Vsum,L1_x=1.30 = Σ(VLR-1,CG-1 + VLR-2,CG-1 + … + VLR-10,CG-1); 

L1_CG-0 L2_CG-0 

a.) b.) 
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Due to load case L2_x=1.30 the shear forces at the appropriate longitudinal ribs LR-5 to LR-14 have 

been measured which are marked in Figure 75.b: VLR-5,CG-1, VLR-6,CG-1, VLR-7,CG-1, VLR-8,CG-1, VLR-9,CG-1, 

VLR-10,CG-1, VLR-11,CG-1, VLR-12,CG-1, VLR-13,CG-1, VLR-14,CG-1 

 

The reaction force Vsum,L2_x=1.30 for cross girder CG-1leads to:  

Vsum,L2_x=1.30 = Σ(VLR-5,CG-1 + VLR-6,CG-1 + … + VLR-14,CG-1); 

 

 

 

Figure 75: illustration of 2 load cases with longitudinal load position C between cross girder CG-0 

and CG-1: a.) wheel load directly above LR-4 (L1_x=1.30); b.) wheel load in the middle between LR-

9 and LR-10 (L2_ x=1.30) 

 

 

In summary, all analysed load cases that are displayed in Figure 73 to Figure 75 are summed up in Table 

7 with its wheel load position in longitudinal and transverse direction. The resulting reaction force 

Vsum,CG-1 at cross girder CG-1 for each load case due to axle type C with a wheel load of Fw = 100kN 

(note: only for detail D3 the wheel load Fw = 100kN was used as reference load instead of the axle load) 

are plotted which are necessary for the determination of the influence lines referring to cross girder CG-

1 in longitudinal bridge direction. 

  

L1_x=1.30 L2_x=1.30 

a.) b.) 
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Table 7: analysed load cases with differentiation in longitudinal and cross bridge direction referring 

to detail D3 (with reaction forces Vsum,CG-1 at cross girder CG-1, axle type C with an wheel load of FW 

= 100kN) 

wheel load position 
indication of load 

case 
Vsum,CG-1 [kN] cross 

direction 

Longitudinal 

direction 

L1 

at CG-1 L1_CG-1 80.25 

at CG-0 L1_CG-0 9.19 

x = 1.30 m L1_x=1.30 34.45 

L2 

at QT-1 L2_CG-1 64.74 

at QT-0 L2_CG-0 16.29 

x = 1.30 m L2_x=1.30 33.79 

 

With the results of Vsum,CG-1 at cross girder CG-1 that are shown in Table 7 the determination of 2 

influence lines in longitudinal bridge direction referring to section L1 and L2 was possible. For example, 

load case L1_CG-1, Vsum,CG-1 = 80.25 kN → ηL1 = Vsum / Fw = 80.25 / 100 ≈ 0.80; 

Figure 76 shows the 2 calculated influence lines in longitudinal bridge direction at section L1 and L2 

(see Figure 72) relating to the reaction force Vsum,CG-1 at cross girder CG-1 due to wheel load FW = 

100kN. Also the determined values ηL1 and ηL2 referring to the load cases described above are plotted. 

 

Figure 76: illustration of the calculated influence lines for the wheel loads in longitudinal bridge 

direction at lateral position L1 (ηL1) an L2 (ηL2) 

 

Additionally to the plotted graphs in Figure 76 the values are listed in Table 8. 

 

As it can be seen in Figure 76, there is more load concentration at cross girder CG-1 when the loading 

is at section L1 near the main girder because of the higher bridge deck stiffness in this region. The 
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influence line for loading in section L2 shows better load distribution of the wheel load to the other cross 

girders because of more flexibility in the mid region between the main girders. When the wheel load is 

located directly above the analysed cross girder CG-1, at position L1 80% and at position L2 65% of 

the whole wheel load is transferred directly by cross girder CG-1 to the main girders. When the wheel 

load is located directly above cross girder CG-0, at position L1 9% and at position L2 16 % of the whole 

wheel load is transferred to cross girder CG-1.  

 

Table 8: values ηL1 and ηL2 for the calculated influence lines in longitudinal bridge direction (see 

Figure 76) 

x [m] ηL1 [-] ηL2 [-] 

-2.00 0.09 0.16 

-1.30 0.35 0.34 

0.00 0.80 0.65 

1.30 0.35 0.34 

2.00 0.09 0.16 

 

 

- Evaluation of the cross girder influence lines for single vehicles from FLM 4 and FLM 4* 

With the influence lines presented in Figure 76 relating to cross girder CG-1 for loading in section L1 

and L2 and under consideration of the vehicles according to FLM 4 (see Section 2.5.2) the critical 

vehicle type and its location in longitudinal bridge direction could be verified. Every lorry type was 

positioned most unfavourable under consideration of the axle distances and axle loads of every vehicle 

from FLM 4 and FLM 4*.  This procedure is illustrated in Figure 77 where the critical location of each 

lorry type can be seen with its axle loads depending on the chosen fatigue load model. 

(note: only axle loads within -2.0 < x < 2.0m are shown) 
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Figure 77: evaluation of the cross girder influence lines for wheel loads at section L1 an L2 for single 

vehicles from fatigue load model FLM 4 and FLM 4* 

 

Under consideration of the axle loads and the appropriate η values from the influence lines, the 

maximum reaction force FCG referring to cross girder CG-1 could be verified relating to loadings in 

section L1 and L2.  

 

The results referring to the evaluation of the cross girder influence lines at section L1 and L2 are plotted 

in Table 9 under consideration of fatigue load model FLM 4 and FLM 4* (see Section 2.5.2, Figure 24). 
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Table 9: results for reaction forces FCG [kN] in cross girder CG-1 referring to the evaluation of the 

cross girder influence lines for wheel loads in section L1 and L2 for every lorry type from fatigue load 

model FLM 4 and FLM 4* 

FCG [kN] 

wheel loads in 

section L1 

wheel loads in 

section L2 

lorry type FLM 4 FLM 4* FLM 4 FLM 4* 

T1 104.0 73.8 84.5 60.0 

T2 138.0 121.6 118.8 104.6 

T3 135.0 99.2 119.7 87.9 

T4 112.0 83.3 91.0 67.7 

T5 104.0 74.2 84.5 60.3 

 

 

As shown in Table 9, lorry type T2 with its position in longitudinal bridge direction as illustrated in 

Figure 77 leads to the maximum reaction force relating to cross girder CG-1. 

 

- Distribution of the individual wheel loads to the individual longitudinal ribs 

Because of the modelling technique of Model D, which is presented in Section 3.2.4 with a 2D model 

of the cross girder, it was necessary to define a distribution function for the transferred load to the cross 

girder in each longitudinal rib, relating to each wheel load position. The longitudinal ribs have been 

modelled with a length of only 200mm both sided of the analysed cross girder. Along the outer edges 

of the appropriate longitudinal ribs the loads were applied by using shell edge line loads which are 

illustrated in Figure 61 and Figure 63. It was necessary to consider different load distributions for the 

wheel loads to the individual longitudinal ribs depending on the location of the wheel load in 

longitudinal and transverse bridge direction.  

 

- Wheel loads at Section L1: 

Figure 78 shows the load distribution of the wheel load to the individual longitudinal ribs for two 

different load cases. The wheel load distribution due to load case L1_1.30 is plotted in Figure 78.a. 67% 

of the overall load FCG is transferred via the longitudinal rib LR-4 to cross girder CG-1 and 15% of the 

load is transferred via LR-3 and LR-5. The wheel load distribution due to load case L1_CG-1 is plotted 

in Figure 78.b. At this load case the wheel load is located directly above the analysed cross girder and a 

simplified safe sided model, that is shown in Figure 78.b, for the load distribution was sufficient. 72% 

of the overall load FCG is transferred via the longitudinal rib LR-4 to cross girder CG-1 and 14% of the 

load is transferred via LR-3 and LR-5. 
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Figure 78: load distribution of the wheel load to the longitudinal ribs for different loading of cross 

girder CG-1: a.) load case L1_x=1.30; b.) load case L1_CG-1; 

 

Because of the small difference between the load distribution due to the load cases L1_x=1.30 and 

L1_CG-1 (see Figure 78.a and Figure 78.b), a general load distribution rule relating to wheel loads at 

section L1 delivers sufficient results that has no dependency on the load position in longitudinal bridge 

direction. Therefore, the averages of the results in Figure 78 for the relevant longitudinal ribs LR-4 and 

LR-3/LR-5 have been calculated, which are plotted in Table 10. In summary, at section L1 70% of the 

wheel load is transferred via LR-4 and 15% is transferred via LR-3 and LR-5. 

 

Table 10: percentages referring to the load distribution of the wheel load to the longitudinal ribs for 

the load cases L1_CG-1, L1_x=1.30 and their averages 

 L1_x=1.30 L1_CG-1 average 

LR-4 67.0% 72.0% 70.0% 

LR-3 + LR-5 16.5% 14.0% 15.0% 

 

 

- Wheel loads at Section L2: 

Figure 79 shows the load distribution of the wheel load to the relevant longitudinal ribs for load case 

L2_x=1.30. 50% of the overall load FCG is transferred via the longitudinal rib LR-9 to cross girder CG-

1 and also 50% of the load is transferred via LR-10.  

 

0

5000

10000

15000

20000

25000

VLR-2.CG-1 VLR-3.CG-1 VLR-4.CG-1 VLR-5.CG-1 VLR-6.CG-1

5.6 [kN] ≈ 0.16 ∙ F
CG

 

22.2 [kN] ≈ 0.67 ∙ F
CG

 

5.3 [kN] ≈ 0.16 ∙ F
CG

 V
L

R
-i

,C
G

-1
 [
N

] 
 

Load case: L1_x=1.30 Load case: L1_CG-1 

F
CG

 = F
W

 ∙ η
i
 

a.) b.) 

Average: 0.72 

FCG = 34.45 [kN] 



Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

 

98 

 
Figure 79: load distribution of the wheel load to the longitudinal ribs for different loading of cross 

girder CG-1 relating to load case L2_x=1.30 

 

 

- Summary of loading at the individual longitudinal ribs in Model D referring to the wheel loads at 

section L1 and L2 

The summary of the analyses relating to the wheel load distribution at section L1 and L2 to the individual 

longitudinal ribs is shown in Figure 80. Under consideration of these distribution rules the resulting load 

due to the critical vehicle type on its critical position in longitudinal bridge direction (FCG, see Table 9) 

was applied at finite element model D (see Figure 61 and Figure 63). 

 

 

 
Figure 80: loading in Model: transferred wheel load parts at the longitudinal ribs to the cross girder 

referring to the wheel load to the appropriate longitudinal ribs at section L1 and L2 
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- Application of the relevant lorry type T2 (FLM 4) for the critical load position and determination of 

the shell edge loads for the finite element model D 

 

Figure 81 displays the critical position of the relevant vehicle T2 for detail D3 that has been determined. 

It includes the calculation of the loads P [kN] which were then applied at the finite element model D. 

The axle load of lorry type T2 in FLM 4* has a value of FA = 105.7 kN (see Figure 77) and every wheel 

has a load of Pw = 105.7/2 = 52.9 kN. The appropriate η-values from the cross girder influence line are 

illustrated in Figure 77. The load distribution to the individual longitudinal ribs can be seen in Figure 

80. 

 

 

Figure 81: relevant lorry type T2 (FLM 4*) with its critical load position and determination of the 

shell edge loads for the finite element model D 

 

  

Pw = 105.7 / 2 = 52.9 [kN] 

 

Pmax,L1 = 52.9 ∙ (0.8 + 0.35) = 60.8 [kN] (see Figure 77) 

Pmax,L2 = 52.9 ∙ (0.65 + 0.34) = 52.4 [kN] (see Figure 77) 

 

PLR-3 = PLR-5 = 60.8 ∙ 0.15 = 9.1 [kN] (see Figure 80) 

PLR-4 = 60.8 ∙ 0.70 = 42.6 [kN] (see Figure 80) 

PLR-9 = PLR-10 = 52.4 ∙ 0.50   = 26.2 [kN] (see Figure 80) 

 

 



Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

 

100 

3.4. Simulation of heavy traffic crossings 

 Overview of the principal procedure 

In this Section the procedure and the results of the heavy traffic simulations for the finite element models 

A, B, C and D are shown. A detailed description of the finite element models can be found in Section 

3.2. The stresses have been determined on an orthotropic steel bridge deck for the analysed notch details 

(D1, D2, D3) which are illustrated and explained in Section 2.4. For the simulations of the heavy traffic 

crossings over the analysed bridge decks fatigue load model FLM 4 and FLM 4* have been taken into 

account which are described in Section 2.5.2. Increased wheel contact patches were considered that are 

illustrated in Figure 65. 

 

The analysed details D1a, D1b and D2 show a very local influence area and therefore no interaction of 

the wheel loads within a single axle appears. Therefore, also beside lanes can be ignored. All simulations 

have been carried out by just modelling one single or double wheeled contact patch load, which gives 

accurate results. For detail D3 the position of the lanes (lane 2, 3) was based on the studied bridge deck 

(see Figure 72). 

 

The stresses in the notch details have been calculated under consideration of a centric configuration of 

the wheels in transverse direction. No lateral shift of the wheels and vehicles respectively in transverse 

direction was taken into account. 

 

The following list gives an overview of the results shown in this Section 3.4 according to the calculations 

referring to the heavy traffic simulations of the vehicles from the chosen fatigue load model at 

orthotropic steel bridge decks: 

- Model A: orthotropic bridge deck with open longitudinal ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 3.4.2.1 and results for detail D2 in Section 3.4.2.2 

- Model B: orthotropic bridge deck with trough ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 3.4.3.1, detail D1b in Section 3.4.3.2 and detail D2 in Section 

3.4.3.3 

- Model C: orthotropic bridge deck with trough ribs and cross girder interval eQT = 4.0m 

Results for detail D1a in Section 3.4.4.1, detail D1b in Section 3.4.4.2 and detail D2 in Section 

3.4.4.3 

- Model D: orthotropic bridge deck with open longitudinal ribs – cross girder with field splices 

Results for detail D3, joint I and III (near main girder) and joint II (between the main girders) in 

Section 3.4.5 
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In summary 3 individual steps had been done for the heavy traffic simulation, which are listed first in a 

very short form and then are explained in detail: 

 

- Step 1: Determination of influence lines for the 3 wheel types A, B and C at every detail in 

longitudinal bridge direction. 

- Step 2: Calculation of stress-history curves in every detail for every vehicle type under consideration 

of the axle distances and the axle loads depending on the lorries from the fatigue load model (see 

Figure 24 in Section 2.5.2). 

- Step 3: Stress cycle counting with Rain flow- or Reservoir method and generation of a stress range 

spectrum due to a centric track configuration. 

 

- Additional explanations: 

For a realistic reproduction of the occurring stress ranges ∆σi due to the crossing of the vehicles from 

fatigue load model FLM 4 and FLM 4* the modelling of the wheel contact patches of every single axle 

including a load distribution through the asphalt pavement is an essential part. This beneficial load 

distribution is schematically shown in Figure 83 under every tyre. To get a better overview of the results 

of each axle type, the crossing of every axle A, B and C was done with a standardised axle load of FA = 

100kN. The single axle was adapted at many load positions in longitudinal bridge direction and the 

linear numerical simulations were carried out under consideration of a static behaviour only. Any 

dynamic effect was not considered in the numerical calculations. With the results of the individual load 

cases for each axle type, influence lines in longitudinal bridge direction could be determined, relating to 

an axle load of FA = 100kN. 

 

Figure 82 shows a schematic representation of the simulation of the heavy traffic crossings with centric 

track configuration. After creating the influence lines in longitudinal bridge direction for all three wheel 

types (A, B and C) in each analysed detail point, stress histories relating to the axle configuration of 

each lorry type (T1 to T5, see Figure 24) could be determined (see Figure 82.a). With Reservoir method 

the stress ranges Δσi have been counted for every lorry type. The stress ranges were then summed up in 

a stress range spectrum for each analysed detail based on altogether 100 vehicle crossings and under 

consideration of the frequency of occurrence for long distance roads (see Figure 82.b). Finally, a damage 

equivalent constant amplitude stress range Δσe could be verified relating to 100 load cycles. All analyses 

have been carried out under consideration of the S-N curve with a fatigue strength of ∆σc = 100 N/mm² 

(see Section 2.7). 
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Figure 82: a.) schematic representation of stress-history curves for the 5 vehicle types from FLM-4; 

b.) determination of stress spectra by cycle counting of stress ranges Δσ for each lorry type and 

integration of traffic configuration; 

 

The whole simulation of the heavy traffic crossings with centric track configuration for all models and 

details can be found in Annex A and the essential results were presented in the following Sections. 

 

 

 Model A: Orthotropic bridge deck with open longitudinal ribs 

This Section presents the results of the heavy traffic simulations under consideration of fatigue load 

model FLM 4 and also FLM 4* at FEM-model A, restricted to two lane positions in transverse direction. 

A detailed description of FEM-model A can be found in Section 3.2.1 and the applied fatigue load 

models are presented in Section 2.5.2. The stresses in the critical notch details D1a, D1b and D2 have 

been calculated and a detailed description of these points is shown in Section 2.4. The determination of 

the critical lane position referring to the details D1 and D2 is shown in Section 3.3 and is additionally 

illustrated below in Figure 83. Due to a lack of space at LR-1, lane 1 (end of the model at the main 

girder), the consideration of LR-3, lane 2, was necessary for further analyses regarding to a lateral wheel 

shifting. A calculation of a remaining service life after 50 years was performed at LR-1 (lane 1) and 

therefore, FLM 4* was used. At LR-3 (lane 2), no fatigue assessment has been done and therefore only 

FLM 4 was taken into account. 
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Figure 83: analysed lane positions lane 1 and lane 2 in transverse direction at Model A 

 

 Detail D1a 

The analysed detail point D1a at lane 1 is located at longitudinal rib LR-1, measuring point MP-2 (see 

Figure 66 in Section 3.3.1). At lane 2, detail D1a is located at longitudinal rib LR-3. At both lanes D1a 

is in a distance of eLR = 360mm away from the mid cross girder.  Figure 84 illustrates the calculated 

influence lines in longitudinal bridge direction due to axle/wheel type B and C with an increased wheel 

contact patch and an axle load of FA = 100kN. In Figure 84.a the occurring stresses in the analysed detail 

D1a are plotted due to axle type B at LR-1 (lane 1) depending on the position of the axle in longitudinal 

bridge direction. Figure 84.b shows the occurring stresses in detail D1a due to axle type B at LR-3 (lane 

2). As already shown in Table 4 (see Section 3.3.1), the maximum stress occurs at LR-1 (lane 1), where 

a stress of σD1a,LR-1,B = -103.78 N/mm² can be observed due to axle type B (see Figure 84.a). The 

presented influence line at LR-3 (see Figure 84.b) with a maximum stress of σD1a,LR-3,B = -94.48 N/mm² 

shows less difference compared to the one at LR-1. The influence lines referring to the single wheeled 

axles C are shown in Figure 84.c (LR-1, lane 1) and Figure 84.d (LR-2, lane 2), where also less 

difference can be observed. The maximum occurring stress at longitudinal rib LR-1 due to axle type C 
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has a value of σD1a,LR-1,C = -115.70 N/mm² (see Figure 84.c). The wheel contact patches of axle type B 

(680x460mm) and C (410x460mm) are quite different in its width (see Figure 65 in Section 3.3.1). 

Therefore, the width of the twin tyres are about 1.7 times larger than the single wheeled ones, leading 

to reduced surface pressure, when both axles have the same axle load. But with regards to the resulting 

stresses, presented in Figure 84.a and c., there is not that much differentiation (σD1a,LR-1,C / σD1a,LR-1,B = 

1.1). Hence, there is less difference between the results due to the axle types, because the extended wheel 

contact patches’ geometry is large in relation to the longitudinal rib’s interval. Therefore, a difference 

of only 10% could be observed between axle type B and C. 

 

The calculation of influence lines in longitudinal bridge direction at lane 1 and 2 has also been carried 

out for axle/wheel type A which are not plotted in this Section. 

 

 

Figure 84: Model A – Detail D1a – influence lines in longitudinal bridge direction due to axle/wheel 

type B and C and axle load FA = 100kN: a.) axle type B at LR-1 (lane 1); b.) axle type B at LR-3 (lane 

2); c.) axle type C at LR-1 (lane 1); d.) axle type C at LR-3 (lane 2); 
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Figure 85 illustrates the stress history for detail D1a at LR-3 (lane 2) in centric position due to a crossing 

of lorry type T3 according to fatigue load model FLM 4 (see Section 2.5.2). The occurring stress ranges 

∆σi have been counted with Rain flow-method and are also shown in the visualisation. The marked stress 

ranges ∆σi in the stress history curve show very good, that every axle from the vehicle produces a 

separate stress range. 

 

 

Figure 85: Model A – Detail D1a at LR-3 – stress history relating to a crossing of lorry type T3 

according to FLM 4 at lane 2 

 

As illustrated in Figure 85, the highest stress range Δσ1 is caused by the heaviest axle of the lorry which 

in that case, is the driving axle of the articulated lorry. Therefore, it can be noticed that at every lorry, 

the highest axle load FA of the vehicle produces at detail D1a the highest stress range within a single 

lorry. 

 

The calculation of stress history curves at lane 1 and 2 have also been carried out for all other lorry types 

from fatigue load model FLM 4, respectively FLM 4*, which are not plotted in this Section. 

 

 

- Stress range spectra due to FLM 4 and FLM 4* referring to LR-1 (lane 1) 

Figure 86 shows the resulting stress range spectrum for detail D1a at LR-1 (MP2, see Figure 66) due to 

the weigh in motion modified fatigue load model FLM 4* at lane 1 relating to in summary 100 lorries. 

The frequency of occurrence was chosen for long distance routes (see Figure 24 in Section 2.5.2) and 

therefore the following number of lorries is presented: lorry type T1 – n1 = 20, lorry type T2 – n2 = 5, 

lorry type T3 – n3 = 50, lorry type T4 – n4 = 10, lorry type T5 – n5 = 10; 
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Figure 86: Model A – Detail D1a at LR-1 – stress range spectrum relating to a crossing of in 

summary 100 lorries according to FLM 4* and centric track configuration 

 

Additionally, Figure 87 shows the resulting stress range spectrum for detail D1a at LR-1 (MP2, see 

Figure 66) due to the unmodified fatigue load model FLM 4 at lane 1, also relating to in summary 100 

lorries. The frequency of the individual lorry types is the same as for FLM 4*.  

 

 

Figure 87: Model A – Detail D1a at LR-1 – stress range spectrum relating to a crossing of in 

summary 100 lorries according to FLM 4 and centric track configuration 

Both pictures (Figure 86 and Figure 87) also show a damage equivalent constant amplitude stress range 

∆σe relating to ne = 100 number of load cycles. This values have been determined by using Equation 6 
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and Equation 7 (see Section 2.6) and under consideration of the appropriate S-N curve with a fatigue 

strength of ∆σc = 100 N/mm². Stress ranges which are lower than the cut off limit for fatigue ∆σL do not 

have any damaging effect. This cut off limit ∆σL is also shown in the figures as well as the constant 

amplitude fatigue limit ∆σD at ND = 5 ∙ 106, where stress ranges which are lower than ∆σD have less 

damaging effect (m = 5) than stress ranges above ∆σD (m = 3).  

 

By comparing the two stress range spectra from Figure 86 and Figure 87 it can be stated, that the higher 

stress ranges in Figure 87 are caused by the higher axle loads due to the chosen fatigue load model 

(FA,i,FLM4 > FA,i,FLM4*). The equivalent constant amplitude stress range for FLM 4 relating to FLM 4* is:  

∆σe,D1a,FLM4 / ∆σe,D1a,FLM4* = 193.19/140.06 = 1.38 → ∆σe,D1a,FLM4 = 1.38 ∙ ∆σe,D1a,FLM4*.  

 

Regarding to the indications in Figure 24 in Section 2.5.2, the weighted average gross weight of the 

lorries of FLM 4* is:  

Gtot,av,FLM4* = (0.2 ∙ 142 + 0.05 ∙ 273 + 0.5 ∙ 360 + 0.15 ∙ 290 + 0.1 ∙ 321)/1 = 297.65 kN  

 

The gross weight’s weighted average due to FLM 4 is:  

Gtot,av,FLM4 = (0.2 ∙ 200 + 0.05 ∙ 310 + 0.5 ∙ 490 + 0.15 ∙ 390 + 0.1 ∙ 450)/1 = 404 kN 

 

The load increase referring to the gross weights of FLM 4 in relation to FLM 4* is: 

Gtot,av,FLM4 / Gtot,av,FLM4* = 404 / 297.65 = 1.36 → Gtot,av,FLM4 = 1.36 ∙ Gtot,av,FLM4* 

 

The distribution of the lorry’s gross weights (T1 to T5) to the individual axles is equal for both load 

models FLM 4 and FLM 4*. Hence, there is quite a linear relationship between the loads and the 

occurring equivalent stress ranges in this case, because of the very high stress ranges. In both spectra, 

there is no stress range below the cut off limit for fatigue ∆σL. Because of the higher load levels in FLM 

4, every stress range in Figure 87 is higher than ∆σD and the damages were therefore calculated with a 

S-N-curve’s slope of m =3 . Regarding to the stress ranges due to FLM 4* in Figure 86, a few of them 

were considered with a flatter slope of the S-N-curve (m = 5), which causes less damaging effect. The 

relationship of the resulting damages due to FLM 4 and FLM 4* is shown below: 

 

- FLM 4:  Ne,D1a,FLM4 = (∆σc / ∆σe,D1a,FLM4)3 ∙ 2 ∙ 106 = (100 / 193.19)3 ∙ 2 ∙ 106 = 0.2774 ∙ 106; 

De,D1a,FLM4 = ne / Ne,D1a,FLM4 = 100 / (0.2774 ∙ 106) = 0.36 ∙ 10(-3)  

- FLM 4*:  Ne,D1a,FLM4* = (∆σc / ∆σe,D1a,FLM4*)3 ∙ 2 ∙ 106 = (100 / 140.06)3 ∙ 2 ∙ 106 = 0.7279 ∙ 106;  

De,D1a,FLM4* = ne / Ne,D1a,FLM4* = 100 / (0.7279 ∙ 106) = 0.14 ∙ 10(-3)  

 

→ De,D1a,FLM4 / De,D1a,FLM4* = (ne / Ne,D1a,FLM4) / (ne / Ne,D1a,FLM4*) = Ne,D1a,FLM4* / Ne,D1a,FLM4 = 2.6 
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An increase of the loads of 36% causes in this case an equivalent stress range increase of 38%. Regarding 

to the damage in the analysed detail D1a, the stress cycles due to FLM 4 cause in this case a 2.6 times 

higher damage in the detail than due to FLM 4*. 

 

 

- Stress range spectrum due to FLM 4 referring to lane 2 

Figure 88 shows the resulting stress range spectrum for detail D1a due to the unmodified fatigue 

load model FLM 4 at lane 2 relating to in summary 100 lorries.  

 

 
Figure 88: Model A – Detail D1a at LR-3 – stress range spectrum relating to a crossing of in 

summary 100 lorries according to FLM 4 and centric track configuration 

 

Figure 88 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. This values have been determined by using Equation 6 and Equation 7 (see 

Section 2.6) and under consideration of the appropriate S-N curve with a fatigue strength of ∆σc = 100 

N/mm². This stress range spectrum at LR-3 (lane 2) is the basis for further investigations referring to 

detail D1a and a lateral shift of the vehicles due to driving characteristics which are presented in Section 

4. 

 

The stress range spectra in Figure 87 and Figure 88 are relating to the same load level FLM 4 and 

therefore a comparison is possible. As already shown in Section 3.3.1, a location of detail D1a at LR-1 

(lane 1), near the main girder delivers maximum stresses. This recognition is confirmed by the lower 

equivalent constant amplitude stress range at LR-3 (lane 2) relating to the one at LR-1. At the spectrum 

at LR-1, all stress ranges are higher than ∆σD, whereas at LR-3 the last 5 stress ranges are lower than 

∆σD and therefore were considered with a flatter S-N-curve’s slope of m = 5. At LR-1, the equivalent 

constant amplitude stress range ∆σe,D1a,LR-1 = 193.19 N/mm² has a 11% higher value than at LR-3, where 
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a value of ∆σe,D1a,LR-3 = 174.04 N/mm² was calculated. The maximum stress range at the spectrum for 

LR-1 is ∆σmax,D1a,LR-1 = 164.8 N/mm² and for LR-3, ∆σmax,D1a,LR-3 = 147.2 N/mm². Therefore, the 

maximum occurring stress range for LR-1 is also about 12% higher than for LR-3. By considering the 

resulting damages for the stress range spectra in Figure 87 and Figure 88, a difference which is shown 

below can be recognised: 

 

- LR-1:  Ne,D1a,LR-1 = (∆σc / ∆σe,D1a,LR-1)3 ∙ 2 ∙ 106 = (100 / 193.19)3 ∙ 2 ∙ 106 = 0.2774 ∙ 106; 

De,D1a,LR-1 = ne / Ne,D1a,LR-1 = 100 / (0.2774 ∙ 106) = 0.36 ∙ 10(-3)  

- LR-3:  Ne,D1a,LR-3 = (∆σc / ∆σe,D1a,LR-3)3 ∙ 2 ∙ 106 = (100 / 174.04)3 ∙ 2 ∙ 106 = 0.3794 ∙ 106;  

De,D1a,LR-3 = ne / Ne,D1a,LR-3 = 100 / (0.3794 ∙ 106) = 0.26 ∙ 10(-3)  

 

→ De,D1a,LR-1 / De,D1a,LR-3 = (ne / Ne,D1a,LR-1) / (ne / Ne,D1a,LR-3) = Ne,D1a,LR-3 / Ne,D1a,LR-1 = 1.37 

 

The occurring equivalent stress range ∆σe, determined due to the same load level FLM 4, is for LR-1 

(lane 1) 11% higher than for LR-3 (lane 2), but the consequential damage is for LR-1 37% higher than 

for LR-3.  

 

 

 Detail D2 

The analysed detail point D2 at lane 1 is located at longitudinal rib LR-1, on the bottom side of the 

welded connection of the longitudinal rib to the cross girder (see Section 3.3.3). At lane 2, detail D2 is 

located at longitudinal rib LR-3. The calculated influence lines in longitudinal bridge direction due to 

axle/wheel type B and C with an increased wheel contact patch and an axle load of FA = 100kN are 

illustrated in Figure 89. Figure 89.a shows the occurring stresses in the analysed detail D2 due to axle 

type B at LR-1 (lane 1) depending on the position of the axle in longitudinal bridge direction. Figure 

89.b shows the occurring stresses in detail D2 due to axle type B at LR-3 (lane 2). The influence lines 

due to the single wheeled axle type C are shown Figure 89.c (at LR-1, lane 1) and Figure 89.d (at LR-

3, lane 2). 

 

The calculation of influence lines in longitudinal bridge direction at lane 1 and 2 has also been carried 

out for axle/wheel type A which are not plotted in this Section. 
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Figure 89: Model A – Detail D2 – influence lines in longitudinal bridge direction due to axle/wheel 

type B and C and axle load FA = 100kN: a.) axle type B at LR-1 (lane 1); b.) axle type B at LR-3 (lane 

2); c.) axle type C at LR-1 (lane 1); d.) axle type C at LR-3 (lane 2); 

 

By comparing the influence lines for axle type B with twin tyres in Figure 89.a (at LR-1, lane 1) and 

Figure 89.b (LR-3, lane 2), less difference can be observed. The maximum occurring stress in detail D2 

differs about 10% but the load location in longitudinal direction referring to the maximum stress is the 

same (e = 80cm away from the cross girder). Same observations can be done for the influence lines 

relating to the single wheeled axle type C in Figure 89.c and Figure 89.d. More significant difference 

can be recognised when comparing the maxima of the influence lines for single and double wheeled 

axles (Figure 89.a  and Figure 89.c). Due to the single wheeled axle type C, a higher stress level occurs 

in D2 than for axle type B when the same axle load is applied. The occurring stress due to axle type C 

is 31% higher than due to axle type B (36.18 N/mm² instead of 27.64 N/mm²). This higher stress level 

for axle type C is caused by a smaller width of the wheel contact patch relating to axle type B. Due to 

the wider axle type B, the load can be distributed much better to the nearby longitudinal ribs which 

reduces the stresses in the directly loaded longitudinal rib. 

Figure 90 illustrates the stress history for detail D2 at LR-3 due to a crossing of lorry type T3 according 

to fatigue load model FLM 4 (see Section 2.5.2) at lane 2 (see Figure 83). The occurring stress ranges 
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∆σi have been counted with Rain flow-method and are also shown in the visualisation. The plotted graph 

in the diagram shows very good the superposing stresses due to the last 3 axles from the trailer that 

causes the maximum stress range ∆σ1. 

 

Figure 90: Model A – Detail D2 at LR-3 – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 2 

 

The calculation of stress history curves at lane 1 and 2 have also been carried out for all other lorry types 

from fatigue load model FLM 4, respectively FLM 4*, which are not plotted in this Section. 

 

- Stress range spectra due to FLM 4 and FLM 4* at LR-1 referring to lane 1 

The resulting stress range spectrum for detail D2 due to the weigh in motion modified fatigue load model 

FLM 4* at LR-1 (lane 1) is shown in Figure 91 relating to in summary 100 lorries. 

 

Figure 91: Model A – Detail D2 at LR-1 – stress range spectrum relating to a crossing of in summary 

100 lorries according to FLM 4* at lane 1 and centric track configuration 
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Additionally, Figure 92 shows the resulting stress range spectrum for detail D2 due to the unmodified 

fatigue load model FLM 4 at lane 1 relating to in summary 100 lorries.  

 

 

Figure 92: Model A – Detail D2 at LR-1 – stress range spectrum relating to a crossing of in summary 

100 lorries according to FLM 4 at lane 1 and centric track configuration 

 

Both pictures (Figure 91 and Figure 92) also show a damage equivalent constant amplitude stress range 

∆σe relating to ne = 100 number of load cycles. This values have been determined by using Equation 6 

and Equation 7 (see Section 2.6) and under consideration of the appropriate S-N curve with a fatigue 

strength of ∆σc = 100 N/mm². Additionally, the constant amplitude fatigue limit ∆σD at ND = 5 ∙ 106 is 

shown in the pictures as well as the cut off limit for fatigue ∆σL. 

 

The stress range spectrum due to FLM 4 (Figure 92) has a higher equivalent constant amplitude stress 

range ∆σe as due to FLM 4* (Figure 91) because of the higher load levels. In the spectrum due to FLM 

4*, only 4 stress ranges have a damaging effect at detail D2 and even the maximum stress range is under 

the fatigue limit ∆σD. In that case, a theoretical boundless life time would be available which was ignored 

regarding to the conducted analyses. Hence, these 4 stress ranges were considered with a S-N-curve’s 

slope of m = 5 in the damage calculation. The equivalent constant amplitude stress range for FLM 4 

relating to FLM 4* is:  ∆σe,D2,FLM4 / ∆σe,D2,FLM4* = 74.55/48.05 = 1.55 → ∆σe,D2,FLM4 = 1.55 ∙ ∆σe,D2,FLM4*. 

Regarding to the vehicle’s gross weights, the weighted average of FLM 4 relating to FLM 4* is 

404/297.65 = 1.36. Hence, there is no linear increase relating to the loads and the stress range ∆σe, 

because of the consideration of the fatigue’s cut off limit. The relation of the damages due to FLM 4 
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and FLM 4* is De,D2,FLM4 / De,D2,FLM4* = 3.73. Hence, a load increase of 36% causes in this case an 

equivalent stress range increase of 55% and finally a damage increase of 273%. 

- Stress range spectrum due to FLM 4 at LR-3 referring to lane 2 

Figure 93 shows the resulting stress range spectrum for detail D2 at LR-3 due to the unmodified 

fatigue load model FLM 4 at lane 2 relating to in summary 100 lorries.  

 

Figure 93: Model A – Detail D2 at LR-3 – stress range spectrum relating to a crossing of in summary 

100 lorries according to FLM 4 at lane 2 and centric track configuration 

Figure 93 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. This values have been determined by using Equation 6 and Equation 7 (see 

Section 2.6) and under consideration of the appropriate S-N curve with a fatigue strength of ∆σc = 100 

N/mm². This stress range spectrum at lane 2 is the basis for further investigations referring to detail D2 

and a lateral shift of the vehicles due to driving characteristics which are presented in Section 4. 

The stress range spectra in Figure 92 and Figure 93 are caused by the same load level FLM 4, but have 

different detail locations. The equivalent stress range due to FLM 4 is for LR-1 ∆σe,D2,LR-1 = 74.55 N/mm² 

and for LR-3 ∆σe,D2,LR-3 = 64.66 N/mm². The relation between these two equivalent stress ranges is: 

∆σe,D2,LR-1 / ∆σe,D2,LR-3 = 1.15 → ∆σe,D2,LR-1 = 1.15 ∙ ∆σe,D2,LR-3.  

The following difference regarding to the calculated damages at LR-1 and LR-3 can be observed:  

- LR-1:  Ne,D2,LR-1 = (∆σc / ∆σe,D2,LR-1)3 ∙ 2 ∙ 106 = (100 / 74.55)3 ∙ 2 ∙ 106 = 4.8271 ∙ 106; 

- LR-3:  Ne,D2,LR-3 = (∆σc / ∆σe,D2,LR-3)3 ∙ 2 ∙ 106 = (100 / 64.66)3 ∙ 2 ∙ 106 = 7.3981 ∙ 106;  

→ De,D2,LR-1 / De,D2,LR-3 = (ne / Ne,D2,LR-1) / (ne / Ne,D2,LR-3) = Ne,D2,LR-3 / Ne,D2,LR-1 = 1.53 

 

Under consideration of the same load level, in this case, an equivalent stress range increase of 15% can 

be recognised for a detail location at LR-1 relating to LR-3. Finally, the in this case calculated damage 

is for LR-1 53% higher than for LR-3.  
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 Model B: Orthotropic bridge deck with trough longitudinal ribs and cross girder spacing 

of 2m 

This Section presents the results of the heavy traffic simulations under consideration of fatigue load 

model FLM 4 at FEM-model B. A detailed description of FEM-model B can be found in Section 3.2.2 

and the applied fatigue load models are presented in Section 2.5.2. The stresses in the critical notch 

details D1a, D1b and D2 have been calculated and a detailed description of these points is shown in 

Section 2.4. In the following, the results are presented for the so called “lane 1” – position of the traffic 

loads, illustrated below in Figure 94.  

 

 

Figure 94: analysed lane position lane 1 in cross bridge direction at Model B 

 

 

 Detail D1a 

The analysed detail point D1a for lane 1 loading is located at longitudinal rib LR-2, at the left through 

web. Notch detail D1a is in longitudinal a distance of eLR = 300mm away from the mid cross girder. 

Figure 95 illustrates the calculated influence line in longitudinal bridge direction due to axle/wheel type 

B and C with an increased wheel contact patch and an axle load of FA = 100kN.  

 

The calculation of influence lines in longitudinal bridge direction at lane 1 has also been carried out for 

axle/wheel type A which are not plotted in this Section. 

 

Figure 95.a shows the influence line due to axle type B with twin tyres and Figure 95.b shows the 

influence line due to axle type C with a single wheel. Both curves show a very local influence area 

directly in the detail’s region, which is similar to the influence lines at the deck with open longitudinal 

ribs (see Figure 84 in Section 3.4.2.1). In contrast to the stresses in Figure 84.a (axle type B) and Figure 

84.c (axles type C) at a bridge deck with flat steel ribs, where 10% difference could be observed, there 
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is more difference between single and double wheeled axles regarding to decks with closed longitudinal 

ribs. The critical load case referring to D1a delivers for axle type B a maximum stress of σD1a,B = -55.61 

N/mm² and for axle type C a maximum stress of σD1a,C = -71.21 N/mm² (σD1a,C/σD1a,B = 1.28). Therefore, 

a differentiation of 28% could be recognised between axle type B and C for detail D1a at steel decks 

with trough longitudinal ribs.  

Additionally, the stress level in Figure 95 (model B with trough ribs) is generally lower than in Figure 

84 (model A with flat steel ribs). The deck plate slenderness is a very important parameter that strongly 

influences the stresses in detail D1a and these slenderness is quite different for model A and B. A higher 

deck plate slenderness causes higher stresses in the detail. Model A has a deck plate slenderness of 

eLR/tDP = 36 and model B has a slenderness of eLR/tDP = 25. A maximum stress due to axle type C of 

σA,D1a,C = -107.28 N/mm² (see Figure 84.d) can be recognised at model A, LR-3 and σB,D1a,C = -71.21 

N/mm² (see Figure 95.b) at model B (σA,D1a,C / σB,D1a,C = 1.51). Due to axle type B, the maximum stresses 

in D1a at LR-3 are σA,D1a,B = -94.48 N/mm² (see Figure 84.b) for model A and σB,D1a,B = -55.61 N/mm² 

(see Figure 95.a) for model B (σA,D1a,B / σB,D1a,B = 1.7). Because of the higher deck plate slenderness of 

model A, the occurring stresses in D1a are 51% (axle type C) and 70% (axle type B) higher than at 

model B. 

 

 

Figure 95: Model B – Detail D1a – influence lines in longitudinal bridge direction due to an axle load 

of FA = 100kN and: a.) axle type B; b.) axle type C 

 

Figure 96 illustrates the stress history for detail D1a due to a crossing of lorry type T3 according to 

fatigue load model FLM 4 (see Section 2.5.2) at lane 1 (see Figure 94). The occurring stress ranges ∆σi 

have been counted with Rain flow-method and are also shown in the figure. The plotted graph in the 

diagram shows very good, that every axle from the vehicle produces a separate stress range. 

 

The maximum stress range in Figure 96 (model B) has a value of ∆σB,T3,max = ∆σB,T3,1 = 89.9 N/mm² and 

is caused by the driving axle of the articulated lorry (lorry type T3) which consists of axle type B. The 
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maximum stress range in Figure 85 in Section 3.4.2.1 (model A) is ∆σA,T3,max = ∆σA,T3,1 = 147.2 N/mm², 

which is also caused by the driving axle of T3. The relation between these two stress ranges is ∆σA,T3,1 / 

∆σB,T3,1 = 1.64 which is almost similar to the observed stress increase referring to the influence lines 

shown above. The stress range ∆σB,T3,2 = 71.9 N/mm² at model B (see Figure 96) and ∆σA,T3,2 = 107.4 

N/mm² at model A are both caused by axle type C (∆σA,T3,2 / ∆σB,T3,2 = 1.49). Therefore, this relation is 

quite similar to the one observed at the axle type C’s influence line. 

 

 

Figure 96: Model B – Detail D1a – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 

 

The calculation of stress history curves at lane 1 has also been carried out for all other lorry types from 

fatigue load model FLM 4 which are not plotted in this Section. 
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- Stress range spectra due to FLM 4 referring to lane 1 

Figure 97 shows the resulting stress range spectrum for detail D1a due to fatigue load model FLM 4 at 

lane 1 relating to in summary 100 lorries.  

 

 

Figure 97: Model B – Detail D1a – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 

 

Figure 97 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. This values have been determined by using Equation 6 and Equation 7 (see 

Section 2.6) and under consideration of the appropriate S-N curve with a fatigue strength of ∆σc = 100 

N/mm². This stress range spectrum at lane 1 is the basis for further investigations referring to detail D1a 

and a lateral shift of the vehicles due to driving characteristics which are presented in Section 4. 

 

The stress range spectrum in Figure 97 relating to model B (deck with trough ribs) can be compared to 

the stress range spectrum in Figure 88 in Section 3.4.2.1 which relates to model A (deck with flat steel 

ribs). Both spectra have been determined under consideration of FLM 4. The equivalent constant 

amplitude stress range ∆σe,A,D1a = 174.04  for model A at LR-3 (see Figure 88) and ∆σe,B,D1a = 107.52 for 

model B (see Figure 97) can now be compared. The relation between these two values is ∆σe,A,D1a / 

∆σe,B,D1a = 1.62. The relation between the equivalent stress ranges ∆σe for model A and B is practically 

the same as the relation between the occurring stress ranges ∆σmax due to the lorry crossing of type T3 

(axle type B → ∆σA,T3,1 / ∆σB,T3,1 = 1.64). As already mentioned, this higher stress level at model A is 

caused by the higher slenderness of the deck plate. At the stress range spectrum for model A (see Figure 

88 in Section 3.4.2.1) almost every stress range is considered fully damaging with a S-N-curve’s slope 
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of m = 3 (∆σi > ∆σD). Most stress ranges in the spectrum for model B (see Figure 97) are below the 

fatigue limit ∆σD and are therefore considered with a S-N-curve’s slope of m = 5. Only 5 stress ranges 

are above ∆σD and considered with m = 3. 

 

 Detail D1b 

The analysed detail point D1b for lane 1 loading is located at longitudinal rib LR-2, at the left through 

web. Notch detail D1b is in a longitudinal distance of eLR = 300mm away from the mid cross girder. 

Figure 98 illustrates the calculated influence line in longitudinal bridge direction due to axle/wheel type 

B and C with an increased wheel contact patch and an axle load of FA = 100kN. The occurring stresses 

in the analysed detail D1b are plotted due to axle type B at lane 1 (LR-2) depending on the position of 

the axle in longitudinal bridge direction.  

 

 

Figure 98: Model B – Detail D1b – influence lines in longitudinal bridge direction due an axle load of 

FA = 100kN and: a.) axle type B; b.) axle type C; 

 

As it can be observed in Figure 98, the occurring stresses in the troughs’ web (D1b) are very small 

compared to the stresses in the deck plate (D1a, see Figure 95). Figure 98.a shows the stresses due to 

axle type B and a maximum value of σD1b,B = -10.12 N/mm² can be seen, whereas the maximum stress 

of σD1a,B = -55.61 N/mm² in D1a occurs (see Figure 95.a). In relation of σD1a,B / σD1b,B, the stresses due 

to axle type B are in D1a 5.5 times higher than in D1b. The same observation can be done for axle type 

C. Figure 98.b shows a maximum stress of σD1b,C = -19.0 N/mm² for D1b and Figure 95.b shows a value 

of σD1a,C = -71.21 N/mm² for D1a due to axle type C. In relation to each other (σD1a,C / σD1b,C), the stresses 

due to axle type C, are in D1a 3.7 times higher than in D1b. 

 

Figure 99 illustrates the stress history for detail D1b due to a crossing of lorry type T3 according to 

fatigue load model FLM 4 (see Section 2.5.2) at lane 1 (see Figure 94). The occurring stress ranges ∆σi 
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have been counted with Rain flow-method and are also shown in the visualisation. Every axle from the 

vehicle produces a separate stress range and the stress level is small. 

 

 
Figure 99: Model B – Detail D1b – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 

 

 

- Stress range spectra due to FLM 4 referring to lane 1 

Figure 100 shows the resulting stress range spectrum for detail D1b due to fatigue load model FLM 4 at 

lane 1 relating to in summary 100 lorries.  

 

 
 

Figure 100: Model B – Detail D1b – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 

 

As illustrated in Figure 100, the occurring stresses and their resulting stress ranges are smaller than the 
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no damage occurs at this detail due to all centric lorry crossings (all wheels and vehicles have a centric 

lateral position when crossing the bridge deck). Later analyses will show a significant higher damaging 

effect when considering a lateral distribution of the heavy vehicles due to heavy traffic driving 

characteristics. The stress ranges from the spectrum presented in Figure 100 at lane 1 are the basis for 

further investigations referring to detail D1b and a lateral shift of the vehicles which are presented in 

Section 4. 

 

 Detail D2 

The analysed detail point D2 at lane 1 is located at longitudinal rib LR-2, on the bottom side of the 

welded connection of the longitudinal rib to the cross girder (see Section 3.3.3). Figure 101 illustrates 

the calculated influence line in longitudinal bridge direction due to axle/wheel type B and C with an 

increased wheel contact patch and an axle load of FA = 100kN.  

 

 

Figure 101: Model B – Detail D2 – influence line in longitudinal bridge direction due to axle/wheel 

type B and axle load FA = 100kN at lane 1 

 

The occurring stresses in detail D2 are shown in Figure 101.a due to axle type B and Figure 101.b due 

to axle type C. In both diagrams, the stress level is lower than at model A, the deck with flat steel 

longitudinal ribs (see Figure 89.b and d.). The stresses in D2 due to axle type B are at model B σB,D2,B = 

-18.95 N/mm², and at LR-3 of model A σA,D2,B = -25.03 N/mm². In relation, the stresses in D2 due to 

axle type B are at model A 1.3 times higher than at model B. The detail D2’s stresses due to axle type 

C are at model B σB,D2,C = -27.74 N/mm², and at LR-3 of model A σA,D2,B = -33.16 N/mm². The stresses 

at model A are in D2 due to axle type C, 1.2 times higher than at model B.  

The stress history for detail D2 due to a crossing of lorry type T3 according to fatigue load model FLM 

4 (see Section 2.5.2) at lane 1 (see Figure 94) is illustrated in Figure 102. The occurring stress ranges 

∆σi have been counted with Rain flow-method and are also shown in the graphic. The plotted graph in 
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the diagram shows very good the superposing stresses of the last 3 axles from the trailer that causes the 

maximum stress range ∆σ1. 

 
Figure 102: Model B – Detail D2 – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 

 

In comparison to the stress history curve for model A, which is presented in Figure 90 (see Section 

3.4.2.2), less difference can be observed except the stress level. The maximum stress range due to a 

crossing of lorry type T3 causes at model A a maximum stress range of ∆σA,T3,max = ∆σA,T3,1 = 77.4 

N/mm² and at model B a maximum stress range of ∆σB,T3,max = ∆σB,T3,1 = 53.7 N/mm². Both stress ranges 

are caused by axle type C and in relation, the max. stress range is at model A 1.44 times higher than at 

model B.  

 

- Stress range spectra due to FLM 4 referring to lane 1 

Figure 103 shows the resulting stress range spectrum for detail D2 due to fatigue load model FLM 4 at 

lane 1 relating to in summary 100 lorries.  

 

Figure 103: Model B – Detail D2 – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 
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Figure 103 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. Equation 6 and Equation 7 (see Section 2.6) were used for the calculation of  ∆σe 

where the appropriate S-N curve with a fatigue strength of ∆σc = 100 N/mm² was considered. 

 

By comparing the stress range spectra referring to detail D2 for model A and B, which are illustrated in 

Figure 93 (model A, see Section 3.4.2.2) and Figure 103 (model B), the following observations can be 

done. The equivalent constant amplitude stress range at LR-3 of model A has a value of ∆σe,D2,A = 64.66 

N/mm² and at model B ∆σe,D2,B = 35.54 N/mm². In relation (∆σe,D2,A / ∆σe,D2,B = 1.82), the equivalent 

stress range at model A is 82% higher than the one at model B due to the same load level FLM 4.  

At the stress range spectrum for model A, the highest stress range ∆σmax,D2,A = 77.37 N/mm² can be seen. 

For model B, a maximum stress range of ∆σmax,D2,B = 53.66 N/mm² can be recognised which is below 

the fatigue limit ∆σD at ND = 5 ∙ 106. In relation (∆σmax,D2,A / ∆σmax,D2,B = 1.44), model A’s maximum 

stress range is 44% higher than the one for model B. In both cases this maximum stress range is caused 

by the last three axles of lorry type T3.  

 

 Model C: Orthotropic bridge deck with trough longitudinal ribs and cross girder spacing 

of 4m 

This Section presents the results of the heavy traffic simulations under consideration of fatigue load 

model FLM 4 at FEM-model C. A detailed description of FEM-model C can be found in Section 3.2.3 

and the applied fatigue load models are presented in Section 2.5.2. The stresses in the critical notch 

details D1a, D1b and D2 have been calculated and a detailed description of these points is shown in 

Section 2.4. In the following, the results are presented for the so called “lane 1”-position of the traffic 

loads, illustrated below in Figure 104.  

 

 

Figure 104: analysed lane position lane 1 in cross bridge direction at Model C 
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 Detail D1a 

Detail point D1a’s location for lane 1 loading is situated at the left through web of longitudinal rib LR-

2. This detail point is positioned in a longitudinal distance of eLR = 300mm away from the mid cross 

girder. The calculated influence lines in longitudinal bridge direction due to axle/wheel type B and C 

are illustrated in Figure 105. These influence lines have been calculated by considereing an increased 

wheel contact patch and an axle load of FA = 100kN. 

 

 

Figure 105: Model C – Detail D1a – influence lines in longitudinal bridge direction due to an axle 

load FA = 100kN and: a.) axle type B; b.) axle type C 

 

When comparing the influence lines for model B (see Figure 95 in Section 3.4.3.1) and C (see Figure 

105), very less difference can be observed because of the equal deck plate slenderness. Due to axle type 

B, the maximum stress in D1a is in model C 5% higher than in model B. Due to axle type C, the 

maximum stress is in model C 6% higher than in model B. 

 

Figure 106 illustrates the stress history for detail D1a due to a crossing of lorry type T3 according to 

fatigue load model FLM 4 (see Section 2.5.2) at lane 1 (see Figure 104). Additionally, the graphic shows 

the occurring stress ranges ∆σi that have been counted with Rain flow-method. 

 

Figure 106: Model C – Detail D1a – stress to history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 
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The stress history due to type T3 shows for model C in Figure 106 less difference in comparison to the 

one determined at model B which can be found in Figure 96 (see Section 3.4.3.1). The stress ranges 

differ about 1 to 3%. 

 

- Stress range spectra due to FLM 4 referring to lane 1 

Figure 107 shows the resulting stress range spectrum for detail D1a due to fatigue load model FLM 4 at 

lane 1 relating to in summary 100 lorries.  

 

 

Figure 107: Model C – Detail D1a – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 

 

Figure 107 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. ∆σe was determined with Equation 6 and Equation 7 (see Section 2.6). Therefore, 

the appropriate S-N curve with a fatigue strength of ∆σc = 100 N/mm² was considered. With regards to 

further further investigations referring to a lateral shift of the vehicles due to driving characteristics (see 

Section 4) at detail D1a, this stress range spectrum at lane 1 is the basis. 

 

The stress range spectrum in Figure 107 for model C is practically identical to the one for model B, 

which is presented in Figure 97 in Section 3.4.3.1. The equivalent constant amplitude stress range for 

model C is ∆σe,D1a,C = 107.01 N/mm² and the one for model B is ∆σe,D1a,B = 107.52 N/mm². Model B and 

C both have a deck plate slenderness of eLR / tDP = 25. The equivalent constant amplitude stress range 

for model A is ∆σe,D1a,A = 174.04 N/mm² (see Figure 88 in Section 3.4.2.1), where a deck plate 

slenderness of eLR / tDP = 36 can be recognised. Hence, due to the increase of the deck plate slenderness 
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of model A, the equivalent stress range is 62% higher than for model B and C. The calculated damage 

relating to ∆σe,B ≈ ∆σe,C = 107.5 N/mm² (ne = 100) for model B and C is DD1a,B = DD1a,C = 6.2115 ∙ 10-5 

and the damage for model A is DD1a,A = 2.6358 ∙ 10-4 relating to ∆σe,A = 174.04 N/mm² (ne = 100). 

Therefore, the damage at detail D1a is for model A 4.2x higher than for model B and C. 

 Detail D1b 

The location of detail point D1b is for lane 1 loading at longitudinal rib LR-2’s left through web. The 

notch detail D1b is situated in a longitudinal distance of eLR = 300mm away from the mid cross girder. 

The calculated influence line in longitudinal bridge direction due to axle/wheel type B is illustrated in 

Figure 108. This lines were determined with an increased wheel contact patch and an axle load of FA = 

100kN.  

 

 

Figure 108: Model C – Detail D1b – influence lines in longitudinal bridge direction due to axle/wheel 

type B and axle load FA = 100kN at lane 1 

 

Due to an uniform axle load, the determined stresses for D1b at model C in Figure 108 are similar to the 

stresses at model B (see Figure 98 in Section 3.4.3.2). Referring to axle type B, the maximum stress for 

model C is σmax,D1b,B,C = -9.02 N/mm² (see Figure 108.a) and for model B,  

σmax, D1b,B,B = -10.12 N/mm² (see Figure 98.a). Due to axle type C, maximum stress for model C is  

σmax, D1b,C,C = -15.45 N/mm² (see Figure 108.b) and for model B, σmax, D1b,C,B = -19.0 N/mm² (see Figure 

98.b). Hence, due to axle type B, a difference of 12% and due to axle type C a difference of 23% can be 

stated. 

 

Figure 109 illustrates the stress history for detail D1b due to a crossing of lorry type T3 according to 

fatigue load model FLM 4 (see Section 2.5.2) at lane 1 (see Figure 104). The occurring stress ranges ∆σi 

have been counted with Rain flow-method and are also shown in the graph. 
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Figure 109: Model C – Detail D1b – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 

 

Same as at model B (see Figure 99 in Section 3.4.3.2), small stress ranges also occur at model C in D1b 

due to a crossing of lorry type T3 which are shown in Figure 109. The maximum stress range due to 

lorry type T3 is ∆σ1 = 16.7 N/mm² which is below the cut of limit for fatigue (∆σL = 40.2 N/mm²). 

 

- Stress range spectra due to FLM 4 referring to lane 1 

Figure 110 shows the resulting stress range spectrum for detail D1b due to fatigue load model FLM 4 at 

lane 1 relating to in summary 100 lorries.  

 

 

Figure 110: Model C – Detail D1b – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 

 

In Figure 110 are the occurring stress ranges shown which are below the cut off limit ∆σL = 40 N/mm² 

(for S-N curve with a fatigue strength of ∆σc = 100 N/mm²). In this case, no fatigue damaging effect 
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occurs at this detail because of an all centric vehicle crossing where all wheels and vehicles have a 

centric lateral position. The consideration of a heavy vehicles’ lateral distribution due to heavy traffic 

driving characteristics gives a significant damaging effect which will be shown later on. The spectrum’s 

stress ranges in Figure 110 are the basis for further investigations referring to detail D1b and a lateral 

shift of the vehicles. These analyses are presented in Section 4. 

 

 Detail D2 

For lane 1 loading, the analysed detail point D2 is located at the bottom side of the longitudinal rib LR-

2 ‘s welded connection to the cross girder (Section 3.3.3). Figure 111 illustrates the calculated influence 

line in longitudinal bridge direction due to axle/wheel type B. An increased wheel contact patch and an 

axle load of FA = 100kN was considered. 

 

 

Figure 111: Model C – Detail D2 – influence line in longitudinal bridge direction due to an axle load 

of FA = 100kN and: a.) axle type B; b.) axle type C; 

 

In comparison of the influence lines in Figure 111 (model C  with eCG = 4m) to the curves in Figure 101 

(see Section 3.4.3.3, model B with eCG = 2m), less difference can be observed regarding to the maximum 

occurring stresses due to an uniform axle load although the cross girder interval is quite different. Due 

to axle type B, a difference of (20.43/18.95=1.08) 8% and due to axle type C a difference of 

(27.74/26.17=1.06) 6% can be recognised. 

 

Additionally, the maximum stresses at the welded connection of the longitudinal rib’s web to the deck 

plate in the middle between 2 cross girders (detail D2*) have been determined due to axle type B and 

C. Therefore, the wheel loads were also located at midspan between the cross girders, centric above the 

left web of LR-2 (Figure 104). The maximum stresses x in longitudinal bridge direction due to an axle 

load of FA = 100kN are x,D2*,B = -9.1 N/mm² for axle type B and x,D2*,C = -12.8 N/mm² for axle type 
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C. In comparison to the maximum occurring stresses in detail D2 (see Figure 111), it can be stated that 

the occurring stresses in D2* are significantly lower (x,D2*,B / x,D2,B = -9.1 / -20.43  = 0.45; x,D2*,C / 

x,D2,C = -12.8 / -26.17 = 0.49). According to the Eurocode [4], for detail D2* also a fatigue strength of 

c = 100 N/mm² (manual or automatic butt welds carried out from one side only, particularly for box 

girders) can be selected. Because of the significantly lower stresses for detail D2* at midspan relating 

to detail D2 at the cross girder connection (x,D2*,C = 0.49 ∙ x,D2,C), much more fatigue damage occurs 

in detail D2. Therefore, detail D2* was not considered in this work. 

 

Figure 112 illustrates the stress history for detail D2 due to a crossing of lorry type T3 according to 

fatigue load model FLM 4 (see Section 2.5.2) at lane 1 (see Figure 104). The occurring stress ranges ∆σi 

have been counted with Rain flow-method and are also shown in the visualisation.  

 

 

 
Figure 112: Model C – Detail D2 – stress history curve relating to a crossing of lorry type T3 

according to FLM 4 at lane 1 
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Figure 113 shows the resulting stress range spectrum for detail D2 due to fatigue load model FLM 4 at 
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Figure 113: Model C – Detail D2 – stress range spectrum relating to a crossing of in summary 100 

lorries according to FLM 4 at lane 1 and centric track configuration 

 

Figure 113 also shows a damage equivalent constant amplitude stress range ∆σe relating to ne = 100 

number of load cycles. For this value ∆σe Equation 6 and Equation 7 was used (see Section 2.6). The 

appropriate S-N curve with a fatigue strength of ∆σc = 100 N/mm² have been taken into account. 

By comparing the detail D2’s stress range spectra for model B (see Figure 103 in Section 3.4.3.3) and 

model C (see Figure 113), less difference be seen. The constant amplitude stress range for model B is 

∆σe,D2,B = 35.54 N/mm² and for model C ∆σe,D2,C = 37.67 N/mm². In relation (∆σe,D2,C / ∆σe,D2,B = 1.06), 

the equivalent stress range for model C is 6% higher than for model B. The maximum occurring stress 

range is practically identical for both models (σmax,D2,B = 53.66 ≈ σmax,D2,C = 53.51 N/mm²). In comparison 

to the detail D2’s stress range spectrum for model A with open longitudinal ribs (see Figure 93 in Section 

3.4.2.2), a significant higher difference can be stated. The equivalent constant amplitude stress range for 

model A is ∆σe,D2,A = 64.66 N/mm², which is 72% higher than the one of model C. The detail D2’s 

damage at model C relating to ∆σe,D2,C and ne = 100 is DD2,C = 2.673 ∙ 10-6 and the damage at model A 

for ∆σe,D2,A and ne = 100 is DD2,A = 13.52 ∙ 10-6. In this case a 5x higher fatigue damaging effect at detail 

D2 for model A can be stated relating to model C. It is additionally worth mentioning that the maximum 

stress range which also causes the most damaging effect in D2 is at every model caused by the last 3 

axles of lorry type T3. 
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 Model D: Orthotropic bridge deck with open longitudinal ribs – cross girder with field 

splices 

In this Section the relevant results of the simulations relating to the fatigue critical stresses in the local 

area of the bolted field splices of the cross girder are presented. These results have been calculated under 

consideration of fatigue load model FLM 4* at FEM-model D. Section 3.2.4 gives a detailed description 

of FEM-model D and the appropriate applied fatigue critical load model is presented in Section 2.5.2. 

The stresses in the critical notch details D3 have been calculated and a detailed description of this point 

is shown in Section 2.4.5. The determination of the relevant vehicle type – type T2 – and its critical 

position in longitudinal direction referring to detail D3 is shown in Section 3.3.4.  

 

Figure 114 shows an overview of the occurring stresses according to von Mises due to lorry type T2 

(FLM 4*) and its critical position relating to D3 (see Figure 81 in Section 3.3.4) on lane 2 (see Figure 

72 in Section 3.3.4). 

 

The resulting stresses due to the critical load position of the relevant vehicle type T2 according to FLM 

4* (see Figure 81 in Section 3.3.4) can be stated as maximum fatigue critical stresses σmax because of a 

heavy traffic simulation (maximum principal stresses must be used). The minimum stresses in the detail 

can be simplified assumed as σmin = 0 due to an unloaded condition of the bridge deck. The resulting 

value of the stress range ∆σmax has then the same value as σmax  

(∆σmax = | σmin | + | σmax | = 0 + | σmax | = | σmax |).  

 

 

Figure 114: Model D – Detail D3 – overview of the occurring stresses according to van Mises due to 

lorry type T2 (FLM 4*) on lane 2 (see Figure 72) 
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A detailed documentation of the numerically calculated stresses in the local area of the web tooth near 

the bolted field spices can be found in Annex A. 

 

The upper edge of the cross girder’s web in the following graphics is corresponding to the weld toe of 

the welded connection between cross girder and deck plate. Hence, the determined stresses can be 

simplified assumed as structural stresses (hot spot stresses) and therefore, the structural stress concept 

has to be used. The S-N classification according to the Eurocode [4] indicates for this notch detail D3 a 

fatigue strength of ∆σc = 100 N/mm² (see Section 2.7). 

 

Figure 115 and Figure 116 illustrate the maximum occurring principal stresses in the local areas of joint 

I/III and joint II (see Figure 114). The upper edge of the cross girder’s web is partitioned into 4 regions 

(region I to region IV) and the points with the maximum principal stresses in this area are indicated 

(Point A to Point F).  

 

Additionally, a relative comparison relating to point A, that has the maximum principal stresses σmax, is 

given in Figure 115 and Figure 116. The maximum principal stress in point A has a value of σmax = 120 

N/mm². These very high stresses are located along a length of about 6mm and are decreasing very 

rapidly. 

 
Figure 115: Model D – Detail D3 – maximal principal stresses in joint I and III due to lorry type T2 

(FLM 4*) at lane 2 
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Figure 116: Model D – Detail D3 – maximal principal stresses in joint II due to lorry type T2 (FLM 

4*) at lane 2 

 

The maximum principal stresses at joint II (Figure 116) are a little bit smaller than the ones at joint I/III 

(Figure 115) due to the analysed loading situation. Point D in joint II has a stress value of 0.70 ∙ σmax = 

0.70 ∙ 120 = 84 N/mm². 

 

With regard to a verification of a life cycle time of the local detail point D3, a simplified evaluation for 

the applied lorry type T2 is possible based on the calculated stresses in Figure 115 and Figure 116. 

Therefore, the following assumptions have to be taken into account: 

- Frequency of occurrence for lorry type T2 on transit routes: 5% (see Figure 24 in Section 2.5.2) 

- Number of lorries per year in the main lane: 1 ∙ 106 (based on measurements in [44]) 

 

Under consideration of point A at joint I/III in Figure 115, with the maximum stresses of 120 N/mm², a 

computational life cycle time tlc can be calculated based on Equation 6 (see Section 2.6):  

Maximum stress range spectrum due to lorry type T2: ∆σD3,T2 = | σmax - σmin | = | 120 – 0 | = 120 N/mm² 

Maximum available number of cycles for lorry type T2: N∆σT2 = (∆σc / ∆σD3,T2)3 ∙ 2 ∙ 106 = (100 / 120)3 

∙ 2 ∙ 106 = 1.1574 ∙ 106 

Number of lorry type T2 in the total life cycle time: nT2,tot = (T2 lorries per year) ∙ (life cycle time) = 

nT2,year ∙ tlc = (1 ∙ 106 ∙ 0.05) ∙ tlc   

Maximum damage of lorry type T2 in the main lane: DD3,T2 = nT2,tot / N∆σT2 ≤ 1.0 → (nT2,year ∙ tlc) / N∆σT2 

≤ 1.0 → tlc ≤ (1.0 ∙ N∆σT2) / nT2,year = (1.0 ∙ 1.1574 ∙ 106) / (1 ∙ 106 ∙ 0.05) → tlc ≤ 23.1 years 
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With the mentioned assumptions above regarding to the traffic data, a consideration of only lorry type 

T2 leads at detail D3 to a computational life cycle time under 23 years which is far below the desired 

life time of 100 years for a bridge construction. A consideration of all lorry types would therefore lead 

to much less available life time.  

 

Under consideration of the same assumptions, the computational life cycle time tlc for point D at joint II 

in Figure 116 can be calculated with 0.7 ∙ σmax = 0.7 ∙ 120 = 84 N/mm². With the same procedure as at 

point A, the computational life time of 67.5 years could be determined by considering only lorry type 

T2, which is also below the desired 100 years. 

 

In conclusion it can be stated, that the numerically calculated stresses in detail D3 are very high and 

there is a high risk of crack initiation in both analysed joints (I/III and II). Further analyses relating to a 

lateral shift of the vehicle and its wheels haven’t been done because there are also relatively high stresses 

in the points of the nearby regions of point A and D. For example point C in region III (see Figure 115) 

has an occurring stress of 0.75 ∙ σmax = 0.75 ∙ 120 = 90 N/mm². By considering lateral shifting vehicles 

the damaging effect in the analysed point A would decrease but significantly increase in the nearby 

regions where also a very high risk of crack initiation is expected. Therefore, detail D3 is not considered 

in Section 4. This detail point was considered only for the evaluation of the steel deck strengthening 

with an UHPFRC pavement which is presented in Section 5. 

 

3.5. Damage percentage of the individual vehicle types T1 to T5 for details D1 and D2 

In this section the damage percentages of the individual lorry types T1 to T5 from fatigue load model 

FLM 4 and FLM 4* (see Section 2.5.2) are presented referring to the details D1a and D2 at the FEM-

Models A, B and C. A detailed explanation can be found in Section 2.4.2 for detail D1a and in Section 

2.4.4 for detail D2. A description and presentation of the analysed FEM-models is given in Section 3.2. 

 

The numerical results in terms of constant amplitude stress ranges ∆σe for FLM 4 are represented in 

Section 3.4 due to a centric wheel and vehicle position. A description of the centric track configuration 

(centric wheels and vehicles) can be found in Section 3.4.  

 

The following list gives an overview of the results according to the calculations referring to the heavy 

traffic simulations with centric track configuration and its damage parts for the 5 lorry types from fatigue 

load model FLM 4: 

- Detail D1a: welded connection of the longitudinal rib to the deck plate 

Damage parts for Model A in Section 3.5.1.1, for Model B in Section 3.5.1.2 and for Model C in 

Section 3.5.1.3 

- Detail D2: welded connection of the longitudinal rib to the cross girder 
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Damage parts for Model A in Section 3.5.2.1, for Model B in Section 3.5.2.2 and for Model C in 

Section 3.5.2.3 

 

For the following illustrations a colour assignment was chosen to clearly see the stress spectrum parts 

for the 5 lorry types of fatigue load model FLM 4 which is shown in Figure 117. 

 

 

Figure 117: FLM 4 – colour assignment for the damage of the individual lorry types (T1 to T5) 

 Detail D1a 

In this section the damage percentage of the individual lorry types T1 to T5 is presented referring to 

detail D1a, the welded connection of the longitudinal rib to the deck plate. 

 Model A 

The stress range spectrum referring to detail D1a due to FLM 4* at LR-1 is shown for a summary of 

100 vehicles in Figure 118. The shown stress range spectrum is similar to one in Figure 86 in Section 

3.4.2.1. The individual stress ranges of the different lorry types are coloured based on the colour code 

presented in Figure 117. Additionally, every stress range is indicated in terms of its belonging axle 

within the vehicle and its axle/wheel type. A definition of the notations in the picture regarding to the 

axle number within a vehicle and its axle/wheel type is given for every stress range. 

 

 

For example, the notation of the first, highest stress range Δσ1: T2 – 2 – B  

 

 

lorry type T2 
Axle/wheel type B 

axle number 2 (starting at the leading axle) 



Calculation of equivalent constant amplitude stress ranges ∆σe for orthotropic steel decks 

 

135 

 

Figure 118: Model A, LR-1 – detail D1a: stress range spectrum for a centric track configuration due 

to FLM 4*  

 

Figure 119 shows the individual damage parts for each lorry type according to detail D1a at Model A 

with open longitudinal ribs and a cross girder interval of eCG = 2.0m.  

 

It can be stated, that lorry type T3, the articulated lorry, causes the maximum damage at the analysed 

detail with 65%. A consideration of higher load levels delivers similar damages of the individual lorries. 

The damage percentage of detail D1a at LR-3 due to FLM 4 is shown in Figure 228 in Section 4.11.1.1, 

where lorry type T3 also causes 65% of the whole damage in the detail.  

 

 

Figure 119: Detail D1a – Model A, percentage of damage of the individual lorry types T1 to T5 with 

centric wheels and vehicles according to FLM 4*  
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 Model B 

Figure 120 illustrates detail D1a’s stress range spectrum due to FLM 4 at LR-1 under consideration of 

100 vehicles in total. This stress range spectrum is equal to the one which is presented in Figure 97 of 

Section 3.4.3.1. A coloration of the individual stress ranges due to the different lorry types is shown in 

the picture based on the colour code presented in Figure 117. Every stress range has an additional 

indication relating to its belonging axle within the vehicle and its axle/wheel type. 

 

 

Figure 120: Model B, LR-1 – detail D1a: stress range spectrum for a centric track configuration due 

to FLM 4  

 

Figure 121 shows the damage parts of each lorry type according to detail D1a at Model B with through 

longitudinal ribs and a cross girder interval of eCG = 2.0m.  

 

Figure 121: Detail D1a – Model B, percentage of damage of the individual lorry types T1 to T5 with 

centric wheels and vehicles according to FLM 4  

Lorry type T3, the articulated lorry, causes the maximum damage at the analysed detail with 68%. 

Additionally, it can be noted, that there is less difference to the damage parts of the lorries determined 

at model A, where type T3 causes 65% (see Figure 119 and Figure 228). 
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 Model C 

Detail D1a’s stress range spectrum due to FLM 4 at LR-1 is presented in Figure 122 for a summary of 

100 vehicles. The shown stress range spectrum is similar to the one in Figure 107 in Section 3.4.4.1. 

The different lorry type’s individual stress ranges are coloured based on the colour code which is shown 

in Figure 117. An additional indication of the stress ranges is given regarding to its belonging axle within 

the vehicle and its axle/wheel type. 

 

 

Figure 122: Model C, LR-1 – detail D1a: stress range spectrum for a centric track configuration due 

to FLM 4 

  

Figure 123 shows the damage parts of each lorry type according to detail D1a at Model C with through 

longitudinal ribs and a cross girder interval of eCG = 4.0m.  

 

Figure 123: Detail D1a – Model C, percentage of damage of the individual lorry types T1 to T5 with 

centric wheels and vehicles according to FLM 4  
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It can be noted, that lorry type T3, the articulated lorry, causes with 75% the maximum damage part at 

the analysed detail. At model A lorry type T3’s damage part is 65% and at model B, T3’s damage part 

is 68%. In every analysed model, lorry type T3 has the most dominating damage at detail D1a from 65 

to 75%. 

 

 Detail D2 

In this section the damage percentage of the individual lorry types T1 to T5 is presented referring to 

detail D2, the welded connection of the longitudinal rib to the cross girder. 

 Model A 

The stress range spectrum referring to detail D2 for LR-1, due to FLM 4* is shown for a summary of 

100 vehicles in Figure 124. The stress range spectrum is similar to the one in Figure 91 in Section 

3.4.2.2. The colours in the figure show the individual stress ranges whereby the colour code can be 

found in Figure 117. In addition, there is an indication of every stress range of the different lorry types 

which belongs on the axles within the vehicle and its axle/wheel type. 

 

 

 

Figure 124: Model A, LR-1 – detail D2: stress range spectrum for a centric track configuration due to 

FLM 4*  

 

The damage parts of each lorry type are shown in Figure 125 according to detail D2 at Model A with 

open longitudinal ribs and a cross girder interval of eCG = 2.0m.  
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Figure 125: Detail D2 at LR-1 – Model A, percentage of damage of the individual lorry types T1 to T5 

with centric wheels and vehicles according to FLM 4*  

 

It is worth mentioning, that the maximum damage of 82% at the analysed detail D2 is caused by lorry 

type T3 which represents the articulated lorry. The diagram shows the damage parts of 4 different lorry 

types, but FLM 4* includes 5 types. Hence, lorry type T1 doesn’t causes any damage at the detail 

because of its axle geometry which consists only of 2 axles, where no superposing effect occurs.  

The graphic in Figure 231 in Section 4.11.2.1 shows a damage part of 86% of lorry type T3 due to FLM 

4, but at LR-3. 

 

 Model B 

The stress range spectrum referring to detail D2 due to FLM 4 at LR-2 (left web) is shown for a summary 

of 100 vehicles in Figure 126. The stress range spectrum is similar to the one in Figure 103 in Section 

3.4.3.3. The different lorry types’ individual stress ranges are coloured in the diagram based on the 

colour code presented in Figure 117. Every stress range is additionally indicated in terms of its belonging 

axle within the vehicle and its axle/wheel type. 
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Figure 126: Model B, LR-1 – detail D2: stress range spectrum for a centric track configuration due to 

FLM 4  

 

An illustration of the damage parts of each lorry type can be found in Figure 127 according to detail D2 

at Model B with trough longitudinal ribs and a cross girder interval of eQT = 2.0m.  

 

Figure 127: Detail D2 at LR-2, left web – Model B, percentage of damage of the individual lorry types 

T1 to T5 with centric wheels and vehicles according to FLM 4  

 

It can be stated, that lorry type T3, the articulated lorry, causes the maximum damage at the analysed 

detail D2 with 91%. At model A, LR-3, also a damage part of 91% could be detected for T3 in detail 

D2 due to FLM 4 which is shown in Figure 231 in Section 4.11.2.1.  

In addition, Figure 127 shows the damage parts of 3 different lorry types. Lorry type T1 and T4 doesn’t 

cause any damage in detail D2 at model B. 

 

 Model C 

The stress range spectrum referring to detail D2 due to FLM 4 at LR-2 (left web) is shown for a summary 

of 100 vehicles in Figure 128. The stress range spectrum is similar to the one in Figure 113 in Section 
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3.4.4.3. The individual stress ranges of the different lorry types are coloured based on the colour code 

presented in Figure 117. Additionally, every stress range is indicated in terms of its belonging axle 

within the vehicle and its axle/wheel type. 

 

 

Figure 128: Model C, LR-2, left web – detail D2: stress range spectrum for a centric track 

configuration due to FLM 4  

 

Figure 129 shows the damage parts of each lorry type according to detail D2 at Model C with trough 

longitudinal ribs and a cross girder interval of eCG = 4.0m.  

 

 
Figure 129: Detail D2, LR-2, left web – Model C, percentage of damage of the individual lorry types 

T1 to T5 with centric wheels and vehicles according to FLM 4  

 

The articulated lorry, lorry type T3, causes the maximum damage at the analysed detail with 74%. At 

model B (eCG = 2m), T3 dominates the damage splitting with 91% (see Figure 127) due to the same load 

level as at model C (eCG = 4m). Therefore, it can be observed, that the axle geometry of lorry type T3 is 

worse on decks with an cross girder’s interval of 2m. Figure 129 additionally shows no fatigue damage 

due to lorry type T1. 
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 Comparison of the damage percentages of the individual vehicle types 

A comparison of the results regarding to the percentages of each individual lorry type from FLM 4 and 

FLM 4* at the analysed details D1a and D2 is presented in Table 11. 

 

Table 11: comparison of the damage percentages of the individual lorry types 

detail Model detail location, load level T1 [%] T2 [%] T3 [%] T4 [%] T5 [%] 

D1a 

Model A 
LR-1, FLM 4* 8.3 6.3 64.6 12.2 8.6 

LR-3, FLM 4 9.6 3.6 65.0 12.3 9.6 

Model B LR-2 (left web), FLM 4 9.1 3.0 68.2 9.7 10.0 

Model C LR-2 (left web), FLM 4 3.2 2.6 74.9 10.0 9.3 

D2 

Model A 
LR-1, FLM 4* 0 7.3 82.0 6.3 4.4 

LR-3, FLM 4 0 3.6 85.6 5.5 5.3 

Model B LR-2 (left web), FLM 4 0 2.9 91.3 0 5.9 

Model C LR-2 (left web), FLM 4 0 7.6 74.1 11.0 7.3 

 

It is worth mentioning, that in every analysed case, lorry type T3 causes the maximum damage which is 

because of the chosen frequency of occurrence of 50% for long distance routes. Nevertheless, very high 

stress ranges occur in every analysed detail due to vehicle type T3. For detail D1a, the observed damage 

part of T3 goes from 65 to 75%. For detail D2, the observed damage part of T3 goes from 74 to 91%. 

Also a very interesting observation is, that lorry type T1 never causes any damage at D2 for every 

analysed model. Lorry type T2 also has less damaging effect for both analysed details. The damage part 

of lorry type T2 for detail D1a goes from 2.6 to 6.3% and for D2 from 3.6 to 7.6%. In conclusion it can 

be noted, that particular attention should be given to the articulated lorry type T3. 
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4. Influence of realistic axles geometries and lateral distribution of heavy vehicles 

4.1. Introduction 

The results of the heavy traffic simulations, that are presented in Section 3.4, are based on the assumption 

of a centric lane position of all vehicles in transverse bridge direction as well as a centric position of 

every wheel directly above the web axis of the analysed longitudinal rib. These assumption lead to a 

conservative fatigue assessment of the steel bridge deck for nearly all details (not for D1b). When taking 

a closer look at the recommended fatigue load model according to the actual Eurocode, it can be noted 

that the geometry of the axle and wheel types does not represent the realistic dimensions of the actual 

heavy vehicles. The simulation of the heavy traffic crossings in Section 3.4 and the analyses according 

to the damage percentages of the individual vehicle types (see Section 3.5) showed that lorry type T3, 

the articulated lorry causes the highest amount of damage in all analysed details. Therefore, it is 

reasonable to make more precise investigations in realistic axle geometries of lorry type T3. A 

consideration of a frequency distribution in transverse bridge direction, to represent the driving 

characteristics of heavy traffic vehicles within a lane, can also affect the results of fatigue assessment 

dramatically. This consideration has been done in terms of a lateral shift of the individual wheels. The 

numerical calculations showed that these consideration is essential, especially for detail D1b. Without 

taking these effects into account, no fatigue damage occurs (see Section 3.4.3.2 and 3.4.4.2). Further 

investigations, which are illustrated in this chapter showed, that fatigue damage occurs by shifting the 

wheels in transverse bridge direction. For detail D1a and D2 always a decreasing effect could be 

determined by considering heavy vehicles driving characteristics (variation of lorry positions in 

transverse direction). In Section 4.2 the centric track configuration is again specified which is the 

reference and the thereby resulting stress range spectra with their damage equivalent constant amplitude 

stress ranges ∆σe,i are the basis. Measurements on the axle and wheel geometry of lorry type T3 have 

been carried out and are illustrated in Section 4.3, as well as a proposal for considering these realistic 

axle/wheel geometries within fatigue load model FLM 4. Section 4.6 and 4.7 include a detailed 

explanation of considering realistic axle geometries in addition to a lateral frequency distribution for the 

wheel positions in transverse direction referring to the analysed details D1a, D1b and D2. The 

determined influence lines in transverse bridge direction according to a lateral shift of the single and 

double wheeled axles are plotted in Section 4.5. In summary 3 different frequency distributions in 

transverse bridge direction, for considering heavy traffic driving characteristics, have been taken into 

account which are displayed in Section 4.4. In Section 4.8 the results of the numerical calculations at 

the FEM-Models A, B and C due to a consideration of only realistic axle geometries are illustrated. 

Section 4.9 shows the results of the numerical calculations at the same FEM-Models due to a 

consideration of realistic axle geometries and a lateral heavy traffic frequency distribution for the lane 

position in transverse direction. A comparison of all results within a table in terms of damage equivalent 
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constant amplitude stress ranges ∆σe,i is presented in Section 4.10. The damage percentages of the 

individual vehicles referring to FLM 4 are shown in Section 4.11. Section 4.12 gives a briefly conclusion 

of the most important results. 

 

4.2. Centric track configuration 

The position of the wheel’s axles directly above the axis of the longitudinal rib is defined as centric track 

configuration for the open longitudinal ribs, shown again in Figure 130. At Model A longitudinal rib 

LR-3 was chosen for the detailed study with load position lane 2.  

 

 

Figure 130: centric track configuration for Model A at lane 2 

 

Figure 131 shows again the definition of the centric track configuration for the two models with 

trapezoidal longitudinal ribs Model B (eCG = 2 [m]) and Model C (eCG = 4 [m]). The axles of all wheel 

types are located directly above the left web of longitudinal rib LR-2.  

 

 

Figure 131: centric track configuration for Model B and Model C  

Model B Model C 



Influence of realistic axles geometries and lateral distribution of heavy vehicles 

 

145 

4.3. Realistic axle- and wheel geometries for lorry type T3 

For calculating the remaining service life of existing bridge decks or for fatigue assessment of future 

bridge projects a load model as close to reality as possible is necessary for the very local notch details 

of an orthotropic bridge deck. Therefore, the fatigue load model FLM 4 according to the Eurocode EN 

1991-2 [1] with its 5 lorry types is a good approach but there is a lack of accuracy in the stated axle 

geometries for the 3 different axle types A, B and C. 

Figure 132 illustrates the actually stated axle geometry from the Eurocode in comparison to the axle 

geometry of a common semi-trailer tractor. A significant difference can be recognized. At the axle 

geometries of the Eurocode all wheel contact patches from the 3 different axle types (A, B and C) have 

the same mid axis and the distance between all these mid axes is the same (eA = eB = eC = 2000mm, see 

Figure 132.a). Figure 132.b shows the axle geometries of axle type A and B within a common semi-

trailer tractor and different distances between the mid axes of the wheel contact patches can be realised 

(eA ≠ eB ≠ eC, see Figure 132.b).  

 

 
Figure 132: axle geometry according to EN 1991-2 in comparison to the axle geometry of a common 

semi-trailer tractor 

To verify the realistic axle geometries of actual heavy vehicles measurements referring to the 3 wheel 

types have been carried out for lorry type T3, the articulated lorry. This lorry type needs particular 

attention because this vehicle causes the maximum damage (65% to 91%) at the analysed details, as the 

heavy traffic simulations with centric track configuration has indicated (see Section 3.5). These 

simulations have been done with the lorry percentage of 50% for long distance routes (e.g. highways) 

according to the Eurocode. Other lorry percentage distributions with hT3 < 50% would deliver less 

a.) axle geometry EN 1991-2 b.) axle geometry in reality 

eA = eB = eC A B 
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damage ratio of lorry type T3, but orthotropic steel decks are frequently built at long spanned highway 

bridges and the maximum stress ranges are caused by lorry type T3 anyway. 

In summary measurements on 3 articulated lorries of different manufacturers have been carried out. At 

all vehicles the wheel contact patches have been measured with a very simple method, where just 2 

sheets of paper and a measuring tape were needed. The two sheets were inserted between the wheel and 

the asphalt pavement as far as possible and the distance between these two sheets was taken from the 

measuring tape with an accuracy to 0.5 [cm]. Figure 133 demonstrates this very simple measurement 

procedure at a wheel. 

 

 

Figure 133: simple measuring method for getting the accurate wheel contact patch geometry 

 

The wheel dimensions at every axle of the heavy vehicle were registered and are summed up in Table 

12. Vehicle 1 and 2 from the table used standard wheel dimensions which are used mostly at articulated 

lorries. Vehicle 3 had wide-base tyres at the axles of the semi-trailer that are more unusual. 

 

Table 12: registered wheel dimensions of the measured articulated lorries – type T3 

 

 wheel dimensions 

 vehicle 1 vehicle 2 vehicle 3 

leading axle A 315/70 R22.5 385/65 R22.5 315/60 R22.5 

driving axle B 315/70 R22.5 315/70 R22.5 295/70 R22.5 

semi-trailer axle C1 to C3 385/65 R22.5 385/65 R22.5 455/40 R22.5 

C2 C1 C3 B A 
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After consulting a few forwarding agents, it could be concluded that, there are 2 wheel dimensions that 

are commonly used for that lorry type (315/70 R22.5 and 385/65 R22.5). For the driving axle wheel 

dimension 315/70 R22.5 is commonly used. For the leading axle wheel dimensions 315/70 R22.5 and 

385/65 R22.5 are used very often and for the axles of the semi-trailer wheel dimension 385/65 R22.5 is 

preferred. This means that the geometries of the wheel contact patches do not have a high spreading 

width and an adjustment of the distances eA, eB and eC between these wheel contact patches from the 

Eurocode (see Figure 132.a) would deliver more sufficient results for analyses in relation to fatigue 

phenomena. In Section 4.3.1, 4.3.2 and 4.3.3 the results of the measurements referring to the axle 

geometries of axle/wheel type A, B and C are displayed in detail as well as additional notations and 

information are given about wheel dimension, axle load and tyre pressure as it was available.  

 

  Axle/wheel type A 

The results of the measurements in relation to axle/wheel type A, the leading axle, are illustrated in 

Figure 134. Vehicle 3 has been measured 2 times, at first without and then with loading. 

 

Figure 134: measured axle geometries referring to wheel type A at the leading axle (dimensions in 

cm) 
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In summary it could be summed up that the measured values in relation to the geometry of the wheel 

contact patches and the axles for axle type A have small deviations. Only vehicle 2 has a higher width 

because of the bigger wheel dimensions. The distance between the mid axes of the wheel contact patches 

is uniform and has a value of eA = 2.05 [m]. 

 

  Axle/wheel type B 

The results of the measurements in relation to axle/wheel type B, the driving axle, are illustrated in 

Figure 135. Vehicle 3 has been measured 2 times, at first without and then with loading. 

 

 

Figure 135: measured axle geometries referring to wheel type B at the driving axle (dimensions in cm) 

 

Also for axle/wheel type B, small deviations relating to the width of the wheel contact patches could be 

verified. The length of the wheel contact patch varies from 13.4 to 19.5 [cm]. The distance between the 

mid axes of the wheel contact patches is uniform and has a value of about eB = 1.80 to 1.83 [m].  
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  Axle/wheel type C 

The results of the measurements in relation to axle/wheel type C, the semi-trailer axle, are illustrated in 

Figure 136. Vehicle 3 has been measured 2 times, at first without and then with loading. 

 

Figure 136: measured axle geometries referring to wheel type C at the semi-trailer axle 

 

The measured values of the geometries from axle A3 to A5 (see Table 12), the semi-trailer axles, had 

very small deviations and based on this observation they have been averaged for every vehicle. Vehicle 

1 and 2 have the same averaged widths of the wheel contact patches for axle/wheel type C (bC,1 = 29 

cm). Vehicle 3 had wide-base tyres at the axles of the semi-trailer and therefore a larger width of the 

wheel contact patches (bC,2 = 32.5 cm) was measured. As it is shown in Figure 136, the loading has an 

influence at the length of the wheel contact patch, because the measured value of the loaded vehicle 2  

is larger than the unloaded vehicle. The length varies from lC = 14.0 to 23.0 cm. A measurement of the 

axle loads of vehicle 2 and the unloaded vehicle 3 was not possible and therefore no further declaration 

can be done. The axle loads of the semi-trailer A3 to A5 have a large variance anyway, because it 

strongly depends on many varying factors as the kind of the loading or the spreading of the loading 

within the trailer. The distance between the mid axes of the wheel contact patches is uniform and has a 
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value of eC = 2.05 m for trailers with standard wheel dimensions and also for trailers with wide base 

tyres. 

 

  Accurate realistic axe/wheel geometries based on Eurocode 

The measurements indicated that the actual geometry of the axles according to Eurocode (see Figure 

132.a) is not completely conforming to the axle and wheel geometries of heavy vehicles in reality. The 

measurements from Section 4.3.1 to 4.3.3 were limited to vehicle type T3, the articulated lorry (see 

Section 2.5.2) but little adjustment of the Eurocode’s axle geometry would deliver more accurate results 

for every vehicle type. An adjustment of the wheel contact patches seems not necessary because there 

are too much unknown factors that influences the load contact surface, like axle load, tyre pressure and 

wheel manufacturer. Furthermore, these 3 axle types with its wheel geometry should represent the wheel 

contact patches of all 5 lorry types in a sufficient manner for a simple load model for practical 

application. The common lane width of slow lanes on highways in Austria and Germany varies between 

3.5m and 3.75m [50]. 

The measured mid axes distances of the wheel contact patches referring to the single wheeled axles 

(axle/wheel type A and C) fit very well to the Eurocode. The measurements at lorry type T3 showed 

values of eA = eC = 2.05m, compared to 2.0m in the Eurocode. For consideration of all 5 lorry types the 

actual value of eA = eC = 2.00 m as stated in the Eurocode is appropriate. The measured mid axes 

distances of the wheel contact patches referring to the double wheeled axles (axle/wheel type B) does 

not fit to the Eurocode. The measurements at lorry type T3 shows a reduced value of eB = 1.80m 

compared to the Eurocode (see Figure 132.a, eB = 2.0 m). As proposal for a simplified load model that 

considers all 5 lorry types from the Eurocode, the wheel contact patches of axle/wheel type B have to 

be shifted inwards (ΔeB = 100 mm per side). Figure 137 illustrates this proposal – used in this work – 

and shows the geometrical dimensions of all 3 axle/wheel types in detail.  

 

Figure 137: FLM 4-mod: proposal for considering realistic axle geometry 
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With this simple adjustment of shifting both wheels of axle type B inwards the mid axis distances of the 

wheel contact patches eB = 1.80 m fits very well to the measurements at lorry type T3 and is appropriate 

for all 5 lorry types. 

 

4.4. Analysed frequency distributions for transverse lane position of the lorries 

In this Section the frequency distributions that have been used for considering the driving characteristics 

of the heavy vehicles in transverse direction within a lane are presented. In summary 3 different 

frequency distributions were taken into account. Frequency distribution I (LFT I) is described in Section 

4.4.1 and is based on the recommendation of the actual Eurocode EN 1991-2 [1]. Frequency distribution 

LFT II and LFT III are based on measurements that have been carried out within the dissertation of 

Ronald Blab [8] on Austrian highways in 1995. Section 4.4.2 gives a detailed description of these 

frequency distributions. Several factors affect the frequency distribution based on [8] and for the 

calculations relating to a consideration of the heavy traffic driving characteristics only the lane width 

was varied. Frequency distribution II (LFT II) is in relation to a lane width of bl = 3.50 m and frequency 

distribution III (LFT III) is in relation to a lane width of bl = 4.00 m. 

 

 Frequency distribution LFT I - according to Eurocode 

Figure 138 shows the frequency distribution according to EN 1991-2 [1]. 50 % of the heavy traffic 

crosses the bridge in a centric lane position x = 0 (± 5cm), 18 % are driving left- or rightwards in a 

distance of ±10 cm away from the center and 7 % are driving left- or rightwards in a distance of ±20 cm 

away from the centre of the lane (x = 0). 

 

Figure 138: frequency distribution LFT I according to Eurocode [1] 

 Frequency distributions LFT II and LFT III - based on field measurements 

In this Section the frequency distribution LFT II and LFT III are described in detail. These frequency 

distributions are based on measurements that have been carried out in [8] on the Austrian road network 

in 1995. Figure 139 shows a simplified illustration of the measuring method referring to the heavy traffic 
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driving characteristics. The heavy vehicle drove over a measuring mat that was composed of a fine 

matrix of pressure sensors that delivered the signal threw a registration unit into a computer.  

In summary 27 measuring profiles on different routes have been taken into account for the measurements 

that have a very high heavy traffic volume and different lane width as well as different rut depths. 

 

Figure 139: schematic illustration of the measuring method referring to heavy traffic driving 

characteristics [8] 

With a programmed software a differentiation in passenger cars, lightweight and heavyweight vehicles 

was possible and only the results for heavy vehicles have been taken into account for frequency 

distribution LFT II and LFT III.  Based on the measuring results a differentiation in 4 essential 

parameters was necessary that have a significant influence to the standard deviation of the appropriate 

distribution function. The following 4 parameters characterise the lateral displacement of heavy vehicles 

inside the lane: 

• Lane width 

• Vehicle width 

• Rut depth 

• Vehicle velocity 

 

Figure 140: schematic comparison of the measurements referring to Normal and Laplace distribution 

function [8] 

registration unit 

measuring mat 

control unit (PC) 

Laplace function 

measurement 
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Figure 140 illustrates a comparison of the measurements to Normal and Laplace distribution function. 

At this picture it can be seen very well that the Laplace distribution function approximates the measured 

results much better than a Normal distribution function and therefore the Laplace distribution function 

is proposed in [8].  The general Laplace probability density function is shown in Equation 8 and Equation 

9 with the parameter λ, that is affected by the standard deviation σ. 

 

𝑓(𝑥) =
1

2 ∙ 𝜆
∙ 𝑒

(
−|𝑥−𝜇|

𝜆
)
 Equation 8 

 

𝜆 = 𝜎 √2⁄  Equation 9 

  

For the standard deviation σ, diagrams are plotted in [8] with a differentiation of single and double 

wheeled axles as well as different rut depths (note: rut depths is the same as depth of lane grooves). For 

the analyses referring to the influence of the heavy traffic driving characteristics on the fatigue 

assessment of orthotropic steel decks, only rut depths less than 10 mm have been considered. Figure 141 

shows two diagrams where the standard deviation σ can be picked out as a function of the lane width 

and the vehicle velocity for roads with rut depths < 10 mm.  

 

Figure 141: standard deviation σ as a function of lane width and vehicle velocity for rut depths < 

10mm [8]; a.) σ due to single wheeled axles; b.) σ due to double wheeled axles 
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In Figure 141.a the functions for σ due to single wheeled axles and in Figure 141.b the functions for σ 

due to double wheeled axles are plotted. There is a separation into two vehicle classes (horizontal axis: 

light- and heavyweight vehicle) depending on the relation of the vehicle width to the lane width. In [8], 

it could be observed, that vehicles with a higher vehicle width to lane width relation are more driving in 

the centre of the lane. Because orthotropic steel decks are mainly built at bridges with a large span length 

on long distance routes, only the σ function for vehicle velocity from 80 to 100 km/h is considered (also 

the speed of each vehicle was measured in [8]). The standard deviations σ were taken for lane width bl 

= 3.50 m and bl = 4.00 m (see Figure 141). With these standard deviations and the Laplace density 

function (Equation 8), the relative frequencies were calculated with an increment size of Δx = 10 cm. 

The relative frequencies in transverse bridge direction for single and double wheeled axles and lane 

width of 3.50m as well as 4.00m are plotted in Figure 142: 

- Figure 142.a: relative frequency distribution for single wheeled axles and lane width of 3.50m 

- Figure 142.b: relative frequency distribution for double wheeled axles and lane width of 3.50m 

- Figure 142.c: relative frequency distribution for single wheeled axles and lane width of 4.00m 

- Figure 142.d: relative frequency distribution for double wheeled axles and lane width of 4.00m 

 

 

Figure 142: density functions and relative frequency: a.) single wheeled axles and lane width of 

3.50m; b.) double wheeled axles and lane width of 3.50m (both LFT II); c.) single wheeled axles and 

lane width of 4.00m; d.) double wheeled axles and lane width of 4.00m (both LFT III) 

By comparing the diagrams in Figure 142.a and Figure 142.b it can be realised that there is a negligible 

difference between the relative frequency distributions of single and double wheeled axles for lane width 
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of 3.50m. Therefore the relative frequency distribution due to double wheeled axles (Figure 142.b) was 

chosen for further investigations referring to a lane width of 3.50m and is declared as frequency 

distribution LFT II (Lane Frequency Type II) which is illustrated in Figure 143.a. 

The diagram of the relative frequency distribution for single wheeled axles in Figure 142.c also has a 

negligible difference in comparison to the distribution in Figure 142.d for double wheeled axles where 

both distributions are related to a lane width of 4.00m. Therefore, the relative frequency distribution due 

to single wheeled axles (Figure 142.c) was chosen for continued analysis referring to a lane width of 

4.00m and is appointed as frequency distribution  LFT III (Lane Frequency Type II) which is presented 

in Figure 143.b. 

 

 

Figure 143: relative frequency distributions in transverse bridge direction for single and double 

wheeled axles: a.) frequency distribution LFT II for lane width of 3.50m;b.) frequency distribution 

LFT III for lane width of 4.00m; 

 

According to the lateral influence lines for detail D1a and D2 (for example Figure 151 and Figure 154) 

the maximum stress occurs due to a centric wheel load position directly above the axis of the longitudinal 

rib’s web. A lateral shift of the wheel load causes therefore a reduction of the fatigue damage at the 

detail points D1a and D2. Therefore, a concentrated frequency distribution with a small standard 

deviation σ is required. For the analysis of the details D1a and D2 (see Section 2.4.2 and 2.4.4) referring 

to the heavy vehicle’s driving characteristics in transverse bridge direction the appropriate frequency 

distribution LFT II according to a lane width of 3.50m from Figure 143.a was chosen.  

 

According to the lateral influence lines for detail D1b (for example Figure 152) the maximum stress is 

occurring due to a lateral shifted wheel load position of ±(20 to 30cm) in relation to the axis of the 

analysed through rib’s web. A lateral shift of the wheel load causes therefore an increased fatigue 

damage for the detail point D1b and a spread frequency distribution with a larger standard deviation σ 

is required. Further calculations of detail D1b (see Section 2.4.3) referring to the heavy vehicle’s driving 

characteristics in transverse bridge direction have been carried out by considering the appropriate 

frequency distribution LFT III according to a lane width of 4.00m from Figure 143.b.  
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4.5. Lateral influence lines  

For simulations under consideration of realistic axle geometries and a lateral shift of the axles due to the 

driving characteristics of the heavy traffic, influence lines in transverse bridge direction were necessary 

for every detail (D1a, D1b and D2) at every analysed model (Model A, B and C). These lateral influence 

lines were determined at the appropriate positions in longitudinal bridge direction for every detail (based 

on the results for centric position, in lane position x = 0). This appropriate position is the wheel load 

location in longitudinal bridge direction, where the maximum stress according to amount in the analysed 

detail occurs. 

 Model A 

In this Section the lateral influence lines for the analysed details D1a and D2 referring to Model A are 

illustrated. A detailed description of Modell A is located in Section 3.2.1. The influence lines were 

determined for single and double wheeled axles. Axle/wheel type A and C, the single wheeled axles 

have nearly the same geometry and therefore an influence line in transverse bridge direction for 

axle/wheel type A has been determined and was also used for analysis due to axle/wheel type C. All 

influence lines in transverse bridge direction for Model A are related to lane 2, which is shown again in 

Figure 144. The maximum occurring stress in the detail due to a centric wheel position (see Figure 144) 

indicates η = (-1.0). The standardisation to (-1.0) was chosen to illustrate the occurring tensile and 

compressive stresses at the detail. Negative values for η imply compressive stresses and positive values 

for η imply tensile stresses. 

 

 

Figure 144: Model A – lane 2 

 

As mentioned before, the analysed details D1a and D2 (see Section 2.4) restrict a very local influence 

area in transverse bridge direction and therefore no interaction of the wheel loads within a single axle 

appears. All influence lines have been calculated by just modelling one single or double wheeled contact 

patch load. 
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 Detail D1a 

Figure 145.a shows again the influence line in longitudinal bridge direction for Model A relating to 

detail D1a and a reference axle load of FA = 100 kN for centric position (lane 2). The highest stress 

occurs when the wheel load is positioned directly above the detail D1a. As shown in the picture, 

primarily compressive stresses are occurring at this detail and the influence area is very small. The 

stresses in the detail are rapidly decaying when the wheel load is leaving the considered detail point. 

Figure 145.b shows the appropriate position for the determination of the influence lines in transverse 

bridge direction in a plan view. The wheel load was shifted in both cross directions (plus/minus 

according to Figure 145.b) with an interval of Δx = 100 mm. The stresses were calculated for every load 

position and finally the results have been summed up in diagrams. 

 

Figure 145: Model A – detail D1a: appropriate position for influence line in transverse bridge 

direction; a.) influence line in longitudinal bridge direction referring to detail D1a and centric 

position; b.) plan-view of the appropriate wheel load position 

The influence lines in transverse bridge direction for detail D1a are plotted in Figure 146. Figure 146.a 

illustrates the transverse influence line for single wheeled axle types due to axle type A. Figure 146.b 

shows the transverse influence line for double wheeled axles due to axle type B. Both transverse 

influence lines are not completely symmetric relating to the vertical axis at x = 0, because of the finite 

element model geometry (see Figure 145, no geometrical symmetry relating to LR-3). In both diagrams 

of Figure 146 an additional curve is drawn, which is fully symmetric referring to the vertical axis at x = 
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0. Further numerical calculations regarding consideration of realistic axle geometry and driving 

characteristics have been done by using the conservatively simplified, symmetric influence line in 

transverse bridge direction. 

 

 

Figure 146: Model A – detail D1a influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 Detail D2 

Figure 147.a shows again the influence line in longitudinal bridge direction for Model A relating to 

detail D2 and a reference axle load of FA = 100 kN for centric position (lane 2). The highest stress is 

occurring when the wheel load is positioned in a distance of e = 800 mm apart from detail D2 the mid 

cross girder CG-3. As shown in the picture, primarily compressive stresses are occurring at this detail 

and symmetry of the curve relating to the vertical axis at x = 0 can be detected. Figure 147.b shows a 

plan view with the appropriate position for the influence line determination in transverse bridge 

direction. The wheel load was shifted in both transverse directions (plus/minus according to Figure 20.b) 

with an interval of Δx = 100 mm. The stress calculation was performed for every load position and 

finally the results have been summed up in diagrams. 
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Figure 147: Model A – detail D2: appropriate position for influence line in transverse bridge 

direction; a.) influence line in longitudinal bridge direction referring to detail D2 and centric 

position; b.) plan-view of the appropriate wheel load position 

 

Figure 148 shows the influence lines in transverse bridge direction for detail D2. Figure 148.a illustrates 

the transverse influence line for single wheeled axle types due to axle type A. Figure 148.b shows the 

transverse influence line for double wheeled axles due to axle type B. Both transverse influence lines 

are not completely symmetric relating to the vertical axis at x = 0, because of the single-sided connection 

of the longitudinal rib to the cross girder. A detailed description of detail D2 can be found in Section 

2.4.4.  

The maximum occurring stress in detail D2 due to a centric wheel position (see Figure 144) is indicated 

as η = (-1.0). The determined stresses for the individual transverse positions are relating to this centric 

wheel’s stress value. Therefore, negative values for η imply compressive stresses and positive values 

for η imply tensile stresses. As it can be seen in Figure 148.a, an increase of the stresses in D2 due to 

the shifting of the wheel load from the centric position can be detected for detail D2. The maximum 

stress occurs due to a wheel load location of x = -100 mm (see Figure 148.a). This effect can be declared 

by the single-sided support of the longitudinal rib and the increasing transverse bending due to the wheel 

load shift. 
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Figure 148: Model A – detail D2 influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

  Model B 

The lateral influence lines for the analysed details D1a, D1b and D2 referring to Model B are illustrated 

in this Section. A detailed description of Modell B is located in Section 3.2.2. The influence lines were 

again determined for single and double wheeled axles. All influence lines in transverse bridge direction 

for Model B are related to lane 1, which is shown again in Figure 149. 

 

 

Figure 149: Model B – lane 1 

 

 Detail D1a 

Figure 150.a shows the influence line in longitudinal bridge direction for Model B relating to detail D1a 

and a reference axle load of FA = 100 kN for centric position (lane 1). The highest stress is occurring 

when the wheel load is positioned directly above the detail D1a, which is located in a distance of eLR = 

300 mm apart from the mid cross girder CG-3. Figure 150.a shows very well that primarily compressive 

stresses occur in this detail and the influence area is very small. The same observations at detail D1a for 
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model B can be done as for model A. When the wheel load is leaving the considered detail point the 

stress is decaying rapidly. Figure 150.b shows the appropriate position for the determination of the 

influence lines in transverse bridge direction in a plan view. A wheel load shifting was done in both 

transverse directions (plus/minus according to Figure 150.b) with an interval of Δx = 100 mm. The 

stresses were calculated for every load position and finally the results have been summed up in diagrams. 

 

 

Figure 150: Model B – detail D1a: appropriate position for influence line in transverse bridge 

direction; a.) influence line in longitudinal bridge direction referring to detail D1a and centric 

position; b.) plan-view of the appropriate wheel load position 

 

The influence lines in transverse bridge direction for detail D1a are plotted in Figure 151. Figure 151.a 

illustrates the transverse influence line for single wheeled axle types due to axle type A. Figure 151.b 

shows the transverse influence line for double wheeled axles due to axle type B. Again, both transverse 

influence lines are not completely symmetric relating to the vertical axis at x = 0, because of the finite 

element model geometry (see Figure 150, no geometrical symmetry relating to the considered web of 
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LR-2). In both diagrams of Figure 151, an additional curve is drawn that is fully symmetric referring to 

the vertical axis at x = 0, which is the basis for further analyses.  

 

 

Figure 151: Model B – detail D1a influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 Detail D1b 

The same wheel load position in longitudinal bridge direction as for detail D1a is appropriate for detail 

D1b, which is shown in Figure 150. The highest stress occurs due to a wheel load position directly above 

the detail D1b. This location is in a distance of eLR = 300 mm apart from the mid cross girder CG-3. The 

plan view in Figure 150.b shows the appropriate position for the determination of the influence lines in 

transverse bridge direction. The wheel load was shifted in both transverse directions (plus/minus 

according to Figure 150.b) with an interval of Δx = 100 mm. The stresses were calculated for every load 

position and finally the results have been summed up in diagrams. 

The influence lines in transverse bridge direction for detail D1b are plotted in Figure 152. Figure 152.a 

illustrates the transverse influence line for single wheeled axle types due to axle type A. Figure 152.b 

shows the transverse influence line for double wheeled axles due to axle type B. 

The occurring stress in Figure 152 for detail D1b due to a centric wheel position at x = 0 (see Figure 

149) indicates η = σD1b,x=i / σD1b,x=0 = (-1.0). Negative values for η imply compressive stresses and 

positive values for η imply tensile stresses. As it can be seen in Figure 152, by shifting the wheel load 

leftwards (x < 0), compressive stress in the detail D1b occurs and by shifting the wheel load rightwards 

(x > 0), tensile stress in the detail D1b occurs. Therefore, the algebraic sign of the occurring stress in 

detail D1b depends on the position of the wheel load in transverse bridge direction and the highest stress 

is arising when the wheel load is located at x = -20cm due to single wheeled axles and x = -30cm relating 

to double wheeled axles. Therefore, a calculation of the remaining service life under consideration of a 

lateral shift of the heavy vehicles and its wheel loads is required at this detail D1b with such special 

characteristics. 
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Figure 152: Model B – detail D1b influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 

 Detail D2 

The influence line in longitudinal bridge direction for Model B relating to detail D2 and a reference axle 

load of FA = 100 kN is shown Figure 153.a for centric position (lane 1). By positioning the wheel load 

in a distance of e = 800 mm apart from detail D2 (at the mid cross girder CG-3) the highest stress is 

occurring. As shown in the picture, primarily compressive stresses are occurring at this detail and 

symmetry of the curve relating to the vertical axis at x = 0 can be detected. The appropriate position for 

the influence line determination in transverse bridge direction is shown in the plan view of Figure 153.b. 

The wheel load was shifted in both cross directions (plus/minus according to Figure 153.b) with an 

interval of Δx = 100 mm. The stress calculation was done for every load position and finally diagrams 

sum up the results. 
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Figure 153: Model B – detail D2: appropriate position for influence line in transverse bridge 

direction; a.) influence line in longitudinal bridge direction referring to detail D2 and centric 

position; b.) plan-view of the appropriate wheel load position 

 

The influence lines in transverse bridge direction for detail D2 are plotted in Figure 154. Figure 154.a 

illustrates the transverse influence line for single wheeled axle types due to axle type A. Figure 154.b 

shows the transverse influence line for double wheeled axles due to axle type B. Both transverse 

influence lines are not completely symmetric relating to the vertical axis at x = 0. A detailed description 

of detail D2 can be found in Section 2.4.4.  

 

The occurring stress in Figure 154 due to a centric wheel load position x = 0, directly above the mid axis 

of the analysed longitudinal rib’s web (see Figure 149) indicates η = (-1.0). Therefore, negative values 

for η imply compressive stresses and positive values for η imply tensile stresses.  
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Figure 154: Model B – detail D2 influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 

 Model C 

The lateral influence lines for the analysed details D1a, D1b and D2 referring to Model C are illustrated 

in this Section. A detailed description of Modell C is located in Section 3.2.3. The influence lines were 

determined for single and double wheeled axles. All influence lines in transverse bridge direction for 

Model C are related to lane 1, which is shown in Figure 155. 

 

 

Figure 155: Model C – lane 1 
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 Detail D1a 

Figure 156.a shows the influence line in longitudinal bridge direction for Model C relating to detail D1a 

and a reference axle load of FA = 100 kN for centric position (lane 1). A wheel load position directly 

above the detail D1a causes the highest stress. This location is in a distance of eLR = 300 mm apart from 

the mid cross girder CG-3. Figure 156.a primarily shows compressive stresses at this detail as well as a 

very small influence area. Because of this small influence area, the stresses in the detail are decaying 

rapidly when the wheel load is leaving the considered detail point. Figure 156.b shows a plan view with 

the appropriate position for the determination of the influence lines in transverse bridge direction in. 

The wheel load was shifted in both cross directions (plus/minus according to Figure 156.b) with an 

interval of Δx = 100 mm. The stresses were calculated for every load position and finally the results 

have been summed up in diagrams. 

 

 

Figure 156: Model C – detail D1a: appropriate position for influence line in cross bridge direction; 

a.) influence line in longitudinal bridge direction referring to detail D1a and centric position; b.) 

plan-view of the appropriate wheel load position 

 

The influence lines in transverse bridge direction for detail D1a are plotted in Figure 157. Figure 157.a 

illustrates the transverse influence line for single wheeled axle types due to axle type A. Figure 157.b 

shows the transverse influence line for double wheeled axles due to axle type B.  
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As already mentioned before, the occurring stress in the detail due to centric wheel position (see Figure 

155) at x = 0 indicates η = (-1). The stresses due to all other transverse wheel positions are related to the 

centric one (x = 0). Negative values for η imply compressive stresses and positive values for η imply 

tensile stresses. 

 

 

Figure 157: Model C – detail D1a influence lines in transverse bridge direction; a.) for single 

wheeled axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 Detail D1b 

For detail D1b, the same wheel load position in longitudinal bridge direction as for detail D1a is 

appropriate, which is shown in Figure 156. The highest stress is occurring when the wheel load is 

positioned directly above the detail D1b, which is located in a distance of eLR = 300 mm apart from the 

mid cross girder CG-3. Also at detail D1b primarily compressive stresses are occurring at this detail 

when the wheel load crosses the bridge deck centric above the longitudinal rib’s web and the wheel load 

does not shift in transverse bridge direction. The influence area is very small and stresses in the detail 

are rapidly decaying when the wheel load is leaving the considered detail point. Figure 156.b shows the 

appropriate position for the determination of the influence lines in transverse bridge direction in a plan 

view. The wheel load was shifted in both cross directions (plus/minus according to Figure 156.b) with 

an interval of Δx = 100 mm. The stresses were calculated for every load position and finally the results 

have been summed up in diagrams. 

Figure 158 illustrates the influence lines in transverse bridge direction for detail D1b. Figure 158.a 

shows the transverse influence line for single wheeled axle types due to axle type A. The transverse 

influence line for double wheeled axles due to axle type B is plotted in Figure 158.b. 
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wheeled axles arises due to wheel load location x = -20cm and for double wheeled axles  

x = -30cm causes the highest stress. A calculation of the remaining service life under consideration of a 

lateral shift of the heavy vehicles and its wheel loads is required at this detail D1b with such special 

characteristics. 

 

 

Figure 158: Model C – detail D1b influence lines in transverse bridge direction; a.) for single 

wheeled axles (axle type A and C); b.) for double wheeled axles (axle type B) 

 

 Detail D2 

The influence line in longitudinal bridge direction for Model C relating to detail D2 and a reference axle 

load of FA = 100 kN for centric position is illustrated in Figure 159.a. The wheel load position, in a 

distance of e = 1600 mm apart from detail D2 at the mid cross girder CG-3, causes the highest stress. 

The picture primarily shows compressive stresses at this detail and a symmetry of the curve relating to 

the vertical axis at x = 0 can be observed. Figure 159.b shows the appropriate position for the 

determination of the influence lines in transverse bridge direction in a plan view. A wheel load shift in 

both transverse directions (plus/minus according to Figure 159.b) with an interval of Δx = 100 mm had 

been done. The stresses were calculated for every load position and finally the results have been summed 

up in diagrams. 

 

The transverse influence lines for detail D2 are plotted in Figure 160. Figure 160.a illustrates the 

transverse influence line for single wheeled axle types due to axle type A. Figure 160.b shows the 

transverse influence line for double wheeled axles due to axle type B. Both transverse influence lines 

are not completely symmetric relating to the vertical axis at x = 0.  
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Figure 159: Model C – detail D2: appropriate position for influence line in transverse bridge 

direction; a.) influence line in longitudinal bridge direction referring to detail D2 and centric 

position; b.) plan-view of the appropriate wheel load position 

 

The maximum occurring stress in Figure 160, due to centric wheel position x = 0, is indicated as η = (-

1.0). This stress level is the basis and the occurring stresses due to all other transversal positions are in 

relation to the one with centric wheel position. Again, negative values for η imply compressive stresses 

and positive values for η imply tensile stresses.  

 

 

Figure 160: Model C – detail D2 influence lines in transverse bridge direction; a.) for single wheeled 

axles (axle type A and C); b.) for double wheeled axles (axle type B) 
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4.6. General Concept of considering realistic axle geometries and lateral distribution for Detail 

D1a and D2 

In this chapter, the steps of considering realistic axle geometries and a lateral distribution for the 

positions of the individual lorries in a lane are explained. In summary 8 steps had been done, which are 

listed first in a very short form and then are explained in more detail. 

 

Procedure I: Simulation of the heavy traffic crossings for centric track configuration 

The individual steps 1 to 3, presented in Section 3.4, are summed up again. 

• Step 1: Determination of influence lines for the 3 wheel types A, B and C at every detail in 

longitudinal bridge direction. 

• Step 2: Calculation of stress-history curves in every detail for every vehicle type under 

consideration of the axle distances and the axle loads depending on the lorries from the fatigue 

load model (see Figure 24 in Section 2.5.2). 

• Step 3: Stress cycle counting with Rain flow- or Reservoir method for each vehicle type crossing 

and generation of a stress range spectrum due to a centric track configuration. 

Calculation of equivalent stress range e,I 

 

Procedure II: Consideration of realistic axle geometries 

• Step 4: Calculation of influence lines in transverse bridge direction for every detail due to single 

and double wheeled axle types and shift of axle B with eB (see Figure 137 in Section 4.3.4). 

 

For a consideration of realistic axle geometries with different positions in transverse direction 

to each detail, it was necessary to determine influence lines in transverse bridge direction for 

single and double wheeled axle types at the critical load positions in longitudinal direction. 

These critical load positions are located where the maximum stresses in the detail occur and 

could be verified, taking the influence lines in longitudinal bridge direction due to centric wheel 

position into account. Figure 161 illustrates the influence lines in transverse bridge direction for 

single and double wheeled axles referring to detail D1a, the welded connection of the 

longitudinal rib to the deck plate. 

Realistic axle geometries could be taken into account with a lateral shift eB of the appropriate 

axle or wheel types so that the outer faces of the wheels nearly match together as it is shown in 

Figure 161, based on Figure 137 in Section 4.3.4 (Note: wheel type C defines eB, because for 

wheel type A the results of wheel type C are chosen). In the picture the single wheeled axles (A 

and C) are placed with a distance of eB away from the through web’s axis to the left. In the 

calculations this displacement was considered by offsetting the transversal influence line with 
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eB to the right. The appropriate stress ranges due to axle type A and C could then be modified 

with the value ηA (at position 0), which is shown in Figure 161. 

 

 

Figure 161: schematic representation of  the influence lines in transverse bridge direction for single 

and double wheeled axles and lateral shift of the single wheeled axle for considering realistic axle 

geometries 

 

• Step 5: Determination of a stress range spectrum taking realistic axle geometries into account. 

Scaling of the relevant stress ranges using the appropriate scale factors from the influence line 

in transverse bridge direction (Step 4). 

 

The modifying of the stress range spectrum, based on centric track configuration for all lorries 

and all wheels (see Section 3.4) is shown in Figure 162. Here as example the stress ranges as a 

result of the single wheeled axles (A and C) are modified with the parameter ηA from the 

transverse influence line (Δσ1∙ ηA, see Figure 162). This parameter ηA as well as the appropriate 

transverse influence line for wheel type A and C are shown in Figure 161. The stress ranges due 

to the double wheeled axle B are unchanged. Figure 161 shows a value of ηB = 1.0. In summery 

a new modified stress spectrum and a damage equivalent constant amplitude stress range Δσe,II 

could be calculated. This value was compared to the value for a centric track configuration ∆σe,I. 

Note: Also the centric position of wheel types A and C with a shift of wheel type B was checked, 

which gives more beneficial results (smaller fatigue damage) 
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Figure 162: schematic representation of modifying the appropriate stress ranges due to centric wheel 

position to consider realistic axle geometries, but centric lorry position 

 

 

Procedure III: Consideration of realistic axle geometries and a lateral distribution of the 

heavy traffic vehicles 

• Step 6: Choosing an applicable frequency distribution in transverse bridge direction from 

measurements or based on Eurocode [41] – see Section 4.4. 

 

Figure 163.a shows for example the transverse frequency distribution LFT I from [41] for 

considering driving characteristics of the heavy traffic. In this distribution 5 positions in 

transverse bridge direction are included. The probability is given in percent and 50 % of all 

vehicles are driving in a centric lane position. 

 

• Step 7: Locating the appropriate transverse influence lines (based on the position of each detail) 

with a transverse shift of eA,C = eB = 100mm for wheel type B; calculation of the modifying 

load parameters η at the transverse positions relating to the frequency distribution. 

 

Figure 163.b shows the transversal influence lines for axle type B and A/C. As shown in Figure 

163 (right side), axle type A and C are positioned left to detail point D1a in a distance of eA,C 

away from the detail point if wheel type B is centric, according to Figure 137 in Section 4.3.4. 

Therefore, the transverse influence line for axle type A and C is shifted to the right side with 

eA,C (see Figure 163.b). The individual parameters ηA and ηB referring to the transverse positions 

-20cm (A1), -10cm (A2), 0 (A3), +10cm (A4), +20cm (A5) can be read out from Figure 163.b. 

The belonging frequency for each transverse position A1 to A5 can be taken from Figure 163.a. 

Centric track configuration (for all wheel types) S-N curve 

modified spectrum (shift eB of wheel types A 

and C, compared to wheel type B) 

stress ranges due to axle type A or C modified with ηA 

stress ranges due to axle type B unchanged (ηB = 1.0) 
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In Figure 163.b , the parameters ηA,i for axle type A are coloured based on its transverse position. 

Green for transverse position -20cm (A1) and +20cm (A2). Purple for transverse position -10cm 

(A2) and +10cm (A4). Orange for transverse position 0 (A3).  

 

Figure 163: a.) frequency distribution in transverse bridge direction b.) influence lines in transverse 

bridge direction for single and double wheeled axles and lateral shift of the single wheeled axles; 

 

• Step 8: Modifying the stress ranges from the spectrum with centric track configuration (results 

of Step 1 to 3) in terms of stress range value and number of cycles 

- Splitting the number of cycles belonging to the stress range by using the lateral 

frequency distribution 

- Scaling the stress range value by using the modifying load parameters η dependent on 

the transverse position and the wheel type 
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With the values for the frequency in transverse direction (see Figure 163.a), every stress range 

from the spectrum with centric wheel position could be partitioned in its number of cycles for 

wheel positions -20, -10, 0, +10, +20 (see Figure 163.a). Figure 164 shows exemplary the 

partition of the highest stress range ∆σ1. This partition has been done for the transverse positions 

A1 to A5, which are shown in Figure 163 and corresponds with the chosen colour code. The 

number of cycles n1 for ∆σ1 has to be split into 5 new number of cycles (position A1: n1 ∙ 9%, 

position A2: n1 ∙ 18%, position A3: n1 ∙ 50%, position A4: n1 ∙ 18%, position A5: n1 ∙ 9%). 

Afterwards, these 5 new stress ranges have to be modified with its appropriate load parameters 

ηA,i which are shown in Figure 163.b based on its transverse position (∆σ1,A1 = ∆σ1 ∙ ηA1; ∆σ1,A2 

= ∆σ1 ∙ ηA2; ∆σ1,A3 = ∆σ1 ∙ ηA3; ∆σ1,A4 = ∆σ1 ∙ ηA4; ∆σ1,A5 = ∆σ1 ∙ ηA5). This procedure has to be 

done for every stress range of the spectrum to get a new modified stress range spectrum. 

Finally, damage equivalent constant amplitude stress ranges Δσe,III were calculated for 

procedure III relating to 100 lorry crossings. These Δσe,III have been compared with the 

reference case Δσe,I to illustrate the effects of heavy traffic driving characteristics. 

 

 

Figure 164: schematic representation of modifying the appropriate stress ranges due to considering 

realistic axle geometries and driving characteristics of heavy traffic 

 

  

S-N curve 

modified stress 

ranges: 
stress range due to wheel type C 

Centric track configuration 
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4.7. Modified general concept of considering realistic axle geometries and lateral distribution 

for Detail D1b 

Detail D1b is the same welded connection as detail D1a, the weld that connects the longitudinal rib’s 

web to the deck plate. At detail D1b, the normal stresses at the outer side of the through web have to be 

taken into account. At the bottom side of the deck plate (detail D1a) always compression stresses occur 

due to every location of the wheel load in transverse bridge direction. Figure 165 shows the deformations 

of the finite element model due to a single wheeled load at different positions in transverse direction. At 

Figure 165.a the single wheel load is located left sided to the analysed trough web’s axis. Due to load 

position A and thereby arising rotation of the deck plate (+φ), in D1a compressive stresses and in D1b 

tensile stresses occur. At Figure 165.b the single wheel load is located right sided to the analysed trough 

web’s axis. Due to load position B and thereby arising rotation of the deck plate in opposite direction (-

φ), in D1a again compressive stresses occur but in D1b now also compressive stresses occur.  

 

 

Figure 165: deformations of the FEM-model with trough ribs due to a single wheel; a.) single wheel 

load located left sided to the trough web’s axis b.) single wheel load located right sided to the trough 

web’s axis 

So the plus/minus sign of the stress in D1b changes by moving the wheel load in transverse direction 

relating to the trough web’s axis and thereby the highest stress ranges Δσ in D1b are coming from 

different vehicles on different transverse positions. The stress ranges ∆σi are dependent on the position 

a) 

b) 

D1a (-σ) 

 

D1b (+σ) 

 

D1a (-σ) 

 

D1b (-σ) 

 

Load position A 

 

Load position B 
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of the wheel load in transverse bridge direction as well as the sequence and individual transverse position 

of the vehicle type crossings (T1 to T5) over the bridge deck. Figure 166.b shows as example the 

influence lines in transverse bridge direction for single and double wheeled axles referring to detail D1b, 

where the influence line for double wheeled axles is again shifted by eB to consider realistic axle 

geometries. Negative values for η represent compressive stresses in D1b and positive values for η 

represent tensile stresses in D1b. With this picture the effect of the trough web bending depending on 

the load position in transverse direction is illustrated. The curves are standardised and especially for 

single wheeled axles a lateral shift of the wheel delivers a dramatically increase of the stress ranges in 

D1b. A heavy traffic simulation with centric track configuration (see Section 4.2) of all axle types would 

result in too low stress ranges and a consideration of a lateral shift of the wheels due to the driving 

characteristics is essential. Note: for detail D1b the centric position of wheel types A and C gives the 

highest fatigue damage. 

 

Figure 166.a shows for example a frequency distribution based on measurements for considering driving 

characteristics of heavy traffic (see Section 4.4.2). With this frequency distribution and the influence 

lines in transverse bridge direction a simulation of the crossings of lorry types T1 to T5 has to be done. 

Note: the frequency distribution LFT I, based on the Eurocode (see Figure 163.a), gives a smaller fatigue 

damage. 

 

For every position in transverse direction (lane axis -4 to +4; -40cm to +40cm, with ∆ = 10cm in Figure 

166.a) an influence line in longitudinal bridge direction for single and double wheeled axles was 

calculated. Figure 167 exemplary illustrates the influence lines in longitudinal bridge direction related 

to wheel type A for 3 different wheel positions in transverse directions (x=0cm, x=-20cm, x=+20cm). 

The influence line for x=0cm in transverse direction is the basis influence line (see Figure 167). The 

influence lines in longitudinal bridge directions for the positions x=-20cm and x=+20cm have been 

determined in a simplified manner by scaling the basis influence line (x=0cm) with the appropriate 

factor ηA from Figure 166.b (ηA,-20 = -2.72 and ηA,+20 = 2.03). The curves in Figure 166.b are modified 

in such a way that negative η-values represent compressive stresses in the detail D1b.  
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Figure 166: a.) frequency distribution in transverse bridge direction; b.) influence lines referring to 

detail D1b (Model B) in transverse bridge direction for single and double wheeled axles; 
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Figure 167: influence lines in longitudinal bridge direction for detail D1b (Model B), different 

positions in transverse bridge direction (x=0cm, x=+20cm, x=-20cm) related to wheel type A 

 

This scaling procedure was done for wheel type A, B and C and per wheel type 9 influence lines in 

longitudinal bridge direction have been determined (lane axis -4 to +4, see Figure 166). As it is shown 

in Figure 166.b, realistic axle geometries already have been taken into account by shifting the 

appropriate transverse influence line (for wheel type B) with the value of eB = 10cm to the right. Next 

the individual stress history curves due to the lorry crossings (T1 to T5) in each lane axis (-4 to +4) were 

determined by considering the lorry’s axle distances and its axle loads from fatigue load model FLM-4. 

Figure 168 exemplary shows the stress history curves due to vehicle type T1 for 3 different positions in 

transverse bridge direction (x=0cm, x=-20cm and x=+20cm). One lorry type has got 9 stress history 

curves and fatigue load model FLM-4 includes 5 lorry types, so in summary 45 stress history curves 

have been calculated to include every possible transverse position a vehicle can have in the studied lane 

at driving across the bridge deck. 

distance of the load to the detail point in longitudinal bridge direction 

type A +20 type A +0 type A -20 
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Figure 168: stress history curves for vehicle type T1 for transverse position a.) x=-20cm, b.) x=0cm 

and c.) x=+20cm referring to detail D1b, Model B 

 

The 45 stress history curves have to be stringed together under consideration of the lorry percentage 

according to fatigue load model FLM-4 (see Figure 24 in Section 2.5.2). Table 13 summarises these 45 

transverse positions of the 5 lorry types with their number of crossings (ni) relating to a defined 

frequency distribution (hi see Figure 166.a) and under consideration of the lorry percentage of FLM-4 

(nTi) for long distance routes (see Figure 24), such as highways. In the table below, the data are plotted 

for altogether 100,000 lorries.   

distance of the first vehicle axle to the detailpoint 

distance of the first vehicle axle to the detailpoint 

distance of the first vehicle axle to the detailpoint 

a.) 

b.) 

c.) 
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Table 13: summary of vehicle positions in transverse bridge direction for FLM 4 and lane frequency 

distribution LFT III (100,000 lorries in total) 

vehicle type 

Vehicle 

Position xi 

[cm] 

nTi hi ni 

 

T1 

 

-40 

(20 %) 

20000 

0.04 800 

-30 0.05 1000 

-20 0.1 2000 

-10 0.18 3600 

0 0.26 5200 

10 0.18 3600 

20 0.1 2000 

30 0.05 1000 

40 0.04 800 

 

T2 
 

-40 

(5%) 

5000 

0.04 200 

-30 0.05 250 

-20 0.1 500 

-10 0.18 900 

0 0.26 1300 

10 0.18 900 

20 0.1 500 

30 0.05 250 

40 0.04 200 

 

T3 
 

-40 

(50%) 

50000 

0.04 2000 

-30 0.05 2500 

-20 0.1 5000 

-10 0.18 9000 

0 0.26 13000 

10 0.18 9000 

20 0.1 5000 

30 0.05 2500 

40 0.04 2000 

 

T4 
 

-40 

(15%) 

15000 

0.04 600 

-30 0.05 750 

-20 0.1 1500 

-10 0.18 2700 

0 0.26 3900 

10 0.18 2700 

20 0.1 1500 

30 0.05 750 

40 0.04 600 

T5

 

-40 

(10%) 

10000 

0.04 400 

-30 0.05 500 

-20 0.1 1000 

-10 0.18 1800 

0 0.26 2600 

10 0.18 1800 

20 0.1 1000 

30 0.05 500 

40 0.04 400 
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With Rain flow method as cycle counting concept the stress ranges and their occurring number of cycles 

are dependent on the chronology of the stress history curves from the individual lorry types and their 

different transverse positions. Therefore, a simulation of the vehicle crossings with a random chronology 

and a high number of total vehicles was necessary. As Table 13 already showed, an overall vehicle’s 

number of 100,000 was chosen for the simulations and it could be confirmed that this number is enough 

to get sufficient results by using a random sequence for the 45 stress history curves.  

Figure 169 illustrates for example a cut out of the total stress history assembly of the 100,000 crossings 

with 5 lorry types and their different positions in transverse bridge direction. In this short sequence first 

vehicle type T3 crosses the bridge deck at transverse position x=+20cm and is followed by vehicle type 

T1 at x=-10cm and vehicle type T5 at x=+20cm. The maximum occurring stress range in this cut out, 

when ignoring all other stresses except the plotted ones in the picture, is made up of σT1,-1 due to lorry 

type T1 at x=-10cm (σmin, lane axis -1) and σT5,+2 due to lorry type T5 at x=+20cm (σmax, lane axis +2). 

 

 
Figure 169: cut out of assembled stress history curve for 100,000 lorry crossings (FLM 4) 

 

The same procedure of cycle counting with Rain flow method was done for the whole stress history 

curve referring to altogether 100,000 lorries and a damage equivalent constant amplitude stress range 

Δσe,III has been determined. Again, Δσe,III is based on ne = 100,000 stress cycles. The results of this 

heavy traffic simulation referring to detail D1b under consideration of driving characteristics and 

realistic axle geometries are presented in Section 4.9 for the analysed models B and C with trough ribs.  
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4.8. Results of numerical calculations due to consideration of realistic axle geometries 

The results of the numerical simulations of the heavy vehicle traffic at the FEM-models A, B and C (see 

Section 3.2) referring to the analysed details D1a, D1b and D2 (see Section 2.4) under consideration of 

realistic axle geometries are presented in this Section. The basis is always the stress range spectrum of 

the analysed detail with centric track configuration and axle geometries based on Eurocode (FLM 4, 

FLM 4*, see Section 3.4). The relevant stress ranges have been scaled by using the appropriate influence 

line in transverse bridge direction (see Section 4.5). The realistic axle geometries are illustrated in Figure 

137 in Section 4.3.4. 

The following list gives an overview of the results according to the calculations referring to the 

consideration of realistic axle geometries and its influence in fatigue assessment at orthotropic steel 

decks: 

- Model A: orthotropic bridge deck with open longitudinal ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 4.8.1.1 and results for detail D2 in Section 4.8.1.2 

- Model B: orthotropic bridge deck with trough ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 4.8.2.1, detail D1b in Section 4.8.2.2 and detail D2 in Section 

4.8.2.3 

- Model C: orthotropic bridge deck with trough ribs and cross girder interval eQT = 4.0m 

Results for detail D1a in Section 4.8.3.1, detail D1b in Section 4.8.3.2 and detail D2 in Section 

4.8.3.3 

 

 Model A 

This Section presents the results of considering realistic axle geometries of heavy vehicles at FEM-

model A. A detailed description of FEM-model A can be found in Section 3.2.1.  

 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1a can be found in Section 2.4.2. The calculated stress range spectrum 

is presented in Section 3.4.2.1, Figure 88. This reference stress range spectrum is determined due to 

fatigue load model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration 

of all wheel loads at LR-3 (see Figure 107 in Section 3.4.4). Figure 170 shows again this reference stress 

range spectrum. In addition, the stress ranges are coloured according to the individual lorry types from 

fatigue load model FLM 4 as it is shown in the legend on the right side of the picture. The following 

notation additionally defines the axle number within a vehicle and its axle/wheel type for every stress 

range. 
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For example, the notation of the first, highest stress range Δσ1: T3 – 2 – B  

 

 

 

Figure 170: Model A, detail D1a at LR-3 with centric wheel position: stress range spectrum for a 

centric track configuration due to FLM 4  

 

b.) Centric lorry crossings with eccentric wheel position (FLM 4-mod) 

For consideration of the realistic axle geometries, based on Figure 137 in Section 4.3.4, the appropriate 

stress ranges from Figure 170 were scaled with the corresponding parameter η due to a lateral shift of 

the single wheeled axles. Additional calculations showed that a lateral shift of the single wheeled axle 

types A and C gives the most conservative result for detail D1a at Model A. That means that the axis of 

wheel type B of each lorry is equal to the axis of LR-3. According to the measured wheel geometries 

(see Section 4.3) a lateral shift of the wheel types A and C with e = 10cm is necessary. Therefore the 

parameter η was selected at x = -10cm from the lateral influence line for the single wheeled axles that 

is plotted in Figure 171 (η = (-0.92) ∙ (-1) = 0.92).  

 

Figure 171: Model A – detail D1a at LR-3: influence line in transverse bridge direction for single 

wheeled axles (axle type A and C), symmetrical to the vertical axis at x = 0 
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The resulting stress range spectrum for detail D1a at Model A is presented in Figure 172. 

 

 

Figure 172: Model A, detail D1a at LR-3: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod 

 

A comparison of the calculated damage equivalent stress ranges Δσe is shown in Table 14: 

 

Table 14: Model A – detail D1a at LR-3: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry position 

 centric wheel position, FLM 4 eccentric wheel position, FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 174.04 (1.0) 167.83 (0.96) 

 

As it can be seen in Table 14 the consideration of realistic axle geometries causes at detail D1a a 

reduction of the damage equivalent stress range Δσe of 4% referring to Model A. 

The damage parts of the individual lorry types are equal for both stress range spectra in Figure 170 and 

Figure 172. This damage parts are shown in Figure 228 in Section 4.11.1.1, where lorry type T3 causes 

the maximum damage in the analysed detail with 65%. 
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 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

Section 2.4.4 gives a detailed explanation of detail D2. The reference stress range spectrum is presented 

in Section 3.4.2.2, Figure 93. This reference stress range spectrum is determined due to fatigue load 

model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration of all wheel 

loads at LR-3 (see Figure 83). This reference stress range spectrum is again shown in Figure 173. In 

addition, the stress ranges are coloured according to the individual lorry types from fatigue load model 

FLM 4 as it is shown in the legend on the right side of the picture.  

 

 

Figure 173: Model A, detail D2 at LR-3 with centric wheel position: stress range spectrum for a 

centric track configuration due to FLM 4 

 

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

For considering realistic axle geometries, based on Figure 137, the appropriate stress ranges from Figure 

173 were scaled with the corresponding parameter η due to a lateral shift of the single wheeled axles. A 

lateral shift of the single wheeled axle types A and C gives the most conservative result for detail D2 at 

Model A, which was confirmed by additional calculations. According to the measured wheel geometries 

(see Section 4.3) a lateral shift of the wheel types A and C with e = 10cm is necessary. The accurate 

value is plotted in Figure 174 (η = (-1.16) ∙ (-1) = 1.16).  
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Figure 174: Model A – detail D2 at LR-3:  influence line in transverse bridge direction for single 

wheeled axles 

The resulting stress range spectrum for detail D2 at Model A is presented in Figure 175. 

 

 
Figure 175: Model A – detail D2 at LR-3: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 15: 

 

Table 15: Model A – detail D2 at LR-3: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry position 

 centric wheel position – FLM 4 eccentric wheel position – FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 64.67 (1.0) 74.65 (1.15) 

 

By comparing the results in Table 15 it can be seen that the consideration of realistic axle geometries 

causes at detail D2 an increase of the damage equivalent stress range Δσe of 15% referring to Model A. 

There is no significant difference regarding to the damage parts of the individual lorry types by 

comparing the stress range spectra in Figure 173 and Figure 175. In both cases, lorry type T3 causes the 

maximum damage with 85.6% (referring to Figure 173) and 86.6% (referring to Figure 175).   
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 Model B 

This Section presents the results of considering realistic axle geometries of heavy vehicles at FEM-

model B. A detailed description of FEM-model B can be found in Section 3.2.2  

 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

Section 2.4.2 shows a detailed explanation of detail D1a. The reference stress range spectrum is 

presented in Section 3.4.3.1, Figure 97. This reference stress range spectrum is calculated due to fatigue 

load model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration of all 

wheel loads at the web of LR-2 (see Figure 94 in Section 3.4.3) This reference stress range spectrum is 

again shown in Figure 176. Additionally, the stress ranges are coloured according to the lorry types from 

fatigue load model FLM 4 as it is shown in the legend on the right side of the picture.  

 

 

Figure 176: Model B – detail D1a at LR-2 with centric wheel position: stress range spectrum for a 

centric track configuration due to FLM 4  

 

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

For consideration of realistic axle geometries, based on Figure 137,  the appropriate stress ranges from 

Figure 176 were scaled with the corresponding parameter η due to a lateral shift of the single wheeled 

axles. Additional calculations showed that a lateral shift of the single wheeled axle types A and C gives 

the most conservative result for detail D1a at Model B. According to the measured wheel geometries 

(see Section 4.3) a lateral shift of the wheel types A and C with e = 10cm is necessary. Therefore the 

parameter η was selected at x = -10cm from the lateral influence line for single wheeled axles that is 

plotted in Figure 171 (η = (-0.92) ∙ (-1) = 0.92).  
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Figure 177: Model B – D1a influence line in cross bridge direction for single wheeled axles 

 

The resulting stress range spectrum for detail D1a at Model B is presented in Figure 178. 

 

 

Figure 178: Model B – detail D1a at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 16: 

 

Table 16: Model B – detail D1a at LR-2: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry position  

 centric wheel position – FLM 4 eccentric wheel position – FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 107.52 (1.0) 101.43 (0.94) 

 

As shown in Table 16 the consideration of realistic axle geometries causes at detail D1a a reduction of 

the damage equivalent stress range Δσe of 6% referring to Model B. The damage parts of the individual 
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lorry types under consideration of realistic axle geometries are nearly identical to the one with centric 

track configuration. Lorry type T3 causes the maximum damage in the detail in both cases. Referring to 

the stress range spectrum in Figure 176, lorry type T3 causes 68.2% (see Figure 229 in Section 4.11.1.2) 

of the whole damage. Referring to the spectrum in Figure 178, lorry type T3 causes 65.4% of the whole 

damage. The damage distribution of the lorry types T1, T2, T4 and T5 doesn’t differ significantly. 

 

 Detail D1b 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1b can be found in Section 2.4.3. Section 3.4.3.2, Figure 100 presents 

the calculated reference stress range spectrum which has been determined due to fatigue load model 

FLM 4 (see Section 2.5.2, Figure 24) and under consideration of a centric track configuration of all 

wheel loads at the web of LR-2 (see Figure 94 in Section 3.4.3). This reference stress range spectrum is 

again shown in Figure 179. As it can be seen in the picture, no fatigue damage is occurring due to a 

centric wheel position of all axle/wheel types under consideration of the cut of limit ΔσL according to 

the appropriate S-N curve (Δσc = 100 N/mm²; ΔσL ≈ 40 N/mm²). 

 

 

Figure 179: Model B – detail D1b at the web of LR-2: stress range spectrum for a centric track 

configuration due to FLM 4  

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

Realistic axle geometries were considered based on Figure 137 in Section 4.3.4. A lateral shift of the 

double wheeled axles was considered and the appropriate stress ranges from Figure 179 were scaled 

with the corresponding parameter η. The most conservative result for detail D1b at Model B are given 

due to a lateral shift of the double wheeled axle type B which could be confirmed by additional 

calculations. According to the measured wheel geometries (see Section 4.3) a lateral shift of the wheel 

type B with e = 10cm is necessary. Therefore, the parameter η was selected at x = -10cm from the lateral 

influence line for double wheeled axles that is plotted in Figure 180 (η = (-1.32) ∙ (-1) = 1.32).  
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Figure 180: Model B – detail D1b at LR-2: influence line in transverse bridge direction for double 

wheeled axles 

 

The resulting stress range spectrum for detail D1b at Model B is represented in Figure 181. 

 

 

Figure 181: Model B – detail D1b at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

Also a consideration of realistic axle geometries gives no damage at detail D1b as it is shown in Figure 

181 and a calculation of Δσe is not necessary.  
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 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D2 can be found in Section 2.4.4. The reference stress range spectrum 

is presented in Section 3.4.3.3, Figure 103. Fatigue load model FLM 4 (see Section 2.5.2, Figure 24) 

has been considered for the determination of this reference stress range spectrum which relates to a 

centric track configuration of all wheel loads at LR-2 (see Figure 94 in Section 3.4.3). Figure 182 shows 

again this reference stress range spectrum. In addition, the stress ranges are coloured according to the 

lorry types from fatigue load model FLM 4 as it is shown in the legend on the right side of the picture.  

 

 

Figure 182: Model B – detail D2 at LR-2: stress range spectrum for a centric track configuration due 

to FLM 4 

 

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

The realistic axle geometries are based on Figure 137 in Section 4.3.4. Due to a lateral shift of the double 

wheeled axle, the appropriate stress ranges from Figure 182 were scaled with the corresponding 

parameter η. Additional calculations showed the most conservative result with a lateral shift of the 

double wheeled axle type B for detail D2 at Model B. According to the measured wheel geometries (see 

Section 4.3) a lateral shift of the wheel type B with e = 10cm is necessary. Therefore the parameter η, 

plotted in Figure 183,  leads to: (η = (-0.98) ∙ (-1) = 0.98).  
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Figure 183: Model B – detail D2 at LR-2 influence line in transverse bridge direction for double 

wheeled axle 

 

The resulting stress range spectrum for detail D2 at Model B is presented in Figure 184. 

 

 

Figure 184: Model B – detail D2 at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 17: 

 

Table 17: Model B – detail D2 at LR-2: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry  position 

 centric wheel position – FLM 4 eccentric wheel position – FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 35.54 (1.0) 35.51 (1.0) 

 

As it can be seen in Table 17 the consideration of realistic axle geometries causes at detail D2 nearly no 

effect to the damage equivalent stress range Δσe referring to Model B. The damage parts of the 

individual lorry types are practically equal and are shown in Figure 232 in Section 4.11.2.2. The 

maximum damage is caused by lorry type T3 with 91%. 
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 Model C 

This Section presents the results of considering realistic axle geometries of heavy vehicles at FEM-

model C. A detailed description of FEM-model C can be found in Section 3.2.3.  

 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

Section 2.4.2 gives a detailed explanation of detail D1a. Figure 107 in Section 3.4.4.1 shows the 

reference stress range spectrum. For the calculation of this reference stress range spectrum fatigue load 

model FLM 4 (see Section 2.5.2, Figure 24) was considered which was related to a centric track 

configuration of all wheel loads at the web of LR-2 (see Figure 104 in Section 3.4.4). This reference 

stress range spectrum is again shown in Figure 185. In addition, the colours of the individual stress 

ranges indicate the lorry types from fatigue load model FLM 4 as it is shown in the legend on the right 

side of the picture (for a detailed notation see Section 4.8.1.1). 

 

 

Figure 185: Model C – detail D1a at LR-2 with centric wheel position: stress range spectrum for a 

centric track configuration due to FLM 4  

 

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

Based on Figure 137 in Section 4.3.4, the realistic axle geometries were considered. The appropriate 

stress ranges from Figure 185 were scaled with the corresponding parameter η due to a lateral shift of 

the single wheeled axles. Via additional calculations, a lateral shift of the single wheeled axle types A 

and C could be confirmed as the most conservative result for detail D1a at Model C. A lateral shift of 

the wheel types A and C with e = 10cm is necessary according to the measured wheel geometries (see 

Section 4.3). Therefore the parameter η was selected at x = -10cm from the lateral influence line for 

single wheeled axles that is plotted in Figure 186 (η = (-0.85) ∙ (-1) = 0.85).  
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Figure 186: Model C – detail D1a at LR-2 influence line in transverse bridge direction for single 

wheeled axles 

 

The resulting stress range spectrum for detail D1a at Model C is presented in Figure 187. 

 

 

Figure 187: Model C – detail D1a at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 18: 

 

Table 18: Model C – detail D1a at LR-2: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry position 

 centric wheel position – FLM 4 eccentric wheel position – FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 107.01 (1.0) 96.81 (0.90) 

 

As it can be seen in Table 18 the consideration of realistic axle geometries causes at detail D1a a 

reduction of the damage equivalent stress range Δσe of 10% referring to Model C.  
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There is less difference at the damage parts of the individual lorry types referring to the spectra with and 

without realistic axle geometries. In both cases the maximum damage in the detail is caused by lorry 

type T3 (see Figure 230 in Section 4.11.1.3). Referring to the stress spectrum in Figure 185, lorry type 

T3 causes 74.9% of the whole damage and referring  to  the spectrum in Figure 187, lorry type T3 causes 

72.8% of the whole damage. 

 

 Detail D1b 

a.) Reference case: fatigue load model FLM 4 and centric wheel position  

A detailed explanation of detail D1b can be found in Section 2.4.3. The reference stress range spectrum 

is presented in Section 3.4.4.2, Figure 110. This reference stress range spectrum is determined due to 

fatigue load model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration 

of all wheel loads at the web of LR-2 (see Figure 104 in Section 3.4.4). Figure 188 shows again this 

reference stress range spectrum. As it can be seen in the picture, no fatigue damage is occurring due to 

a centric wheel position of all axle/wheel types under consideration of the cut of limit ΔσL according to 

the appropriate S-N curve (Δσc = 100 N/mm²; ΔσL ≈ 40 N/mm²). 

 

 

Figure 188: Model C – detail D1b at LR-2: stress range spectrum for a centric track configuration 

due to FLM 4  

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

Realistic axle geometries were considered based on Figure 137 in Section 4.3.4. A scaling of the 

appropriate stress ranges from Figure 188 with the corresponding parameter η has been done. A lateral 

shift of the double wheeled axles was considered where additional calculations showed the most 

conservative result for detail D1b at Model C with a lateral shift of the double wheeled axle type B. 

Therefore, a lateral shift of the wheel type B with e = 10cm according to the measured wheel geometries 

(see Section 4.3)  was necessary. The parameter η was selected at x = -10cm from the lateral influence 

line for double wheeled axles that is plotted in Figure 189 (η = (-1.12) ∙ (-1) = 1.12).  
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Figure 189: Model C – detail D1b at LR-2: influence line in transverse bridge direction for double 

wheeled axles 

 

The resulting stress range spectrum for detail D1b at Model C is presented in Figure 190. 

 

 

Figure 190: Model C – detail D1b at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

Also a consideration of realistic axle geometries gives no damage at detail D1b as it is shown in Figure 

190 and a calculation of Δσe is not necessary.  
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 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

Section 2.4.4 gives a detailed explanation of detail D2. Figure 113 in Section 3.4.4.3 presents the 

reference stress range spectrum which has been calculated due to fatigue load model FLM 4 (see Section 

2.5.2, Figure 24). This reference stress range spectrum is related to a centric track configuration of all 

wheel loads at the web of LR-2 (see Figure 104 in Section 3.4.4). Figure 191 shows again this reference 

stress range spectrum. In addition, the stress ranges are coloured according to the lorry types from fatigue 

load model FLM 4 as it is shown in the legend on the right side of the picture.  

 

 

Figure 191: Model C – detail D2 at LR-2: stress range spectrum for a centric track configuration due 

to FLM 4 

 

b.) Centric lorry crossing with eccentric wheel position (FLM 4-mod) 

For consideration of realistic axle geometries, based on Figure 137 in Section 4.3.4, the appropriate 

stress ranges from Figure 191 were scaled with the corresponding parameter η due to a lateral shift of 

the double wheeled axle. Additional calculations showed that a lateral shift of the double wheeled axle 

type B gives the most conservative result for detail D2 at Model C. According to the measured wheel 

geometries (see Section 4.3) a lateral shift of the wheel type B with e = 10cm is necessary. Therefore 

the parameter η was selected at x = +10cm from the lateral influence line for single wheeled axles that 

is plotted in Figure 192 (η = (-1.08) ∙ (-1) = 1.08).  
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Figure 192: Model C – detail D2 at LR-2: influence line in transverse bridge direction for double 

wheeled axle 

 

The resulting stress range spectrum for detail D2 at Model C is presented in Figure 193. 

 

 

Figure 193: Model C – detail D2 at LR-2: stress range spectrum under consideration of realistic axle 

geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 19: 

 

Table 19: Model C – detail D2 at LR-2: comparison of Δσe for ne = 100 lorry crossings due to centric 

lorry  position 

 centric wheel position – FLM 4 eccentric wheel position – FLM 4-mod 

 Δσe,I Δσe,II 

Δσe [N/mm²] 37.67 (1.0) 38.74 (1.03) 

 

As it can be seen in Table 19 the consideration of realistic axle geometries causes at detail D2 an increase 

of the damage equivalent stress range Δσe of 3% referring to Model C. The damage parts of the 

individual lorry types relating to the stress range spectra in Figure 191 and Figure 193 show less 

difference. For both stress range spectra that are shown in these pictures, lorry type T3 causes the 
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maximum damage and lorry type T1 has no damaging effect. The damage parts are: lorry type T1 –  0% 

/ 0% (DT1,FLM 4 / DT1,FLM 4-mod); lorry type T2 –  7.6% / 10.2% (DT2,FLM 4 / DT2,FLM 4-mod);  lorry type T3 –  

74.1% / 68.2% (DT3,FLM 4 / DT3,FLM 4-mod); lorry type T4 –  11% / 14.9% (DT4,FLM 4 / DT4,FLM 4-mod); lorry 

type T5 –  7.3% / 6.7% (DT5,FLM 4 / DT5,FLM 4-mod); 

 

4.9. Results of numerical calculations due to consideration of realistic axle geometries and 

lateral heavy traffic distribution 

The results of the numerical simulations at the FEM-models A, B and C (see Section 3.2) referring to 

the appropriate details D1a, D1b and D2 (see Section 2.4) under consideration of realistic axle 

geometries and accurate driving characteristics are presented in this Section. The reference is always the 

stress range spectrum of the analysed detail with centric track configuration (see Section 3.4) and the 

relevant stress ranges have been scaled by using the appropriate influence line in transverse bridge 

direction (see Section 4.5). The number of cycles of each stress range has been split according to the 

appropriate frequency distribution in transverse bridge direction (see Section 4.4). The realistic axle 

geometries are illustrated at Figure 137 in Section 4.3.4. A detailed description of the procedure referring 

to the consideration of driving characteristics can be found in Section 4.6 (details D1a and D2) and 4.7 

(detail D1b). 

The following list gives an overview of the results according to the calculations referring to 

consideration of heavy traffic driving characteristics with realistic axle geometries and its influence in 

fatigue assessment at orthotropic steel decks: 

- Model A: orthotropic bridge deck with open longitudinal ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 4.9.1.1 and results for detail D2 in Section 4.9.1.2 

- Model B: orthotropic bridge deck with trough ribs and cross girder interval eQT = 2.0m 

Results for detail D1a in Section 4.9.2.1, detail D1b in Section 4.9.2.2 and detail D2 in Section 

4.9.2.3 

- Model C: orthotropic bridge deck with trough ribs and cross girder interval eQT = 4.0m 

Results for detail D1a in Section 4.9.3.1, detail D1b in Section 4.9.3.2 and detail D2 in Section 

4.9.3.3 

 

 

 Model A 

This Section presents the results of considering heavy traffic driving characteristics with realistic axle 

geometries at FEM-model A. A detailed description of FEM-model A can be found in Section 3.2.1.   
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 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1a can be found in Section 2.4.2. The reference stress range spectrum 

is presented in Section 3.4.2.1, Figure 88. This reference stress range spectrum is determined due to 

fatigue load model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration 

of all wheel loads at LR-3 (see Figure 83 in Section 3.4.2). Figure 194 shows again this reference stress 

range spectrum (identical to Figure 170 in Section 4.8.1.1).  

 

 

Figure 194: Model A – detail D1a at LR-3: stress range spectrum for a centric track configuration 

due to FLM 4  

 

b.) Eccentric wheel and vehicle position 

For consideration of heavy traffic driving characteristics with realistic axle geometries the appropriate 

stress ranges from Figure 194 were scaled with the corresponding parameter η as it is shown in Figure 

195. Realistic axle geometries were considered by shifting the transverse influence line for single 

wheeled axles (axle type A and C) as shown in Figure 195.b. Additional calculations showed that a 

lateral shift of the single wheeled axle types A and C gives the most conservative result for detail D1a 

at Model A. According to the measured wheel geometries (see Figure 137 in Section 4.3) a lateral shift 

of the wheel types A and C with e = 10cm is necessary. The parameters η were selected at x = -30cm to 

x = +30cm with an interval of ∆x = 10cm, from the transverse influence lines for single and double 

wheeled axles, that are plotted in Figure 195.b. The sign of the curves in Figure 195.b is chosen, so that 

negative values represent compressive stress and positive values tensile stress. Figure 195.a illustrates 

the appropriate frequency distribution LFT II (identical to Figure 143.a in Section 4.4) in transverse 

bridge direction. The number of cycles of each stress range from Figure 194 has been portioned by 

taking this frequency distribution II (Figure 195.a) into account. 

147.24

174.04

100

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300 350 400 450




[N
/m

m
²]

load cycles respectively vehicle crossings [-]

          stress ranges, no damage

          stress ranges, damaging

           100 vehicles





e

stress range spectrum D1

c = 100 [N/mm²]
lane 2
vehicle crossings:  100

Typ T1
Typ T2
Typ T3
Typ T4
Typ T5

T3
-2

-B

T4
-2

-B

T5
-2

-B

T1
-2

-B

T2
-2

-B

T3
-3

-C

T3
-4

-C

T3
-5

-CT5
-3

-C

T5
-4

-C

T5
-5

-C

T5
-1

-A

T2
-3

-B

T2
-1

-A

T3
-1

-AT4
-3

-B

T4
-4

-B

T4
-1

-A

T1
-1

-A



Influence of realistic axles geometries and lateral distribution of heavy vehicles 

 

201 

 

Figure 195: Model A – detail D1a at LR-3: a.) frequency distribution LFT II for a lane width of 

3.50m; b.) influence line in transverse bridge direction for single and double wheeled axles (axle type 

A, B and C); 

 

The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position, based on Figure 

137) is presented in Figure 196 for detail D1a at LR-3 of Model A. 
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Figure 196: Model A – detail D1a at LR-3: stress range spectrum under consideration of heavy 

vehicle driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 20: 

 

Table 20: Model A – detail D1a at LR-3: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 174.04 (1.0) 155.78 (0.90) 

 

As it can be seen in Table 20 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes at detail D1a a reduction of the damage equivalent stress range Δσe of 10% 

referring to Model A, with open longitudinal ribs.  

 

 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D2 can be found in Section 2.4.4. Figure 93 in Section 3.4.2.2 presents 

the reference stress range spectrum. Fatigue load model FLM 4 (see Section 2.5.2, Figure 24) was 

considered for the calculation of this reference stress range spectrum which is related to a centric track 

configuration of all wheel loads at LR-3 (see Figure 83 in Section 3.4.2). Figure 197 shows again this 

reference stress range spectrum (identical to Figure 173 in Section 4.8.1.2).  
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Figure 197: Model A – detail D2 at LR-3: stress range spectrum for a centric track configuration due 

to FLM 4 

 

 

b.) Eccentric wheel and vehicle position 

For consideration of heavy traffic driving characteristics with realistic axle geometries the same 

procedure has been done as already described in Section 4.9.1.1.b. The appropriate stress ranges from 

Figure 197 were scaled with the corresponding parameter η. Figure 198 shows therefore the values for 

the parameter η. A shifting of the transverse influence line for single wheeled axles (axle type A and C) 

considers realistic axle geometries (see Figure 198.b) which gives the most conservative result for detail 

D2 at LR-3 of Model A. A lateral shift of the wheel types A and C with e = 10cm is necessary (see 

Figure 137 in Section 4.3). Figure 198.a illustrates the appropriate frequency distribution LFT II 

(identical to Figure 143.a in Section 4.4) in transverse bridge direction.  

 

The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position) is presented in 

Figure 199 for detail D2 at LR-3 of Model A. 
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Figure 198: Model A – detail D2 at LR-3: a.) frequency distribution LFT II for a lane width of 3.50m; 

b.) influence line in transverse bridge direction for single and double wheeled axles (axle type A to C); 

 

Figure 199: Model A – detail D2 at LR-3: stress range spectrum under consideration of heavy vehicle 

driving characteristics with realistic axle geometries due to FLM 4-mod  
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A comparison of the damage equivalent stress ranges Δσe is shown in Table 21: 

Table 21: Model A – detail D2 at LR-3: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 64.67 (1.0) 64.65 (1.0) 

 

By comparing the values in Table 21 it can be stated that the consideration of heavy vehicle driving 

characteristics with realistic axle geometries has no effect referring to the damage equivalent stress range 

Δσe in detail D2 for Model A with open longitudinal ribs. It is worth mentioning that the maximum 

stress range in the spectrum of Figure 199 has a higher value than the ones in the spectrum of Figure 

197 (max,I = 77.4N/mm² and max,III = 89.8N/mm²). Because of the η-values (ηmax = 1.16) from the 

transverse influence line for single wheeled axles (see Figure 198.b), the maximum stress range 

increases (max,III / max,I = 1.16). 

 

 Model B 

This Section presents the results of considering heavy traffic driving characteristics with realistic axle 

geometries at FEM-model B. A detailed description of FEM-model B can be found in Section 3.2.2.   

 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1a can be found in Section 2.4.2. The reference stress range spectrum 

is presented in Section 3.4.3.1, Figure 97. This reference stress range spectrum is determined due to 

fatigue load model FLM 4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration 

of all wheel loads at the web of LR-2 (see Figure 94 in Section 3.4.3). Figure 200 shows again this 

reference stress range spectrum (identical to Figure 176 in Section 4.8.2.1).  

 

Figure 200: Model B – detail D1a at LR-2: stress range spectrum for a centric track configuration 

due to FLM 4  
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b.) Eccentric wheel and vehicle position 

For consideration of heavy traffic driving characteristics with realistic axle geometries the same 

procedure has been done as already described in Section 4.9.1.1.b. Figure 201 shows the parameters η 

for the scaling procedure. A shifting of the transverse influence line for single wheeled axles (axle type 

A and C) includes realistic axle geometries (see Figure 201.b, e = 10cm). Figure 201.a illustrates the 

appropriate frequency distribution LFT II (identical to Figure 143.a in Section 4.4) in transverse bridge 

direction.  

 

 

Figure 201: Model B – detail D1a at LR-2: a.) frequency distribution LFT II for a lane width of 

3.50m; b.) influence line in transverse bridge direction for single and double wheeled axles (axle type 

A, B and C); 

 

The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position) is presented in 

Figure 202 for detail D1a at LR-2 of Model B. 
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Figure 202: Model B – detail D1a at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 22: 

 

Table 22: Model B – detail D1a at LR-2: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 107.52 (1.0) 94.22 (0.88) 

 

As it can be seen in Table 22 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes at detail D1a a reduction of the damage equivalent stress range Δσe of 12% 

referring to Model B.  

 

In addition, Figure 203 shows the stress range spectrum under consideration of eccentric wheels and 

vehicles by using frequency distribution LFT I (see Figure 138 in Section 4.4.1). By comparing the 

stress range spectra in Figure 202 (LFT II) and Figure 203 (LFT I), practically no difference can be 

detected in its shape. At LFT I, 50% and at LFT II, 40% of the vehicles are crossing the bridge on the 

critical transverse position. Therefore, the damage equivalent stress range Δσe,D1a,LFT-I under 

consideration of LFT I is slightly higher than Δσe,D1a,LFT-II under consideration of LFT II (Δσe,D1a,LFT-I / 

Δσe,D1a,LFT-II = 96.90 / 94.22 = 1.03).  
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Figure 203: Model B – detail D1a at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics (LFT I) with realistic axle geometries due to FLM 4-mod  

 

 

 Detail D1b 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1b can be found in Section 2.4.3. Figure 100 in Section 3.4.3.2 presents 

the reference stress range spectrum, which has been determined due to fatigue load model FLM 4 (see 

Section 2.5.2, Figure 24) and is related to a centric track configuration of all wheel loads at the web of 

LR-2 (see Figure 94 in Section 3.4.3). Figure 204 shows again this reference stress range spectrum 

(identical to Figure 179 in Section 4.8.2.2). As it can be seen in the picture, no fatigue damage is 

occurring due to a centric wheel position of all axle/wheel types under consideration of the cut of limit 

ΔσL according to the appropriate S-N curve (Δσc = 100 N/mm²; ΔσL ≈ 40 N/mm²). 
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Figure 204: Model B – detail D1b at the web of LR-2: stress range spectrum for a centric track 

configuration due to FLM 4  

 

b.) Eccentric wheel and vehicle position 

A detailed explanation for consideration of heavy traffic driving characteristics with realistic axle 

geometries can be found in Section 4.7. For every position in cross transverse direction (-40 cm to +40 

cm in Figure 205) an influence line in longitudinal bridge direction for single and double wheeled axles 

was calculated. Figure 206 exemplary illustrates the influence lines in longitudinal bridge direction 

related to wheel type A for 3 different wheel positions in transverse directions (x=0cm, x=-20cm, 

x=+20cm). The influence line for x=0cm is the basis influence line, out of numerical calculations due 

to a crossing of wheel type A over the bridge deck. The influence lines in longitudinal bridge directions 

for the lateral positions x=-20cm and x=+20cm have been determined by scaling the basis influence line 

(x=0cm) with the appropriate factor ηA from Figure 205.b (ηA,-20 = -2.72 and ηA,+20 = 2.03). The sign of 

the curves in Figure 205.b indicate negative η-values for compressive stress in the detail D1b. Realistic 

axle geometries were considered by shifting the transverse influence line for double wheeled axles (axle 

type B) as shown in Figure 205.b. Additional calculations confirmed the most conservative result for 

detail D1b at Model B via a shifting of the double wheeled axle type B. According to Figure 137 in 

Section 4.3.4, a lateral shift of wheel type B with e = 10cm is necessary. Figure 205.a illustrates the 

appropriate frequency distribution LFT III (see Figure 143.b in Section 4.4) in transverse bridge 

direction for taking the corresponding number of cycles of each stress range into account. 
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Figure 205: Model B – detail D1b at LR-2: a.) frequency distribution LFT III for a lane width of 

4.00m; b.) influence line in transverse bridge direction for single and double wheeled axles (axle type 

A, B and C); 

 

 

Figure 206: influence lines in longitudinal bridge direction for different positions in transverse bridge 

direction (x=0cm, x=+20cm, x=-20cm) related to wheel type A – model  
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The stress history curves due to the lorry crossings (vehicle type T1 to T5) were determined by 

considering the lorry’s axle distances and its axle loads from fatigue load model FLM-4. Figure 207 

exemplary shows the stress history curves due to vehicle type T3 for 3 different positions in transverse 

bridge direction (x=0cm, x=-20cm and x=+20cm). For every lorry type T1 to T5, a stress history curve 

for each position in transverse bridge direction referring to the frequency distribution in Figure 205.a 

has been calculated.  

 

 

Figure 207: stress history respectively stress-path curves of vehicle type T3 for cross position x=-

20cm, x=0cm and x=+20cm referring to detail D1b 
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The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position) is presented in 

Figure 208 for detail D1b at Model B with random sequence 1.  

 

Figure 208: Model B – detail D1b at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics (LFT III) with realistic axle geometries due to FLM 4-mod (random 

sequence 1)  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 23: 

 

Table 23: Model B – detail D1b at LR-2: comparison of Δσe for ne = 100,000 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 0.0  39.65  

 

As it can be seen in Table 23 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes an essential effect relating to the fatigue assessment at detail D1b. If these 

considerations would be neglected, the calculations would result in no fatigue damage by using the cut 

of limit ∆σL according to the appropriate S-N curve. Therefore, the damage equivalent stress range Δσe,I 

= 0 for centric vehicle and wheel position in transverse bridge direction (see Table 23). On the contrary, 

under considering eccentric vehicle and wheel position in transverse bridge direction, the calculations 

result a nameable fatigue damage at detail D1b. The damage equivalent stress range Δσe,III = 39.65 

N/mm²  is related to the number of lorries in the analysed lane (ne = 100,000 load cycles in the analyses). 

By comparing the maximum occurring stress ranges max between the stress range spectra in Figure 

204 and Figure 208, it can be stated that max,III is 3.8 times higher than max,I (max,III / max,I = 82.1 

/ 21.8 = 3.8). Therefore, the consideration of the lateral effects causes a dramatically increase of the 

occurring stresses in the detail D1b.  
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Additionally, Figure 209 illustrates the resulting stress range spectrum under consideration of eccentric 

wheels and vehicles with another random sequence of the lorries (random sequence 2). By comparing 

the stress range spectra in Figure 208 and Figure 209, no significant difference can be detected. The 

damage equivalent stress range Δσe is nearly equal (39.65 / 39.55 = 1.0025). In summary 4 different 

random sequences have been analysed which are not presented, but similar results could be determined. 

Hence, 100,000 vehicles for the simulation of the heavy traffic are enough to include the effects of lateral 

shifting wheels and vehicles and to get accurate results for the damage in the detail. 

 

Figure 209: Model B – detail D1b at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics (LFT III) with realistic axle geometries due to FLM 4-mod (random 

sequence 2)  

 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D2 can be found in Section 2.4.4. The reference stress range spectrum, 

which is presented in Section 3.4.3.3, Figure 103 is again shown in Figure 210 (identical to Figure 182 

in Section 4.8.2.3). This reference stress range spectrum is determined due to fatigue load model FLM 

4 (see Section 2.5.2, Figure 24) and is related to a centric track configuration of all wheel loads at the 

web of LR-2 (see Figure 94 in Section 3.4.3).  

 

Figure 210: Model B – detail D2 at LR-2: stress range spectrum for a centric track configuration due 

to FLM 4 
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b.) eccentric wheel and vehicle position 

The procedure for a consideration of heavy traffic driving characteristics with realistic axle geometries 

is already described in Section 4.9.1.1.b. The same procedure of stress range scaling with η and splitting 

based on frequency distribution LFT II was performed at detail D2 for model B. The realistic axle 

geometry was again considered by shifting the transverse influence line for double wheeled axles (axle 

type B) with e = 10cm (see Figure 211). The chosen parameters η are shown in Figure 211.b. Negative 

η-values indicate compressive stress and positive η-values indicate tensile stress. The chosen lateral 

frequency distribution LFT II is illustrated in Figure 211.a.  

 

 

 

Figure 211: Model B – detail D2 at LR-2: a.) frequency distribution LFT II for a lane width of 3.50m; 

b.) influence line in transverse bridge direction for single and double wheeled axles (axle type A, B 

and C); 

 

36%

19% 19%

8% 8%

4%4%

0%

5%

10%

15%

20%

25%

30%

35%

40%

-60 -40 -20 0 20 40 60

re
la

ti
ve

 f
re

q
u

e
n

cy
 h

(x
) 
[%

]

cross bridge direction x [cm]

frequency distribution II:
for single and double wheeled axles, lane width 3.50m

0.04
0.00

-0.25

-0.58

-0.89

-1.00

-0.84

-0.49

-0.15

0.05
0.13

-0.08

-0.28

-0.51

-0.70

-0.98

-1.00

-0.93

-0.57

-0.35

-0.11

0.06

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

η
[-

]

position of load relating to detailpoint  x [cm]l

e = 10 cm

wheel type B
wheel type A & C

influence lines in cross 
bridge direction for D2
Modell B/wheel type A, B 
and C
axle load FA = 100 [kN]

e = 10 cm

a.) 

b.) 

LFT II: 

 



Influence of realistic axles geometries and lateral distribution of heavy vehicles 

 

215 

The resulting stress range spectrum for detail D2 at Model B under consideration of heavy vehicle 

driving characteristics (eccentric vehicle position) with realistic axle geometries (eccentric wheel 

position) is presented in Figure 212. 

 

 

 

Figure 212: Model B – detail D2 at LR-2: stress range spectrum under consideration of heavy vehicle 

driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 24: 

 

Table 24: Model B – detail D2 at LR-2: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 35.54 (1.0) 28.80 (0.81) 

 

 

As it can be seen in Table 24 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes at detail D2 a reduction of the damage equivalent stress range Δσe of 19% 

referring to Model B. 

 

Figure 213 illustrates additionally the stress range spectrum considering eccentric wheels and vehicles 

by using frequency distribution LFT I (see Figure 138 in Section 4.4.1). When comparing the stress 
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identical. Only the damage equivalent stress range spectrum Δσe,D2,LFT-I due to LFT I is higher than  

Δσe,D2,LFT-II due to LFT II (Δσe,D2,LFT-I / Δσe,D2,LFT-II = 30.98 / 28.80 = 1.08). This observation can be 

declared by the higher percentage of lorries in the critical transverse position (centric position) of LFT 

I (50%) in relation to LFT II (40%). 

 

 

Figure 213: Model B – detail D2 at LR-2: stress range spectrum under consideration of heavy vehicle 

driving characteristics (LFT I) with realistic axle geometries due to FLM 4-mod  

 

 

  

53.66

30.98

100

0

10

20

30

40

50

60

0 100 200 300 400 500 600




[N
/m

m
²]

load cycles respectively vehicle crossings [-]

          stress ranges, no damage

          stress ranges, damaging

           100 vehicles





e

stress range spectrum D2

c = 100 [N/mm²]
lane 1, frequency distribution I
vehicle crossings:  100



Influence of realistic axles geometries and lateral distribution of heavy vehicles 

 

217 

 Model C 

This Section presents the results of considering heavy traffic driving characteristics with realistic axle 

geometries at FEM-model C. A detailed description of FEM-model C can be found in Section 3.2.3.  

 Detail D1a 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1a can be found in Section 2.4.2. The reference stress range spectrum 

is presented in Section 3.4.4.1, Figure 107 and again shown in Figure 214 (identical to Figure 185 in 

Section  4.8.3.1). For this reference stress range spectrum fatigue load model FLM 4 (see Section 2.5.2, 

Figure 24) is considered which is related to a centric track configuration of all wheel loads at the web 

of LR-2 (see Figure 104 in Section 3.4.4). 

 

 

Figure 214: Model C – detail D1a at LR-2: stress range spectrum for a centric track configuration 

due to FLM 4  

 

b.) Eccentric wheel and vehicle position 

Section 4.9.1.1.b already describes the procedure of considering heavy traffic driving characteristics 
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the appropriate stress ranges from Figure 214 were scaled with the corresponding parameter η and have 

been split based on frequency distribution LFT II (see Figure 215). Realistic axle geometries were 

considered by shifting the transverse influence line for single wheeled axles (axle type A and C) with e 

= 10cm as shown in Figure 215.b.  

92.27

107.01

100

0

20

40

60

80

100

120

0 50 100 150 200 250 300 350 400 450




[N
/m

m
²]

load cycles respectively vehicle crossings  [-]

          stress ranges, no damage

          stress ranges, damaging

           100 vehicles





e

stress range spectrum D1a

c = 100 [N/mm²]
lane 1
vehicle crossings:  100

T3
-2

-B

Typ T1
Typ T2
Typ T3
Typ T4
Typ T5

T3
-3

-C

T3
-4

-C

T3
-5

-C

T3
-1

-A

T4
-2

-B

T4
-1

-A

T4
-3

-B

T4
-4

-B

T2
-2

-B

T2
-3

-B

T2
-1

-A

T5
-2

-B

T5
-3

-C

T5
-4

-C

T5
-5

-C

T5
-1

-A

T1
-2

-B

T1
-1

-A



Influence of realistic axles geometries and lateral distribution of heavy vehicles 

 

218 

 

Figure 215: Model C – detail D1a at LR-2: a.) frequency distribution LFT II for a lane width of 

3.50m; b.) influence line in transverse bridge direction for single and double wheeled axles (axle type 

A, B and C); 

 

The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position) is presented in 
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Figure 216: Model C – detail D1a at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 25: 

 

Table 25: Model B – detail D1a at LR-2: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 107.01 (1.0) 87.56 (0.82) 

 

As it can be seen in Table 25 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes at detail D1a a reduction of the damage equivalent stress range Δσe of 18% 

referring to Model C. 

 

In addition, the stress range spectrum due to eccentric wheels and vehicles in transverse direction is 

shown in Figure 217 under consideration of frequency distribution LFT I (see Figure 138 in Section 

4.4.1). The shape of both stress range spectra from Figure 216 (LFT II) and Figure 217 (LFT I) is very 

similar. The damage equivalent stress range Δσe,D1a,LFT-I = 91.57 N/mm² due to LFT I is a little bit higher 

than the one due to LFT II which as a value of Δσe,D1a,LFT-II = 87.56 N/mm² (Δσe,D1a,LFT-I / Δσe,D1a,LFT-II = 

1.05). Therefore, the equivalent stress range Δσe,D1a,LFT-I is 5% higher than Δσe,D1a,LFT-II. The reason 

therefore is a higher lorry percentage in the critical transverse position (x = 0) at LFT I (50%) in 

comparison to LFT II (40%). 
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Figure 217: Model C – detail D1a at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics (LFT I) with realistic axle geometries due to FLM 4-mod  

 

 Detail D1b 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D1b can be found in Section 2.4.3. The reference stress range spectrum 

is presented in Section 3.4.4.2, Figure 110. This reference stress range spectrum has been determined 

due to fatigue load model FLM 4 (see Section 2.5.2, Figure 24) with a centric track configuration of all 

wheel loads at the web of LR-2 (see Figure 104 in Section 3.4.4). Figure 218 shows again this reference 

stress range spectrum (identical to Figure 204 in Section 4.8.3.2). As shown in the picture, no fatigue 

damage is occurring due to a centric wheel position of all axle/wheel types under consideration of the 

cut of limit ΔσL according to the appropriate S-N curve (Δσc = 100 N/mm²; ΔσL ≈ 40 N/mm²). 

 

Figure 218: Model C – detail D1b at LR-2: stress range spectrum for a centric track configuration 

due to FLM 4  
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b.) Eccentric wheel and vehicle position 

Section 4.7 illustrates a detailed explanation for consideration of heavy traffic driving characteristics 

with realistic axle geometries for detail D1b. An influence line in longitudinal bridge direction for single 

and double wheeled axles has been calculated for every position in transverse bridge direction (-40 cm 

to +40 cm in Figure 219). 

The influence lines in longitudinal direction due to axle type A, B and C with centric track configuration 

(see Section 4.2) are the basis influence lines, based on the numerical calculations. The influence lines 

in longitudinal bridge directions for the lateral positions from x=-40cm to x=+40cm have been 

determined by scaling the basis influence line (x=0cm) with the appropriate factor ηA and ηB from Figure 

219.b The algebraic sign of the curves in Figure 219.b indicate negative η-values for compressive stress 

in the detail D1b. A shifting of the transverse influence line for double wheeled axles (axle type B) as 

shown in Figure 219.b was necessary for considering realistic axle geometries. Additional calculations 

confirmed that a lateral shift of the double wheeled axle type B gives the most conservative result for 

detail D1b at Model C. According to the measured wheel geometries (see Section 4.3) a lateral shift of 

wheel type B (see Figure 143.b in Section 4.4.2) in transverse bridge direction for taking the 

corresponding number of cycles of each stress range into account. 

The stress history curves due to the lorry crossings (vehicle type T1 to T5) were determined by 

considering the lorry’s axle distances and its axle loads from fatigue load model FLM-4. For every lorry 

type T1 to T5, a stress history diagram for each position in transverse bridge direction referring to the 

frequency distribution in Figure 219.a has been calculated. The 45 stress history curves were randomly 

stringed together under consideration of the lorry percentage according to fatigue load model FLM-4 

for long distance routes (see Section 2.5.2) and for altogether 100,000 lorries (see Table 13 in Section 

4.7). 
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Figure 219: Model C – detail D1b at LR-2: a.) frequency distribution LFT III for a lane width of 

4.00m; b.) influence line in transverse bridge direction for single and double wheeled axles (axle type 

A, B and C); 

 

With Rain flow method as cycle counting concept the stress ranges and its occurring number of cycles 

have been determined. The resulting stress range spectrum under consideration of heavy vehicle driving 
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presented in Figure 220 for detail D1b at Model C. 
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Figure 220: Model C – detail D1b at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 26: 

 

Table 26: Model C – detail D1b at LR-2: comparison of Δσe for ne = 100,000 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 0.0  13.59  

 

By comparing the results in Table 26 it can be observed that the consideration of heavy vehicle driving 

characteristics with realistic axle geometries is essential for the fatigue assessment of detail D1b. If these 

effects of lateral shifting wheels and vehicles would not be taken into account, no fatigue damage would 

be the result of the calculations. This result is caused by the cut of limit ∆σL according to the appropriate 

S-N curve where stress ranges below this limit can be neglected. Therefore, the damage equivalent stress 

range Δσe,I = 0 for centric transverse vehicle and wheel position. On the contrary, under considering 

eccentric vehicle and wheel position in transverse bridge direction, the calculations show a nameable 

fatigue damage at detail D1b. The damage equivalent stress range Δσe,III = 13.59 N/mm² relating to the 

number of lorries in the analysed lane (ne = 100,000 load cycles in the analyses). The maximum 

occurring stress range due to centric wheels and vehicles has a value of Δσmax,I = 16.9 N/mm² (see Figure 

218) and due to eccentric wheels and vehicles a value of Δσmax,III = 48.3 N/mm² (see Figure 220). Hence, 

the maximum stress range under consideration of lateral shifting wheels and vehicles is 2.9 times higher 

than due to a centric track configuration (Δσmax,III / Δσmax,I = 48.3 / 16.9 = 2.9). According to the 

Eurocode [4], the detail would be fatigue endurable also by considering lateral effects, because the 

maximum occurring stress range Δσmax,III = 48.3 N/mm² is below the fatigue strength D = 73.7 N/mm². 
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This was neglected in the analyses, because for a fatigue endurable verification fatigue load model FLM 

2, that has a higher load level than FLM 4, would be necessary. In addition, Figure 221 shows the stress 

range spectrum for detail D1b under consideration of eccentric wheels and vehicles in transverse 

direction for another random sequence of vehicle crossings. By comparing the stress range spectra in 

Figure 220 and Figure 221, negligible difference can be observed (13.62 / 13.59 = 1.0022). In summary 

4 different random sequences have been analysed which all lead to very similar results of e. Therefore, 

100,000 lorries for the traffic simulation are enough to get accurate results regarding to a fatigue 

assessment of detail D1b. 

 

Figure 221: Model C – detail D1b at LR-2: stress range spectrum under consideration of heavy 

vehicle driving characteristics (LFT III) with realistic axle geometries due to FLM 4-mod (random 

sequence 2) 

 Detail D2 

a.) Reference case: fatigue load model FLM 4 and centric wheel position 

A detailed explanation of detail D2 can be found in Section 2.4.4. Figure 113 in Section 3.4.4.3 presents 

the reference stress range spectrum due to fatigue load model FLM 4 (see Section 2.5.2, Figure 24). This 

reference stress range spectrum is relating to a centric track configuration of all wheel loads at the web 

of LR-2 (see Figure 104 in Section 3.4.4). Figure 222 shows again this reference stress range spectrum 

(identical to Figure 191 in Section 4.8.3.3).  

 

Figure 222: Model C – detail D2 at LR-2: stress range spectrum for a centric track configuration due 

to FLM 4 
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b.) Eccentric wheel and vehicle position 

A detailed description for a consideration of heavy traffic driving characteristics with realistic axle 

geometries is already given in Section 4.9.1.1.b. The same procedure of scaling the appropriate stress 

ranges from Figure 222 with η and splitting it based on frequency distribution LFT II (see Figure 223.a) 

has been done for detail D2 at model C. A shifting of the transverse influence line for double wheeled 

axles (axle type B) with e = 10cm has considered realistic axle geometries. The values for η are 

illustrated in Figure 223.b. Negative η-values indicate compressive stress and positive η-values indicate 

tensile stress. 

 

 

Figure 223: Model C – detail D2 at LR-2: a.) frequency distribution LFT II for a lane width of 3.50m; 

b.) influence line in transverse bridge direction for single and double wheeled axles (axle type A, B 

and C); 
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The resulting stress range spectrum under consideration of heavy vehicle driving characteristics 

(eccentric vehicle position) with realistic axle geometries (eccentric wheel position) is presented in 

Figure 224 for detail D2 at Model C. 

 

 

Figure 224: Model C – detail D2 at LR-2: stress range spectrum under consideration of heavy vehicle 

driving characteristics with realistic axle geometries due to FLM 4-mod  

 

A comparison of the damage equivalent stress ranges Δσe is shown in Table 27: 

 

Table 27: Model B – detail D2 at LR-2: comparison of Δσe for ne = 100 lorry crossings due to 

eccentric vehicle and wheel position 

 centric wheel position – FLM 4 
eccentric vehicle and wheel position – 

FLM 4-mod 

 Δσe,I Δσe,III 

Δσe [N/mm²] 37.67 (1.0) 33.09 (0.88) 

 

 

As it can be seen in Table 27 the consideration of heavy vehicle driving characteristics with realistic 

axle geometries causes at detail D2 a reduction of the damage equivalent stress range Δσe of 12% 

referring to Model C. 

 

Figure 225 illustrates additionally the resulting stress range spectrum due to eccentric wheel and vehicle 

position in transverse direction by considering frequency distribution LFT I (see Figure 138 in Section 

4.4.1). By comparing the stress range spectra from Figure 224 and Figure 225, very less difference can 

be observed. The damage equivalent stress range due to LFT I is Δσe,D2,LFT-I = 34.23 N/mm² and the 
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equivalent stress range due to LFT II is Δσe,D2,LFT-II = 33.09 N/mm² (Δσe,D2,LFT-I / Δσe,D2,LFT-II = 1.03). 

Hence, the consideration of LFT I and LFT II gives practically the same results. 

 

 

Figure 225: Model C – detail D2 at LR-2: stress range spectrum under consideration of heavy vehicle 

driving characteristics (LFT I) with realistic axle geometries due to FLM 4-mod  
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4.10. Comparison of the damage equivalent stress ranges e 

Table 28 shows a comparison of the results in terms of the damage equivalent stress range ∆σe of the 

numerical simulations according to a consideration of realistic axle geometries (eccentric position of 

wheels), heavy traffic driving characteristics (eccentric position of vehicles) and both in combination 

(eccentric position of wheels and vehicles). The values for ∆σe are related to a load cycles number equal 

to the number of crossing lorries in the analysed lane. As reference, the damage equivalent stress ranges 

∆σe,I for a centric track configuration (see Section 4.2, centric position of wheels and vehicles) are also 

plotted in Table 28. A detailed description of the analysed details D1a, D1b and D2 can be found in 

Section 2.4 and are additionally illustrated in Figure 226.  

 

Table 28: Comparison of results Δσe for ne = number of lorries in the lane due to FLM 4 and  

FLM 4-mod 

detail 

bridge 

model additional characteristics 

centric 

position of 

wheels and 

vehicles – 

FLM 4 

∆σe,I 

eccentric position 

of wheels and 

centric position of 

vehicles – FLM 4-

mod 

∆σe,II 

eccentric position 

of wheels and 

vehicles – FLM 4-

mod 

∆σe,III 

D1a 

Model A eLR/tDP = 36 174.04 (1,0) 167.83 (0.96) 155.78 (0.90) 

Model B eLR/tDP = 25 107.52 (1,0) 101.43 (0.94) 94.22 (0.88) 

Model C eLR/tDP = 25 107.01 (1,0) 96.81 (0.90) 87.56 (0.82) 

D1b 
Model B eLR/tDP = 25 0 0 39.65 

Model C eLR/tDP = 25 0 0 13.59 

D2 

Model A open long. ribs, eCG=2m 64.67 (1,0) 74.65 (1.15) 64.65 (1.0) 

Model B closed long. ribs, eCG=2m 35.54 (1,0) 35.51 (1.0) 28.8 (0.81) 

Model C closed long. ribs, eCG=4m 37.67 (1,0) 38.74 (1.03) 33.09 (0.88) 

 

 

Figure 226: analysed details: a.) detail D1a; b.) detail D1b; c.) detail D2   

a.) b.) 

c.) 
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At detail D1a in Table 28, the damage equivalent stress range ∆σe,D1a,I decreases due to a lower deck 

plate slenderness eLR / tDP. Therefore, ∆σe,D1a,I is for model A 62% higher than for model B and C. For 

detail D2, the equivalent stress range ∆σe,D2,I at model A with open longitudinal ribs is 82% higher than 

at model B with trough longitudinal ribs. The cross girder interval eCG for both models is equal but there 

is a big difference of the longitudinal rib’s bending stiffness (model A: Jy,LR = 2,087cm4; model B: Jy,LR 

= 4,650cm4) and the stress level  for each lorry type. Although the cross girder interval of model C 

is twice times higher than at model B, there is less difference in ∆σe,D2,I. ∆σe,D2,I for model C is just 6% 

higher than for model B. This small difference can be explained by the nearly similar relation of the 

longitudinal rib’s bending stiffness to the cross girder interval (model B: E∙Jy,LR / eCG = E ∙ 4,650cm4 / 

200cm = 23.3 ∙ E; model C: E∙Jy,LR / eCG = E ∙ 10,750cm4 / 400cm = 26.9 ∙ E) leading to nearly the same 

stress level  for each lorry type. This relation is for model C 15% higher than for model B. 

 

By comparing the values in Table 28, a decreasing effect of fatigue damage ∆σe,D1a,I can be observed for 

detail D1a due to eccentric wheel position as well as in combination with eccentric vehicle position in 

transverse direction (∆σe,D1a,I > ∆σe,D1a,II > ∆σe,D1a,III). Although the geometry of model A and B is quite 

different, the stress reduction at detail D1a due to the analysed lateral load effects is practically equal. 

Model A has a deck plate slenderness of eLR / tDP = 36 and model B has a deck plate slenderness of eLR 

/ tDP = 25. Hence, the deck plate slenderness of model A is 44% higher than the one of model B. When 

taking a closer look to the values for model A and B referring to detail D1a, less difference of stress 

reduction can be recognised ( ≈ 2%). For model C, a more beneficial effect than for model A and B 

can be detected due to lateral load shifting. For detail D1a, a decrease from 4 to 10 % of ∆σe,D1a,I can be 

detected due to a consideration of only realistic axle geometries. A consideration of realistic axle 

geometries and heavy vehicle driving characteristics always has a decreasing affect to ∆σe,D1a,I referring 

to detail D1a at all analysed models, where a reduction of ∆σe,D1a,I from 10 to 18% can be detected. The 

highest stress range in detail D1a occurs due to a centric transverse wheel position above the longitudinal 

rib’s web. Therefore, a consideration of lateral shifting wheels and vehicles have to result in a lower 

equivalent stress range and a lower damage of the analysed detail. 

 

For detail D1b, a dramatically increase of ∆σe,I can be recognised by taking lateral shifting effects into 

account (∆σe,D1b,I = ∆σe,D1b,II = 0 < ∆σe,D1b,III). The consideration of eccentric wheel and vehicle position 

in transverse bridge direction is essential for fatigue assessment of detail D1b. Table 28 shows, that 

fatigue damage only occurs by taking these effects into account. Because of the random chronology of 

the vehicle crossings referring to vehicle type and lateral position, the use of a very high number of 

vehicles in the traffic simulation with at least ne = 100,000 is necessary. 
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The consideration of only realistic axle geometries (eccentric wheel position and centric located 

vehicles) causes at detail D2 an increase of ∆σe,D2,I (∆σe,D2,I < ∆σe,D2,II) for model A. Therefore, an 

increase of 15% can be realised at the model with open longitudinal ribs (Model A). This effect could 

be observed especially for model A because of the eccentric, one sided connection of the longitudinal 

rib to the cross girder. Also for a symmetric welded connection this effect appears (with smaller 

increase) due to the additional bending in the rib about the vertical axis (nearly negligible for centric 

load position). Under consideration of additional transverse driving characteristics (eccentric position 

of wheels and vehicles) the damage equivalent stress range ∆σe,D2,III finally decreases or is equal relating 

to ∆σe,D2,I (∆σe,D2,I > ∆σe,D2,III for model B and C with closed longitudinal ribs; ∆σe,D2,I = ∆σe,D2,III for 

model A with open longitudinal ribs). For model B and C a decrease of ∆σe,D2,I from 12 to 19% referring 

to detail D2 can be recognised by considering eccentric wheels and vehicles. 
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4.11. Damage percentage of the individual vehicle types T1 to T5 

In this section the damage percentages of the individual lorry types T1 to T5 from fatigue load model 

FLM 4 (see Section 2.5.2) are again presented referring to the details D1a and D2 at the FEM-Models 

A, B and C. Now also the effect of the eccentric wheels and eccentric vehicles is taken into account. 

The results for the centric position of the wheels, shown in Section 3.5, are presented again for 

comparison. A detailed explanation can be found in Section 2.4.2 for detail D1a and in Section 2.4.4 for 

detail D2. A description and representation of the analysed FEM-models is in Section 3.2. 

 

The following list gives an overview of the results according to the carried out calculations referring to 

consideration of heavy traffic driving characteristics with realistic axle geometries and its damage 

partitioning within the 5 lorry types from fatigue load model FLM 4: 

- Detail D1a: welded connection of the longitudinal rib to the deck plate 

Damage partition for Model A in Section 4.11.1.1, Model B in Section 4.11.1.2 and Model C in 

Section 4.11.1.3 

- Detail D2: welded connection of the longitudinal rib to the cross girder 

Damage partition for Model A in Section 4.11.2.1, Model B in Section 4.11.2.2 and Model C in 

Section 4.11.2.3 

 

For the following illustrations a colour assignment was chosen – equal as in Section 3.5 – for the 5 lorry 

types of fatigue load model FLM 4 which is shown in Figure 227. 

 

 

Figure 227: FLM 4 – colour assignment  
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 Detail D1a 

In this section the damage percentage of the individual lorry types T1 to T5 is presented referring to 

detail D1a, the welded connection of the longitudinal rib to the deck plate. 

 Model A 

Figure 228 shows the partition of the damage according to detail D1a at Model A with open longitudinal 

ribs and a cross girder interval of eCG = 2.0m. In Figure 228.a the results for a centric track configuration 

(centric wheels and vehicles) are plotted and Figure 228.b displays the results due to a consideration of 

heavy traffic driving characteristics with realistic axle geometries (eccentric wheels and vehicles). 

 

Figure 228: Detail D1a – Model A, percentage of damage of the individual lorry types T1 to T5 

according to FLM 4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and 

vehicles  

 

As it is illustrated in Figure 228, there is no nameable difference in the damage partitioning between the 

lorry types referring to centric or eccentric wheels and vehicles. It can be stated, that lorry type T3, the 

articulated lorry, causes the maximum damage at the analysed detail with 65%. 

 Model B 

The damage partition according to detail D1a at Model B with through longitudinal ribs and a cross 

girder interval of eCG = 2.0m is shown in Figure 229. In Figure 229.a the results for a centric track 

configuration (centric wheels and vehicles) are plotted (identical to Figure 121 in Section 3.5.1.2) and 

Figure 229.b displays the results due to a consideration of heavy traffic driving characteristics with 

realistic axle geometries (eccentric wheels and vehicles). 
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Figure 229: Detail D1a – Model B, percentage of damage of the individual lorry types T1 to T5 

according to FLM 4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and 

vehicles  

By comparing the diagrams in Figure 229, very less difference can be observed in the damage 

partitioning between the lorry types referring to centric or eccentric wheels and vehicles. It is worth 

mentioning, that lorry type T3, the articulated lorry, again causes at the analysed detail the maximum 

damage with a value of 66 to 68%. 

 Model C 

Detail D1a’s damage partition at model C with through longitudinal ribs and a cross girder interval of 

eQT = 4.0m shows Figure 230. Figure 230.a shows the results for a centric track configuration (centric 

wheels and vehicles, identical to Figure 123) and Figure 230.b displays the results due to a consideration 

of heavy traffic driving characteristics with realistic axle geometries (eccentric wheels and vehicles). 

 

Figure 230: Detail D1a – Model C, percentage of the individual lorry types T1 to T5 according to 

FLM 4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and vehicles  
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Figure 230 shows negligible difference in the damage partitioning between the lorry types referring to 

centric or eccentric wheels and vehicles. Also at model C, the maximum damage at the analysed detail 

is caused by lorry type T3, the articulated lorry, with 75%. 

 

 Detail D2 

In this section the damage percentage of the individual lorry types T1 to T5 is represented referring to 

detail D2, the welded connection of the longitudinal rib to the cross girder. 

 Model A 

Figure 231 shows the partition of the damage according to detail D2 at Model A with open longitudinal 

ribs and a cross girder interval of eQT = 2.0m. In Figure 231.a the results for a centric track configuration 

(centric wheels and vehicles) are plotted and Figure 231.b displays the results due to a consideration of 

heavy traffic driving characteristics with realistic axle geometries (eccentric wheels and vehicles). 

 

Figure 231: Detail D2 – Model A, percentage of the individual lorry types T1 to T5 according to FLM 

4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and vehicles  

Figure 231 illustrates very well that there is less difference in the damage partitioning between the lorry 

types referring to centric or eccentric wheels and vehicles. A maximum damage at the analysed detail 

of 86% can be stated due to lorry type T3, the articulated lorry. Additionally, it is worth mentioning that 

lorry type T1 produces at detail D2 of model A no fatigue damage. The damage in the analysed detail is 

practically caused only due to lorry type T3 because of its unfavourable axle geometry within the trailer. 
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 Model B 

The damage partitioning according to detail D2 at Model B with through longitudinal ribs and a cross 

girder interval of eQT = 2.0m is shown in Figure 232. The results for a centric track configuration (centric 

wheels and vehicles) are plotted in Figure 232.a (identical to Figure 127 in Section 3.5.2.2). Figure 232.b 

displays the results due to a consideration of heavy traffic driving characteristics with realistic axle 

geometries (eccentric wheels and vehicles). 

 

Figure 232: Detail D2 – Model B, percentage of the individual lorry types T1 to T5 according to FLM 

4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and vehicles  

 

When comparing the diagrams in Figure 232, again negligible difference in the damage partitioning 

between the lorry types referring to centric or eccentric wheels and vehicles can be observed. Lorry type 

T3, the articulated lorry, produces the maximum damage at the analysed detail with 91 to 93%. Lorry 

type T1 and T4 doesn’t cause any damage in the analysed detail. It can be seen very well that lorry type 

T3 causes almost the whole damage. 

 Model C 

Detail D2’s damage partition at model C with through longitudinal ribs and a cross girder interval of eQT 

= 4.0m is shown in Figure 233. Figure 233.a visualises the results for a centric track configuration 

(centric wheels and vehicles, identical to Figure 129 in Section 3.5.2.3). Figure 233.b displays the results 

due to a consideration of heavy traffic driving characteristics with realistic axle geometries (eccentric 

wheels and vehicles). 
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Figure 233: Detail D2 – Model C, percentage of the individual lorry types T1 to T5 according to FLM 

4 and FLM 4-mod: a.) centric wheels and vehicles; b.) eccentric wheels and vehicles  

 

The damage partitioning’s difference between the lorry types referring to centric or eccentric wheels 

and vehicles is also negligible small (see Figure 233). It again can be observed, that lorry type T3, the 

articulated lorry, causes the maximum damage at the analysed detail with 74 to 79%. Lorry type T1 

doesn’t produces any damage in the analysed detail. 
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and D2, an isolated crossing of each vehicle has been simulated and therefore an assignment of the 

occurring stress ranges to its individual lorry types is possible. For detail D1b, the crossing of all vehicle 

types were considered altogether with a random sequence of crossing at different transverse positions. 

The result was one stress history for all vehicle crossings.  Hence, one stress range can be produced due 

to 2 different lorry types which makes an assignment impossible for this detail. 

At detail D3, just the critical lorry type T2 has been taken into account for the analyses (see Section 

3.3.4) and therefore a damage partitioning based on the lorry types is also not possible for this detail. 
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4.12. Concluding Remarks for considering realistic axle geometries and lateral distribution of 

heavy vehicles 

The consideration of heavy traffic driving characteristics in combination with realistic axle geometries 

has a positive effect to the details D1a and D2. The damage equivalent stress ranges ∆σe decrease from 

10 to 18% by taking both of these effects at the fatigue assessment into account. A consideration of only 

realistic axle geometries increases the occurring stresses in detail D2 at model A with open longitudinal 

ribs up to 15%. At detail D1b, the consideration of eccentric wheel and vehicle position is essential to 

calculate appropriate results. Without considering these effects, no computational damage occurs at this 

detail point because a centric track configuration delivers negligible small bending stresses in the 

through web. A consideration of a wide spreading frequency distribution in transverse bridge direction 

highly increases the bending stresses in the through web of the longitudinal rib up to 300% and fatigue 

damage at the detail can be calculated. 

 

The simulations at the three different models showed, that lorry type T3 from fatigue load model FLM 

4, the articulated lorry has the highest damage percentage at all analysed details. Depending on the 

model, the damage percentage of lorry type T3 has a value from 65 to 75% referring to detail D1a. The 

damage percentage of T3 referring to detail D2 has a significant higher value of 74 to 93% depending 

on the model. With these results it’s convenient to take special care of the lorry type T3. The calculations 

were carried out by using the lorry percentage for long distance routes, where type T3 has an appearance 

of 50%. Other lorry distributions with an appearance of type T3 smaller than 50% would deliver another 

damage partition and less damage percentage of type T3.  

 

Detail D3 was not considered at the analyses referring to lateral shifting wheels and vehicles. But very 

high fatigue critical stresses do occur at this detail and therefore D3 was again considered for analyses 

regarding to strengthen the orthotropic steel deck (see Section 5). 
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5. Strengthening of orthotropic steel decks with a concrete plate 

Within this Section the relevant results of a research project are presented, with the challenging aim to 

increase the service life of such orthotropic bridge decks to at least 50 years after strengthening [33]. In 

addition, two concepts are shown for the calculation of the remaining fatigue life if a reduced stress level 

due to the strengthening can be guaranteed. The research activities were based on a very slender 

orthotropic deck, with a slenderness of eLR/tDP = 36 for the deck plate. Two significant details for fatigue 

of such a representative bridge deck have been analysed. Detail D1a represents the welded connection 

of the longitudinal rib to the deck plate and Detail D2 is the welded connection of the longitudinal rib 

to the cross girder. Additional, Detail D3, the welded connection of the cross girder to the deck plate in 

the local area of the bolted field splices has also been analysed. Extensive numerical studies were done 

for the strengthening solution with an UHPC-concrete layer. First the present remaining service life was 

calculated using a finite element model of the steel deck (see Section 3.4). The beneficial effect of the 

asphalt layer is considered by an increased wheel contact area [34], [51]. The current fatigue load model 

FLM 4 from the Eurocode with 5 lorry types and 3 different axle types has been applied and the gross 

weight of each lorry type was adapted to weigh in motion measurements at an Austrian highway bridge 

[44] (see Section 2.5.2) to simulate the traffic of the past. For determining the stress reduction factors in 

the details D1a and D2 after strengthening the finite element model had to be extended with the UHPC 

layer. The concrete cracking was conservatively considered with an effective Young’s Modulus of Ec,eff 

= Ec/4 (first assumption; additional studies, shown in Section 5.6.7, showed higher values for Ec,eff). For 

both details at least 50 years in service can be guaranteed with an UHPC-pavement that has a thickness 

of 80mm. Based on these studies full scale tests on an orthotropic deck specimen were done, including 

overload effects (increased axle loads) and severe temperature effects (simulation of a cold rain event 

on a very hot summer day) to stimulate concrete cracking. The full scale tests together with the numerical 

studies showed very good results with regards to the remaining fatigue life. Therefore, in the near future 

a prototype application on an Austrian highway bridge is intended. 

 

5.1. Modified remaining service life calculation for strengthened structures 

 Project specific assumptions 

The basic concept of the research activities in relation to the strengthening of orthotropic steel decks on 

road bridges with an UHPFRC pavement (Ultra High Performance Fibre Reinforced Concrete) instead 

of the asphalt layer is described below. The aim was to guarantee the desired life cycle time of 100 years 

referring to existing road bridges with this strengthening technique. These analysed existing road bridges 

were built in the 1960ies and 70ies and the carriageways were not designed under consideration of 

fatigue phenomena due to the heavy traffic. 
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The UHPFRC plate increases this load bearing capacity to a very high degree. Also, the increasing axle 

loads over the decades of usage are covered and no additional verification of the static load carrying 

behaviour is necessary. 

 

For a warranty of an adequate life cycle time of the orthotropic steel deck a differentiation in relation to 

the period before and after strengthening has to be done. In the period before strengthening, the 

orthotropic steel deck was covered with an asphalt layer and the time period was defined from 1970 to 

2020. This date, 2020 was chosen as the earliest possible realisation of this strengthening method. 

Hence, for period I (before strengthening) a time period of 50 years was defined, from 1970 to 2020. 

For period II (after strengthening) another 50 years have to be guaranteed from 2020 to 2070 to reach 

the desired life cycle time of 100 years. 

 

The numerical calculations for the steel deck before strengthening and under consideration of an asphalt 

pavement (period I) are presented in Section 3. The general concept of fatigue assessment at orthotropic 

steel decks, respectively the heavy traffic simulations over the modelled bridge decks, are shown in 

Section 3.1. For the calculation of the damage in the notch details due to the heavy traffic in period I, 

appropriate gross weights and axle loads have to be considered. Also a sufficient number of lorries per 

year has to be defined for period I. These definitions were done based on weigh in motion measurements 

on an Austrian road bridge with a high frequency of lorries [44]. The gross weights and axle loads from 

fatigue load model FLM 4* (see Figure 24 in Section 2.5.2) were taken into account for period I and the 

number of lorries per year from 1970 to 2020 was defined as shown in Figure 32 in Section 2.6. These 

values are also based on measurements at the highway A23 near Vienna. From 2000 to 2020 a total 

amount of lorries at the entire carriageway in one direction of 2 ∙ 106 per year was assumed based on 

measurements, where 60% of the vehicles are crossing the bridge in the main lane (2 ∙ 106 ∙ 0.6 = 1.2 ∙ 

106). From 1970 to 2000 a simplified linear increase of the heavy traffic frequency was chosen as 

illustrated in Figure 32 which is also based on measurements at highway A10 in Austria. For period II 

(after strengthening), from 2020 to 2070, a constant heavy traffic frequency as it is visualised in Figure 

32 was assumed and the unmodified fatigue load model FLM 4 or FLM 2 (see Figure 24 in Section 

2.5.2) has been applied. 

 

In summary, it can be pointed out that a differentiation in 2 periods is necessary for the determination 

of the stress range spectra and the calculation of the fatigue damage referring to the notch details. The 

data of the heavy traffic relating to these periods is listed below: 
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a.) Period I – before strengthening 

- Time period between 1970 to 2020, in summary 50 years 

- Heavy traffic mix according to FLM 4* (Figure 24 in Section 2.5.2), representative for the actual 

heavy traffic on mid European highways 

- Heavy traffic frequency according to Figure 32 in Section 2.6, in summary 49.2 ∙ 106 heavy 

vehicles in one lane 

 

b.) Period II – after strengthening 

- Time period between 2020 to 2070, in summary 50 years 

- Heavy traffic mix according to FLM 4 or FLM 2 (Figure 24 in Section 2.5.2), representative for 

new bridge projects in the European road network 

- Constant heavy traffic frequency according to Figure 32 in Section 2.6 with 1.2 ∙ 106 heavy  

vehicles per year on the main lane in one direction, in summary 60.0 ∙ 106 heavy vehicles 

 

The requirements to the UHPFRC pavement and its composite interface between steel and concrete are 

very versatile. Primary, the thickness of the concrete plate, its stiffness as well as the flexibility of the 

interface layer have to guarantee sufficient resistance through the remaining life cycle time of the bridge. 

Under consideration of these essential requirements minimum values for the thickness of the UHPFRC 

pavement will result, depending on the individual deck plate slenderness of the bridge decks and the 

simulation of fatigue damage in both periods (period I & II). Regarding to the durability of the 

strengthening method additional analyses referring to the static bearing behaviour and serviceability, 

especially for the concrete cracking have to be carried out. An increase of the heavy traffic loads in the 

future has to be considered and therefore the application of fatigue load model FLM 4 or FLM 2 is 

necessary, based on the fatigue damage of period I (see Section 5.1.2). From today’s view FLM 2 

includes very high gross weights of the vehicles. For example, the articulated lorry has a gross weight 

of 630kN (63to). The actual legal maximum loaded vehicle weight in Europe is 440kN (44to) [52] (cf. 

Figure 24 in Section 2.5.2).  

 

The basic concept of the calculation of the remaining service life regarding to the analysed notch details 

of the orthotropic steel deck is summed up in the list below: 

a.) Simulation of the heavy traffic crossings at the carriageway before strengthening (see Section 3.4) 

for period I due to fatigue load model FLM 4* (see Figure 24 in Section 2.5.2) and in summary 49.2 

∙ 106 vehicles (Figure 32 in Section 2.6). 

b.) Determination of the appropriate stress range spectrum via counting and ordering of the occurring 

stress ranges by its size. 
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c.) Calculation of the damage in the analysed notch details according to the modified Miner rule and 

determination of a damage equivalent constant amplitude stress range ∆σe,old for period I. 

The partial damaging stress ranges below the fatigue strength ∆σD was considered according to the 

Eurocode [4] for the damage calculation (also for the stress range spectrum referring to the 

strengthened steel deck). This procedure is illustrated in Section 2.6. Stress ranges which are lower 

than the cut off limit of the fatigue strength ∆σL were neglected. 

d.) Determination of the remaining service life – calculation of the needed thickness of the UHPFRC 

plate. 2 concepts have been developed which are presented and described in Section 5.1.2.1 and 

5.1.2.2. 

 

 Remaining fatigue life for strengthened structures 

The relevant load model for a verification of the strengthened deck with an UHPFRC layer in order to 

extend of the service life of the bridge deck is fatigue load model FLM 4 and FLM 2 (see Section 2.5.2). 

Under consideration of the standard approach of Concept 1 (see Section 5.1.2.1) fatigue load model 

FLM 4 is accurate for the heavy traffic simulation. Concept 1 has to be used when a remaining fatigue 

life exists (Dold < 1.0) at the bridge deck, after 50 years in service before strengthening. If there is no 

more calculational service life available after 50 years (Dold ≥ 1.0), Concept 2 (see Section 5.1.2.2)  is 

necessary and therefore fatigue load model FLM 2 has to be applied. 

From the heavy traffic simulation at the bridge deck before strengthening, which is presented in Section 

3.4, the critical load positions for maximum and minimum stresses (σmax and σmin) are known relating to 

the analysed details. Therefore, no heavy traffic simulation at the strengthened deck is necessary for 

Concept 2. Only the critical vehicle with the highest axle loads, which leads to the highest local stresses, 

has to be applied at its critical positions on the carriageway to calculate the maximum occurring stress 

range ∆σmax,new. In  Section 5.4, these critical load positions are presented for Model E-1, E-2 and F 

referring to the analysed notch details D1a, D2 and D3. 

 

  Concept 1 

In summary, concept 1 is illustrated in Figure 234. At the date of retrofitting and strengthening of the 

bridge deck in 2020 the actual damage Dold is smaller than 1.0 (Dold < 1.0). This is an essential 

requirement for the implementation of Concept 1 under consideration of the damage equivalent constant 

amplitude ∆σe,old with nold = 49 ∙ 106 number of cycles, respectively vehicle crossings (Figure 32 in 

Section 2.6). 
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Figure 234: calculation of the remaining service life – concept 1 (simplified illustration without 

fatigue strength ∆σD) 

 

Due to the strengthening of the bridge deck with the UHPFRC plate, the stress level in the notch details 

should be much lower. The heavy traffic simulation with fatigue load model FLM 4 for 60 ∙ 106 vehicles 

(Figure 32 in Section 2.6), the determination of the stress range spectrum and the damage calculation 

leads to the damage equivalent constant amplitude stress range ∆σe,new. Under consideration of both 

constant amplitude stress ranges, ∆σe,old for the past with nold and ∆σe,new for the future with nnew, an 

overall constant amplitude stress range ∆σe,sum results (see Figure 234). 

 

By variation of the concrete plate’s thickness tc, the level of the stress range e,new and also ∆σe,sum is 

also varying. This iteration has to be done until the overall damage Dsum reaches a value of 1.0. With 

this iteration of the concrete plate’s thickness tc, a minimum required value of tc,min can be indicated. 

Based on the damage calculations of time period I before strengthening this concept 1 was not 

applicable, because Dold was higher than 1.0. 

  Concept 2 

Based on the numerical simulations of the heavy traffic in the past (time period I) the damage Dold 

exceeds 1.0 (Dold > 1.0) as it can be seen in Figure 235. Conservative assumptions were made for the 

calculation of the remaining service live before strengthening. Therefore, it can be that there may be no 

fatigue cracks at the notch details. But an inspection on site and if necessary a renovation of potentially 

fatigue cracks is required. 
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Figure 235: calculation of the remaining service life – concept 2 

If there are no cracks at the analysed notch details or detected fatigue cracks have been renovated, a 

continued service of the bridge is possible under consideration of Concept 2 (see Figure 235). 

Nevertheless, inspections of the notch details with an appropriate interval are necessary. This interval 

has to be assigned based on fracture mechanic analyses of the details. No more additional fatigue damage 

at the analysed notch details is allowed and therefore the maximum occurring stress ranges in the future 

have to be lower than the cut off limit ∆σL (see Figure 235). To cover the future increasing axle loads 

and frequency [21] of the heavy traffic it is necessary to apply fatigue load model FLM 2 (see Section 

2.5.2, Figure 24) which includes much more higher axle loads and gross weights of the individual lorry 

types (overloading effects were checked in the full scale tests in Section 5.6). The crossing of one lorry 

type that has the highest axle loads and causes the maximum occurring stress ranges ∆σmax,new in the 

notch details now is sufficient for the fatigue verification. Within this concept, this maximum occurring 

stress range ∆σmax,new has to be lower than the cut off limit of the fatigue strength (∆σmax,new ≤ ∆σL).  

 

By variation of the concrete plate’s thickness tc, the level of the maximum occurring stress range 

∆σmax,new is also varying. This iteration has to be done until the requirement ∆σmax,new ≤ ∆σL is fulfilled 

and a minimum thickness of the UHPFRC plate tc,min can be indicated. Additionally, the concrete 

thickness tc is also limited to practical application methods. The analysed notch details are then fatigue 

endurable and have a computational overall service life of more than 100 years (inspections with an 

appropriate interval still required). 

 

5.2. Analysed FE-models for the strengthened orthotropic steel deck 

For the verification of the additional service life of 50 years, after already 50 years in service before, it 

was necessary to generate 3 more finite element models referring to the notch details D1a, D2 and D3. 

A detailed description of the analysed notch details can be found in Section 2.4.  

 

The following list gives an overview of the created finite element models: 
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- Model E-1 – Section 5.2.1: orthotropic bridge deck with open longitudinal ribs and a cross girder 

spacing of eCG = 2.0m (FEM model is based on Model A in Section 3.4.2), including an UHPFRC 

plate (with a variation of the concrete plate thickness tc), where a detailed mesh refinement was 

applied in the steel structure, especially in the local areas of the analysed notch details D1a and D2; 

- Model E-2 – Section 5.2.2: orthotropic bridge deck with trough longitudinal ribs and a cross girder 

spacing of eCG = 2.0m (FEM model is based on Model A in Section 3.4.2), including an 80mm thick 

UHPFRC plate, where a detailed mesh refinement in the concrete plate was applied for the 

calculation of the stresses in the plate and the interface between concrete and steel; 

- Model F – Section 5.2.3: orthotropic bridge deck consisting of one cross girder with open 

longitudinal ribs and bolted field spices (FEM model is based on Model D in Section 3.4.5); 

including a 80mm thick UHPFRC plate; 

 

  Model E-1: Orthotropic bridge deck with open longitudinal ribs – including a concrete 

pavement (detailed mesh refinement in the steel structure) 

The basis for Model E-1 is Model A which is presented and described in Section 3.4.2. Model E-1 

consists of the same parts as Model A with the same geometry. Also the boundary conditions as well as 

the transition conditions referring to the steel structure in the assembly have been taken over from Model 

A. In Model E-1 an additional concrete pavement as a topping on the steel deck plate was applied which 

is partitioned in 2 regions as it is shown in Figure 236. Region A has a finer element mesh as Region B. 

Figure 236 illustrates the modelled regions as well as the chosen element types and its element sizes, 

whereby at model E-1 solid elements with full integration rule were necessary (Model A is modelled 

with solid elements and reduced integration rule). The thickness of the concrete pavement has been 

varied with 60, 70 and 80mm. An overall effective Young’s Modulus Ec,eff  has been set for the UHPFRC 

plate which should cover the cracking in the concrete plate. At Model E-1, the Young’s Modulus of the 

concrete pavement has a constant value of Ec,eff = 12,500 N/mm² (for the properties of the concrete see 

Section 5.6.2.2). 

 

According to an extended literature research in [33] referring to practically realised interfaces between 

steel deck plate and concrete pavement, this interconnecting layer is mainly made of an epoxy resin with 

interspersed Basalt granulate. In addition to the study with limit value observation (with and without 

composite effect) it was necessary to analyse the accurate flexibility of the interface within the numerical 

simulations. By using the software ABAQUS, this flexibility was modelled with an interaction condition 

between the steel deck plate and the concrete plate. As interaction condition between the elements of 

the concrete and the steel, a cinematic connection of the nodes was implemented which is in ABAQUS 

called as „cohesive behaviour “, based on the shear stiffness of epoxy resin. 
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Figure 236: FEM-Modell E-1 – orthotropic steel deck with open longitudinal ribs including a 

UHPFRC pavement (overview) 

Model E-1, the strengthened deck, has the same finite element mesh as Model A, the unstrengthened 

deck. This equality of the mesh was necessary for the possibility of comparing the results of these two 

models. Based on this fact it was not possible to match the element nodes of the steel plate and the 

concrete pavement as it is illustrated in Figure 237. 

 

 

Figure 237: FEM-Modell E-1 – orthotropic steel deck with open longitudinal ribs including a 

UHPFRC pavement (detailed view of the FEM mesh in the steel structure and the concrete pavement) 
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If the mesh of the concrete pavement would have been adapted conforming to the mesh of the steel deck 

plate, an inconvenient mesh geometry of the solid elements and a large amount of degrees of freedom 

would have been the result. Figure 237 shows the chosen mesh geometries of the solid elements referring 

to the steel deck plate and the concrete pavement. It can be seen that the nodes of the solid elements at 

the interconnecting joint doesn’t match together. For this reason, the occurring stresses in the solid 

elements of the concrete and the shear stresses in the interface between steel and concrete elements will 

have less accuracy. Therefore, an additional finite element model E-2 (see Section 5.2.2) has been 

created for the calculation of the stresses in the elements of the concrete pavement and in the interface 

between steel and concrete. 

 

The interaction condition “cohesive behaviour” needs values referring to its flexibility in both in plane 

directions (K1 and K2, in axes x and z of the model) and in one normal direction (K3 in axis y of the 

model) of the interface between steel deck and concrete pavement. For the third direction normal to the 

plane of the interface, a very high value for the flexibility K3 was defined to create a nearly rigid 

connection in normal direction and prevent penetrations. The flexibility of the interconnecting joint in 

both in plane directions (K1 and K2) has been varied to get border line cases and accurate values based 

on the effective thickness of the epoxy resin. The defined values for the variation of the interface 

flexibility are plotted in Table 29. These values can be deduced from the shear modulus of an epoxy 

material whereby the elastic modulus and the Poisson ratio are taken from [53]. 

  

Table 29: Variation of the flexibility in the numerical calculations referring to the interface between 

steel deck plate and concrete pavement 

Calculation 

model 

Interconnecting joint – 

version and description 

flexibility 

𝐾1 and 𝐾2 

[𝑁 (𝑚𝑚3)⁄ ] 

I No composite 1 

II Epoxy tepoxy = 3 [mm] 400 

III Epoxy tepoxy = 1 [mm] 1200 

IV Rigid composite 106 

 

 

Material properties of epoxy from [53]:  

- Young’s Modulus: Eepoxy = 3,200 N/mm² 

- Poisson Ratio: νepoxy = 0.33 
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With these parameters (Eepoxy and νepoxy) the shear modulus can be determined with Equation 10: 

  

𝐺𝑒𝑝𝑜𝑥𝑦 = 𝐸𝑒𝑝𝑜𝑥𝑦 [2 ∙ (1 + 𝜈𝑒𝑝𝑜𝑥𝑦)]⁄  Equation 10 

 

Under consideration of an effective epoxy layer thickness te, the values for K1 and K2 can be determined 

with Equation 11: 

 

𝐾1 = 𝐾2 = 𝐺𝑒𝑝𝑜𝑥𝑦 𝑡𝑒𝑝𝑜𝑥𝑦⁄  Equation 11 

  

  Model E-2: Orthotropic bridge deck with open longitudinal ribs – including a concrete 

pavement (detailed mesh refinement in the UHPFRC plate) 

The finite element model E-1, which is described in Section 5.2.1, delivered sufficient results in relation 

to the occurring stresses in the analysed notch details of the steel structure due to the heavy vehicles. 

Within Model E-1, the mesh refinement was mainly implemented at the steel structure to get results of 

high accuracy there and this was necessary for the evaluation of the strengthening technique with an 

UHPFRC pavement instead of the common asphalt layer. Furthermore, the Young’s Modulus of the 

concrete in Model E-1 was defined with a very low value of Ec,eff = Ec / 4 = 12,500 N/mm² to calculate 

conservative stresses in the notch details (additional studies showed higher values for Ec,eff , presented 

in Section 5.6.7). 

 

For the determination of accurate stresses in the concrete layer and adequate shear stresses in the 

interconnecting joint between steel deck and concrete pavement, an additional finite element model was 

necessary. This additional FEM model had to have the same geometry, boundary and transition 

conditions as Model E-1 and Model A. Therefore, Model E-2 was created which has another finite 

element mesh as Model E-1 and a higher Young’s Modulus of the concrete pavement. At Model E-2 the 

mesh of the steel structure was adapted conforming to the mesh of the concrete plate so that the nodes 

of all solid elements at the interface fit together. Figure 238 illustrates the geometry of the finite element 

mesh in the steel structure and the concrete pavement in detail. The nodes from the elements at the upper 

surface of the deck plate have the same coordinates as the elements at the bottom surface of the concrete 

plate. By comparing Figure 238 (Model E-2) and Figure 237 (Model E-1) it can be recognized that the 

solid elements of the welds in Model E-2 have been removed to get a continuous element partitioning 

in the deck plate. Generally, Model E-2 has a coarse finite element mesh in the steel structure (MG, CG, 

LR and DP) compared to Model E-1 and Model A, because no stresses in the notch details were 
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calculated with this model. The same values for the flexibility of the interconnection joint between steel 

deck and concrete plate were considered as in FE-model E-1 (see Table 29). 

 

 

 

 

Figure 238: FEM-Modell E-2 – orthotropic steel deck with open longitudinal ribs including a 

UHPFRC pavement (detailed view of the FEM mesh in the steel structure and the concrete pavement) 

 

 

  Model F: Orthotropic bridge deck with open longitudinal ribs – cross girder with bolted 

connections – including a concrete pavement 

The basis for Model F is Model D which is presented and described in Section 3.4.5. Model F consists 

of the same parts as Model D with the same geometry (steel deck). The boundary and transition 

conditions of the steel structure are equal to Model D. An additional concrete pavement as a topping on 

the steel deck plate was applied in Model F. This concrete plate has been implemented by using 

composite shell elements under the consideration of a 10mm thick steel plate and an 80mm thick 

concrete plate. The Young’s Modulus of the steel was defined with ES = 210,000 N/mm² and of the 

concrete Ec,eff = Ec / 4 = 12,500 N/mm². Figure 239 shows an isometric overview of the finite element 

model relating to Model F and all parts are indicated. For a detailed description of the geometry, 

boundary and transition conditions take a look at Section 3.2.4. 
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Figure 239: Modell F – orthotropic steel deck with open longitudinal ribs including a 80mm 

UHPFRC pavement – cross girder with bolted connections (isometric drawing) 

 

 

5.3. Damage calculation before strengthening in detail D1a, D2, (D3) 

 General 

The simulation of the heavy traffic crossings over the analysed orthotropic steel bridge decks before 

strengthening are shown in Section 3.4. The illustrated stress range spectra in Section 3.4 relating to the 

fatigue critical notch details D1a, D2 and D3 (see Section 2.4) are related to a total number of 100 lorries. 

For an evaluation of the damage before strengthening, a realistic number of load cycles has to be taken 

into account which is shown in Figure 32 in Section 2.6.  

 

The decisive S-N-curve for notch detail D1a, D2 and D3 has a fatigue strength of ∆σc = 100 N/mm² 

relating to nc = 2  ∙ 106 number of load cycles under consideration of the structural stress method (see 

Section 2.7 and 2.8). The fatigue strength relating to nD = 5 ∙ 106 number of load cycles has a value of 

∆σD = 73.7 N/mm². 

 

  Detail D1a – Damage at the steel deck before strengthening  

Figure 86 in Section 3.4.2.1 illustrates the stress range spectrum referring to detail D1a at the 

unstrengthened orthotropic steel deck (Model A) due to the actual fatigue load model FLM 4* for long 

distance routes (see Section 2.5.2). The corresponding damage equivalent constant amplitude stress 

range ∆σe relating to a crossing of 1 heavy vehicle has a value of ∆σe,D1a,old = 140.06 N/mm² (see Figure 
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86). The total number of occurring lorries in the critical main lane and under consideration of time period 

I (1970 to 2020) has a value of ne,D1a,old = 49.2 ∙ 106 which is based on measurements [44] (see Figure 32 

in Section 2.6).  

 

Under consideration of the appropriate S-N-curve, the maximum allowable number of load cycles 

regarding to ∆σe,D1a,old = 140.06 N/mm² can be calculated by a transformation of Equation 5 (see Section 

2.6): 

𝑁𝑅,𝐷1a,𝑜𝑙𝑑 = (∆𝜎𝐷 ∆𝜎𝑒,𝐷1a,𝑜𝑙𝑑⁄ )
3

∙ 5 ∙ 106 = (∆𝜎𝐶 ∆𝜎𝑒,𝐷1a,𝑜𝑙𝑑⁄ )
3

∙ 2 ∙ 106 = (100 140.06⁄ )3 ∙ 2 ∙ 106

= 7.3 ∙ 105 

 

Therefore, the damage DD1a,old at notch detail D1a referring to the unstrengthened deck in time period I 

(1970 to 2020) can be calculated by considering Equation 6 (see Section 2.6): 

𝐷𝐷1a,𝑜𝑙𝑑 = 𝑛𝑒,𝐷1a,𝑜𝑙𝑑 𝑁𝑅,𝐷1a,𝑜𝑙𝑑⁄ = (49.2 ∙ 106) (7.3 ∙ 105)⁄ = 67.4 ≫ 1.0 

 

Hence, the computational service life regarding to fatigue phenomena is already exhausted. In the 

reference year 2020 the value for the damage DD1a,old exceeds 1.0. Because of the very conservative 

assumptions in the verification of the remaining service life, there need not necessarily be fatigue cracks 

at the notch details. But an inspection on site and if necessary, a renovation of potentially fatigue cracks 

is required. 

 

Because of the exhausted service life after 50 years referring to notch detail D1a, Concept 2 has to be 

applied, which is described in Section 5.1.2.2. After the strengthening of the deck with an UHPFRC 

pavement, no more additional damaging stress range is allowed in the future. This means that the 

maximum future stress range ∆σmax,D1a,new has to be lower than the cut of limit of fatigue ∆σL (see Figure 

235). 

 

 Detail D2 – Damage at the steel deck before strengthening  

The stress range spectrum for detail D2 at the unstrengthened orthotropic steel deck (Model A) is shown 

in Figure 91 in Section 3.4.2.2 which was determined due to FLM 4* (see Section 2.5.2). The damage 

equivalent constant amplitude stress range ∆σe relating to a crossing of 1 heavy vehicle has a value of 

∆σe,D2,old = 48.05 N/mm² (see Figure 91). For this detail the same traffic condition is given as at detail 

D1a. This means a total number of occurring lorries in the critical main lane for time period I (1970 to 

2020) of ne,D2,old = 49.2 ∙ 106 (based on measurements [44], see Figure 32 in Section 2.6).  
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Under consideration of the appropriate S-N-curve and Equation 5, the maximum allowable number of 

load cycles regarding to ∆σe,D2,old = 48.05 N/mm² is: 

𝑁𝑅,𝐷2,𝑜𝑙𝑑 = (∆𝜎𝐷 ∆𝜎𝑒,𝐷2,𝑜𝑙𝑑⁄ )
3

∙ 5 ∙ 106 = (∆𝜎𝐶 ∆𝜎𝑒,𝐷2,𝑜𝑙𝑑⁄ )
3

∙ 2 ∙ 106 = (100 48.05⁄ )3 ∙ 2 ∙ 106

= 18.04 ∙ 106 

 

Therefore, the damage DD2,old at notch detail D2 referring to the unstrengthened deck in time period I 

(1970 to 2020) can be calculated by considering Equation 6: 

𝐷𝐷2,𝑜𝑙𝑑 = 𝑛𝑒,𝐷2,𝑜𝑙𝑑 𝑁𝑅,𝐷2,𝑜𝑙𝑑⁄ = (49.2 ∙ 106) (18.04 ∙ 106)⁄ = 2.7 > 1,0 

 

The computational service life regarding to fatigue phenomena at detail D2 is already exhausted after 

50 years in service before. In the reference year 2020 the value for the damage DD2,old exceeds 1.0. Also 

for detail D2 can be stated that very conservative assumptions in the remaining service life verification 

were considered and therefore not necessarily fatigue cracks are obvious. Therefore, the same 

recommendations are given as already mentioned at detail D1a. 

Because of the exhausted service life after 50 years, Concept 2 has to be applied which is described in 

Section 5.1.2.2. No additional damage in the detail is allowed and the maximum future occurring stress 

range ∆σmax,D2,new has to be lower than the cut of limit of fatigue  

∆σL = 40.2 N/mm ² (see Figure 235). 

 

 Detail D3 – Simplified damage at the steel deck before strengthening  

It is important to mention that for detail D3 the accurate stress spectrum is also influenced by lorry 

crossings in different lanes. This effect is not considered here. Figure 245.a in Section 5.4.3 illustrates 

the occurring stresses referring to detail D3 at the unstrengthened orthotropic steel deck (Model D) due 

to the critical lorry type of FLM 4* at the relevant lane position on the carriageway (see Section 3.3.4). 

The maximum occurring stress range at the unstrengthened deck has a value of ∆σmax,D3,old = ∆σT2,D3,old 

= 120 N/mm² due to lorry type T2 (see Figure 24 in Section 2.5.2). The total number of occurring lorries 

in the critical main lane has a value of ntot,D3,old = 49.2 ∙ 106 for time period I (1970 to 2020) which is 

based on measurements [44] (see Figure 32 in Section 2.6). By considering the lorry percentage for long 

distance routes (see Figure 24 in Section 2.5.2), vehicle type T2 has an value of 5%. Therefore, the 

number of occurring lorry types T2 can be calculated to nT2,D3,old = 49.2 ∙ 106 ∙ 0.05 = 2.46 ∙ 106.  

 

Under consideration of the appropriate S-N-curve and Equation 5 (see Section 2.6), the maximum 

allowable number of load cycles regarding to ∆σT2,D3,old = 120 N/mm² can be calculated: 

𝑁𝑅,𝑇2,𝐷3,𝑜𝑙𝑑 = (∆𝜎𝐷 ∆𝜎𝑇2,𝐷3,𝑜𝑙𝑑⁄ )
3

∙ 5 ∙ 106 = (∆𝜎𝐶 ∆𝜎𝑇2,𝐷2,𝑜𝑙𝑑⁄ )
3

∙ 2 ∙ 106 = 1.158 ∙ 106 
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Therefore, the damage DT2,D3,old due to lorry type T2 (see Section 2.6) at detail D3 can be calculated with 

Equation 6 for the unstrengthened deck in time period I (1970 to 2020): 

𝐷𝑇2,𝐷3,𝑜𝑙𝑑 = 𝑛𝑇2,𝐷3,𝑜𝑙𝑑 𝑁𝑅,𝑇2,𝐷3,𝑜𝑙𝑑⁄ = (2.46 ∙ 106) (1.158 ∙ 106)⁄ = 2.1 > 1,0 

 

Due to a consideration of only the single lorry type T2 the computational service life regarding to fatigue 

phenomena is already exhausted after 50 years in service before. Hence, additional numerical 

calculations under consideration of all other lorry types from FLM 4* and also considering the lorry 

crossing at different lanes are not necessary, because the overall result is the same (Dold > 1.0). As 

already mentioned, an inspection on site is required as well as a renovation of potentially fatigue cracks. 

The calculations regarding detail D3 showed an exhausted service life after 50 years and therefore 

Concept 2 has to be used (see Section 5.1.2.2). Within this concept no more additional damage in the 

future is allowed after the strengthening. This requirement can be fulfilled when the maximum future 

stress range ∆σmax,D3,new is lower than the cut off limit of fatigue ∆σL (see Figure 235). 

 

 

5.4. Stress spectra and stress level after strengthening in detail D1a, D2, (D3) 

As presented in Section 5.3, the fatigue damage exceeds the value 1.0 for all analysed details (D1a, D2 

and D3) by considering 50 years of service life before strengthening. Therefore, Concept 2 (see Section 

5.1.2.2) has to be used for these analysed details regarding to the fatigue life calculation of the 

strengthened steel deck. In the following the application of this Concept 2 is shown for all details (D1a, 

D2, D3) and additionally, Concept 1 is presented only for detail D2. 

 

  Detail D1a – stress level after strengthening  

 

• Application of Concept 2 

 

As already described in Section 5.1.2.2, the maximum occurring stress range in the future ∆σmax,D1a,new 

has to be lower than the fatigue’s cut off limit L. Therefore, this future maximum stress range has to 

be calculated under consideration of fatigue load model FLM 2 (see Section 2.5.2), which indicates the 

highest axle loads. 

 

When regarding the stress history curves due to the crossings of the individual lorry types (T1 to T5), 

exemplary presented in Section 3.4.2.1 - Figure 85, it can be recognised that every axle within a single 

vehicle causes an isolated stress range ∆σi. Hence, an isolated analysis of every single axle is sufficient. 
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Figure 240: Determination of the maximum stress range ∆σmax for detail D1a at the unstrengthened 

orthotropic steel deck 

 

The heavy traffic simulations in Section 3.4 showed that the maximum stress range in detail D1a always 

occur due to the driving axle which consists of axle/wheel type B, the twin tyres. The determination of 

the maximum occurring stress range ∆σmax,D1a,new at the strengthened deck is therefore restricted by only 

2 load cases (A and B) which are shown in Figure 240. This picture illustrates the influence line in 

longitudinal bridge direction for detail D1a at the unstrengthened deck due to axle/wheel type B with an 

axle load of FA = 100kN. The minimum stresses σD1a,min occur when the wheel load is located directly 

above the detail point (Load case A). The maximum stresses σD1a,max occur when the wheel load is 

located in a distance of 1000mm away from the mid cross girder CG (Load case B). 

 

A determination of the maximum stress ranges ∆σmax,D1a,mew at the strengthened bridge deck was 

calculated under consideration of the 2 load cases that are illustrated in Figure 240. The thickness of the 

UHPFRC layer has been varied from 60, 70 to 80mm. An additional variation of the flexibility of the 

interface between steel deck and concrete pavement has also been done and the different values are 

plotted in Table 30. The numerical calculations were performed at Model E-1 where the mesh refinement 

is concentrated in the steel structure. The value for the concrete’s Young’s Modulus 

(Ec,eff = Ec/4) represents a bottom limit value to consider an overall concrete cracking and to calculate 

conservative stresses for the steel structure. 

 

The results in terms of maximum occurring stress ranges ∆σmax,D1a,new regarding to the strengthening of 

the orthotropic steel deck with an UHPFRC pavement are visualised in Table 30.  
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Table 30: Maximum occurring stress ranges ∆σmax,D1a,new after strengthening – variation of the 

UHPFRC plate thickness and variation of the flexibility of the interconnecting joint 

 

 

An evaluation of the results follows in Section 5.5.1 where the appropriate limit value for fatigue damage 

is also described. 

 

 Detail D2 – stress spectra and stress level after strengthening 

The following calculations referring to the orthotropic steel deck, that is strengthened via an UHPFRC 

pavement instead of the common asphalt layer, have been performed under consideration of the listed 

assumptions below: 

 

- Thickness of the UHPFRC pavement tc = 80mm 

- Conservative value for the flexibility of the interface between steel and concrete under consideration 

of calculation model II (see Table 29) with an effective thickness of the epoxy layer of tepoxy = 3mm 

- Conservative value for the Young’s Modulus of the UHPFRC pavement with Ec,eff = Ec/4 = 12,500 

N/mm² 

 

 Application of Concept 1 – simplified calculation of stress spectra 

With regards to the stress history curves due to the crossing of the lorry types T1 to T5 from FLM 4, 

which are exemplarily illustrated in Section 3.4.2.2 - Figure 90, it can be seen that an isolated 

consideration of every single axle is not possible. Figure 90 shows very well that the maximum occurring 

stress range ∆σmax,D2 comprises of a superposition of at least 2 axles. Nevertheless, critical axle load 

positions and its belonging axle/wheel type can be identified in this stress history of Figure 90. The 

reduction of the local stresses at the strengthened deck could be determined in a simplified manner under 

consideration of the stress range spectrum referring to the unstrengthened deck and a scaling of these 

stress ranges by using an appropriate scaling factor. The stress range spectrum regarding to detail D2 at 

the steel deck before strengthening is the basis for the scaling procedure which is shown in Figure 91 of 

Section 3.4.2.2. 2 scaling factors are necessary to include several effects. For a modification regarding 

to the axle loads (FLM 4* to FLM 4, see Figure 24 in Section 2.5.2), scaling factor fT,i was used. The 

Δσmax,D1a,new Δσmax,D1a,new Δσmax,D1a,new

I -44.3 9.9 22% 54.2 -32.4 8.2 25% 40.7 -27.2 7.0 26% 34.2

II -25.6 10.6 42% 36.2 -17.7 9.4 53% 27.1 -13.7 8.4 61% 22.0

III -25.5 10.6 42% 36.1 -17.9 9.4 52% 27.2 -13.7 8.5 62% 22.2

IV -25.8 10.6 41% 36.5 -18.4 9.5 52% 27.9 -14.1 8.5 60% 22.5
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consideration of reduced occurring stresses in the details after strengthening has been taken into account 

by using scaling factor fσ,i. This scaling factor fσ,i differs between single and double wheeled axles. 

Because of a negligible difference in the geometry of axle type A and C, only one scaling factor was 

defined for single wheeled axles. The critical load position relating to the maximum occurring 

compressive stress in notch detail D2 has been defined for the determination of fσ,i (see Section 3.3.3).  

 

a.) Scaling factor fT,i regarding to the axle load of the individual lorries 

For every lorry type from fatigue load model FLM 4* and FLM 4 (see Figure 24 in Section 2.5.2) a 

scaling factor based on the vehicle’s gross weights has been determined to include future increasing axle 

loads in Europe. This scaling factor fT,i is identical to the increase of every axle load, because of the load 

model’s equality  relating to the distribution of the overall gross weight to the axles within the vehicles.  

 

Figure 241 shows again the appropriate traffic load models regarding to a fatigue verification for the 

time periods before and after the strengthening of the orthotropic steel deck. On the left side of Figure 

241 fatigue load model FLM 4* is plotted with its reduced gross weights and axle loads for time period 

I (1970 to 2020). On the right side of Figure 241 fatigue load model FLM 4 is visualised for the future 

time period II (2020 to 2070) with its increased gross weights and axle loads. 

 

 

Figure 241: Traffic load model for the time periods before (FLM 4*) and after strengthening (FLM 4) 

 

For the determination of the stress range spectrum referring to detail D2 and regarding to time period 2 

(2020 to 2070), every stress range of the stress range spectrum for each individual lorry type from the 

traffic load model from 1970 to 2020  traffic load model from 2020 to 2070  
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unstrenghtened deck (see Figure 91 in Section 3.4.2.2) was scaled with its appropriate scaling factor fT,i 

depending on the lorry type T1 to T5.  

Note: The scaling factor fT,i of each axle of lorry type i is identical to the scaling factor fT,i of the vehicle’s 

gross weights.  

 

𝑓𝑇,𝑖 =
𝑔𝑟𝑜𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝐹𝐿𝑀 4

𝑔𝑟𝑜𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝐹𝐿𝑀 4∗
=

𝑎𝑥𝑙𝑒 𝑙𝑜𝑎𝑑 𝑎𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝐹𝐿𝑀 4

𝑎𝑥𝑙𝑒 𝑙𝑜𝑎𝑑 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝐹𝐿𝑀 4∗
 

 

The scaling factors regarding to the increased axle loads are listed below: 

- Lorry type T1: 𝑓𝑇1 =
200

142
= 1.41 

- Lorry type T2: 𝑓𝑇2 =
310

273
= 1.14 

- Lorry type T3: 𝑓𝑇3 =
490

360
= 1.36 

- Lorry type T4: 𝑓𝑇4 =
390

290
= 1.34 

- Lorry type T5: 𝑓𝑇5 =
450

321
= 1.40 

 

b.) Scaling factor fσ,i regarding to the stress reduction at the strengthened deck  

The stresses at the strengthened orthotropic steel deck, using Model E-2 (see Section 5.2.2), have been 

determined due to axle/wheel type B and C with an uniform axle load of FA = 100kN. These stresses, 

determined at the strengthened deck have been compared to the calculated stresses at the unstrengthened 

deck for the same load level (FA = 100kN) where the load position had to be identical. With this ratio 

relating to the stresses of the strengthened to the unstrengthened deck, the scaling factors fσ,i could be 

verified referring to single and double wheeled axles. The analyses showed that there is much more 

stress reduction due to the concrete pavement relating to axle type C than to axle type B. 

 

With these determined scaling factors fσ,i the stress ranges of the stress range spectrum, which has been 

calculated at the unstrengthened deck, could be scaled under consideration of its appropriate axle/wheel 

type. 

 

- fσ,B relating to axle/wheel type B (twin tyres) 

Figure 242 illustrates the deformations of the analysed orthotropic steel deck due to axle/wheel type B 

with an axle load of FA = 100kN. Figure 242.a shows the unstrengthened steel deck without UHPFR 

pavement and its occurring deformations due to the double wheeled axle type B. Figure 242.b shows 

the strengthened steel deck with an UHPFR pavement and its occurring deformations also due to the 

double wheeled axle type B. The load is positioned directly above LR-1 and in a distance of 80cm away 

from the mid cross girder. 
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Figure 242: deformations of the orthotropic bridge deck due to axle/wheel type B with an axle load of 

FA = 100kN: a.) unstrengthened deck (without UHPFRC pavement); b.) strengthened deck (with 

UHPFRC pavement) 

 

The occurring stresses in notch detail D2 due to axle/wheel type B with an axle load of FA = 100kN at 

LR-1 are plotted in Table 31 regarding to LR-1 to LR-4 which are additionally marked in Figure 242. 

 

Table 31: stresses in notch detail D2 at LR-1 to LR-4 (see Figure 242) due to axle/wheel type B with 

an axle load of FA = 100kN at LR-1 

 

Stresses in notch detail D2 

min (𝜎𝐷2,1) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,2) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,3) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,4) 

[𝑁 𝑚𝑚²⁄ ] 

Unstrengthened deck -27,63 -6,31 1,25 0,84 

Strengthened deck -21,58 -13,72 -3,07 1,00 

 

The scaling factor fσ,B relating to the stress reduction of the concrete pavement due to double wheeled 

axle type B was determined as shown below: 

 

𝑓𝜎,𝐵 =
ห𝜎𝐷2,1ห (𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 𝑑𝑒𝑐𝑘)

ห𝜎𝐷2,1ห (𝑢𝑛𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 𝑑𝑒𝑐𝑘)
=

21.58

27.63
= 0.78 

 

As illustrated in Table 31, it can be recognised that due to the concrete pavement the adjacent 

longitudinal ribs (LR-2 to LR-4) near the loaded LR-1 can be activated for the load transfer. 

 

  

∆𝜎𝐷2,1 ∆𝜎𝐷2,2 ∆𝜎𝐷2,3 ∆𝜎𝐷2,4 ∆𝜎𝐷2,1 ∆𝜎𝐷2,2 ∆𝜎𝐷2,3 ∆𝜎𝐷2,4 

a.) b.) 
LR-1 LR-1 
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- fσ,C relating to axle/wheel type C (single tyre) 

Figure 243 illustrates the deformations of the analysed orthotropic steel deck due to axle/wheel type 

C with an axle load of FA = 100kN at LR-1. Figure 242.a shows the unstrengthened steel deck 

without UHPFR pavement and its occurring deformations due to the single wheeled axle type C. 

Figure 242.b shows the strengthened steel deck with UHPFR pavement and its occurring 

deformations also due to the single wheeled axle C. The load is positioned directly above LR-1 and 

in a distance of 80cm away from the mid cross girder. 

 

 

Figure 243: deformations of the orthotropic bridge deck due to axle/wheel type C with an axle load of 

FA = 100kN at LR-1: a.) unstrengthened deck (without UHPFRC pavement); b.) strengthened deck 

(with UHPFRC pavement) 

 

The occurring stresses in notch detail D2 due axle/wheel type C with an axle load of FA = 100kN at LR-

1 are plotted in Table 32 regarding to LR-1 to LR-4 which are additionally marked in Figure 243. 

 

Table 32: stresses in notch detail D2 at LR-1 to LR-4 (see Figure 243) due to axle/wheel type C at LR-

1 with an axle load of FA = 100kN  

 

Stresses in notch detail D2 

min(𝜎𝐷2,1) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,2) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,3) 

[𝑁 𝑚𝑚²⁄ ] 

min(𝜎𝐷2,4) 

[𝑁 𝑚𝑚²⁄ ] 

Unstrengthened deck -36,18 -2,02 1,19 0,81 

Strengthened deck -12,92 -6,69 -1,25 0,63 

 

The scaling factor fσ,C relating to the stress reduction of the concrete pavement due to single wheeled 

axle types A and C was determined as shown below: 

 

𝑓𝜎,𝐶 =
ห𝜎𝐷2,1ห (𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 𝑑𝑒𝑐𝑘)

ห𝜎𝐷2,1ห (𝑢𝑛𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑒𝑛𝑒𝑑 𝑑𝑒𝑐𝑘)
=

12.92

36.18
= 0.36 

 

∆𝜎𝐷2,1 ∆𝜎𝐷2,2 ∆𝜎𝐷2,3 ∆𝜎𝐷2,4 ∆𝜎𝐷2,1 ∆𝜎𝐷2,2 ∆𝜎𝐷2,3 ∆𝜎𝐷2,4 

LR-1 LR-1 
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As illustrated in Table 32, it can be recognised also for single wheeled axles that due to the concrete 

pavement the adjacent longitudinal ribs (LR-2 to LR-4) near the loaded LR-1 can be activated very well 

for the load transfer. Especially for single wheeled axles, a very good beneficial load distribution and 

therefore a high stress reduction can be observed. 

 

c.) Resulting stress spectra – overall Scaling factor ftot,i  

By multiplication of the 2 scaling factors fT,i and fσ,i, an overall scaling factor ftot,i could be determined. 

Under consideration of the appropriate overall scaling factor ftot,i, every stress range ∆σi of the stress 

range spectrum (after identification of lorry and axle type), which has been determined at the 

unstrengthened deck, could be modified. With this procedure the appropriate stress range spectrum at 

the strengthened deck and the damage of the future heavy traffic in time period II (2020 to 2070) could 

be determined. 

𝑓𝑡𝑜𝑡,𝑖 = 𝑓𝑇,𝑖 ∙ 𝑓𝜎,𝑖 

 

The reference stress range spectrum of the heavy traffic simulation at the unstrengthened steel deck can 

be found in Figure 91, Section 3.4.2.2 and is again shown in Figure 244.a. It can be recognised that only 

4 stress ranges have a damaging effect relating to notch detail D2. These 4 stress ranges can definitely 

be associated to the single axles of the lorry types T2 to T5. Thus only these 4 stress ranges have to be 

modified with its appropriate scaling factor ftot,i to get the stress spectra of the future heavy traffic. These 

scaling procedure of the 4 relevant stress ranges ∆σTi,j is shown below (cf. Figure 91, Section 3.4.2.2): 

 

- Type T3 (n3=50), axle C:  𝑓𝑡𝑜𝑡,𝑇3,𝐶 = 𝑓𝑇,3 ∙ 𝑓𝜎,𝐶 = 1.36 ∙ 0.36 = 0.49 

      → ∆𝜎𝑇3,𝐶 = 62.94 ∙ 0.49 = 30.84 𝑁/𝑚𝑚² 

- Type T2 (n2=5), axle B: 𝑓𝑡𝑜𝑡,𝑇2,𝐵 = 𝑓𝑇,2 ∙ 𝑓𝜎,𝐵 = 1.14 ∙ 0.78 = 0.89 

     → ∆𝜎𝑇2,𝐵 = 61.49 ∙ 0.89 = 54.73 𝑁/𝑚𝑚² 

- Type T5 (n5=10), axle C: 𝑓𝑡𝑜𝑡,𝑇5,𝐶 = 𝑓𝑇,5 ∙ 𝑓𝜎,𝐶 = 1.40 ∙ 0.36 = 0.50 

     → ∆𝜎𝑇5,𝐶 = 48.48 ∙ 0.50 = 24.24 𝑁/𝑚𝑚² 

- Type T4 (n4=15), axle B: 𝑓𝑡𝑜𝑡,𝑇4,𝐵 = 𝑓𝑇,4 ∙ 𝑓𝜎,𝐵 = 1.34 ∙ 0.78 = 1.05 

     → ∆𝜎𝑇4,𝐵 = 47.93 ∙ 1.05 = 50.33 𝑁/𝑚𝑚² 

 

The maximum occurring stress range in detail D2, based on FLM 4, in the future has a value of: 

→ ∆σmax,D2,new = ∆σT2,B = 54.73 N/mm² 

 

The resulting stress range spectrum due to the presented modifications above is visualised in Figure 244. 

Figure 244.a shows the stress range spectrum at the analysed steel bridge deck before strengthening 

(time period I, 1970 to 2020). Figure 244.b shows the stress range spectrum at the analysed bridge deck 

after the strengthening with an 80mm thick UHPFRC pavement (time period II, 2020 to 2070). Both 

stress spectra are based on the crossing of 100 lorries. 
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Figure 244: stress range spectrum referring to detail D2 at lane 1 (LR-1) due to 100 vehicles in 

comparison: a.) before strengthening in time period I (1970 to 2020) due to FLM 4*; b.) after 

strengthening with an 80mm UHPFRC pavement in time period II (2020 to 2070) due to FLM 4 

 

 Application of Concept 2 

As already shown in Figure 244, the maximum occurring future stress range due to lorry type T2 (axle 

type B) of FLM 4 in detail D2 has a value of: 

 

→ ∆σmax,D2,new = ∆σT2,B = 54.73 N/mm²  due to FLM 4 

 

For the use of Concept 2, where FLM 2 is necessary, this maximum occurring future stress range plotted 

above has to be scaled based on the ratio referring to the appropriate axle loads from FLM 4 and FLM 

2 (axle loads FA,T2,B,FLM4 = 120 kN, FA,T2,B,FLM2 = 140 kN; see Figure 24 in Section 2.5.2):  

 

→ ∆σmax,D2,new = 54.73 ∙ 140/120 = 63.85 N/mm² due to FLM 2 

 

The stress ranges in the notch detail have been determined under consideration of a static numerical 

analysis and therefore dynamic effects have to be taken into account within Concept 2.  

 

These dynamic effects were considered with an overall dynamic factor of φ = 1.2: 

 

→ ∆σmax,D2,new = 63.85 ∙ 1.2 = 76.62 N/mm²  due to FLM 2, including φ = 1.2 
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 Stress reduction level of detail D3 

This Section presents the results of the numerical simulations relating to the fatigue critical stresses in 

the local area of the bolted field splices of the cross girder under consideration of fatigue load model 

FLM 4* at FE-model F. Fatigue load model FLM 4* was chosen to compare the stresses at the critical 

details before and after strengthening. Model F represents the strengthened orthotropic steel deck with 

open longitudinal ribs and the basis for this model is Model D. The deck is strengthened with an 80mm 

UHPFRC pavement instead of the common asphalt layer (with Ec,eff = Ec/4). A description of the 

strengthened deck (Model F) can be found in Section 5.2.3 and an explanation of the unstrengthened 

deck (Model D) is shown in Section 3.2.4. The appropriate applied fatigue critical load model is 

presented in Section 2.5.2. The stresses in the critical notch details D3 have been calculated and a 

detailed description of this point is shown in Section 2.4.5. The determination of the critical vehicle type 

and its critical lane position referring to detail D3 is shown in Section 3.3.4 (Figure 81). 

 

Figure 245 and Figure 246 illustrate the maximum occurring principal stresses in the local areas of joint 

I/III and joint II (see Figure 114, in Section 3.4.5) before and after strengthening. The upper edge of the 

cross girder’s web is partitioned into 4 regions (region I to region IV) and the points with the maximum 

principal stresses in this area are indicated (Point A to Point L). With regard to joint I/III, the results 

relating to the numerical studies of the unstrengthened deck are shown in Figure 245.a and the results 

referring to the strengthened deck are shown in Figure 245.b. With regard to joint II, the results relating 

to the numerical studies of the unstrengthened deck are shown in Figure 246.a and the results referring 

to the strengthened deck are shown in Figure 246.b. 

 

- Joint I/III 

As shown in Figure 245.a, the maximum occurring principal stress in joint I/III at the unstrengthened 

deck has a value of σmax = σA = 120 N/mm². Under consideration of an 80mm UHPFRC pavement the 

maximum principal stress decreases in this point down to a value of σD = 87 N/mm². Therefore, a stress 

reduction of 27% (1 - 87 / 120 = 0.73) can be recognised with this strengthening technique. 

 

- Joint II 

As shown in Figure 246.a, the maximum occurring principal stress in joint II at the unstrengthened deck 

has a value of σmax = σG = 84 N/mm². By considering an 80mm UHPFRC pavement the maximum 

principal stress decreases in this point down to a value of σD = 48 N/mm². Therefore, a stress reduction 

of 43% (48 / 84 = 0.57) can be observed. 
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Figure 245: Detail D3 – maximal principal stresses in joint I and III due to lorry type T2 (FLM 4*) 

and its critical position: a.) Model D, before strengthening; b.) Model F, after strengthening 
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Figure 246: Detail D3 – maximal principal stresses in joint II due to lorry type T2 (FLM 4*) and its 

critical position: a.) Model D, before strengthening; b.) Model F, after strengthening 
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The resulting stresses which are illustrated in Figure 245 and Figure 246 due to the critical load position 

of the critical vehicle type T2 according to FLM 4* (see Figure 81 in Section 3.3.4) can be stated as 

maximum fatigue critical stresses σmax,D3 because of a heavy traffic simulation. The minimum stresses 

in the detail can be assumed as σmin,D3 = 0 due to an unloaded condition of the bridge deck. The resulting 

value of the stress range ∆σmax,D3,new has then the same value as σmax,D3,new 

(∆σmax,D3,new = | σmin,D3,new | + | σmax,D3,new | = 0 + | σmax,D3,new | = | σmax,D3,new |).  

 

The maximum occurring stress range in detail D3 in the future (after strengthening), based on FLM 4*, 

has a value of: 

→ ∆σmax,D3,new = 87.0 N/mm² Joint I/III 

→ ∆σmax,D3,new = 48.0 N/mm² Joint II 

 

Stress reduction factors due to the deck strengthening with an UHPFRC pavement referring to detail 

D3: 

→ fσ,D3 = ∆σmax,D3,new / ∆σmax,D3,old = 87.0 / 120.0 = 0.73  Joint I/III 

→ fσ,D3 = ∆σmax,D3,new / ∆σmax,D3,old = 48.0 / 84.0 = 0.57  Joint II 

 

A simplified evaluation of these results follows in Section 5.5.3 to verify the expected fatigue life. 

 

 

5.5. Fatigue life predictions including strengthening 

 Detail D1a 

As described in Concept 2, fatigue load model FLM 2 is necessary which has higher axle loads and 

gross weights than FLM 4. The maximum occurring stress range in the future ∆σmax,D1a,new can be 

expected due to the driving axle of lorry type T2 which has the highest axle load within FLM 2 with a 

value of FA = 190 kN.  

 

The numerically calculated maximum stress ranges ∆σmax,D1a,new from the analyses regarding to the 

strengthening of orthotropic steel decks with an UHPFRC pavement are visualised in Table 30 (see 

Section 5.4.1). The stress ranges in the notch detail have been determined under consideration of a static 

numerical analysis and therefore dynamic effects have to be taken into account within Concept 2. These 

dynamic effects were considered with an overall dynamic factor of φ = 1.2. 

 

As it is shown in Table 30, enough stress reduction can be generated by a thickness tc = 70mm of the 

UHPFRC pavement and under consideration of a very low flexibility of the interconnecting joint. Due 
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to reasons of the concrete’s reliability and for the warranty of sufficient concrete covering, a thickness 

of at least tc = 80mm is necessary.  

 

With a thickness of tc = 80mm and a very conservative value of the interface flexibility according to 

calculation model II (see Table 30), that represents an epoxy layer’s thickness of tepoxy = 3mm, the value 

of the maximum occurring stress range under consideration of φ = 1.2 (dynamic effects) is: 

 

ห∆𝜎𝑚𝑎𝑥,𝐷1a,𝑛𝑒𝑤+𝜑ห = 22.0[𝑁 𝑚𝑚²]⁄  ∙ 1.2 =  26.4 [𝑁 𝑚𝑚²]⁄  <  |∆𝜎𝑅| = 40.2 [𝑁 𝑚𝑚²]⁄  

 

- Note: The fatigue resistance R is equal to L in Figure 235. 

A calculated additional service life of at least 50 years is available for notch detail D1a after 

strengthening the orthotropic steel deck using a UHPFRC pavement. An inspection on site regarding to 

existing fatigue cracks and if necessary a renovation of these damages before strengthening is required 

anyway. 

 

• Evaluation including full scale test results 

 

Referring to the fatigue load models FLM 4, FLM 4* and FLM 2, axle type B always indicates higher 

axle loads than axle type C (see Figure 24 in Section 2.5.2). Therefore, axle type B is taken in the 

following for more detailed analyses. The numerically calculated stress reduction factor f,B for detail 

D1a at LR-1 (near the main girder) due to axle type B can be calculated with the ratio of the maximum 

occurring stress at model E-1 (strengthened deck) to the one at model A (unstrengthened deck). The 

strengthened steel deck (model E-1) gives a value of |D1a,max,E-1| = 13.7 N/mm² due to axle type B with 

an axle load of FA = 190 kN and under consideration of a fictive adhesive layer thickness of t = 3 mm 

(see Table 30 in Section 5.4.1). The maximum occurring stress at model A is |D1a,max,A| = 103.78 N/mm² 

due to axle type B with an axle load of FA = 100 kN. The following numerical stress reduction factor 

can therefore be noted, based on an axle load of FA = 190kN: 

 

f,B = |D1a,max,E-1| / (1.9 ∙ |D1a,max,A|) = 13.7 / (1.9 ∙ 103.78) = 0.07 

 

This numerically calculated stress reduction factor can simplified be assumed as reduction factor for the 

stress ranges D1a at detail D1a (f,B = f,B).  

 

At the full scale tests (see Section 5.6), a reduction factor of f,B,test = f,B,test = 0.11 (see Table 37) could 

be measured for axle type B with FA = 190 kN, before the extreme thermal constraint. Therefore, the 

verification shown above has to be scaled as following: 

 

D1a,max,test+φ = 26.4 ∙ 0.11 / 0.07 = 41.5 N/mm² ≈ L = 40.2 N/mm² (before constraint) 
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After the extreme thermal constraint, a reduction factor of f,B,test = f,B,test = 0.20 (see Table 40 in Section 

5.6.5.1) could be read out. Hence, the verification has to be modified as shown below: 

 

D1a,max,test+φ = 26.4 ∙ 0.20 / 0.07 = 75.4 N/mm² > L = 40.2 N/mm² (after constraint) 

 

It must be recognised that the accuracy of this verification is limited. This is because, on the one hand, 

the reduction factor from the experiment cannot be transferred directly to different load positions 

(D1a,max and D1a,min are caused due to different load positions) and, on the other hand, very conservative 

approaches were used in the verification concept. This also means that a calculated maximum occurring 

stress range D1a,max,new that exceeds L is not an exclusion criterion of the elaborated strengthening 

solution. The results only suggest, that additional strain measurements will be required as part of a 

prototype performance. It is expected that a sufficient residual life will be achieved with the proposed 

reinforcing solution. In addition, it can be seen that cracking in the concrete plate due to restraining 

action must be limited by sufficient reinforcement to obtain stress reduction factors in the order of f ≈ 

0.10. 

 

 

 Detail D2 

For the use of Concept 2, it is necessary to apply FLM 2 with an additional dynamic factor (φ=1.2) 

regarding to a fatigue endurable design of the steel deck including the UHFRC strengthening. As shown 

in Section 5.4.2.2, the maximum occurring stress range due to the numerical simulations at the 

strengthened deck is: 

 

ห∆𝜎𝑚𝑎𝑥,𝐷2,𝐹𝐿𝑀2+𝜑ห = 76.62 [𝑁 𝑚𝑚²]⁄ >  |∆𝜎𝑅| = 40.2 [𝑁 𝑚𝑚²]⁄  

 

The maximum occurring future stress range ∆σmax,D2,new has a higher value than the cut off limit of fatigue 

resistance and therefore additional fatigue damage has to be expected also after the strengthening. 

Looking at the determined stress reduction factors fσ,B and fσ,C presented in Section 5.4.2 it can be noted 

that the occurring stresses in notch detail D2 are decreasing strongly due to the application of an 

UHPFRC pavement. Worth particular mention is that the determination of the maximum occurring 

stress range after strengthening is highly effected by very conservative assumptions. The Young’s 

Modulus of the UHPFRC pavement was conservatively defined with a very low value of Ec,eff = Ec / 4 

= 12.500 N/mm². Full scale tests, which have been performed within the research project in [33] and 

will be presented in Section 5.6 showed a better load carrying behaviour and further investigations 

relating to a realistic effective overall Young’s Modulus for the FE calculations were done based on the 
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tests. The full scale test as well as the developed effective overall Young’s Modulus of the UHPFRC 

pavement on orthotropic steel decks are presented in Section 5.6.7. 

 

With regards to the illustrated stress range spectrum in Figure 244.a at the steel deck before 

strengthening, it can be recognised that the maximum occurring stress range has a value of ∆σmax,D2,old =  

62.9 N/mm². This value is lower than the fatigue strength according to the appropriate S-N-curve ∆σD 

= 73.7 N/mm². According to the Eurocode [4], no fatigue damage occurs when the condition ∆σmax < 

∆σD can be fulfilled and the notch detail can be seen as fatigue endurable. Because of the occurrence of 

highly overloaded lorries and for the purpose regarding to the development of a robust strengthening 

solution, the applied procedure within this thesis is very conservative but seems necessary. 

 

• Evaluation including full scale test results 

 

The numerical analyses at Model A (unstrengthened deck) and E-1 (strengthened deck) showed stress 

reduction factors of: 

- Single wheeled axles (axle type A and C): f,num,A/C = 0.36 (numerical Model E-1 compared to A) 

- Double wheeled axles (axle type B): f,num,B = 0.78 (numerical Model E-1 compared to A) 

 

The significantly more beneficial behaviour of the concrete strengthening for detail D2 in the full-scale 

test (see Section 5.6) also leads to a sufficient residual life according to Concept 2 for this detail, as 

shown below - in contrast to the previous numerical calculations. On the basis of the numerical 

simulations, axle type B from lorry type T2 is decisive (stress reduction factor in the test f,test,B = 0.24, 

see Table 40). Also for axle type C, a more beneficial reduction factor could be verified (f,test,C = 0.23, 

see Table 44) with the full scale tests and therefore also lorry type T3 was considered for the verification. 

 

− Verification of vehicle type T2, axle type B (for D2,max,FLM2+φ see Section 5.3.3) with stress 

reduction factor of the full scale test) 
 

|D2,max,new| = |D2,max,FLM2+φ| ∙ f,test,B / f,num = 76.62 ∙ 0.24 / 0.78 = 23.6 N/mm² < L = 40.2 N/mm² 

 

− Verification of vehicle type T3, axle type C (for D2,T3,C see Section 5.4.2) with stress reduction 

factor of the full scale test 
 

|D2,T3,C,FLM2+φ| = 30.84 ∙ 120 / 90 ∙ 1.20 = 49.34 N/mm² 

|D2,T3,new| = |D2,T3,C,FLM2+φ| ∙ f,test,C / f,num = 49.34 ∙ 0.23 / 0.36 = 31.5 N/mm² < L = 40.2 N/mm² 



Strengthening of orthotropic steel decks with a concrete plate 

 

268 

 Detail D3 

As described in Concept 2, fatigue load model FLM 2 has to be applied which includes higher axle loads 

and gross weights than FLM 4 regarding to a fatigue endurable design of the UHPFRC pavement. 

 

The maximum occurring stress range in the future ∆σmax,D3,new can be expected due to the trailer axles of 

lorry type T2 at its critical load position (see Figure 81 in Section 3.3.4).   

 

As already shown in Figure 245.b and Figure 246.b, the maximum occurring future stress ranges (after 

strengthening) due to FLM 4* in detail D3 – Joint I/III and Joint II – are having a value of: 

 

→ ∆σmax,D3,new = 87.0 N/mm²  due to FLM 4* at Joint I/III 

→ ∆σmax,D3,new = 48.0 N/mm²  due to FLM 4* at Joint II 

 

For the use of Concept 2, where FLM 2 is necessary, this maximum occurring future stress ranges plotted 

above have to be scaled based on the ratio referring to the appropriate axle loads from FLM 4* and FLM 

2 (axle loads FA,T2,B,FLM4* = 105.7 KN, FA,T2,B,FLM2 = 140 KN; see Figure 24 in Section 2.5.2):  

 

→ ∆σmax,D3,new = 87.0 ∙ 140/105.7 = 115.2 N/mm² due to FLM 2 at Joint I/III 

→ ∆σmax,D3,new = 48.0 ∙ 140/105.7 = 63.6 N/mm² due to FLM 2 at Joint II 

 

The stress ranges in the notch detail have been determined under consideration of a static numerical 

analysis and therefore dynamic effects have to be taken into account within Concept 2. These dynamic 

effects were considered with an overall dynamic factor of φ = 1.2: 

 

→ ∆σmax,D3,new = 115.2 ∙ 1.2 = 138.2 N/mm²  due to FLM 2, including φ = 1.2 at Joint I/III 

→ ∆σmax,D3,new = 63.6 ∙ 1.2 = 76.3 N/mm²  due to FLM 2, including φ = 1.2 at Joint II 

 

- Fatigue strength ∆σc (nc = 2 ∙ 106) for D3: ∆𝜎𝑐 = 100 [𝑁 𝑚𝑚²]⁄  

        ∆𝜎𝐷 = 73.7 [𝑁 𝑚𝑚²]⁄  

        ∆𝜎𝐿 = ∆𝜎𝑅 = 40.2 [𝑁 𝑚𝑚²]⁄  

 

ห∆𝜎𝑚𝑎𝑥,𝐷3,𝑛𝑒𝑤ห = 138.2 [𝑁 𝑚𝑚²]⁄ >  |∆𝜎𝑅| = 40.2 [𝑁 𝑚𝑚²]⁄  Joint I/III 

ห∆𝜎𝑚𝑎𝑥,𝐷3,𝑛𝑒𝑤ห = 76.3 [𝑁 𝑚𝑚²]⁄ >  |∆𝜎𝑅| = 40.2 [𝑁 𝑚𝑚²]⁄  Joint II 

Note: Higher maximum stress cycles will occur for a parallel crossing of lorries on different lanes. 

 



Strengthening of orthotropic steel decks with a concrete plate 

 

269 

The maximum occurring future stress range ∆σmax,D3,new has at both joints a higher value than the cut off 

limit of fatigue resistance and therefore additional fatigue damage have to be expected also after the 

strengthening. Worth particular mention is that the determination of the maximum occurring stress range 

after strengthening is highly effected by very conservative assumptions.  

Local in situ strain measurements in the regions of the bolted field connections are therefore necessary 

for an accurate fatigue evaluation of this strengthening detail. 

 

 

5.6. Full scale tests 

  General 

In addition to the extensive numerical studies regarding to the strengthened orthotropic steel deck’s 

fatigue life, full scale tests have been performed to get  more accurate stress reduction factors f which 

are based on strain measurements in the local notch details. In the tests also the effects of overloads and 

thermal constraints, leading to additional concrete cracks, were studied. For the numerical analyses, also 

the concrete’s effective Young’s Modulus was chosen in a very simplified way with a conservative value 

of Ec,eff = Ec/4 to include concrete cracking. This parameter strongly influences the local stresses in the 

steel structure and for this reason, also the full scale tests were necessary to clarify the lack of knowledge 

about a realistic effective concrete’s Young’s Modulus. 

 

The full scale tests with the implemented strain measurements are presented in this Section which have 

been performed within a research project [33]. In addition to the strain measurements and the resulting 

analyses regarding to the strengthening of orthotropic steel decks with an UHPFRC pavement and 

comparison with the old structure, a realistic effective overall UHPFRC Young’s Modulus Ec,eff,test has 

been determined by comparing the measurements with numerical calculations. The numerical analyses 

showed that a concrete pavement with a thickness of tc = 70mm would be sufficient for the stress 

reduction of detail D1a (see Table 30 in Section 5.5.1). But as already mentioned in Section 5.5.1, a 

concrete’s thickness of at least tc = 80mm is necessary because of the concrete’s reliability and for the 

warranty of sufficient concrete covering. Therefore, tc = 80mm was selected in the full scale test 

specimen. 

 

First, the geometrical dimensions and the site conditions as well as the production of the test specimen 

are described in Section 5.6.2. The structural design, the boundary conditions in the tests, the loading of 

the test specimen and the position of the in summary 27 strain gauges applied on the steel structure are 

presented. Additionally, the production of the UHPFRC pavement and the interconnecting joint between 

steel and concrete are described in this Section. 
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The measuring instrumentation is illustrated in Section 5.6.3 and an explanation of the performed testing 

sequence is also included. In summary 7 load levels have been applied, where static as well as dynamic 

loading was considered. 

 

The numerical results in terms of strains referring to the steel deck with asphalt pavement, which 

represents the reference case, have been determined with a finite element model that has been developed 

by using the same modelling techniques as for Model A to Model C (see Section 3.2.1 to 3.2.3). The 

resulting strains, which have been calculated at the same positions as the strain gauges on the full scale 

test specimen, are compared and visualised in Section 5.6.4. 

 

The measured strains at the steel structure due to a representative selection of load levels are presented 

in Section 5.6.5. In addition to the measurements at the steel structure, transducers were applied on the 

top surface of the concrete pavement and the measured values are shown in Section 5.6.6. A possible 

slippage in the interface between steel deck and concrete pavement has also been measured. These 

measurements were negligible small even for the highest load level and are therefore not mentioned in 

the following. A rigid composite interaction between steel and concrete can be assumed. The evaluation 

of all the mentioned measurements in the steel structure, the concrete pavement as well as in the interface 

between these two parts is shown in Section 5.6.5 and Section 5.6.6. 

 

Under consideration of the measurements on the full scale tests and in combination with additional 

numerical analyses, an overall effective Young’s Modulus of the UHPFRC pavement Ec,eff,test could be 

derived. The implemented investigations and the resulting value for this Young’s Modulus are presented 

in Section 5.6.7. Finally concluding remarks can be found in Section 5.6.8. 

 

  Geometrical dimensions, production and position of the strain gauges 

The geometrical dimensions, the production of the test specimen and the defined measuring positions 

of the strain gauges on the steel structure are described and visualised in this Section. 

 

Section 5.6.2.1 illustrates the steel structure referring to the orthotropic deck with open longitudinal ribs. 

Section 5.6.2.2 describes and visualises the UHPFRC pavement as strengthening method of the 

orthotropic deck. Section 5.6.2.3 includes an explanation of the interconnecting joint’s production 

between steel deck and concrete pavement. 

 Geometry of the steel deck 

The geometrical dimensions of the test specimen’s orthotropic steel deck are identical to representative 

Model A which is described and displayed in Section 3.2.1. 
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The orthotropic steel bridge deck consists of the following parts: 

• Cross Girder (CG): 

- Thickness of the web tCG = 10mm 

- Height of the cross girder hCG = 420mm 

- Interval between the cross girders eCG = 2.0m 

Note: The cross girder has no bottom flange. The cross girder’s web thickness was adapted so that 

the cross girder’s bending curve of the test specimen and Model A is identical. 

• Longitudinal Rib (LR): 

- Flat steel plates with a plate thickness of tLR = 10mm 

- Height of the longitudinal ribs hLR = 210mm 

- Interval between the longitudinal ribs eLR = 360mm 

• Deck Plate (DP): 

- Thickness of the deck plate tDP = 10mm 

- Deck plate slenderness eLR/ tDP = 360/10 = 36 

 

Figure 247 shows the geometry and the support of the test specimen as well as the positions of the strain 

gauges DMS 1 to DMS 27. 

• Strain gauges for the evaluation of the strains/stresses in the steel deck plate at the bottom surface 

(in transverse direction): 

- DMS 1 to DMS 4 in measuring axis MA-1 

- DMS 5 to DMS 8 in measuring axis MA-2 

• Strain gauges for the evaluation of the occurring strains/stresses at the longitudinal ribs in 

longitudinal direction in the local area of the weld connection to the mid cross girder  

- DMS 9 to DMS 17 – longitudinal rib in axis SA (region “Bereich L2”) 

- DMS 18 to DMS 22 – longitudinal rib in axis A4 (region “Bereich L3”) 

- DMS 23 to DMS 27 – longitudinal rib in axis A5 (region “Bereich L1”)  
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s 

Figure 247: overview of the test specimen’s steel construction 
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 Concrete pavement and interface between steel and concrete 

The UHPFRC pavement has been produced with a thickness of 80mm. An orthogonal conventional 

reinforcement with a diameter of 8mm, with a distance of 50mm, has been inserted whereby the rebars 

in longitudinal direction (position number 1, see Figure 248) are lying above the rebars in transverse 

direction (position number 2, see Figure 248). The concrete covering of the rebars to the finished 

concrete surface is 30mm and the interconnecting joint has been produced with a Basalt interspersed 

epoxy resin. 

 

Figure 248: reinforcement plan of the test specimen (values in cm) 

 

Plan view 
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− 2.0 Volume-%: 
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 Production of the concrete strengthening 

Table 33 gives an overview of the several operation steps referring to the production of the UHPFRC 

pavement and the interconnecting joint between steel and concrete at the test specimen. 

 

Table 33: Production sequence of the UHPFRC pavement and the interface between steel and 

concrete on the test specimen 

 Operation step Detailed Information 

1 Steel surface Sandblasting (class Sa 2.5) 

measured depth of roughness  

according DIN 4776: 1990-05  

Ra=14m, Rz=76m, Rq=17m 

2 Application of the epoxy resin thickness of 3mm; Sikadur 30 

3 Intersperse of the Basalt granulate 
dried Basalt grit  

Ø 4-8 mm 

4 Application of the formwork and reinforcement steel bars spot-welded 

5 Concreting  

 

 

In order to achieve a uniform layer thickness of the epoxy resin, the adhesive was field-wise applied by 

toothed spatula and then the surface has been smoothed by using an aluminium bar (see left picture in 

Figure 249). Immediately after that the dried basalt granulate was sprinkled by hand and was then 

pressed into the adhesive layer by using a friction board (see right picture in Figure 249). Excessive grit 

was loosened in several operation steps by using alternately a coarse brush and an extractor.  

 

 
Figure 249: production of the interconnecting joint between steel deck and concrete pavement 
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The reinforcing bars were welded to an orthogonal grid and placed upon conventional plastic spacers 

which were placed directly above the split layer. 

The application of the concrete was done by using 2 different concrete mixers parallel. In summary 6 

mixer fills have been produced which have been merged into a 1000 litre crane bucket (see Figure 250). 

 

 

Figure 250: manipulation of the fresh concrete 

 

A detailed protocol of the mixing and manipulation process is illustrated in [33]. The process ability of 

the UHPFRC was checked by spreading test according to ÖNorm EN 12350-5. 

 

The filling of the fresh concrete mixture into the formwork was done directly from the crane bucket, 

which was led in a serpentine line over the test specimen. The first step of the concrete compaction has 

been done with a small shaking spatula, the second step was accomplished with a large vibrating screed 

(over the entire width of the test specimen). By spraying the concrete’s surface with water and rubbing 

it with a friction board, the surface was finalized by hand. The whole process is documented in Figure 

251 and Figure 252. 
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Figure 251: application of the fresh concrete with crane bucket 

 

 
Figure 252: concrete compaction with shaking spatula (left) and vibrating screed (right) 

 

For the material characterization of the UHPFRC-material 28 cubes (100mm) and 12 cylinders 

(100mm/200mm) were made. Furthermore, large-sized test specimens for tensile (4 pcs.) and bending-

tensile tests (3 pcs.) were made and additionally 2 shrinkage channels were filled with UHPFRC (see 

Figure 253). The results of the material tests of these specimens can be found in [33]. 

 

 
Figure 253: test specimens for accompanying material tests referring to the UHPFRC 
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  Measuring instrumentation and testing load sequence 

 Experimental set-up 

The full scale test is a bending test on a plate which is vertically supported at 6 points (see Figure 254). 

The local stresses in the fatigue critical notch details have to be simulated due to the wheel loads from 

the heavy traffic at an actual orthotropic steel bridge deck. The bearings are rotatable in all directions 

and the horizontal degree of freedom should be free at most of the vertical supports to avoid any 

constraining effect (only 1 fixed support). 2 different surface pressure load arrangements were applied 

which represent the contact patches of single and double wheeled axles (axle type B and C according to 

[1], see Figure 25 in Section 2.5.2). Surface load arrangement 1 corresponds to two single wheeled axles 

(axle type C) positioned centrally on the mid longitudinal rib. The centre of each surface load is 

positioned in a distance of 800mm away from the mid cross girder. The 2nd arrangement consists of 4 

load surfaces, which represent the twin tyres (axle type B). The load surfaces are positioned also 

centrally above the mid longitudinal rib and the centre of each twin tyre is located in a distance of 

800mm away from the mid cross girder. The load concept and the supports are shown in Figure 254. 

 

 

Figure 254: load and support concept of the test specimen 

 

The support on 6 points is statically indefinite and requires the possibility of compensation of the 

imperfections from the test specimen (deviations from the deck plate level). This requirement was made 

by using high strength threaded rods (Ø47) which create the bearing base. The in the test occurring 

rotational movements happened in the contact surface between the spherical nut and the attached bearing 

plate. Additional elastomer plates with a thickness of 3mm have been inserted between the bearing plates 
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and the test specimen to avoid horizontal constraints. The supporting detail is illustrated in the left 

picture of Figure 255. 

 

 

Figure 255: left: storage detail at the ends of the cross girders; right: load introduction through load 

distributing beam (IPB 300) 

 

The surface pressure loads referring to axle type B and C with its geometrical dimensions as shown in 

Figure 254 were implemented by using 12.5mm thick elastomer plates. These elastomer plates were laid 

under load distributing metal foot plates. The load introduction from the test cylinder of the testing 

facility has been performed by adding a load distribution beam between the metal foot plates and the 

test cylinder. This load distributing beam was connected with a ball joint to the test cylinder. The right 

picture in Figure 255 illustrates the load introduction. Figure 256 gives an overview of the entire test 

specimen and the test facilities. More detailed information of the used experimental equipment can be 

found in [33]. 

 

 

Figure 256: overview of the entire test specimen and the test facilities 
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 Test equipment 

Before the concrete pavement was produced, 27 linear strain gauges were applied at the bottom side of 

the steel deck for the determination of the occurring strains and stresses in the steel structure. The exact 

positions of the strain gauges are illustrated in Figure 247 and also in Figure 257. Strain gauges of the 

type LY61/1.5mm/120 Ohm from the manufacturer „Hottinger Baldwin Messtechnik“ (HBM) have 

been used. Strain gauge DMS 1 to DMS 8 are applied directly to the steel plate in transverse direction. 

Strain gauges DMS 9 to DMS 27 are applied to the longitudinal ribs in the longitudinal direction. 

 

On the upper surface of the concrete, 12 setting strain transducers from the type DD1 from HBM were 

installed. These measuring instruments were mounted to evaluate the complete local deformation 

behaviour of the test specimen and for an early occurring crack recognition in the concrete pavement. 

The exact positions of the setting strain transducers are illustrated in Figure 257. 

 

 

Figure 257: measuring arrangement of the strain gauges D1-D27 and the setting strain transducers 

(green) on the upper surface of the UHPFRC pavement  

plan view 
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A5 
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 Testing sequence 

The loading of the test specimen was performed with different load arrangements (axle type B and C) 

as already described in Section 5.6.3.1. For every load arrangement in summary 7 load levels have been 

taken into account. Additionally, for every load level static and dynamic load application with 1000 load 

cycles have been performed. The static and dynamic load application have been performed alternating 

with increasing load levels. The specified load levels are in summary plotted in Table 34. An additional 

background to the specified load levels in Table 34 is described in the list below: 

 

- Load level 1: estimation of the characteristic service load on road bridges referring to the frequent 

load combination according to [54] 

- Load level 2: reduced fatigue load model FLM 4* based on weigh in motion measurements in [44] 

(see Figure 24 in Section 2.5.2) 

- Load level 3: fatigue load model FLM 4 according to [1], group of idealised heavy vehicles (see 

Figure 24 in Section 2.5.2) 

- Load level 4: fatigue load model FLM 2 according to [1], group of frequent heavy vehicles (see 

Figure 24 in Section 2.5.2) 

- Load level 5 and 6: intermediate steps between FLM 2 and LM 1 for the increase of the load 

- Load level 7: load model LM 1 according to [1], maximum axle load for a double axle at the main 

lane. The static ultimate limit state verifications are made with this load model 

 

Table 34: Specification of the axle and wheel loads in [kN] referring to every load level 

load level 1 2 3 4 5 6 7 

axle 

C 

total 33(28%) 66(55%) 90(75%) 120(100%) 144(120%) 180(150%) 300(250%) 

per 

wheel 
16,5 33 45 60 72 90 150 

axle 

B 

total 55(29%) 110(58%) 150(79%) 190(100%) 228(120%) 285(150%)   

per 

wheel 
27,5 55 75 95 114 142.5  

background SLS ELM4* ELM4 ELM2 1.2xELM2 1.5xELM2 LM1 

 

In summary 55 tests have been performed at the full scale test specimen and a detailed documentation 

of the testing sequence is also shown in [33]. After the finalisation of the originally planned experimental 

program, no visible cracks could be detected in the analysed region of the concrete plate of the test 

specimen. Therefore, it was decided to perform additional loading tests after a thermal constraining 

event. The test specimen was stored outdoors in summer on 4 bearing points and the upper surface was 

covered with a black foil to achieve the greatest possible warming from the sun's rays (see left picture 

in Figure 258). As a conservative simulation of a heavy rain on a hot summer day, the test specimen had 

been sprayed with water (see right picture in Figure 258).  
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Figure 258: storage of the test specimen outdoors and – left: covering the test specimen with a black 

foil; right: sprinkling the concrete surface with water 

 

To quantify this extreme thermal constraining event, that represents a sudden thunder shower on a very 

hot summer day, additional temperature measurements were done. The air temperature below the test 

body, the temperature at the upper concrete surface and the temperature at the bottom surface of the 

steel deck had been measured. These temperature measurements along the time of the experiment are 

plotted in Figure 259. 

 

 

Figure 259: temperature profile during the weathering experiment 

 

After this extreme thermal constraining event cracks in the concrete plate could be detected which are 

documented in Section 5.6.6.2. The test specimen was again installed into the testing machine after 

finishing the thermal constraining experiment and then again loaded with predefined load levels (load 

level 4 with axle type B and load level 7 with axle type C). 
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 Tensile bond (pull off) tests at the full scale test specimen 

After completion of all full scale tests including the thermal constraining event, the remaining tensile 

strength between concrete pavement and steel deck was determined at 10 selected points of the test 

specimen. The location of the measuring points and their designation is shown in Figure 260.  

 

 

Figure 260: location and designation of the measuring points referring to the tensile bond tests 

 

For this purpose, concrete cylinders with a diameter of approx. 100 mm were first released by using a 

core drilling machine. A 100 mm high steel stamp was glued to the concrete test cylinder with an epoxy 

adhesive (see left picture in Figure 261). The steel stamp had a centric threaded hole through which the 

tension test load was introduced by using a threaded rod. The base of the pull off tester (circular contact 

patch) had an inside diameter of 185mm and a ring width of 15mm (see right picture in Figure 261). 

The force was applied with a hydraulic hand pump and has been measured by a strain gauge equipped 

and force calibrated measuring rod. The results are presented in Section 5.6.6.4. 

 

 

Figure 261: performance of the tensile bond tests; left: glued steel stamp; right: pull off tester 
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  Numerical stresses for steel deck with asphalt pavement – reference values (before 

strengthening) 

For the reference case, before strengthening, the strains in the measuring points of the steel structure 

have been determined with a finite element model. The locations of the measuring points are illustrated 

in Figure 247. The numerical model has been developed under consideration of the geometry according 

to the full scale test specimen. The modelling technique is identically to the finite element model of 

Model A which is described in Section 3.2.1. Figure 262 shows an overview of the finite element model 

referring to the full scale tests for the determination of the reference strain values regarding to the 

unstrengthened steel deck.  

 

Figure 262: overview of the finite element model referring to the full scale tests – reference case, 

unstrengthened steel deck 

 

The asphalt pavement was indirectly taken into account by means of an increased wheel contact patch, 

with a load spreading angle of 45° through the thickness of the asphalt pavement (see Figure 29 in 

Section 2.5.2). The mesh refinement of the FEM model in detail D1 (connection of longitudinal rib to 

the deck plate) has been assigned according to the requirements regarding to the structural stress method 

and can be seen in Figure 35.a (see Section 2.8). The strains in the measuring points DMS 1 to DMS 27 

have been calculated due to axle/wheel type B and C and under consideration of the load levels which 

are presented in Table 34 (see Section 5.6.3.3).  

Deck Plate 𝑡𝐷𝑃 = 10 [𝑚𝑚] 

Solid elements C3D20R 

Element size 20x20x10 [mm] 

Longitudinal Rib 𝑡𝐿𝑅 = 10 [𝑚𝑚] 

Shell elements S8R 

Element size 10x10 [mm] 

Cross Girder web 𝑡𝐶𝐺 = 10 [𝑚𝑚] 

Web shell elements S8R 

Element size 12x12 [mm] 

A2 

A3 

A1 

SA 

A5 

A4 
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Table 35 shows exemplarily the results of the numerical calculations regarding to the reference case, 

before strengthening (without UHPFRC pavement), due to load level 4 (FLM 2) for axle /wheel type B 

and C. 

 

Note: Numerical calculations under consideration of a steel Young’s Modulus of ES = 210,000 N/mm² 

 

 

Table 35: numerical determined strains and stresses in the measuring points due to axle type B and C 

and load level 4 (FLM 2) – reference values before strengthening 

Strain 

gauge 

DMS 

Axle type B, F=190 [kN] Axle type C, F=120 [kN] 

strain [-] stress [N/mm²] strain [-] stress [N/mm²] 

1 -5.664E-04 -135.7 -3.700E-04 -89.3 

2 -6.407E-04 -151.5 -4.316E-04 -102.6 

3 -6.455E-04 -152.6 -4.356E-04 -103.5 

4 -5.709E-04 -136.7 -3.739E-04 -90.1 

5 -5.664E-04 -135.7 -3.700E-04 -89.3 

6 -6.407E-04 -151.6 -4.315E-04 -102.6 

7 -6.454E-04 -152.6 -4.355E-04 -103.5 

8 -5.709E-04 -136.7 -3.738E-04 -90.1 

9 -5.267E-04 -112.7 -4.508E-04 -96.5 

10 -5.327E-04 -113.4 -4.560E-04 -97.1 

11 -5.326E-04 -113.4 -4.559E-04 -97.1 

12 -5.264E-04 -112.6 -4.506E-04 -96.4 

13 -5.649E-04 -118.1 -4.822E-04 -100.8 

14 -5.731E-04 -120.0 -4.890E-04 -102.4 

15 -6.289E-04 -133.0 -5.363E-04 -113.4 

16 -5.717E-04 -119.7 -4.879E-04 -102.1 

17 -5.638E-04 -117.9 -4.812E-04 -100.6 

18 -2.759E-04 -59.4 -1.158E-04 -25.0 

19 -2.748E-04 -59.1 -1.152E-04 -24.8 

20 -1.357E-04 -27.6 -2.119E-05 -3.9 

21 -1.315E-04 -26.1 -1.088E-05 -1.2 

22 -1.355E-04 -27.6 -2.128E-05 -4.0 

23 -1.060E-04 -22.5 -4.958E-06 -1.0 

24 -1.064E-04 -22.4 -5.027E-06 -0.9 

25 -2.817E-04 -59.7 -1.161E-04 -24.8 

26 -3.351E-04 -72.8 -1.437E-04 -31.6 

27 -2.817E-04 -59.8 -1.161E-04 -24.8 
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  Steel deck – results and evaluation of the measurements 

In the following Sections 5.6.5.1 and 5.6.5.2, the results referring to the strain measurements in the steel 

structure at the full scale tests are presented for a selection of 2 load levels (load level 4 and 7, see Table 

34 in Section 5.6.3.3). The entire strain measurements are plotted in [33]. 

 

The following values are pointed out: 

- ε(1) are the strains measured at the test specimen due to the belonging load level (axle type B and C) 

- ε(0) are the numerical determined reference strains referring to the unstrengthened steel deck (see 

Section 5.6.4) due to the belonging load level (axle type B and C) 

- f = ε(1) / ε(0) … stress reduction factor regarding to the strengthening with UHPFRC pavement 

 

There was always a static loading per load level up to the respective load maximum of the load level. 

Then a dynamic loading with about 1000 load cycles and the same load maximum from the actual load 

level has been performed. Finally, there was again a static loading up to the same maximum of the load 

level. This described procedure was done for every load level and after finishing the entire testing 

sequence, an extreme thermal constraining event, which is already described in Section 5.6.3.3, took 

place. After the thermal constraining event, the same loading procedure (static, dynamic, static) was 

performed again for load level 4 (axle type B) and load level 7 (axle type C) by using the test specimen 

that had now small cracks in the concrete. Table 36 shows the procedure of load application for each 

load level. 

 

Table 36: loading mode per load level and additional tests after thermal constraining event 

Load level Load step Loading type 

1 to 7 

1 Static loading 

2 Dynamic loading, about 1000 cycles with ⁓2 Hz 

3 Static loading 

thermal constraining event: 

Heating and sudden cool down 

(simulation of a heavy shower on a hot summer day) 

crack initiation in the concrete pavement 

4 (axle type B) 

7 (axle type C) 

4 Static loading 

5 Dynamic loading, about 1000 cycles with ⁓2 Hz 

6 Static loading 

 

In the following, a summary of the most important results from the full scale tests with respect to the 

stresses on the steel deck at the relevant notch details is given. The detailed results in all measuring 

points (strain gauge DMS 1 to DMS 27) regarding to the individual examined load levels 1 to 7 and the 
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two investigated axles (axle type B or C) can be found in [33]. The results of load level 4 and 7 are 

illustrated in Table 37 to Table 44.  

 

As mentioned before, for each load level, 2 strain measurements were carried out under a static loading, 

before and after the applied dynamic load cycles. Additionally, after successful completion of all load 

levels, a realistic extreme thermal constraining event at the unloaded test specimen has been performed 

(outdoor heating on a hot summer day followed by sprinkling with cold water). A renewed loading due 

to 2 very high load levels has followed (see Table 36): 

 

- Load level 7 for axle type C 

- Load level 4 for axle type B 

 

For a better overview, a comparison of the results for exactly these two load levels has been done with 

the results before and after the thermal constraining event.  

 

For the evaluation of the results on the steel deck, the measured strains ε(1) in the individual measuring 

points alone are not meaningful regarding to the desired remaining service life. The reduction of the 

stress or strain level compared to the unstrengthened current steel deck with asphalt pavement is 

essential. Hence, also the results are plotted relating to the steel deck before strengthening in terms of 

strains ε(0). These strains ε(0) were not measured values but numerically calculated ones based on the 

steel deck with an asphalt pavement. The strain/stress reduction factor f = ε(1) /ε(0) due to the 

strengthening, which is stated for all measuring points and load levels in the result tables, is very 

important for the assessment of the remaining service life. In the following, this strain reduction factor 

f will be discussed in detail. 

 

 Results for load level 4 

The measured strains ε(1) (after strengthening) and the numerically calculated reference strains ε(0) 

(before strengthening) are presented in Table 37, relating to the measuring points DMS 1 to DMS 27 

(see Figure 247) due to load level 4, load step 1 (see Table 36). The factor f = ε(1) / ε(0) indicates the 

stress reduction due to the UHPFRC pavement. 

 

By comparing the values from the measurements ε(1) (with concrete pavement) to the numerically 

calculated ones ε(0) (without concrete pavement), a change of the algebraic sign can be detected for the 

strain gauges DMS 1 to DMS 8 (strain gauges for the deck plate bending – detail D1a). Without concrete 

pavement (values ε(0)), the steel deck plate is mainly acting as a continuous beam in transverse direction 

which is supported by the longitudinal ribs. Primary bending stresses occur in the deck plate which are 

compression stresses (negative ε(0)-values) on the deck plate’s bottom side in the area of the longitudinal 



Strengthening of orthotropic steel decks with a concrete plate 

 

287 

rib. On the contrary, the strengthened deck plate is acting primary as a membrane. Due to the composite 

action of the steel deck plate and the concrete pavement, mainly tensile membrane stresses (positive ε(1)-

values) occur in the deck plate and the concrete’s stresses in these area are compression stresses.  

Table 37: results of the full scale test at load level 4 and load step 1 

Load level 4 – load step 1 

      Static loading, before dynamic loading 

   Axle type C, F = 120[kN] Axle type B, F = 190[kN] 

      ε(1) ε(0) f=ε(1)/ε(0) ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0) 

S
tr

a
in

s 
a
t 

th
e 

d
ec

k
 p

la
te

 

M
A

-1
 

DMS1 7.52E-05 -3.70E-04 -0.20 5.91E-05 96.2% -5.66E-04 -0.10 

DMS2 7.38E-05 -4.32E-04 -0.17 5.56E-05 89.9% -6.41E-04 -0.09 

DMS3 8.12E-05 -4.36E-04 -0.19 6.01E-05 99.0% -6.45E-04 -0.09 

DMS4 7.47E-05 -3.74E-04 -0.20 6.22E-05 100.0% -5.71E-04 -0.11 

M
A

-2
 

DMS5 6.86E-05 -3.70E-04 -0.19 5.49E-05 89.0% -5.66E-04 -0.10 

DMS6 6.96E-05 -4.32E-04 -0.16 5.41E-05 88.0% -6.41E-04 -0.08 

DMS7 6.61E-05 -4.36E-04 -0.15 5.19E-05 83.2% -6.45E-04 -0.08 

DMS8 6.42E-05 -3.74E-04 -0.17 5.30E-05 85.0% -5.71E-04 -0.09 

S
tr

a
in

s 
a
t 

th
e 

lo
n

g
it

u
d

in
a
l 

ri
b

s L
R

-m
 

DMS9 -4.68E-05 -4.51E-04 0.10 -9.63E-05 89.5% -5.27E-04 0.18 

DMS10 -5.70E-05 -4.56E-04 0.12 -1.07E-04 100.0% -5.33E-04 0.20 

DMS11 -4.68E-05 -4.56E-04 0.10 -9.02E-05 83.4% -5.33E-04 0.17 

DMS12 -4.95E-05 -4.51E-04 0.11 -9.36E-05 87.0% -5.26E-04 0.18 

DMS13 -4.24E-05 -4.82E-04 0.09 -8.12E-05 75.8% -5.65E-04 0.14 

DMS14 -4.03E-05 -4.89E-04 0.08 -7.39E-05 68.7% -5.73E-04 0.13 

DMS15 -5.64E-05 -5.36E-04 0.11 -1.03E-04 98.2% -6.29E-04 0.16 

DMS16 -4.62E-05 -4.88E-04 0.09 -8.38E-05 76.6% -5.72E-04 0.15 

DMS17 -4.28E-05 -4.81E-04 0.09 -8.01E-05 75.3% -5.64E-04 0.14 

L
R

-A
4

 

DMS18 -2.08E-05 -1.16E-04 0.18 -6.65E-05 60.6% -2.76E-04 0.24 

DMS19 -3.16E-05 -1.15E-04 0.27 -8.80E-05 82.3% -2.75E-04 0.32 

DMS20 -2.06E-05 -2.12E-05 0.97 -6.47E-05 60.3% -1.36E-04 0.48 

DMS21 -1.12E-05 -1.09E-05 1.03 -5.25E-05 50.6% -1.31E-04 0.40 

DMS22 -6.43E-06 -2.13E-05 0.30 -3.67E-05 35.6% -1.36E-04 0.27 

L
R

-A
5

 

DMS23 -5.51E-06 -4.96E-06 1.11 -3.91E-05 38.1% -1.06E-04 0.37 

DMS24 -2.54E-06 -5.03E-06 0.51 -3.87E-05 38.3% -1.06E-04 0.36 

DMS25 -2.11E-05 -1.16E-04 0.18 -6.08E-05 56.1% -2.82E-04 0.22 

DMS26 -1.79E-05 -1.44E-04 0.12 -6.47E-05 60.6% -3.35E-04 0.19 

DMS27 -2.11E-05 -1.16E-04 0.18 -5.96E-05 57.0% -2.82E-04 0.21 
 

Table 38 shows the measured strains ε(1) (after strengthening) and the numerically calculated reference 

strains ε(0) (before strengthening) for DMS 1 to DMS 27 due to load level 4, load step 3 (see Table 36). 

The stress reduction, caused by the deck strengthening, is indicated with the factor f = ε(1) / ε(0).  
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An additional column shows the strain increase due to the dynamic loading for axle type B in percentage 

(strain ε(1) of load step 3 relating to strain ε(1) of load step 1). 

Table 38: results of the full scale test at load level 4 and load step 3 

Load level 4 – load step 3 

      Static loading, after dynamic loading 

   Axle type C, F=120[kN]  Axle type B, F=190[kN] 

      ε(1) ε(0) f=ε(1)/ε(0) ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0)  
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DMS1 7.57E-05 -3.70E-04 -0.20 6.02E-05 96% -5.66E-04 -0.11 1.8% 
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DMS2 7.47E-05 -4.32E-04 -0.17 5.63E-05 90% -6.41E-04 -0.09 1.2% 

DMS3 8.13E-05 -4.36E-04 -0.19 6.20E-05 99% -6.45E-04 -0.10 3.1% 

DMS4 7.45E-05 -3.74E-04 -0.20 6.26E-05 100% -5.71E-04 -0.11 0.7% 

M
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DMS5 6.91E-05 -3.70E-04 -0.19 5.57E-05 89% -5.66E-04 -0.10 1.5% 

DMS6 7.03E-05 -4.32E-04 -0.16 5.51E-05 88% -6.41E-04 -0.09 1.8% 

DMS7 6.64E-05 -4.36E-04 -0.15 5.21E-05 83% -6.45E-04 -0.08 0.3% 

DMS8 6.42E-05 -3.74E-04 -0.17 5.32E-05 85% -5.71E-04 -0.09 0.4% 
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DMS9 -4.70E-05 -4.51E-04 0.10 -9.76E-05 90% -5.27E-04 0.19 1.4% 

DMS10 -5.71E-05 -4.56E-04 0.13 -1.09E-04 100% -5.33E-04 0.20 1.9% 

DMS11 -4.71E-05 -4.56E-04 0.10 -9.09E-05 83% -5.33E-04 0.17 0.8% 

DMS12 -4.98E-05 -4.51E-04 0.11 -9.48E-05 87% -5.26E-04 0.18 1.3% 

DMS13 -4.15E-05 -4.82E-04 0.09 -8.26E-05 76% -5.65E-04 0.15 1.8% 

DMS14 -3.80E-05 -4.89E-04 0.08 -7.49E-05 69% -5.73E-04 0.13 1.4% 

DMS15 -5.57E-05 -5.36E-04 0.10 -1.07E-04 98% -6.29E-04 0.17 3.6% 

DMS16 -4.51E-05 -4.88E-04 0.09 -8.35E-05 77% -5.72E-04 0.15 -0.3% 

DMS17 -4.20E-05 -4.81E-04 0.09 -8.21E-05 75% -5.64E-04 0.15 2.5% 
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DMS18 -1.89E-05 -1.16E-04 0.16 -6.61E-05 61% -2.76E-04 0.24 -0.7% 

DMS19 -3.16E-05 -1.15E-04 0.27 -8.97E-05 82% -2.75E-04 0.33 1.9% 

DMS20 -1.77E-05 -2.12E-05 0.84 -6.57E-05 60% -1.36E-04 0.48 1.6% 

DMS21 -1.20E-05 -1.09E-05 1.10 -5.51E-05 51% -1.31E-04 0.42 5.0% 

DMS22 -5.78E-06 -2.13E-05 0.27 -3.88E-05 36% -1.36E-04 0.29 5.8% 

L
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DMS23 -4.23E-06 -4.96E-06 0.85 -4.15E-05 38% -1.06E-04 0.39 6.1% 

DMS24 -9.56E-07 -5.03E-06 0.19 -4.17E-05 38% -1.06E-04 0.39 7.7% 

DMS25 -2.10E-05 -1.16E-04 0.18 -6.12E-05 56% -2.82E-04 0.22 0.6% 

DMS26 -1.96E-05 -1.44E-04 0.14 -6.60E-05 61% -3.35E-04 0.20 2.0% 

DMS27 -2.03E-05 -1.16E-04 0.17 -6.21E-05 57% -2.82E-04 0.22 4.2% 
 

No significant difference can be detected when comparing the measured strain values ε(1) from Table 37 

(static load step before dynamic loading) with the ones in Table 38 (static load step after dynamic 

loading). As it is shown in Table 38, a maximum increase of 3.1% (DMS 3) can be detected for the 

strain gauges on the deck plate and a maximum increase of 7.7% (DMS 24) can be read out for the strain 

gauges on the longitudinal ribs. 
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The strain values ε(1) (after strengthening) and ε(0) (before strengthening) are presented in Table 39 due 

to load level 4, load step 4 (see Table 36). Therefore, these tests have been performed after the thermal 

constraining event which caused additional cracks in the concrete plate (see Section 5.6.6). Again, the 

factor f = ε(1) / ε(0) indicates the stress reduction due to the UHPFRC pavement. The last column shows 

the strain increase or decrease in DMS 1 to DMS 27 due to the effect of additional cracks from the 

thermal constraint in percentage (strain ε(1) of loading mode 4 relating to strain ε(1) of load step 1). Axle 

type C was not considered for load level 4. 

Table 39: results of the full scale test at load level 4 and load step 4 

Load level 4 – load step 4 
   Static loading after thermal constraining event, before dynamic loading 
   Axle type B, F=190[kN] 
   ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0)   
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 DMS1 6.41E-05 61.0% -5.66E-04 -0.11 8.5% 
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DMS2 6.31E-05 60.1% -6.41E-04 -0.10 13.5% 

DMS3 1.00E-04 95.2% -6.45E-04 -0.16 66.9% 

DMS4 1.05E-04 100.0% -5.71E-04 -0.18 69.0% 

M
A

-2
 DMS5 4.48E-05 42.7% -5.66E-04 -0.08 -18.4% 

DMS6 4.38E-05 41.7% -6.41E-04 -0.07 -19.1% 

DMS7 6.02E-05 57.3% -6.45E-04 -0.09 15.9% 

DMS8 7.15E-05 68.1% -5.71E-04 -0.13 34.8% 
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DMS9 -1.16E-04 90.6% -5.27E-04 0.22 20.1% 

DMS10 -1.28E-04 100.0% -5.33E-04 0.24 20.3% 

DMS11 -1.04E-04 81.3% -5.33E-04 0.20 15.7% 

DMS12 -1.08E-04 84.4% -5.26E-04 0.20 15.3% 

DMS13 -9.56E-05 74.7% -5.65E-04 0.17 17.7% 

DMS14 -9.17E-05 71.6% -5.73E-04 0.16 24.1% 

DMS15 -1.26E-04 98.4% -6.29E-04 0.20 22.2% 

DMS16 -1.02E-04 79.7% -5.72E-04 0.18 21.9% 

DMS17 -1.00E-04 78.1% -5.64E-04 0.18 25.3% 
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DMS18 -7.38E-05 57.7% -2.76E-04 0.27 11.0% 

DMS19 -8.70E-05 68.0% -2.75E-04 0.32 -1.1% 

DMS20 -6.99E-05 54.6% -1.36E-04 0.51 8.0% 

DMS21 -5.28E-05 41.3% -1.31E-04 0.40 0.5% 

DMS22 -3.67E-05 28.7% -1.36E-04 0.27 0.1% 
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DMS23 -2.00E-05 15.6% -1.06E-04 0.19 -48.7% 

DMS24 -1.50E-05 11.7% -1.06E-04 0.14 -61.3% 

DMS25 -4.53E-05 35.4% -2.82E-04 0.16 -25.5% 

DMS26 -4.82E-05 37.7% -3.35E-04 0.14 -25.5% 

DMS27 -4.96E-05 38.8% -2.82E-04 0.18 -16.7% 

 

Table 39 shows the in- and decreases of the strains relating to the effect of the thermal constraint where 

a maximum of 69% can be detected in DMS 4 for the deck plate’s strain gauges. For the strain gauges 

that were applied on the longitudinal rib, a maximum increase of 25.3% can be stated in DMS 17. Also 

strain decreases could be detected. For example, -19.1% in DMS 6 and -61.3% in DMS 24. Hence, the 

strain in- and decreases are strongly varying and these observations confirm a rearrangement of the 

stresses in the steel structure due to the additional cracks in the concrete pavement. 
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Table 40 shows the results of the measured strains ε(1) (after strengthening) and the numerically 

calculated reference strains ε(0) (before strengthening) due to load level 4, load step 6 (see Table 36). 

The stress reduction due to the strengthening is shown via the factor f = ε(1) / ε(0). Additionally, the last 

column presents the strain’s in- or decrease due to the additional crack initiation from the thermal 

constraint and the results before and after dynamic loading (strain ε(1) of load step 6 relating to strain ε(1) 

of load step 1).  

 

A maximum increase of 84.1% can be stated in DMS 4 for the strain gauges at the deck plate after an 

additional dynamic loading (69% before dynamic loading, see Table 39). For the strain gauges at the 

longitudinal ribs, this additional dynamic loading does not have such a strong effect. A strain increase 

of 26.6% can be read out from Table 40 for DMS 17 (25.3% before dynamic loading, see Table 39). 

The maximum strain increase at the longitudinal rib’s strain gauges relating to load step 6 can now be 

found in DMS 16 with a value of 27.7% (21.9% before dynamic loading, see Table 39). 

 

By considering the measurements due to axle type B from Table 37 to Table 40  it can be concluded that 

the dynamic loading doesn’t have a significant effect to the strains of all analysed detail points before 

the thermal constraining event. The thermal constraining event has a very high influence on the strains 

in the analysed details of the deck plate which causes a maximum strain increase of 84.1% after an 

additional dynamic loading. Hence, also the stress reduction factor f,B for detail D1a increases due to 

this constraining event from 0.11 up to 0.20 (values for DMS 4). For the strain gauges at the longitudinal 

ribs, the strain increases due to the constraint effect are not that high as for the ones at the deck plate but 

are also significant. The stress reduction factor f,B for detail D2 at the relevant longitudinal rib LR-m 

increases from 0.20 up to 0.24 (values for DMS 10 at LR-m). 
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Table 40: results of the full scale test at load level 4 and load step 6 

Load level 4 – load step 6 

      

Static loading after thermal constraining event, after dynamic 

loading 

   
Axle type B, F=190[kN] 

      ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0)   
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DMS1 6.61E-05 58.0% -5.66E-04 -0.12 11.7% 
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DMS2 6.47E-05 56.8% -6.41E-04 -0.10 16.3% 

DMS3 1.09E-04 95.6% -6.45E-04 -0.17 81.4% 

DMS4 1.14E-04 100.0% -5.71E-04 -0.20 84.1% 

M
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DMS5 4.51E-05 39.6% -5.66E-04 -0.08 -17.7% 

DMS6 4.41E-05 38.7% -6.41E-04 -0.07 -18.4% 

DMS7 6.04E-05 53.0% -6.45E-04 -0.09 16.4% 

DMS8 7.27E-05 63.8% -5.71E-04 -0.13 37.1% 
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DMS9 -1.15E-04 89.8% -5.27E-04 0.22 19.7% 

DMS10 -1.28E-04 100.0% -5.33E-04 0.24 20.4% 

DMS11 -1.05E-04 82.0% -5.33E-04 0.20 16.3% 

DMS12 -1.08E-04 84.4% -5.26E-04 0.21 15.7% 

DMS13 -9.70E-05 75.8% -5.65E-04 0.17 19.5% 

DMS14 -8.88E-05 69.4% -5.73E-04 0.15 20.1% 

DMS15 -1.28E-04 100.0% -6.29E-04 0.20 23.9% 

DMS16 -1.07E-04 83.6% -5.72E-04 0.19 27.7% 

DMS17 -1.01E-04 78.9% -5.64E-04 0.18 26.6% 
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DMS18 -6.84E-05 53.4% -2.76E-04 0.25 2.8% 

DMS19 -8.34E-05 65.2% -2.75E-04 0.30 -5.2% 

DMS20 -6.27E-05 49.0% -1.36E-04 0.46 -3.1% 

DMS21 -4.73E-05 37.0% -1.31E-04 0.36 -9.9% 

DMS22 -3.12E-05 24.4% -1.36E-04 0.23 -15.0% 

L
R

-A
5

 

DMS23 -1.70E-05 13.3% -1.06E-04 0.16 -56.6% 

DMS24 -1.08E-05 8.4% -1.06E-04 0.10 -72.0% 

DMS25 -4.23E-05 33.0% -2.82E-04 0.15 -30.5% 

DMS26 -4.28E-05 33.4% -3.35E-04 0.13 -33.9% 

DMS27 -4.84E-05 37.8% -2.82E-04 0.17 -18.7% 

 Results for load level 7 

The measured strains ε(1) (after strengthening) and the numerically calculated reference strains ε(0) 

(before strengthening) are presented in Table 41, relating to the measuring points DMS 1 to DMS 27 

(see Figure 247) at the steel structure of the full scale test specimen and due to load level 7, load step 1 

(see Table 36). The strain reduction due to UHPFRC pavement is indicated by the factor f = ε(1) / ε(0). At 

load level 7 only the results for axle type C are presented. 
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Table 41: results of the full scale test at load level 7 and load step 1 

Load level 7 – load step 1 

    
 Static loading, before dynamic loading 

   
 Axle type C, F=300[kN] 

    
 ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0) 
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DMS1 1.79E-04 98.5% -9.25E-04 -0.19 

DMS2 1.75E-04 96.2% -1.08E-03 -0.16 

DMS3 1.82E-04 100.0% -1.09E-03 -0.17 

DMS4 1.82E-04 100.0% -9.35E-04 -0.19 

M
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DMS5 1.69E-04 92.8% -9.25E-04 -0.18 

DMS6 1.70E-04 93.4% -1.08E-03 -0.16 

DMS7 1.65E-04 90.7% -1.09E-03 -0.15 

DMS8 1.64E-04 90.2% -9.35E-04 -0.18 
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DMS9 -2.14E-04 90.4% -1.13E-03 0.19 

DMS10 -2.37E-04 100.0% -1.14E-03 0.21 

DMS11 -1.98E-04 83.7% -1.14E-03 0.17 

DMS12 -2.06E-04 87.0% -1.13E-03 0.18 

DMS13 -1.75E-04 73.8% -1.21E-03 0.14 

DMS14 -1.67E-04 70.7% -1.22E-03 0.14 

DMS15 -2.30E-04 97.2% -1.34E-03 0.17 

DMS16 -1.88E-04 79.5% -1.22E-03 0.15 

DMS17 -1.79E-04 75.8% -1.20E-03 0.15 
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DMS18 -1.45E-04 61.4% -2.90E-04 0.50 

DMS19 -1.72E-04 72.8% -2.88E-04 0.60 

DMS20 -1.38E-04 58.3% -5.30E-05 2.61 

DMS21 -1.05E-04 44.5% -2.72E-05 3.87 

DMS22 -8.59E-05 36.3% -5.32E-05 1.62 

L
R

-A
5

 

DMS23 -7.71E-05 32.6% -1.24E-05 6.22 

DMS24 -6.88E-05 29.1% -1.26E-05 5.47 

DMS25 -1.11E-04 46.8% -2.90E-04 0.38 

DMS26 -1.22E-04 51.4% -3.59E-04 0.34 

DMS27 -1.13E-04 47.7% -2.90E-04 0.39 
 

When comparing the strain reduction factors f,C due to axle type C from Table 37 (load level 4, load 

step 1) to the ones from Table 41 (load level 7, load step 1), very less difference can be observed for 

DMS 1 to DMS 8 although the axle load of load level 7 is 2.5 times higher than at load level 4 

(300kN/120kN = 2.5). Both strain reduction factors were determined based on the measurements before 

the thermal constraint. It is worth mentioning that the measured strains on the strengthened deck in some 

strain gauges increase extremely, compared to the deck with asphalt pavement. For example, DMS 23 

shows in Table 41 a factor f,C with a value of 6.22. This effect is caused by the very good load 
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distribution due to the concrete pavement where the nearby longitudinal ribs next to the directly loaded 

rib are stressed much more than without concrete layer. Nevertheless, the measured strains ε(1) in DMS 

23 are much lower than the ones in the strain gauges of the directly loaded longitudinal rib (ε(1,DMS23) / 

ε(1,DMS10) =  -7.71E-05 / -2.37E-04 = 0.33). 

The strain values ε(0) and ε(1) due to load level 7, load step 3 (see Table 36) are illustrated in Table 42. 

The factor f = ε(1) / ε(0) again indicates the stress reduction. The strain in- or decrease due to the dynamic 

loading is additionally shown (strain ε(1) of load step 3 relating to strain ε(1) of load step 1). 

 

Table 42: results of the full scale test at load level 7 and load step 3 

Load level 7 – load step 3 

   Static loading, after dynamic loading 

   Axle type C, F=300[kN] 

   ε(1) ε(1) [%] ε(0) f=ε(1)/ε(0)  
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DMS1 1.80E-04 98.5% -9.25E-04 -0.19 0.8% 
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DMS2 1.77E-04 96.5% -1.08E-03 -0.16 1.0% 

DMS3 1.83E-04 100.0% -1.09E-03 -0.17 0.8% 

DMS4 1.83E-04 99.8% -9.35E-04 -0.20 0.6% 

M
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DMS5 1.71E-04 93.3% -9.25E-04 -0.18 1.3% 

DMS6 1.72E-04 94.0% -1.08E-03 -0.16 1.3% 

DMS7 1.66E-04 90.9% -1.09E-03 -0.15 1.0% 

DMS8 1.65E-04 90.3% -9.35E-04 -0.18 0.9% 
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DMS9 -2.17E-04 90.5% -1.13E-03 0.19 1.3% 

DMS10 -2.40E-04 100.0% -1.14E-03 0.21 1.3% 

DMS11 -2.01E-04 83.8% -1.14E-03 0.18 1.4% 

DMS12 -2.09E-04 87.3% -1.13E-03 0.19 1.6% 

DMS13 -1.76E-04 73.6% -1.21E-03 0.15 1.0% 

DMS14 -1.69E-04 70.5% -1.22E-03 0.14 1.0% 

DMS15 -2.33E-04 97.2% -1.34E-03 0.17 1.3% 

DMS16 -1.88E-04 78.4% -1.22E-03 0.15 -0.1% 

DMS17 -1.81E-04 75.7% -1.20E-03 0.15 1.1% 

L
R

-A
4

 

DMS18 -1.44E-04 59.9% -2.90E-04 0.50 -1.3% 

DMS19 -1.73E-04 72.0% -2.88E-04 0.60 0.2% 

DMS20 -1.38E-04 57.4% -5.30E-05 2.60 -0.4% 

DMS21 -1.05E-04 43.8% -2.72E-05 3.86 -0.3% 

DMS22 -8.48E-05 35.4% -5.32E-05 1.60 -1.3% 
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DMS23 -7.70E-05 32.1% -1.24E-05 6.22 -0.1% 

DMS24 -6.97E-05 29.1% -1.26E-05 5.54 1.3% 

DMS25 -1.12E-04 46.6% -2.90E-04 0.38 0.8% 

DMS26 -1.24E-04 51.9% -3.59E-04 0.35 2.2% 

DMS27 -1.17E-04 48.6% -2.90E-04 0.40 3.3% 



Strengthening of orthotropic steel decks with a concrete plate 

 

294 

There is no significant difference in the measured strains ε(1) of Table 41 and Table 42 and for detail 

D1a, a maximum increase due to the dynamic loading of 1.3% can be detected in DMS 5. For detail D2, 

a maximum increase of 1.6% can be read out at the directly loaded longitudinal rib LR-m. 

The strain values ε(1) and ε(0) due to load level 7, load step 4 (see Table 36) are presented in Table 43. 

The strain reduction is indicated via f = ε(1) / ε(0). The last column of the table shows the strain’s increase 

respectively decrease due to the thermal constraining event (strain ε(1) of load step 4 relating to strain 

ε(1) of load step 1). 

 

Table 43: results of the full scale test at load level 7 and load step 4 

Load level 7 – load step 4 

      Static loading after crack initiation, before dynamic loading 

    Axle type C, F=300[kN] 

      ε(1)  ε(0) f=ε(1)/ε(0)  
  

S
tr

a
in

s 
a
t 

th
e 

d
ec

k
 p

la
te

 

M
A

-1
 

DMS1 1.85E-04 71.6% -9.25E-04 -0.20 3.7% 

In
cr

ea
se

 o
f 

th
e 

st
ra

in
s 

d
u
e 

to
 c

ra
ck

 i
n
it

ia
ti

o
n
 

DMS2 1.86E-04 71.8% -1.08E-03 -0.17 6.4% 

DMS3 2.58E-04 99.6% -1.09E-03 -0.24 42.2% 

DMS4 2.59E-04 100.0% -9.35E-04 -0.28 42.7% 

M
A

-2
 

DMS5 1.52E-04 58.7% -9.25E-04 -0.16 -9.8% 

DMS6 1.53E-04 58.9% -1.08E-03 -0.14 -10.1% 

DMS7 1.85E-04 71.5% -1.09E-03 -0.17 12.4% 

DMS8 2.01E-04 77.8% -9.35E-04 -0.22 23.0% 

S
tr

a
in

s 
a
t 

th
e 

lo
n

g
it

u
d

in
a
l 

ri
b

s L
R

-m
 

DMS9 -2.27E-04 89.9% -1.13E-03 0.20 6.0% 

DMS10 -2.52E-04 100.0% -1.14E-03 0.22 6.6% 

DMS11 -2.10E-04 83.1% -1.14E-03 0.18 5.8% 

DMS12 -2.17E-04 86.0% -1.13E-03 0.19 5.4% 

DMS13 -1.87E-04 74.3% -1.21E-03 0.16 7.3% 

DMS14 -1.74E-04 68.9% -1.22E-03 0.14 4.0% 

DMS15 -2.47E-04 98.0% -1.34E-03 0.18 7.5% 

DMS16 -2.02E-04 80.1% -1.22E-03 0.17 7.5% 

DMS17 -1.97E-04 77.9% -1.20E-03 0.16 9.5% 

L
R

-A
4

 

DMS18 -1.17E-04 46.2% -2.90E-04 0.40 -19.7% 

DMS19 -1.44E-04 57.0% -2.88E-04 0.50 -16.4% 

DMS20 -1.07E-04 42.4% -5.30E-05 2.02 -22.6% 

DMS21 -7.88E-05 31.2% -2.72E-05 2.90 -25.1% 

DMS22 -5.56E-05 22.0% -5.32E-05 1.05 -35.3% 

L
R

-A
5

 

DMS23 -3.35E-05 13.3% -1.24E-05 2.70 -56.6% 

DMS24 -2.62E-05 10.4% -1.26E-05 2.08 -62.0% 

DMS25 -8.05E-05 31.9% -2.90E-04 0.28 -27.4% 

DMS26 -8.17E-05 32.4% -3.59E-04 0.23 -32.9% 

DMS27 -8.55E-05 33.9% -2.90E-04 0.29 -24.3% 
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A significant strain increase can be recognised for the strain gauges at the deck plate due to the thermal 

constraint. DMS 4 shows in Table 43 a maximum strain increase of 42.7% for detail D1a. On the 

contrary, there is very less strain increase at the longitudinal rib’s strain gauges. The directly loaded rib 

shows in DMS 17 a maximum increase of only 9.5%. The strain gauges on the nearby longitudinal ribs 

(LR-A4 and LR-A5) all show a strain decrease from -16.4% to -62%. 

Table 44 shows the strains ε(1) and ε(0) due to load level 7, load step 6. The strain reduction is shown via 

f = ε(1) / ε(0) and the strain in- or decrease (ε(1) of load step 6 relating to ε(1) of load step 1). 

 

Table 44: results of the full scale test at load level 7 and load step 6 

Load level 7 – load step 6 

   Static loading after crack initiation, after dynamic loading 

   Axle type C, F=300[kN] 

      ε(1)  ε(0) f=ε(1)/ε(0)   

S
tr

a
in

s 
a
t 

th
e 

d
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k
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la
te

 

M
A

-1
 

DMS1 1.89E-04 69.9% -9.25E-04 -0.20 5.9% 

In
cr

ea
se

 o
f 
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e 

st
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d
u
e 

to
 c

ra
ck

 i
n
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o
n
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n
d
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n
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 l

o
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DMS2 1.89E-04 69.8% -1.08E-03 -0.18 8.3% 

DMS3 2.71E-04 99.8% -1.09E-03 -0.25 49.0% 

DMS4 2.71E-04 100.0% -9.35E-04 -0.29 49.4% 

M
A

-2
 

DMS5 1.53E-04 56.4% -9.25E-04 -0.17 -9.3% 

DMS6 1.53E-04 56.5% -1.08E-03 -0.14 -9.6% 

DMS7 1.86E-04 68.6% -1.09E-03 -0.17 12.9% 

DMS8 2.05E-04 75.6% -9.35E-04 -0.22 25.2% 

S
tr

a
in

s 
a
t 

th
e 

lo
n

g
it

u
d

in
a
l 

ri
b

s L
R

-m
 

DMS9 -2.33E-04 89.9% -1.13E-03 0.21 8.7% 

DMS10 -2.59E-04 100.0% -1.14E-03 0.23 9.3% 

DMS11 -2.15E-04 83.1% -1.14E-03 0.19 8.6% 

DMS12 -2.22E-04 85.9% -1.13E-03 0.20 8.0% 

DMS13 -1.91E-04 73.8% -1.21E-03 0.16 9.3% 

DMS14 -1.77E-04 68.4% -1.22E-03 0.14 5.8% 

DMS15 -2.55E-04 98.5% -1.34E-03 0.19 10.8% 

DMS16 -2.08E-04 80.5% -1.22E-03 0.17 10.7% 

DMS17 -2.01E-04 77.8% -1.20E-03 0.17 12.2% 

L
R

-A
4

 

DMS18 -1.16E-04 45.0% -2.90E-04 0.40 -19.9% 

DMS19 -1.44E-04 55.8% -2.88E-04 0.50 -16.2% 

DMS20 -1.04E-04 40.2% -5.30E-05 1.97 -24.6% 

DMS21 -7.75E-05 29.9% -2.72E-05 2.85 -26.4% 

DMS22 -5.32E-05 20.6% -5.32E-05 1.00 -38.1% 

L
R

-A
5

 

DMS23 -2.86E-05 11.1% -1.24E-05 2.31 -62.9% 

DMS24 -2.75E-05 10.6% -1.26E-05 2.19 -60.0% 

DMS25 -7.91E-05 30.5% -2.90E-04 0.27 -28.6% 

DMS26 -7.92E-05 30.6% -3.59E-04 0.22 -34.9% 

DMS27 -8.45E-05 32.6% -2.90E-04 0.29 -25.2% 
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There is no significant difference between the values of Table 43 and Table 44 recognisable. Hence, the 

additional dynamic loading after the thermal constraining event doesn’t have a notable effect to the 

measured strains due to load level 7 with axle type C. The strains at the deck plate’s strain gauges slightly 

increase. For example, the measured strain in DMS 4 increases from 2.59 ∙ 10-4 to 2.71 ∙ 10-4 which 

means an increase of 5%. The same observation can be done for the strain gauges on the longitudinal 

ribs. The measured strain in DMS 10 increases from 2.52 ∙ 10-4 to 2.59 ∙ 10-4 which causes an increase 

of only 3%. 

 

Under consideration of the measurements due to axle type C from Table 41 to Table 44, in summary it 

can be stated that the dynamic loading never has a significant effect to the measured strains in the 

analysed details D1a and D2. The thermal constraining event, leading to additional cracks in the 

concrete, strongly affects the measured strains in both analysed details. For detail D1a, a maximum 

strain increase of 49.4% could be observed in DMS 4 (see Table 44) and also the stress reduction factor 

f,C for axle type C increases due to this constraining event from 0.19 up to 0.29 (values for DMS 4). 

For detail D2, a maximum strain increase of 12.2% could be detected at the directly loaded longitudinal 

rib LR-m in DMS 17 (see Table 44). The stress reduction factor f,C for detail D2 at the maximum 

stressed strain gauge (DMS 10) increases from 0.21 to 0.23. It is additionally worth mentioning that the 

strains in the nearby longitudinal ribs (LR-A4 and LR-A5) are decreasing in every strain gauge (DMS 

18 to DMS 27) due to the effect of the thermal constraint. 

 

 Evaluation of the results in detail 

a.) Detail D1a – Deck Plate bending 

The strains, respectively the stresses in notch detail D1a (see Section 2.4.2) were at the full scale tests 

reproduced by the strain gauges DMS 1 to DMS 8. The results of all these transmitters are very similar, 

therefore the most heavily stressed detail point (DMS 4) is taken as representative (Utilization ratio 

100% in Table 37 to Table 44). 

 

It is remarkable that in the full scale test tensile strains ε(1), respectively tensile stresses, occurred on the 

bottom side of the deck plate close to the longitudinal rib (see DMS 1 to DMS 8 in Table 37). This is 

also in contradiction to the numerical analyses that have been carried out on the strengthened steel deck 

(based on Model A) Model E-1 (see Table 30 in Section 5.4.1). This difference is because of the fact 

that another location for detail D1a was investigated there. At the numerical analyses in Section 3.4, 

detail D1a is located very close to the cross girder with an offset of eLR = 360 mm. At the full scale tests, 

this offset from detail D1a to the cross girder is significantly larger with e = 800 mm. Additionally, in 

the numerical calculations of the bridge deck in Section 3.4, the first longitudinal rib LR-1 close to the 
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main girder was considered whereas at the full scale tests, the analysed longitudinal rib is more like in 

a central position between the main girders. Figure 263 shows the deformations and the occurring strains 

in detail D1a due to axle type B with an axle load of FA = 100 kN regarding to the numerical simulations 

at the finite element models Model A and Model E-1 with and without UHPFRC pavement. 

 

 

Figure 263: deformations and strains due to axle type B with an axle load of FA = 100kN at LR-1 of 

Model A; a.) unstrengthened steel deck; b.) strengthened steel deck 

Tensile strains, respectively tensile stresses predominate on the bottom side of the strengthened steel 

deck (see Figure 263.b), whereby local bending stresses dominate on the unstrengthened steel deck (see 

Figure 263.a), which are resulting in compressive strains at the deck plate’s bottom side (negative sign 

for ε(0) in the result tables). 

 

There must be a differentiation between the results with single wheeled (axle type C) and double 

wheeled axles (axle type B). Before the thermal constraint, the stress reduction due to the strengthening 

has for single wheeled axles (axle type C) a value of f = 0.19 – 0.20 (see Table 41 and Table 42). After 

the constraint, this stress reduction factor increases up to f = 0.28 – 0.29 (see Table 43 Table 44). A 

higher stress reduction factor can be recognised for double wheeled axles (axle type B). Before the 

thermal constraint, the stress reduction due to the strengthening has for double wheeled axles a value of 

f = 0.11 (see Table 37 and Table 38) and after the thermal constraint, this value increases up to f = 0.18 

– 0.20 (see Table 39 and Table 40). 

a.) b.) 

𝜀𝑎,𝑏 = −3,65 ∙ 10−4 

𝜀𝑎,𝑢 = 4,25 ∙ 10−4 

𝜀𝑏,𝑏 = 7,79 ∙ 10−6 

𝜀𝑏,𝑢 = 4,09 ∙ 10−5 

MG MG 
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As a result of the extreme thermal constraint, which caused cracks in the concrete, the stress level due 

to axle C increases by about 50% (see Table 44) and due to axle B by about 80% (see Table 40). 

Therefore, the following stress reduction factors due to the strengthening via UHPFRC pavement can 

be indicated for single and double wheeled axle types, including overloads and high constraining effects: 

 

- Single wheeled axles (axle type A and C, see Table 44): f,A/C = 0.29 

- Double wheeled axles (axle type B, see Table 40):  f,B = 0.20 

 

b.) Detail D2 – Longitudinal rib to cross girder connection 

When taking a closer look at Table 37 and Table 38 (DMS 9 to DMS 17), it can be recognised that there 

is generally more stress reduction for axle type C than for axle type B due to load level 4 and before the 

constraining event. Additionally, it can be stated that the dynamic loading did not changed the stress 

reduction factors significantly. For axle type C (load level 4) and before the thermal constraint, a stress 

reduction factor of f = 0.12 – 0.13 can be read out from Table 37 and Table 38 (DMS 10). For axle type 

B and also before the thermal constraint, a stress reduction factor of f = 0.20 is shown Table 37 and 

Table 38 (DMS 10). Hence, also for detail D2, a differentiation between single and double wheeled 

axles has to be done. By considering axle type B due to load level 4, a strain increase of about 20% can 

be seen in Table 39 and Table 40 due to additional concrete cracking after the thermal constraint. After 

the constraint, the stress reduction factor for axle type B increases up to f = 0.24 (see Table 39 and Table 

40).  

 

Under consideration of load level 7 (load step 1 and 3, before thermal constraint), a stress reduction 

factor of f = 0.21 can be read out for axle type C from Table 41 and Table 42 (DMS 10). This value is 

higher than the one due to load level 4, which is shown above (f = 0.12 – 0.13). After the thermal 

constraint, a strain increase of about 7 – 9 % can be detected for axle type C in Table 43 and Table 44 

(DMS 10). The stress reduction factor for axle type C increases up to f = 0.22 – 0.23 (see DMS 10 in 

Table 43 and Table 44). Hence, there is not that very high stress decrease for axle type C at detail D2 

due to the additional concrete cracks after the thermal constraining event. 

 

In summary, the stress level due to the constraint effect before increases for axle type C by about 10% 

(see Table 44) and due to axle B by about 20% (see Table 40). Therefore, the following stress reduction 

factors referring to detail D2 can be indicated for single and double wheeled axle types due to the 

analysed strengthening method, including overloads and high constraining effects: 

 

- Single wheeled axles (axle type A and C, see Table 44): f,A/C = 0.23 

- Double wheeled axles (axle type B, see Table 40):  f,B = 0.24 
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The stresses of the highest stressed detail D2 on the test specimen are reproduced by the strain gauges 

DMS 9 to DMS 17 (central longitudinal rib, see Figure 257). The outer longitudinal ribs (axis A4 - strain 

gauges DMS 18 to 22, axis A5 - strain gauges DMS 23 to 27) receive significantly lower stresses. Due 

to the only one-sided connection of the flat steel longitudinal rib to the cross girder, additional transverse 

bending stresses occur in the longitudinal ribs. Their size can be additionally evaluated by applying the 

strain gauges on both web sides of the longitudinal rib (for example: DMS 9 and 13, DMS 12 and 17, 

DMS 10 and 14, DMS 11 and 16). This evaluation is shown below in Table 45 (before thermal 

constraint) and Table 46 (after thermal constraint). ε(1) are the measured strains at the full scale 

experiments. ε(m) are the membrane strains. ε(M) indicates the transverse bending part and Figure 264 

shows the determination of ε(M) graphically. 
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Table 45: Transverse bending parts in D2 at the longitudinal ribs in the connection area to the cross 

girder, before thermal constraint ( load level 6 – load step 1 and load level 7 – load step 1) 

Load level 6 – load step 1 

Axle type B, F=285[kN] 
 ε(1) ε(m) ε(m) in [%] ε(M)/ε(m) 

L
R

-m
 

DMS9 -1.68E-04 
-1.53E-04 96.1% 10.2% 

DMS13 -1.37E-04 

DMS12 -1.62E-04 
-1.53E-04 96.2% 5.9% 

DMS17 -1.44E-04 

DMS10 -1.86E-04 
-1.59E-04 100.0% 17.1% 

DMS14 -1.32E-04 

DMS11 -1.56E-04 
-1.53E-04 95.8% 2.4% 

DMS16 -1.49E-04 

L
R

-A
4

 DMS18 -1.35E-04 
-1.33E-04 83.4% 1.8% 

DMS20 -1.30E-04 

DMS19 -1.57E-04 
-1.20E-04 75.2% 31.2% 

DMS22 -8.23E-05 

L
R

-A
5

 

DMS23 -7.79E-05 
-9.09E-05 57.1% 14.4% 

DMS25 -1.04E-04 

DMS24 -7.19E-05 
-8.81E-05 55.4% 18.4% 

DMS27 -1.04E-04 

Load level 7 – load step 1 

Axle type C, F=300[kN] 
 ε(1) ε(m) ε(m) in [%] ε(M)/ε(m) 

LR
-m

 

DMS9 -2.14E-04 
-1.94E-04 96.2% 10.1% 

DMS13 -1.75E-04 

DMS12 -2.06E-04 
-1.93E-04 95.4% 6.9% 

DMS17 -1.79E-04 

DMS10 -2.37E-04 
-2.02E-04 100.0% 17.2% 

DMS14 -1.67E-04 

DMS11 -1.98E-04 
-1.93E-04 95.6% 2.6% 

DMS16 -1.88E-04 

LR
-A

4 

DMS18 -1.45E-04 
-1.42E-04 70.2% 2.6% 

DMS20 -1.38E-04 

DMS19 -1.72E-04 
-1.29E-04 63.9% 33.4% 

DMS22 -8.59E-05 

LR
-A

5 

DMS23 -7.71E-05 
-9.39E-05 46.5% 17.9% 

DMS25 -1.11E-04 

DMS24 -6.88E-05 
-9.08E-05 44.9% 24.3% 

DMS27 -1.13E-04 
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Table 46: Transverse bending parts in D2 at the longitudinal ribs in the connection area to the cross 

girder, after thermal constraint ( load level 4 – load step 6 and load level 7 – load step 6) 

Load level 4 – load step 6 

Axle type B, F=190[kN] 

 ε(1) ε(m) ε(m) in [%] ε(M)/ε(m) 
LR

-m
 

DMS9 -1.16E-04 
-1.06E-04 95.9% 9.5% 

DMS13 -9.56E-05 

DMS12 -1.08E-04 
-1.04E-04 94.6% 3.6% 

DMS17 -1.00E-04 

DMS10 -1.28E-04 
-1.10E-04 100.0% 16.7% 

DMS14 -9.17E-05 

DMS11 -1.04E-04 
-1.03E-04 93.8% 1.0% 

DMS16 -1.02E-04 

LR
-A

4 

DMS18 -7.38E-05 
-7.19E-05 65.3% 2.8% 

DMS20 -6.99E-05 

DMS19 -8.70E-05 
-6.19E-05 56.2% 40.7% 

DMS22 -3.67E-05 

LR
-A

5 

DMS23 -2.00E-05 
-3.27E-05 29.7% 38.7% 

DMS25 -4.53E-05 

DMS24 -1.50E-05 
-3.23E-05 29.3% 53.7% 

DMS27 -4.96E-05 

Load level 7 – load step 6 

Axle type C, F=300[kN] 

 ε(1) ε(m) ε(m) in [%] ε(M)/ε(m) 

LR
-m

 

DMS9 -2.27E-04 
-2.07E-04 97.2% 9.5% 

DMS13 -1.87E-04 

DMS12 -2.17E-04 
-2.07E-04 97.0% 4.9% 

DMS17 -1.97E-04 

DMS10 -2.52E-04 
-2.13E-04 100.0% 18.4% 

DMS14 -1.74E-04 

DMS11 -2.10E-04 
-2.06E-04 96.6% 1.8% 

DMS16 -2.02E-04 

LR
-A

4 

DMS18 -1.17E-04 
-1.12E-04 52.4% 4.4% 

DMS20 -1.07E-04 

DMS19 -1.44E-04 
-9.98E-05 46.8% 44.3% 

DMS22 -5.56E-05 

LR
-A

5 

DMS23 -3.35E-05 
-5.70E-05 26.7% 41.2% 

DMS25 -8.05E-05 

DMS24 -2.62E-05 
-5.58E-05 26.2% 53.1% 

DMS27 -8.55E-05 
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Figure 264: detail D2 – stress distribution through the thickness of the longitudinal rib 

 

With regards to the column where the percentages for the membrane strain ε(m) are listed in Table 45 

and Table 46, it can be seen that the strain/stress level in the outer longitudinal ribs at axis A4 and A5 

is significantly lower (percentage comparison of the membrane stress ε(m)). 

 

It can be seen from the results in Table 45 and Table 46 that the highest transverse bending strain/stress 

occurs at the unloaded longitudinal rib in Axis A4 (comparison of the last column of results – ε(M) / ε(m)). 

Because of the one sided welded joint between the longitudinal rib and the cross girder at the test 

specimen there is no axis of symmetry at the inner longitudinal rib and the results in axis A4 and A5 are 

different. In the decisive central longitudinal rib, the transverse bending component amounts to a 

maximum of about 17% (ε(M) / ε(m)) and this value is nearly the same for axle type B and C. 

 

Worth mentioning is that the strains in the adjacent longitudinal ribs are changing due to the effect of 

the thermal constraint. Below the stress reduction at the highest stressed measuring point at each 

longitudinal rib is shown: 

 

- Before the thermal constraint (stress percentage relating to the directly loaded mid longitudinal rib) 

▪ Longitudinal rib in axis A4: 

Axle type C – 72% (Table 42, DMS 19) 

Axle type B – 82% (Table 38, DMS 19) 

 

 

DMS 9 to 12 
DMS 13 to 17 

𝜀𝑀 = 𝜀𝑅 − 𝜀𝑚 
𝜀𝑅 

𝜀𝐿 

𝜀𝑚 



Strengthening of orthotropic steel decks with a concrete plate 

 

303 

▪ Longitudinal rib in axis A5: 

Axle type C – 52% (Table 42, DMS 26) 

Axle type B – 61% (Table 38, DMS 26) 

 

- After the thermal constraint (stress percentage relating to the directly loaded mid longitudinal rib) 

▪ Longitudinal rib in axis A4: 

Axle type C – 56% (Table 44, DMS 19) 

Axle type B – 65% (Table 40, DMS 19) 

▪ Longitudinal rib in axis A5: 

Axle type C – 33% (Table 44, DMS 27) 

Axle type B – 38% (Table 40, DMS 27) 

 

The results confirm the increase of the stresses at the directly loaded longitudinal rib after the thermal 

constraint, which leads to the illustrated relief of the nearby longitudinal ribs. 

 

It should also be noted that, despite the strengthening, the strains in the measuring points DMS 20 to 

DMS 24, which are located at the unloaded longitudinal ribs in axis A4 and A5, have increased 

(compared to the unstrengthened solution) under an axle load. The highest increase of the strains took 

place in measuring point DMS 23 (for example at load level 7, axle C, f = 6.22, see Table 41 in Section 

5.6.5.2). This very high strain increase due to the strengthening is caused by the very good load 

distribution of the concrete pavement. The longitudinal ribs next to the directly loaded rib become more 

activated for the load transfer due to the UHPFRC plate and are therefore more stressed than without 

concrete layer. It should be recognised that the strains in DMS 23 only amount approx. 33% of the value 

relating to the most heavily stressed measuring point DMS 10 at the directly loaded central longitudinal 

rib. Therefore, these measuring points like DMS 23 are not decisive. 
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 Concrete plate – results and evaluation of the measurements  

 Strains at the surface of the concrete 

Figure 265 shows the measured strains in the setting strain transducers at axis MA-1 (DD1-1 to DD1-6, 

see Figure 257) which were applied at the upper surface of the UHPFRC pavement. 

 

Figure 266 shows the measured strains in the setting strain transducers at axis A2 (DD1-7 to DD1-10, 

see Figure 257) which were also applied at the upper surface of the UHPFRC pavement. 

 

The locations of the setting strain transducers DD1-i are shown in Figure 257 (see Section 5.6.3.2). 

Every strain value belongs to a load level and therefore the horizontal axis of this diagram indicates the 

sequential number of the respective partial test. Accordingly, it is actually not a curve but there are 

individual points. The individual points were linear connected in order to get a better readability of the 

diagram. For each setting strain transducer, 2 values were read out per test. One value corresponding to 

the load F according to the applied load level and one value measured at the beginning of the appropriate 

partial experiment at F = 0.  

 

It should be noted that the strain values are an average of the strains over a length of 230 mm. As shown 

in Figure 265, the transmitters DD1-1 to DD1-6 just measured negative strains which means 

compressive stresses in these areas. The transmitters DD1-7 to DD1-10 shown in Figure 265 recorded 

mainly positive strains and therefore tensile stresses have to be assumed in this region. 
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Figure 265: measured strains at the upper surface of the UHPFRC pavement (setting strain 

transducers at axis MA-1) 
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Figure 266: measured strains at the upper surface of the UHPFRC pavement (setting strain 

transducers at axis A2) 
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cracks before each new load level. Figure 267 gives an overview of the final crack pattern after 

completion of all experiments. 

 

 

Figure 267: overview of the crack pattern in the UHPFRC pavement after finishing of all tests 

South North SA 

MA-2 

MA-1 
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The green markings in Figure 267 indicate the cracks before the thermal constraining event and the red 

markings highlight the cracks after the constraint. 

The maximum crack width, measured in the unloaded state immediately before the thermal constraint 

(after sequential number 48, see Figure 266), at axis A2 was 0.025mm. During the weathering test, the 

crack spread in both directions (about 15cm to the "north", about 5cm to the "south"). In addition, 

another crack occurred along the symmetry axis SA. This crack (red lines in Figure 267) had a crack 

width of about 0.05 mm. Due to the additional loadings after weathering (see Table 36), no further crack 

propagation could be detected. 

 Evaluation of the results based on the measurements on the concrete 

The measurements on the full scale tests confirm the results of the numerical investigations and show 

that the thermal constraint is predominating for the cracks in the concrete pavement. The occurring 

stresses in the UHPFRC pavement are very low due to the heavy traffic loads. 

 

- Before thermal constraint 

The maximum measured strains before the thermal constraint occur in  

▪ Transmitter DD1-9 due to load level 7, axle type C: ε ≈ 0.19‰ (see Figure 266, sequential 

number 48, immediately before the constraint) and 

▪ Transmitter DD1-8 due to load level 7, axle type C: ε ≈ 0.16‰ (see Figure 266, sequential 

number 48, immediately before the constraint). 

Hence, these measured values are below the the maximum available cracking strain of the used 

concrete that has a maximum tensile strain resistance of 0.184  0.042‰ [33]. But within the crack 

inspections before and after all partial tests before the constraint no cracks could be detected in the 

region of the transmitters mentioned above. Additionally, no significant discontinuities could be 

observed regarding to the curves from the strain measurements which confirms the visual 

inspections. 

 

- After thermal constraint 

The maximum measured strains after the thermal constraint occur in  

▪ Transmitter DD1-9 due to load level 7, axle type C: ε ≈ 0.188‰ (see Figure 266, sequential 

number 54, last test at all) and 

▪ Transmitter DD1-8 due to load level 7, axle type C: ε ≈ 0.145‰ (see Figure 266, sequential 

number 54, last test at all). 

The measured strain values showed similar results due to axle type C at load level 7 in the 

transmitters DD1-8 and DD1-9 before and after the thermal constraining event. The occurred crack 

in the axis A2, where DD1-8 and DD1-9 were applied, had a measured crack width of about 

0.025mm.  
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The highest crack width was measured in axis SA with 0.05mm which occurred due to the extreme 

thermal constraining event. In summary, it can be noted that all measured values are lower than the 

desired crack width of 0.10mm. Under the assumption of a one-dimensional stress condition for the 

bending in axis A2, the maximum tensile stresses on the upper concrete’s surface due to the traffic loads 

can be determined based on the measurements in the transmitter DD1-9 (εmax ≈ 0.19‰ due to load level 

7, axle type C, see Figure 266). The concrete’s Young’s Modulus has a value of Ecm = 47 500 N/mm². 

The maximum concrete’s tensile stress in axis A2 due to the heavy traffic has a value of t,max = Ecm ∙ 

εmax = 47 500 ∙ 1.9 ∙ 10-4 = 9 N/mm². This value is higher than the concrete’s tensile strength (fctm = 7 

N/mm²) but as already mentioned, all appeared crack widths were under 0.10 mm (desired value). 

Additionally, it has to be kept in mind that load level 7 includes a very high axle load of FA = 300kN. 

Also the maximum compression stresses due to the heavy traffic loads can be determined under the 

same assumptions for transmitter DD1-5 in axis MA-1 (εmin ≈ -0.342‰ due to load level 7, axle type C, 

see Figure 265): c,max = Ecm ∙ εmin = 47 500 ∙ 3.42 ∙ 10-4 = 16.2 N/mm². In summary, it can be stated that 

the occurring compression stresses are relatively low in relation to the very high strength of the UHPFRC 

(fck = 150 N/mm²). But the very high concrete’s Young’s Modulus is essential for an adequate load 

distribution of the local wheel loads to reduce significantly the local stresses in the analysed details. 

Additionally, also the very high density of the UHPFRC is necessary for the durability of the pavement 

against the aggressive atmosphere on road surfaces (e.g. de-icing salt). 

  Results of the measurements at the interface between steel and concrete 

The results of the pull off tests are illustrated in Table 47, in terms of tensile adhesion strength ft. The 

location of these tests can be found in Figure 260 (see Section 5.6.3.4) and is additionally again shown 

in Table 47. The measured tensile adhesion strength is varying from 1.6 to 5.0 N/mm² and therefore an 

average of 3.5 N/mm² can be determined. 

Table 47: results of the pull off tests 

Nr. sample identifier FB[kN] ø[mm] Ac[mm²] ft[N/mm²] 

1 A1-1 32,8 99,5 7776 4,2 

2 A1-2 25,2 99,4 7760 3,2 

3 MA-1 38,9 99,4 7760 5,0 

4 A2-1 25,8 99,4 7760 3,3 

5 A2-2 16,1 99,4 7760 2,1 

6 A2-3 12,3 99,4 7760 1,6 

7 MA-2 36,6 99,3 7744 4,7 

8 A3-1 22,4 99,4 7760 2,9 

9 A3-2 37,8 99,5 7776 4,9 

10 A3-3 25,9 99,5 7776 3,3 
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The maximum tensile adhesion strengths could be measured in the regions of the load introduction at 

axis MA-1 (ft = 5.0 N/mm²) and MA-2 (ft = 4.7 N/mm²) where compression stresses occur in the concrete 

plate. The strain transmitters in these regions measured only compression strain on the concrete’s bottom 

surface (see Figure 265). The minimum tensile adhesion strengths were measured above the mid cross 

girder in axis A2. The values vary a lot from 1.6 to 3.3 N/mm² (average 2.3 N/mm²). In these regions, 

tensile stresses are expected in the wheel load tests in the concrete which also could be confirmed by 

the measurements of the transmitters at axis A2 (see Figure 266). The tensile adhesion strengths in the 

regions of axis A1 and A3 vary from 2.9 to 4.9 N/mm² and an average of 3.7 N/mm² can be determined. 

Based on these results it can be recognised that the tensile adhesion strength in the local over pressured 

regions, directly underneath the wheel loads, is increased. The tensile adhesion strength is decreased in 

the regions where tensile stresses occur in the concrete plate. 

 

 Effective Young’s Modulus of the concrete Ec,eff based on steel deck measurements at the 

full scale tests 

For the numerical simulations regarding to the strengthened orthotropic steel deck Model E-1, presented 

in Section 5.2.1, based on Model A, an overall effective Young’s Modulus of the UHPFRC pavement 

was assumed. With regards to a conservative determination of the stresses in the steel structure, this 

assumed concrete’s effective Young’s Modulus was chosen with a very low value of Ec,eff ≈ Ec / 4 

=12,500 N/mm².  

 

Under consideration of the strain measurements in the steel deck which were carried out on the full scale 

tests, a determination of a more realistic effective concrete’s Young’s Modulus by modification of this 

value within the finite element simulations was done. Figure 268 visualises an overview of the finite 

element model referring to the investigations in the full scale tests including an UHPFRC pavement. 

The steel part of the finite element model in Figure 268 is identical to the model that is presented in 

Section 5.6.4, which has been developed for the calculation of the reference strains referring to the 

unstrengthened deck. The concrete pavement was modelled by using quadratic solid elements with 

reduced integration, called C3D20R, with 3 elements through its thickness.  

 

The element size of the concrete was adapted according to the finite element mesh of the deck plate and 

has the geometrical dimensions 20x20x26.7mm. By considering a pavement thickness of 80mm, 3 

elements through the whole plate thickness were modelled. The interface between the elements of the 

concrete pavement and the elements of the steel deck have been performed with a complete rigid 

transition condition. The measurements regarding to a slip in the interconnecting joint between steel and 

concrete at the full scale tests confirmed a rigid connection of these 2 parts.  
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Figure 268: overview of the finite element model referring to the full scale tests including a UHPFRC 

pavement 

Within the numerical analyses referring to the full scale tests including an UHPFRC pavement the 

Young’s Modulus Ec,eff of the concrete pavement has been varied and the resulting strains have been 

selected from the measuring points DMS 1 to DMS 27 for the significant load levels before and after 

the thermal constraining event which are shown in Figure 247. 
 

The strains due to load level 4, axle type B are listed in Table 48 for the measurements at the full scale 

tests (before and after thermal constraint – load step 1 and 6) and the numerical calculations. Figure 269 

shows a schematic illustration of the analysed load application at the experimental specimen with load 

level 4, axle type B and an axle load of FA = 190kN (application as distributed load, same as in the test). 

The accompanying experiments at the small scale concrete test specimens according to the cube 

compressive strength delivered an averaged concrete Young’s Modulus of Ec,a = 52 145 N/mm² after 28 

days of curing time. The concrete Young’s Modulus based on the cylindric small scale test specimens 

gave a mean value of Ec,m = 47 500 N/mm². But for the following comparisons regarding to the full scale 

test measurements with numerical values, the highest concrete’s Young’s Modulus based on the cube 

test specimens Ec,a = 52 145 N/mm² was chosen. Based on this value Ec,a, a variation of the concrete’s 

elastic material properties has been done with: i) Ec,eff,1 = Ec,a; ii) Ec,eff,2 = 0.6 ∙ Ec,a; iii) Ec,eff,3 = 0.4 ∙ Ec,a. 

Additionally, the ratio of the numerically calculated strains relating to the measurements due to load 

step 6, after the thermal constraint (maximum crack width of 0.05mm) is plotted in Table 48.  
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Figure 269: longitudinal section of the test specimen and load application 

 

Table 48: Full scale test – strain measurements and numerically calculated strains in comparison due 

to load level 4, axle type B 

  Measured values at the full 

scale test – load level 4 
Ec,eff,1 = Ec,a=52145 Ec,eff,2 = 0.6 ∙ Ec,a Ec,eff,3 = 0.4 ∙ Ec,a 

  Load step 1 

– ε1 

Load step 6 

– ε2 
ε3 [-] ε3 / ε2 ε4 [-] ε4 / ε2 ε5 [-] ε5 / ε2 

d
ec

k
 p

la
te

 

DMS 1 5.91E-05 6.61E-05 4.99E-05 0.75 5.22E-05 0.79 5.12E-05 0.78 

DMS 2 5.56E-05 6.47E-05 4.71E-05 0.73 4.38E-05 0.68 3.65E-05 0.56 

DMS 3 6.01E-05 1.09E-04 4.65E-05 0.43 4.30E-05 0.39 3.54E-05 0.32 

DMS 4 6.22E-05 1.14E-04 4.97E-05 0.44 5.19E-05 0.46 5.08E-05 0.45 

d
ec

k
 p

la
te

 

DMS 5 5.49E-05 4.51E-05 4.99E-05 1.11 5.22E-05 1.16 5.12E-05 1.14 

DMS 6 5.41E-05 4.41E-05 4.71E-05 1.07 4.38E-05 0.99 3.65E-05 0.83 

DMS 7 5.19E-05 6.04E-05 4.65E-05 0.77 4.30E-05 0.71 3.54E-05 0.59 

DMS 8 5.30E-05 7.27E-05 4.97E-05 0.68 5.19E-05 0.71 5.08E-05 0.70 

L
R

 a
x
is

 S
A

 

DMS 9 -9.63E-05 -1.15E-04 -1.01E-04 0.88 -1.29E-04 1.12 -1.56E-04 1.36 

DMS 10 -1.07E-04 -1.28E-04 -1.02E-04 0.80 -1.30E-04 1.02 -1.57E-04 1.23 

DMS 11 -9.02E-05 -1.05E-04 -1.02E-04 0.97 -1.15E-04 1.09 -1.57E-04 1.50 

DMS 12 -9.36E-05 -1.08E-04 -1.01E-04 0.93 -1.15E-04 1.06 -1.56E-04 1.44 

DMS 13 -8.12E-05 -9.70E-05 -1.11E-04 1.15 -1.40E-04 1.44 -1.68E-04 1.73 

DMS 14 -7.39E-05 -8.88E-05 -1.12E-04 1.27 -1.42E-04 1.59 -1.70E-04 1.91 

DMS 15 -1.03E-04 -1.28E-04 -1.20E-04 0.94 -1.52E-04 1.19 -1.83E-04 1.43 

DMS 16 -8.38E-05 -1.07E-04 -1.12E-04 1.05 -1.29E-04 1.21 -1.70E-04 1.59 

DMS 17 -8.01E-05 -1.01E-04 -1.11E-04 1.10 -1.27E-04 1.26 -1.68E-04 1.66 

L
R

 a
x
is

 A
4
 

DMS 18 -6.65E-05 -6.84E-05 -9.95E-05 1.45 -1.20E-04 1.76 -1.39E-04 2.03 

DMS 19 -8.80E-05 -8.34E-05 -9.91E-05 1.19 -1.20E-04 1.44 -1.39E-04 1.66 

DMS 20 -6.47E-05 -6.27E-05 -8.66E-05 1.38 -1.03E-04 1.64 -1.18E-04 1.88 

DMS 21 -5.25E-05 -4.73E-05 -9.61E-05 2.03 -1.14E-04 2.41 -1.30E-04 2.74 

DMS 22 -3.67E-05 -3.12E-05 -8.62E-05 2.77 -1.03E-04 3.29 -1.17E-04 3.77 

L
R

 a
x
is

 A
5
 

DMS 23 -3.91E-05 -1.70E-05 -5.70E-05 3.36 -6.13E-05 3.61 -8.25E-05 4.87 

DMS 24 -3.87E-05 -1.08E-05 -5.71E-05 5.27 -7.04E-05 6.50 -8.27E-05 7.63 

DMS 25 -6.08E-05 -4.23E-05 -8.60E-05 2.03 -1.05E-04 2.48 -1.22E-04 2.90 

DMS 26 -6.47E-05 -4.28E-05 -9.03E-05 2.11 -1.11E-04 2.60 -1.13E-04 2.64 

DMS 27 -5.96E-05 -4.84E-05 -1.11E-04 2.30 -1.05E-04 2.16 -1.22E-04 2.52 

800mm 800mm 

1 1 Fw F
w
 = 190kN/2 = 95kN 

A1 
A2 

A3 
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Worth mentioning is that the strains of DMS 2, DMS 3, DMS 6 and DMS 7 are decreasing when the 

effective concrete’s Young’s Modulus also decreases. For an explanation of this effect, a more detailed 

analyse of the numerically calculated strain values is necessary. Table 49 shows therefore again the 

strains for the above mentioned strain gauges on the bottom side of the deck plate ε3,bottom, ε4,bottom, ε5,bottom 

(εi,bottom = εi in Table 48, for i = 3 to 5) as well as the numerically calculated strains on the deck plate’s 

top side ε3,top, ε4,top, ε5,top. Additionally, the membrane strains in the deck plate’s mid position ε3,mid, ε4,mid, 

ε5,mid are plotted and the strain’s bending parts ε3, ε4, ε5 are visualised in its size and percentage (εi 

/ εi,mid, for i = 3 to 5) relating to the membrane strains. The diagrams on the right side of Table 49 

illustrate the membrane- and bending strain distributions through the deck plate’s thickness for DMS 2 

which was exemplarily chosen.  

 

Table 49: Full scale test – numerically calculated strains due to load level 4, axle type B for the deck 

plate’s bottom, mid and top surface and additional bending parts 

Ec,eff,1 = Ec,a 

 ε3,bottom ε3,mid ε3,top ε3 = |ε3,mid - ε3,top| ε3 / ε3,mid (%) 

DMS 1 4.99E-05 3.99E-05 2.99E-05 1.00E-05 25% 

DMS 2 4.71E-05 3.77E-05 2.83E-05 9.40E-06 25% 

DMS 3 4.65E-05 3.76E-05 2.87E-05 8.90E-06 24% 

DMS 4 4.97E-05 3.98E-05 2.98E-05 9.95E-06 25% 

      

Ec,eff,2 = 0.6 ∙ Ec,a 

 ε4,bottom ε4,mid ε4,top ε4 = |ε4,mid - ε4,top| ε4 / ε4,mid (%) 

DMS 1 5.22E-05 4.10E-05 2.98E-05 1.12E-05 27% 

DMS 2 4.38E-05 3.92E-05 3.45E-05 4.65E-06 12% 

DMS 3 4.30E-05 3.91E-05 3.51E-05 3.95E-06 10% 

DMS 4 5.19E-05 4.09E-05 2.98E-05 1.11E-05 27% 

      

Ec,eff,3 = 0.4 ∙ Ec,a 

 ε5,bottom ε5,mid ε5,top ε5 = |ε5,mid - ε5,top| ε5 / ε5,mid (%) 

DMS 1 5.12E-05 4.07E-05 3.01E-05 1.06E-05 26% 

DMS 2 3.65E-05 3.94E-05 4.22E-05 2.85E-06 7% 

DMS 3 3.54E-05 3.93E-05 4.31E-05 3.85E-06 10% 

DMS 4 5.08E-05 4.05E-05 3.02E-05 1.03E-05 25% 

 

It can be seen that the membrane strains slightly increases when Ec,eff decreases from Ec,a to 0.6 ∙ Ec,a 

(0.15 / 3.77 = 0.04 ≙ 4%). It is interesting that the bending strain distributions show tensile strains on 

the bottom side of the deck plate. Generally, compression bending strains might be expected because of 

a simplified static model where the steel deck plate acts like a continuous beam which is supported by 

the longitudinal ribs. The  bending strains in the diagrams of Table 49 are decreasing when Ec,eff also 

decreases. From Ec,a to 0.6 ∙ Ec,a a decrease of 50% (-0.47 / +0.94 = -0.5) and from 0.6 ∙ Ec,a to 0.4 ∙ Ec,a 

a decrease of 36% (-0.17 / 0.47 = -0.36) can be recognised. Hence, the more the effective concrete’s 
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Young’s Modulus decreases, the more changes the deck plate’s bending moment from a positive 

direction (tension on the bottom) to a negative direction (compression on the bottom). Because of this 

effect, the positive strain values in Table 48 for the positions DMS 2, DMS 3, DMS 6 and DMS 7 

decrease due to a decrease of Ec,eff. Hence, the strains ε4 (Ec,eff,2 = 0.6 ∙ Ec,a) and ε5 (Ec,eff,3 = 0.4 ∙ Ec,a) are 

lower tensile strains (respectively stresses) than ε3 (Ec,eff,1 = Ec,a).  

 

When taking a closer look to the values for the strain gauges DMS 1, DMS 4, DMS 5 and DMS 8 in 

Table 48, it can be recognised that the numerically calculated strains ε3, ε4 and ε5 don’t have a big 

variance (less than 5%). Under consideration of the values for DMS 1 and DMS 4 in Table 49, it can be 

noted that the bending strains first increase due to a decrease of Ec,eff from Ec,a to 0.6 ∙ Ec,a (1.12 / 1.00  

1.11 / 0.995  1.12). The membrane strains in the same points also increase slightly due to a decrease 

of Ec,eff from Ec,a to 0.6 ∙ Ec,a (4.10 / 3.99  4.09 / 3.98  1.03). But due to an additional decrease of Ec,eff 

from 0.6 ∙ Ec,a to 0.4 ∙ Ec,a, the bending strains in these points decreases (1.06 / 1.12  1.03 / 1.11  0.94) 

as well as the membrane strains (4.07 / 4.10  4.05 / 4.09  0.99). In summary, the values in Table 49 

and the subsequent analyses confirm the very small difference of the strain values for DMS 1, DMS 4, 

DMS 5 and DMS 8 in Table 48. An additional significant decrease of Ec,eff would result in the same 

effect as shown above for DMS 2, DMS 3, DMS 6 and DMS 7. 

 

The plotted values of Table 48 are visualised in Figure 270. The results, relating to the strains at the 

bottom side of the deck plate that should represent the local bending behaviour of the deck at the 

longitudinal ribs, are plotted in Figure 270.a. The strains referring to the directly loaded mid longitudinal 

rib are illustrated in Figure 270.b which reproduce the bending behaviour of the longitudinal rib at the 

cross girder. The measured and calculated strain values regarding to the unloaded nearby longitudinal 

ribs in axis A4 and A5 are shown in Figure 270.c. 
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Figure 270: Full scale test – strain measurements and numerically calculated strains in comparison 

due to load level 4, axle type B; a.) deck plate bending DMS 1 to DMS 8; b.) longitudinal rib in axis 

SA, DMS 9 to DMS 17; c.) longitudinal rib in axis A4 and A5, DMS 18 to DMS 27 
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- Deck plate bending - Figure 270.a: 

By comparing the measured strains to the numerically calculated ones it can be recognised that even 

with the highest effective overall Young’s Modulus Ec,eff = Ec,a, the numerical strains and therefore 

the resulting stresses are smaller than the measured values. By taking a look at Table 48 and under 

consideration of Ec,eff = Ec,a, a deviation from 7 to 32% can be recognised (except DMS 3 and DMS 

4). Strain gauges DMS 3 and 4 were excepted from the comparison by reason of undefined force 

redistributions because of concrete cracks due to the thermal constraint. 

 

- Longitudinal Rib, Axis SA - Figure 270.b: 

Also by comparing the measured strains at the directly loaded mid longitudinal rib to the numerically 

calculated ones, the assumption of the highest effective overall Young’s Modulus Ec,eff = Ec,a delivers 

the best accordance. For DMS 9 to DMS 12 (at the connected side to the cross girder), a deviation 

from 3 to 20% can be detected under consideration of Ec,eff = Ec,a. For DMS 13 to DMS 17 (at the 

cope hole side of the cross girder), a deviation from 6 to 27% can be detected under consideration 

of Ec,eff = Ec,a. 

 

- Longitudinal Ribs, Axis A4 and A5 - Figure 270.c: 

It can be observed, that even under consideration of a concretes Young’s Modulus of Ec,eff = Ec,a, 

the strains due to the numerical calculations are conservatively higher than the measured values.  

 

 

Figure 271 shows additionally the numerically calculated strains (for Ec,eff,1, Ec,eff,2, Ec,eff,3) in comparison 

to the measurements due to load level 7 (load step 1 and load step 6) with axle type C and an axle load 

of FA = 300kN in the same way as Figure 270. 

 

By comparing the diagrams in Figure 270 and Figure 271, it can be recognised that the numerical model 

gives sufficient results. The assumption of an overall effective Young’s Modulus of Ec/4, as usually 

considered is not appropriate in this case. Causes of the deviations are numerical inaccuracies of the 

simplified model (modelling of the concrete pavement with an overall Young’s Modulus) and also 

measuring inaccuracies at the tests. It can be concluded, that these comparisons in Figure 271 give 

similar results as before at load level 4 with axle type B. The assumption of the highest effective Young’s 

Modulus Ec,eff = Ec,a also shows the best accordance for load level 7 with axle type C. 
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Figure 271: Full scale test – strain measurements and numerically calculated strains in comparison 

due to load level 7, axle type C; a.) deck plate bending DMS 1 to DMS 8; b.) longitudinal rib in axis 

SA, DMS 9 to DMS 17; c.) longitudinal rib in axis A4 and A5, DMS 18 to DMS 27 
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 Concluding Remarks regarding to the full scale tests 

The stresses in the critical details of the steel deck after strengthening can be reduced significantly. The 

measured stress reduction factors fσ at the full scale tests are much more beneficial, than the stress 

reduction factors determined in the numerical studies (FEM-models, with and without concrete 

pavement). Also for detail D2, the welded connection of the longitudinal rib to the cross girder, a 

beneficial behaviour of the concrete layer could be verified. Based on the measurements at the full scale 

tests, the desired additional 50 years of service life can be guaranteed with this proposed strengthening 

method of an 80 mm thick concrete pavement, after already 50 years in service before. For a practical 

implementation of this strengthening solution a prototype application seems useful with additional 

measurements, to evaluate the effects of the concrete plate to the global load carrying behaviour. 

 

Under consideration of the full scale tests, including the strengthening with an 80mm UHPFR pavement, 

the best accuracy of stresses and strains in the steel deck in the numerical investigations (variation of an 

overall effective concrete’s Young’s Modulus Ec,eff) are detected with the full averaged concrete’s 

Young’s Modulus Ec,a = Ec,eff. Therefore, this unexpected high value should also be used for remaining 

service life calculations of the strengthened deck.  
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6. Conclusions and Outlook 

Altogether it can be stated that a simplified load model, as it is presented in the actual Eurocode with 

five lorry types (FLM 4; possibly with national modifications, e.g. FLM 4* for Austria), is sufficient for 

a fatigue assessment on existing highway bridges with orthotropic steel decks when actual measured 

traffic and stress spectrum data is taken into consideration. Based on that, the numerical model for the 

calculation of the stress spectra should be verified and adapted if necessary. The occurring stresses due 

to the heavy traffic depends on many parameters which do vary more or less, because the notch details 

within the orthotropic deck are very local. Additionally, there are uncertainties regarding to the dynamic 

effects due to the heavy vehicle crossings over the bridge. Therefore, in situ measurements are strictly 

necessary for an accurate determination of the remaining life cycle time of orthotropic decks on existing 

bridges. For detail locations where there is no access for applying strain gauges, appropriate fracture 

mechanic models are necessary which are calibrated on tests.  A calibration of the fatigue load model 

FLM 4 is possible, based on the measured strain- respectively stress range spectra and the number of 

individual lorry types within the measured period. Hence, a more complex load model does not seem to 

be more efficient for practical applications, because this calibration is necessary anyway.  

 

In summary the following conclusions can be stated regarding to existing orthotropic steel decks on 

highway bridges under fatigue aspects: 

 

• Based on the data studies of existing bridges in Germany and Austria in Section 2.3, three significant 

details were analysed in this thesis. Detail D1 is the longitudinal rib to deck plate connection. For 

trapezoidal, closed longitudinal ribs detail D1 has to be split in detail D1a and D1b. For detail D1a, 

the transversal stresses on the deck plate’s bottom side at the weld toe are relevant, as also for open 

longitudinal ribs. For detail D1b, the bending stresses at the weld toe in the web of the longitudinal 

rib are relevant. Detail D2 is the longitudinal rib to cross girder connection and detail D3 is the 

bolted connection within the cross girders. These details are frequent on orthotropic steel decks and 

are quite independent of the global load carrying behaviour (deck plate acts as the upper flange of 

the main girders). 

 

• With regards to the numerical service life analyses of three representative steel bridge decks in 

Section 3 and the evaluations in Section 5.3, it is worth mentioning that the fatigue life of all three 

details (detail D1 with deck plate slenderness eLR / tDP > 25) within the analysed decks is exhausted 

after 50 years due to FLM 4* (Di > 1.0, under assumption of a heavy traffic volume and load level 

which was measured on an highly frequented Austrian highway bridge).  

 

• The axle geometries of the actual fatigue load models according to the Eurocode [1] show deviations 

to realistic heavy vehicles. Within this thesis, the effects of these deviations to the damage equivalent 



Conclusions and Outlook 

 

320 

stress range Δσe of the analysed details D1 and D2 could be determined. Additionally, the effect of 

realistic heavy traffic driving characteristics (lateral distribution of heavy vehicles in the transverse 

direction) to the detail’s equivalent stress range for D1 and D2 could be quantified.  

 

It can be recognised, that the damage equivalent stress ranges Δσe for detail D1a and D2 decrease 

from 10 to 18% by taking both of these effects into account. Hence, these effects are positive for 

detail D1a and D2, extending the calculated fatigue life. The consideration of only realistic axle 

geometries at model A (open longitudinal ribs) leads to an increase of Δσe of +15% for detail D2 

because of the specific one-sided connection of the longitudinal rib to the cross girder. 

 

For detail D1b, the consideration of a lateral distribution of the heavy vehicles is essential for an 

adequate determination of the fatigue critical stresses (only necessary for closed longitudinal ribs). 

Without taking these effects into account nearly no fatigue damage occurs due to the numerical 

calculations. A consideration of a wide-spreading frequency distribution for the wheel position in 

transverse direction highly increases the bending stresses in the web of the trough rib, up to 300%. 

 

• The numerical simulations on the three different FE-models showed that lorry type T3 (fatigue load 

model FLM 4), the articulated lorry, causes the maximum damage in the details D1 and D2. For 

detail D1a, the damage percentage of lorry type T3 has a value of 65 to 75%. The same lorry type 

causes at detail D2 74 to 93% of the whole damage. It therefore makes sense to take special care of 

the geometries and axle loads of lorry type T3. Additionally, these results confirm the sufficiency 

of a practically simplified fatigue load model, because one lorry type strongly dominates the fatigue 

damage in the analysed details. 

 

The analyses regarding to the strengthening of existing orthotropic steel decks with an UHPFRC 

pavement instead of the asphalt, which is based on a solution that was developed in the Netherlands, 

showed very good results for the notch details D1 and D2. Especially the full scale tests, where also 

overloads and thermal constraints were simulated, confirmed the beneficial effect of the concrete 

pavement to the local load bearing behaviour. For detail D1a, a stress reduction factor of f,B = 0.20 for 

double wheeled axles (axle type B) and f,A/C = 0.29 for single wheeled axles (axle type A and C) could 

be determined. For detail D2, the resulting stress reduction factor is f,B = 0.24 for double wheeled axles 

(axle type B) and f,A/C = 0.23 for single wheeled axles (axle type A and C). 

 

With the knowledge of all these results, a prototype application with accompanying measurements on 

the steel structure, the concrete and the interface layer would be the next useful step to quantify the 

effects of the global load carrying behaviour. This procedure seems necessary, especially for the 

detection of additional shear stresses in the interface, due to the global load transfer (the very high 

Young’s Modulus of the concrete leads to significant normal stresses c in the concrete). Based on that, 
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possibly additional shear studs are necessary. Also a possible lift off of the concrete pavement due to a 

local tensile bond failure of the epoxy layer should be verified with a prototype. This effect can be 

expected to be dangerous for example in the field region of a girder bridge where the concrete pavement 

gets compression membrane stresses due to the heavy traffic. Nevertheless, this strengthening method 

is highly promising for the renovation of existing bridges, to extend its service life and further 

investigations would complete the knowledge about the load carrying behaviour.  
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ANNEX A – SIMULATION OF HEAVY TRAFFIC CROSSINGS 

In this Section the relevant results of the heavy traffic simulations at model A, B, C and D are presented 

referring to the analysed notch details D1a, D1b, D2 and D3. Fatigue load model FLM 4 and FLM 4* 

were considered with its 5 lorry types and 3 axle types. For detail D1a to D2 (at model A to C), influence 

lines in longitudinal bridge direction regarding to axle type A, B and C are shown first relating to an 

axle load of FA = 100kN. Stress history curves relating to the 5 lorry types are subsequently shown under 

consideration of the axle loads and distances of the chosen fatigue load model. Finally, stress range 

spectra are shown regarding to the details D1a to D2 and a damage equivalent constant amplitude stress 

range e is additionally plotted in the diagrams. For detail D3 (at model D), the maximum and 

minimum principal stresses are shown in the local regions of the bolted cross girder connections. A 

representative selection of the diagrams shown in this Section is already illustrated in Section 3.4. 

A-1. MODEL A: ORTHOTROPIC BRIDGE DECK WITH OPEN 

LONGITUDINAL RIBS 

This Section presents a complete summary of the results regarding to the numerical calculations at model 

A which is described in Section 3.2.1. The simulation of the lorry crossings has been performed at LR-

1 (lane 1) and LR-3 (lane 2) which are shown in Section 3.4.2. 

 

 Detail D1a 

 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D1a 

are shown in this Section. The stress range spectra due to FLM 4 and FML 4* at LR-1 (lane 1) and LR-

3 (lane 2) are already displayed in Figure 86, Figure 87 and Figure 88 in Section 3.4.2 and therefore 

they are not shown any more. 

 

A.1.1.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at LR-1 and LR-3 are already shown in Figure 

84. Figure A. 1 shows the longitudinal influence lines due to axle type A at LR-1 and LR-3. 
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Figure A. 1: Model A – Detail D1a – influence lines in longitudinal bridge direction due to axle type A 

and an axle load of FA = 100kN: a.) axle type A at LR-1 (lane 1); b.) axle type A at LR-3 (lane 2); 

A.1.1.2. Lorry crossings at LR-1 (Lane 1) according to FLM 4* 

Figure A. 2 to Figure A. 6 illustrate the stress history curves for the lorry crossings of T1 to T5 at LR-1 

(lane 1). Additionally, the occurring stress ranges are indicated in the diagrams. 

 

Figure A. 2: Model A – Detail D1a at LR-1 – stress history relating to a crossing of lorry type T1 

according to FLM 4* at lane 1 

 

Figure A. 3: Model A – Detail D1a at LR-1 – stress history relating to a crossing of lorry type T2 

according to FLM 4* at lane 1 
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Figure A. 4: Model A – Detail D1a at LR-1 – stress history relating to a crossing of lorry type T3 

according to FLM 4* at lane 1 

 

Figure A. 5: Model A – Detail D1a at LR-1 – stress history relating to a crossing of lorry type T4 

according to FLM 4* at lane 1 

 

Figure A. 6: Model A – Detail D1a at LR-1 – stress history relating to a crossing of lorry type T5 

according to FLM 4* at lane 1 
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A.1.1.3. Lorry crossings at LR-3 (Lane 2) according to FLM 4 

Figure A. 7 to Figure A. 10 illustrate the stress history curves for the lorry crossings of T1 to T5 at LR-

3 (lane 2). The stress history curve for lorry type T3 is already shown in Figure 85. Additionally, the 

occurring stress ranges are indicated in the diagrams. 

 

 

Figure A. 7: Model A – Detail D1a at LR-3 – stress history relating to a crossing of lorry type T1 

according to FLM 4* at lane 2 

 

Figure A. 8: Model A – Detail D1a at LR-3 – stress history relating to a crossing of lorry type T2 

according to FLM 4* at lane 2 

 

Figure A. 9: Model A – Detail D1a at LR-3 – stress history relating to a crossing of lorry type T4 

according to FLM 4* at lane 2 
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Figure A. 10: Model A – Detail D1a at LR-3 – stress history relating to a crossing of lorry type T5 

according to FLM 4* at lane 2 

 

 Detail D2 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D2 

are shown in this Section. The stress range spectra due to FLM 4 and FML 4* at LR-1 (lane 1) and LR-

3 (lane 2) are already displayed in Figure 91, Figure 92 and Figure 93 in Section 3.4.2 and therefore 

they are not shown any more. 

 

A.1.2.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at LR-1 and LR-3 are already shown in Figure 

89. Figure A. 11 shows the longitudinal influence lines due to axle type A at LR-1 and LR-3. 

 

 

Figure A. 11: Model A – Detail D2 – influence lines in longitudinal bridge direction due to axle type A 

and an axle load of FA = 100kN: a.) axle type A at LR-1 (lane 1); b.) axle type A at LR-3 (lane 2); 
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A.1.2.2. Lorry crossings at LR-1 (Lane 1) according to FLM 4* 

Figure A. 12 to Figure A. 16 illustrate the stress history curves for the lorry crossings of T1 to T5 at LR-

1 (lane 1). Additionally, the occurring stress ranges are indicated in the diagrams. 

 

 

Figure A. 12: Model A – Detail D2 at LR-1 – stress history relating to a crossing of lorry type T1 

according to FLM 4* at lane 1 

 

Figure A. 13: Model A – Detail D2 at LR-1 – stress history relating to a crossing of lorry type T2 

according to FLM 4* at lane 1 

 

Figure A. 14: Model A – Detail D2 at LR-1 – stress history relating to a crossing of lorry type T3 

according to FLM 4* at lane 1 
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Figure A. 15: Model A – Detail D2 at LR-1 – stress history relating to a crossing of lorry type T4 

according to FLM 4* at lane 1 

 

 

Figure A. 16: Model A – Detail D2 at LR-1 – stress history relating to a crossing of lorry type T5 

according to FLM 4* at lane 1 

 

 

A.1.2.3. Lorry crossings at LR-3 (Lane 2) according to FLM 4 

Figure A. 17 to Figure A. 20 illustrate the stress history curves for the lorry crossings of T1 to T5 at LR-

3 (lane 2). The stress history curve for lorry type T3 is already shown in Figure 90. Additionally, the 

occurring stress ranges are indicated in the diagrams. 
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r  

Figure A. 17: Model A – Detail D2 at LR-3 – stress history relating to a crossing of lorry type T1 

according to FLM 4 at lane 2 

 

 

Figure A. 18: Model A – Detail D2 at LR-3 – stress history relating to a crossing of lorry type T2 

according to FLM 4 at lane 2 

 

 

Figure A. 19: Model A – Detail D2 at LR-3 – stress history relating to a crossing of lorry type T4 

according to FLM 4 at lane 2 
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Figure A. 20: Model A – Detail D2 at LR-3 – stress history relating to a crossing of lorry type T5 

according to FLM 4 at lane 2 

 

A-2. MODEL B: ORTHOTROPIC BRIDGE DECK WITH TROUGH 

LONGITUDINAL RIBS AND CROSS GIRDER SPACING OF 2M 

This Section presents a complete summary of the results regarding to the numerical calculations at model 

B which is described in Section 3.2.2. The simulation of the lorry crossings has been performed at the 

left web of LR-2 (lane 1) which is shown in Section 3.4.3. 

 

 Detail D1a 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D1a 

are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 97 in Section 3.4.3 and therefore this is not shown any more. 

 

A.2.1.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 95. Figure A. 21 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 
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Figure A. 21: Model B – Detail D1a – influence line in longitudinal bridge direction due to axle type 

A and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 

A.2.1.2. Lorry crossings at the left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 22 to Figure A. 25 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 96. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 

Figure A. 22: Model B – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 

Figure A. 23: Model B – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 
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Figure A. 24: Model B – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 

 

Figure A. 25: Model B – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 
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are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 100 in Section 3.4.3 and therefore this is not shown any more. 
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The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 98. Figure A. 26 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 
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Figure A. 26: Model B – Detail D1b – influence line in longitudinal bridge direction due to axle type 

A and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 

A.2.2.2. Lorry crossings at left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 27 to Figure A. 30 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 99. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 
Figure A. 27: Model B – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 
Figure A. 28: Model B – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 
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Figure A. 29: Model B – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 

 
Figure A. 30: Model B – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 

 

 

 

 Detail D2 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D2 

are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 103 in Section 3.4.3 and therefore this is not shown any more. 

 

A.2.3.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 101. Figure A. 31 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 
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Figure A. 31: Model B – Detail D2 – influence line in longitudinal bridge direction due to axle type A 

and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 

A.2.3.2. Lorry crossings at the left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 32 to Figure A. 35 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 102. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 
Figure A. 32: Model B – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 
Figure A. 33: Model B – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 
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Figure A. 34: Model B – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 

 
Figure A. 35: Model B – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 
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A-3. MODEL C: ORTHOTROPIC BRIDGE DECK WITH TROUGH 

LONGITUDINAL RIBS AND CROSS GIRDER SPACING OF 4M 

This Section presents a complete summary of the results regarding to the numerical calculations at model 

C which is described in Section 3.2.3. The simulation of the lorry crossings has been performed at the 

left web of LR-2 (lane 1) which is shown in Section 3.4.4. 

 

 Detail D1a 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D1a 

are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 107 in Section 3.4.4 and therefore this is not shown any more. 

A.3.1.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 105. Figure A. 36 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 

 

Figure A. 36: Model C – Detail D1a – influence line in longitudinal bridge direction due to axle type 

A and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 

A.3.1.2. Lorry crossings at the left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 37 to Figure A. 40 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 106. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 

-90

-70

-50

-30

-10

10

-830 -630 -430 -230 -30 170 370 570 770

St
re

ss
 

(x
)

[N
/m

m
²]

position of load relating to Detailpoint x [cm]

influence line
wheel type A
axle load FA = 100 [kN]
lane 1

0,00; -78,59



Annex A 

 

A-17 

 

Figure A. 37: Model C – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 

 

Figure A. 38: Model C – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 

 

 

Figure A. 39: Model C – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 
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Figure A. 40: Model C – Detail D1a at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 

 

 Detail D1b 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D1b 

are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 110 in Section 3.4.4 and therefore this is not shown any more. 

A.3.2.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 108. Figure A. 41 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 

 
Figure A. 41: Model C – Detail D1b – influence line in longitudinal bridge direction due to axle type 

A and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 
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A.3.2.2. Lorry crossings at the left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 42 to Figure A. 45 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 109. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 

 
Figure A. 42: Model C – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 
Figure A. 43: Model C – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 

 
Figure A. 44: Model C – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 
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Figure A. 45: Model C – Detail D1b at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 

 

 Detail D2 

The influence lines in longitudinal bridge direction and the stress history curves referring to detail D2 

are shown in this Section. The stress range spectrum due to FLM 4 at the left web of LR-2 (lane 1) is 

already displayed in Figure 113 in Section 3.4.4 and therefore this is not shown any more. 

A.3.3.1. Influence lines in longitudinal direction for wheel types A, B and C 

The longitudinal influence lines for axle type B and C at the left web of LR-2 are already shown in 

Figure 111. Figure A. 46 shows the longitudinal influence lines due to axle type A at the left web of LR-

2. 

 

 
Figure A. 46: Model C – Detail D2 – influence line in longitudinal bridge direction due to axle type A 

and an axle load of FA = 100kN at the left web of LR-2 (lane 1); 
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A.3.3.2. Lorry crossings at the left web of LR-2 (Lane 1) according to FLM 4 

Figure A. 47 to Figure A. 50 illustrate the stress history curves for the lorry crossings of T1 to T5 at the 

left web of LR-2 (lane 1). The stress history curve for lorry type T3 is already shown in Figure 112. 

Additionally, the occurring stress ranges are indicated in the diagrams. 

 
Figure A. 47: Model C – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T1 according to FLM 4 at lane 1 

 

 
Figure A. 48: Model C – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T2 according to FLM 4 at lane 1 

 

 
Figure A. 49: Model C – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T4 according to FLM 4 at lane 1 
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Figure A. 50: Model C – Detail D2 at the left web of LR-2 – stress history relating to a crossing of 

lorry type T5 according to FLM 4 at lane 1 

 

A-4. MODEL D: ORTHOTROPIC BRIDGE DECK WITH OPEN 

LONGITUDINAL RIBS – CROSS GIRDER WITH FIELD SPLICES 

This Section shows a complete summary of the results of the numerical calculations for detail D3 (see 

Section 2.4.5) at model D under consideration of the appropriate lad case (lorry type T2), which is 

presented in Figure 81 in Section 3.3.4. The finite element model is illustrated and described in Section 

3.2.4. The relevant results of these simulations are already shown in Figure 115 (joint I/III) and Figure 

116 (joint II) in Section 3.4.5. These pictures also illustrate an overview of the analysed regions (region 

I to region IV) in the local areas of the bolted connections. In the following, the determined maximum 

and minimum principal stresses are shown in detail referring to the analysed regions mentioned above. 

 

 Joint I 

The following Figures A.51 to A.60 show the calculated max. and min. principal stresses in region I to 

IV. 

A.4.1.1. Region I of joint I/III 

Figure A. 51 illustrates the maximum and Figure A. 52 the minimum principal stresses in region I of 

joint I/III. 
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Figure A. 51: Model D – Detail D3 at joint I/III, region I – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 
Figure A. 52: Model D – Detail D3 at joint I/III, region I – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 
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A.4.1.2. Region II of joint I/III 

Figure A. 53 illustrates the maximum and Figure A. 54 the minimum principal stresses in region II of 

joint I/III. 

 
Figure A. 53: Model D – Detail D3 at joint I/III, region II – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 
Figure A. 54: Model D – Detail D3 at joint I/III, region II – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 
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A.4.1.3. Region III of joint I/III 

Figure A. 55 illustrates the maximum and Figure A. 56 the minimum principal stresses in region III of 

joint I/III. 

 

Figure A. 55: Model D – Detail D3 at joint I/III, region III – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

Figure A. 56: Model D – Detail D3 at joint I/III, region III – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 
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A.4.1.4. Region IV of joint I/III 

Figure A. 57 illustrates the maximum and Figure A. 58 the minimum principal stresses in region IV of 

joint I/III. 

 

Figure A. 57: Model D – Detail D3 at joint I/III, region IV – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

Figure A. 58: Model D – Detail D3 at joint I/III, region IV – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 
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 Joint II 

The following Figures A.59 to A.66 show the calculated max. and min. principal stresses in region I to 

IV. 

A.4.2.1. Region I of joint II 

Figure A. 59 illustrates the maximum and Figure A. 60 the minimum principal stresses in region I of 

joint II. 

 

Figure A. 59: Model D – Detail D3 at joint II, region I – maximum principal stresses due to lorry type 

T2 according to FLM 4* at lane 2 

 

Figure A. 60: Model D – Detail D3 at joint II, region I – minimum principal stresses due to lorry type 

T2 according to FLM 4* at lane 2 
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A.4.2.2. Region II of joint II 

Figure A. 61 illustrates the maximum and Figure A. 62 the minimum principal stresses in region II of 

joint II. 

 

Figure A. 61: Model D – Detail D3 at joint II, region II – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

Figure A. 62: Model D – Detail D3 at joint II, region II – minimum principal stresses due to lorry type 

T2 according to FLM 4* at lane 2 
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A.4.2.3. Region III of joint II 

Figure A. 63 illustrates the maximum and Figure A. 64 the minimum principal stresses in region III of 

joint II. 

 

Figure A. 63: Model D – Detail D3 at joint II, region III – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

Figure A. 64: Model D – Detail D3 at joint II, region III – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 
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A.4.2.4. Region IV of joint II 

Figure A. 65 illustrates the maximum and Figure A. 66 the minimum principal stresses in region IV of 

joint II. 

 

Figure A. 65: Model D – Detail D3 at joint II, region IV – maximum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

Figure A. 66: Model D – Detail D3 at joint II, region IV – minimum principal stresses due to lorry 

type T2 according to FLM 4* at lane 2 

 

 


