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1 Introduction 

Both, steel and composite bridges are susceptible to fa-

tigue failure. Detected fatigue cracks at existing bridges 

are commonly distortion-induced. The reason for distor-

tion-induced fatigue cracks are partially restrained out-of-

plane deformations of individual cross-section parts, lead-

ing to high secondary stresses. For bridge girders this may 

particularly occur at the web gap region, if transverse stiff-

eners are not directly connected with the flanges. Due to 

out-of-plane deformations of the web plate, large bending 

stresses in vertical direction may occur. These may result 

in horizontal fatigue cracks at the main girder web, be-

tween the weld toe of the vertical stiffener and the main 

girder flange. Research related to distortion – induced fa-

tigue, also related to bridges, can be found in [1-8].

Within this paper, the local fatigue behaviour of a specific 

connection detail in an existing railway bridge, between 

the main girder flange and the transverse web stiffener is 

analysed. Fig. 1 shows this detail, which was commonly 

used for welded railway bridges in Austria during the 

1950s and 1970s, because this type of constructional de-

tail was also recommended in the national design code [9]. 

A fitting strip was situated below the transverse stiffener 

– only welded to the stiffener itself, but not to the main

girder flange. In addition, cut-out holes were used be-

tween the stiffener end and the web plate, which result in

a small unstiffened web gap where horizontal fatigue

cracks were detected at some stiffener connections during

regular inspection. Fig. 2 shows one typical example for
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the detected fatigue cracks, with a maximum overall crack 

length of L = 50 mm. The basic idea behind this construc-

tion detail was to improve the fatigue resistance of the 

main girder, with the weld toe of the vertical stiffener now 

terminating in the web, where the normal stresses due to 

global bending are significantly reduced. Fig. 2 also indi-

cates the relevant hot spot (hs) in the web plate at the 

weld toe of the stiffener weld. 

The orientation of the observed cracks in longitudinal di-

rection of the girder indicates high local vertical stresses 

𝜎𝑧 in addition to the stresses 𝜎𝑥 due to the global behaviour 

of the main girder. Within a research project for the owner 

of the railway bridge (ÖBB) comprehensive strain meas-

urements in service and material tests (including fracture 

test for determination of fracture toughness 𝐾𝐼𝑐 and crack 

growth parameters 𝐶, 𝑚) were done. Based on these 

measurements, fracture mechanics analyses showed suf-

ficient remaining fatigue life [10]. Only as an immediate 

action, stop holes were executed at each detected crack 

tip, but no restriction in service was necessary. 

The main focus of this paper is the presentation of three 

different reinforcements for this specific type of connection 

detail. The efficiency of these reinforcements in compari-

son with the original detail is shown, based on strain 

measurements for the passage of representative trains. 

2 Studied bridge structure 

The studied bridge, see Fig. 1, consists of two individual 

structures, each for one track of a railway main line in 

Austria. Each structure has two main girders with three 

continuous spans. They are connected by cross bracings 

at every second position of the transverse stiffeners along 

the bridge, with stiffeners at both sides of the main girder 

web. The specific connection between the transverse stiff-

eners and the main girder, already discussed in the previ-

ous section, is also shown in Fig. 1. 

 

Figure 1 Studied railway bridge with welded main girders and specific 

transverse stiffener connections  

The sleepers of the track are situated directly at the top of 

the main girders. The span length of the main girders is L 

= 21 m, with a depth of h ≈ 1300 mm, leading to a slen-

derness ratio of L/h = 16. The dimensions of the flanges 

are b/t = 500/24 and 500/30 (main span) with lamellas 

460/16 on both flanges in the side spans. The thickness of 

the web varies between tw = 8-12 mm. The distance be-

tween the transverse stiffeners in longitudinal direction is 

est = 1,75 m, leading to a distance of ecb = 3,50 m of the 

cross bracings. The dimensions of the transverse stiffeners 

and the fitting strip are 200/20 and 40/40 mm. 

The bridge was built in the 1960s, with fully welded main 

girders and riveted site joints. Steel quality St 44 T was 

used, with a nominal yield stress of approximately 𝑓𝑦 = 

284 N/mm². This could be confirmed by the latest results 

of four tensile coupon tests for the main girder web, with 

a mean value 𝑓𝑦,𝑚 = 305 N/mm² and 𝑓𝑢,𝑚 = 478 N/mm² for 

the ultimate tensile strength. 

 

Figure 2 Observed crack pattern at the specific transverse stiffener 

connections  

To assess the fatigue damage, due to the local stress field 

only, the fatigue resistance (of the local effect only) was 

determined, based on results in the literature. The proce-

dure to assess the local stress spectra and the local fatigue 

damage respectively for the original detail and the three 

different reinforcements is presented. In a first step this is 

shown for the two representative trains. Afterwards a pre-

diction of the local fatigue damage of all three reinforce-

ments for all service trains is shown. 

These results allow also a prediction of the three devel-

oped reinforcements for other railway bridges at main 

lines of ÖBB. 

3 Measurements of the local stress field at the 

specific connection detail 

Before, specifying five representative connection details 

(overall 140 details, that means 35 at each main girder) 

for detailed measurement of the local stress field, the 

global fatigue damage at the hot spot was calculated, 

based on the train mix in EN 1991-2 for fatigue design. 

These calculations showed a significant higher fatigue 

damage, due to the global behaviour, in the side spans. In 

contrast, the detected fatigue cracks were not only de-

tected in the side spans, but also in the centre span. Only 

at the connection details with cross bracings, fatigue 

cracks were found. The extent of damage was very similar 

for all four main girders. This was in accordance with the 

statistical data of the train service, with nearly the same 

traffic volume on both tracks. 

Therefore the strain measurements were only done on the 

two main girders of one track at a location in the side span 

and one in the centre span, where at one main girder 

cracks were detected and at the other not. In addition, one 

connection detail without cross bracing was selected. For 
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application of fracture mechanics, to predict the crack 

growth starting at the hot spot, the local stress field 

around the hot spot is essential. Therefore, not only strain 

gauges were used, but also strain gauge rosettes (details 

in [10]). The analyses of the measured local stress fields 

showed, that only the vertical stresses 𝜎𝑧,ℎ𝑠 are necessary 

to predict, whether a fatigue crack will start or not. 

Therefore, for the assessment of the individual reinforce-

ments only the vertical stresses 𝜎𝑧,ℎ𝑠 are necessary. It is 

important to use the measured stresses 𝜎𝑧,ℎ𝑠 at a connec-

tion detail without any fatigue crack, because cracking 

leads to a reduction of the local stresses [10]. Fig. 3 shows 

the position of the individual strain gauges on both sur-

faces of the web plate, which allow an extrapolation of the 

stress 𝜎𝑧,ℎ𝑠 at the hot spot at the weld toe. Within this pa-

per only the results for the connection detail at position P2 

without fatigue cracks, at the side span of main girder MG 

4, are shown. 

In addition, the clearance between the lower flange of the 

girder and the fitting strip of the transverse stiffener was 

measured, at both sides of the girder web, in vertical and 

horizontal direction (Fig. 3). 

 

Figure 3 a) measurements of the clearance between fitting strip of the 

transverse stiffener and girder flange; b) Position of strain gauges to 

predict the stresses 𝜎𝑧,ℎ𝑠 at the hot spot  

4 Presentation of the developed reinforcements 

The following requirements are essential for the design of 

reinforcements at the specific connection detail: 

- no additional welds at the main girder (e.g. be-

tween fitting strip and girder flange), to prevent a 

reduction of the fatigue resistance of the main 

girder 
 

- avoidance of holes at the main girder and sepa-

rating cuts of bracing elements, in order to keep 

the full cross section capacity of the main girder. 

Based on this, no structural analyses are needed 

and during erection no interruption of train service 

is required 
 

- reduction of reinforcement efforts recommended 

in the literature, in cases of distortion-induced fa-

tigue failure (reinforcement angles with bolted 

connections to flange and vertical stiffener)  

Fig. 4 shows the developed three variants of reinforcement 

for the specific constructional detail. Variant R1 only needs 

filler plates below the fitting strips of the transverse stiff-

eners (in and outside of the web plate). Variant R2 is a 

clamped solution only, needing no holes at the main 

girder. At the upper part of the girder flange, the two ver-

tical plates at both sides of the transverse stiffener, have 

a welded cleat. These cleats are pushing on the fitting strip 

when the screws are preloaded (four bolts necessary on 

both sides of the girder flange). 

Variant R3 also has welded cleats at the angle members, 

only on the upper side of the girder flange. In this bolted 

solution only a bolted connection to the girder flange is 

needed, with prestressed bolts. For variant R2 and R3 also 

filler plates, as for variant R1, are needed.  

 

Figure 4 Developed reinforcements of the specific constructional de-

tail; a) variant R1 with filler plates only; b) variant R2 – clamped solu-

tion; c) variant R3 – bolted solution (all bolts are pre-tensioned)  

5 Efficiency of the reinforcements based on 

measurements under train operation 

At all measuring sensors (see Fig. 3) permanent measure-

ments were done under regular train service over a period 

of two weeks. Within these two weeks, measurements 

were done at least for some days at, i) the original con-

structional detail, ii) reinforcement variant R1, iii) rein-

forcement variant R2 and iv) reinforcement variant R3. 

Within this measurement period also a weigh-in-motion-

device was installed at the rail behind the abutment, to get 

the individual train characteristic (distance and weight of 

individual axles, train velocity, total train weight). 

To get an overview of the detail performance, first of all 

only the maximum and minimum value of each sensor, 

during train passage, was detected. Fig. 5 shows these re-

sults for the vertical and horizontal clearance below the 

transverse stiffener. Each train is specified with an orange 

and a blue dot. For a representative passenger train 

(called Railjet) and freight train the results are marked in 

red and black. The most important result is the extremely 

small change of clearance, also at the original detail. Dur-

ing one train passage the change of clearance is about 

∆𝑤 ≈ 0,2 mm. The efficiency of the individual reinforce-

ment variants is visible. Already variant 1 with the filler 

plates showed a significant better performance and variant 

R2 (clamped solution) shows nearly the same good per-

formance, than variant R3 (bolted solution). 

For assessment of the local fatigue damage only maximum 

MG 3/4

in out

S5

S6 S2

S1

H1

inside outside

S5

S6

S1

S2

Hotspot (hs)

H1 H1

Hotspot 
(hs)

extrapolation
- in:    S1 & S2
- out: S5 & S6

MG 4

in out

S5,S7,S8

S6 S2

S1,S3,S4
R3

R1

R4
R2

H1

a)

b)

a) variant   R1  :
- only filler plates

b) variant   R2  :
- clamped solution

c) variant  R3  :
- bolted solution

999
 25097075, 2023, 3-4, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cepa.2392 by C
ochraneA

ustria, W
iley O

nline L
ibrary on [17/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and minimum stresses 𝜎𝑧,ℎ𝑠 are not sufficient and the 

stress-time history is needed. In addition, for an objective 

comparison between original constructional detail and 

each reinforcement variant always the same trains should 

be used. With the help of the weigh in motion device it was 

possible to pick out one representative passenger train 

(Railjet) and also one representative freight train (trains 

not exactly the same, but similar axle weights and number 

of axles). 

 

Figure 5 Measured maximum and minimum clearance during one train 

passage; results for the original detail and all three reinforcement var-

iants 

Fig. 6 shows the stress-time history for the passage of the 

passenger train.  

 

Figure 6 Stress-time histories for the local stresses 𝜎𝑧,ℎ𝑠 at the hot spot 

for the passage of the passenger train (Railjet); results for the original 

detail and all three reinforcement variants 

The results for the freight train are very similar, despite 

the significant lower train velocity. The figures on the left 

show the results at the two hot spots, at both surfaces of 

the girder web (blue and red line). The figures on the right 

show, that the membrane stresses (green lines) are very 

small, compared to the dominating bending stresses, as 

expected for distortion-induced fatigue failure. For the 

original detail an unexpected effect, based on the results 

in the literature, can be seen. The bending stresses show 

the effects of a resonance vibration of the web plate, with 

a measured frequency of 𝑓𝜎𝑧 ≈ 20 Hz, significantly higher 

than the natural frequency of the main girder in bending. 

Already with reinforcement variant R1 the stress cycles Δ𝜎𝑧 

are significantly reduced and also the vibration effects dis-

appear. The reinforcement variants R2 and R3 again im-

prove the performance and lead to similar results with 

very small stress cycles. 

Based on the stress-time history in Fig. 6, with Rainflow-

method the individual stress cycles were calculated and 

summed up in stress spectra. Fig. 7 shows these stress 

spectra for the passage of the passenger train and freight 

train respectively for both hot spots (on each side of the 

web plate). The stress spectra are shown for the original 

detail as well as for the three reinforcement variants. 

 

Figure 7 Stress spectra for the local stresses 𝜎𝑧,ℎ𝑠 at the hot spot for 

the passage of: a) one passenger train, b) one freight train; results for 

the original constructional detail and all three reinforcement variants 

Table 1 shows the measured reduction factors of the max-

imum stress cycles 𝛥𝜎𝑚𝑎𝑥,𝑜𝑟𝑖 of the original detail for the 

three individual reinforcement variants. The passage of 
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the passenger train shows slightly higher values, than the 

passage of the freight train and these former results were 

used for the assessment of the overall stress spectra due 

to regular train service (measurement for eight weeks on 

the original constructional detail). Table 1 in addition 

shows also the reduction factor for the damage equivalent 

stress cycle Δ𝜎𝑒, indicating similar values. The reduction 

factors for the maximum stress cycles Δ𝜎𝑚𝑎𝑥,𝑜𝑟𝑖 for each 

reinforcement variant are applicable as an approximation 

also for the individual stress cycles Δ𝜎𝑖,𝑜𝑟𝑖. For this reason 

the measured stress spectra of the original detail, multi-

plied with the reduction factors of Table 1, lead to the 

stress spectra of the individual reinforcement variants. 

Table 1 Reduction of the maximum stress cycles 𝛥𝜎𝑚𝑎𝑥,𝑜𝑟𝑖 of the orig-

inal detail for the individual reinforcement variants due to representa-

tive train passage (reduction factors 𝑓𝜎,𝑅𝑖)  

 

6 Assessment of the reinforcement variants for 

train service in general 

Based on the shown strain measurements for representa-

tive passenger and freight trains for the original detail, as 

well as for the three reinforcement variants, stress reduc-

tion factors were developed (see Table 1). The measured 

stress spectra at the original detail include the overall train 

service for a main line of ÖBB in Austria and were extra-

polated for one year of service (route data showed that 

eight weeks of measurement are adequate to extrapolate 

for one year of service). With the stress reduction factors 

𝑓𝜎,𝑅𝑖 for each reinforcement variant the stress spectra for 

the overall train service is available for the final fatigue 

assessment.  

 

Figure 8 Fatigue tests to determine the fatigue strength at the con-

structional detail for the local fatigue effect only 

To quantify the local fatigue damage at the hot spot of the 

investigated constructional detail, an accurate fatigue 

strength, for the local effect only, is necessary. 

 

Figure 9 Final assessment of the three reinforcement variants based 

on the stress spectra (for one year of service) of overall train service 

and accurate SN-curve for the local fatigue effect only 
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Based on the fatigue tests of Fisher et.al [11] and the ex-

change of these fatigue strength values in the concept of 

the hot spot stress method [12] these fatigue strength val-

ues are available, see Fig. 8. Based on EN 1990, Annex D 

design values of the fatigue strength of the local effect 

were calculated for the final assessment of all three rein-

forcement variants. Fig. 9 shows the stress spectra for one 

year of service and the design curves for the fatigue 

strength (CAFL at N=5∙106, based on EN 1993-1-9, is also 

shown) for the original detail as well as for all three rein-

forcement variants. The low design fatigue strength of 

Δ𝜎𝑐,5%.= 72,2 N/mm2, compared with the design regula-

tions for the hot spot stress method in EN 1993-1-9 [13] 

(Δ𝜎𝑐,ℎ𝑠.= 100), is based on the small number of tests in 

[6], with high scatter.  

The high stress cycles Δ𝜎𝑧,ℎ𝑠 of the local fatigue effect at 

the original detail, with a calculated local fatigue damage 

of 𝐷𝑜𝑟𝑖,1𝑦𝑒𝑎𝑟 = 0,52 for one year of service, also indicates 

the detected fatigue cracks after approximately 60 years 

in service. 

The reinforcement variant R1 with only filler plates shows 

a significant reduction of the local fatigue damage 

(𝐷𝑅1,1𝑦𝑒𝑎𝑟 ≈ 0,05), but is not adequate to guarantee no fa-

tigue cracks within the service life of the bridge. Because 

the efforts for this type of reinforcement are very small it 

should be applied as an immediate measure. It also should 

improve the corrosion protection at this constructional de-

tail (closing the open gap below fitting strip). 

The reinforcement variant R2 (clamping solution) and R3 

(bolted solution) lead to maximum stress cycles below the 

constant amplitude fatigue limit (CAFL). But, due to the 

higher stress cycles in the past, acting on the original de-

tail and leading to pre-fatigue damage, this verification is 

not sufficient. The fatigue limit for variable amplitude 

stress cycles must be considered in this case, leading to a 

reduced design value of Δ𝜎𝐿= 29,2 N/mm2, according to 

the SN-curves in EN 1993-1-9 [13]. Therefore, for variant 

R3 the local damage at the hot spot in the future is negli-

gible and only the global fatigue damage at the construc-

tional detail must be considered. Looking at the higher fa-

tigue strength for the hot spot stress method in EN 1993-

1-9 [13] (Δ𝜎𝑐,ℎ𝑠= 100), with an increased design value of 

Δ𝜎𝐿= 40,5 ≈ Δ𝜎𝑚𝑎𝑥= 42,4 N/mm2, also reinforcement var-

iant R2 seems sufficient to prevent significant local fatigue 

damage in the future. 

Due to the very beneficial behaviour of the developed 

three reinforcement variants for this kind of specific con-

structional detail also an application at other railway 

bridges seems useful. 
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