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Abstract: Steel structures, such as bridges, must be continuously maintained. Due to increasing
traffic loads, design and execution shortcomings, many steel bridges are subject to various types of
damage, such as cracks. The bridges must be maintained by crack removal and re-welding the cracks.
During this work, the bridge is closed for traffic in order to suppress the crack flank movement during
welding. As a result, traffic loads on other routes are higher, which increases further damage on
detour routes and subsequently additional welding work and costs on theses structures. Therefore,
the aim is to provide a method that allows welding work on steel structures under running traffic,
respectively under cyclic loads. First, measurements at a representative steel bridge were conducted
to derive gap opening parameters of amplitude and frequency for welding tests under cyclic loads. In
a test setup for reproducible and comparable welding tests, specimen were welded under cyclic loads.
Deep grinding of the root layer allowed defect-free welding within the range of 0.1 mm amplitude
at a frequency of 2 Hz loadings. For such welds, the weld quality and the fatigue strength was
comparable to the standard requirements.

Keywords: repair of bridges; hot cracking; structural health monitoring; test setup; welding; cyclic
loads; fatigue

1. Introduction

Many steel bridges were built at the end of the 1960s to the beginning of the 1970s and were thus
planned and designed for vehicles and traffic volumes of that time. As a result of globalization and
the increase in international trade, the volume of traffic, especially heavy duty vehicles, has increased
significantly [1].

This development led to considerable damage to many steel bridges that impairs the load-bearing
capacity of the structure. Therefore, the use of these bridges must be restricted or even closed to heavy
traffic until a rehabilitation, e.g. repair [2] or reconstruction [3].

Consequently, maintenance measures for damaged bridges are an important factor to ensure the a
sustainable infrastructure . In the field of retrofitting, there are several methods of repair, e.g. [4][5][6].
In order to select a suitable repair measure, the type of fault and its cause must be known.

1.1. Causes for damage to bridges

Marzahn and Hamme [1] show that there is seldom only one cause for the premature fatigue
damage of steel structures such as bridges. The most common causes for damage to bridges are the
increase in traffic loads, the use of non-deoxidized steel, which is of low quality with poor weldability,
and the poor execution of weldments, which results, among other things, from the large tolerances of
the blank sheets. The individual causes are discussed separately in the following sections.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1.1.1. Increase in traffic loads

The cause of damage of the inadequate design results from various circumstances and
developments. One of the developments that led to inadequate design is the steady increase in
traffic in general. While in 1975 only 21.2 million vehicles were registered in Germany, the number
of vehicles registered in 2020 is 58.2 million [7][8]. This is why the emergency lane on bridges was
opened to traffic in order to increase capacity. This loading of the outermost lane by trucks significantly
exceeds the design loads and the fatigue strength.

In addition to the increase in traffic, the vehicle weights, both of passenger cars and of goods and
freight transports, have also become increasingly higher. Exceeding the maximum load capacity causes
damage in the form of cracks, which are mainly located near weld seams. One detail that suffers from
overloading is, for example, the connection between the cover plate and the cross member, as shown in
Figure 1. Since the cover plate is usually only a few millimeters thick, it bends when vehicles pass over
the weld seam on the cross member. This results in a high bending fatigue stress and the formation of
fatigue cracks. Such a cracked weld seam is depicted in Figure 1.

Figure 1. Crack between cover plate and cross member

1.1.2. Processing of non-deoxidized steel

Another reason for the occurrence of damage at bridges from the 1960s and 1970s is the use of
non-deoxidized steel. The content of undesirable elements, such as phosphorus and sulfur, in steels
from the 1960s and 1970s is relatively high compared to current structural steel grades. Accordingly,
weldability is limited and mechanical properties are lower, while the tendency to lamellar tearing is
higher than in modern steel grades [9].

The reason for the low Z-quality of these steels and the tendency to lamellar tearing when stressed
in the direction of sheet thickness are manganese sulfides, which are present as elongated lines due to
the rolling process [9]. Such manganese sulfide lines are shown in Figure 2.

100 up

Figure 2. (a) Ferritic-pearlitic microstructure of a structural steel from 1965, (b) Baumann print with
extended manganese sulfide line and oxide inclusions

1.1.3. Execution of the weld seams

Due to the large tolerances of the beams and blank sheets, the gap openings at the joints to be
welded were often too large or too small. If the gap openings are smaller than intended, accessibility
is no longer guaranteed, especially at cross joints, resulting in lack of fusion and insufficient root
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penetration [1]. In addition, the design of the parts to be welded was not suitable for execution. Many
cracks occur on details with welds around free cuts, which is illustrated in Figure 3. Exposure of these
cracks at welds around free cuts revealed welding defects such as impurities, slag inclusions and lack
of fusion. These weld imperfections ultimately lead to crack initiation. [10].

Figure 3. Weld detail with poor accessibility

In the case of steel bridges, these causes predominantly lead to cracks in weld seams, which in
the long term, if left untreated, lead to fatal consequences. The repair of these symptoms is manifold.
The most obvious repair measure is rewelding. With this method, the original construction is largely
preserved and only minimal intervention in the structure is necessary. But, according to today’s design
codes welding under operational loads is not covered. Therefore, bridges have to be closed for traffic
to conduct maintenance measures such as repair welding.

In the 1980s and 2000s, several research projects were carried out on the complex of "welding
under operational loads". But still, the correlation between welding under seam flank movement and
achievable seam quality or fatigue strength is unknown.

1.2. Application of welding under cyclic loads

In the past, basic investigations for welding under cyclic loads were conducted. Those
investigations focused on the general occurrence of hot cracks when welding under different crack
opening parameters. Especially in Japan, due to the large number of steel bridges, there were already
investigations on welding under cyclic loads in the 1980s. Horikawa et al. [11] carried out various
tests on welding under vibration. They used slot specimens that were connected at the edge areas.
The seams were prepared as Y-butt welds and manual arc welding was applied. The investigated
parameter field was (A=1 mm / {=0.3 Hz; A=0.6 / =3 Hz; A=0.02 mm / {=30 Hz). Due to the specimen
geometry and the setting of the amplitude and frequency via the cylinder movement and not via the
gap opening itself, cracks were not caused while welding at any frequency-amplitude combination.
Information about the actual movement of the seam flanks were not recorded.

At the end of the 90s, Schiebel [12] carried out fracture mechanics investigations on specimens
welded under operational stress. A test setup was developed in which the seam flank movement was
implemented by means of a 4-point bending device. The setup consisted of two girders where the
specimen to be welded was attached on the upper flange at the joint of the two girders. The movement
was applied via two members on the girders at each side of the specimen. The welds were V-butt
welds executed as multi-pass-welds in flat position using GMAW. Here, too, the seam flank amplitude,
which was varied in the range from 0.25 to 0.75 mm, was not controlled directly via the gap opening,
but via the displacement of the test cylinder. The investigated frequency was varied from 0.25 to 1
Hz. With this approach, the force redistribution and thus the minimisation of the seam movement
with increasing weld length could be reproduced well. In practice, the used setup could, for example,
represent the repair of a partially cracked upper flange. The results of the tests showed that despite
indirect gap opening control and the use of a run-in plates, hot cracks occurred at every investigated
seam opening amplitude. The run-in plate reduced the seam opening amplitude at the beginning of
the seam to less than half compared to the end of the seam. Another finding was, that the residual
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stresses in joints welded under moving seam flanks were higher than those of joints welded without
the movement of seam flanks.

Based on these investigations, Wichers [13] attempted to expand the parameter field investigated
in Schiebel [12] and thus to determine the limit for the seam opening amplitude at which flawless
welding is still possible. In the test setup used for this purpose, the sample to be welded was screwed
onto slides. The seam flank movement was generated by moving this sliding carriage, whereby the
control was implemented via eddy current sensors on the carriage [13]. The welds were V-butt welds
executed as single-pass-welds in flat position using GMAW. The investigated parameter field of the
seam flank movement varied from 0.1 to 0.8 mm with a frequency of 0.1 to 7 Hz. In all parameter
combinations, hot cracks were found either on the surface or in the middle of the weld metal.

In current repairs of bridges there is a method for welding under cyclic loads that is already being
applied. It is based on the suppression of the crack flank movement by bringing in a first root layer
which is removed afterwards, compare Figure 4. The general procedure is as follows: The crack is
ground out generously and one bead is inserted from one side as the first root. This absorbs strain
and thus temporarily suppresses the movement of the flanks. Then the second root layer is welded
from the opposite side and the seam is filled with filler and top beads. The weld beads are checked for
defects by magnetic particle inspections after each layer. Afterwards, the first root bead on the opposite
side is completely ground out and the seam is also filled and tested by non-destructive testing here.

Figure 4. Repair sequence

In this way, defect-free seams can be made in practice, even under operational loads. Although
this procedure has proven itself, it is not anchored in any standard because there is a lack of experience
regarding the relationship between seam flank movement and achievable weld quality. In addition,
the achievable fatigue strength when welding moving seam flanks is still unknown.

In summary it can be stated, that preliminary investigations on the influence of moving seam
flanks on the quality of the weld revealed the main problem which is the occurrence of solidification
cracks. The following section gives a short overview of the mechanisms and the influences on hot
cracks in welds.

1.3. Influences on hot cracking

Hot cracks are material separations occurring at high temperatures between Tj;gyigus and Tsojigus
[14]. They can be categorized regarding their formation reasons into solidification cracks, remelting
cracks and ductility dip cracks. [15]

The relevant type of hot cracking for repair welding under cyclic loads is solidification cracking.
The mechanism can be explained by the help of Figure 5. During the solidification of the molten pool,
dendrites start to grow. The growing direction follows the highest temperature gradient. Depending
on the chemical composition of the molten pool, low-melting phases are forming and remain between
the grain boundaries in the middle of the weld bead impeding material closure.

The probability of the occurrence of solidification cracks is dependent of the circumstances which
are depicted in Figure 6.
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Figure 5. Formation of solidification cracks, [16]
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Figure 6. Influences on the formation of hot cracks, [17]

The welding parameters rule the thermal cycle and determine the geometry of the molten pool,
which influences the formation of hot cracks. Dilthey states in [14] that a ratio of width to depth of
the molten pool of less than 1 is favorable. So a shallow and broad molten pool should be aimed
for. Furthermore, the growth direction of the dendrites during solidification is determined by the
temperature gradient in the part to be welded. A growth direction parallel to the welding direction,
which can be achieved by slow welding speeds, leads to a higher resistance to solidification cracking.

The second influencing factor is the alloy composition as it determines the solidification
temperature range. According to Borland [18] a large solidification range promotes the formation of
hot cracks. Especially in case of non-deoxidized steel this factor is dominant. Due to the presence of
sulphur in the base material, phases with a low solidification temperature form during solidification
(e.g. S+Ni ~ 637°C). As a result, low-melting eutectics accumulate at the solidification front during
dendritic solidification and hot cracks form in the middle of the seam [14].

The last factor that leads to solidification cracking, which is of special importance for repair
welding, is the clamping condition. In the case of repair welding in the context of bridges, a structure
with very high stiffness is present and thus there is a high degree of restraint. During cooling, the weld
bead is shrinking while the surrounding structure is not, which leads to high tensile forces in the weld
bead. In addition, there is also the movement of the seam flanks when bridges are repaired under
operational loads.

In conclusion, there is need for research in the field of welding under cyclic loads, since there are
no results that give a recommendation to achieve crack-free joints when welding under operational
stresses. Preliminary investigations focused on fundamental questions and lacked relevance for
practice. At infrastructural constructions like bridges the details to be repaired are mostly in horizontal
welding position with both side accessibility. So a welding detail like a double-V-groove weld would
be closer to the actual situation at the bridges and additionally opens up new ways for applying
beneficial production and welding sequences. Furthermore the fatigue strength of joints welded under
cyclic loads needs to be determined.
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2. Material and methods

In order to investigate the effect of moving seam flanks on the resulting weld seam quality
and thus the fatigue strength, specimens were welded in a test setup under cyclic loads. For the
experiments, a welding sequence was applied which based on deep grinding of the first root. To ensure
practical relevance, the magnitude of a crack movement was measured at the Rhinebridge of the A40
in Duisburg-Neuenkamp, and implemented to the test setup. In the end, the obtained specimens were
tested and the fatigue strength was evaluated and compared with reference welds. The following
sections give further details about the applied materials and methods. The whole workflow is depicted

in Figure 7.
Determination of the crack movement Preliminary welds
Measurements of the crack Implementation of welding
movement procedure specification
v v

Test setup for welding under
cyclic loads

\ J
v

Welding procedure tests

Welding tests Welding under cyclic loads

|

. Characterization of the welds
Evaluation of the

seam quality and v

fatigue resistance .
Fatigue tests

Figure 7. Workflow for the welding experiments and the fatigue tests

2.1. Material and qualification of welding process

For the welding experiments a 5355]2+N (t=12 mm) was used as a base plate. As welding wire a
Robofil R71 (T46 4 P M 1 H5) was used, which is a rutile filler wire with a diameter of 1.2 mm. The
mechanical properties are depicted in Table 1 and the chemical composition is given in Table 2.

Table 1. Mechanical properties of the substrate and the welding wire according to manufacturer

specifications
Rm | Rpo2 | As Ky
[MPa] | [MPa] | [%] [J]
5355]2+N 542 413 | 25.5 | 238 (-20°C)
T464P M 1H5 570 510 25 70 (-40°C)

Table 2. Chemical composition of the substrate and the welding wire (nominal composition)

C Mn Si Al P Cr S Cr Cu Mo Ni \%
S355]2+N 0.17 | 1.34 | 0.025 | 0.035 | 0.013 | 0.022 | 0.006 | 0.022 | 0.03 | 0.002 | 0.011 | 0.001
T464P M 1H5 0.04 1.2 04 - - - - - - - - -

A butt joint was chosen as the joint detail to be investigated, which was welded as double-V
groove weld with a seam opening angle of 50° as shown in Figure 8. The gap was 3 mm and a ceramic
backing with a diameter of 6 mm was used. This joint is typical for repair welds of cracks in bridge
construction and represents a large range of applications in steel construction. The welding parameters
were chosen according to an exisiting welding procedure specification as shown in Table 3.


https://doi.org/10.20944/preprints202308.1612.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 August 2023 d0i:10.20944/preprints202308.1612.v1

7 of 18
12 mm
DO
0 ~
Ceramic
backing
Figure 8. (a) Geometry of the joints, (b) Welding sequence
Table 3. Welding parameters according to the WPS
Current | Voltage | Pobrity | Wire feed | Welding Contact tube | Shielding Flow Interpass Welding
speed to workpiece | gas rate temperature | position
distance
[A] [V] - [m/min] [em/min] [mm)] - [1/min] [°C] -
210-230 23-24 DC + 7-8 20-40 15-20 M21° 12-16 < 230°C PC

*(82% CO2, 18% Argon)

The welding experiments were conducted in two steps. First, the welding procedure specification
was implemented and the joints were subsequently evaluated via macro- and microsections, hardness
testing and tensile testing. After the succesful qualification of the welding process, specimens for
fatigue tests were welded.

2.2. Measurements of the crack movements

In order to determine the gap opening of a cracked detail of a bridge, a structural health monitoring
system (SHM) was used. In the test setup, the gap opening was translated into describable parameters,
which were the gap opening amplitude and frequency. The monitoring was conducted at the A40
Rhinebridge in Duisburg Neuenkamp. The bridge was chosen as a typical example of a steel bridge
from the 1970s that has to be permanently repaired due to the increased traffic volume and the reasons
given in section 1.1. While the bridge was designed for approximately 30,000 vehicles per day, today
around 100,000 vehicles are crossing the bridge daily [19]. In order to handle the traffic volume,
the emergency lane was temporarily opened to traffic. So the heavy trucks load the bridge support
structure with maximum leverage. The cross-section in the field area of the bridge is a two-cell box
girder with an orthotropic cover plate, which is supported in the outer areas by inclined beams as
shown in Figure 9. The loading of the outside lane has resulted in increased effective loads in addition
to the increased traffic and heavy load volumes.

RS AN ASASARSR NSaasa el o 00 AR VA S
TN Location of e v
=[] theSHM | N =

o ~na

Figure 9. Cross section of the A40 Rhinebridge in Duisburg Neuenkamp

The investigated detail was a crack in the toe of a fillet weld at the connection between the cross
girder web and the deck plate of the bridge. In the in-situ measurements, continuous measurements
were carried out for a period of two weeks to see how the crack opening parameters vary in different
traffic situations. The aim is to provide a measuring system for determining the seam flank movement
on welds which have to be repaired and to determine a limit value for the real displacement of the
crack, where defect-free welding is still possible. For the monitoring system for the metrological
investigation of the gap opening used two clip-on extensometer (MTS model 632-02F-20), which were
attached via two magnetic adapters on each side of the deck plate and web. To attach them to the
magnets they are clipped between two cutting edges as shown in Figure 10. The clip-on extensometers
measure the gap opening close to the crack on both sides.
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Figure 10. Measurement setup for clip-on extensometer
2.3. Test setup for welding under cyclic loads

In order to implement the determined seam flanks movements in the welding tests in a
reproducible way, a test setup was set up at the Institute of Steel Structures. A key factor in the
planning and design was to enable multilayer welding on both sides. In the center of the test setup
are the two base plates with a seam preparation. The geometry of the specimens is shown in Figure
11. The lower base plate is fixed firmly to the girder of the frame structure via a connecting element.
The upper plate is supported on a movable bearing slide so that it can be moved cyclically via the
hydraulic cylinder (Hanchen 850 kN tension and 1250 kN compression) during the welding test. The
bearing slide is guided almost friction-free on two roller rails. At the same time, the slide design
absorbs the offset moments resulting from the force eccentricities during the welding process. This
prevents the bearing slide from twisting and ensures that the seam flanks remain parallel and the
hydraulic cylinder is not subjected to bending stresses. The specimens are fixed with fitted bolts to
ensure the force transfer and that the specimen is fixed in position so that the slide movement is also
transferred to the seam flanks during the welding test and does not disappear in the process. This
aspect was important for the planning of the test setup in order to achieve consistent conditions during
the welding tests. The test setup for the welding tests under cyclic loads is shown in Figure 12.

S355J2+N
fe)
S
R15
/
AT 3
¢ 3} @
ot
o—oF
o—2F
o3
¢ e
3p]
b I
o
Te)
45| 60 [ 60 | 60 | 60 |45 12
—-'—'——
330
[mm]

Figure 11. Geometry of the welding specimen
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Figure 12. Test setup for welding tests under cyclic loads

The test setup is equipped with a 1.2 MN force measuring sensor, a displacement sensor and
an eddy current-based displacement measuring instrument. The force measuring sensor (type GTM
serie RF) is integrated directly into the hydraulic cylinder via individually manufactured adapters.
The displacement sensor (type Trans-Tek F-7) is a linear variable differential transformer (LVDT)
based on an inductive measuring principle. The LVDT sensor is coupled to the hydraulic cylinder
for rough positioning of the bearing slide, especially for specimen installation and removal. For the
eddy current-based displacement measurement system, two displacement sensors (type Micro-Epsilon
eddyNCDT 3300) are used to record the slide movement during the welding test. The fine displacement
sensors are positioned under the bearing slide, on both sides next to the specimen as shown in Figure
13.

The fine displacement sensors only record the slide movement during the welding test. As soon
as force is transmitted via the welding of the root layer, the relative displacement between the seam
flanks is less than the actual slide movement, due to the elastic deformation of the specimens. Direct
measurement of the relative displacement with the fine displacement sensors is desirable, but not
possible due to thermal and mechanical influences. In order to detect the actual relative movement
between the seam flanks, two clip-on extensometers (type MTS model 632-02F-20) are used during the
welding test. As shown in Figure 13, these are attached to the back of the specimen directly at the level
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of the seam flanks via two cutting edges on each side. In this way, the relative seam flank displacement
during the root weld and the cover layers are recorded.

) Ul

\
Ir‘lll
||

e
By

-

Figure 13. (a) Front view of the bearing slide and the welding specimens in the test setup, (b) Back
view of the welding specimens with the attached Clip-on extensometers

2.4. Welding under cyclic loads

The welding tests were realized in displacement control. The displacement is controlled via the
averaged fine displacement of the two eddy current sensors, namely the movement of the bearing slide.
Before the welding process, the averaged fine displacement represents the seam flank displacement
between the two specimens and therefore the signal from the clip-on extensometer. There is no force
transfer between the two test specimens. The force increases with the start of welding as shown in
Figure 14 for the total welding duration of the root layer.

averaged fine
displacement

force

welding time of the root layer

Figure 14. Schematic display of the displacement and force measurements during the welding time of
the root layer

For the welding under cyclic loads a welding sequence was applied which bases on the repair
method described in section 1.2. After finishing the first side of the weld, the root layer is ground out
until approximately 1/4 of the sheet thickness is left, compare Figure 15.

Figure 15. Repair method for the welding tests in the test setup
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2.5. Fatigue tests

From each welded specimen in Figure 11 three fatigue test specimens, as shown in Figure 16, were
extracted via water jet cutting and the contour was milled to eliminate the surface roughness resulting
from the water jet cutting. For the geometrical characterization of the specimens, more precisely the
welded joints, and the classification into quality groups according to ISO 5817 [20], all specimens were
measured using a laser triangulation sensor (type Micro-Epsilon optoNCDT1800). The scans were
conducted along three lines on the front and three lines on the back of the specimens, compare 16.

20| 40 |20

[mm]

Figure 16. Geometry of the fatigue test specimens with laser scanning lines

From all six laser scanning lines of a specimen the most critical for the considered quality criterion
was chosen and used for the quality assessment. The three quality criteria investigated here were the
axial misalignment of the plates, the excessive weld overfill and the weld angle. Via that the specimens
were classified into quality groups according to ISO 5817 [20]

3. Results and discussion

3.1. Qualification of welding process

The implementation of the welding procedure specification and the subsequent evaluation of the
joints via macro- and microsections, hardness tests and tensile tests were conducted in the context
of preliminary welds. From the fabricated specimens two metallographic specimens, two tensile
test specimens and one bending test specimen were extracted. The macrosections in Figure 17 show
no irregularities or inner defects. The results of the hardness testing are depicted in Figure 18. The
requirement regarding maximum hardness for this material is <380 HV10. The results show, that the
weld metal has the highest hardness with 260 HV10.

Figure 17. Macrosections of the preliminary welds
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Figure 18. Hardness test results in the base metal (BM), the heat affected zone (HAZ) and the weld
metal (WM)

Tensile tests to determine the tensile strength were conducted with two specimens. Both specimens
showed a tensile strength of 565 MPa and the failure was in the base metal, compare Figure 19 a). The
bending test (lateral bending test transverse to butt weld) was conducted up to 145 ° and resulted in
crack-free samples. After the successful implementation of the welding procedure specification, the
welding parameters were applied to the manufacturing of fatigue test specimens.

Figure 19. Photographs of the samples after a) tensile testing and b) bending testing
3.2. Measurements of the crack movement

From the continuous measurements, gap opening parameters for the amplitude and the frequency
in the test setup were derived. Figure 20 shows a half-hourly extract of the measurement data as an
example. The data is representative for a working day during the rush hour.
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Figure 20. Extract from the measurement data of the gap opening measured during half an hour

The vehicle crossings cause rapid changes in the measurement signal for the gap opening. The
monitoring system has a measurement rate of 200 readings per second so that the vehicles can be
detected axis by axis. This statement was confirmed by matching with temporary traffic recordings. It
should be noted that the vehicles travel on different lanes and therefore have no constant influence on
the gap opening. In addition, the vehicle weights, especially of the trucks, are unknown. However,
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basic statements can be made by evaluating the largest amplitude in the measurement signal by
a rainflow analysis to derive reference values for the gap opening parameters of amplitude and
frequency. During a vehicle crossing, gap openings with a maximum of 0.1 mm were measured, which
are occuring in a frequency range of ~ 2 Hz. It should be noted that the frequency range is higher
when the individual axes of a vehicle are analyzed. For example, the measurement signal of a single
vehicle crossing is shown in Figure 21. The first two peaks can be associated with the truck cab and the
three higher peaks with the truck trailer.
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Figure 21. Extract from the measurement data of the gap opening during a vehicle crossing

3.3. Welding tests under cyclic loads

Based on the determined gap opening parameters and the implemented preliminary welds, initial
welding tests were realized in the test setup (cf. Figure 12). In general welding under cyclic loads is
possible. Up to an initial amplitude of 0.1 mm with a frequency of 2 Hz, cracks on the surface or during
the welding process could not be detected optically. Smaller hot cracks, which inevitably appear in the
root layer, are removed by deep grinding out the root layer during the welding process.

At higher amplitudes, cracks occur over several welding layers during the welding process. These
cracks rapidly grow during welding under cyclic loads and were not repairable through grinding and
welding again. Figure 22 shows the minimal and maximal value of the force signal for an amplitude
of 0.1 mm and 0.125 mm with the same welding procedure. The individual welding layers can be
recognized by the drop in force during a welding break. This drop results from the cooling of the
specimen. Figure 22 a) shows the welding of a force transmitting root layer. At the beginning of the
experiment, the force is zero, the plates are not yet welded and thus no force is transmitted. As the
welding progresses and the weld metal solidifies, force can be transmitted and the peak values increase.
This process is superimposed by the thermal expansion of the material due to the the welding process.
Figure 22 b) shows the welding of a completely cracked root layer. In this experiment, force initially
builds up during welding. However, cracks develop at the same time and grow rapidly. Immediately
after the first layer, the force increases more slowly until the highlighted reference point. At this point
the force decrease to zero, and welding of the root layer is not possible.

Figure 23 shows the minimal and maximal value of the gap opening during the root welding
until the reference point for both amplitudes. The gap opening was measured by the first clip-on
extensometer as shown in Figure 13 at the start position of the welding process. Before the specimens
are welded the gap opening is 0.1 mm resp. 0.125 mm. For the welding of a force transmitting root
layer at 0.1 mm amplitude the gap opening decreases quickly during the root welding. As a result of
the successful force connection, the reduced gap opening is maintained. For an amplitude of 0.125 mm
cracks develop and grow rapidly, so that the gap opening does not decrease. Due to the constant gap
opening the welding of the root layer is not possible.
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Figure 22. Force signal during the welding of a) a force transmitting root layer and b) a completely

cracked root layer
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Figure 23. Gap opening during the welding of a) a force transmitting root layer and b) a completely
cracked root layer

3.4. Characterization of the welds

The geometrical characterization of the welds is performed on the extracted fatigue specimens.
All fatigue test specimens were aligned regarding their angular misalignment. This prevents additional
loads on the weld when clamping the specimen in the fatigue test setup. The process of aligning is
depicted in Figure 24 and was conducted in an universal testing machine (Instron 150).

'g 43‘ profilescan before aligning|

g % Ljany=90 mm B / L\ B =90 mim

- I >

= 0 N ~

oh -1+ T T T T T T T 1

_g -200 -150 -100 -50 0 50 100 150 200
length [mm]

g‘ § profilescan after aligning|

g 2

o

= 0

. ,D_.D '1 T T T T T T T T 1

2 200 -150 -100 -50 50 100 150 200

0
length [mm]

Figure 24. Schematic of the aligning process

Before the aligning process the specimens had an axial misalignment ranging from almost zero to
1.8°. The angle was measured between the parts of the specimens which are clamped. After aligning
all specimens showed an angular misalignment of <0.2°. The angular misalignment of the welding
seams are shown in Figure 25.
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Figure 25. Angular misalignment of the specimens before and after the alignment

In Figure 26 the results of the classification into the quality groups B and C are illustrated. Quality
criteria are the axial misalignment of the plates, the excessive weld overfill and the weld angle.
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Figure 26. Results from quality assessment with evaluation of the axial misalignment of the plates (No.
3.1), the excessive weld overfill (No. 1.9) and the weld angle (No. 1.12) [20]

It can be seen, that the most critical quality criteria is the weld angle, since the welds with moving
seam flanks were conducted in vertical (PC) welding position. For the further evaluation of the fatigue
behavior of the specimens they were classified into the ISO 5817 quality groups [20]. If even one quality
criterion (axial misalignment of the plates, excessive weld overfill or weld angle) does not correspond
to quality group B, the entire sample was classified as quality group C.

3.5. Fatigue tests

In total 22 fatigue tests for the specimens manufactured under cyclic loads were performed in
a test setup (MFL HUS 60). The specimen geometry is shown in Figure 16. The fatigue tests are
force-controlled in compliance with the design codes under tension-swell loading (stress ratio R = 0.1).
They were carried out in the high-cycle range with stress amplitude between 95 MPa and 175 MPa.
The test frequency was 15 Hz and the cut-off limit corresponds to 5 - 10° load cycles or total rupture.
The results of the fatigue tests were classified in the standards of the DIN EN 1993-1-9 [21] and the IIW
recommendations [22].

Figure 27 shows the results of the fatigue tests, where the welding seams under cyclic loads are
classified depending on the relevant quality group (QG B and C). The 50% regression line with m=5.2
and the 95% survival probability are shown. The design curve from the DIN EN 1993-1-9 [21] are also
added for the classification in the standards. It can be seen, that all results show fatigue strength above
the design curve from the DIN EN 1993-1-9 [21].
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Figure 27. Fatigue test results of the welding seams under cyclic loads tested at stress ratio R=0.1

For the classification in the standards from the IIW recommendations [22] the same results were
corrected with f(R) to a stress ratio R=0.5. Figure 28 shows the corrected results depending on the
relevant quality group (QG B and C) and the design curve. The 50% regression line with m=5.2 and
the 97.7% survival probability are also added. All results show fatigue strength above the design curve
from the IIW recommendations [22].
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Figure 28. Fatigue test results of the welding seams under cyclic loads corrected with f(R) to stress
ratio R=0.5

4. Conclusion

In conclusion, the studies have shown that under certain aspects, welding under service conditions
is possible. For standard-compliant weld seams with regard to weld quality and fatigue strength, the
following aspects must be considered:
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e  optically defect-free welds were welded up to a limit of 0.1 mm amplitude with a frequency of 2
Hz

¢ smaller hot cracks inevitably occur in the root layer during welding under service conditions

e  smaller hot cracks were removed by deep grinding of the root layer during the welding process

With the repair method, compare Figure 15, the load-bearing capacity of the seam is ensured
during the repair process. No further hot cracks occur in the following layers, because the crack flank
movement is suppressed. The results of the fatigue tests show that it is possible to fabricate weld
seams in compliance with the standard requirements. Further research is necessary for complex weld
details with limited accessibility where the repair method cannot be applied. In addition, the influence
of variable amplitude loads should be investigated.
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