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Abstract

Fatigue cracking is a common issue in steel orthotropic bridge decks subjected to long-term dynamic loading. When
repairs are required, especially by welding, it is typically necessary to close the bridge to traffic to ensure proper weld
quality. However, bridge closures can lead to significant societal and economic impacts, including traffic congestion, long
detours, increased emissions, and loss of time. Therefore, the ability to carry out repair welding without full traffic closure
is of considerable interest for infrastructure operators and public authorities.

The first essential step in enabling such in-service repair is to assess the dynamic behaviour of existing fatigue cracks
under traffic loads. Specifically, it is crucial to monitor the crack flank movements to determine whether they remain
within acceptable limits during ongoing traffic, thereby permitting welding without compromising the repair quality.

This paper presents the development and deployment of a specialized monitoring system designed to measure crack
flank displacements in real time. Crack flank movement amplitudes and frequency responses were recorded and
analysed. Measured data were compared with results from similar monitoring campaigns conducted in other countries.

Keywords
Orthotropic decks of steel bridges; Repair welding; Crack flank movement; Structural health monitoring; Service traffic
loading.

1. Introduction

Many bridges built in the late 1960s and early 1970s were designed according to the engineering principles,
construction technologies, and materials available at that time. Traffic volumes and axle loads were also substantially
lower than those experienced today. Over the decades, these factors have contributed to the emergence of various forms
of damage, including fatigue cracking in the details of orthotropic steel bridge decks.

Conventional repair practices involve removing the damaged welds and replacing them with new ones, often
accompanied by a change in weld type (for example, replacing fillet welds with butt welds).

When traffic moves across a bridge containing cracks, relative displacement occurs between the crack flanks. To
ensure the production of high-quality welds, such repairs are generally carried out under complete traffic closure.
Determining the conditions under which welds of the required quality can be executed while allowing traffic to remain —
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whether through lane restrictions, diversion to adjacent lanes, or speed reduction — holds significant societal and
economic value.

2. State of the Art

The first systematic investigations into welding under cyclic loading conditions were carried out in Japan during the
1980s. Horikawa et al. (1983) examined the behaviour of welded joints subject to both cyclic and static loads through a
series of tests. Their experiments used slot-shaped specimens joined along the edges. Due to the specific specimen
geometry and the use of cylinder stroke control — rather than gap opening — to regulate the load amplitude, no cracking was
observed for any tested combination of frequency and amplitude.

The primary challenge in welding with moving flanks is the formation of hot cracks in the initial weld layer. When
weld flanks undergo dynamic motion during welding, additional deformation and strain are introduced. These, combined
with shrinkage stresses from cooling, significantly increase the risk of hot crack formation.

In his doctoral thesis, Wichers (2006) employed a dedicated test setup in which the plates to be welded were
mounted on sliding supports, with gap opening controlled by sensors. He demonstrated that weld seam integrity under
oscillatory loading is primarily governed by the interaction between movement amplitude and frequency. The seam flank
displacements investigated varied from 0.1 mm to 0.8 mm, and the frequencies from 0.1 Hz to 7 Hz. Hot cracks occurred in
all tested amplitude-frequency combinations, typically initiating at the weld root. The propagation pattern and crack width
were found to be strongly influenced by both parameters.

Peil & Wichters (2005) and Peil et al. (2008) extended the investigation to a broader range of movement
amplitudes. Their welding tests confirmed that both the number and size of cracks are highly dependent on the magnitude
of the displacement amplitude and the frequency.

To address the feasibility of welding under service loading conditions, the FOSTA research project reported by
Mdaller et al. (2023) focused on determining the maximum allowable relative movement of weld flanks that still permits
defect-free welding. Partial findings have also been published by Begemann et al. (2023, 2004, 2005) and by Unglaub et al.
(2024). The study began by identifying a damaged bridge detail and instrumenting it to record local deformations under
typical traffic loading. A purpose-built measurement system monitored the relative displacement of crack flanks, and the
resulting time-histories were analysed to quantify displacement amplitudes and frequencies induced by traffic.
Subsequently, a large-scale experimental setup was developed to impose controlled relative displacements between the
weld flanks of two plates before joining. Welding trials were conducted under various opening amplitudes and frequencies
using a displacement-controlled test rig. It was found that sound joints could still be produced under a maximum relative
movement of 0.1 mm at a frequency of 2 Hz. A repair method enabling defect-free butt joints accessible from both sides
was implemented, and the resulting fatigue specimens were evaluated for weld quality in accordance with ISO 5817 before
being subjected to fatigue testing. The fatigue performance of welds produced under service loading was found to be
comparable to that of specimens welded under no-load conditions. An important observation was that hot cracks occur
under service loading even at small gap opening movements.

Further research is ongoing within the project “Repair Welding of Fatigue-Loaded Steel Structures in Service with
Complex Weld Details and Limited Accessibility” (FOSTA Research Project P1742 / IGF No. 23115 BG).

3. The SNP Bridge

3.1. Description of the Structure

The SNP Bridge, spanning the River Danube in Bratislava, the capital of the Slovak Republic, is the country’s
largest-span bridge. It is a steel cable-stayed structure with beam spans measuring 74.80 m + 303.00 m + 54.00 m. The
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bridge beam comprises a steel, closed, double-box cross-section. The stay cables, arranged in the bridge’s central plane,
adopt a fan-shaped configuration. The structure is asymmetrical, supported by a single A-shaped steel pylon inclined
longitudinally, with its apex leaning away from the river. At the top, the pylon houses a distinctive restaurant and
observation deck.

The orthotropic deck features a steel deck plate with a minimum thickness of 12 mm, stiffened by longitudinal
trough-shaped trapezoidal stiffeners. The stiffeners, cold-formed from steel plate with a minimum thickness of 6 mm, are
300 mm in height and spaced at 600 mm centres. Crossbeams are spaced at 3000 mm and designed as continuous beams
with two spans of 6300 mm and two cantilevered ends of 4200 mm. At the cantilever tips, they are interconnected by
longitudinal edge girders (Figure 1).

The bridge was officially opened to traffic in 1972.
3.2.Types and Causes of Cracks

In 2019, several cracks were identified in the welds of the orthotropic bridge deck. Diagnostic investigations
determined that these were predominantly fatigue cracks, initiating at the weld root and propagating through the weld
cross-section. The cracks are concentrated along the wheel paths in the outer traffic lanes, which primarily carry urban
bus and passenger car traffic; heavy goods vehicles are prohibited.
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Figure 1: Detail of the bridge cross-section and position of vehicles in the outer traffic lane

Stiffener-to-deck plate weld (Figure 2)

Figure 2: Crack in the weld between the longitudinal stiffener and the deck plate

The longitudinal stiffener is connected to the deck plate by single-sided fillet welds with a leg length of 5 mm. From
today’s standpoint, this weld is undersized. The stiffener plate edge is not parallel to the deck plate, and the gap between
the two plates frequently exceeds 0.5 mm. The fillet weld penetration is only up to 2 mm, producing a pronouncedly
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asymmetrical profile. Cracks develop beneath the wheel paths of heavy vehicles (in stiffener 2, see Chyba! Nenasiel sa z
iaden zdroj odkazov.) and appear at random locations along the stiffener span.

Stiffener-to-crossbeam weld (Figure 3)

Figure 3: Crack in the weld between the longitudinal stiffener and the crossbeam

Throughout the bridge, longitudinal stiffeners are discontinuous at the crossbeam locations, where the crossbeam
web interrupts the stiffeners. The stiffeners are welded directly to the crossbeam web using half-V butt welds reinforced by
fillet welds. Significant misalignment between stiffeners on opposite sides of the crossbeam web is common, in some
cases reaching several centimetres — well beyond the +2 mm tolerance required by current standards. Cracks typically
initiate at the rounded ends of the stiffeners and propagate through either the flange or web welds.

Stiffener splice weld (Figure 4)

Figure 4: Crack in the weld at the longitudinal stiffener splice

The longitudinal stiffener splice is formed with a butt weld on a permanent root backing strip. Its location is
suboptimal, placed at midspan — where bending moments are greatest — rather than at a point of zero moment.
Misalignment frequently exceeds 1.0 mm. The specified gap between weld preparation edges, 3.0 mm, is significantly
below the recommended range of 8-12 mm (FprCEN/TS 1993-1-901:2025). When the gap is less than 4 mm, the detail
category decreases from 100 to 36 (FprEN 1993-1-9:2024). In addition, the tack welds of the backing strip are intermittent
fillet welds placed outside the butt weld profile rather than within the butt joint itself (FprCEN/TS 1993-1-901:2025).

The primary factors contributing to crack formation are as follows:

o Increased loading over the bridge’s service life.
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o Design deficiencies — particularly the small deck plate thickness - reflecting the absence of modern code provisions at
the time of construction.

o Excessive manufacturing tolerances.

o Poor workmanship, including undersized or asymmetrical welds, continuous and intermittent undercuts, notches
between weld beads, irregular weld surfaces, spatter, dents in fillet welds, insufficient penetration, and other
deficiencies.

The use of steel with inadequate properties can be excluded as a cause. The orthotropic deck is fabricated from
steel grade 11 523.1. Mechanical tests on plate specimens cut from the structure confirmed compliance with both the
original €SN 41 1532 standard and the current EN 10025-2 requirements for hot-rolled flat products of steel grade S355J2.
Impurity levels, including sulphur and phosphorus content, are low for steel produced in the late 1960s and early 1970s,
and the steel is exceptionally well killed. Chemical analysis revealed no factors likely to impair weldability or service
performance. Ultrasonic testing further confirmed that the plates are sound through their thickness and free from
significant delamination.

4. Methodology

4.1.Research Design

The study focused on three typical types of fatigue cracks identified on the SNP Bridge. For each crack type,
relative crank flank displacements under traffic lading were monitored and later compared with findings from recent
literature.

4.2. Materials and Procedures

Measurements were carried out using an HBM Spider8 data acquisition system connected to an external battery.
Displacement was recorded using HBM WAS0 inductive standard displacement transducers. These sensors, equipped
with spring-loaded plungers, were mounted to the structure using custom 3D-printed fixtures and magnetic bases.

Traffic on the bridge was simultaneously recorded using a video camera to correlate measured displacements
with specific loading scenarios. The measurement sampling frequency was 400 Hz.

4.3. Data Collection
Crack flank displacement was measured for the following cases:
o Stiffener-to-deck plate weld.
o Stiffener-to-crossbeam weld.
o Stiffener splice weld.

The greatest crack movement was anticipated when a bus travelled in the outer lane. Additional scenarios were
also examined, including:

o Passenger carin the outer lane.
o Busintheinnerlane.

o Passenger carinthe inner lane.
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5. Measurement Results
Representative measurement cases are presented below.
5.1.Case 1 - Stiffener-to-Deck Plate Weld
o Cracklocation: Vienna walkway, Section 27, Stiffener 2, Vienna side, approx. quarter-span of stiffener.
o Cracklength: ~76 cm.

o Sensors: Vertical and horizontal LVDTs (Figure 5).

Figure 5: LVDT placement at Section 27 - vertical and horizontal
Traffic Scenario 1: Regio bus + Car 1 + Car 2 + Car 3 in the outer lane

Measured crack flank displacements for this scenario are shown in Figure 6, with values listed in Table 1.

Displacement [mm]

Time [s]

— vertical displacement — horizontal displacement

Figure 6: Measured displacement of crack flanks - Case 1, Scenario 1
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Table 1: Vertical and horizontal displacements - Case 1, Scenario 1

Displacement [mm]
Load Car axle
Vertical Horizontal

Front 0.116 0.1131
Bus Regio Rear 1 0.2375 0.194
Rear 2 0.141 0.153
Front 0.041 -0.009

Car1
Rear 0.044 -0.009
Front 0.006 -0.022

Car2
Rear 0.006 -0.019
Front 0.047 0.013

Car3
Rear 0.038 0.013

Vehicle positions during the measurement were determined from video stills (Figure 7). The edge line width of 25
cm was used to estimate the precise wheel position relative to the underlying deck stiffeners.

Regio bus - front axle Regio bus - rear axle Car1

| e

Car2 Car3

Figure 7: Vehicle positions relative to the edge line - Case 1

Traffic Scenario 2: Bus SOR in the outer lane

Measured crack flank displacements for this scenario are shown in Figure 8, with values listed in Table 2.
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Figure 8: Measured displacement of crack flanks - Case 1, Scenario 2

Table 2: Vertical and horizontal displacements - Case 1, Scenario 2

Displacement [mm]
Load Car Axle
Vertical Horizontal
Front 0.072 0.094
Bus SOR 1 Middle 0.097 0.084
Rear 0.241 0.172

The maximum vertical relative movement was 0.241 mm (bus) versus 0.047 mm (cars), indicating that passenger
cars generated approximately five times less vertical movement. The maximum horizontal relative movement was 0.194
mm (bus) versus 0.022 mm (cars), with cars producing about nine times less horizontal displacement. Traffic in the inner
lane had negligible effect on this crack, located in the cantilever portion of the orthotropic deck.

In cases where cracks extended over the full stiffener span (~3 m), the highest measured displacements were
unexpectedly located at the quarter span rather than at midspan, in some cases up to ten times greater than expected.
This suggests partial restraint of the crack flanks, which is likely to be released during repair grinding, potentially increasing
crack flank movement significantly.

5.2.Case 2 - Stiffener-to-Crossheam Weld
o Crack location: Vienna walkway, Section 27, Stiffener 3, Bratislava side, at stiffener bottom flange.
o Cracklength: ~19 cm.
Traffic Scenario 3: Bus SOR in the outer lane

Measured displacements are shown in Figure 9 and Table 3.
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Figure 9: Measured displacement of crack flanks - Case 2, Scenario 3

Table 3: Vertical and horizontal displacements - Case 2, Scenario 3

Displacement [mm]
Load Car axle
Vertical Horizontal
Front 0.013 0.016
Bus Regio Rear 1 0.013 0.016
Rear 2 0.016 0.019

The maximum measured relative movement (0.016 mm vertical, 0.019 mm horizontal) was approximately one-
tenth of that observed in Case 1. This lower displacement is attributed to the shorter crack length (19 cm). Passenger cars
produced negligible displacement, and inner-lane traffic had no significant influence on this cantilever-located crack.

5.3. Case 3 - Stiffener Splice Weld
o Crack location: Budapest walkway, Section 84, Stiffener 3, stiffener bottom flange at mid-span.
o Cracklength: ~20 cm.
o Sensor: Horizontal LVDT (Figure 5).

Traffic Scenario 4: Car 1 + Car 2 + Bus SOR + Car 3 in the outer lane

Figure 10: LVDT placement at Section 84 - horizontal

Measured displacements are shown in Figure 11 and Table 4.
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Figure 11: Measured displacement of crack flanks - Case 3, Scenario 4

Table 4: Horizontal displacements - Case 3, Scenario 4

Horizontal
Load Car axle .
displacement [mm]

Front 0
Car1

Rear 0

Front 0
Car2

Rear 0

Front -0.028

Bus SOR Middle -0.025

Rear -0.044

Front 0
Car3

Rear 0

The maximum horizontal relative displacement was 0.044 mm (bus), with passenger cars producing negligible
movement. Inner-lane traffic again had no measurable influence on this crack, located in the cantilever portion of the
deck.

6. Discussion

6.1. Interpretation of Results

The measurements demonstrate that the largest relative crack flank movements occur under heavy traffic loading,
in this case from buses, while passenger cars have a negligible effect. Traffic in the adjacent (inner) lanes does not
significantly influence crack flank movement, consistent with the findings reported in DVS 1709 (2022).

The maximum recorded relative displacements were:
o 0.241 mm - stiffener-to deck plate crack.
o 0.019 mm - stiffener-to-crossbeam crack.
o 0.044 mm - stiffener splice crack.

When compared with measurements on the Duisburg-Neuenkamp Rhine Bridge in Germany — where maximum
movements were 0.1 mm at 2 Hz (Muller et al., 2023) - the SNP Bridge stiffener-to-deck plate crack values are substantially
higher. According to the conclusions of Maller et al. (2023), relative movements above 0.1 mm prevent the execution of a
sound repair weld. Consequently, traffic directly above the repaired location must be excluded during welding operations.
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Although the SNP Bridge is closed to heavy goods vehicles over 21 tonnes, city buses and some intercity buses are
permitted. The frequency of such loading events is relatively low. However, a more detailed axle-by-axle analysis indicates
that higher frequency ranges can still occur during these events.

6.2. Limitations

The study represents a preliminary investigation with a limited number of measurement cases and traffic
scenarios. The results are therefore specific to the observed conditions on the measurement date and may not fully
capture seasonal, temperature-related, or long-term variations. Additionally, the monitoring period was short, and more
extended data collection could improve the statistical reliability of the results. Finally, the findings are limited to cracks
located in the cantilever portions of the orthotropic deck; results may differ for cracks in other regions.

7. Conclusion

This study presents the first set of preliminary measurements of relative crack flank movements on the SNP
Bridge. The results show that, particularly for stiffener-to-deck plate cracks, movements during bus passages exceed the
acceptable threshold for executing sound repair welds. This indicates that traffic should, at minimum, be diverted away
from the lane undergoing repair.

Recent research has demonstrated that hot cracks can form even at small relative movements. At an initial
displacement amplitude of 0.1 mm and a frequency of 2 Hz, no surface cracks were observed during or after welding;
however, detailed inspection revealed minor hot cracks in the root pass — an inherent feature of welding under service
loading (Mdller, et al., 2023). In those experiments, sound welds could still be achieved by grinding out the defective root, a
solution only feasible when both sides of the joint are accessible. In the case of the SNP Bridge cracks, this approach is not
possible, and alternative procedures must be developed.

Hot cracks formed during repair welding under cyclic loads are primarily solidification cracks. Welding parameters
influence dendrite growth direction; orienting dendrites parallel to the welding direction — achievable at lower welding
speeds — can improve resistance to solidification cracking. However, this conflicts with the need for higher welding speeds
to minimise heat damage to the adhesive and waterproofing layers of the wearing surface (Aroch, 2022). Additional factors
affecting hot crack initiation include alloy composition and the restraint imposed by the surrounding bridge structure
(Begemann, 2024). These influences require further investigation.

During repair welding, relative displacement of crack flanges must be prevented by:
o Usingtemporary plate fixations that allow sectional or partial repair.
o Scheduling welding during periods of minimal crack-gap movement (e.g. night hours or weekends).
o Temporarily closing or diverting traffic from the affected lane.
o Reducing vehicle speeds over the repair site.

Further research into residual stress formation during repair welding is also recommended. Repair welding of
fatigue cracks under service conditions remains a complex challenge that requires continued study to develop safe,
effective, and durable solutions.
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